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The lung is a very complex immunologic organ and responds in
a variety of ways to inhaled antigens, organic or inorganic
materials, infectious or saprophytic agents, fumes, and irritants.
There might be airways obstruction, restriction, neither, or both
accompanied by inflammatory destruction of the pulmonary
interstitium, alveoli, or bronchioles. This review focuses on
diseases organized by their predominant immunologic
responses, either innate or acquired. Pulmonary innate immune
conditions include transfusion-related acute lung injury, World
Trade Center cough, and acute respiratory distress syndrome.
Adaptive immunity responses involve the systemic and mucosal
immune systems, activated lymphocytes, cytokines, and
antibodies that produce CD41 TH1 phenotypes, such as for
tuberculosis or acute forms of hypersensitivity pneumonitis, and
CD41 TH2 phenotypes, such as for asthma, Churg-Strauss
syndrome, and allergic bronchopulmonary aspergillosis.
(J Allergy Clin Immunol 2010;125:S248-54.)
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Pulmonary disorders can be organized according towhether the
primary immune responses are characterized by innate or adap-
tive immune responses. The innate responses use complement
activation or activation of polymorphonuclear leukocytes (PMNs)
and occur without a period for sensitization. The adaptive
responses include TH1 or TH2 lymphocytes, eosinophils, antibody
mediated, and granuloma formation.1 This chapter will review the
various pulmonary disorders with a predominant immunologic
pattern and also discuss vocal cord dysfunction (VCD), which
can coexist with asthma or occur independently and results in
cough, shortness of breath, and dyspnea.

INNATE IMMUNE RESPONSES
Transfusion-related acute lung injury

Transfusion-related acute lung injury (TRALI) is a nonhemo-
lytic transfusion reaction that occurs within 10 minutes to as long
as 6 hours after infusion of a blood product and causes very severe
noncardiogenic pulmonary edema, cyanosis, arterial hypoxemia,
and respiratory failure.2,3 The donor plasma typically contains

antibodies to human neutrophil antigens or HLA class I or II an-
tigens.2,3 Neutrophil alloantibodies are found in 10% to 20% of
female donors and 1% to 4% of male donors, yet the incidence
of TRALI is about 1:5000 transfusions.3 Alloantibodies are gen-
erated during pregnancy, but of course that would not explain the
presence of such antibodies in men. Some recipients have anti-
neutrophil antibodies. The immediate reaction, which might re-
semble anaphylaxis, involves sequestration of PMNs in the
pulmonary vasculature, complement activation, and generation
of TGF-b, IL-8, and IL-13.2 Immune complexes activate PMNs
and cause disruption of the endothelium barrier to plasma. TRALI
is extremely rare after intravenous immunoglobulin infusions but
occurs with infusions of platelets (suspended in plasma), whole
blood, cryoprecipitates, and fresh frozen plasma.

The immediate management includes stopping the infusion,
oxygen, mechanical ventilation if indicated, and treatment of
hypotension with vasopressors. Donors should be deferred from
future donations. Indeed, some transfusion experts have recom-
mended that the donor pool should not include women who have
been pregnant and that donor plasma be tested for alloanti-
bodies.2,3 Neither of these suggestions are standard practice.

Acute respiratory distress syndrome and acute lung
injury

Acute respiratory distress syndrome (ARDS) and acute lung
injury represent diffusepulmonary disease that can be fatal.4ARDS
is a more severe form of acute lung injury. Causes include sepsis,
pneumonia, trauma, or aspiration pneumonia.4 Patients experience
severe dyspnea, tachypnea, and hypoxemia. The chest roentgeno-
gram and computed tomographic (CT) examination demonstrate
bilateral infiltrates, alveolar consolidation, and ‘‘white out’’ of the
lung. The alveoli collapse as they become filledwith protein and fi-
brin-rich exudates (hyaline membranes), which inactivate surfac-
tant.4,5 Neutrophils release oxidant proteases, which damage the
capillary endothelium. Bronchoalveolar lavage (BAL) reveals the
presence of PMNs, procoagulant activity, IL-8 (chemotactic for
PMNs), IL-2, IL-6, and TGF-b. There is reduced apoptosis of
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PMNs, which is attributable to increased concentrations of BAL
fluid IL-2, IL-8, granulocyte colony-stimulating factor, GM-CSF,
and growth-related oncogene a.6 Alternatively, there is enhanced
apoptosis of epithelial cells, resulting in the lack of a sufficient bar-
rier between the alveoli and capillaries. TNF-related apoptosis-in-
duced ligand levels are increased in BAL fluid in patients with
ARDS and are recognized as proapoptotic for epithelial cells.6

Patients requiring mechanical ventilation benefit from smaller
volumes, such as a tidal volume of 6 mL/kg, with positive end-
expiratory pressures of 5 to 10 cmH2O. Fluid replacement should
be conservative. Corticosteroids and other interventions, such as
nitric oxide and surfactants, are not effective.7

Community-acquired pneumonia
Community-acquired pneumonia presents with a productive

cough, fever, pleuritic chest pain, and abnormal chest roentgen-
ographic results.8 On auscultation, there can be crackles and bron-
chial breath sounds. Most pathogens include viruses,
Streptococcus pneumoniae, Haemophilus influenzae, Myco-
plasma pneumoniae, Staphylococcus aureus, and Legionella
pneumophila.8 There might be no recovered organisms in some
patients. Comorbidities influence survival.8

Levels of proinflammatory cytokines, such as TNF-a and IL-6,
and the anti-inflammatory cytokine IL-10 are increased in those
patients who succumb compared with survivors.9 Impaired recog-
nition ofmolecular patterns of bacteria is associatedwith decreased
activation of innate immunity and worse clinical outcomes.10 Toll-
like receptors (TLRs) recognize pathogen-associated molecular
patterns, and genetic polymorphisms have been identified in
patients who had invasive S pneumoniae infections.10 For example,
polymorphisms of TLR4 impair its function in recognition of S
pneumoniae pneumolysin, whereas polymorphisms of CD14, a
coreceptor on monocytes for both TLR2 and TLR4, are associated
with invasive S pneumoniae infections.10 Polymorphisms in
FCgRIIA increase the susceptibility to invasive disease. Current
therapy includes early administration of antibiotics and supportive
care. Future diagnosis might identify at-risk subjects proactively,
and therapies will be able to strengthen the innate immune system.

NONINFECTIOUS PULMONARY CONDITIONS
Byssinosis occurs from the inhalation of dusts from flax,

cotton, sisal, and hemp. The dusts produce bronchoconstriction,
typically on the first day of the workweek, but then tachyphylaxis
develops with continued exposure. Byssinosis is not asthma or
hypersensitivity pneumonitis.1 At-risk workers include thosewho
are exposed to endotoxin during the processing of raw cotton. In
contrast, workers who spin cotton are not exposed to the high con-
centrations of endotoxin and are considered at low risk. Long-
term exposure can result in symptoms of chronic bronchitis and
cough. Modest reductions in FEV1 and forced vital capacity
(FVC) have been found, but concurrent smoking appears to be
the major contributor as opposed toworkplace exposures. Preven-
tion includes methods to reduce the generation of endotoxins
from gram-negative bacteria by reducing exposure to waste
from cotton.

In contrast to byssinosis, the organic toxic dust syndrome is a
toxic alveolitis that produces influenza-type symptoms of sudden-
onset headache, chills, nonproductive cough, myalgias, arthral-
gias, and dyspnea. Crackles can be present on lung auscultation.

The onset of symptoms is within 12 hours of inhalation of organic
dusts. Although the clinical presentation might mimic that of
acute hypersensitivity pneumonitis, there is no requirement for
prior exposure or immunologic sensitization (see the later section
on hypersensitivity pneumonitis). Various circumstances of ex-
posure have been described, such as from organic mulch,
endotoxin-rich vegetables and grass seeds, and contaminated
seaweed. Massive inhalation of microbial products can cause an
ARDS-like presentation, and this is designated as organic dust
toxic syndrome or pulmonary mycotoxicosis.11

In patients with silo-unloader’s disease, there is inhalation of
nonorganic gases, such as NO, NO2, or N2O4. These nitrogen ox-
ides thengeneratenitric andnitrous acids that causenoncardiacpul-
monary edema and, in some patients, methemoglobinemia. Deaths
can occur, whereas survivors might have bronchiolitis obliterans.

Grain-handler’s disease occurs in agricultural workers with a
chronic cough, symptoms of chronic bronchitis, or wheeze after
exposure to grain dusts. Concurrent cigarette smoking appears to
be more injurious to the lung and associated with reductions in
spirometric values. Measures to reduce exposure to dust are
beneficial. Because of less implementation of safety standards,
there is a major concern that workers will experience grain-
handler’s disease and other respiratory disorders in the world’s
emerging economies.

Reactive airways dysfunction syndrome
The reactive airways dysfunction syndrome (RADS) describes

a single unexpected inhalation of high concentrations of irritant
fumes, vapors, fog, or smoke that results in acute cough, dyspnea,
andwheezingwithin 24 hours.12 An asthma-like syndrome begins
that can last for months or years. Bronchial hyperreactivity can be
demonstrated by means of methacholine challenge testing, and
spirometry reveals normal or decreased FEV1, FVC, and FEV1/
FVC ratio. There might be little to no bronchodilator response
to albuterol. Bronchial biopsy specimens demonstrate loss of ep-
ithelium, subepithelial fibrosis, and infiltrates with lymphocytes
but not eosinophils (as would be characteristic of asthma).

RADS might be confused with occupational asthma, where
there is a sensitization period of months or years before symptoms
begin, and with aggravation of underlying asthma. But RADS
refers to the acute irritant-induced asthma.

World Trade Center cough
The first responders to the 2001 collapse of the World Trade

Center in New York City experienced a very troublesome cough
within 24 hours of beginning rescue operations.13,14 The exposures
included acrid smoke, fires that burned for 3months, asbestos, glass
fibers, lead, and aromatic compounds.Many responders did not use
protective masks. Subsequent evaluations identified methacholine
hyperreactivity in 24% and a reduced FEV1/FVC ratio of less
than 0.75 in 16% of affected subjects.13 The high exposures would
be consistent with a diagnosis of RADS in some subjects.14

VCD
VCD is a form of ‘‘functional’’ or nonanatomic upper airway

obstruction.15 The inspiratory tracing on a flow-volume loop is
truncated (Fig 1) or incompletely performed. Other causes of non-
anatomic inspiratory obstruction include vocal cord paralysis,
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neuromuscular disorders, and sleep disorders.15 In contrast, some
anatomic abnormalities that cause a truncated inspiratory loop in-
clude a large goiter, tracheal stenosis, and an obstructing tumor.
Symptoms of VCD include dyspnea, wheeze, tightness in the
neck, shortness of breath, inability to breathe deeply or satisfac-
torily, and coughing. Some patients with VCD have concurrent
asthma and chronic rhinosinusitis with postnasal drainage or gas-
troesophageal reflux or atypical (laryngopharyngeal) reflux. VCD
can be intermittent and might not be present when the patient is
distracted, sedated, or asleep. VCD can masquerade as or coexist
with severe asthma.16

Recognition of VCD might begin with the truncated inspiratory
loop of the flow-volume tracing, especially when the patient is
symptomatic. Alternatively, it can be suspected when the patient’s
difficulty breathing surpasses the physical findings, such as clear
chest on auscultation, wheezes over the neck but not lower airways,
whispering instead of talking loudly, and refusal to inspire to total
lung capacity or produce an appropriate forced expiratory maneu-
ver. Bronchoscopy might be of value in excluding other causes.
Fiberoptic laryngoscopy can help demonstrate the adduction of
vocal cords during inspiration. When methacholine challenge tests
are performed in patients with VCD, there might or might not be
apparent flattening of the inspiratory flow-volume loop or, in fact,
quite severe airways obstruction, even stridor or respiratory arrest.
The latter can occur in patients with major psychiatric diagnoses
and even should be anticipated in considering a methacholine
challenge test in such patients with VCD.

Some patients benefit from speech therapy, which can empha-
size breathing through the abdomen as opposed to thoracic
breathing. Nevertheless, other patients with psychologic or
psychiatric conditions might not overcome their VCD. When
this is the case, it is important to avoid continued treatment with
systemic corticosteroids unless it is demonstrated that there is
both persistent asthma and VCD.

GRANULOMATOUS TH1 INFLAMMATORY
CONDITIONS

The granulomatous TH1 conditions comprise sarcoidosis, tu-
berculosis, berylliosis, and hypersensitivity pneumonitis. CD4
TH1 lymphocytes participate in granuloma formation. Some cyto-
kines include IL-2, IL-12, and IFN-g. IFN-g, which is generated
by CD4 TH1 and CD8

1 lymphocytes, can be measured in patients
with tuberculosis, and the US Food and Drug Administration has
approved an assay that helps in the diagnosis of tuberculosis.17

Class I MHC–restricted CD81 lymphocytes can function as
memory cells to Mycobacterium tuberculosis.18 In patients with
advanced pulmonary tuberculosis, the BAL fluid reveals in-
creased numbers of CD41 lymphocytes and increased CD41/
CD81 ratios. There is evidence for pulmonary sequestration or
compartmentalization of the CD41 lymphocytes because the pe-
ripheral blood CD41 lymphocytes can be decreased relatively
and the CD41/CD81 ratio is reduced because of increases in
the numbers of CD81 lymphocytes.19 In patients with HIV/
AIDS, the low numbers of CD41 lymphocytes are associated
with greater susceptibility andmore severe tuberculosis,20 includ-
ing decreased delayed hypersensitivity responses (type IVa1).

Granulomas help limit the replication of mycobacteria; how-
ever, lung architecture is destroyed in the process. CD41CD251

regulatory T cell numbers are increased in patients with tubercu-
losis and are thought to help control or attempt to control the

intensity of the CD41 TH1 granulomatous responses.21 The ex-
pression of the transcription factor forkhead box protein 3 is in-
creased and is indirect evidence of regulatory T-cell suppression
of the granulomas.

Sarcoidosis remains a disease of unknown cause that produces
noncaseating, epithelioid granulomas that can affect most organ
systems.22 BAL fluid recoveries demonstrate very high numbers
of activated CD41 lymphocytes, which are sustained by IL-2.22

CD41 TH1 lymphocytes participate in formation of the granu-
loma, in association with IFN-g, and activated macrophages.
IL-18, derived from monocyte/macrophages and airway epithe-
lial cells, upregulates expression of IL-2 and supports IFN-g pro-
duction.23 IL-18 levels are increased in BAL fluid and plasma and
have been associated with progression of sarcoidosis.

Although not all patients are treated because up to two thirds
have a spontaneous remission, initial pharmacotherapy is with
oral corticosteroids. In an attempt to reduce the granulomatous
response, TNF-a inhibitors have been administered to patients
with sarcoidosis22; their role is not established, however. Endo-
bronchial sarcoidosis is a rare cause of cough and wheezing.

GRANULOMATOUS TH2 INFLAMMATORY
CONDITIONS

Churg-Strauss syndrome (CSS) is a systemic, necrotizing,
eosinophil-laden granulomatous vasculitis. The presentation can
be that of (1) asthma with pulmonary infiltrates, (2) peripheral
blood eosinophilia, (3) peripheral neuropathy (mononeuritis mul-
tiplex), or (4) palpable purpura. When a patient with asthma
experiences palpable purpura on the shins or upper extremities or if
foot or wrist drop occurs, CSS should be suspected. A decrease in
oral corticosteroids or in high-dose inhaled corticosteroids might
be associated with onset of fever and eosinophilic pneumonia,
purpura, or wrist drop, any of which should raise the possibility of
CSS. Histologic evidence for CSS can be obtained by means of
skin biopsy or biopsy of nerves (eg, sural) or pulmonary tissue.

Laboratory findings demonstrate peripheral blood eosinophilia
(20% to 60%), CD41 TH2 lymphocytes, increased total IgE con-
centrations, and antineutrophil cytoplasmic antibodies (ANCAs).
Approximately 60% of patients have the perinuclear pattern of

FIG 1. Flow-volume loop of a 26-year-old woman with shortness of breath,
wheezing, and cough. Note blunting of the inspiratory phase versus
predicted value. FVC was 3.19 L (91%), FEV1 was 2.75 L (91%), and FEV1/
FVC ratio was 0.86. Notably, forced expiratory flow at 50%/forced inspira-
tory flow at 50% of FVC was increased at 1.62 (normal value is <1).
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ANCAs, which on ELISA is positive for antibodies to myeloper-
oxidase, whereas 10% of patients have positive results for cyto-
plasmic staining, with antibodies directed against proteinase-3.1

Although the presence of a perinuclear pattern of ANCAs is help-
ful in supporting a diagnosis, the ANCA titers do not provide
prognostic information for disease management.24,25 Similarly,
eosinophil-derived major basic protein and cationic protein
have not been demonstrated to have utility in guiding treatment.24

Urinary concentrations of leukotriene (LT) E4, the major metab-
olite of LTC4 and LTD4, and eosinophil-derived neurotoxin and
3-bromotyrosine, a marker for oxidation of eosinophils, are in-
creased in patients with CSS.26

The 6-year survival has been reported to be 70%.24 Long-term
survival, up to 26 years, has also been reported.27 The most effec-
tive therapy has been with oral corticosteroids.24,27 Additional
corticosteroid-sparing and immunosuppressive therapies include
cyclophosphamide, azathioprine, IFN-a, mepolizumab (anti–
IL-5), omalizumab (anti-IgE), and rituximab (anti-CD20 B
lymphocytes). There are potential untoward effects from cyclo-
phosphamide (cytopenias, hemorrhagic cystitis, and malignancy
potential), azathioprine (cytopenia, nausea, and vomiting), and
IFN-a (depression and progressive multifocal leukoencephalopa-
thy). Often patients can be managed long-term with prednisone
administered on an alternate-day schedule with or without immu-
nosuppressive therapy, such as with azathioprine. Abrupt discon-
tinuation of prednisone is not advisable because it can result in
fever, eosinophilia, and pulmonary infiltrates within a few days,
demonstrating that the CSS might be controlled but is not in
remission.

TH1-RELATED INFLAMMATORY CONDITIONS
Hypersensitivity pneumonitis

Hypersensitivity pneumonitis is a CD41 TH1 and CD81 lym-
phocyte–predominant alveolitis that results in noncaseasting
granulomas and pulmonary fibrosis. Clinical stages include acute,
subacute (clinically similar to acute), and chronic. In the acute
and subacute stages inhalation of organic antigens causes cough,
shortness of breath, myalgias, and fever within 4 to 6 hours. The
physical examination would reveal pulmonary crackles. A patient
might self-treat for ‘‘flu’’ or be given an improper diagnosis of
community-acquired pneumonia. When there is continued or re-
peated exposure to antigens, such as bird excreta, patients might
have subacute episodes or evolve into chronic hypersensitivity
pneumonitis where typical flu-like illness does not occur. The lat-
ter patients experience a nonproductive cough and progressive
dyspnea and, in advanced cases, oxygen requirements. Pulmo-
nary function tests in the acute and subacute stages typically are
described as restrictive; however, especially with bird fanciers,
obstructive findings can occur and mimic asthma. The restrictive
findings are associated with a decreased diffusing capacity for
carbon monoxide. In contrast, the diffusing capacity for carbon
monoxide in patients with asthma is normal or even increased.

High-resolution CT scans demonstrate small nodules (<5 mm)
that indicate alveolitis or areas of pulmonary fibrosis. Mosaic
findings of fibrosis are present in patients with chronic hypersen-
sitivity pneumonitis. An example of pulmonary fibrosis and
traction bronchiectasis from avian hypersensitivity pneumonitis
is shown in Fig 2.

There is striking BAL lymphocytosis of 60% to 80% from
acutely ill patients.28,29 The classic finding is a CD4/CD8 ratio of

less than 1, whereas in patients with sarcoidosis, the CD4/CD8 ra-
tio is as high as 8 because of the CD41 alveolitis.30 In patients
with hypersensitivity pneumonitis, levels of TH1 cytokines are in-
creased, including IL-12, IL-18, and TNF-a. CD81 lymphocytes
serve as effector cells but are not sufficiently functional.28,31,32 In
contrast, in patients with chronic hypersensitivity pneumonitis,
there can be an increase in the CD4/CD8 ratio as the CD4 (and
TH2) lymphocytes increase and CD81 lymphocytes decrease.32

It has been suggested that the effector CD81 lymphocytes be-
come ‘‘exhausted.’’ These data suggest that chronic hypersensitiv-
ity pneumonitis is associated with ‘‘skewing’’ toward TH2
lymphocytes, IL-4 production, and pulmonary fibrosis.32 IL-17,
which is proinflammatory, increases activation and numbers of
neutrophils, and upregulates IL-6, IL-8, and TNF-a, might partic-
ipate in hypersensitivity pneumonitis.33,34

Treatment includes early identification of patients with hyper-
sensitivity pneumonitis, avoidance/remediation of the antigens
involved, oral corticosteroids for short-term use, and monitoring
of overall respiratory status depending on the stage that is present.

Chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease (COPD) is character-

ized by fixed dyspnea, lack of fully reversible airways obstruction,
and progressive loss of FEV1 over time. Cessation of cigarette
smoking and use of oxygen have proved of value. Pharmacother-
apy includes short- and long-acting bronchodilators and anticho-
linergic medications. For patients with moderate–to–very severe
COPD, when the FEV1 is less than 50% and the FEV1/FVC ratio
is less than 70%, combination inhaled corticosteroid/long-acting
b-agonist therapy is recommended. Treatment with combination
fluticasone propionate and salmeterol has resulted in fewer exac-
erbations but not fewer deaths.35 In a study of patients with COPD
in whom fluticasone/salmeterol or salmeterol was added to tio-
tropium, therewas no additional benefit over tiotropium in the pri-
mary outcome of exacerbations of COPD.36 Secondary outcomes
did demonstrate increases in FEV1, fewer hospitalizations, and
improved quality-of-life measures in those patients receiving flu-
ticasone/salmeterol.36 An unexpected finding has been increased
numbers of cases of pneumonia in patients with COPD receiving
high-dose fluticasone propionate.35,37

The pathogenesis of COPD includes cigarette smoking (most
cases), viral or bacterial infections (or a combination), genetic
susceptibility, oxidative stress, and little to no response to high-
dose corticosteroids. Sputum often harbors PMNs, but eosino-
phils can be present with either viral or combined viral and
bacterial infections.38 In patients with COPD, not only is there
presence of PMNs and macrophages, there are also increases in
CD4 TH1 and CD8 lymphocyte numbers.39

The impaired response to corticosteroids helps differentiates
COPD from asthma in most cases. After absorption, the cortico-
steroid binds to its receptor and traverses the cytoplasm and enters
the nucleus, where it interacts with glucocorticoid response
elements of DNA.40 Then corticosteroids can reduce levels of
the proinflammatory transcription factors nuclear factor kB and
activator protein 1. It is thought that these transcription factors
would have been upregulated by viral upper respiratory tract in-
fections. Transcription factors can be generated as the DNA-his-
tone complex ‘‘unwinds’’ during a process of acetylation by
histone acetyltransferase.40 Histone acetyltransferase levels are
increased in some but not all cases of COPD, whereas in patients
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with asthma, they are increased consistently.40 Gene repression
can occur when the DNA is deacetylated by histone deacetylase
(HDAC) as the DNA is compacted. HDAC levels are reduced in
both patients with COPD and those with asthma, but corticoste-
roids will increase HDAC levels in patients with asthma but not
those with COPD.40 Lack of deacetylation of the DNA in patients
with COPD can favor sustained proinflammatory action and lack
of response to corticosteroids, which is in contrast to what occurs
in patients with asthma.

TH2-RELATED INFLAMMATORY CONDITIONS
It has been reported that the half-life of eosinophils in

peripheral blood is 8 to 18 hours and 2 to 5 days or longer in
tissue.41 In addition, perhaps there are at least 100 times as many
eosinophils in tissue than in peripheral blood.41 In the bone mar-
row eosinophils differentiate and proliferate fromCD341 progen-
itors (see Chapter 6) with the major cytokines IL-3, IL-5, and
GM-CSF.42 Potent chemoattractants for eosinophils include
RANTES, CCL11 (eotaxin-1), platelet-activating factor, and
LTB4.

42 The interaction of very late antigen 4 on eosinophils
with vascular cell adhesion molecule 1 on endothelium results
in firm adhesion to the endothelial cells. During allergic reactions,
IL-4, IL-13, and TNF-a will upregulate vascular cell adhesion
molecule 1, enhancing this process.

In Table I there is a list of prototype pulmonary eosinophilia
syndromes or conditions. One prototype condition is allergic
bronchopulmonary aspergillosis (ABPA), which complicates
both asthma and cystic fibrosis.43,44 ABPAmight overlap with ei-
ther hyper-IgE syndrome or chronic granulomatous disease.45 Pa-
tients with asthma who have ABPA typically experience
pneumonias or pulmonary infiltrates with eosinophilia (10% to
30%) but not peripheral blood eosinophilia as high as 40% to
60%, which occurs with CSS or parasitism. All patients have

immediate skin reactivity to Aspergillus fumigatus. Because
some commercial mixtures of Aspergillus species or mold mixes
contain little or no A fumigatus, it is advisable to use a reactive ex-
tract for screening. Negative skin test results help to exclude
ABPA for nearly all patients unless there is an allergic broncho-
pulmonary mycosis present. High-resolution CT examination
demonstrates proximal bronchiectasis (inner two thirds of the
lung field) in contrast to the distal bronchiectasis that occurs in
some patients with COPD or recurrent infections. In patients
with cystic fibrosis, there is proximal and distal bronchiectasis,
and such a finding should suggest the possibility of concomitant
(usually pancreatic sufficient) cystic fibrosis. In patients with
ABPA, the predominant response is that of CD41 TH2 lymphocy-
tosis; eosinophilia; increased total serum IgE and anti–A fumiga-
tus IgE, IgG, and IgA antibody levels; precipitating antibodies to
A fumigatus and a genetically restricted susceptibility profile; and
increased responsiveness to IL-4 stimulation.43,46,47

Treatment includes avoidance/remediation of areas in a home/
workplace of obviousmold growth that can occur from unplanned
water entry, oral corticosteroids to clear the pulmonary infiltrates
and manage asthma, antiasthma medications as indicated, mon-
itoring of the total serum IgE concentration because doubling
over baseline values indicates a possible current new pulmonary
infiltrate, and assessment of pulmonary function and respiratory
status over time.43 For initial treatment of a patient with newly di-
agnosed ABPA, the dose of prednisone is 0.5 mg/kg given each
morning for 1 to 2 weeks, with conversion to alternate day-ther-
apy for 2 months. The radiographic findings can be expected to
clear or be reduced, as demonstrated by means of high-resolution
CT examination in 2 months. Then the prednisone can be tapered
and discontinued. It is not necessary to continue prednisone indef-
initely in the absence of new infiltrates or development of severe
(prednisone dependent) asthma. With use of the alternate-day
prednisone, serious adverse effects are avoided or minimized.

FIG 2. A 62-year-old woman who presented with ‘‘uncontrolled asthma’’ and had pulse oxygenation of 83%
on room air reported shortness of breath for 6 years. She had 5 birds at home and worked at an exotic
animal house. The CT examination revealed widened (bronchiectactic) bronchi, honeycomb fibrosis, and
some opacities near the bronchi. The bronchiectasis occurred because of traction by the lung parenchyma/
interstitium on the bronchi. The diffusion capacity of the lung for carbon monoxide was 39%, and the FVC
was 74%. FEV1 was 84% of predicted value, with a 6% improvement with albuterol.
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Antifungal therapies have been used for the treatment of ABPA
and are considered adjunctive.48,49 A potentially good candidate
for antifungal therapy is a patient with sputum plugs harboring
A fumigatus despite prednisone therapy. There are reports of the
use of omalizumab50 for patients with ABPA, but it remains to
be established whether this treatment will help to prevent new
infiltrates or improve asthma symptoms.

Eosinophilic pneumonias are divided into 4 types: acute,
chronic, simple, and tropical (Table I).Acute eosinophilic pneumo-
nia canmasquerade as severe community-acquired pneumonia and
presentwith respiratory failure.When there is noor little peripheral
blood eosinophilia, the diagnosis can be made with bronchoscopy
andBAL showing eosinophilia of 25% to 60%.Alternatively, there
might be peripheral blood eosinophilia as high as 42%.51 Drugs,
nonprescription products, parasitism, and other causes of wide-
spread pulmonary infiltrates should be considered.

Chronic eosinophilic pneumonia is characterized by respira-
tory symptoms for at least 2 weeks, peripheral blood eosinophilia
of at least 1000/mm3 or BAL eosinophilia of greater than 25%,
and bilateral pulmonary infiltrates.52 In classic presentations the
infiltrates are in the periphery, suggesting the photographic nega-
tive of pulmonary edema. Most patients require years of oral cor-
ticosteroid treatment. The radiographic infiltrates and surges of
peripheral blood eosinophilia can be controlled with modest
doses of prednisone.

Simple pneumonia (Loffler syndrome) is a mild condition
lasting less than 4 weeks and has transient pulmonary infiltrates.

Tropical pulmonary eosinophilia is characterized by wide-
spread pulmonary infiltrates and high levels of peripheral blood
eosinophilia. Mediastinal lymph nodes might be enlarged and can
harbor activated eosinophils. Patients typically have lived in
endemic areas of parasites before tropical pulmonary eosinophilia
occurs.

SUMMARY
The immunologic features of pulmonary disorders can be used

to categorize various conditions and provide focus for potential
innovative therapies. Although usually there is not a single
treatment that antagonizes a critical component of either the

innate or acquired immune system and results in clinical im-
provement, complex conditions might be amenable to immuno-
logically based treatments in the future. A more ambitious goal is
primary prevention of many of the pulmonary conditions
discussed in this chapter. The ability to diagnose pulmonary
conditions and the masquerader of asthma, VCD, continues to
improve, which should result in earlier diagnoses and improved
outcomes.
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Mucosal immunology, eosinophilic esophagitis, and other
intestinal inflammatory diseases

Dan Atkins, MD,a,b,d and Glenn T. Furuta, MDa,b,c,d Denver and Aurora, Colo

The gastrointestinal mucosa constitutes the largest host-
environment interface of the body. It uses both innate and
adaptive immune mechanisms to provide protection from the
diverse onslaught of foods, microbes, and other ingested
products. The innate immune system is genetically encoded and
evolutionarily ancient, possesses no memory, and lacks diversity.
In contrast, the adaptive immune system is quite diverse,
develops memory, and undergoes expansion after stimulation.
The gastrointestinal mucosa is charged with the difficult task of
mounting protective responses against invading microorganisms
while simultaneously maintaining an overall state of
nonresponsiveness or tolerance to innocuous substances, such as
commensal bacteria and food antigens. Perturbation or
malfunction of these complex protective mechanisms results in
diseases, such as inflammatory bowel diseases, celiac disease, or
eosinophilic gastrointestinal diseases. (J Allergy Clin Immunol
2010;125:S255-61.)

Key words: Mucosal immunity, eosinophilic esophagitis
eosinophilic gastrointestinal diseases

OVERVIEW OF GUT-ASSOCIATED LYMPHOID
TISSUE

Mucosa-associated lymphoid tissues comprise the largest
immune organ of the body and are active at multiple host-
environment interfaces, such as the gastrointestinal tract and the
genitourinary and bronchopulmonary systems. A discussion of
the site-specific aspects of each component of the mucosa-
associated lymphoid tissue is beyond the scope of this Primer,
but the reader is referred to a number of outstanding reviews on
these topics.1-6 Here we will briefly review the gastrointestinal
mucosal immune system and its gut-associated lymphoid tissue
(GALT).

The human gastrointestinal tract is presented daily with a
seemingly overwhelming load of diverse substances, including
commensal bacteria and dietary antigens. Typically, the GALT is
able to discriminate pathogens that require an immediate immune
response from normal microbial flora or nutritive products. This

process of maintaining a state of nonresponsiveness is known as
oral tolerance. Themechanisms that govern tolerance are not only
interesting and important aspects of this homeostatic process but
are being potentially harnessed as therapeutic approaches for the
treatment of certain autoimmune and inflammatory diseases.

The mucosal system is characterized as a site where antigen is
selectively sampled and tolerance develops to maintain a state of
controlled and protective inflammation. To accomplish these
goals, the mucosa is composed of luminal protective molecules,
the epithelial barrier, and the immunologically rich lamina propria
(LP; Table I). The overall anatomy of the GALT is presented in
Fig 1. This general overview shows important elements of the sys-
tem, including the sampling of luminal antigens by microfold (M)
cells, dendritic cells (DCs), and epithelia and the antigen-driven
priming and maturation of naive T and B lymphocytes.

ANATOMY OF GALT
Although the primary responsibility of the intestinal epithelial

cell is nutrient absorption, its role in mucosal immunity has
previously been relegated to barrier function and the transport of
secretory IgA. However, it is now clear that epithelia possess the
ability to actively participate in mucosal immune responses.7 In-
testinal epithelial cells act as nonprofessional antigen-presenting
cells, recognize and respond to bacterial and viral motifs by virtue
of the expression of nucleotide oligomerization domain (NOD)
and Toll-like receptors, and produce cytokines/chemokines that
influence immune responses.7 In addition, intestinal epithelial
cells likely influence expansion of intestinal regulatory T (Treg)
cells and cytokine expression.8,9

The epithelial surface overlying the Peyer patches (PPs) and
lymphoid follicles is composed of a single layer of columnar cells
termed the follicle-associated epithelium (FAE). Within the FAE
reside specialized M cells derived from enterocytes under the
influence of lymphotoxin. Human M cells differ from absorptive
epithelium in that they do not harbor microvilli or membrane-
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associated hydrolytic enzymes and contain less glycocalyx but do
express cathepsin E andToll-like receptors. Regional differences in
M cells (ie, differences inM cells in the colon comparedwith those
of the small intestine) are thought to exist, suggesting accommo-
dations to changing microflora; however, the functional signifi-
cance of this is unknown. A distinctive characteristic of the M cell
is the presence of an invaginated subdomain at the basolateral
membrane forming an intraepithelial ‘‘pocket.’’10 At this site, pre-
dominantly CD41 CD45RO memory T cells and both naive
(sIgD1) and memory (sIgD2) B cells interact with the M cell.

The major function of M cells is the transepithelial vesicular
transport of antigens from the lumen directly to the subepithelial
lymphoid tissues. M cells have been shown to transport partic-
ulate proteins, bacteria, viruses, and noninfectious particles.11

This sampling of luminal antigens and microorganisms is thought
to be important in the development of immune responses and tol-
erance. Although various pathogenic organisms can exploit the
propensity for vectorial transport of M cells as a mechanism to
gain entry for infection, M cells also transport commensal
flora as a potential mechanism to regulate immune responses to
endogenous flora.

Microenvironmental anatomic differences within the different
parts of the gastrointestinal tract are well described. Although the
esophagus is lined by a stratified squamous epithelium, M cells
have not yet been identified, and no resident eosinophils are pre-
sent in the mucosal surface (see the eosinophilic esophagitis
[EoE] section below). In contrast, the small intestine and colon
are lined by a columnar epithelium, and the cellular components
of the GALT are localized within microenvironments, such as
PPs or interstitial lymphoid follicles. Formation of PPs is depen-
dent on several factors, such as the IL-7 receptor and TNF, along
with TNF receptor familymembers. Theseminiorgans are covered
by M cells and FAE that participate in antigen trafficking, as
described above. Within the barrier are also unique cell types, in-
cluding intraepithelial lymphocytes (IELs) and the antimicrobial-
filled Paneth cells that reside at the crypt base. The LP is populated
by T and B cells, along with unique populations of DCs. Mesen-
teric lymph nodes are a robust site of antigen processing and
form a filter that separates the mucosa from other mucosal organs.

T lymphocytes localize in the small intestine as a result of
selective expression of a4b7 and CCR9. CD41 and CD81 T cells
occupy the LP, whereas CD81 T cells preferentially reside in the

intraepithelial space. IELs are a heterogeneous population of lym-
phocytes that are predominantly effector/effector memory cells
made up of gd T-cell receptor (TCR) CD81 T cells and 2 distinct
subsets of ab TCR cells: ab TCR CD41 or CD81 cells and those
that lack coreceptor expression, the so-called double-negative
cells.

One subset of T cells receiving recent recognition is the Treg
cell.12 Treg cells generally have suppressive capacities that partic-
ipate in the maintenance of self-tolerance. Surface marker studies
have identified several subtypes, including the forkhead box pro-
tein 3 (Foxp3)–positive T cell. Mutations in the gene encoding
Foxp3, a Treg-specific transcription factor, have been associated
with autoimmunity in murine models and a clinical syndrome
termed immunodysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome. Patients with this disease have severe
diarrhea and small and large intestinal inflammation.

B cells secreting IgA1 originate in the PPs, ultimately taking
up residence in the intestinal LP. This journey is regulated by
the interaction of site-specific adhesion molecules, an a4b7 on
the lymphocytes, and mucosal addressin cell-adhesion molecule
1 on the high endothelial venules in the LP. A smaller percentage
of IgA-producing cells in the gut (about 25%) are derived from
peritoneal B1 lymphocytes driven by commensal bacteria in a
T cell–dependent manner and are thought to be important in
modulating the mucosal immune response to bacterial flora.

Mast cells are abundant throughout the gastrointestinal tract,
and although important in the host response to parasitic infection,
they might participate also in innate immune responses to
bacteria.13 LP mast cells and lymphocytes interface with the
enteric nervous system, providing another pathway that can
influence mucosal immune responses.14

Eosinophils are absent in the normal esophagus but are resident
cells of the stomach and small and large bowel. Chemotactic
factors contributing to this population include the constitutive
expression of eotaxin-1.15,16 The exact numbers that define nor-
malcy are open to debate but likely depend on a number of differ-
ent factors. Like mast cells, eosinophils can perform important
effector functions during parasitic infection and allergic
responses but can also contribute to normal gut homeostasis.17

INNATE MECHANISMS OF DEFENSE
Often ignored are a host of mediators that participate in the

innate defense mechanisms.18 These molecules participate in
nonspecific actions that limit antigens and microbes from com-
municating with the epithelium and LP. Mucus is composed of
a number of glycoproteins that form a viscoelastic blanket that
covers the epithelial surface. The inner mucus layer ranges be-
tween 50 and 100 mm, whereas the outer layer measures up to
500 mm. This mucus blanket is primarily composed of mucin-2
but also harbors a number of different mediators, including trefoil
factors, secretory IgA, and antimicrobial peptides.

Trefoil factors are shamrock-shaped proteins held together by 3
disulfide bonds.19 Several types of trefoil factors have been
described that localize to different mucosal surfaces to assist in
barrier repair and wound healing. Numerous stimuli induce the
production of trefoil factors, including hypoxia and epithelial
disruption.

IgA antibodies are divided into 2 subclasses, IgA1 and IgA2,
with IgA2 representing the predominant form on intestinal
surfaces. Secretory IgA, which is secreted by B cells, binds to

TABLE I. Elements of the mucosal immune system

Innate mechanisms of defense
Mucus
Trefoil factors
IgA
Peristalsis
Tight junctional proteins
Antimicrobial peptides

Adaptive elements of defense
B cells
CD41 T cells
CD81 T cells
Treg cells
DCs

Cellular components
Eosinophils
Mast cells
Neurons
Epithelial cells
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and forms a covalent complex with the polymeric immunoglob-
ulin receptor expressed on basolateral aspects of intestinal
epithelia. Within the epithelia, IgA forms dimers that are
connected by a J segment. This complex is actively transported
across the epithelia to the apical surface, where it is released after
proteolytic cleavage from the polymeric immunoglobulin recep-
tor. Its exact function is unclear, but sIgA has been shown to bind
microbes and toxins, preventing them from contacting the apical
surface of the epithelium. Newer observations suggest that IgA
might also regulate the composition of the microbial environment
of the gut and limit local inflammation induced by pathogen-
associated molecular patterns, such as LPS.20,21

Antimicrobial proteins are composed of a number of highly
charged proteins called defensins.22,23 These molecules are syn-
thesized by Paneth cells and the epithelia. The antimicrobial prop-
erties of these highly charged molecules are attributed to their
ability to increase bacterial membrane permeability. Six human
a-defensins have been identified that possess selective activity
against gram-positive and gram-negative bacteria and possibly vi-
ruses.24 These cells likely participate in innate immunity, as was
demonstrated in mice deficient in a Paneth cell–processing en-
zyme, rendering them unable to produce mature a-defensins.
These mice were more susceptible to orally administered
Salmonella typhimurium than wild-type mice.

INDUCTION OF A MUCOSAL IMMUNE RESPONSE
PPs are well-defined lymphoid aggregates composed of a large

B-cell follicle surrounded by an interfollicular T-cell region.
Interspersed throughout this organ are numerous macrophages
and DCs. The subepithelial dome is an area rich in T and B
lymphocytes and DCs. DCs migrate to basolateral surfaces of the
M cell to acquire antigen and then travel to the interfollicular zone
T-cell area, presumably where they participate in antigen presen-
tation. DCs can migrate to distant sites, including mesenteric
lymph nodes and the intestinal LP, where they can orchestrate an
effector immune response. Experimental evidence supports an
immunomodulatory role for DCs that includes both induction of
oral tolerance and protective immune responses,25 as described in
a recent report in which CD1031 DCs participated in the conver-
sion of intestinal naive T cells to Foxp31 T cells.26

DISEASES
Inflammatory bowel diseases

Clinical description. Inflammatory bowel diseases (IBDs)
are a heterogeneous group of diseases characterized by signs and
symptoms related to immune-mediated inflammation of the
gastrointestinal tract. The incidence of IBD ranges from 5 to 10
per 10,000 persons depending on the population examined.27

FIG 1. Anatomy of the gastrointestinal mucosa. Antigen can cross the epithelium through the M cell or DC.
The subepithelial dome (SED) is occupied by a number of lymphocytes, including TH0 cells that, under the
direction of specific cytokines, differentiate into TH1, TH2, Treg, or TH17 cells. Additional lymphocyte popu-
lations include the IELs that reside juxtaposed to the intestinal epithelial cells. Other resident cells in the LP
that likely participate in the immune response include mast cells (MC) and eosinophils (EOS).

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

ATKINS AND FURUTA S257



Typical symptoms include abdominal pain and bloody diarrhea in
addition to other extraintestinal symptoms, such as fever, fatigue,
arthralgias, and uveitis. In children growth failure can be an early
sign. Physical examination reveals abdominal tenderness, partic-
ularly in the right lower quadrant.

Mucosal inflammation associated with Crohn disease can
occur anywhere along the length of the gastrointestinal tract,
with preponderance in the terminal ileum. Histologic hallmarks
of tissues affected by Crohn disease include transmural inflam-
mation and often noncaseating granulomas. Endoscopic features
include skip lesions consisting of aphthous ulcerations, and
radiographic studies show terminal ileal narrowing.

Suggestive laboratory abnormalities include anemia, increased
sedimentation rate or C-reactive protein level, hypoalbuminemia,
and increased liver enzyme levels. Ulcerative colitis has many
clinical features in common with Crohn disease, but intestinal
involvement is limited to the colon. In addition, the intestinal
inflammation is limited to the superficial mucosa without gran-
ulomas, involves the rectum, and extends proximally. Other forms
of IBD include microscopic colitis, lymphocytic colitis, and
diversion colitis. Long-term complications include colorectal
dysplasia and cancer.

Neutrophilic crypt abscesses are one of the most characteristic
histologic features of both forms of IBD. In addition, eosinophils
might be present, although to a seemingly lesser degree.

Pathophysiology. Acomplete reviewof the pathophysiology
of IBD is beyond the scope of this Primer; the reader is referred to
excellent reviews for more detailed descriptions.5,18,28-32Although
the exact pathophysiology of IBD has not been determined, it is
thought to develop when a genetically predisposed host is exposed
to a luminal/environmental trigger. Over the course of the last few
years, a number of genes have been identified in patients with
Crohn disease, in particular genes linked to epithelial responses
to luminal bacteria, autophagy, IL-10, and IL-23/IL-17 pathways.
For instance, pathogen recognition receptors are present on the ep-
ithelial surface. One group of pathogen recognition receptors, the
NOD molecules, recognize pathogen-associated molecular pat-
terns that are present on bacterial membranes. A specific mutation
of theNOD2 gene allows for inappropriate sensing of bacteriawith
subsequent epithelial activation, leading to increased proinflamma-
tory cytokine production within the mucosa. One gene associated
with autophagy, ATG16L1, has been associated with Crohn dis-
ease. IL-10 suppresses deleterious intestinal inflammation, and re-
cent studies have linked IL10mutations to IBD.33 IL-23 and IL-17
mediate innate microbial defense and are linked to IBD.34 In addi-
tion, loss of tolerancemight also play a role because themucosa af-
fected by IBD contains fewer Treg cells than the healthy mucosa.
IgE and food allergies are not thought to play a role in the underly-
ing pathogenesis of these diseases.

Treatment. Goals of treatment of IBD include reducing
inflammation, maintaining remission, enhancing quality of life,
and avoiding the potential toxicity associatedwith treatments.35-37

With this inmind, acute exacerbations are typicallymanagedwith
systemic corticosteroids, whereas remission is addressed with the
use of either aminosalicylates or immunomodulators, such as
mercaptopurine or azathioprine. Recently, biological treatments,
including anti–TNF-a antibodies (ie, infliximab and
adalimumab), have significantly affected the clinicopathological
features of IBD. A number of other agents, such as antidiarrheal
agents, bile binders, and antispasmodics, might enhance quality
of life.

Celiac disease
Clinical description. Celiac disease is an immune-mediated

enteropathy that occurs as a result of gluten sensitivity in
genetically predisposed individuals (DQ2/DQ8-positive
HLA).38 The incidence is 1 in 133 persons in the United States.
Manifestations include those related to the gastrointestinal tract,
such as chronic/recurrent diarrhea, abdominal pain, constipation,
and slow growth, and nongastrointestinal symptoms, including
dermatitis herpetiformis, seizures with occipital calcifications,
dental hypoplasia, osteopenia, short stature, iron deficiency
anemia, hepatitis, infertility, and arthritis.39,40

Other conditions associated with celiac disease include type
1 diabetes; Williams, Down, and Turner syndromes; IgA defi-
ciency; autoimmune diseases; and a family history of first-degree
relatives with celiac disease. Without treatment, there is an
increased risk of intestinal lymphoma. Although serologic test
results, such as increased IgA anti-endomysial antibody or tissue
transglutaminase levels, provide strong evidence for celiac
disease, the diagnosis rests on the finding of villous blunting
and increased IEL numbers in mucosal biopsy specimens of the
duodenal mucosa.

Pathophysiology. Recent studies have shown that a
33-amino-acid peptide in gliadin that is resistant to digestion
contains the epitopes critical to the development of abnormal
small intestinal mucosa in patients with celiac disease.41,42 After
uptake by the epithelium, processing of this 33-mer leads to acti-
vation of CD41 LP T cells, upregulation of the IL-2 receptor,
increased production of IFN-g and IL-15, and infiltration of the
epithelia with gd T cells. The resultant inflammatory process
leads to villous blunting, crypt elongation, and loss of absorptive
surfaces. Celiac disease is a cell-mediated and not IgE-mediated
food allergic disease.

Treatment. Complete elimination of gliadin from the diet is
the primary treatment of celiac disease.43 Of paramount impor-
tance is attention to education and support of patients with
respect to dietary elimination of gluten-containing products,
review of alternative diets, adequacy of caloric and nutrient
intake, and psychological support. For instance, although a
number of foods should obviously be avoided, a number of
products, including candies, gravies, food colorings, soy sauce,
medications, play dough, and cosmetics, contain gluten in
quantities sufficient to cause inflammation resulting in symp-
toms. In addition, many products that have been deemed wheat
free, such as oats, are frequently contaminated with gliadin and
should not be ingested by patients with celiac disease. Patients
might also have iron, zinc, folic acid, and B complex vitamin
deficiencies.

Eosinophilic gastrointestinal diseases
Clinical description. Eosinophilic gastrointestinal diseases

(EGIDs) are heterogeneous diseases characterized by a diverse set
of symptoms that occur in association with intestinal eosino-
philia.44 These diseases have been termed EoE, eosinophilic
gastritis, eosinophilic gastroenteritis, and eosinophilic colitis
depending on the anatomic location in which eosinophil numbers
are increased. Over the last decade, EoE has been recognized as
the most common EGID. The remainder of this section will focus
on EoE. For further information, the reader is referred to recent
reviews on other EGIDs.44-46 Recent reports have expanded the
association of esophageal eosinophilia with other diseases,
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including celiac disease; the exact pathogenetic mechanisms and
therapeutic implications of this are uncertain.47-50

EoE is a clinicopathological disease characterized by upper
intestinal symptoms that occur in association with dense esoph-
ageal eosinophilia; other potential causes must have been ruled
out as causes of symptoms and eosinophilia.51 Children with EoE
present with a wide range of symptoms, including vomiting, ab-
dominal pain, feeding dysfunction, and dysphagia.46,52 Feeding
dysfunction is often overlooked and requires specific questioning
regarding how patients eat foods (eg, dysphagia, food sticking, re-
quiring water to wash food down, and prolonged chewing).53

Adults present with stereotypical features of food impaction or
dysphagia.54 Patients presenting with food impaction, especially
when recurrent, should be evaluated for a diagnosis of EoE. EoE
occurs in all age groups and has been reported in all continents
except Africa, with a reported prevalence of EoE ranging between
1 and 4 per 10,000 persons. Although the natural history is
unknown, the one identified complication is esophageal stricture
or narrowing.55

The physical examination should be directed toward excluding
other causes of esophageal eosinophilia, such as IBDs, celiac
disease, and connective tissue diseases. No single marker,
including peripheral eosinophilia, provides diagnostic support
for or against the diagnosis of EoE, although one study suggests
that the combination of peripheral eosinophilia and increased
serum eotaxin-3 and eosinophil-derived neurotoxin levels corre-
lates with esophageal eosinophil density.56 Upper gastrointestinal
series can screen for other causes of vomiting and for evidence
of esophageal stricture or long-segment narrowing, features
associated with EoE.

Pathophysiology. Esophageal eosinophilia is a nonspecific
finding that reflects a state of injury. Although a variety of diseases
have been associated with this type of inflammation, including
gastroesophageal reflux disease, EoE, celiac disease, infections,
and IBDs among others, the exact mechanism driving this
response is not certain.44 For instance, recent evidence suggests
that specific cytokines, including IL-6 and IL-1, might participate
in acid-induced injury.57 In contrast, as discussed below, IL-5 is
critical to this response in murine models, and eotaxin-3 contrib-
utes to human disease.58,59 The acute inflammatory infiltrate in
patients with EoE is exclusively composed of eosinophils, with
the virtual complete absence of neutrophils.

A series of recent studies have identified potential mechanisms
for the pathogenesis of EoE. Mishra et al59 provided the first mu-
rine model of aeroallergen-induced esophageal eosinophilia by
sensitizing and challenging with Aspergillus fumigatus. By apply-
ing this system to IL-5 null mice, the investigators were able to
demonstrate that esophageal eosinophilia was dependent on
IL-5, as well as T cells.59 The inflamedmucosa contains increased
CD41 effector T cells and decreased Treg cells.60,61 In addition,
the same investigators have determined the effect of IL-5 on tissue
remodeling associated with this eosinophilic inflammation.62-
Together, these findings provided support for the development
of therapeutics targeting IL-5 in the treatment of this disease.
Addressing this need are 2 ongoing studies of anti–IL-5 in the
treatment of pediatric EoE.

Translational studies have also brought increased understand-
ing of EoE. For instance, a number of studies have begun to define
the immunomicroenvironment of the esophageal mucosa.
Although diagnostic criteria have solely focused on eosinophil
numbers, other studies are examining associated inflammatory

features, including eosinophil degranulation, that appear to be
increased compared with those seen in gastroesophageal reflux
disease.63 In addition, the mucosa from patients with EoE con-
tains increased TH1 and TH2 proinflammatory cytokines (IL-5
and TNF-a), CD8 lymphocytes (CD8 and CD1a), B cells, and
mast cell and basophil infiltration.64 The exact role of Treg cells
in EoE is uncertain because one study demonstrated immunohis-
tochemical evidence of Foxp31 cells in both patients with EoE
and those with gastroesophageal reflux disease.60 One genome-
wide microarray analysis revealed that the most upregulated
gene in the esophageal epithelia was eotaxin-3, a chemokine
critical for eosinophil migration.65 Another study identified
increased eotaxin expression in the affected mucosa, providing
further support for eotaxin’s role in EoE’s pathogenesis.66

Other studies have focused on remodeling in EoE, showing an
increased level of esophageal fibrosis in children with EoE.67,68

Although the exact mechanisms of this response are not certain,
Aceves et al68 showed increased TGF-b expression with activa-
tion of the SMAD pathway. Therapeutic studies suggest that
fibrosis might be reversible.69

IgE and non-IgE immune mechanisms might participate in the
pathogenesis of EoE, an important point to be kept in mind when
evaluating these patients for allergen sensitization. Although skin
prick testing and the measurement of food allergen–specific IgE
levels are often useful in identifying potential culprit foods, they
are not helpful in the detection of causative foods in non–
IgE-mediated reactions. However, atopy patch testing to foods
has been proposed as a useful method to potentially identify
foods causing symptoms through a non–IgE-mediated immune
mechanism.70,71

In summary, evidence to date supports a role for both IgE-
mediated and non–IgE-mediated mechanisms in the pathogenesis
of EoE, with eotaxin-3 and IL-5 being central mediators and
fibrosis being one of the potential outcomes.

Treatment. Treatment goals have been directed toward
symptom elimination and reduction/normalization of esophageal
inflammation. The rationale for the later end point has been that
complete histologic remission might reduce the incidence of
complications. To date, the incidence of esophageal complica-
tions is unknown, and potential emotional and developmental
effects of chronic treatments and repeated endoscopic analyses
are beginning to be recognized.72 Prospective studies will provide
data to illuminate this area of controversy.

Despite this issue, at least 2 effective treatments, corticoste-
roids and dietary elimination of suspected culprit foods, have
been identified. The reader is referred to a number of recent
reviews on this topic for further details regarding the specifics of
each treatment.46,73 Regardless, evidence to date suggests that
EoE is a chronic disease, and without continuous treatment,
symptoms and inflammation will persist or return. To date, no
medical maintenance treatment has been identified.51

SUMMARY
The mucosal immune system has a unique anatomy and

physiology aimed at providing a mechanism that will allow
tolerance to food antigens and commensal bacteria along with the
capacity to respond to pathogenic microbes, other injurious
agents, or both. The monolayered epithelium forms the initial
interface between the environment and host that forms not only a
barrier but also a sensor providing bidirectional communication
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with other resident mucosal lymphoid cells. The lymphocytes,
DCs, mast cells, and eosinophils in the LP interact to form a
pluripotent network that orchestrates an innate and adaptive
immune response to potential pathogens. Further delineation of
the mechanisms governing the normal responses of the mucosal
immune system will provide insight into disease states, such as
food allergies, IBDs, and EGIDs.
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Complement disorders and hereditary angioedema

Michael M. Frank, MD Durham, NC

The term complement was introduced more than 100 years ago
to refer to a group of plasma factors important in host defense
and in the destruction of microorganisms. We now know that
there are 3 separate activation pathways that appeared at
different times in evolution: the classical, alternative, and lectin
pathways. Two of these appear before the evolution of the
adaptive immune system and do not require antibody for
initiation. All pathways come together to activate C3, the
principle opsonic protein of the complement cascade, and all
continue together to the generation of biologically active factors,
such as C5a, and to lysis of cells and microbes. In general,
complete deficiencies of complement proteins are rare, although
partial or complete deficiencies of one of the proteins that
initiates the lectin pathway, mannose-binding lectin, are far
more common. Although genetically controlled complement
defects are rare, defects in the proteins in the circulation and on
cell membranes that downregulate complement so as to limit
uncontrolled inflammation are more common. A number of
these are discussed, and because new methods of treatment are
currently being introduced, one of these defects, CI inhibitor
deficiency associated with hereditary angioedema, is discussed
in some detail. (J Allergy Clin Immunol 2010;125:S262-71.)

Key words: Complement, complement deficiencies, hereditary
angioedema, atypical hemolytic uremic syndrome

Complement is a term originally introduced a hundred years
ago to define a group of factors present in fresh plasma that,
when activated by a specific antibody, were able to kill microor-
ganisms.1 Later work showed the bacteria studied were lysed
and that the killing principle was heat labile. We now define com-
plement as a collective term for a group of about 30 known pro-
teins and protein regulators, some of which circulate in the
blood and some of which are cell membrane bound. The comple-
ment proteins play a major role in host defense and innate immu-
nity. Although all of the early studies focused on the role of
complement in host defense, in recent years, we have learned
that complement is also important in the generation of a normal
immune response. Phylogenetically, the complement proteins
are ancient, serving a host defense function even in primitive an-
imals in the absence of any adaptive immune system. The adaptive
immune system appears in evolution at the level of the fish, and by
this point in evolution, all the various complement proteins are
arrayed to produce their regulatory and host defense functions.2

We have come to recognize 3 pathways of complement
activation (Fig 1).3,4 The first pathway was defined almost a

century ago and, for this reason, is termed the classical pathway.
This pathway is usually activated by antibody and was the first
pathway identified because of its ability to kill antibody-sensitized
bacteria. A second pathway, now termed the alternative pathway,
was first observed in the 1950s but was studied in detail in the
1970s and 1980s.5 The alternative pathway has been shown to
be phylogenetically older than the classical pathway. It does not
require antibody to function and is found in organisms as primitive
as sea squirts.2 Although antibody is not required for its function,
the presence of antibody usually allows this pathway to function
more efficiently. A third pathway described in the past 2 decades,
the lectin pathway, is still being defined in detail. This pathway ap-
pears in development sometime after the alternative pathway and
also does not require antibody to function.6 All 3 pathways pro-
ceed through a series of proteins that are discussed below to the
activation and binding of the plasma protein C3, which is central
to all 3 pathways. The pathways then proceed together through the
binding of an additional series of proteins to the lytic and inflam-
mation-promoting steps in complement action.

Most reviews focus on the 3 major effector functions of
complement in host defense. First is its ability to lyse cells,
second is its ability to opsonize particles (ie, to render them easy
for phagocytes to engulf), and third is the ability of the proteins on
activation to generate cleavage fragments that have potent
inflammatory activity. For example, the small fragment of C5,
C5a, can cause mast cells to degranulate and release histamine, as
if theywere coated with IgE and antigen. It can causemigration of
phagocytic cells toward the place where the peptide is generated
(ie, to induce chemotaxis) and can cause cytokine and biologi-
cally active peptide release from cells.7,8 The biological basis of
these 3 complement effector activities is defined below.

It is rare to find patients with deficiencies of classical or
alternative pathway proteins, although deficiencies of some of
the proteins of the lectin pathway are surprisingly more common.
In most cases, when complement contributes to disease it is acting
appropriately (ie, the system is being activated and causing tissue
damage and cell death in a normal fashion), but it is being activated
inappropriately.9,10 Thus, for example, a patient might produce an
abnormal antibody to the basement membrane of the glomerulus.
The antibody canbind to theglomerulus, activate complement, and
cause inflammatory damage. In this case complement is acting nor-
mally; it is the antibody that is inappropriate. Table I lists some
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diseases in which complement deficiency is associated with clini-
cal illness. Because of the many untoward effects of inappropriate
complement activation, there are many control proteins that act to
downregulate activated complement proteins at each step in the
various reaction cascades. The importance of these proteins is
that they prevent unwanted damage of one’s own tissues and cells.
Although the absence of complement proteins is unusual, the ab-
sence of control proteins ismore common, andmanyof the patients
whohave absent control proteins have poorly controlled inflamma-
tory disease.Moreover, asmentioned in our discussion of the lectin
pathway below, there is a sizable group of patients with allotypic
variations of mannose-binding lectin (MBL) that lead to very
low levels of this circulating protein.

Although effector functions of complement in host defense
have received the most attention over the years, more recently, it
has been found that complement also functions in the induction of
adaptive immunity, but here there has been far less study, and less
information is available.11 One reason that this information is
coming to light slowly is that there are so few complement-defi-
cient subjects to study. With the advent of knockout gene technol-
ogy, it has been possible to develop murine strains missing 1 or
more complement proteins or complement receptors, and it has
been found that these animals have defects in the development
of many aspects of the normal murine immune response.12 This
is discussed further toward the end of this chapter.

THE CLASSICAL PATHWAY
The classical pathway is usually activated by antibody. IgM

and the IgG subclasses IgG1, IgG2, and IgG3 bind the first
component of complement, C1, to initiate activation of the
classical pathway.3 C1 exists in serum as a 3-part molecule
(C1q, C1r, and C1s) held together in the presence of ionic cal-
cium. C1q has a central protein core and 6 radiating arms, each
ending in a pod-like protein domain that can bind to the Fc frag-
ment of IgG or IgM. Each of the 6 arms is made up of 3 inter-
twined chains, C1q A, B, and C, and has a triple-helix structure
like collagen, providing flexibility. In the case of IgG, the binding
of multiple IgG molecules to an antigenic surface allows binding
of multiple arms of C1q, each to an Fc fragment, with sufficient
affinity of the C1q to allow C1 activation. In the case of IgM, a
singlemolecule bound to an antigenic surface bymultiple binding
sites with the availability of multiple Fc fragments within this one
polymeric molecule is sufficient to bind C1q and activate this
pathway. On binding of C1q to antibody, a distortion of the C1q
molecule takes place that in turn causes autoactivation of C1r,
which then activates C1s. C1s, like C1r, acquires enzymatic activ-
ity and continues the complement cascade sequence. C1 requires
calcium for self-association and therefore the classical pathway
requires calcium for initiation. The function of activated C1 is
to bind and cleave C4, the next protein in the classical pathway
activation sequence. C4 is cleaved into a large fragment (C4b)
and a small fragment (C4a). The large fragment continues the
complement cascade and the small fragment, like the small frag-
ments of C3 (C3a) and the small fragment of the next protein (C5)
in the sequence (C5a), has anaphylatoxic activity. All of these
fragments are able to cause mast cell degranulation with resulting
histamine release.7

On activation of C4, a thioester-containing binding site is
exposed on C4b that allows covalent attachment of C4b to the
target. The nature of the binding site on C4 and C3 is similar and is

discussed in further detail in the section on the alternative path-
way. The site now containing C1 and C4 bound to a target allows
the next protein, C2, to bind to C4b. On C2 binding to the C14b
site, C1s cleaves C2 also into a large and small fragment. Again,
the large fragment remains bound to the assembling protein com-
plex. C2 binding to C4 requires the presence of ionic magnesium.
The new site consisting of C4b and C2 (C4b2a) no longer requires
C1 for activity. Enzymatic activity resides in the C2 fragment.
This site is termed the C3 convertase of the classical pathway be-
cause it can bind the next complement protein in the sequence
(C3) and, as in the earlier steps, cleave it into a large fragment
(C3b) and a small fragment (C3a), which again has inflammatory
activity. Just as in the case of C4b, C3b can bind covalently to the
target of attack. In many cases it binds directly to C4b on the
target. As mentioned earlier, C3 is the central component of all
3 complement pathways and is present at high concentration in
serum, about 1.2 mg/mL.

An important function of complement is the ability to opsonize
particles, which means to coat them with complement-derived
protein fragments that allow them to be phagocytosed easily.
Phagocytic cells have on their surface specific receptors for
complement-derived peptides, often cleavage fragments of C3.
When these fragments are deposited on microbes, they can link
the microbe to the phagocyte receptors; the adherence facilitates
the phagocytic process.

On the addition of C3b to the C4bC2 site, a new binding site is
created that can bind C5, the next protein in the sequence. Again,
C5 is cleaved into a large fragment and a small fragment. The
large fragment, C5b, continues the complement cascade, al-
though it does not form a covalent bond with the target and
remains associated with C3b. The small fragment released, C5a,
is one of the most potent inflammatory peptides released by
complement activation and has strong neutrophil-aggregating
activity, strong neutrophil chemotactic activity and is an excellent
anaphylatoxin.7 Injection of sufficient purified C5a into an animal

FIG 1. The 3 complement activation pathways. The classical pathway is
usually activated by antibody. The lectin pathway is activated by the
recognition molecule MBL binding to structures with the appropriate
repetitive sugars. The ficolins are MBL-like molecules that can also activate
this pathway. The alternative pathway does not have a recognition mole-
cule as such. It is initiated by the binding of factor B to C3, which can then be
cleaved by factor D. Because C3 always undergoes slow hydrolysis, the
pathway is always undergoing some degree of activation. Properdin
stabilizes the complex and can also initiate alternative pathway activation.
C3b itself is an efficient activator of the alternative pathway, and classical
pathway activation leading to C3 deposition on a target rapidly activates the
alternative pathway.
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may cause anaphylaxis and death from neutrophil aggregation in
the circulation and massive histamine release.7,13

The complement cascade continues after C5b binding with the
binding of C6, C7, C8, and C9. One molecule of C6 and C7 each
bind to C5b on the target surface. If this binding takes place at the
surface of a cell or microbe, the introduction of C7 to the binding
site leads to an increase in hydrophobicity of the C5-7 complex
and insertion of the complex into the lipid cytoplasmic membrane
of the cell. Under these circumstances, the cell is targeted for
lysis. With the binding of one molecule of C8 to the C5-7
complex, a slow leak in cells such as erythrocytes appears, and
with the binding of up to 16 molecules of C9, a cylinder or donut-
like structure is formed, containing all the proteins C5b through
C9, that penetrates the cell membrane. The pore-like interior of
the donut allows free fluid transfer and destroys the ability to
maintain its osmotic equilibrium, and it lyses.

Cells protect themselves from complement attack in a variety
of ways. Themany complement control proteins will be discussed
in greater detail below, but also the lytic C5b–9 complex can be
shed from the surface of some cells or internalized and destroyed
as the cell acts to protect itself from damage. Cells such as
erythrocytes with little intracellular protein synthetic machinery
to help repair their membranes rely on the control proteins for
protection. Cells such as macrophages and endothelial cells have
these extra mechanisms for clearing their membranes of depos-
ited complement proteins.

THE LECTIN PATHWAY
The lectin pathway, unlike the classical pathway, does not

require antibody to function and is developmentally more prim-
itive than the classical pathway. It is quite similar in function to
the classical pathway.6 In the more evolved classical pathway, the
recognition molecule that that sees foreign antigen with great
specificity and induces complement activation is antibody. The
lectin pathway does not use antibody but has its own more prim-
itive recognitionmolecule. The pathway is initiated by the plasma
protein MBL or by the related proteins, the ficolins. MBL has a
structure remarkably similar to C1q, with a central core and a se-
ries of radiating arms composed of a flexible triple helix, each
ending in a binding structure. Unlike C1q, in MBL the helix con-
tains 3 copies of a single chain. In the case of C1q, the binding

structure at the end of the arms recognizes the Fc fragment of im-
munoglobulin, and antibody is the recognition protein that trig-
gers the activation sequence. In the case of MBL, there are 3
lectin-binding sites at the termination of each of the arms of the
MBL. Each lectin-binding site has low affinity for sugars like
mannose, but with the binding of multiple arms of the MBL,
each with 3 binding sites to, for example, the repeating polysac-
charides on the surface of a bacterium, the association is stabi-
lized and the complement pathway is activated. Therefore the
protein that recognizes the foreign structure is not a specific anti-
body but MBL itself. MBL circulates as a series of multimers and
can have 2, 4, or 6 arms. In general, it is thought that the 4-arm
structure predominates.

Associated with MBL in the circulation are proteins termed
mannose-binding lectin–associated serine protease (MASPs).
The functional structure again resembles that of C1 because
C1q, the subunit with collagen-like arms that binds to antibody,
also associates with serine proteases, C1r, and C1s. In the case of
MBL, the associated serine proteases are MASP1, MASP2, and
MASP3, as well as some other related molecules. Recent work
further demonstrates the similarity of the classical and lectin
pathways. C1r and C1s are reported to have some affinity for
MBL, and the MASPs have an affinity for C1q. It is believed that
MASP2 is the principle serine protease involved in continuation
of the complement cascade, with MASP1 also active. MASP3’s
function is still being explored, but it might have a role in
activating the alternative pathway. Currently, it is thought that the
main path of activation afterMBL binding is through activation of
C4 by MASP2. Thus lectin pathway activation is very much like
classical pathway activation. In the classical pathway antibody is
the recognition molecule. It binds C1, which is then activated and
cleaves C4. In the lectin pathway the recognition molecule is
MBL, and MASP2 is the C1q like molecule that cleaves C4 into
C4a and C4b. C4b then binds C2, the C2 is cleaved by MASP2,
and the pathway continues to C9, just as in the classical pathway.

THE ALTERNATIVE PATHWAY
The alternative pathway is probably the oldest of the comple-

ment pathways in phylogenetic terms and is more difficult to
understand because it operates by means of a mechanism that is
fundamentally different and more primitive than that of the

TABLE I. Functional and clinical consequences of complement deficiency

Defect Classical pathway Lectin pathway Alternative pathway
C3 and factors that
control C3 levels

Late-acting proteins:
C5-C9

Functional
Consequence

Delayed C9 activation,
decreased immune
response, poor antibody
activation of C9

Decreased activation in
the absence of antibody

Decreased C9 activation
in the absence of
antibody

Decreased opsonization:
if control factors are
abnormal, increased C9
mediated pathology

Inability to form lytic
Lesions; C5 important
in PMN chemotaxis

Clinical
consequences

Increased incidence of
autoimmune disease:
infection with high-
grade pathogens
(eg, pneumococcus)

Infection in the newborn:
question of increased
rheumatic disease

Question of risk of
increased infection
with unusual pathogens
like cryptosporidium
and aspergillis

Increase in infection with
high-grade pathogens:
some increase in
Neisseria species
infections

Marked increase in
infection with high-
grade pathogens:
failure to downregulate
C3 associated with
hemolytic uremic
syndrome and adult-
onset macular
degeneration

Marked increase in
neisserial infection
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classical and lectin pathways. In these latter 2 cases the pathway is
specifically activated by a recognition molecule that binds to the
target of attack and activates a serine protease that activates the
rest of the complement sequence. In the alternative pathway C3 is
itself the recognition molecule, and activation of the pathway is
inefficient. C3 is a 2-chain molecule, a and b, with an internal
thioester joining a cysteine at position 988 with a glutamine at
position 991 in the a chain backbone. The tertiary configuration
of the molecule protects the internal thioester from cleavage
caused by nucleophilic attack bywater; even so, it undergoes slow
hydrolysis in the circulation. When water penetrates to the
thioester bond, the bond is hydrolyzed, leaving a free sulfhydryl
at position 988 and a hydrated carboxyl ion at position 991. This is
associated with a marked change in tertiary structure, and the
molecule comes to resemble C3b. Hydrolyzed C3, like C3b itself,
is capable of binding factor B, a protein of the alternative pathway
very much like C2 of the classical pathway. On binding to
hydrated C3 or C3b, factor B can be cleaved by a serine protease,
very much like C1s of the classical pathway, termed factor D.
Thus a protein complex is formed consisting of hydrated C3 or
C3b and the large fragment of cleaved factor B, termed Bb, with
the release of the small fragment Ba. This complex is the C3
convertase of the alternative pathway. It can bind a new molecule
of C3 and cleave it into C3a and C3b. The major difference
between the C3 convertase (C3 cleaving enzyme) of the alterna-
tive pathway and the C3 convertase of the classical and lectin
pathways is that there is no C4b in the convertase of the alternative
pathway. C3b itself takes the place of C4b, with factor B acting
like C2 and factor D acting like C1. A second difference is that
factor D, themolecule that resembles C1s of the classical pathway
and MASP2 of the lectin pathway, is not physically bound to the
active site but acts as a fluid-phase enzyme.

In summary, the initial alternative pathway C3 convertase
(C3[H2O],Bb), which can form slowly and spontaneously in the
circulation, can bind and cleave another molecule of C3. When
C3a is cleaved from the C3 to form C3b, the thioester becomes
immediately available. If this cleavage occurs close to the surface
of a cell or microbe, the carboxyl on the C3b generated can form
an ester or amide bond with the surface of a cell or microbe. This
target-bound C3b can accept another factor Bmolecule and, in the
presence of factor D, can cleave more C3 into C3a and C3b, with
more C3b becoming target bound. In the case of the classical and
lectin pathways, the C42 complex is unstable and slowly decays.
In the case of the alternative pathway, the C3bBb complex is also
unstable. It rapidly decays and is stabilized in the circulation by
yet another protein termed properdin. Properdin binds C3b, and
it has recently been suggested that properdin bound to a substrate
can also bind C3b and initiate alternative pathway attack. Like the
classical pathway convertase, the alternative pathway convertase
requires magnesium ion to function. Presumably the first pathway
to develop in the complement system, in terms of phylogenetic
development, was the alternative pathway. Because pathway ini-
tiation is not directed and requires the chance hydrolysis of a C3
close to the target of destruction, its binding, and then binding of
additional C3 to the target, it is very inefficient. It is believed that
the lectin pathway evolved to recognize the target more directly
by binding to sugar groups on its surface. With the appearance
of antibody, the target could be even more specifically identified.
C3b deposited on a target by the lectin or classical pathway can
also engage proteins of the alternative pathway to further amplify
C3 deposition.

C3b undergoes a complex sequence of degradation steps, with
each degradation product having different biological activity.
Because these steps are regulated by control molecules, they are
considered in the sections below.

COMPLEMENT RECEPTORS AND COMPLEMENT
CONTROL MOLECULES

By definition, complement receptors recognize and bind var-
ious complement proteins and fragments. As with other receptors,
this can cause cellular activation. However, unlike most cellular
receptors, some of the complement receptors also act as control
molecules and interact with the molecule they bind to allow for
further degradation of the bound fragment. In performing this
function, the receptors act like the complement control molecules
that regulate the degradation of complement proteins to control
their biological function. These many receptors and control
molecules are discussed below. At virtually each step of the
complement cascade, control points are established to down-
regulate the possibility of untoward complement activation.
A few of the control molecules linked to disease are listed in
Table II.

Control of activity of C1 and MASPs. In the classical
pathway the activation of C1 with cleavage of C4 is down-
regulated by C1 inhibitor (C1-INH).14 This single-chainmolecule
is a serpin (serine protease inhibitor). Enzyme inhibitors of this
class present a bait sequence to the enzyme to be inhibited that
looks like the enzyme’s substrate. When an enzyme cleaves the
inhibitor at the site of the bait sequence (amino acid 444 of the
C1-INH), the inhibitor springs apart, uncovering a highly reactive
site that forms a covalent bond with the active site on the enzyme.
C1-INH inhibits C1r andC1s of the classical pathway andMASPs
1 and 2 of the lectin pathway. C1-INH has been termed a suicide
inhibitor because it is used up during the inhibition process. Dur-
ing the process of C1 inhibition, the C1 molecule is taken apart,
C1r and C1s are removed, and C1q is left bound to the antibody
site. As discussed in a later section, C1-INH inhibits enzymes
in a number of other mediator pathways in plasma, including
the kinin-generating pathway, and patients with abnormalities
in even one of the genes for normal C1-INH have hereditary
angioedema (HAE), a swelling disorder.

Control of the activity of C4 and C2. The next steps in the
classical and lectin complement pathway, the interaction of C4
and C2, are also under the control of a circulating protein, C4-
binding protein.15 This protein binds to C4b, preventing its inter-
action with C2 and accelerating the decay of the C4b, C2 site once
formed. It also is capable of binding to C3b when these reactants
are present at high concentration. As discussed, the C4b, C2 site is
further controlled because it is subject to spontaneous degrada-
tion over time, losing its activity. Loss of activity is accompanied
by the release of C2 from the C4b site. The C4b site can accept
another C2 and, in the presence of C1, can regenerate the C4b/
2 site.

Control molecules and cellular receptors that inter-
act with C3. As an essential component in the lytic pathway, C3
functions in the classical, lectin, and alternative pathways. C3b
bound to a target can not only continue the complement cascade
but also acts as a potent opsonin by binding its receptor CD35, on
phagocytes, aiding the phagocytic process. Because C3b, if
deposited on tissue cells, can become a focus of tissue damage,
its formation and degradation are under tight regulation. It is
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simplest to describe the steps in degradation in plasma and then
the effect of the receptors (Fig 2).

There are a number circulating proteins and cell-surface
receptors that can interact with C3b, and the results of the
interaction might differ depending on the set of control proteins
with which it interacts.16,17 Virtually all normal cells have these
control molecules. Two plasma proteins, factors H and I, are crit-
ical regulators of C3b in plasma and to some extent on certain
cells, such as erythrocytes. When C3b is generated, it will bind
factor H, and the complex of C3b and H can be attacked by the
circulating complement enzyme factor I, which can then cleave
the C3b a chain, leading to the formation of inactivated C3b
(iC3b). iC3b no longer functions as a C3 or C5 convertase, but
it remains cell bound and remains a potent opsonin. The rare
patients missing factor I have low C3 levels in the circulation
because the alternative pathway stays active and cleaves C3,
and these patients also have an increased incidence of infection.

It is interesting that the complement system attempts to
discriminate self from nonself in an attempt to minimize un-
wanted tissue damage. C3b deposited on one’s own tissues or
cells is often close to a sialic acid which is present in relatively
large amounts in normal tissues and cellular membrane carbohy-
drates. Factor H binding and activity is facilitated by sialic acid.
Any C3b deposited on one’s own cells therefore tends to be
cleaved by factor I, preventing further complement activation.
Most microorganism surfaces are not rich in sialic acid. Factor H
function is not facilitated. C3b remains on the organism surface,
and the C3 convertase of the alternative pathway continues to
deposit additional C3b on the microbe to promote phagocytosis.
Many pathogens have evolved mechanisms to incorporate sialic
acid into surface structures to protect themselves in part from
complement attack. For example, Escherichia coli K1 has devel-
oped sialic acid–containing capsules to mimic the surface of the
normal cell and thus protect the bacterium from destruction.18

Five different cellular receptors are important in the binding
and phagocytosis of C3-coated particles. CD35 (also termed
CR1) recognizes C3b, as does a recently described receptor,
which is present on Kupffer cells and some monocytes, termed
CRIg.19 The b2-integrins (CD11b/CD18, which is also termed
CR3, and CD11c/CD18, which is also termed CR4) recognize tar-
get-bound iC3b, the product formed by the action of factors H and
I acting on C3b, andmediate phagocytosis. Receptors for iC3b are

present on all phagocytes and dendritic cells, although they are
not present on lymphocytes. The b2-integrins are 2-chain mole-
cules (a and b chain).20 The a chain (CD11b or CD11c) provides
the ligand recognition, and the b chain (CD18) is required for
transport of the 2-chain complex to the cell surface. Patients
with leukocyte adhesion deficiency have a defect leading to their
inability to express these molecules on the cell surface and are
highly susceptible to infection. CD11c/CD18 is the signature re-
ceptor used in identification of monocytic dendritic cells. Presum-
ably this receptor, acting through complement bound to antigen,
is of critical importance in processing of antigen for presentation
to the immune system.

The C3b receptor CD35 (CR1) is present on erythrocytes,
phagocytes, dendritic cells, and all B cells.21 As mentioned, bind-
ing of a particle to a phagocyte surface by CD35 aids in the phag-
ocytic process. However, if an immune complex forms in the
circulation and binds C3b, most often it will bind not to the sur-
face of a phagocyte but to the surface of an erythrocyte through
erythrocyte CD35 because of the large number of erythrocytes
in the circulation. The immune complex, bound to the surface
of the red cell, is effectively out of the circulation and cannot eas-
ily leave the intravascular space to be deposited in tissues, such as
the kidneys. As the erythrocyte circulates through the liver and
spleen, the immune complex comes in contact with the fixed
phagocytes in the sinusoids of these organs and is removed
from the red cell surface and phagocytosed. The red cell exits
the liver or spleen free of the complex and continues to have nor-
mal survival. During this process, some of the CD35 is removed
from the red cell as the immune complex is removed. The infusion
of normal erythrocytes into patients with active systemic lupus er-
ythematosus with circulating immune complexes is followed by
those erythrocytes gradually losing their CD35 as the CD35 on
the infused erythrocytes binds the circulating immune complexes
and transports them to the liver and spleen.

CD35 itself acts as a cofactor protein for degradation of C3, but
its function is different from that of the proteins listed above. Like
C3b that has bound factorH,C3bbound toCD35canbe cleaved by
factor I, but the cleavage leads to a different fragmentation pattern.
Cleavage of thea chain leads first to the formation of iC3b, but the
process does not stop at this step. Further cleavage of the a chain
leads to release from the target-boundC3b of the largest part of the
iC3b, C3c, with retention of a 40-kd fragment of the a chain of
iC3b, C3dg, which is bound to the target. This fragment can be
further trimmed by proteases to C3d. C3dg and C3d do not bind to
CD35 or to the b2-integrins, but do bind to CD21 (CR2), which is
present on all B cells, a T-cell subset, and follicular dendritic cells.
Because b2-integrins are not on B cells and CD21 is not present
on most phagocytes, the fragmentation pattern of C3 mediated
by the various cofactor proteins can direct targets of attack or
antigens to phagocytes, antigen-presenting cells, or B cells.

A group of other complement control molecules on the
membrane of normal cells also act to dampen the activity of C3
if it is accidently deposited.21 Thus membrane cofactor protein
(MCP; CD46) acts as a cofactor for the cleavage of C3b by factor
I, just as factor H does. Another molecule present on most cells,
which is bound to the cells by a phosphatidylinositol linkage, de-
cay-accelerating factor (CD55), interacts with both the classical
and alternative pathway C3 convertase to increase the rate of deg-
radation of the convertase, destroying its activity. It is interesting
that these 2molecules, which arewidely distributed on cells of the
body, together havemuch of the activity of CD35 on immune cells

TABLE II. Some regulators of complement activation and their

role in disease

C1-INH downregulates the complement, kinin-generating, clotting, and
fibrinolytic pathways. Heterozygous deficient individuals have HAE.

MCP (CD46) is a cofactor for the cleavage of C3. Homozygous or
heterozygous defects can lead to aHUS.

Factor H is a cofactor for the cleavage of C3. Complete deficiency is
associated with glomerulonephritis. Partial and complete deficiencies are
associated with aHUS. Polymorphism is associated with age-related
macular degeneration and HELLP syndrome.

Factor I is a cofactor for the cleavage of C4 and C3. Complete deficiency is
associated with low levels of C3 and infection. Deficiencies are associated
with aHUS.

CD59 downregulates formation of the membrane attack complex. Acquired
deficiency by hematopoietic progenitors leads to paroxysmal nocturnal
hemoglobinuria.

aHUS, Atypical hemolytic uremic syndrome; HELLP, hemolytic anemia, elevated
liver enzymes, and low platelets, occurring during pregnancy.
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and phagocytes. CD35 has both decay-accelerating and cofactor
activity in the same receptor molecule, and these activities are
separated and slightly changed in CD46 and CD55.

As discussed, the complement system has been present over
much of mammalian evolution, and microorganisms have
evolved mechanisms for using these proteins as docking sites
for entry into cells. ThusMCP has been shown to be a docking site
for measles virus, for certain adenoviruses, and for some Neisse-
ria species organisms; CD21 is a docking site for EBV. Each year,
the list grows of control molecules that are found to be docking
sites for various viruses or bacteria.

Several of the complement receptors are thought to aid directly
in cellular activation or inhibition. CD35 has been discussed
above as a facilitator of phagocytosis. The b2-integrins CD11b
and c/CD18 are the principle iC3b receptors and, like CD35, pro-
vide a signal for phagocytosis. These receptors are present on all
phagocytes and natural killer cells. As mentioned, CD11c/CD18
is used as an identifying marker of dendritic cells. Follicular den-
dritic cells, B cells, and some T cells have CD21 (CR2) on their
surface. This receptor recognizes C3d, C3dg, and polymerized

iC3b. It is believed that antigens with C3d on their surface can
cross-link CD21 with the B-cell receptor, augmenting the ability
of antigen to activate B cells by as much as a thousand fold.22

As mentioned earlier in the chapter, inherited defects in the
control molecules are more common than inherited defects in the
complement proteins themselves. Factor H abnormalities have
been reported in 2 important medical situations. Lack of normal
factor H activity plays a critical role in the development of familial,
atypical, hemolytic uremic syndrome, that is hemolytic uremic
syndrome that occurs spontaneously and is not associated with
bacterial infection and diarrhea.23 In fact, investigation has shown
that 3 different molecules, each of which plays a role in C3 degra-
dation, can be abnormal invarious subgroups of these patients. The
3 proteins are factor H, factor I, and MCP. The defects in the
proteins can be present in either the heterozygous or homozygous
state, probably reflecting the fact that half the normal number ofC3
control molecules is not sufficient to protect against untoward im-
munologic activation. Oneway of thinking about the pathogenesis
of this syndrome is that a toxin enters the circulation and is
deposited on endothelial cells, particularly in the kidney, and on

FIG 2. The 2-chain molecule C3 is shown first. There are no receptors that recognize this molecule. The C3
convertase of the classical or alternative pathway cleaves off C3a, an anaphylatoxin. The remainder of the
molecule C3b undergoes a marked molecular rearrangement and now is recognized by CD35 (CR1), as well
as by the recently recognized receptor on Kupffer cells, CRIg. C3b binds factor H and now can be cleaved by
factor I to iC3b. iC3b is recognized by CD11b/CD18 and CD11c/CD18. These 2-chain receptors are on all
phagocytes and dendritic cells. They aid in the processing of antigen. In serum the cleavage of C3 stops at
this point, but when an immune complex is bound to cellular CD35 or when C3 is deposited on a cell with
CD35 or other membrane-bound complement control molecules, such as CD46, it is cleaved further by
factor I to C3c and C3dg. C3dg can be trimmed to C3d and C3g. C3d and C3dg are recognized by CD21 found
on B cells and dendritic cells. Antigen with multiple bound C3d molecules can interact with both CD21 and
the B-cell receptor, which can augment the immune response.
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erythrocytes. As the subject makes an immune response to the
toxin, in the absence of sufficient controlmolecules, antibodybinds
to the toxin, and cells with toxin and antibody are destroyed by
poorly regulated complement activation. In truth, no onehas shown
that this is the mechanism of disease, but it places the disease in a
framework that allows the pathophysiology to make sense.

It has also recently been reported that the largest risk factor in
the development of macular degeneration in the elderly is an
alteration of the amino acid at position 402 in factor H from a
tyrosine to a histadine.24 It is believed from statistical studies of
DNA sequences from pedigrees of families with inherited macu-
lar degeneration that approximately 50% of cases are associated
with this alteration in one amino acid, although the factor H allele
with histadine in position 402 is fairly common in the population,
and other factors must be involved.

Receptors for the anaphylatoxins C3a, C4a, and C5a
Of the anaphylatoxins, C5a has been studied in the greatest

detail.7 It is a potent chemotactic factor causing the directedmigra-
tion of phagocytes. It contracts smooth muscle cells and causes
mast cells to degranulate in the absence of IgE antibody. It causes
neutrophils to adhere to one another and to endothelium in vessels.
It clearly plays a part in the damage observed during the course of
immunologic lung disease. Mice with a defect in the C5a receptor
do not experience all of themanifestations of immunologic or aller-
gic lung disease. It is likely that far more information will become
available about this important receptor in the development of
asthma. There is less information available on C4a and C3a bind-
ing. Themembrane receptor for C3a is clearly different from that of
C5a and can be triggered to cause mucus secretion in the airways,
but its role in immunologic airways disease is still speculative.

Control of the late steps in the complement cascade
The later steps in the complement cascade are also under tight

control. The site composed of the C3 convertase with bound C5
will decay if it does not bind C6 rapidly, and there are a series of
molecules that downregulate the late-acting proteins both in
serum and on cells. S-protein, a plasma protein, interacts with C7
as theC5, C6, andC7 complex forms and becomes hydrophobic.21

On binding S-protein, this complex is neutralized and can no
longer bind to cell surfaces. Similarly, clusterin, another plasma
protein, binds to the forming C5-9 complex and prevents its acti-
vation and completion. Most cells in the body have membrane-
bound CD59, which interacts with the C5b-8 site, decreasing
the binding of C9 and preventing polymerization of C9. It protects
the cell by preventing effective pore formation. All of these con-
trol molecules are important in maintaining homoeostasis, and
loss of the control molecules often leads to disease. CD59, like
CD55, is linked to cell membranes by a phosphatidylinositol link-
age. By not having a transmembrane domain, the protein is free to
move rapidly in the fatty hydrophobic plane of the cell membrane
to intercept forming C5b-9 and prevent cell lysis. Almost all pa-
tients with the disease paroxysmal nocturnal hemoglobinuria
(PNH) have an acquired bone marrow defect in which they have
a mutation in bone marrow stem cells of the gene PIGA (phospha-
tidylinositol glycan class A), the first enzyme in the development
of phosphatidylinositol linkages.25 A single patient with a genetic
deficiency of CD59 has been reported, and this patient also had
PNH. This gene is present on the X-chromosome, and a single

gene defect in a bonemarrow stem cell leads to an inability to syn-
thesize the first intermediate in this linkage pathway and therefore
the failure to have phosphatidylinositol-linked proteins on the cell
membrane. A failure to generate hematopoietic cells with CD59
causes all hematopoietic cells of bone marrow origin derived
from the abnormal clone to be easily lysed by complement.
As mentioned, alternative pathway proteins in the circulation un-
dergo slow activation; CD59 is critical for neutralizing membrane
attack proteins when they bind to our own cells. In patients with
PNH, this mechanism is defective, and patients have a hemolytic
anemia, often thrombocytopenia, and often a low neutrophil
count. Recently eculizumab, a humanized monoclonal anti-C5
protein was approved for the treatment of PNH.26 This antibody
binds C5 and prevents complement-mediated lysis while allowing
opsonization that occurs at the earlier C3 step to proceed. This is
the firstmedication that improves cell survival in this patient group
with a disease that has a generally grim prognosis.

The role of complement in the generation of immunologic lung
disease is of particular interest. For many years, it was taken as
gospel that complement plays no role in IgE-mediated lung
disease or asthma. Recent work has suggested that this might not
be the case. Complement can play a number of interesting
functions in the generation of lung pathology.

First, it has been suggested that complement functions impor-
tantly in directing immune responses towardTH1- or TH2-type im-
munity. TH1 immunity is generally considered most important in
prevention of infection, and TH2 immunity is associated with
asthma and other allergic diseases. It is believed that the activation
of C5 and the generation of C5a are important in directing the im-
mune response toward a TH1 phenotype, and lack of C5 therefore
skews the system toward the generation of TH2 immunity.27,28 On
the other hand, once immunity or allergy is established, it is be-
lieved that C5amight be generated during immunologic responses
in the lung and, acting as an anaphylatoxin, might cause mast cell
degranulation, smoothmuscle contraction, and so on, thereby con-
tributing to the asthmatic response.

COMPLEMENT IN THE AFFERENT LIMB OF THE
ADAPTIVE IMMUNE RESPONSE

In recent years, attention has turned to the role of complement
in the development of immunity.29,30 This discussion has focused
so far on the efferent limb of the response and how tissue damage
is caused or controlled by complement. As mentioned early in the
chapter, the complement system is phylogenetically older than the
adaptive immune system, and many of the complement proteins
existed as the adaptive immune system evolved.31 Therefore it
is not surprising that elements of the complement system were in-
corporated into the adaptive immune system, and these elements
are only now being slowly identified. As mentioned in an earlier
section, the binding of complement to an antigen allowing cross-
linking of CD21 and the B-cell receptor increases antigenicity by
up to 1000-fold. In this case complement augments the immune
response. It is also known that subjects deficient in complement,
although rare, often havemajor defects in adaptive immunity. An-
imals deficient in C1q, C4, C3, and CR1/2 make a poor immune
response, particularly to T-dependent antigens; have poor germi-
nal center formation; and have poor immunologic memory. Com-
plement aids in the localization and retention of antigens within
the germinal center, and it is believed that this localization of an-
tigen to the germinal center facilitates an ongoing immune
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response. Perhaps surprisingly, patients deficient in C1, C4, and,
to a lesser extent, C2, have a high propensity toward systemic lu-
pus erythematosus.32,33 In fact, of the relatively fewC1q-deficient
subjects who have been described, 96% have had systemic lupus.
Of the relatively few C4-deficient subjects who have been de-
scribed, 75% have had lupus. Even heterozygosity of the genes
for C4 predispose subjects to the development of lupus. This pro-
pensity to cause systemic lupus erythematosus seems to be inde-
pendent of the genetic localization of C4, C3, and factor B in the
major histocompatibility locus as class III genes and therefore
their linkage to the MHC. In addition to the above, animals, par-
ticularly those deficient in C1q and C4, do not develop normal tol-
erance as well, although animals deficient in C3 and CR1/2 do not
appear to have this defect. Although these are intriguing findings
and have been repeated in many laboratories, it is still not com-
pletely clear how complement functions in the afferent limb of
the adaptive immune response. It is quite likely that this question
will be clarified over the next few years.

COMPLEMENT DEFICIENCIES AND CLINICAL
ILLNESS

In the preceding paragraphs we have mentioned many diseases
associated with defects in complement activation or control.
Although recent research has demonstrated that HAE is not a
disease whose clinical manifestations are due to defects in com-
plement activation, it has typically been considered in this group.
Because enormous progress has been made in defining its patho-
genesis and treatment, it is given more detailed consideration.34,35

HAE is an inherited disease caused by low functional levels of
the complement control plasma protein C1-INH. Patients have
spontaneous episodic attacks of angioedema or deep localized
swelling, most commonly of a hand or foot, that begin during
childhood and becomemuchmore severe during adolescence. The
edema is nonpitting and nonpruritic and is not associated with
urticaria. Patients usually have a prodrome, a tightness or tingling
in the area that will swell, lastingmost frequently for several hours,
followed by the development of angioedema. The swelling typi-
cally becomes more severe over about 1½ days and then resolves
over about the same time period. In some patients attacks are
preceded by the development of an erythematous rash that is not
raised and not pruritic: erythema marginatum. The second major
symptom complex noted by these patients is attacks of severe
abdominal pain caused by edema of the mucosa of any portion of
the gastrointestinal tract. The intensity of the pain can approximate
that of an acute abdomen, often resulting in unnecessary surgical
intervention. The gastrointestinal edema generally follows the
same time course to resolution as the cutaneous attacks.

Laryngeal edema is the most feared complication of HAE and
can cause complete respiratory obstruction. Although life-threat-
ening attacks are infrequent, more than half the patients with HAE
have laryngeal involvement at some time during their lives.
Dental work with the injection of a topical anesthetic into the
gums is a common precipitant, but laryngeal edema is often spon-
taneous. The clinical condition can deteriorate rapidly, progress-
ing through mild discomfort to complete airway obstruction over
a period of hours. Soft tissue edema can be difficult to see when it
involves the larynx. If the swelling progresses to difficulty swal-
lowing secretions or a change in the tone of the voice, this should
be considered an emergency andmight require emergency intuba-
tion or even tracheostomy to ensure an adequate airway. Other

presentations are less common, but genital swelling is sometimes
noted in male and female patients.

In most cases the cause of the attack is unknown, but some
patients note that trauma or emotional stress precipitates attacks.
In some female patients menstruation also regularly induces
attacks and estrogens increase attack frequency. The frequency of
attacks varies greatly among affected subjects and at different
times in the same subject, with some experiencing weekly
episodes, whereas others might go years between attacks, and
attacks can start at any age.

As noted above, C1-INH is a serpin that inactivates its target by
forming a stable one-to-one complex with the enzyme to be
inhibited. Although hepatocytes are the primary source of C1-
INH, the protein is also synthesized bymonocytes. The regulation
of the protein production is not completely understood, but
because patients respond clinically to attenuated androgens with
increased serum levels of C1-INH, it is believed that these
androgensmay stimulate C1-INH synthesis. HAE is an autosomal
dominant disease, with as many as 25% of patients providing no
family history. Presumably, most of these cases are caused by new
gene mutations. Because all C1-INH–deficient patients are het-
erozygous for this gene defect, it is believed that half the normal
level of C1-INH is not sufficient to prevent attacks.

Although named for its action on the first component of
complement (C1 esterase), C1-INH also inhibits proteins of the
fibrinolytic, clotting, and kinin pathways (Fig 3). Specifically, C1-
INH inactivates plasmin-activated Hageman factor (factor XII)
and its fragments, activated factor XI, tissue plasminogen activa-
tor, and kallikrein. Within the complement system, C1-INH
blocks the activation and activity of C1 of the classical pathway
and MASPs 1 and 2 of the lectin pathway. Without C1-INH, un-
checked activation of complement causes cleavage of the C4 and
C2 proteins in the complement sequence, and patients often have
low levels of these proteins. Levels of the next protein in the com-
plement cascade, C3, are normal. Themajor factor responsible for
the edema formation is now known to be bradykinin, an important
nonapeptide mediator that can induce leakage of post capillary
venules. Bradykinin is derived from cleavage of the circulating
protein high-molecular-weight kininogen by the plasma enzyme
kallikrein, the activity of which is controlled by C1-INH.

There are 2 genetic types of C1-INH deficiency that result in
essentially the same phenotypic expression. The C1-INH gene
serping 1 is located on chromosome 11 in the p11-q13 region. The
inheritance is autosomal dominant with incomplete penetrance.
Type 1 is the most common form and accounts for approximately
85% of cases. Synthesis of or secretion C1-INH is blocked at the
site of a faulty allele but occurs at the normal allele. The result is
transcription of the normal protein, yielding quantitative serum
concentrations of C1-INH that are approximately 10% to 40% of
normal values. Type 2 HAE accounts for approximately 15% of
cases. Mutations near the active site of the inhibitor lead to
synthesis and secretion of nonfunctional C1-INH protein. These
patients also have a normal functioning allele. Patients with type II
HAE have either normal or increased concentrations of the protein.

A clinical syndrome resembling HAE and termed type 3 HAE
has been described that affects mostly woman. In this condition
no abnormalities of complement or of C1-INH have been
described, but one third of patients have been found to have a
gain-of-function abnormality of clotting factor XII, and it appears
that many of the other patients with type III disease have defects
in the proteins that cause normal bradykinin degradation.
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In America 3 treatment regimens are available for prophylaxis,
and within the last months US Food and Drug Administration
(FDA) has approved treatments for acute angioedema attacks.
Impeded androgens, such as the gonadotropin inhibitor danazol,
have been found to reliably prevent attacks in the vast majority of
patients. Impeded or weak androgens have many side effects that,
although usually mild, preclude their use in some patients and
they are not effective in everyone. In children they can cause
premature closure of boney epiphyses, and they are not used in
pregnant women. The fibrinolysis inhibitor e aminocaproic acid is
also effective in preventing attacks and is often used in children,
but its use is attended by the development of severe fatigue and
muscle weakness over time.

Recently, purified C1-INH, prepared from human plasma
(trade name Cinryze, Viropharma US), given IV has been
approved for prophylaxis of HAE, but the half-life of this protein
is short, on the order of 40 hours. In clinical trials it was
administered intravenously (1000 U) 2 to 3 times a week. A
second plasma C1-INH preparation (trade name Berinert, CSL
Behring, Australia) at 20 U/kg was recently approved for acute
treatment of attacks by the FDA. Recombinant C1-INH (Rhucin)
is also in development. Kalbitor, Dyax US (Ecallantide) a 60
amino acid kallikrein antagonist given SQ was recently approved
for treatment of acute attacks, and a bradykinin type 2 receptor an-
tagonist (Firazyr, Shize, US) are also reported to be effective in
the treatment of acute attacks in preliminary double-blind studies
and are in various stages of applying for FDA approval. Thus it is
likely that treatment will be greatly modified with the availability
of these new agents in the next few years.

Both patients and animals deficient in the classical pathway
factors and C3 have an increased propensity to infection, partic-
ularly with high-grade pathogenic bacteria like pneumococci, as
opposed to viruses (Table I).9,36 Patients with late component de-
fects, such as of C5-9, have a propensity toward systemic Neisse-
ria species infections with Neisseria gonorrhoeae or Neisseria
meningitides. Why opsonization, which only requires comple-
ment through C3, is not sufficient to protect against these 2 groups
of organisms is not clear, but repeated infection with either of
these 2 organisms is often an excellent tip to the clinician that a
late complement protein deficiency is present. Alternative path-
way defects are rarer, and in fact, no factor B deficiency has
ever been described.37 The few patients with factor D deficiency
also have a propensity toward infection, but autoimmunity has not
been seen in either animals or patients with defects in this

pathway. Defects in the lectin pathway are being defined cur-
rently.6 As discussed earlier in the chapter, MBL has a central
core and a series of radiating arms ending in the lectin-binding
sites. The radiating arms have the structure of collagen and, like
collagen, are composed of 3 intertwined chains; however, unlike
collagen, the chains are identical. It has been noted that single-
gene defects affecting these chains can lead to improper winding
of the chains about one another during the formation of the pro-
tein, leading to low levels of MBL. This protein is present nor-
mally at very low levels, 2 mg/mL, and patients, commonly
with one of 3 genetic defects in theMBL gene, even when present
in the heterozygous state, have inefficient chain matching and as
little as one tenth of the normal level of MBL. Moreover, defects
in the promoter region of the gene have been shown to lead to low
MBL levels in some patients. It is reported from Europe that chil-
dren with these defects have a high frequency of infection, al-
though few studies have been done in America to confirm this
finding. It is reported that the incidence of other rare infectious
disease is increased in this patient group. It is also reported that
subjects with MBL abnormalities often die early during the
course of cystic fibrosis. Because patients with cystic fibrosis typ-
ically have high-titer antibody to their organisms, it is not known
why the MBL deficiency should lead to early death. It is also sug-
gested that MBL deficiencies facilitate the pathogenesis of rheu-
matic disease. All of these observations are intriguing, and all
require considerably more study before we understand both the
observations and their meaning.

It should be clear from this brief review that complement
proteins are capable of having important biological effects and
can influence the expression of a wide variety of autoimmune and
allergic diseases. We believe that as we develop a clearer
understanding of the complex interactions involved in pathogen-
esis, we will develop a far more insightful approach to the
treatment of these important illnesses.
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Immune responses to malignancies

Theresa L. Whiteside, PhD, ABMLI Pittsburgh, Pa

Immune responses to tumor-associated antigens (TAs) are often
detectable in tumor-bearing hosts, but they fail to eliminate
malignant cells or prevent the development of metastases.
Patients with cancer generate robust immune responses to
infectious agents (bacteria and viruses) perceived as a ‘‘danger
signal’’ but only ineffective weak responses to TAs, which are
considered as ‘‘self.’’ This fundamental difference in responses
to self versus nonself is further magnified by the ability of
tumors to subvert the host immune system. Tumors induce
dysfunction and apoptosis in CD81 antitumor effector cells and
promote expansion of regulatory T cells, myeloid-derived
suppressor cells, or both, which downregulate antitumor
immunity, allowing tumors to escape from the host immune
system. The tumor escape is mediated by several distinct
molecular mechanisms. Recent insights into these mechanisms
encourage expectations that a more effective control of tumor-
induced immune dysfunction will be developed in the near
future. Novel strategies for immunotherapy of cancer are aimed
at the protection and survival of antitumor effector cells and
also of central memory T cells in the tumor microenvironment.
(J Allergy Clin Immunol 2010;125:S272-83.)

Key words: Cancer, immunity, tumor escape, immune suppression,
effector T cells

Evidence accumulated over the last few years convincingly
shows that the host immune system is involved in cancer
development and progression, as well as control of metastasis.
The presence of antitumor cellular responses, humoral responses,
or both to tumor-associated antigens (TAs) has been observed in
many, but not all, patients with cancer.1,2 The evidence for such
pre-existing antitumor immunity in patients with cancer confirms
that the tumor-bearing host is capable of mounting an immune re-
sponse to TAs. Tumor progression from a single transformed cell
to a mass of malignant cells is a multistep process involving a se-
ries of genetic changes occurring in human subjects over a period
of months or years and culminating in the established tumor.3

During this period, neither the host immune system nor the devel-
oping tumor are idle: those newly emerging tumor cells that are
recognized by the immune system are eliminated only to be re-
placed by genetic tumor variants resistant to immune intervention
and giving rise to a heterogenous population of malignant cells

found in any tumor. Tumors are genetically unstable, and the
emergence of new genetic variants, which is responsible for the
tumor heterogeneity, ensures that the tumor survives in the face
of the host immune system. Only the tumor cells that manage
to avoid recognition escape and survive, whereas those that are
recognized by the immune system are eliminated as soon as
they arise. The tumor development involves a prolonged series
of checks and balances between the host attempting to curtail tu-
mor growth and the tumor benefiting from genetic changes, alter-
ing its microenvironment and avoiding immune elimination. Thus
the tumor becomes resistant to immune effector cells.

The interactions between the host and the tumor have been
referred to as ‘‘immune surveillance,’’ a concept that originated
many years ago with F. M. Burnett and that introduced his vision
of a vigilant host immune system able to spot, recognize, and
eliminate tumor cells. A modern version of the immune surveil-
lance theory not only emphasizes the ability of the host immune
system to recognize and destroy tumor cells but also its contri-
bution to ‘‘immune selection’’ of resistant tumor variants. Thus
the ‘‘immune editing’’ hypothesis2,4 has been advanced to suggest
that by means of elimination of tumor cells sensitive to immune
intervention, the host immune system edits for survival of tumors
that become resistant to immune cells. An alternative hypothesis
allows for the progressing tumor to develop immunosuppressive
mechanisms that will thwart any attempt of immune tumor elim-
ination and in effect will induce a state of tumor-specific toler-
ance.5 In the first instance the immune system initiates the
selection of resistant tumor variants, and in the second the tumor
becomes a perpetrator of immune unresponsiveness. Central to
the paradigms of immune selection or immune editing and
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immune suppression is the premise that the tumors acquiring new
mutations are able to avoid immune intervention and are capable
of both escaping and disabling the host immune system. Neither
of the 2 hypotheses has been completely accepted today, and there
are those who believe that tumors progress because of the genetic
instability and others who favor tumor-specific tolerance of the
immune system, which enables the tumor to take advantage of
the tissue microenvironment regardless of the immune system
and benefit from it. This controversy regarding the significance
of the immune system in tumor development and progression un-
derscores the complexity of interactions between the tumor and
the immune cells. It surmises that these interactions might be bi-
directional, are influenced by the local microenvironment, and not
infrequently might result in demise not of the tumor but of tumor-
reactive immune cells.

In this chapter the nature and components of the host immune
response against tumors will be discussed, including the reasons
for the failure of the immune system to contain tumor growth and
metastasis. It is this latter aspect of the immunobiology of human
malignancies that will be emphasized, largely because it directly
affects cancer immunotherapy. A relatively recent realization that
tumors have devised multiple and remarkably effective mecha-
nisms for disarming the host immune system has opened away for
the introduction of novel therapeutic strategies aimed at elimi-
nating tumor escape. If the tricks tumors use for protection from
immune intervention by the host are responsible for their
progression, then it could be surmised that a limited success of
current immune therapies for cancer can be reversed by therapies
that target the escape mechanisms, and because these escape
mechanisms might be unique for each tumor rather than gener-
alized, the future challenge will be to identify the ‘‘immunologic
signature’’ of each tumor and then use selective therapies to
eliminate the tricks and restore vigorous antitumor immunity.

TUMOR PROGRESSION AND THE HOST IMMUNE
RESPONSE

There are several lines of evidence that point to an early, as well
as late, involvement of the immune system in tumor development.
Early tumor lesions, and even premalignant foci, such as
melanocytic nevi, are frequently infiltrated with hematopoietic
cells, including lymphocytes, macrophages, and occasionally
granulocytes.6,7 The presence of immune cells in the tumor at
later stages of development (ie, the abundance of tumor-infiltrat-
ing lymphocytes [TILs]) has been associated with improved pa-
tient survival in several early studies (reviewed in Whiteside8).
More recently, studies by Fridman’s group performed a compre-
hensive multivariate analysis of cellular interactions in the tumor
microenvironment based on the type, density, localization, and
function of immune cells present within human colorectal cancer
and demonstrated that immune reactivity at the tumor site influ-
ences clinical outcome.9-11 Thus increased densities of T-cell in-
filtrates with a high proportion of CD81 T cells within primary
colorectal carcinomas were associated with a significant protec-
tion against tumor recurrence.11 Furthermore, the same group
also showed that coexpression of genes mediating cytotoxicity
and TH1 adaptive immune responses accurately predicted sur-
vival in patients with colorectal carcinoma independently of the
metastatic status.12 In aggregate these multiparameter analyses
of tumor-infiltrating cells in situ suggest that immune cells can
and indeed often do play a role in tumor control but that both

intrinsic and extrinsic factors in the tumormicroenvironment alter
the balance required for optimal control.12

In many patients with cancer, it is possible to expand in culture
and in vitro test functions of tumor-specific cytolytic T lympho-
cytes (CTLs) from the peripheral blood or TILs.8 This finding,
which has been reproduced in many laboratories, suggests that
precursors of such CTLs exist in the circulation or at the tumor
site in patients with cancer and can be induced to proliferate
when autologous dendritic cells (DCs) pulsed with relevant tumor
epitopes and used as antigen-presenting cells (APCs). More re-
cent experiments, using tetramers and flow cytometry, have di-
rectly demonstrated the presence of tumor peptide–specific T
cells in the circulation of patients with cancer.1,13,14 Furthermore,
the frequency of such peptide-specific T cells appears to be higher
in the circulation of patients with cancer than in healthy sub-
jects.15 Finally, the SEREX technology, based on the presence
of tumor-specific antibodies in sera of patients with cancer, has
been successfully used for tumor-antigen discovery in many lab-
oratories.16 These findings, as well as recent identification of nu-
merous TAs that appear to be immunogenic in that they induce
humoral immune responses, cellular immune responses, or both
in vitro by using human immune cells and in vivo in animal
models of tumor growth, strongly support the notion that the
host immune system recognizes the presence of the tumor and
responds to it by generating both local and systemic immune
responses.

If the tumors are not ignored by the immune system, why do
they progress? Several answers to this question can be considered.
First, there is the old argument for the lack of a ‘‘danger signal’’17

in tumors akin to those presented by pathogens invading tissues
during an infection. Recognition by DCs of pathogen-associated
molecular patterns through the ubiquitous Toll-like receptors
leads to efficient DC activation and maturation. It promotes gen-
eration of vigorous cellular and antibody responses to bacterial or
viral antigens, presumably because the immune system perceives
an infection as a danger signal17 benefiting the host. However,
functional Toll-like receptors are known to be expressed by
many human solid tumors,18 and recent data indicate that tumors
use them to promote their own growth; for protection from
spontaneous, immune-mediated, or drug-induced apoptosis; or
both.18,19

Second, TAs are perceived by the immune system as ‘‘self’’ or
‘‘altered self’’ antigens, which evoke weak immune responses
because tolerance prevents generation of immune responses to
self. The only ‘‘unique’’ TAs are mutated antigens, and these are
strongly immunogenic and elicit robust immune responses.20

However, only a handful of such mutated TAs are known, and
the vast majority of TAs are poorly immunogenic or simply toler-
ogenic. In this context cancer can be viewed as an autoimmune
phenomenon in which tolerance to self prevents effective immune
responses to TAs Patients with cancer who have not been treated
with chemotherapy or radiotherapy generally have normal im-
mune responses to viral or bacterial antigens, yet they are unable
to respond to their own TAs. Except for late-stage disease, they
generally have normal delayed-type hypersensitivity responses
to recall antigens but are anergic to autologous TAs. Although
tolerance to self is a detriment to the generation of antitumor
responses in patients with cancer, another factor that exerts an
overwhelming effect on these responses is the tumor microenvi-
ronment. Each tumor creates its own milieu characterized by
the presence of immunosuppressive factors and by the excess of
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TAs produced and released by the growing tumor. Evidence sug-
gests that tumors produce a broad array of immunoinhibitory fac-
tors, which exert either local or systemic effects on the host
antitumor immune responses.5 Therefore it is not surprising that
antitumor immunity might be weak, inefficient, or even absent
in patients with cancer, depending on the nature of tumor-host in-
teractions, as well as the robustness of regulatory mechanisms in
control of immune tolerance.

Immune antitumor responses could be influenced by the
gradual deterioration of the immune system with age.21 The in-
creased incidence of cancer present in the elderly might be due
to immunosenescence (ie, progressive remodeling of the immune
system with a reduced ability of immune cells to respond to acti-
vating stimuli and increased responsiveness to tolerogenic sig-
nals).21 Immunosenescence can significantly interfere with the
effectiveness of cancer immunotherapies, and it has been
suggested that clinical trials testing immunopotentiating agents
in patients with cancer should be conducted in elderly subjects.21

Recent multiparameter analyses of primary and metastatic
human tumors (eg, colorectal carcinoma) recognize several major
immune ‘‘coordination profiles,’’ the presence of which is influ-
enced by the balance between tumor escape and immune antitu-
mor responses and that are subject to host-tumor cross-talk.12 In
this context it is important to consider differences between pri-
mary and metastatic tumors. Not only are metastatic tumors
more immunosuppressive, but also they appear to be less readily
recognized by TA-specific immune effector cells. The latter could
be due to defects in the expression levels of antigen-processing
machinery (APM) components, MHC molecules, or both in the
tumor and its metastases.22 Because different copy numbers of
distinct trimolecular peptide–b2-microglobulin (b2 m)–MHC
complexes presented on the tumor surface might lead to differen-
tial T-cell recognition, this aspect of tumor–immune cell interac-
tions is critical.22,23 A recent comparison of primary renal cell
carcinoma, renal cell carcinoma metastases, and normal renal tis-
sue with respect to HLA ligand presentation and gene expression
demonstrated a greater similarity between primary tumor and
metastasis than between the tumor and normal tissue.24 This
observation provides a good rationale for peptide-based immuno-
therapy because it is likely to preferentially target the tumor and
its metastases and not the normal tissue.

NATURAL VERSUS ADAPTIVE IMMUNE
RESPONSES TO MALIGNANCIES

Antitumor immune responses can be innate (natural) or
acquired (adaptive). Innate immunity is mediated by cells or
soluble factors that naturally exist in tissues or body fluids and can
interfere with tumor growth or survival. Among hematopoietic
cells, macrophages, granulocytes, natural killer (NK) cells
(CD32CD561), non–MHC-restricted T cells (CD31CD562),
and gd T cells have the natural capability to eliminate tumor
cell targets.21 In addition, natural antibodies with specificities di-
rected at surface components of tumor cells might be present in
the sera of patients with cancer.16 Other serum factors, including
complement components, C-reactive protein, mannose-binding
protein, and serum amyloid protein, also play a role in innate im-
munity.25 Adaptive immune responses to tumors are mediated by
CD31T-cell receptor (TCR1) T cells when they recognize tumor-
derived peptides bound to self-MHC molecules expressed on
APCs. Little is currently known about the molecular signals and

cellular steps involved in directing APCs, such as DCs, to execute
a tolerogenic versus immunogenic program in response to anti-
gens. As indicated above, tumors can also serve as APCs, al-
though low levels of MHC class I molecule expression, MHC
class II molecule expression, or both on the surface of tumor cells
makes this an inefficient process.22 More likely, TAs are taken up
by DCs present at the tumor site, processed, and cross-presented
to T cells in the tumor-draining lymph nodes in the form of the
trimolecular peptide–b2m–MHC complexes.23 For adaptive im-
mune response to occur, T cells expressing correct (cognate)
TCRs have to be present. Recognition of the peptide and its bind-
ing to the variable domains of the TCR initiates signaling (signal
1) that leads to T-cell activation.26 This requirement implies prior
sensitization and a clonal expansion of memory T cells in
response to a cognate tumor epitope (anamnestic or recall
responses). Alternatively, precursor T cells expressing the TCR
can be primed by the cognate peptide–MHC ligands presented
on APCs, and the subsequent development of antitumor effector
cells is viewed as a primary immune response. In either case cos-
timulatory molecules (signal 2) are necessary for an immune
response to proceed,27 and once T-cell proliferation is initiated,
appropriate cytokines (signal 3) become essential for sustaining
the response.28 Recent findings stress the key importance of signal
3 for the development of immune responses and for their contrac-
tion.28 Like all immune responses, those that are TA specific do
not go on forever but peak and then contract, restoring the preac-
tivation balance. The precise mechanisms responsible for
immune contraction are not yet defined, and regulatory T (Treg)
cells, as well as other mechanisms, have been proposed to
regulate immune reactivity, but it is clear that events in the
environment play a dominant role in this respect.

Immune responses to malignant cells can be categorized as
locoregional or systemic. In situ or local responses refer mainly to
TILs, which accumulate in most human solid tumors and the role
of which in tumor progression remains highly controversial. Long
considered by some an effector arm of antitumor responses, TILs
are viewed by others as victims of the tumor microenvironment
because their effector functions are often impaired, presumably
by tumor-derived factors.29 A failure of local antitumor responses
mediated by TILs is thought to contribute to tumor progression.
Systemic immunity to tumors, as measured by delayed-type
hypersensitivity responses or by various ex vivo assays of T-cell
responses in the peripheral circulation of patients with cancer,
are difficult to demonstrate, and TA-specific responses have
been particularly elusive. Nevertheless, by using highly sensitive
multicolor flow cytometry, it has been possible to detect and mea-
sure the frequency of TA-specific CD81 and CD41 T cells in the
peripheral circulation of patients with cancer.1 Although the
response levels vary, TA-specific and nonspecific proliferative
or cytotoxic responses of peripheral lymphocytes in patients
with cancer appear to be at least partially impaired.29-31 Data in-
dicate that the same functional impairments seen in TILs are
found in both circulating and lymph node lymphocytes of patients
with cancer.29,32 Thus it has been concluded that, in general, hu-
man tumors exert profound suppressive effects on both local and
systemic antitumor immunity in these patients.

In contrast to the failure of antitumor immune responses to
control tumor progression in human subjects, a large body of
experimental evidence derived from preclinical animal models of
cancer suggests that the immune system can prevent tumor
growth or cause its rejection.33 In the prevention setting
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vaccination of animals with TAs plus adjuvant protects them from
rechallenge with tumor,34 whereas immunotherapy of established
tumors with vaccines, cytokines, adoptively transferred immune
cells, or immunomodulatory agents results in tumor rejection,
provided the tumor is not in an advanced stage. Remarkably,
this has been a consistent pattern seen with carcinogen-induced,
virally induced, and spontaneously arising tumors in mice, sug-
gesting a fundamental difference in immune responses to tumor
antigens between mice and human subjects. Indeed, it appears
that the difference might be due to appreciably greater immuno-
genicity of murine TAs, which in most cases are virus- or carcin-
ogen-related epitopes and thus foreign rather than self-epitopes.
Alternatively, the answer might be that experimental murine
tumors are established, grow, progress, and are eliminated by
therapy in the very short time required for the completion of the
experiment, leaving no time for the development of tumor escape
mechanisms. In contrast, human tumors are diagnosed and treated
after many years of coexistence with the host. An introduction or
establishment of the tumor in mice is a dramatic event that mobi-
lizes host defenses in contrast to a silent coexistence of tumor
cells with the immune system for many years in human subjects.
To minimize this difference, transgenic murine models have been
developed, allowing for ensured, genetically driven tumor devel-
opment in a ‘‘spontaneous’’ environment.35 Transgenic mice have
been especially useful in the design of preventive cancer
vaccines,34 and information they provide is encouraging for the
development of immunoprophylaxis of cancer in human subjects.
Nevertheless, to date, it has been difficult to translate the positive
results seen in mice to immunotherapy of established human
tumors. It is plausible that numerous and varied mechanisms of
escape developed by the latter during the prolonged residence
and interactions with the host provide human tumors with advan-
tages not afforded to murine tumors established in an experimen-
tal setting.

TUMOR ASSOCIATED ANTIGENS
Recent progress in the development of cancer vaccines has

been greatly facilitated by the availability of well-defined TAs,
many of which have been characterized in the last decade.36 Most
of these TAs are derived from self-proteins that are either mutated
or otherwise differentially expressed in normal and tumor cells, as
exemplified by oncogenes or oncofetal or cancer testis antigens.
The major categories of TAs that have been often used as candi-
dates for immune therapies are listed in Table I.36,37 A recent re-
port provides a much longer prioritized list of well-characterized
cancer antigens best suited for use in cancer vaccines.38 The list is
based on criteria generated by a panel of experts convened by the
National Cancer Institute38 and is designed to assist investigators
in the field of immunotherapy in the selection of the most prom-
ising TAs for further testing in clinical trials.

As already indicated, immune responses to TAs, even to those
representing altered self-antigens, are detectable in tumor-bear-
ing hosts, although in most cases no correlations between the
presence of in vitro responses to TAs and prognosis have been
documented. This is in contrast to numerous animal tumor
models, which have provided strong evidence that in the presence
of effective antitumor immunity, tumors fail to progress and es-
tablished tumors regress.39 Nevertheless, human cancer vaccine
trials in patients with cancer have made use of many well-charac-
terized TAs in the hope that their presentation on appropriately

polarized DCs will overcome difficulties with the generation of
a strong immune response in the therapeutic setting. The most re-
cent reports of such clinical trials in patients with cancer indicate
that multiple subcutaneous injections of an immunogenic tumor
peptide, such as NY-ESO-1, plus a mix of 2 potent adjuvants,
such as Montanide ISA-51 and CpG7909, can be effective in in-
ducing sustained peptide-specific immune responses and signifi-
cantly prolong survival, even in patients with advanced disease,
including solid tumors other than melanoma.40 These reports,
demonstrating that antitumor, antivaccine, or both immune
responses correspond to clinical outcome, suggest that the optimi-
zation of vaccination strategies is likely to overcome tumor-
induced suppression and to restore the immune balance altered
by cancer development.

IMMUNE CELLS IN THE TUMOR
MICROENVIRONMENT

Immune cells that are most frequently found in the human
microenvironment are lymphocytes, which are capable of medi-
ating both innate and adaptive immunity, although monocytes,
tumor-associated macrophages (TAMs), and DCs are also com-
monly seen.41 Inflammatory cells present in the tumor are in inti-
mate contact with tumor cells, stromal fibroblasts, extracellular
matrix components, and blood vessels. Proinflammatory
cytokines secreted by inflammatory cells can contribute to tumor
progression, and soluble factors produced by the tumor in
response to nonspecific or tumor-specific signals, such as prosta-
glandin E2 (PGE2), adenosine, or TGF-b, downregulate functions
of immune cells. The tumor microenvironment is created by the
tumor, and it is continuously shaped and dominated by the tumor,
which directs all cellular and molecular events taking place in the
surrounding tissue.

Immune cells recruited to the tumor include T cells
(CD31TCR1), which are by far the largest component of mono-
nuclear tumor infiltrates41 and have received the most attention.
Although their accumulation in the tumor might be considered
evidence of immune surveillance by the host, they are largely in-
effective in arresting tumor growth, although they can proliferate
and mediate antitumor cytotoxicity on their removal from the
tumor bed and ex vivo IL-2 activation.42

Phenotypic and functional characteristics of human TILs are
listed in Table II. More current data on the status of T cells found
in human tumors suggest that their phenotypic and functional
profile varies depending on the microenvironment created by
the tumor and that this profile or ‘‘immune signature’’ can influ-
ence prognosis and disease outcome.9,12 It appears that TILs ob-
tained from advanced or metastatic lesions are more functionally
impaired than those from early lesions, suggesting that tumor bur-
den or the potential of a tumor to suppress immune cells might de-
termine the functional status of infiltrating T cells. Among CD41

T cells present in the tumor, a subset of CD41CD25high forkhead
box protein 3 (FOXP3)–positive Treg cells is expanded to consti-
tute from 5% to 15% of CD4 T cells in the infiltrate. Their fre-
quency is higher in the tumor than in the peripheral
circulation.43,44 These cells suppress functions of other immune
cells in the microenvironment by mechanisms that might be cell
contact dependent or might involve the production of inhibitory
cytokines or adenosine.43-46 Recently, a potent proinflammatory
T-cell subset, IL-17–producing TH17 cells, were observed among
CD41 cells in patients with ovarian carcinoma. The presence of
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these cells was significantly correlated to enhanced survival in
these patients and was found to inversely correlate with the
number of FOXP31 Treg cells.47

Macrophages (CD141) present in tumors are referred to as
TAMs. Although normal macrophages uptake antigens and play
an important role in control of infections, TAMs are reprog-
rammed to inhibit functions of immune cells through the release
of inhibitory cytokines, such as IL-10, PGE2, or reactive oxygen
species (ROS).48 It is hypothesized that reprogramming of TAMs
occurs in the tumor microenvironment as a result of tumor-driven
activation. Evidence has accumulated indicating that invasiveness
of tumors, such as human primary colon carcinomas, is directly
related to the number of TAMs detected in the tumor. In patients
with invasive breast cancer, an increased TAM count is an inde-
pendent predictor of reduced relapse-free survival, as well as re-
duced overall survival.49 The available data support the active role
of TAMs in tumor-induced immunosuppression on the one hand
and in the promotion of tumor growth on the other. Furthermore,
preliminary evidence suggests that the reciprocal differentiation
of Treg and TH17 cells from an uncommitted common CD41

precursor along either a suppressive or proinflammatory pathway,
respectively, is biased by TAMs.47 Thus TAMs appear to signifi-
cantly contribute to shaping of the tumor microenvironment.

A subset of myeloid-derived cells equivalent to CD11b1/Gr11

cells in mice, which are CD341CD331CD131CD152 and called
myeloid-derived suppressor cells (MDSCs), accumulate in hu-
man tumors.50 They are recruited from the bonemarrow bymeans
of tumor-derived soluble factors, such as GM-CSF, vascular

endothelial growth factor (VEGF), and IL-10; migrate to lymph
nodes, where DCs cross-prime T cells; and interfere with this
process. They also migrate to tumors, become tumor-associated
MDSCs, and inhibit immune cell functions through the produc-
tion of arginase 1, an enzyme involved in the L-arginine metabo-
lism. Arginase 1 synergizes with inducible nitric oxide synthase
(iNOS) to increase superoxide and nitric oxide production, inhib-
iting lymphocyte responses by the induction of iNOS in surround-
ing cells.51 Current data support the active role of MDSCs in
tumor-induced immune suppression that contributes to functional
dysfunction of immune cells in the tumor, as well as the peripheral
circulation of patients with cancer.

DCs (HLA-DR1CD861CD801CD142) are nature’s best
APCs. They are a common component of tumor immune infil-
trates and are responsible for the uptake, processing, and cross-
presentation of TAs to naive or memory T cells, thus playing a
crucial role in the generation of tumor-specific effector T cells.52

In addition, DCs control the induction of Treg cells. In patients
with cancer, cellular interactions between antigen-presenting
DCs and T cells lead to expansion and accumulation of Treg cells
at the tumor site and in the periphery.52 The DC-derived signals
that determine the outcome of DC–T-cell interactions operate at
the levels of (1) antigen presentation (signal 1); (2) display of cos-
timulatory molecules (signal 2); and (3) the presence of immuno-
modulatory cytokines (signal 3). Stimuli that lead to upregulation
of signals 1 and 2 in the absence of signal 3 might facilitate pe-
ripheral tolerance induction.52 At the same time, newer evidence
suggests that many conditions relevant to signal 1, such as antigen

TABLE I. Human TAs that are candidates for immune therapies*

TA category Examples

Oncofetal Oncofetal antigen/immature laminin receptor (OFA/iLRP)
Glypican 3 (heparan sulfate protoglycan)
a-Fetoprotein (AFP)
Carcinoembryonic antigen (CEA)

Oncogenes The RAS family: p53, Her2 neu
Cancer testis (CT) antigens: MAGE-1

BAGE
GAGE
NY-ESO-1/LAGE
SAGE
Other 35-40 CT antigens mapping to chromosome X (CT-X) or distributed throughout the genome (non-X CT)

Human melanoma antigens MART-1/MELAN-A
Gp100/pmel 17
Tyrosinase
Tyrosinase related proteins (TRP) 1 and 2
Chondroitin sulfate proteoglycan (CSPG4)

Human glioma antigens IL-13 receptor a2
Eph A2
Survivin
EGFR variant III (EGFRvIII)

Head and neck cancer antigens EGFR
Human papilloma virus (HPV 16 or 18)
Aldehyde dehydrogenase A1 (ALDHA1)
CSPG4

Normal overexpressed or
modified antigens

MUC-1
Cyclin-B1
Prostate-specific antigen (pSA)
Prostate membrane-specific Ag (PMSA)

*The actual list of TAs available for immune therapies is much longer. The reader is referred to a more comprehensive recent listing of these antigens.36,37
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dose, determine whether Treg or TH2 effector (Teff) cells are in-
duced, irrespective of the maturation state of DCs.52 In addition,
insights into the APM in DCs and evidence that some of the com-
ponents of APM, including MHC class II molecules, might be
downregulated or altered in patients with cancer,23 suggest that
Treg cell induction might be influenced not only by the nature
and dose of the antigen but also by its processing and its presen-
tation to T cells.

Tumor-associated DCs directly exposed to tumor cells, tumor-
derived factors, or both have been shown to readily undergo
apoptosis and to have impaired maturation.53 Specifically, tumor-
derived factors, such as gangliosides, were shown to inhibit DC
generation and their function in vitro.54 This suppressive effect
of gangliosides on DCs was found to be mediated by tumor-de-
rived VEGF, a known antidendropoietic factor.53 The data on
functional impairments of tumor-associated DCs have to be bal-
anced by numerous reports in the literature, which suggest that
the presence of DCs in tumors is associated with improved prog-
nosis and prolonged patient survival, as well as a reduced inci-
dence of recurrent or metastatic disease.55 In contrast, patients
with lesions reported to be scarcely infiltrated with DCs have a
relatively poor prognosis.56 Fewer DCs were observed in meta-
static than in primary lesions. In one study it was shown that
the number of DCs present in the tumor was by far the strongest
independent predictor of overall survival, as well as disease-free
survival and time to recurrence, in a large cohort (n5 132) of pa-
tients with oral carcinoma compared with such well-established
prognostic factors as disease stage or lymph node involvement.55

It appears that not only the number of DCs but also the presence of
functionally unimpaired, normally signaling T cells in the tumor
microenvironment are important for overall survival of patients
with cancer.55

NK cells (CD32CD561CD161), which mediate innate immu-
nity and contain both perforin-rich and granzyme-rich granules,
are well equipped to mediate lysis of tumor cells. Although NK
cells represent ‘‘the first line of defense’’ against pathogens,57

most human tumor cells are resistant to perforin-mediated NK
cell lysis, and NK cells are rarely found among TILs.41 This is

despite the fact that tumor cells often downregulate MHC antigen
expression and are enriched in MICA and MICB molecules.58

There might be several reasons for the paucity of NK cells in tu-
mors, including the possibility that NK cells are present in prema-
lignant or early lesions and absent from advanced tumors, which
is consistent with their role in immune surveillance rather than
killing of cancer cells at the tumor site.41More recent data suggest
that the primary biologic role of NK cells in tumor-bearing hosts
might not be the elimination of tumor targets but rather the facil-
itation of DC–T-cell interactions and driving the immune re-
sponses to TAs.59 Because the tumor site is not likely to be the
optimal milieu for this type of immune interaction, the paucity
of NK cells in tumors might fit with their physiologic functions.
The in vivo role of NK cells in antitumor immune defense is not
yet clear, and work continues to define it further.

Polymorphonuclear leukocytes are infrequently seen in infil-
trates of human solid tumors, with the exception of nests of
eosinophils that might be present in association with tumor cells
in some cases. In human tumors granulocytes, which are a major
cellular component of many murine tumors, are rare, being
largely replaced by TAMs or MDSCs. This could be explained by
the fact that most inflammatory infiltrates into human tumors are
chronic rather than acute, with granulocytes long gone by the time
human tumors are diagnosed, biopsied, and examined.

B cells (CD191, CD201) are also rare in most human tumors,
with the exception of breast cancer and melanoma.6,60 The
primary function of B cells is differentiation into antibody-
producing plasma cells. Although TA-specific antibodies are fre-
quently detected in the circulation of patients with cancer, these
antibodies are made and secreted in the tumor-draining lymph
nodes, spleen, or other lymphoid tissues. From these sites, IgG
molecules can readily be transported through plasma or lymph
to tissue sites. Therefore the presence of B cells or plasma cells
in tumors is not expected a priori, although it might be that the
ability to make antibodies in situ could be an important aspect
of host defense.

Inflammatory infiltrates present in human tumors change in
composition and intensity during tumor progression. The initial
acute inflammation involving the recruitment and influx of
antitumor effector cells is replaced by chronic inflammation in
later stages of tumor progression. Tissue hypoxia plays a major
role in shaping the nature of immune infiltrates in tumors. It is
created by activation of hypoxia-responsive genes in tumor
cells61 and favors the influx of granulocytes and phagocytic
macrophages, which depend on the glycolytic pathway for sur-
vival.62 These cells take up and process dying tumor cells,
producing an abundance of ROS. The subsequent reoxygenation
of the microenvironment is accompanied by activation of the
nuclear factor kB pathway in both tumor cells and infiltrating
immune cells, leading to the excessive secretion of proinflamma-
tory cytokines.5 Responding to this nuclear factor kB–driven
cascade of proinflammatory cytokines, the tumor and stromal
cells produce a variety of soluble factors with wide-ranging
biologic effects, including the promotion of tumor cell prolifer-
ation.5 In the tumor microenvironment cellular expansion, differ-
entiation, or activation, as well as cell migration, matrix
remodeling, and blood vessel growth, are reprogrammed to
benefit the tumor. Thus the nature of chronic inflammatory
infiltrates and functions of the tumor-infiltrating immune cells
depend on how aggressively a given tumor remodels its
microenvironment.

TABLE II. Morphologic, phenotypic, and functional characteris-

tics of TILs found in human solid tumors

Morphology: small to large lymphocytes
Phenotype: CD31TCR-a/b1 T cells; few (<5%) CD32CD561 NK cells

Mix of CD41 and CD81 cells; variable CD4/CD8 ratio
Largely CD45RO1CCR72 memory T cells
Express activation markers (CD25, HLA-DR)
Nearly all are CD951

Accumulations of Treg cells (CD41CD39 1 TGF-b1) and CD41IL-171

TH17 cells
Clonality: oligoclonal, as determined based on TcR Vb gene expression
Specificity: autotumor-specific T cells detectable in some tumors at a low
frequency

Functions: Low or absent z chain expression: inefficient TCR signaling
Suppressed nuclear factor kB activation
Decreased locomotion, proliferation, cytotoxicity
Cytokine profile: TH2 type with IL-4, IL-5, and IL-13 production and
no/little IL-2 or IFN-g production; excess of IL-10 or TGF-b

In vitro response to IL-2 variable but more decreased in TILs recovered
from metastatic rather than primary lesions

Increased levels of caspase-3 activity
Apoptosis of CD81 T cells (TUNEL1; Anx1)

TUNEL, Terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling.
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IMMUNE EFFECTOR CELLS IN THE CIRCULATION
OF PATIENTS WITH CANCER

In human subjects peripheral blood is the major source of cells
for studies of their antitumor functions. T lymphocytes, NK cells,
monocytes, DCs, and B cells and their subsets have all been
extensively evaluated in the peripheral circulation of patients with
cancer by using conventional phenotypic and functional in vitro
assays. Results indicate that signaling abnormalities, functional
impairments, and apoptosis seen in immune cells obtained from
the tumor microenvironment are likewise present in peripheral
blood cells of patients with cancer.63,64 The finding of CD81

T-cell apoptosis in the circulation of these patients is perhaps
the most convincing evidence that all is not well with immune ef-
fector cells in cancer.65 The proportion of CD81CD951 T cells
that bind Annexin V (Anx) and yet are 7-amino-actinomycin D
negative (7AAD2) or propidium iodide (PI) negative is signifi-
cantly greater in the peripheral circulation of patients with cancer,
including those with head and neck, breast, and ovarian carcino-
mas andmelanoma, than in age- or sex-matched healthy donors.65

As indicated in Table III,66-68 T cells that undergo spontaneous
apoptosis in the circulation of these patients are CD31CD951,
bind Anx, and have increased levels of caspase-3 activity and de-
creased expression of the TCR-associated z chain.63,69,70 Circu-
lating CD81 T cells, especially the effector subpopulations
(CD81CD45RO1CCR72CD272 and CD81CD282), have a sig-
nificantly greater propensity to undergo spontaneous apoptosis
than CD41 T cells in patients with cancer. This could explain
the functional deficits found in CD81 effector cells, such as the
downregulation in expression of signaling molecules, specifically
the z chain. The available data suggest that functional defects in T
cells might be linked to their increased sensitivity to apoptosis and
that the tumor participates in engineering spontaneous or activa-
tion-induced cell death of T cells.65 The highest proportions of
Fas1Anx1CD81 T cells are generally seen in a subset of patients
with advanced active disease.70 In patients with cancer, the vast
majority of circulating CD81 T cells are CD951, and the Fas/
Fas ligand (FasL) pathway contributes to their apoptosis because
human solid tumors express FasL and export it to the periphery in
the form of FasL1 exosomes.71,72 However, tumor-induced apo-
ptosis of immune cells engaging death ligand/receptor interac-
tions is only one of many mechanisms used by tumors to
engineer an immune escape.65 Based on increasing insights into
these mechanisms, it is possible to speculate that the presence
of the constellation of immune defects might allow for the
identification of a subset of patients with cancer who have poor
prognosis because their tumors create a particularly immunosup-
pressive environment.

Apoptosis of Fas1, activated CD81 T cells in the circulation of
patients with cancer leads to a rapid turnover of T lymphocytes,
contributing to a loss of antitumor effector cells and an aberrant
lymphocyte homeostasis.66,73 Recent data indicate that circulat-
ing Vb-restricted CD81 T cells and tumor peptide–specific tetra-
mer–positive CD81T cells are especially sensitive to apoptosis.74

By using T-cell receptor excision circle (TREC) analysis, a PCR-
based technique that allows for quantification of recent thymic
emigrants in the peripheral circulation, it has been determined
that patients with cancer had significantly fewer recent thymic
emigrants than healthy age-matched donors.67 The results suggest
that the lymphocyte turnover is faster in patients with cancer than
in healthy control subjects, either because the thymic output in

patients is lower or the peripheral expansion of T cells is greater,
diluting T-cell receptor excision circles and enhancing the matu-
ration rate of naive T cells.66,73 Such rapid turnover of T cells
could have detrimental effects on antitumor responses. A loss
of effector subpopulations of CD81 T cells, which appear to be
targeted for apoptosis in patients with cancer, might severely
compromise antitumor functions of the host and contribute to
tumor progression.73

The clinical significance of spontaneous apoptosis of CD81 ef-
fector cells in patients with cancer is currently unknown. A search
for surrogate markers of prognosis or a response to therapy in pa-
tients with cancer has led to further studies of CD81 T-cell apo-
ptosis. The level of spontaneous apoptosis discriminates
between patients with cancer and healthy control subjects but
not between patients with active disease versus those who are
NED after oncologic therapies.67 However, expression of
CCR7, which is also a differentiation marker for T cells, by
CD81 T cells was observed to protect the CD81 effector cells
from apoptosis because CCR7 signaling correlated with higher
Bcl-2 expression but lower Bax and Fas expression and phospho-
inositide 3-kinase pathway activation in CD81 T cells.68 The fre-
quency of circulating CD81CCR71 T cells now emerges as an
immune biomarker that might be predictive of survival benefits
in patients with cancer. Pending validation, this immunologic bio-
marker that is simply defined by flow cytometry could acquire
substantial clinical usefulness in the future.

Another subset of antitumor effector cells, NK cells, represent-
ing 8% to 10% of lymphocytes in the peripheral circulation, has

TABLE III. Characteristics of T lymphocytes in the peripheral

circulation of patients with cancer*

Predominant phenotype
T lymphocytes:
% CD31CD951Anx1 (increased vs NC)
% CD31CD251 (increased vs NC)
% CD31HLA-DR1 (increased vs NC)

CD81 subset: % CD81CD951Anx1 (increased vs NC)
CD81 naive: % CD81CD45RO2CCR71 (decreased vs NC)
CD81 central memory: % CD81CD45RO1CCR71 (decreased vs NC)
CD81 peripheral memory: % CD81CD45RO1CCR72 (increased vs NC)
CD81 effector cells: % CD81CD45RO2CCR72 (increased vs NC)

CD41 subset: % CD41CCR71 (decreased vs NC)
CD41 naive: % CD41CD45RO2CCR71 (decreased vs NC)
CD41 memory cells: % CD41RO45RO1CCR71 (decreased vs NC)
CD41 Treg cells: % CD41CD251 (increased proportions vs NC)

Clonality: Polyclonal with various restricted TCR Vb specificities
Specificity: TA-specific/tetramer1 T cells detectable in many cases
Functions

Low z chain expression in T and NK cells: inefficient TCR signaling
Decreased proliferation in response to anti-CD3 antibody,
PMA/ionomycin, mitogens

Decreased antitumor cytotoxicity and NK/lymphokine-activated killer
activity

Cytokine profile: highly variable
Apoptosis of CD81 T cells and NK cells (Anx1)
Increased caspase-3 activity in T cells
Increased lymphocyte turnover

LAK, Lymphokine-activated killer; NC, healthy control subjects; PMA, phorbol 12-
myristate 13-acetate.
*The percentage of positive cells in patients with cancer compared with healthy age-
and sex-matched control subjects are from Kuss et al,66 Kim et al,67 and Kim et al.68
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been credited with the ability to eliminate tumor cells in the
circulation and thus prevent establishment of distant metasta-
ses.75 Recent data suggest that in addition to mediating perforin-
mediated lysis, NK cells constitutively express several ligands of
the TNF family and can therefore induce apoptosis in a broad va-
riety of tumor cell targets.76 This mechanism of tumor cell elim-
ination might be of greater biologic importance than secretory,
granule-mediated killing, largely because most tumor cells
express receptors for the TNF family ligands and are sensitive
to death by apoptosis.76 NK cells, which are able to discriminate
between normal and abnormal cells based on the presence and
expression levels of MHC class I molecules, are considered to
play a major role in early stages of tumor development. They
express receptors that enable them to survey the target for the
respective ligands. These receptors are of 2 types: killer inhibitory
receptors, killer activating receptors, or both.57 NK cell functions
and their interactions with other cells or extracellular matrix mol-
ecules are regulated through these receptors and Fcg receptors.57

In the peripheral circulation of patients with cancer, NK cells, like
CD81T cells, can also be dysfunctional. On a per-cell basis, these
NK cells mediate lower levels of cytotoxicity.77 Furthermore,
some studies suggest that NK cells are also sensitive to apopto-
sis.78 Among circulating NK cells in patients with breast cancer,
a subset of CD56brightCD16dim NK cells, which represents about
95% of all NK cells and is responsible for effector functions, pref-
erentially binds Anx and thus is primed for apoptosis.79 These
patients also had significantly lower NK activity than the age-
and sex-matched healthy control subjects tested in parallel. These
and other data suggest that endogenous circulating NK cells have
the potential to play a role in tumor surveillance, but in the pres-
ence of the tumor, their antitumor functions are subverted, and no
longer control metastasis dissemination. Once the tumor is estab-
lished, it especially subverts the subsets of NK cells found at the
sites of metastasis and those responsible for cytotoxic functions.

In addition to NK cells, another category of nonspecific
effector cells, CD31CD561NK/T cells, can potentially eliminate
tumor targets. They represent a very minor subset of circulating
lymphocytes in healthy subjects but have been reported to be
expanded in patients with cancer, as well as tumor-bearing
rodents.80 NK/T cells are also a minor component of TILs. In
the presence of IL-2, NK/T cells, like CD32CD561 NK cells,
readily differentiate into lymphokine-activated killer cells con-
taining numerous granzyme- and perforin-containing granules
and are able to mediate tumor cell lysis.77 Both NK and NK/T
cells express receptors for IL-18 and thus are activated in the
presence of this cytokine as well.

REGULATORY IMMUNE CELLS IN PATIENTS WITH
CANCER

The presence in the circulation of patients with cancer of
suppressor lymphocytes capable of downregulating functions of
other immune cells was described many years ago.81 Today such
cells are phenotypically identified as CD41CD25highFOXP31 T
cells and referred to as Treg cells.82 They can be isolated from
PBMCs or tumor sites by means of immunoselection on magnetic
beads coated with antibodies to surface antigens expressed on
Treg cells, such as CD25 or CD39. In mice depletion of
CD41CD251T cells results in the development of autoimmunity,
and in tumor-bearing animals it promotes immune responses to
autologous tumor. In patients with cancer, tumor-associated

lymphocytes are enriched in CD31CD41CD25high T cells.83 On
sorting by flow, these T cells have been shown to secrete TGF-
b or IL-10 and to enzymatically cleave ATP to adenosine.45,46

The mechanisms through which these T cells regulate antitumor
immune responses are being intensively investigated, and because
Treg cells come in different flavors (eg, natural Treg cells, induc-
ible TR1 cells, CD391 Treg cells, or cytotoxic T lymphocyte–
associated antigen–positive Treg cells), these mechanisms vary,
likely depending on the microenvironmental context. Similarly,
the microenvironment influences the induction of Treg cells; for
example, TR1 cells are preferentially induced at the tumor site,
which is rich in IL-10, TGF-b, and PGE2, all of which have
been shown to promote TR1 cell generation.43,44 The prognostic
significance of Treg cells in patients with cancer has been contro-
versial, with many reports linking their accumulations to poor
prognosis, presumably as a result of suppressed antitumor immu-
nity,84 and others reporting better survival in the presence of in-
creased Treg cell frequencies,85 possibly because of their ability
to suppress tumor-promoting mechanisms or induce tumor cell
death. The controversy arises because in human subjects no def-
inite identity marker for Treg cells exists, and their functional
repertoire is broad and varied. Nevertheless, their responsibility
for the contraction of immune responses is critical for health.

Another subset of CD41T cells with an origin sharedwith Treg
cells has recently been identified. Like Treg cells, CD41 TH17-
producing T cells originate from uncommitted CD41 T-cell pre-
cursors, and the participation of TGF-b in their differentiation
links them to Treg cells.86 However, TH17 cells produce IL-17,
IL-21, and IL-IL-22, promoting tissue inflammation, and require
the presence of IL-6, as well as the transcription factors signal
transducer and activator of transcription 3 (STAT3), RORg, and
RORa, for differentiation.87 Although the presence of TH17 cells
has been documented in several human carcinomas,86 their func-
tion in tumors remains controversial. Recent reports show that
CD41FOXP31CCR61 Treg cells can produce IL-17 on activa-
tion and can inhibit proliferation of CD41 responder T cells,87

confirming a relationship between Treg and TH17 cells that can
be modulated by cytokines in the tumor microenvironment. It
also emphasizes the plasticity of T-suppressor and T-effector
subsets of CD41 lymphocytes.

The second major subset of regulatory cells in cancer are
MDSCs (CD341CD331CD131CD11b1CD152).50 Tumors re-
cruit MDSCs from the bone marrow through tumor-derived solu-
ble factors, such as GM-CSF, TGF-b, IL-10, and VEGF.5

Immature myeloid cells migrate to lymph nodes, where DCs
cross-prime T cells and interfere with this process, thus suppress-
ing CTL generation. They also migrate to the tumor site and be-
come MDSCs able to produce arginase I and promote iNOS
activation.5,51 MDSCs also produce high levels of ROS and indo-
leamine-2,3-dioxygenase, an enzyme involved in the catabolism
of tryptophan, an essential amino acid for T-cell proliferation
and differentiation.88 In tumor-bearing mice MDSCs accumulate
in the spleen, reaching a very high frequency and exerting potent
immune suppression, thereby favoring tumor growth. GM-CSF,
often used as an immune adjuvant,89 is also a product of tumor
cells, which recruitsMDSCs from the bonemarrow and is respon-
sible for their accumulation in patients with cancer.90 In patients
with cancer, normal physiologic functions of GM-CSF and
MDSCs are subverted by the tumor to promote its development.

The tumor uses a variety of mechanisms and produces various
factors and enzymes that enable it to suppress the host antitumor
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immune responses. Some of these factors are listed in Table IV.
Among these factors, 2 have recently been in the limelight.
B7-H1 is an immunoglobulin-like immunosuppressive molecule
broadly expressed in tumor cells, which signals to its counterre-
ceptor, programmed death 1 (PD-1), on T cells.91 Signaling deliv-
ered to T cells through B7-H1 (programmed death ligand
1 [PD-L1]) inhibits their proliferation, cytokine production, and
effector functions.92 Also, triggering by the PD-L11 tumors of
PD-1 on T cells increases tumor cell resistance to immune and
drug-induced death,91 demonstrating that cancer cells can use
receptors on immune cells as signals to induce resistance to ther-
apy. Blockade of PD-L1/PD-1 interactions promotes generation
of TA-specific T cells and attenuates their inhibition by Treg
cells.93 Therefore PD-1 antagonists, which are expected to aug-
ment TA-specific immune responses, might be useful in therapy
of cancer.94 Levels of the cytokine IL-17 have been shown to be
increased in the tumor microenvironment.95 Adoptive transfer
studies and examination of the tumor microenvironment suggest
that CD41 T cells accumulating in the tumor are the main source
of IL-17 and that the enhancement of tumor growth by IL-17 is
mediated by its binding to IL-17 receptors expressed on tumor
cells, initiating IL-6 production, which in turn activates onco-
genic STAT3, upregulating prosurvival and proangiogenic
genes.95 Thus TH17 seems to promote tumor growth, in part
through activation of an IL-6/STAT3 pathway in tumor cells.
These data are contradictory to the recently reported improved
survival of those patients with ovarian cancer whose tumors
contained large numbers of TH17

1TILs.47 This discrepancy illus-
trates the difficulty of dissecting the role of TH17 in human cancer
and of interpreting environmental interactions occurring in differ-
ent tumor types.

NEW INSIGHTS INTO ANTITUMOR IMMUNITY
The field of tumor immunity has long suffered from a miscon-

ception that cancer cells are ignored by the immune system and
that tumors are passive targets for antitumor responses. It is now
certain that growing tumors attract components of both innate and
adaptive host immunity.96 Although most TAs are self-antigens
that are overexpressed or altered posttranscriptionally, immune
responses to TAs, including those listed in Table I, are clearly
made. A growing tumor releases TAs and produces numerous cy-
tokines/chemokines, which attract immune cells, including DCs,
to the tumor site and tumor-draining lymph nodes. These DCs
take up TAs, maturing into IL-12–secreting cells, and process
the TAs by using the APM components for the presentation to
T cells as peptide–MHC class I–b2 m complexes. These T cells
develop into TH1-type CD81 CTLs (Fig 1). DCs can also take
up and process another set of TAs through the MHC class II path-
way, generating TH1-type CD4

1 TH cells that produce IFN-g and
IL-2. These cells help to expand the population of TA peptide–
specific CTLs, which are capable of eliminating the tumor
through cytotoxic molecules, perforin, and granzymes. TH1-
type help is essential for the generation of effective CTL re-
sponses. However, DCs taking up the same MHC class II–re-
stricted TAs can also promote the development of Treg cells
(Fig 1). Mechanisms involved in DC-mediated expansion of
Treg cells, as opposed to TH1 (effector) cells or TH17 cells, are
currently not understood, yet Treg cell accumulations at the tumor
site and suppression by Treg cell of antitumor specific immunity
appear to have adverse effects on the host’s ability to eliminate

TABLE IV. Molecularly defined immunoinhibitory factors pro-

duced by human tumors*

TNF family ligands Induce apoptosis through the
TNF family receptors

FasL Fas
TRAIL TRAIL-R
TNF TNF-R1

B7-H1 (PD1L) Binds PD1 and inhibits
lymphocyte and DC functions

Cytokines
TGF-b Inhibits lymphocyte proliferation

and perforin and granzyme
mRNA expression; promotes
Treg cell expansion

IL-10 Inhibits cytokine production,
including that of IL-12;
promotes Treg cell expansion

GM-CSF Promotes expansion of
immunosuppressive tumor-
associated macrophages;
recruits MDSCs

IL-17 Largely produced by CD41 T
cells in the tumor; binds to
IL-17 receptor on tumor cells,
initiating the IL-6/STAT3
cascade

Enzymes
Indoleamine-2,3-
dioxygenase (IDO)

Inhibits T-cell activation

Arginase I Metabolizes L-arginine, another
amino acid for essential T cell
proliferation

iNOS Produces immunosuppressive
nitric oxide

COX2 Produces immunosuppressive
PGE2

Small molecules
PGE2 Inhibits leukocyte functions

through increased cyclic AMP
levels

Epinephrine Inhibits leukocyte functions
through increased cyclic AMP
levels

Adenosine Inhibits leukocyte functions
through increased cyclic AMP
levels

ROS Inhibits leukocyte functions
through superoxide generation

Viral-related products
p15E (CKS-17, synthetic
peptide)

Inhibits production of type I
cytokines, upregulates IL-10
synthesis

EBI-3 (homologue of IL-12
p40)

Inhibits IL-12 production

Tumor-associated gangliosides Inhibit IL-2–dependent
lymphocyte proliferation,
induce apoptotic signals,
suppress nuclear factor kB
activation, interfere with DC
generation

FasL, Fas ligand; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
*This partial listing of tumor-derived immunoinhibitory factors demonstrates the
diversity of mechanisms that human tumors are known to have evolved to incapacitate
the host immune system.
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cancer and might influence prognosis.84 In contrast, accumula-
tions of CD41 TH17

1 cells seem to predict a better survival in
some cancers but in others correlate with tumor progression.47

In patients with cancer, cellular interactions between TA-present-
ing DCs and T cells preferentially lead to expansion and accumu-
lation Treg cells and MDSCs at the tumor site and in the
periphery.52 It appears that tumors have the capability to enhance
the maturation of a distinct type of DC that does not promote the
generation of TA-specific TH1 cells but instead is programmed to
induce Treg cells and to recruit MDSCs (Fig 1). The proinflam-
matory cytokines IL-6 and TNF-a produced by these DCs in com-
bination with tumor-derived soluble immunoinhibitory factors
appear to be important for shifting the balance of immune re-
sponse from immunogenic to tolerogenic.

Thus signals delivered to T cells by DCs in the tumor
microenvironment determine whether these T cells will develop
into Treg or TH1 cells. These signals might be influenced by (1)

the dose and type of TA processed by DCs, (2) the DCmaturation
status because immature DCs are known to induce tolerance
rather than immunity, (3) the expression of costimulatory mole-
cules on DCs, and (4) the effects of cytokines produced by inter-
acting DCs and T cells on the induction of Treg versus TH1 cells.

At the time human tumors are diagnosed, the balance between
immunogenic and tolerogenic signals delivered to immune cells is
strongly skewed toward tolerance,mainlybecauseof tumor-induced
suppression. Therefore immune therapies administered in the
minimal residual disease setting and designed to augment antitumor
TH1-type CD4

1 T cells and CTLs are expected to tip the balance in
favor of immunostimulation and away from immunosuppression.
For this reason, therapeutic antitumor vaccination strategies are
considered a promising addition to conventional therapies for
cancer. However, complexities of the tumor-induced immune sup-
pression, which engages numerous molecular mechanisms, present
a formidable challenge to antitumor therapies, including vaccines.
Novel approaches targeting these mechanisms of immune suppres-
sion (Table V) are needed to improve the treatment of cancer.

CONCLUSIONS
The existing evidence for dysfunction and death of antitumor

effector cells in tumor-bearing hosts introduces a new paradigm
for immunotherapy of cancer. Although previous emphasis has
been on activation of immune cells and upregulation of their
antitumor functions, the current concept is to consider therapies
that could block or reverse tumor escape, at the same time
protecting immune cells from the influence of immunosuppres-
sive factors present in the tumor microenvironment. These novel
therapeutic strategies take advantage of the tremendous progress
made recently in our basic understanding of interactions between
the tumor and the host immune system. Current insights into these
interactions suggest that combinations of conventional cancer
therapies with newly designed DC-based vaccines and survival
cytokines (eg, IL-2, IL-7, and IL-15) offer therapeutic benefits.
Some of the other promising strategies under consideration for
improvements in the effects of immune therapies are listed in Ta-
ble V. It is expected that as molecular mechanisms used by tumors
to avoid, bypass, or subvert the immune system of the host are be-
coming clear, novel andmore effective antitumor therapies target-
ing these mechanisms will emerge in the near future.
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Clinical laboratory assessment of immediate-type
hypersensitivity

Robert G. Hamilton, PhD Baltimore, Md

Clinical laboratory analyses aid in the diagnosis and
management of human allergic (IgE-dependent) diseases.
Diagnosis of immediate-type hypersensitivity begins with a
thorough clinical history and physical examination. Once
symptoms compatible with an allergic disorder have been
identified, a skin test, blood test, or both for allergen-specific IgE
antibodies provide confirmation of sensitization, which
strengthens the diagnosis. Skin testing provides a biologically
relevant immediate-type hypersensitivity response with
resultant wheal-and-flare reactions within 15 minutes of
allergen application. Allergen-specific IgE antibody in serum is
quantified by using 3 laboratory-based autoanalyzers
(ImmunoCAP, Immulite, and HYTEC-288) and novel
microarray and lateral-flow immunoassays. Technologic
advances in serologic allergen-specific IgE measurements have
involved increased automation, with enhanced reproducibility,
greater quantification, lower analytic sensitivity, and
component-supplemented extract-based allergen use. In vivo
provocation tests involving inhalation, ingestion, or injection of
allergens serve to clarify discordant history and skin- or blood-
based measures of sensitization. Other diagnostic allergy
laboratory analyses include total and free serum IgE
measurement, precipitating IgG antibodies specific for organic
dusts, mast cell tryptase, and indicator allergen analyses to
assess indoor environments to promote patient-targeted allergen
avoidance programs. A critique is provided on the predictive
utility of serologic measures of specific IgE for food allergy and
asthma. Reasons for the lack of clinical utility for food-specific
IgG/IgG4 measurements in allergy diagnosis are examined.
When the specific IgE measures are inconsistent with the
clinical history, they should be confirmed by means of repeat
and alternative method analysis. Ultimately, the patient’s
clinical history remains the principal arbiter that determines
the final diagnosis of allergic disease. (J Allergy Clin Immunol
2010;125:S284-96.)

Key words: Diagnosis, skin testing, RAST, IgE antibody, provoca-
tion testing

The clinical laboratory plays an increasing role in the diagnosis
and management of allergic disorders (immediate or type

1 hypersensitivity). The clinician begins the diagnostic process
with a thorough clinical history and physical examination.
Symptoms that suggest a diagnosis of asthma, allergic rhinitis
and sinusitis, occupational asthma and allergy, food allergy, drug
allergy, or an allergic disease of the skin are matched with
suspected relevant allergen exposures. Once the clinician has a
high degree of suspicion that the patient has a particular allergic
disorder, in vivo (skin and provocation tests) and laboratory-based
serologic analyses for IgE antibody are performed to strengthen
the likelihood that the chosen allergy diagnosis is correct. A
definitive diagnosis of allergic disease then permits a number of
therapeutic interventions involving avoidance, pharmacotherapy,
immunotherapy, or anti-IgE therapy to be instituted.Management
of a patient with allergic disorders can also be facilitated with
different laboratory analyses. This chapter examines clinical
laboratory tests that aid in the diagnosis and management of
patients with a disease associated with type 1 hypersensitivity.

IGE PROPERTIES
The reagin in serum that mediates the immediate-type wheal-

and-flare reactionwas identified as IgE in 1967.1,2 The properties of
human IgE are described in Table I. IgE (approximately 190,000 d)
circulates as a monomer at a serum concentration that is highly age
dependent. It constitutes approximately 0.0005% of the total serum
immunoglobulins in adults.3 Cord blood levels of IgE remain low
(<2 kU/L [<4.8 mg/L]) because IgE does not cross the placental
barrier in significant amounts.Mean serum IgE levels progressively
increase in healthy children up to 10 to 15 years of age and then de-
crease from the second through eighth decades of life. By 14 years
of age, total serum IgE levels of greater than 333 kU/L (800 mg/L)
are considered abnormally increased and strongly associated with
and suggestive of atopic disorders, such as allergic rhinitis, extrinsic
asthma, and atopic dermatitis.4,5

Environmental antigen exposure can occur by means of
inhalation, ingestion, or skin and parenteral contact. Once taken
up by antigen-presenting cells, processed antigen is presented to
helper T cells that secrete a number of cytokines that cause B-cell
lymphocytes to proliferate and in some cases produce allergen-
specific IgE antibody. IgE binds onto high-affinity Fce receptors
on the surface of a number of cells, particularly mast cells and
basophils, creating a state of ‘‘sensitization’’ within the patient.
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Subsequent allergen exposure causes mast cell surface–bound
IgE antibody to be cross-linked, leading to an increase in
intracellular calcium levels and the release of both preformed
mediators (eg, histamine and proteases) and newly synthesized
lipid-derived mediators (eg, leukotrienes and prostaglandins).
Allergic symptoms can subsequently occur as a result of medi-
ator-induced physiologic and anatomic changes. The measure-
ment of allergen-specific IgE antibody will thus be a principal
focus of this chapter.

ALLERGENS
Several hundred allergenic proteins, (glycoproteins and lipo-

proteins), are extracted from well-defined (usually biological)
sources, including weed, grass, and tree pollens and animal
dander, molds, house dust mites, parasites, insect venoms,
occupational allergens (eg, natural rubber latex), drugs, and
foods.6 These allergens elicit IgE antibody production when in-
troduced into an immunocompetent and genetically predisposed
host. Individual allergenic proteins can be identified by using
IgE antibody–containing human serum in combination with a
number of immunochemical assays that separate proteins based
on their net charge (isoelectric focusing), size (Western blot anal-
ysis), and ability to bind antibody (competitive inhibition immu-
noassay). A compendium of the known clinically important
allergens (together with their scientific names), purified major al-
lergen components, and diagnostic codes is presented elsewhere.6

Many important allergenic proteins from dust mites, pollens,
animal dander, insects (eg, cockroach and Hymenoptera venoms),
molds, and foods have been cloned and sequenced, and recombi-
nant proteins have been expressed during the past decade.7,8 This
has sparked a debate as to whether native allergens possess any
unique advantages over their recombinant counterparts as diagnos-
tic reagents andwhether crude allergenmixtures should giveway to
the use of purifiedallergens in cocktails todetect IgE antibody in the
skin and blood. Allergens extracted fromnatural sources are known
to be heterogeneous, often containingmany nonallergenic proteins.
Moreover, different natural extracts vary in their allergen composi-
tion and potency, and they can be contaminatedwith allergens from
other sources. Purified recombinant allergens are attractive because
their availability in pure form simplifies reagent preparation and
promotes reproducibility and standardization. However, allergic
patients are known to respond differently to combinations of isoal-
lergens that are essentially identical except for minor differences in
their primary amino acid composition or substituted side chains.
Thus a single recombinant allergen that does not represent all the
isoallergen forms of that allergen might not be sufficiently ‘‘glob-
ally diagnostic’’ to be able to detect all clinically relevant IgE anti-
bodies of that allergen specificity.

Extract-based reagents for both skin test and IgE antibody
serology are here to stay for the foreseeable future because of their
more comprehensive coverage of the allergenic repertoire of any
particular specificity. However, the future use of certain purified
recombinant allergens as diagnostic reagents in both in vivo and in
vitro IgE antibody testing holds promise. A purified recombinant
or native principal allergen of a particular specificity, such as Bet v
1 from birch pollen, can be a good indicator allergen for detecting
sensitization to that specificity.However, it is not sufficiently com-
prehensive to replace the birch extract–based diagnostic reagent,
especially for evaluation of subjects who produce IgE antibody
to less predominant allergens that are present in the birch pollen

extract. Additionally, the allergenic profile of any given specificity
of an allergen-containing reagent, as produced by different manu-
facturers, is expected to vary in its protein composition, allergenic
potency, and immunoreactivity, regardless of extensive cross-val-
idation. One generic rule of allergy diagnostics has evolved from
this, namely that despite clearance by regulatory agencies, such as
the US Food and Drug Administration, each in vivo or in vitro-
allergen extract–containing reagent should be expected to detect
slightly different populations of IgE antibodies. Thus IgE anti-
body measurements generated with different skin test– or se-
rum-based IgE antibody assay reagents are expected to produce
reasonably clinically equivalent but not identical results.6

DIAGNOSTIC ALGORITHM FOR ALLERGIC DISEASE
The diagnosis of allergic disease begins with a thorough

clinical history and physical examination.9,10 The signs and
symptoms associated with the various allergic disorders are ex-
tensively discussed in chapters 8-14. Once the history has been
collected, one of several primary confirmatory tests for sensitiza-
tion can be performed to detect allergen-specific IgE in the skin or
blood. Because the history is viewed by many as the arbiter of the
diagnostic test’s performance, a subject with a positive clinical
history for allergic disease and a positive skin or blood test result
for IgE is considered to have a true-positive result (Table II). Ide-
ally, all patients with a positive allergy history would have a pos-
itive allergen-specific IgE test result, and those with a negative
history would have a negative allergen-specific IgE antibody
test result. However, more realistically, some patients with aller-
gic disease are classified as having false-negative IgE antibody
test results, and others with no evident allergic disease are identi-
fied as having positive IgE antibody test results that would be con-
sidered false-positive results.

In vivo provocation tests are considered secondary-level
confirmatory tests that are available when one needs to adjudicate
the correctness of discordant clinical history and results from
allergen-specific IgE antibody skin or serologic tests.9-11 However,
provocation tests are more difficult to perform in a reproducible
manner than skin or blood tests for IgE antibodies, and they place
the patient at some risk for a reaction because they involve a direct
allergen challenge. Interpretation of their results can also be diffi-
cult because they often involve subjective end points that can be
altered by observer and patient bias. In certain cases, such as food
allergy, the in vivo provocation test (double-blind, placebo-
controlled food challenge [DBPCFC]) has become the reference
benchmark for identifying type 1 hypersensitivity to foods. The
actual in vivoprovocation test that is useful in thediagnosticworkup
of a patient ultimately depends on the nature of the disease process
that is being investigated (eg, sting challenge for Hymenoptera
venom allergy).

The presence of IgE antibodies is necessary but not sufficient for
allergic disease expression. Allergen-specific IgE antibody might
be detectable in the patient’s skin or blood, and the patientmight not
have had any evident allergic symptoms after allergen exposure.
Some health careworkerswith a positive immediate-type latex skin
test result, IgE anti-natural rubber latex blood test result, or both
experience no allergic symptoms when they are exposed to highly
allergenic powdered latex examination gloves.12 The relative
strengths and limitations of in vivo and in vitro diagnostic tests
and the principal technical reasons for false-negative and false-
positive test results are discussed subsequently.
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DIAGNOSTIC SKIN TESTING
Skin testing is one of 2 primary confirmatory tests for allergen-

specific IgE antibody that are used in the diagnosis of human
allergic disease. An epicutaneous administration (previously re-
ferred to as a prick/puncture) or an intradermal injection can bothbe
used to apply allergen in the form of an extract to the skin.13

Epicutaneous skin test
Performance of the epicutaneous skin test involves placing a

drop of allergen, often in glycerinated saline, onto the surface of
the skin. A variety of single-, dual-, and multiple-point standard-
ized test devices are currently available to introduce the allergen
into the epidermis.13,14 Excess allergen is then removed with
gauze or tissue paper, and any immediate reaction (wheal and er-
ythema) is read at 15 to 20 minutes as it reaches a maximum di-
ameter. Separate test sites need to be spaced sufficiently distant
from each other to prevent overlapping of any erythema. False-

positive results can occur as a result of bleeding or direct skin ir-
ritation by some extracts that might contain naturally occurring
histamine. Dermographism which is a constitutional whealing
tendency in which firm stroking of the skin can cause capillary
and arteriolar dilatation and transudation of fluid causing edema,
can also lead to a false-positive wheal and erythema and invalida-
tion of the skin test result. False-negative results can occur as a re-
sult of prior consumption of antihistamines or other medications.
A positive control comprising histamine (1.8 or 10 mg/mL) and a
negative control of saline must be applied in parallel with the test
allergen extracts to document validity and control for confound-
ing problems associated with antihistamine premedication and
dermographism.

Variability of epicutaneous skin test results can occur as a result
of several factors.13,14 These include the subject’s biological re-
sponsiveness, the skin tester’s skill, the general technique (needle
and application method) used to perform the puncture, the reagents
(stability, vehicle [eg, 50% glycerol], allergen concentration, and

TABLE I. . Biological and chemical properties of human IgE and IgG antibodies

Property IgE IgG1 IgG2 IgG3 IgG4

Heavy (H) chain class e g1 g2 g3 g4
H chain molecular weight (d) 70,000 50,000 50,000 60,000 50,000
H Chain carbohydrate % 18 3-4 3-4 3-4 3-4
H Chain no. of oligosaccharides 5 1 1 1 1
Light chain type K and l K and l K and l K and l K and l
Averaged immunoglobulin light
chain K/L ratio

2.4 1.1 1.4 8.0

Molecular weight of secreted
form (d)

190,000 150,000 150,000 160,000 150,000

H chain domain no. 5 4 4 4 4
Hinge (amino acids) None 15 12 62 12
Interchain disulfide bonds per
monomer

NA 2 4 11 2

pI range, mean (SD) NA 8.6 (0.4) 7.4 (0.6) 8.3 (0.7) 7.2 (0.8)
Tail Piece No No No No No
Allotypes Em1 G1 m: a(1), x(2),

f(3), z(17)
G2 m: n(23) G3 m:

b1(5), c3(6),
b5(10),b0(11)
b3(13),b4(14)
s(15), t(16),
g1(21)c5(24),
u(26),v(27),

g5(28)

G4 m
Gm4a(i)
Gm4b(i)

Distribution: % intravascular 50 45 45 45 45
Biological half-life (d) 1-5 21-24 21-24 7-8 21-24
Fractional catabolic rate
(% intravascular pool
catabolized per day)

71 7 7 17 7

Synthetic rate (mg/kg/d) 0.002 33 33 33 33
Total immunoglobulin in adult
serum (%)

0.004 45-53 11-15 0.03-0.06 0.015-0.045

Approximate adult range
(age 16-60 y) in serum g/L

0-0.0001 nonatopic subjects 5-12 2-6 0.5-1 0.2-1

Functional valency 2 2 2 2 1-2
Transplacental transfer 0 11 1 11 11
Binding to phagocytic cells 11 1 11 1
Binding to basophils and mast
Cells

111 ? ? ? ?

Complement activation classical
pathway

0 1 alternate pathway 11 1 111 0

NA, not available; pI, isoelectric point.
Modified from Tables I and II in Hamilton RG. Human immunoglobulins. In: O’Gorman MRG, Donnenberg AD, editors. Handbook of human immunology. 2nd ed. Boca Raton
(FL): CRC Press; 2008.
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purity), and themethod used to delimit, measure, and report skin re-
actions. Inone studydustmite contamination of dogdander extracts
was shown to be the cause of false-positive epicutaneous skin test
results in patients sensitized only to house dust mites.15 The inocu-
lum volume is another variable that can contribute to epicutaneous
skin test variation.To examine this,Anticoet al16 performed16 skin
puncture tests (8 in each forearm) on 15 healthy volunteers (9 men
and 6 women; age, 64 6 4 years) using 50% glycerol-saline con-
taining radioactive Tc99m and a 1-mm acrylic copolymer, pyrami-
dal-tipped, Morrow Brown needle (Alkaline Corp, Oakhurst, NJ).
They measured a mean 16 nL of inoculum volume delivered to
the skin (range, 0.42-82.25 nL) using a gamma camera. This high
variability was shown to depend primarily on the characteristics
of the subjects’ skin and the reagents, whereas the skin tester’s skill
and technique were considered less significant sources of variabil-
ity. The study concluded that variation in epicutaneous skin test
results can only be reduced to certain limits by the standardization
of the skin-testing technique and reagents.

Intradermal skin test
Intracutaneous (intradermal) administration of allergen (0.01-

0.05 mL) can be accomplished by using a tuberculin syringe with
a 26- to 27-gauge needle. A 2- to 3-mm-diameter bleb can be
produced by injecting 0.02 mL. The skin test is then read at 15 to
20 minutes, when the wheal and erythema are considered
maximal. A number of scoring schemes that have been used for
skin testing are presented in Tables III through V. Subcutaneous
injection of allergen can lead to a false-negative intradermal
skin test result, whereas a minor change in the extract volume
only minimally alters the wheal-and-flare diameters. The allergen
concentration and the presence of naturally occurring histamine
contamination of undialyzed extracts can markedly influence fi-
nal intradermal skin test results. Rather than a single-dose injec-
tion, a skin test titration can be performed that involves the
administration of the same volume (eg, 0.02 mL) of 3- or 10-
fold serial dilutions of an extract into different sites in the skin.
The purpose of skin test titration is to identify the concentration
of an extract that produces a defined wheal or erythema diameter
(eg, 8-mm wheal). The greater the patient’s sensitivity to the
allergen extract, the lower the concentration of allergen that is re-
quired to induce the predefined wheal or erythema diameter. The
intradermal skin test requires approximately 1,000-fold lower
concentrations of antigen than the epicutaneous skin test to

produce a same-sized skin reaction.17 Intradermal testing, when
done as in clinical practice with an extract concentration of
1:500 or 1:1,000 versus 1:20 wt/vol for epicutaneous skin testing,
is a ‘‘bigger dose’’ by approximately 100- to 1,000-fold because
of the differential volumes and concentrations.

Adhesive cellulose tape can be applied over the wheal and
erythema that has been previously outlined with a ballpoint pen to
obtain a permanent record of the skin reaction. The maximal
diameter and midpoint perpendicular diameter of the wheal and
erythema are averaged.Alternatively, amidpoint diametermight be
interpolated from the skin test titration reference curve inwhich the
allergen dose is plotted against the wheal or erythema diameter.
Erythema size is sometimes preferred over wheal size because the
slope of the flare’s regression line is reportedly steeper.18 A strong
relationship exists between the size of the intradermal erythema and
the wheal, which is useful when evaluating reactions in dark skin,
on which the erythema can be difficult to assess.

DIAGNOSTIC IMMUNOLOGY LABORATORY TESTS
Although the presence of allergen-specific IgE antibody is

necessary but not sufficient for clinically manifested allergic
disease, it has become the primary clinical laboratory measure-
ment used in the diagnosis of human allergic disease. Most
clinical laboratories offer a number of additional serologic tests
that can be useful in selected circumstances for the diagnosis or
management of patients with type 1 hypersensitivity. These
measurements include total serum IgE, the Hymenoptera
venom-specific IgE inhibition test, Hymenoptera venom-specific
IgG, mast cell tryptase, eosinophil cationic protein, and precip-
itins for assessing hypersensitivity pneumonitis. Basophil hista-
mine release (BHR), although rarely offered as a clinical test
because of the requirement for fresh blood, can be a useful
investigational or research tool to clarify discordant diagnostic
test results, and thus it will also be examined in this section.

Allergen-specific IgE antibody
Table VI summarizes the analytes that are most commonly

analyzed in the diagnostic immunology laboratory during the
workup of an allergic patient. Of these, allergen-specific IgE
antibody is the most important analyte in the diagnosis of type
1 hypersensitivity reactions. The Phadebas RAST (Pharmacia
Diagnostics [currently Phadia], Uppsala, Sweden) was the first

TABLE II. Predictive value of diagnostic tests applied to populations without and with allergic disease

Positive allergen-specific
IgE test result

Negative allergen-specific
IgE test result Totals

Positive clinical history for allergic
disease

True-positive allergic test result (TP) False-negative allergen-specific IgE
antibody test result (FN)

TP 1 FN

Negative clinical history for allergic
disease

False-positive allergen-specific IgE
antibody test result (FP)

True-negative test result in nonallergic
subject (TN)

FP 1 TN

Totals TP 1 FP FN 1 TN TP 1 FP 1 TN 1 FN

FN, Number of patients with allergic disease misclassified by a negative IgE antibody test result; FP, number of patients with no allergic disease misclassified by a positive IgE
antibody test result; TN, number of patients with no allergic disease correctly identified with a negative IgE antibody test result; TP, number of patients with allergic disease
correctly identified by a positive IgE antibody test result.
Diagnostic sensitivity of an IgE antibody test: Percentage positivity of an IgE antibody test result in patients with allergic disease 5 TP/[TP 1 FN] 3 100.
Diagnostic specificity of an IgE antibody test: Percentage negativity of an IgE antibody test result in patients with no allergic disease 5 TN/[TN 1 FP] 3 100.
Positive predictive value of an IgE antibody test: Percentage of patients with a positive IgE antibody test result who have allergic disease 5 TP/[TP 1 FP] 3 100.
Negative predictive value of an IgE antibody test: Percentage of patients with a negative IgE antibody test result who have no allergic disease 5 TN/[TN 1 FN] 3 100.
Efficiency of an IgE antibody test: Percentage of patients correctly classified as having allergic disease or not having allergic disease 5 [TP1 TN]/[TP 1 FP 1 FN 1 TN] 3 100.
Modified from Table 2C-3 in Galen RS, Peters T Jr. Analytic goals and clinical relevance of laboratory procedures. In: Tietz NW, editor. Textbook of clinical chemistry.
Philadelphia: WB Saunders Co; 1986. p, 395-7.
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assay for the detection of allergen-specific IgE antibodies.19 This
early allergen-specific IgE antibody assay has evolved with many
technologic advancements into 3 present-day autoanalyzer-based,
allergen-specific IgE antibody assays that essentially mimic the
RAST’s solid-phase chemistry.6 The ImmunoCAP by Phadia (Uni-
CAP100, ImmunoCAP250) uses a cellulose sponge matrix in the
formofa small capasanallergosorbentonwhichallergen is covalently
coupled. The Immulite System from Siemens (Berlin, Germany) uses
a biotinylated allergen that is bound to an avidin solid phase. TheHY-
TEC-288 system from Hycor/Agilent Technologies (Santa Clara,
Calif) uses a cellulose wafer on which allergen is covalently cou-
pled. All 3 systems are performed on autoanalyzers to maximize
precision and minimize the turnaround time. They all use noniso-
typically labeled anti-human IgE and are calibrated by means of
interpolation of response data from a heterologous total serum
IgE calibration curve that has been referenced to the World Health
Organization (WHO) total IgE serum standard.6

Although convergence or harmonization of these technical
factors has led to improved intermethod agreement among
reported IgE antibody results, specific IgE antibody levels, as
measured with different commercial assays, are still not inter-
changeable or identical. Differences remain in the specificity of
the allergen-containing reagents used in the different assays.20

Except for single-component drugs (eg, insulin, penicillin, and
protamine) and recombinant or native component allergens, the
allergen preparations used in IgE antibody assays remain mix-
tures of proteins that are prepared from biological extracts that
differ in their composition betweenmanufacturers because of sev-
eral factors. The principal variables include the season in which
the rawmaterial is collected, the degree of difficulty in identifying
a pure source of material, the presence of morphologically similar
rawmaterials that might cross-contaminate, and differences in the
extraction and final processing during allergen reagent production
by the assay manufacturers. Fortunately, allergen extracts se-
lected for use in allergosorbents undergo extensive quality control
and documentation with isoelectrofocusing, SDS-PAGE, crossed
immunoelectrophoresis, and immunoblotting methods.

Allergenic potency is assessed by using a soluble antigen
inhibition format of the allergen-specific IgE assay. In this assay
soluble allergen (typically in an extract) or buffer (sham control)
are added to different aliquots of serum before the serum mixture
is analyzed in the specific IgE assay. The percentage of inhibition
is computed as a semiquantitative estimate of relative allergen
potency. There are other issues with stability of allergen extracts
during storage: heterogeneity of the human IgE antibody–
containing sera used for quality control and different criteria for
acceptance of the finished allergen-containing reagent by differ-
ent manufacturers. Thus allergen-containing reagents from dif-
ferent manufacturers should thus be expected to detect different
populations of IgE antibodies for any given allergen specificity.6

Several new IgE antibody technologies have emerged to enhance
the allergen-specific IgE antibody data that are available to both the
clinician and the patient. The microarray chip technology21 has
been commercialized in the form of the ImmunoCAP Immunosor-
bent Allergen Chip (ISAC) or Immuno Solid phase Allergen Chip
(VBC Genomics-Phadia). It currently has 103 native/recombinant
component allergens from 43 allergen sources that are dotted in
triplicate onto glass slides. Twenty microliters of serum is pipetted
onto the chip, and antibodies specific for the allergens attached to
the chip surface bind during a 2-hour incubation period. After a
buffer wash, bound IgE is detected with a fluorescently labeled
anti-IgE. The chip is read in a fluorometer, and fluorescent signal
units are interpolated into ISUor ISACunits as semiquantitative es-
timates of specific IgE antibody in the original serum. The analytic
sensitivity of the ISACvaries as a function of the particular allergen
specificity and is generally less than that of the ImmunoCAPsystem
when the same allergens are coupled to sponge allergosorbent. This
device has been providing clinical data to clinicians in Europe for
several years but is not yet cleared by theUSFood andDrugAdmin-
istration for clinical use in the United States.

The unique clinical utility of the microarray system rests in its
ability to identify the patient’s IgE antibody cross-reactivity
among structurally similar allergens from different biological
substances. For instance, Bet v 1 from birch tree pollen has
structurally similar homologues in the PR10 family that include
allergenic proteins from alder tree pollen (Aln g 1), hazelnut
pollen (Cor a 1), apple (Mal d 1), peach (Pru p 1), soybean (Gly m
4), peanut (Ara h 8), celery (Apr g 1), carrot (Dau c 1), and kiwi
(Act d 8). A primary sensitivity to Bet v 1 might result in oral
allergy symptoms after exposure to any of these other structurally
similar (cross-reactive) allergenicmolecules. Themicroarray also
can assess cross-reactivity among other allergen families, such as
the profilins, the lipid transfer proteins, the calcium-binding
proteins, the tropomyosins, and the serum albumin family.6

TABLE III. Grading system for epicutaneous skin testing with

histamine as a reference*

Grade or class Wheal size

0 No discernible wheal
11 <½ Histamine diameter
21 !½ Histamine and <histamine diameter
31 5 size of histamine wheal 6 1 mm
41 >Histamine diameter and <2 3 diameter
51 >2 3 Histamine control

*Prick/puncture histamine (1.8-10 mg/mL); intradermal histamine (100 mg/mL).

TABLE IV. Grading system for skin testing with wheal and

erythema as criteria

Grade or class Wheal and erythema size

0 No reaction or reach no different than negative control
11 Erythema <21 mm
21 Wheal <3 mm and erythema >21 mm
31 Wheal >3 mm with surrounding erythema
41 Wheal with pseudopods and surrounding erythema

Extracted from Sheldon J, Lovell R, Mathews K. A manual of clinical allergy. 2nd ed.
Philadelphia: WB Saunders Company; 1967.

TABLE V. Alternative skin test grading system for intradermal

skin testing only involving wheal and erythema responses

Grade
or class

Wheal
size (mm)

Erythema
size (mm)

0 <5 <5
1/2 5-10 5-10
11 5-10 11-20
21 5-10 21-30
31 10-15 21-40
41 >15 with pseudopods 41-50

Extracted from Norman PS. In: Middleton E, Ellis EF, Reed CE, editors. Allergy:
principles and practice. 2nd ed. St Louis: Mosby; 1982.
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Knowledge of the extent of IgE cross-reactivity among these
structurally similar proteins provides unique information to the
allergist as support to the clinical history in the diagnosis and
management of the allergic patient.

A second trend in IgE antibody serology is the emergence of a
point-of-care IgE assay in which a drop of blood from a finger
prick is inserted into the sample well of a lateral-flow cassette.
The ImmunoCAPRapid (Phadia) allows antibody to flowwith the
fluid front across two nitrocellulose strips that have been
impregnated with 5 lines each of extract-based aeroallergens
(cat dander, Dermatophagoides farinae, Dermatophagoides pter-
onyssinus, Bermuda grass, short ragweed, oak tree, Alternaria
species, timothy grass, elm tree, and dog dander). If IgE antibody
is bound, it is detected with anti-IgE–colloidal gold that subse-
quently migrates up the same nitrocellulose strips after the addi-
tion of developing solution to the appropriate well. Use of the

ImmunoCAP Rapid in a study of 215 children (1-14 years old)
demonstrated effective (88.4% to 97.6%) correct identification
of allergic sensitization in children with recurrent wheezing de-
pending on the final color degree considered on the membrane.22

This device has received US Food and Drug Administration clear-
ance and is intended for use by primary care physicians who
would then (in theory) refer their IgE-positive patients to an aller-
gist for a comprehensive diagnostic workup. An additional point-
of-care testing device for detection of 12 aeroallergen- or 12 food
allergen–specific IgE antibodies from a finger-stick specimen is
the FastCheck System from DST Diagnostiche & Technologies
GmbH (Schwerin, Germany) that is available only in Europe.

Utility of quantitative measures of allergen-specific
IgE antibody

The importance of quantitative IgE antibody measurements in
blood can be illustrated by the results of a prospective study on
food allergy.23 One hundred children who were referred for food
allergy evaluation provided sera that was tested for IgE antibodies
to egg, milk, peanut, soy, wheat, and fish by using the Immmuno-
CAP System. Diagnosis of food allergy was established in each
child based on a history and an oral food challenge. The results
of this study demonstrated that greater than 95% of food allergies
were correctly identified by using previously established 95%
predictive decision criteria with retrospective data.24 An IgE an-
tibody level was identified above which there was a defined prob-
ability of reacting to a food challenge. Using the ImmunoCAP,
IgE antibody levels of egg (6 kUa/L), milk (32 kUa/L), peanut
(15 kUa/L), and fish (20 kUa/L) could predict clinical reactivity
(positive food challenge results) with greater than 95% certainty.
The authors concluded that the need for oral food challenge could
be reduced by about 50% by quantitatively measuring food-spe-
cific IgE antibody levels in serum and applying these 95% predic-
tive decision criteria.

Quantitative estimates of serum IgE antibody might also
facilitate the management of asthmatic patients who have pet
epidermal and dust mite aeroallergens as triggers for their disease.
By using specific IgE as a continuous variable, the risk of current
wheeze and reduced lung function in children was shown to
increase significantly with increasing summed measurements of
dust mite-, cat-, and dog-specific IgE antibody.25 These data iden-
tified subjects who were not only sensitized but who also could
benefit from avoidance through environmental control measures.

Although the ability to quantify the level of select food
allergen– and aeroallergen-specific IgE antibody in the blood
has shown promise in facilitating the diagnosis and management
of allergic disease, one must be careful in interpreting
these reported positive, predictive IgE antibody decision points
too literally. Using cow’s milk–specific IgE as an illustration,
Table VII23,24,26-32 summarizes 8 published studies that report
levels of IgE anti-milk in kUa/L, as measured by using the Phadia
ImmunoCAP for positive predictive decision points.24,25,27-32 The
level of cow’s milk–specific IgE antibody that allows one to pre-
dict a positive food challenge result with up to 95% confidence
varies widely as a function of the age range and disease state of
the children studied, the prevalence of cow’s milk allergy in the
population, the study design with either open or placebo-con-
trolled food challenges, and the statistical method used to derive
the predictive decision point. In addition, patient-dependent bias
can occur in which IgE anti–cow’s milk measurements alone by

TABLE VI. Analytes measured in the diagnostic allergy

laboratory

Diagnosis
Allergen-specific IgE
Multiallergen-specific IgE screen (adult and pediatric forms)
Individual allergen specificities

Total serum IgE*
Free IgE (in serum of patients receiving omalizumab)
Precipitating antibodies specific for proteins in organic dusts
Tryptase (a and b; mast cell protease and used as a marker for mast
cell–mediated anaphylaxis)

Other tests: Complete blood count and sputum examination for
eosinophils and neutrophils

Management
Allergen-specific IgG (Hymenoptera)
Indoor aeroallergen quantitation in surface dust
Der p 1 and 2/Der f 1 and 2 (dust mite, Dermatophagoides species)
Fel d 1 (cat, Felis domesticus)
Can f 1 (dog, Canis familiaris)
Bla g 1/Bla g 2 (cockroach, Blattela germanica)
Mus m 1 (mouse, Mus musculus)
Rat n 1 (rat, Rattus norvegicus)

Cotinine (metabolite of nicotine measured in serum, urine, and sputum
and used as a marker of smoke exposure)

Research analytes
IgE-specific autoantibodies
Eosinophil cationic protein
Mediators!,"
Preformed biogenic amine: histamine
Newly formed: leukotriene C4, prostaglandin D2

Proteoglycans!
Heparin
Chondroitin sulfate E

Proteases!
Mast cell chymase
Mast cell carboxypeptidase
Cathepsin G

Fibroblast growth factor!
Cytokines
IFN-g
TNF-a
IL-4, IL-5, IL-6, and IL-13"

*Total serum IgE is the only one of these tests listed that is regulated under the
CLIA-88.
!Primarily released from mast cells.
"Primarily released from basophils.
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means of ImmunoCAP might underestimate by up to 2.4-fold the
actual level of specific IgE that is measurablewith the 5milk com-
ponent allergens (a-lactalbumin, b-lactoglobulin, casein, lacto-
ferrin, and BSA) on individual allergosorbents.26 Given these
concerns with the published positive predictive decision points,
one must be careful to interpret the serologic levels of IgE anti-
body within the context of the patient’s clinical history.

Finally, the concentration, specific activity (specific/total IgE
ratio), affinity (tightness of binding), and clonality (epitope
specificity) of the IgE antibody response have all been shown to
affect effector cell activation.33 Higher levels of basophil activa-
tion occurred with higher overall concentrations of serum IgE
anti–Der p 2, higher Der p 2–specific IgE/total IgE ratios, broader
clonality (specificities or number of recognized epitopes), and
higher IgE antibody affinities. Future design of serologic assays
for IgE antibody will need to more effectively assess these 4
important humoral immune response parameters in the evaluation
of patients for allergic disease.34

Performance of IgE antibody assays in the skin and
blood

Comparison of the diagnostic performance (Table II) of any 2 in
vivo tests, serologic tests, or both for allergen-specific IgE from
peer-reviewed published data is difficult for several reasons. First,
various investigators use different clinical criteria, test criteria, or
both to define cases (subjects with disease). Second, study popula-
tionsmight varywidelywithin their disease categorybecauseof dif-
ferences in themagnitude and frequencyof their allergenexposures.
Third, IgE antibody assay performance is highly dependent on the
criterion that is used to define the positive threshold, which varies
among clinical studies, especially for in vivo methods.

Table VIII summarizes the relative clinical utility of skin test
and serologic assays for the assessment of systemic (venom and
drug), food-related, and respiratory-related allergic diseases.
Maximal clinical sensitivity is needed for evaluating patients
with suspected venom and drug allergies because of the potential
for life-threatening systemic reactions. In these cases the graded

TABLE VII. published positive predictive values of milk-specific IgE testing

Study Population Age (y) No.

Prevalence
of cows’ milk

allergy Study design
Oral milk
challenge

Statistical
method for
predictive

decision point

Positive predictive
decision point
(%)/specific IgE

(kUa/L)

Sampson and
Ho24

With food
allergy

5.2 (average) 196 49% Retrospective DBPCFC 2–by-2 tables 95%: 32
90%: 23

Sampson23 With suspected
food allergy

3.8 (median) 100 66% Prospective DBPCFC 2–by-2 tables 95%: 15

Garcia-Ara
et al27

With suspected
cow’s milk
allergy

0.4 (average) 170 44% Prospective Open controlled 2–by-2 tables 95%: 5
90%: 2.5

Garcia-Ara
et al28

With cow’s milk
allergy

0.4 (average),
start

66 100% Prospective
follow-up

Open
controlled

2–by-2 tables 95%: 2.7
for age
1.1-1.5 y

95%: 9 for
age 1.6-2 y

95%: 24 for
age 2.1-3 y

90%: 1.5 for
age 1.1-1.5 y

90%: 6 for
age 1.6-2 y

90%: 14 for
age 2.1-3 y

Celik-Bilgili
et al29

With suspected
food allergy

1.1 (median) 501 * Retrospective DBPCFC or
open

Logistic
regression

90%: 88.8

van der Gugten
et al30

With suspected
cow’s milk
allergy??

3.0 (average) 213 44% Retrospective DBPCFC 2–by-2 tables
logistic

regression

95%: 52
90%: 26.8
95%: >100
90%: 66.4

Perry et al31 With food
allergy, 77%
allergic to
>1 food

4.8 (median)
at first

challenge

391 * Retrospective Open 2–by-2 tables 50%: 2

Komata et al32 With suspected
milk and egg

allergy

1.3 (median) 969 * Cross-
sectional

Open (majority) Logistic
regression

95%: 5.8
for age <1 y

95%: 38.6 for
age 5 1 y

95%: 57.3 for
age !2 y

*Not provided.
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intradermal skin test, which errs on the side of false-positivity,35,36

is preferred because the epicutaneous skin test is not sufficiently
sensitive.By using dialyzed venom that removes irritating amines,
the sensitivity of the intradermal venom skin test can be further en-
hanced.37 When the intradermal skin test results are inconsistent
with the clinical history, they should be repeated, and IgE antibody
serology should be performed as a complementary test.

For food and respiratory allergy, IgE antibody as detected in the
serum by using current autoanalyzer technology and in the skin by
using the epicutaneous test are considered equivalent as confirma-
tory tests in terms of their sensitivity and accuracy.35,38 The clinical
use of intradermal testing with a single injection for foods or
aeroallergens is contraindicated. Improved screening of patients
for allergic disease can be achieved when epicutaneous skin test
and serologic measurements of IgE antibody are used together.39

Serologic IgE antibody assay results of greater than 0.35 kUa/L
and epicutaneous skin test results larger than 3 to 4 mm have
been most effectively correlated with the presence of allergic
symptoms that are induced in allergen challenge studies. Serology
has the advantagewith complex allergen extracts, such as those de-
rived from foods and molds, that it uses allergosorbents that have
defined expiration dates and are quality controlled by using panels
of human sera fromsubjectswhoareknown tobe clinically allergic
to the specific target allergen.6 In deciding which confirmatory
diagnostic allergy test to use in clinical practice, the allergist needs
to consider the test’s relative sensitivity, inherent variability, the
relationship between IgE antibody levels and disease expression,
patient safety and comfort, timeliness, and cost.6,36-41

IgE screening assays
Occasionally patients provide a questionable or negative

history for atopic disease or a history from which no one
allergen specificity can be pinpointed with a reasonable certainty
as the cause of allergic symptoms. The multiallergen IgE
antibody screen is a single qualitative serologic assay that
evaluates a patient’s serum for the presence of IgE antibodies
specific for a mixture of approximately 15 principal indoor and
outdoor aeroallergens that are believed to account for a large
majority of allergic respiratory disease.6 A pediatric form of the
multiallergen screening test can evaluate common food-specific
IgE antibodies (eg, milk, egg, peanut, wheat, and soybean) in ad-
dition to IgE specific for common weed, grass, and tree pollens;
molds; pet epidermal; and dust mite aeroallergens. A negative
multiallergen screen result reduces the probability that IgE anti-
bodies are involved in the patient’s clinical problems to less than
5%. In a recent study one version of the pediatric multiallergen
screen (Phadiatop, Phadia) correctly identified allergic sensitiza-
tion in 97.6% of 215 children (ages 1-14 years) with recurrent
wheezing.22 These screening assays are possibly most useful in
confirming the absence of significant atopic disease in subjects

who are suspected of having an intrinsic or non–IgE-mediated res-
piratory, cutaneous, or gastrointestinal disease process. Such a test
can minimize the need for multiple in vivo or serologic allergen-
specific IgE measurements in patients with a low clinical probabil-
ity of atopic disease. The use of this screening test in unselected
populations is likely to generate many false-positive results be-
cause IgE antibody responses are much more frequent than symp-
tomatic disease.

Total serum IgE
Total serum IgE measurement is currently the only diagnostic

allergy test that is regulated in the United States under the Clinical
Laboratory Improvement Act of 1988 (CLIA-88). These assays
are either nephelometric or 2-site (capture anddetection antibody),
noncompetitive immunometric (labeled antibody) assays. The
analytic sensitivity of the total serum IgE assays is 1 to 2 mg/L (1
kU/L is equivalent to 2.4 mg/L IgE). Intermethod agreement of
commercially available IgE assays as assessed by using interme-
thodcoefficients of variation are less than 10%for serum IgE levels
of greater than 30 kU/L in a proficiency-based study.42 Calibration
of total serum IgE assays to theWHO IgE International Reference
Preparation (WHO 75/502) has enhanced worldwide agreement.

The clinical utility of total serum IgE measurements in the
diagnosis of allergic disease has always been limited by its age-
dependent concentration and the wide overlap in concentrations
in serum between atopic and nonatopic populations. The total
serum IgE level must therefore be viewed always within the
context of its nonatopic age-adjusted reference interval.6With the
licensing of anti-IgE (Xolair [omalizumab]; Genentech, Inc,
South San Francisco, Calif) therapy in 2003, there has been an in-
crease in total IgE measurements because Xolair dosing requires
knowledge of the patient’s total serum IgE level. The increased
use of Xolair has led to concern that some serum specimens are
being analyzed for total serum IgE levels while containing Xolair,
which can potentially interfere and reduce the assays’ accuracy. In
a proficiency survey–based study, total serum IgE levels, as mea-
sured by using ImmunoCAP, were shown to be minimally re-
duced (2.4% to 9.0%) by the presence of 50 to 200 molar
excess of omalizumab to the level of serum IgE.43 In contrast,
other clinically used total serum assays showed marked reduc-
tions from 12.5% to 67.2% (P < .001), and the interference in-
creased in proportion to the total serum IgE level in the serum.
Counter to claims in the Xolair package insert, total serum IgE
can be accurately measured by using the ImmunoCAP assay in
the presence of therapeutic levels of Xolair. Clinical assays to
measure free IgE or IgE that is not bound with therapeutically ad-
ministered anti-IgE are in the developmental stage. Free IgEmea-
surements should help the clinician with a problematic Xolair-
treated patient to determine whether the dose of anti-IgE should
be escalated to obtain greater clinical efficacy.

TABLE VIII. Relative diagnostic utility of skin test and serologic measures of allergen-specific IgE antibody

Allergen-specific
IgE antibody

Epicutaneous (prick/
puncture) skin test Intradermal skin test

Systemic reactions
Venom allergy
Drug allergy

Complementary to
intradermal skin test

Not sufficient Preferred

Food allergy Acceptable Acceptable Not needed (false-positive results)
Respiratory allergy Acceptable Acceptable Usually not needed (false-positive results)
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Proficiency testing for total and allergen-specific IgE
antibody assays

The CLIA-88 requires that all federally licensed clinical labo-
ratories participate in an external proficiency survey. One such
diagnostic allergy survey is conducted by the College of American
Pathologists.42 The survey involves analysis of 5 or 6 challenge sera
every 17 weeks (3 cycles per year) for total serum IgE and IgE an-
tibody levels to 5 allergen specificities and a multiallergen screen.
Results are impartially collated, and interlaboratory (intramethod)
coefficients of variation are computed, critiqued, and then sent to
both participating laboratories and credentialing agencies. Except
for the occasional nonatopic serum, interlaboratory/intramethod
and intermethod coefficients of variation for total serum IgE are
routinely excellent at less than 15%.42

Allergen-specific IgE levels historically have been reported by
different assays in nonequivalent arbitrary units or classes. Today,
the 3 principal assays report allergen-specific IgE levels in more
quantitative kUa/L units. Although differences continue to exist
in the levels of reported allergen-specific IgE among the various
IgE antibody assays, in general, the 3 principal assays correctly
identify the IgE-negative (nonsensitized) subjects’ sera from sera
that are IgE antibody positive (sensitized) for most of the allergen
specificities. It is the responsibility of the laboratory to indicate
the method they use on their final report to the clinician. It is,
however, the responsibility of the referring physician to ensure
that the laboratory that performs IgE antibody testing is CLIA-88
certified and that they use a validated assay method and perform
successfully on a diagnostic allergy proficiency survey.6,44

Venom competitive inhibition IgE antibody assay
One unique competitive inhibition form of the IgE antibody

assay has a specific application to patients with Hymenoptera
venom sensitivity. Of the medically important Hymenoptera,
structural similarity exists between the vespid and Polistes species
wasp allergens phospholipase A1/B (Ves g I and Pol a I) and hyal-
uronidase (Ves g II and Pol a II), which leads to IgE antibody cross-
reactivity. A serologic venom inhibition assay is used to determine
themost appropriate therapeutic composition of venoms for immu-
notherapy.45 Patients with venom allergy who have a strong skin
test response or high level of serum IgE antibody to yellow jacket
venom (YJV) and a weak skin reactivity or low level of serum IgE
antibody specific for Polistes species wasp venom (PWV) are can-
didates for this analysis. In the assay a patient’s serum that contains
YJV- and PWV-specific IgE antibodies is preincubated with solu-
ble YJV (heterologous venom), PWV (homologous venom con-
trol), or buffer (no inhibition control). The mixtures are then
incubated separately with PWV allergosorbent, and the assay is
completed with the final addition of labeled anti-human IgE anti-
body. The amount of IgE anti-PWVbound to the PWVallergosorb-
ent is measured, and greater than 95% inhibition of IgE anti-PWV
binding with the addition of soluble YJV is considered complete
cross-inhibition. Sera from 305 patients with Hymenoptera venom
allergywith greater than 2 ng/mL of IgE antibody toYJVand PWV
were evaluated to determine whether PWV should be included in
the venom immunotherapy regimen together with yellow jacket
or mixed vespid venom. The venom competitive inhibition assay
identified one third (36.4%) of these subjects as having an exclusive
YJV sensitivity. These subjects were candidates for exclusion of
PWV from their immunotherapy regimen because their IgE anti-
PWV was greater than 95% cross-inhibitable with soluble YJV.45

Hymenoptera venom–specific IgG
Allergen injections during immunotherapy are known to en-

hance the production of specific IgG ‘‘blocking’’ antibodies (Table
I).46 As a general rule, quantitative measurements of allergen-spe-
cific IgG (or IgG subclass) antibodies in studies of allergic rhinitis
have not correlatedwell with improvement in clinical symptoms of
individual patients receiving immunotherapy. However, clinically
successful immunotherapy is almost always accompanied by
high serum levels of allergen-specific IgG, particularly of the
IgG4 subclass. One proposed application of allergen-specific IgG
antibody measurements has been as an aid in documenting effec-
tive immunotherapy in patients with Hymenoptera venom sensitiv-
ity. In a prospective study Hymenoptera venom–specific IgG
antibodiesweremonitored in the serum of 109 patients with venom
allergy to examinewhether their levels could provide an indication
for the relative risk of a systemic reaction after a sting challenge in
patients receiving venom immunotherapy.47 Over a 4-year period,
systemic symptomsoccurred in16%of211venom sting challenges
in the group with less than 3 mg/mL venom-specific IgG antibody.
This contrasted with a reaction rate of 1.6% in patients with venom
IgG levels of greater than 3 mg/mL. The highest rate of allergic
reactions (26%) occurred among patients who had both a venom-
specific IgG antibody level of less than 3 mg/mL and less than 4
years of venom immunotherapy. The study concluded that quanti-
tative venom-specific IgG antibody levels can be useful for individ-
ualizing the dose and frequency of injections to maximize its
protective effects. The clinical utility of venom-specific IgG
antibody measurements, however, appears to be restricted to the
first 4 years of venom immunotherapy.

Food-specific IgG and IgG4 antibodies
Historically, IgG4 reaginic antibodies were believed to be

diagnostic because monoclonal anti-human IgG4 could induce
BHR from allergic donors cells.48 In 1992, this issue was chal-
lenged by Lichtenstein et al,49 who showed no histamine release
(<10%) was detected from nonatopic donor cells after incubation
with a panel of highly specific International Union of Immunolog-
ical Societies–documented human IgG subclass–specific mAbs.50

Moreover, 85%of these same cells released to anti-IgE. In contrast,
the study confirmed that 75% of atopic donor basophils released
greater than 10% of their histamine to 1 or more of the human
anti-IgG subclass–specific mAbs and not only of the IgG4 subclass
specificity. After a series of elaborate basophil-based lactic acid
stripping and add-back experiments, it was shown that atopic sub-
jects can possess basophil IgE receptor–bound IgG anti-IgE–IgE
complexes, and cells from these subjects can be triggered by the
addition of anti-IgGmAbs that cross-link the IgE receptors through
this complex. This provided a rationale for why the presence or
levels of IgG or IgG4 antibodies specific for food antigens have
never shown a correlation with the diagnostic results of positive
DBPCFCs. This also supports the European Academy of Allergy
and Clinical Immunology Task Force recommendation51 that
food-specific IgG and IgG4 antibody responses are not useful diag-
nostic tools for assessing allergic disease or planning food-elimina-
tion diets. Further work on this issue is needed with modern IgG
and IgG4 antibody autoanalyzers with sera from non–IgE-medi-
ated food-sensitive subjects to confirm this recommendation and
verify that allergen-specific IgG antibody levels are simply a reflec-
tion of the extent of a subject’s environmental antigen exposure and
not a marker for allergen sensitization.52
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Precipitating IgG antibodies (precipitins)
Extrinsic allergic alveolitis, also referred to as hypersensitivity

pneumonitis, is an inflammatory reaction in the lung interstitium
and terminal bronchioles induced by chronic exposure to antigenic
organic dusts (eg, molds and bird droppings). Although the lung-
lesion histology indicates a cell-mediated pathology, most patients
with hypersensitivity pneumonitis have high levels of precipitating
IgG antibody to the offending antigens in their blood.53,54 Some
clinical laboratories still perform the double-diffusion (Ouchterl-
ony) assay to detect precipitating antibodies to extracts of organic
dusts. This involves inserting a crude antigen extract of the organic
material (bird fecal material and mold) into one well and a control
and the patient’s serum (containing antibody) in 2 other closely
spaced wells in a porous agarose gel. If diffusion of the antigen
and antibody over 2 to 3 days in a moist chamber produces precip-
itating antibodieswith lines of identity to the control antiserum, this
can support the diagnosis of hypersensitivity pneumonitis. Precip-
itating antibodies, or precipitins, can be detected in the sera of
nearly all patients who have active hypersensitivity pneumonitis,
but they are alsopresent in the seraof asmany as50%of asymptom-
atic subjects who have been exposed to the relevant organic dusts.54

Immunoassays for IgG antibody to the appropriate organic dust an-
tigens appear to be too sensitive and are viewed as less diagnosti-
cally useful. Precipitin assays are performed to organic dusts
containing the thermophilic actinomyces (Micropolyspora faeni,
Thermoactinomyces vulgaris, and Thermoactinomyces candidus),
multiple antigens from Aspergillus species (Aspergillus fumigatus,
Aspergillus niger, and Aspergillus flavus), pigeon serum, Aureoba-
sidum pullulans, and fecal particles from parakeets and a variety of
exotic household birds (eg, cockatiel and blue Amazon).

Mast cell tryptase
Mediators, which include prestored histamine and newly

generated vasoactive mediators, are released from activated
mast cells into surrounding soft tissue (Table VI). Mast cell tryp-
tase (molecular weight 134,000 d), which is a serine esterase with
4 subunits, each with an enzymatically active site, is also released
from an activated cell. When dissociated from heparin, tryptase
rapidly degrades into its monomers and loses enzymatic activity.
Human basophils contain 300- to 700-fold less tryptase than lung
or skin mast cells, and therefore tryptase in serum is considered a
marker of systemic mast cell activation.55 The a-tryptase concen-
tration in blood is a measure of the mast cell number, and it is es-
timated by subtracting b-tryptase levels from the total serum
tryptase concentration. In contrast, b-tryptase levels in blood
are considered a measure of mast cell activation.

Healthy nondiseased subjects have serum total tryptase levels
that range from 1 to 10 ng/mL (average, 5 ng/mL). If baseline total
serum tryptase levels exceed 20 ng/mL, systemic mastocytosis
should be suspected. Serum b-tryptase levels of less than 1 ng/mL
are observed in nondiseased subjects. b-Tryptase levels of greater
than 1 ng/mL indicate mast cell activation. Blood samples should
be collected from 0.5 to 4 hours after the initiation of a suspected
mast cell–mediated systemic reaction for optimal results.55,56

Peak b-tryptase levels of greater than 10 ng/mL in a postmortem
serum suggest systemic anaphylaxis as one probable cause of
death. An insect sting–induced b-tryptase level can peak at
greater than 5 ng/mL by 30 to 60 minutes after the sting and
then decrease with a biological half-life of approximately 2
hours.57 Increased postmortem tryptase levels, however, have

been observed in the absence of anaphylaxis,58 thus reducing
the utility of postmortem tryptase levels in placing the cause of
death for some deceased Hymenoptera-sensitive subjects. Tryp-
tase has also beenmeasured in bronchoalveolar lavage fluid, nasal
lavage fluid, tears, and skin chamber fluid; however, there are cur-
rently no clinical indications for such measurements.

BHR test
The BHR assay has been used to detect the presence of

allergen-specific IgE on surface basophils by means of direct
challenge or passive sensitization. When used as an alternative
confirmatory diagnostic test for allergen-specific IgE antibody,
BHR test results have highly correlated with results from skin
testing and bronchoprovocation.59 In the direct challenge BHR
assay, peripheral blood leukocytes are isolated from whole blood
by means of dextran sedimentation, washed, and incubated with
allergen or anti-human IgE at varying concentrations (eg, 3- to
10-fold dilutions). In the passive sensitization BHR assay, baso-
phils are stripped of their IgE by means of lactic acid elution
and then incubated with serum containing IgE antibody and chal-
lenged with antigen. In either the direct or passively sensitized
BHR assay, mediator release is complete within 30 minutes,
and then histamine or leukotriene released into the supernatant
is measured. The BHR dose-response curve typically consists
of a characteristic bell-shaped curve with a linear ascending por-
tion, which is maximal or peaks at the optimal cross-linking aller-
gen dose, and a descending portion at higher than optimal allergen
concentrations. The allergen concentration required to induce
50% histamine release can be used to define the relative sensitiv-
ity of the patient’s basophils for a given allergen extract. At pre-
sent, the BHR test is used primarily in research laboratories
because of its need for fresh blood. It has been especially useful
as an alternative assay for clarifying discrepancies between skin
test and serologic IgE antibody test results.

The basophil has been examined as a possible indicator cell for
assessing the autoimmune status of patients experiencing a form
of chronic urticaria (CU).60-63 Autoantibodies specific for IgE,
FceeR1, or FceRII can be present in 30% to 50% of patients
with CU.60 One clinical laboratory offers a CU index test in which
highly selected donor basophils are incubated with serum from
the patient with CU, and released histamine is quantified.62 Other
investigators dispute the validity of this assay and suggest that a
primary basophil abnormality, unknown serologic factors, or
both affecting basophils in patients with CU might be more clin-
ically relevant to disease pathogenesis than the presence or level
of FceRI/II, IgE-reactive autoantibodies, or both.63

As a measure of basophil activation, flow cytometry has been
used to quantify the level of basophil surface markers after
exposure to allergen (CD63, CD203c), allergen exposure in the
presence of IL-3 (CD63), and exposure to other degranulating
stimuli, such as N-formyl-methionyl-leucyl-phenylalanine and
ionophores. Although whole blood can be used for these analyses,
conditions used to lyse contaminating red blood cells can interfere
by directly stimulating basophil activation. Controversy remains
as to whether an individual surface marker or the panel of
activation markers should be analyzed to reflect basophil medi-
ator release and how well the kinetics of change of each marker
actually reflect basophil activation. Details of the BHR assay and
flow cytometric detection of basophil activation surface markers
are presented elsewhere.64
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IN VIVO DIAGNOSTIC PROVOCATION TESTING
When discordance occurs between the clinical history and

primary diagnostic confirmatory test results, one of several
provocation tests might be performed.13 Bronchial and nasal
provocation challenges are techniques used to identify a relation-
ship between an inhaled substance and a change in the patient’s
bronchial or nasal physiology. A DBPCFC is used to evaluate
patients who have experienced food-induced gastrointestinal re-
actions (eg, nausea, colic, vomiting, and diarrhea) that can occur
within minutes to hours after the consumption of selected foods.
Each of these tests will be briefly discussed.

Bronchoprovocation studies involving the use of methacholine
are particularly useful in the diagnosis of difficult cases of
asthma.65 In general, bronchoprovocation involves the adminis-
tration of either methacholine or histamine by means of a cali-
brated nebulizer starting at doses of 0.05 to 0.1 mg/mL and
doubling the concentration up to 10 to 25 mg/mL. Methacholine
is an analog of acetylcholine that directly stimulates bronchial
smooth muscle rather than inducing mast cell enzyme and medi-
ator release. Alternatively, allergen extracts can be administered
in increasing doses. Allergen, in contrast to methacholine, in-
duces changes in pulmonary function as a direct result of mast
cell activation in the lung. The clinical effect of the analyte expo-
sure is monitoredwith pulmonary function tests after each dose. A
positive response is usually defined as the concentration of ago-
nist that results in a decrease in FEV1 of 20% or more from the
preprovocation baseline value, which must be greater than 70%
of predicted value for valid interpretation. More extensive details
regarding the methods and interpretation of bronchial challenges
are presented elsewhere.13,65

Nasal provocation involves the controlled administration of
buffer (human serum albumin–saline) or increasing concentrations
of allergen into a washed nasal passage. A symptom score is
collected (eg, number of sneezes induced) and/or the concentration
of mast cell mediators or albumin released into nasal lavage fluids
after each concentration of allergen indicates the relative sensitivity
of a subject to the allergen in question. N-tosyl-L-arginine methyl
ester [TAME] esterase and histamine are commonly monitored in
nasal lavage fluid. Nasal airway resistance is a less satisfactory end
point because of high intrinsic variation. Details of the procedure
and applications can be found elsewhere.66

The DBPCFC involves the controlled ingestion of frequently
eaten foods that are known to contain potent allergens. These
foods typically include cow’s milk (caseins, b-lactoglobulin, and
a-lactalbumin), chicken egg white (ovalbumin, ovomucoid, and
ovotransferrin), cereal grains (wheat, rye, barley, and oats),
legumes (peanut, soybean, and white bean), fish, and seafood
(shrimp, crabs, lobsters, and oysters). The DBPCFC begins with a
strict elimination diet for the suspect foods for 7 to 14 days before
the challenge. An equal number of randomly alternating food
allergen and placebo challenges, starting with 125 to 500 mg of
lyophilized food, are then administered to the patient in a fasting
state, doubling the dose every 15 to 60minutes. Clinical reactivity
can be ruled out once 10 g of lyophilized food blinded in masking
foods (eg, pudding and chili) or capsules is tolerated. Negative
DBPCFC results must then be confirmed with an open feeding
challenge under observation to rule out possible false-negative
challenge results. Serum levels of food-specific IgE antibody can
sometimes be used to exclude the need for a food challenge if the
levels are sufficiently high to exceed reported 95% confidence

limits for a positive food challenge result (Table VII).23,24 An ex-
tensive discussion of the DBPCFC and variables influencing its
outcome are presented elsewhere.67

INDOOR AEROALLERGEN TESTING
Avoidance by separating the allergic patient from the allergen

source is possibly the least expensive and most effective mode of
treatment for allergic disease, when it is achievable. Knowledge
about the levels of allergen in an environment can support the
decision to initiate expensive alterations of their home, school, or
workplace to facilitate avoidance of indoor aeroallergens. Some
clinical laboratories perform environmental allergen quantifica-
tion in which an air sample or a surface dust specimen is collected
with a vacuum from either the general indoor environment or
individual rooms. An inexpensive air-sampling cassette or surface
dust collector is attached to a vacuum, and a bulk dust specimen is
collected. It is sent to a specially equipped laboratory, where it is
processed through a 50-mesh metal sieve to exclude particles
larger than 300 mm. Fine dust is then quantitatively extracted (eg,
100 mg per 2 mL of physiologic saline-albumin buffer). Soluble
allergens, once extracted, are quantified with mAb-based immu-
noenzymetric assays or bead-based multiplex assays for dust
mite–, pet epidermal–, rodent-, cockroach-, and mold-related
indicator allergens. Currently, Der f 1 and 2 and Der p 1 and 2 are
allergens that are excreted in fecal particles by dust mites (D far-
inae and D pteronyssinus). Fel d 1 and Can f 1 are allergens ex-
creted by the sweat glands of the domestic cat (Felis domesticus)
and dog (Canis familiaris). Bla g 1/Bla g 2 allergens are released
by the German cockroach (Blatella germanica). Mus m 1 and Rat
n 1 are allergens excreted into urine by the mouse (Mus musculus)
and rat (Rattus norvegicus). The level of these indoor allergens
serve as ‘‘indicators’’ for environments that are contaminated
with higher than desirable levels of allergens for sensitized sub-
jects (especially children with atopic asthma). Indoor evaluation
allows allergen-laden environments to be identified and cleaned
in an attempt to facilitate avoidance of allergen exposure. Risk
levels have been assigned for some of the allergens. Levels of
Der p 1 allergen, Der f 1 allergen, or both of greater than 2,000
ng/g fine dust have been associated with an increased risk of al-
lergic symptoms in sensitized subjects, whereas levels of greater
than 10,000 ng/g of fine dust have been associated with an in-
creased risk of sensitization. For other allergens, such as cock-
roach, mouse, and rat allergens, just the presence of detectable
allergen can be an indicator of clinically relevant environmental
contamination. Further details can be obtained elsewhere.68

The kingdom Fungi encompasses yeasts, molds, smuts, and
mushrooms, which are plants without leaves, flowers, or roots that
reproduce from spores (2-20 mm in diameter and 1-100 mm in
length). Molds lack chlorophyll and vascular tissue and range in
form from a single cell to a body mass of branched filamentous
hyphae that spread into and feed off of dead organic matter or
living organisms. Some molds produce allergen-laden spores that
are generally invisible to the naked eye and are used in speciation
of the mold by means of microscopic, immunologic, and molec-
ular biological techniques.

Sampling for mold is unnecessary in cases in which visible
mold growth or musty odors identify mold infestation. Alterna-
tively, a bulk dust can be distributed on a microbiological culture
plate containing media and antibiotics or inoculated with a swab
or by being placed in a gravity sampler or a suction impactor.
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Viable spores are enumerated 24, 48, and 72 hours later by means
of macroscopic and microscopic assessment.69Alternaria and As-
pergillus species allergens (Alt a 1 and Asp f 1) can be quantified
in extracts of surface dust by using mAb-based immunoenzymet-
ric assays; however, their utility is limited to environmental
conditions in which molds secrete these allergens. Alternatively,
an Environmental Relative Moldiness Index test involves PCR-
based DNA analysis for the relative levels of 26 molds associated
with water damage and 10 molds not associated with water dam-
age.When levels of these 36 molds were measured by using DNA
techniques in dust from 271 homes of asthmatic children, the En-
vironmental Relative Moldiness Index level was more effective
than a binary classification of homes as either moldy or nonmoldy
based on onsite inspection in predicting the development of
respiratory illness (wheeze, rhinitis, or both).70

OUTDOOR AEROALLERGEN TESTING
Most major cities across the United States have an aerobiology

monitoring station with a collection device on a platform or roof
top, typically 1 story off the ground (eg, 13 feet). Ideally it is in an
open space distant from trees, which can bias the aeroallergen
results. The Rotorod Sampler (Sampling Technologies, St Louis
Park,Minn) is onewidely used rotating-arm impactor that recovers
airborne particles on 2 rapidly moving plastic collector rods.71,72 It
contains a pair of 1.59-mm-wide plastic rods that extend during ro-
tation on a central arm at defined time intervals (eg, 10-60 seconds
every 10 minutes). A thin layer of silicon grease that is coated on
the leading edge of the rod (edge in the direction of rotation) im-
pacts particles in the air, and they imbed in the grease. Every 24
hours, the rod is removed from the device, stained, and microscop-
ically evaluated by a qualified technician for the number and types
of pollens and mold spores (grains or spores per cubic meter of air
sampled for the previous 24-hour period). The efficiency of particle
collection on the Rotorod decreases with particle size (eg, 7-mm
particle: 10% efficiency to 25-mm particle: 100% efficiency).72

Fungal spores are smaller (diameter5 1 to >100 mm) than pollen
grains (diameters5 20-70 mm). Newer devices, such as the Burk-
ard Hirst Trap and Burkard SporeWatch (Burkard Mfg Co. Rick-
mansworth, Herts, England), are suction impactors that are more
effective in detectingmold spores than the rotarod.73 These devices
also have the capacity to collect longitudinal samples over a 7-day
period. Although pollen and spore counts are commonly transmit-
ted to local weather stations and newspapers for public use, they are
somewhat limited in their use because they describe the levels in
the air over the previous 24 hours.

CONCLUSION
A number of analytic measurements are used to promote more

accurate diagnosis and better management of allergic subjects.
The clinician should remember that all in vivo and serologic anal-
yses are subject to inherent variation and potential interference.
Thus it is prudent to question the validity of any in vivo or labora-
tory test that is inconsistent with a carefully collected clinical his-
tory.One should repeat in vivo testing on a different day or perform
serologic testing with a new blood specimen, a different labora-
tory, or both. Alternative tests might seem redundant, but they
are useful in confirming observations because different methods
(eg, skin test and serologic assays) measure different subsets of
the IgE antibody response. Most importantly, let the clinical

history drive the diagnosis. Maintain a healthy skepticism about
diagnostic test results, and verify the quality control and validity
of in vivo diagnostic reagents used and the performance standards
of serologic assays and the laboratories that perform them.

I thank Dr Jelena Bogdanovic and Dr Romi Saini from the Johns Hopkins
University School of Medicine, Baltimore, Maryland, for preparing Table VII
and helpful comments after review of the manuscript.
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Laboratory evaluation of primary immunodeficiencies

João B. Oliveira, MD, PhD, and Thomas A. Fleisher, MD Bethesda, Md

Primary immunodeficiencies are congenital disorders caused by
defects in different elements of the immune system. Affected
patients usually present clinically with recurrent infections,
severe infections, or both, as well as autoimmune phenomena
that are associated with many of these disorders. Early
diagnosis is essential for referral to specialized care centers and
the prompt initiation of appropriate therapy. In this article the
authors describe a general approach for the investigation of the
most common primary immunodeficiencies, outlining the
typical clinical symptoms and most appropriate laboratory
investigations. (J Allergy Clin Immunol 2010;125:S297-305.)

Key words: Primary immunodeficiency, laboratory assessment, im-
munologic diagnosis, immunity

The clinical spectrum of characterized primary immunodefi-
ciencies (PID) has expanded significantly over the past 2 decades,
and the underlying genetic basis of the majority of primary
immunodeficiencies (PIDs) also has been identified. The accurate
diagnosis of patients with PIDs is critical for appropriate therapy
and also affords the opportunity to provide appropriate genetic
counseling to the patient and his or her family. In virtually all
cases the clinical symptoms involve increased susceptibility to
infection, and early diagnosis and therapy provides the greatest
opportunity to prevent significant disease-associated morbidity.
In this setting the laboratory serves as the primary source of
diagnostic information used to define the immunologic defect.
The optimal use of the laboratory for the diagnosis and charac-
terization of PIDs is the focus of this chapter.

EVALUATING SUSPECTED ANTIBODY DEFICIENCY
DISORDERS
When to suspect

The majority of patients with primary antibody deficiencies
present with recurrent bacterial infections of the sinopulmonary
tract, including recurrent otitis media, sinusitis, and pneumonia
(Table I).1,2 The most commonly isolated organism is Streptococ-
cus pneumoniae, but Haemophilus influenzae (often untypeable),
Staphylococcus and Pseudomonas species are also seen. Diarrhea
affects up to 25% of these patients, often associated with
Giardia lamblia infection. However, infections with rotavirus,

enterovirus, Campylobacter, Salmonella, and Shigella species
might also be found.1 In addition, autoimmune manifestations
are seen in up to 25% of these patients, with autoimmune hemo-
lytic anemia and autoimmune thrombocytopenia beingmost com-
monly observed. Finally, granulomatous disease involving
various organs with particular predilection for the lung might
also be present, and in some patients this process can result in sig-
nificant morbidity.1

PIDs that commonly manifest some degree of hypogamma-
globulinemia include selective IgA deficiency, common
variable immunodeficiency, and congenital agammaglobuline-
mias (both X-linked and autosomal recessive inheritance,
Table II). Less common causes include agammaglobulinemia
with thymoma (Good syndrome) and X-linked lymphoproli-
ferative syndrome (XLP).1 X-linked agammaglobulinemia
should be suspected in all male patients with recurrent otitis
and even a single episode of pneumonia, even if the family
history is negative. This condition also might present with
neutropenia and sepsis by Pseudomonas or Staphylococcus.3

Occasionally, the ataxia-telangiectasia syndrome manifests
with recurrent infections and upper respiratory tract symptoms
associated with IgA deficiency before the onset of overt
neurologic signs.4 Concomitant bacterial sinopulmonary and
opportunistic infections, including low pathogenic mycobacte-
ria, should raise suspicion of a cellular defect that also affects
antibody production, such as nuclear factor kB essential mod-
ulator (NEMO; also called IKK-g) or CD40 ligand (CD154)
deficiencies.5,6 Selected complement deficiency and phago-
cytic defects might also have a clinical presentation similar
to that of antibody deficiency and could be considered for
investigation (Table II).
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Laboratory evaluation
The initial clinical laboratory screening of antibody-medi-

ated immune function can be accomplished by measuring the
levels of the major immunoglobulin classes IgG, IgA, IgM, and
IgE (Table III). The results must be compared with age-
matched reference intervals (normal ranges) that are typically
provided as 95% CIs. There are no rigid standards regarding
the diagnosis of immunoglobulin deficiency, although an IgG
value of less than 3 g/L (300 mg/dL) in an adolescent or adult,
as well as values clearly below the age-appropriate reference
(95% confidence interval) in a child should trigger further eval-
uation. An additional and readily available test is quantitation
of IgG subclass levels. This test is most useful in evaluating an
IgA-deficient patient with significant recurrent bacterial infec-
tions. However, in most settings, detection of an IgG subclass
deficiency still requires documentation of an abnormality in
specific antibody production before initiating therapy, making
this test of more limited utility. Measurement of specific anti-
body responses is useful in confirming defective antibody pro-
duction and is essential when the total immunoglobulin levels
are only modestly decreased (or even normal) in the setting of
recurrent bacterial infection. The simplest method is evaluation
for spontaneous specific antibodies (eg, anti–blood group anti-
bodies [isohemagglutinins]) and antibodies to previous immu-
nizations or infections. The definitive method to evaluate

in vivo antibody production involves immunizing a patient with
protein antigens (eg, tetanus toxoid) and polysaccharide anti-
gens (eg, Pneumovax, Merck & Co, Inc, Whitehouse Station,
NJ) and assessing preimmunization and 3- to 4-week postim-
munization antibody levels. Guidelines for normal responses,
which are usually provided by the testing laboratory, typically
consist of finding at least a 4-fold increase in antibody levels
and/or protective antibody levels after immunization. An alter-
native method to access the humoral immune response that is
specifically useful in patients already receiving immunoglobu-
lin replacement therapy involves vaccination with a neoanti-
gen, such as the bacteriophage Phi X174; however, this is
only available in some specialized centers.7

Additional testing focuses on determining the presence or
absence of B cells by using flow cytometry. This is particularly
useful as a marker for congenital forms of agammaglobulinemia
because this group of disorders typically is characterized by
absent or extremely decreased circulating B-cell numbers based
on the underlying defects that block B-cell development.2 More
recently, characterization of B-cell subsets, particularly directed
at memory and immature B cells, has been put forward as a means
of further characterizing patients with common variable immuno-
deficiency.8 Studies that test in vitro B-cell signaling and immu-
noglobulin biosynthesis are generally performed only in
research centers.

TABLE I. Common pathogens and infection sites according to the underlying immune defect

Affected immunity arm Typical site of infection Common pathogens

B cells Sinopulmonary tract, GI tract, joints, CNS Pyogenic bacteria: streptococci, staphylococci, Haemophilus influenzae
Enteroviruses: ECHO, polio
Mycoplasma species

T cells Sepsis, lung, GI tract, skin Viruses: CMV,
adenovirus, measles, molluscum
Fungi: Candida and Aspergillus species, Pneumocystis jiroveci
Pyogenic bacteria
Protozoa: Cryptosporidium species

Phagocytes Skin infections, lymphadenitis, liver, lung, bone,
GI tract, gingivitis/periodontitis

Bacteria: staphylococci, Serratia marcescens, Burkholderia cepacia,
Klebsiella species, Escherichia coli, Salmonella species, Proteus species
Fungi: Candida, Aspergillus, and Nocardia species

Complement Systemic infections, meningitis Pyogenic bacteria: streptococci, Haemophilus influenzae, Neisseria species

GI, gastrointestinal; CNS, central nervous system; ECHO, echovirus; CMV, cytomegalovirus.

TABLE II. Differential diagnosis of antibody deficiencies and associated laboratory findings

Primary B-cell disorders
Common variable immunodeficiency: low IgG and IgA levels, variable IgM levels, usually normal B-cell numbers
Selective IgA deficiency: low IgA levels, normal IgG and IgM levels, normal B-cell numbers
Congenital agammaglobulinemia: low IgG, IgA, and IgM levels; undetectable or very low B-cell numbers (<2%)
Specific antibody deficiency: normal IgG, IgA, and IgM levels; normal B-cell numbers; defective antibody response to vaccination
Agammaglobulinemia with thymoma (Good syndrome): low IgG and IgA levels, variable IgM levels, low B-cell numbers

Combined cellular and humoral disorders
Hyper-IgM syndromes: low IgG and IgA levels, normal, low or high IgM levels, normal B-cell numbers
Ectodermal dysplasia with immunodeficiency syndrome (NEMO/IkBa deficiency): variable immunoglobulin levels, normal B-cell numbers
XLP: low IgG and IgA levels, variable IgM levels, typically normal B-cell numbers
Ataxia-telangiectasia syndrome: low IgA levels

Other causes to consider
Drug-induced hypogammaglobulinemia; sickle cell disease with secondary hyposplenism; primary asplenia; immunodeficiency, centromeric instability,
facial anomalies syndrome; cystic fibrosis; complement component deficiency; myelodysplasia; chronic lymphocytic leukemia; multiple myeloma;
dysmotile cilia syndrome; warts, hypogammaglobulinemia, immunodeficiency and myelokathexis (WHIM) syndrome
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EVALUATING SUSPECTED T-CELL OR COMBINED
T- AND B-CELL IMMUNODEFICIENCY DISORDERS
When to suspect

Patients affected by severe combined immunodeficiency (SCID)
or other primary conditions with markedly abnormal T-cell
function usually manifest failure to thrive and recurrent infections
with opportunistic pathogens, such as Candida albicans (thrush),
Pneumocystis jiroveci, or cytomegalovirus very early in life
(Table I).9 Other common findings are chronic diarrhea, recurrent
bacterial infections affecting multiple sites, and persistent infec-
tions despite adequate conventional treatment. SCID is a pediatric
emergency because early diagnosis can dramatically improve the
clinical outcome. Skin rashes are common, particularly with spe-
cific T-cell disorders, including Omenn and Wiskott-Aldrich syn-
dromes.10 Other severe cellular or combined defects present with
varied clinical symptoms, as listed briefly in Table IV.

Laboratory evaluation
Careful analysis of thewhite blood cell count and differential is

of utmost importance when evaluating patients suspected of
cellular immunodeficiency disorders. The absolute lymphocyte
count must be compared with age-matched control ranges for
proper interpretation. Severe lymphopenia in an infant (<3,000/
mm3) is a critical finding that should prompt immediate immuno-
logic evaluation if confirmed on a repeat test. The caveat in using
low T-cell number during infancy as the screen to detect defects in

T-cell development is that this would not identify patients with
Omenn syndrome. In this disorder normal or increased T-cell
numbers are typically found in the face of profound cellular im-
munodeficiency caused by an oligoclonal expansion of T cells.10

In addition, circulating T cells might also be seen in the face of a
severe cellular immune defect as a result of maternal T-cell en-
graftment. The maternal T cells will consist of primarily memory
CD45RO1 cells (compared with naive CD45RA1T cells found in
a healthy infant) that do not provide host protection.11 Finally,
transfusion of nonirradiated blood products in the setting of a se-
vere cellular immune defect will result in circulating donor T cells
that can produce graft-versus-host disease, a potentially fatal pro-
cess. This scenario emphasizes the need to irradiate any blood
product used in an infant with a suspected T-cell deficiency.

HIV infection has to be ruled out in all patients with symptoms
of cellular immunodeficiency, and this typically requires testing
for the presence of virus (ie, HIV viral load assay) rather than
serologic testing for anti-HIV antibody (Table V).

After T-cell screening tests, the next step would be a directed
assessment of cellular immunity (Table V). This includes im-
munophenotyping of T cells by means of flow cytometry to-
gether with in vitro functional testing (eg, proliferation and
cytokine production assays).12 The immunophenotyping for a
patient suspected of having SCID not only helps to establish
the diagnosis, but it can also point to the potential underlying
genetic defect (Table VI).12 It is important to carefully review
the percentage and absolute numbers for all lymphocyte

TABLE III. Evaluation of suspected antibody deficiency

Screening tests
Quantitative immunoglobulins
Specific antibody levels
Circulating specific antibody levels to prior vaccines and blood group antigens (isohemagglutinins)

Pre/postimmunization antibody levels
Protein antigens
Carbohydrate antigens

IgG subclasses
Secondary tests

B-cell immunophenotyping
In vitro functional studies

Tests to exclude rare and secondary causes
Thoracic computed tomography to exclude thymoma (particularly useful if patient is >50 years old with low B-cell numbers)
Intracellular flow cytometry or genetic evaluation for BTK (XLA) or SAP/XIAP (XLP)
Genetic evaluation of NEMO to rule out anhydrotic ectodermal dysplasia with immune deficiency
Fecal a1-antitrypsin, urinary protein, serum albumin, absolute lymphocyte count to exclude gastrointestinal or urinary protein loss or lymphatic loss
HIV testing to exclude AIDS
Complement function (CH50, AP50) to exclude complement deficiency
Karyotype to exclude immunodeficiency, centromeric instability, facial anomalies syndrome
Sweat chloride or genetic evaluation to exclude cystic fibrosis

BTK, Bruton tyrosine kinase; XLA, X-linked agammaglobulinemia; SAP/XIAP, SLAM-associated protein/X-linked inhibitor of apoptosis.

TABLE IV. Most common T-cell and combined immunodeficiencies and distinctive features

SCID: failure to thrive, chronic diarrhea, oral thrush, recurrent or severe bacterial, viral and/or fungal infections
CD40 and CD40 ligand deficiency: recurrent sinopulmonary and opportunistic infections with low IgG and IgA levels and variable IgM levels
Wiskott-Aldrich syndrome: easy bruising, eczema, recurrent otitis media, diarrhea, thrombocytopenia with small platelets
DiGeorge syndrome: hypoparathyroidism, cardiac malformations, dysmorphic features, variable T- and B-cell defects
Anhydrotic/hypohidrotic ectodermal dysplasia with immunodeficiency (NEMO or IkBa deficiency): recurrent mycobacterial or pyogenic infections, with or
without skin, hair, and nail abnormalities; poor fever responses

XLP: hypogammaglobulinemia, persistent or fatal EBV infection
Chronic mucocutaneous candidiasis: recurrent oroesophageal and skin Candida species infection
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subsets, comparing them with age-appropriate reference
ranges. Typically, defects in cytokine signaling molecules re-
sult in a T2B1NK2 phenotype, whereas mutations in DNA-
editing proteins required for T- and B-cell receptor expression
are associated with a T-B-NK1 phenotype; severe metabolic
defects usually are toxic for all lymphocyte types, resulting
in a T-B-NK- phenotype (Table VI).

Other useful tests in special circumstances include fluores-
cence in situ hybridization for the 22q11 microdeletion found in
the majority of patients with DiGeorge syndrome and specific en-
zyme assays to evaluate for adenosine deaminase and purine nu-
cleoside phosphorylase (PNP) deficiencies.13 Evaluation for
intracellular Wiskott-Aldrich syndrome protein expression by
means of flow cytometry can be performed in selected centers
to screen for possible Wiskott-Aldrich syndrome.14 Direct evalu-
ation of T-cell function, as assessed by the proliferative response
to mitogens, recall antigens, and/or alloantigens, is an important
part of evaluating cellular immunity. The same sort of culture con-
ditions can also be used to evaluate for cytokine production using
the culture supernatant (alternatively, one can evaluate cytoplas-
mic cytokine expression using flow cytometry).15

Quantification of T-cell receptor excision circles (TRECs) and
evaluation of the T-cell repertoire can be used for additional
evaluation of immune status. TRECs are formed during the
normal editing of the T-cell receptor (TCR) genes during T-cell
differentiation and maturation within the thymus and persist
within the cell as extragenomic circular pieces of DNA. TREC
copies are diluted over time as the T cells proliferate after antigen
encounter. Therefore naive T cells that have recently emigrated
from the thymus will present relatively high TREC levels
compared with those of aged, antigen-experienced T cells.16

TREC evaluation (also CD41CD45RA1CD311 T cells by flow
cytometry) can be used as a diagnostic confirmation of low thymic
output that would be found in DiGeorge syndrome or to monitor
immune reconstitution after bone marrow transplantation. More
recently, the quantification of TRECs on blood derived from the
Guthrie card obtained from infants after delivery has been initi-
ated as a neonatal screening tool for SCID (and other significant
T-cell defects) in both Wisconsin and Massachusetts.17 The find-
ing of low TREC levels in neonates should prompt immediate fol-
low-up with immunophenotyping by means of flow cytometry. A
recent report fromWisconsin suggests that this test has a very low
rate of false-positive or inconclusive results (approximately
0.00009% and 0.0017%, respectively).18

Analysis of the T-cell repertoire can be useful in specific
clinical situations. The T-cell repertoire in circulating T cells
from healthy subjects includes expression of the majority of the
24 TCR Vb chain families, which can be promptly assessed by
flow cytometry.19 Alternatively, evaluation of TCR Vb CDR3
region diversity can be performed by PCR and is commonly
referred to as spectratyping. The PCR-amplified product from
each of these Vb families normally demonstrates a Gaussian dis-
tribution of variously sized PCR products, each differing by 3 nu-
cleotides. In settings in which there is an oligoclonal T-cell
population, such as is found in patients with Omenn and atypical
DiGeorge syndromes, a very limited number of Vb families will
be represented, with each demonstrating a very distorted (non-
Gaussian) distribution.19

EVALUATING SUSPECTED PHAGOCYTE
DYSFUNCTION SYNDROMES
When to suspect

The clinical features of neutrophil dysfunction (including
neutropenia) usually include recurrent bacterial and fungal
infections of the skin, lymph nodes, lung, liver, bone, and, in
some cases, the periodontal tissue (Table I).20 The clinical pattern
of infection often can help to discriminate the underlying prob-
lem. Common phagocyte defects and accompanying laboratory
findings are presented in Table VII. Patients with neutropenia
and those with leukocyte adhesion deficiency (LAD) tend to
have recurrent cellulitis, periodontal disease, otitis media, pneu-
monia, and rectal or gastrointestinal infections with diminished

TABLE V. Evaluation of suspected T-cell and combined immunodeficiency

Screening tests
HIV testing
Lymphocyte immunophenotyping
Delayed-type hypersensitivity skin testing

Secondary tests
T-cell proliferation (mitogens, alloantigens, recall antigens)
T-cell cytokine production
Flow cytometric evaluation of surface or intracellular proteins, such as CD40 ligand (CD154 on activated T cells), IL-2 receptor g chain (CD132), MHC
class I and II, IL-7 receptor a chain (CD127), CD3 chains, WASP
Enzyme assays: adenosine deaminase, PNP
FISH for 22q11 deletion
TREC numbers
TCR repertoire analysis
Mutation analysis

WASP, Wiskott-Aldrich syndrome protein; PNP, purine nucleoside phosphorylase; FISH, Fluorescence in situ hybridization; TREC, T-cell receptor excision circle.

TABLE VI. Immunophenotypic findings and associated genetic

defects in patients with SCID

Phenotype Pathway affected and genetic defect(s)

T2B1NK2 Cytokine signaling: IL-2 receptor g, JAK3
T2B2NK1 DNA editing: RAG1/2, Artemis, ligase 4,

Cernunnos
T2B2NK2 Metabolic defects: adenosine deaminase, AK2
T2B1NK1 Cytokine signaling: IL-7 receptor a chain
CD81CD42B1NK1 Positive selection/signaling: MHC class II, p56lck
CD41CD82B1NK1 Signaling: ZAP70

JAK3, Janus kinase 3; RAG, recombination-activating gene; AK2, adenylate kinase 2;
ZAP70, zeta-chain associated protein kinase, 70 kD.
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inflammation and lack of pus formation.20 Although LAD is ac-
companied by a persistent granulocytosis, there is effectively a
tissue neutropenia caused by the underlying adhesion defect
that prevents the directed movement of these phagocytic cells
to sites of infection. Delayed umbilical cord separation is com-
monly seen in patients with LAD; however, LAD is very rare,
and most infants whose cords persist for up to 1 month are actu-
ally healthy. In patients with cyclic neutropenia, there are short
periods of fever, mouth ulcers, and infections recurring at inter-
vals of 18 to 21 days in concert with the decreased neutrophil
count. Other more common instances of neutropenia include
drug-induced and immune-mediated neutropenia.

In contrast, patients with chronic granulomatous disease have
significant problems with liver and bone abscesses, as well as
pneumonias with selected organisms, including Staphylococcus
aureus, Serratia marcescens, Burkholderia cepacia, and Nocar-
dia and Aspergillus species.21 Furthermore, they tend to have a
lower frequency of Escherichia coli and streptococcal species in-
fections compared with patients with neutropenia or LAD.

Finally, patients with hyper-IgE syndrome present with recur-
rent skin abscesses and cavitary pneumonias caused by S aureus
and other pyogenic bacteria and demonstrate chronic mucocuta-
neous candidiasis.22 In addition, they typically demonstrate spe-
cific nonimmunologic findings, such as coarse facial features,
scoliosis, hyperextensible joints, increased risk for bone fractures,
and delayed or failed shedding of primary dentition.23

Laboratory evaluation
Screening studies directed at the evaluation of neutrophil

function should start with a leukocyte count, differential, and

morphologic review (Table VIII). The diagnosis of cyclic neutro-
penia requires multiple absolute neutrophil counts 2 to 3 times a
week for at least 4 to 6 weeks.24 A diagnosis of severe congenital
neutropenia (Kostmann syndrome) is made with neutrophil
counts of less than 0.53 109/L on several occasions.24 Bone mar-
row analysis is useful to exclude insufficient production because
of neoplasia or other causes and to document other abnormalities,
such as the maturation arrest typical of Kostmann syndrome.

If neutropenia andmorphologic abnormalities are ruled out, the
evaluation should be directed at assays that provide functional
information about neutrophils. LAD workup involves flow
cytometric assessment of the neutrophil adhesion molecules
CD11 and CD18, the expression of which is absent or decreased
on neutrophils (and other leukocytes) from patients with LAD1.25

CD15 (Sialyl-Lewis X) expression is absent on neutrophils from
patients with LAD2.26

The neutrophil oxidative burst pathway can be screened with
either the nitroblue tetrazolium tests or a flow cytometric assay
(dihydrorhodamine 123 [DHR]), the results of both of which are
abnormal in patients with chronic granulomatous disease, but the
latter is a more sensitive test.27

The diagnosis of autosomal dominant and sporadic hyper-IgE
syndrome has been associated with heterozygous pathogenic
mutations in the gene encoding signal transducer and activator of
transcription (STAT) 3.28,29A consistent feature in this disorder is a
very increased IgE level (>2,000 IU/mL), andmore recently, low to
absent IL-17–producing T cells (TH17) have been demonstrated.30

Finally, evaluation of neutrophil-directed movement (chemo-
taxis) can be performed in vivo by using the Rebuck skin window
technique, as well as in vitrowith a Boyden chamber or a soft agar
system. Abnormalities of chemotaxis have been observed after

TABLE VII. Differential diagnosis of phagocyte defects and associated laboratory findings

Chronic granulomatous disease: defective oxidative burst by means of DHR assay or NBT
Leukocyte adhesion defects

LAD1: low/absent CD18 and CD11 expression by means of flow cytometry; persistent leukocytosis
LAD2: Bombay phenotype; absent CD15 (Sialyl-Lewis X) expression
LAD3: mutation analysis only

Chediak-Higashi syndrome: giant lysosomal inclusion bodies observed on morphologic review of granulocytes (with partial albinism)
Griscelli syndrome type 2: neutropenia without inclusion bodies (with partial albinism)
Severe congenital neutropenia: persistent neutropenia; maturation arrest on bone marrow studies
Cyclic neutropenia: intermittent neutropenia requiring serial measurements
X-linked neutropenia: altered WASP expression by means of flow or mutation analysis
G6PD and MPO deficiency: abnormal functional enzymatic assay
Hyper-IgE syndrome: IgE level >2,000 IU/mL; low TH17 cell numbers
Other disorders to be considered

Drug-induced neutropenia; autoimmune/alloimmune neutropenia; hypersplenism; chronic mucocutaneous candidiasis; TCII
deficiency; hyper-IgM syndrome, XLA; Schwachman-Bodian-Diamond syndrome; warts, hypogammaglobulinemia, immunodeficiency and
myelokathexis (WHIM) syndrome

NBT, Nitroblue tetrazolium;WASP, Wiskott-Aldrich syndrome protein; G6PD, glucose-6-phosphate dehydrogenase;MPO, myeloperoxidase; XLA, X-linked agammaglobulinemia.

TABLE VIII. Evaluation of suspected phagocyte defects

Absolute neutrophil count and morphologic analysis: congenital neutropenia syndromes and Chediak-Higashi syndrome
Oxidative burst by means of DHR or NBT assays: chronic granulomatous disease; rarely complete G6PD or MPO deficiency
CD18 (also CD11a, CD11b, and CD11c) expression by means of flow cytometry: LAD1
CD15 expression by means of flow cytometry: LAD2
Bombay phenotype: LAD2
Anti-neutrophil antibodies: autoimmune neutropenia
Bone marrow biopsy: exclude defective myeloid production in neutropenia syndromes
Chemotaxis/phagocytosis assays: limited utility

NBT, Nitroblue tetrazolium; G6PD, glucose-6-phosphate dehydrogenase; MPO, myeloperoxidase.
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use of certain pharmacologic agents, as well as in patients with
LAD, Chediak-Higashi syndrome, Pelger-Huet anomaly, and ju-
venile periodontitis. However, chemotactic tests are difficult to
perform, very hard to standardize, and available in only a limited
number of laboratories.

EVALUATING SUSPECTED NATURAL KILLER AND
CYTOTOXIC T-CELL DEFECTS
When to suspect

Deficiency in natural killer (NK) cell function has been
described in a limited number of patients with recurrent herpes
virus family infections. Another category of NK and cytotoxic T-
lymphocyte defects results in an uncontrolled inflammatory
response initiated in association with certain specific infections
that produces multiple organ damage (hemophagocytic lympho-
histiocytosis [HLH]). One of these disorders is XLP, which is
usually asymptomatic until the patient has an EBV infection and
then leads to an uncontrolled lymphoproliferative disorder that is
often fatal without aggressive treatment.31 Importantly, approxi-
mately 30% of patients with XLP present with hypogammaglob-
ulinemia without other symptoms. Bone marrow transplantation
is the only long-term cure for XLP.31

The clinical manifestations of familial HLH are rather non-
specific, requiring a high suspicion index for early diagnosis.32

They include persistent fever, hepatosplenomegaly, neurological
symptoms (ataxia and seizures), lymphadenopathy, and skin
rashes. Diagnosis mandates an immediate therapeutic response
and prompt referral for bone marrow transplantation because
this is currently the only curative approach. Disorders caused
by defective intracellular vesicle trafficking, such as Chediak-Hi-
gashi syndrome and Griscelli syndrome type 2, also commonly
manifest with a secondary lymphohistiocytic syndrome.32

Laboratory evaluation
Testing of NK cell function includes immunophenotyping NK

cells by means of flow cytometry and assaying cytotoxicity with
standard in vitro assays. Patients with XLP1 will demonstrate ab-
sent invariant-chain NK T cells in peripheral blood, as measured
by CD31Va241Vb111 staining.31 Additionally, intracellular
flow cytometry can be used to evaluate for expression of SAP
(SLAM-associated protein) and XIAP (X-linked inhibitor of ap-
optosis), the proteins defective in XLP1 and XLP2, respec-
tively.33,34 Absent protein would indicate disease, whereas
normal expression could be the result of an abnormal protein
that is not distinguished from the normal protein by means of
antibody staining. Therefore this screening test would require fur-
ther investigation directed at cell function when the protein is de-
tected in a patient suspected of having XLP. HLH is commonly
associated with cytopenias, including anemia and thrombocyto-
penia; increased liver function test results; hypofibrinogenemia;
and hypertriglyceridemia.32 High ferritin and circulating soluble
CD25 levels are also typical and represent laboratory findings
used to establish the diagnosis of HLH.32 Low intracellular perfo-
rin expression, as determined by flow cytometry, can be used to
diagnose HLH2, and decreased surface expression of CD107a
(LAMP1, lysosomal-associated membrane protein 1) on NK cells
after activation can predict the presence of mutations in
MUNC13-4 and syntaxin 11.35,36

EVALUATING SUSPECTED DEFECTS INVOLVING
THE ADAPTIVE-INNATE IMMUNITY INTERFACE
IL-12/23–IFN-g pathways

An emerging concept in the field of PIDs is that monogenic
disorders can cause recurrent severe infections involving 1 or a
very restricted range of pathogens.37 Recently, patients with se-
vere invasive infections caused by low virulence or environmen-
tal Mycobacteria and Salmonella species have been found to
harbor defects in genes encoding different components of the
IL-12/23–IFN-g pathway: the IFN-g receptor 1 gene (IFNGR1),
the IFN-g receptor 2 gene (IFNGR2), the IL-12 receptor b1 gene
(IL12RB1), IL12B, and STAT1.38 The 2 most prevalent genetic
defects among this group involve IL12RB1 and IFNGR1, typi-
cally resulting in absent cell-surface protein expression.39 This
can be readily assessed by using flow cytometry with monoclonal
reagents specific for these 2 proteins.25 In addition, there is an au-
tosomal dominant defect affecting IFNGR1 that results in over-
expression of the protein, and this also can be detected with
flow cytometry.40 Screening for other defects in IFN-g signaling
(abnormalities in IFNGR2 or STAT1) can be done by evaluating
monocyte STAT1 phosphorylation (by means of flow cytometry
or Western blotting) ex vivo in response to IFN-g.41 Defects in
IL-12 production can be tested by evaluating IL-12 production
in response to ex vivo stimulation of mononuclear cells with
LPS and IFN-g.

Toll-like receptor and NF-kB signaling defects
Recently, recurrent infections involving S pneumoniae and

Staphylococcus species have been associated with defects involv-
ing molecules of the Toll-like receptor (TLR) pathway, including
IL-1 receptor–associated kinase 4 (IRAK4), MYD88 (myeloid
differentiation primary response gene 88), and NEMO.42-44 One
of the distinctive features of patients with IRAK4 and MYD88
mutations is the markedly diminished inflammatory response to
infection with little or no fever and acute-phase reactants ob-
served.45 NEMOdeficiency is amore complexX-linked recessive
disorder with a wide-ranging clinical phenotype and varied de-
gree of immunologic abnormalities.5 Finally, susceptibility to
herpes simplex encephalitis has been linked to mutations in the
genes encoding the receptor, TLR3, and an accessory protein of
the TLR pathway, unc-93 homolog (UNC-93B).46,47 Additional
defects in TLR function associated with specific clinical pheno-
types are likely to be identified and represent an evolving field
in clinical immunology. Currently, the evaluation of TLR function
is confined to a limited number of centers that usually screen re-
sponse by stimulating mononuclear cells with various TLR-spe-
cific ligands and measuring cytokine production. This can then
be followed by direct sequencing of the suspected mutant gene
or genes involved in the specific TLR signaling process. Recently,
von Bernuth et al48 described a simplified assay for the screening
of TLR function that is reported to detect functional defects in the
signaling process by using whole blood samples. This assay in-
volves stimulation of leukocytes with a series of specific TLR lig-
ands and then evaluating for CD62L shedding from granulocytes
by using flow cytometry. In cells with intact TLR signaling path-
ways, CD62L is promptly shed from the cell surface in contrast to
the failure of CD62L shedding in cells from patients with IRAK4
or UNC-93B deficiency. One caveat is that the sample has to be
analyzed shortly after obtaining the blood sample to prevent inter-
pretation problems resulting from spontaneous CD62L shedding.
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The identification of this new class of defects has also opened
up potentially new therapeutic approaches, including the use of
IFN-g to augment antibiotics in selected patients with recurrent
mycobacterial disease. In the case of herpes simplex encephalitis,
the findings that patients with UNC-93B and TLR-3 defects have
diminished virally induced type 1 interferon production suggests
that supplementation of conventional antiviral therapy with IFN-
a could be beneficial in terms of decreasing morbidity, but this
study has yet to be undertaken.49

EVALUATING SUSPECTED COMPLEMENT
DISORDERS
When to suspect

The clinical setting in which complement defects should be
suspected depends on the site of the defect. Abnormalities in the
early components of the classical complement pathway (C1, C4,
and C2) typically manifest as systemic lupus erythematosus–like
autoimmunity, but recurrent sinopulmonary infections are also
seen, especially in C2 deficiency.50 Defects in C3 produce a clin-
ical phenotype that is indistinguishable from an antibody defect,
although this complement deficiency is markedly less frequent
than humoral immunodeficiencies.51 Defects in the late compo-
nents of complement producing defects in the generation of the
membrane attack complex (C5-C9) present with increased sus-
ceptibility to infections with Neisseria species that might not
manifest until adolescence or young adulthood.51 Clinically,
these patients manifest neisserial meningitis, sepsis, or gonococ-
cal arthritis. Alternative complement pathway defects, including
properdin, factor B and factor D deficiencies also present with se-
vere neisserial and other bacterial infections. Factor H deficiency
is associated with atypical (not associated with diarrhea) hemo-
lytic uremic syndrome or glomerulonephritis and also with sec-
ondary C3 deficiency that can result in recurrent pyogenic
infections.51 Finally, C1 esterase inhibitor deficiency causes he-
reditary angioedema, whereas DAF (decay-accelerating factor)
and CD59 defects are seen in patients with paroxysmal nocturnal
hemoglobinuria.51

Laboratory evaluation
The best screening test for defects in the classical complement

pathway is the total hemolytic complement activity (CH50) assay,
whereas the AH50 assay screens for defects in the alternative
complement pathway. Assuming correct handling of the serum
sample (complement components are very labile), a classical

complement component deficiency will result in virtual absence
of hemolysis on CH50 testing in contrast to the markedly
decreased but not absent results seen in diseases like systemic
lupus erythematosus. A decreased AH50 test result suggests a
deficiency in factor B, factor D, or properdin. A decrease in both
CH50 and AH50 test results suggests deficiency in a shared
complement component (from C3 to C9).

Selected component immunoassays are available in larger
laboratories, whereas specific component functional testing is
typically only available in a very limited number of specialized
complement laboratories.

EVALUATING SUSPECTED IMMUNE
DYSREGULATION DISORDERS
When to suspect

Under this category are included monogenic autoimmune
disorders, such as the autoimmune lymphoproliferative syndrome
(ALPS); the immunodysregulation, polyendocrinopathy, enter-
opathy, X-linked syndrome (IPEX); and the autoimmune, poly-
endocrinopathy, candidiasis, ectodermal dystrophy syndrome
(APECED; Table IX). Patients with ALPS present early in life
with persistent nonmalignant lymphadenopathy and splenomeg-
aly commonly accompanied by immune thrombocytopenia, he-
molytic anemia, or both.52 Organ-specific or vasculitic-type
autoimmunity is rarely seen in patients with ALPS. IPEX is an im-
munologic emergency and typically presents in the neonatal pe-
riod with severe watery or bloody diarrhea, skin eczema, and
type 1 diabetes.53 An immediate diagnosis is mandatory because
these children require aggressive immunosuppression to control
the acute symptoms, and bonemarrow transplantation is currently
the only curative therapy that should be undertaken before islet
cells are destroyed, if at all possible. Finally, APECED is charac-
terized by endocrine organ–directed autoimmunity (adrenal in-
sufficiency and hypothyroidism) and chronic mucocutaneous
candidiasis.54 Patients might also have type 1 diabetes, gonadal
failure, pernicious anemia, autoimmune hepatitis, and cutaneous
manifestations. This is usually not a life-threatening condition,
and immunosuppression is usually not required, with specific
therapy directed at the endocrine abnormalities.

Laboratory evaluation
The diagnosis of ALPS currently requires the presence of

compatible clinical symptoms and the presence of a characteristic
T-cell population on immunophenotyping that expresses CD3 and

TABLE IX. Main clinical and laboratory findings of immune dysregulation syndromes and causative genes

Disorder Distinctive clinical findings Key laboratory findings Gene(s) involved

ALPS Lymphadenopathy, splenomegaly, autoimmune
hemolytic anemia and/or thrombocytopenia, high
risk for lymphomas

[ CD31ab-TCR-ab1CD42CD82 cells,
hypergammaglobulinemia, Coomb positive,
[ plasma IL-10 levels, [ serum vitamin B12
levels, [ soluble Fas ligand levels

FAS, FASL, CASP8, CASP10, NRAS

IPEX Early-life enteritis, dermatitis, autoimmune
endocrinopathy
(usually type 1 diabetes)

[ IgE levels, diminished FoxP31 CD4 T-cell
subpopulation

FOXP3

APECED Adrenal insufficiency, hypothyroidism, chronic
mucocutaneous candidiasis

Organ-specific autoantibodies AIRE

FASL, Fas ligand; CASP8, caspase 8; CASP10, caspase-10, NRAS, neuroblastoma RAS viral oncogene homolog; FOXP3, forkhead box protein 3; AIRE, autoimmune regulator.
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ab-TCR but does not express CD4 or CD8 markers, which are
referred to as double-negative T cells (Table IX). Determination
of this T-cell subpopulation requires the use of antibodies to
ab-TCR because most double-negative T cells in normal samples
are gd-TCR1 and are not relevant for establishing a diagnosis of
ALPS. Normal ranges for ab double-negative T cells should be
established for each laboratory. At the National Institutes of
Health, more than 1% of the total lymphocyte population is con-
sidered abnormal in adults. Other supporting features include hy-
pergammaglobulinemia and increased plasma IL-10, vitamin
B12, and soluble Fas ligand levels (J.B.O. and T.A.F., unpub-
lished observations).55 In addition, for a diagnosis of certainty,
one must demonstrate defective lymphocyte apoptosis in vitro
or the presence of a mutation on FAS, FASL (FAS ligand),
CASP8 (caspase-8), CASP10 (caspase-10), or NRAS (neuroblas-
toma RAS viral oncogene homolog).56-61

Screening for IPEX is based on demonstrating absent or
diminished population of forkhead box protein 3 (Foxp3)–
expressing CD4 T cells in the peripheral blood, as assessed by
intracellular flow cytometry. Another common laboratory finding
is a marked increase in IgE levels. The gold standard for diagnosis
is the demonstration of mutations on the FOXP3 gene. However,
in approximately 50% of patients with clinical findings compati-
ble with IPEX, nomutation is demonstrated (Troy Torgerson, per-
sonal communication). Diagnosis of APECED in the setting of a
clinically consistent phenotype currently requires sequencing of
the AIRE (autoimmune regulator) gene.

CONCLUSION
Laboratory testing serves as the critical approach necessary for

evaluating immune function in the setting of a patient with a
history of recurrent infections, unusual infections, or both. The
appropriate and directed use of immune function testing provides
not only critical diagnostic information but also directs decisions
regarding the most appropriate therapy. The latter is crucial to
limit disease-associated morbidity. The use of the laboratory in
evaluating the immune system should not follow a shotgun
approach but rather should be a focused evaluation using specific
testing in an orderly process based on the clinical history.
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Allergen immunotherapy

Anthony J. Frew, MD, FRCP Brighton, United Kingdom

Specific immunotherapy (SIT) involves the administration of
allergen extracts to achieve clinical tolerance of those allergens
that cause symptoms in patients with allergic conditions.
Immunotherapy is effective in patients with mild forms of
allergic disease and also in those who do not respond well to
standard drug therapy. Most SIT is given by means of injection,
but there is increasing interest in performing SIT through the
sublingual route. SIT remains the treatment of choice for
patients with systemic allergic reactions to wasp and bee stings
and should be considered as an option in patients with allergic
rhinitis, asthma, or both. SIT can modify the course of allergic
disease by reducing the risk of new allergic sensitizations and
inhibiting the development of clinical asthma in children treated
for allergic rhinitis. The precise mechanisms responsible for the
beneficial effects of SIT remain a matter of research and debate.
An effect on regulatory T cells seems most probable and is
associated with switching of allergen-specific B cells toward
IgG4 production. Few direct comparisons of SIT and drug
therapy have been made. Existing data suggest that the effects of
SIT take longer to develop, but once established, SIT achieves
long-lasting relief of allergic symptoms, whereas the benefits of
drugs only last as long as they are continued. (J Allergy Clin
Immunol 2010;125:S306-13.)

Key words: Immunotherapy, immunomodulation, rhinitis, asthma,
T cell, B cell, IgE, IgG, sublingual

In allergen specific immunotherapy (SIT) allergen extracts are
given to patients with allergic conditions to modify or abolish their
symptoms.The process is specific in that SIT targets those allergens
identifiedby the patient and physician as responsible for symptoms.
Although the precise mechanisms involved remain uncertain, there
is a substantial body of clinical evidence and practice to support the
use of SIT. Before deciding to use SIT, the patient’s condition needs
to be carefully assessed, with particular regard to allergic triggers.
In addition, because the course of treatment is lengthy and rela-
tively expensive, there must also be an assessment of the risks
and costs compared with those of symptomatic treatment with an-
tihistamines and topical corticosteroids.

Immunotherapy was first developed at St Mary’s Hospital
London at the end of the 19th century,1 andmany of the basic prin-
ciples described by Noon and Freeman remain valid today. How-
ever, over the years, SIT has evolved in different ways in different
centers and in different countries, leading to varied treatment reg-
imens and distinct philosophic approaches to the therapy. Indeed,
much of the early literature on SIT is striking for its clinical em-
piricism and the lack of the type of objective evidence that would
be required if this technique were to be introduced nowadays.
Unfortunately, this has allowed critics to level charges of unscien-
tific practice against allergists, even though the same point could
be made about a whole range of medical practice. In recent years,
clinical trials conducted according tomodern principles have con-
firmed the effectiveness of SIT and have validated several of the
alternative regimens that have been tried over the years. However,
there is still a range of clinical practice and a variety of strongly
held opinion about the best way to perform SIT. In particular,
American allergists tend to treat for all sensitivities identified as
clinically relevant on skin testing using mixtures of extracts pre-
pared from bulk vials, whereas in Europe patients are normally
only treated with a single allergen, which is supplied direct
from the manufacturer. Mixed allergen extracts are available
and used in some parts of Europe but only as custom mixes
from manufacturers. Another difference in clinical practice is
that allergen extracts used in the United States are prepared in
the allergist’s office, whereas those used in Europe are usually
supplied by the manufacturer in their final form. European ex-
tracts are dialyzed to remove low-molecular-weight components
and standardized according to their ability to elicit a wheal. In the
United States extracts might not be dialyzed; although ragweed
and cat extracts are standardized in terms of major allergen con-
tent, most extracts are standardized by their ability to elicit ery-
thema rather than wheal. However, at the end of the day, the
basic aims and principles of SITare similar worldwide: the differ-
ences are in the details.

Typically, patients receive a course of injections, starting with a
very low dose of allergen and building up gradually until a plateau
or maintenance dose is achieved. Maintenance injections are then
given at 4- to 6-week intervals for 3 to 5 years. The updosing
phase is generally given as a series of weekly injections, but
several alternative induction regimens have been tried, some
giving several doses on each day and then waiting a week before
giving a further series of injections (cluster protocol), whereas
others give the whole series of incremental injections in a single
day (rush protocol). The main drawback to the rush protocol is the
risk of adverse reactions, which are much more common than in
conventional or cluster protocols. On the other hand, full

Abbreviations used
EPD: Enzyme-potentiated desensitization
SIT: Specific immunotherapy

SLIT: Sublingual immunotherapy
VIT: Venom immunotherapy

From the Department of Respiratory Medicine, Brighton & Sussex Medical School,
Brighton, United Kingdom.

Disclosure of potential conflict of interest: A. J. Frew is on the Advisory Board for
Allergopharma and Stallergenes; gives lectures for MSD, Schering-Plough, and
Novartis; gives lectures and is on the Advisory Board for ALK-Abelló, UK; has
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protection against anaphylaxis induced by Hymenoptera stings
can be attained in a few days comparedwith the 3months required
with the conventional regimen.

MECHANISMS OF IMMUNOTHERAPY
The primary reason for studying the mechanisms of SIT is to

seek out the element or elements that are biologically important
and hence devise new forms of immunotherapy that might
improve efficacy, increase safety margins, shorten treatment
courses, or achieve more durable results. Several mechanisms
have been proposed to explain the beneficial effects of immuno-
therapy (Table I). Whether administered by means of injection or
sublingually, SIT induces changes in T-cell and antibody re-
sponses. The challenge for clinical scientists has been to work
out which of the observed changes drive the clinical benefit and
which are just epiphenomena. Allergen-specific IgE levels in-
crease temporarily during the initial phase of SIT but fall back
to pretreatment levels during maintenance therapy.2 The immedi-
ate wheal-and-flare response to skin testing usually reduces dur-
ing the initial phases of SIT, but this effect is relatively small
compared with the degree of clinical benefit. In contrast, the
late-phase response to skin testing is virtually abolished after suc-
cessful SIT. Similar patterns are observed for late-phase
responses in the nose and airways.3 SITalso induces allergen-spe-
cific IgG antibodies, particularly antibodies of the IgG4 subclass.
At one time, it was believed that these antibodies might intercept
the allergenic particles at the mucosal surface and ‘‘block’’ the al-
lergic response. Current opinion is against this, partly because the
increase in IgG levels follows rather than precedes the onset of
clinical benefit and partly because manymast cells are on the mu-
cosal surfaces and therefore meet allergen before antibodies can
interpose themselves. Moreover, there is a poor correlation be-
tween the amount of allergen-specific IgG and clinical protection.
In most studies the IgG level correlates better with the dose of al-
lergen that has been given rather than with the degree of protec-
tion achieved. That said, there has been a recent resurgence of
interest in a possible inhibitory role of specific IgG antibodies
in grass pollen immunotherapy.4 In particular, the time course
of this effect raises the possibility of specific IgG antibodies inter-
fering with IgE-dependent cytokine secretion from mast cells or
facilitated antigen presentation to T cells.

SIT also induces changes in allergen-specific T-cell responses.
In nasal and skin allergen challenge models, successful SIT is
accompanied by a reduction in T-cell and eosinophil recruitment
in response to allergen. In parallel, there is a shift in the balance of
TH1 and TH2 cytokine expression in the allergen-challenged site.
TH2 cytokine expression is not affected, but there is an increased
proportion of T cells expressing the TH1 cytokines IL-2, IFN-g,
and IL-12.5-7 After venom SIT, there is induction of allergen-spe-
cific CD41 regulatory T cells that express CD25, forkhead box
protein 3, and IL-10, as well as a shift in TH1/TH2 balance.

8,9 Sim-
ilar findings have also been reported after SITwith inhalant aller-
gens.10 IL-10 has a complex series of actions on the immune
response, including downregulation of T cells and induction of al-
lergen-specific IgG4 antibodies, which probably explains the
IgG4 response to SIT. If the IL-10 effect on T cells is what mat-
ters, then the IgG4 response should perhaps be viewed as a surro-
gate marker of IL-10 induction rather than the beneficial
mechanism of SIT.11 Overall, it is clear that SIT has a modulatory
effect on allergen-specific T cells, and it seems that this is why

clinical and late-phase responses are attenuated without suppres-
sion of allergen-specific antibody levels or immediate allergic
responses.

CLINICAL INDICATIONS
SIT for venom hypersensitivity

Anaphylaxis to Hymenoptera venom is relatively rare but can
be fatal. Venom-specific IgE antibodies are found in 30% to 40%
of all adults for a few months after a sting, but these usually
disappear in a few months. This response is related to the total
serum IgE level and the patient’s IgE response to inhalant
allergens. Some unlucky subjects react more vigorously with
high concentrations of venom-specific antibodies, which can
persist for many years without further exposure to stings. This
group of patients are at risk of anaphylaxis to subsequent stings,
and a small number die from anaphylaxis each year. Precise
figures are hard to come by, but a figure of at least 40 deaths per
year in the United States has been cited. Additional sting-related
deaths may have occured in persons reported to have died of
unknown cause.12

The purpose of venom immunotherapy (VIT) is 2-fold: to
reduce the risk of fatality and to improve the patient’s quality of
life by allowing him or her to go out and work or play without
worrying about the possibility of a serious allergic reaction. Given
the relatively small number of fatalities, the main effect of VIT is
on a person’s quality of life. The decision to proceed with VIT is
based on a careful assessment of the patient, as well as an
understanding of the natural history of venom allergy.13 Patients
who have experienced systemic symptoms after a sting are at
much greater risk of anaphylaxis on subsequent stings compared
with patients who have only had large local reactions. The fre-
quency of systemic reactions to stings in children and adults
with a history of large local reactions is about 5% to 10%,whereas
the risk in patients with a previous systemic reaction is between
30% and 70%. In general, children are less at risk of repeated sys-
temic reactions, as are those with a history of milder reactions.
With time, the risk of a systemic reaction decreases: by 10 years
after a previous systemic response, the risk is about 15% com-
pared with the general population’s risk of 2% to 3%. Occupa-
tional and geographic factors that might affect the likelihood of
future stings should also be considered. Bee stings are much
more common in beekeepers, their families, and their neighbors.
For most persons, wasp stings are sporadic, but they are an occu-
pational hazard for bakers, greengrocers, gardeners, tree sur-
geons, for example. Other factors to consider are the potential
risks of emergency treatment with epinephrine and the various
medical contraindications to SIT (see below).

Desensitization with venom accelerates the rate at which the
risk decreases and rapidly provides protection against field and
laboratory stings. After completing VIT, there is a residual risk of
systemic reactions of approximately 10%, but when reactions do
occur to stings after VIT, they are typically mild. Patients who

TABLE I. Possible mechanisms of immunotherapy

Reduction in specific IgE levels (long-term)
Induction of IgG (blocking) antibodies
Reduced recruitment of effector cells
Altered T-cell cytokine balance (shift to TH1 from TH2)
T-cell anergy
Induction of regulatory T cells
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receive VIT should be supplied with antiallergic medication for
use in the event of a sting during or after therapy. Some allergists
recommend providing injectable epinephrine during therapy, but
this is not generally considered necessary once the patient has
reached the maintenance dose of SIT.

SIT for allergic rhinitis
SIT is a useful treatment for allergic rhinitis, especially when

the range of allergens responsible is narrow. As with all forms of
SIT, it is important to select patients appropriately. The allergic
basis of the rhinitis should be carefully assessed based on both
history and skin or blood test results, and other causes of nasal
symptoms should be excluded. Direct challenge tests to assess
nasal sensitivity to allergen are not used in routine clinical
practice but might be useful for assessing effectiveness in clinical
trials. The most difficult group to assess are patients with
persistent nonseasonal rhinitis, especially those who have small
positive skin test responses to house dust mite or other perennial
allergens. In this group it can be extremely difficult to determine
whether the patient’s symptoms are truly due to allergy or whether
they have nonallergic rhinitis and just happen to be sensitized to
an allergen that is not clinically relevant. This difficulty in
determining clinical relevance contributes to the reported lower
degree of efficacy in SIT trials with perennial allergens compared
with SIT for seasonal allergies.

The effectiveness of SIT in patients with intermittent (seasonal)
allergic rhinitis has been confirmed in many trials with grass,
ragweed, and birch pollen extracts.14 Importantly, SIT has been
shown to be effective even in patients with severe seasonal rhinitis
caused by grass pollen that is resistant to conventional drug ther-
apy.15 Importantly, this study showed that patients with multiple
allergic sensitizations responded at least as well as those who
were monosensitized to grass pollen.

The benefits of 1 year’s treatment wear off quickly,16 but there
are good data showing that 3 years’ therapy provides lasting ben-
efit.17 Less well-controlled data show that the effects of SIT can
persist for many years after discontinuing therapy.18 This contrasts
with conventional drugs, the effects of which wear off very soon
after discontinuing therapy. The benefits of SIT for perennial rhi-
nitis are less than those for seasonal rhinitis. In part, this reflects
the difficulty in determining the extent to which allergy is respon-
sible for perennial symptoms. Sensitization to house dust mite is
common and does not always cause symptoms. Conversely, there
are other causes of perennial rhinitis, including vasomotor insta-
bility, infection, and aspirin sensitivity. Nevertheless, clinical trials
have shown a definite benefit in appropriately selected subjects.
Clearer evidence has been obtained in patients with rhinitis caused
by pet allergy. Several studies have shown a marked improvement
in tolerance of cat exposure after SIT, which was confirmed both
on challenge tests and simulated natural exposure.19

As with any therapy, the risks and cost-effectiveness of SIT
need to be assessed on a case-by-case basis. Current drug therapy
for rhinitis can be very effective, but a significant minority of
patients have suboptimal control of their symptoms.20 Some pa-
tients with rhinitis experience nosebleeds from intranasal steroids
or excessive drowsiness from their antihistamines; others find
pharmacotherapy inconvenient or ineffective. Moreover, we are
now more aware of the adverse effects of rhinitis on quality of
life. SIT offers a useful option for these patients, as well as a log-
ical approach to dealing with the underlying problem.

SIT for asthma
Immunotherapy has been widely used to treat allergic asthma,

although the introduction of effective inhaled therapies has
changed the general pattern of asthma care. Concern over adverse
reactions, including a small number of fatalities, has led some
countries (eg, the United Kingdom) to restrict the use of SIT for
asthma treatment, although asthma remains a common indication
for SIT in many parts of North America and continental
Europe.21,22

Current drug therapies for asthma aim to suppress airways
inflammation and relieve bronchospasm. None of these treat-
ments are curative, and asthma recurs rapidly on ceasing treat-
ment. Allergen avoidance helps in some patients with allergic
asthma, but although extreme forms of allergen avoidance (eg,
admission to the hospital and sending children to holiday homes
at altitude) can improve asthma control, there is only limited
evidence for benefit with the degree of allergen avoidance that can
be achieved in suburban homes. There is thus the scope for
improving asthma care and for identifying allergen-specific
therapies. SIT offers the possibility of deviating the immune
response away from the allergic pattern and toward a more
protective or less damaging response. However, SIT remains
controversial as a treatment for asthma because of the potential
side effects.

The efficacy of SIT in adult asthma has been assessed in many
trials over the last 65 years. The results of these studies have often
been difficult to interpret, either because poor-quality allergen
extracts were used or because of poor study design. Many trials
were not placebo controlled; theywere either open or single blind,
and in most cases, only small numbers of patients were treated. A
recently updated meta-analysis22 identified 75 articles published
between 1954 and 2001. Thirty-six of these were for mite allergy,
20 for pollen allergy, 10 for animal dander allergy, 2 for mold al-
lergy, and 1 for latex allergy, and 6 used combinations of aller-
gens. Concealment of allocation was clearly adequate in only
15 trials. A wide variety of different measurements were made,
which makes it difficult to comment on the overall effectiveness
of SIT. Symptom scores improved in the treated groups; it was
necessary to treat 4 patients to prevent 1 from experiencing symp-
tom exacerbation and to treat 5 patients to prevent 1 from needing
an increase in medication use. SIT reduced the airways response
to inhalation of specific allergen and also improved nonspecific
bronchial reactivity.

Three double-blind, placebo-controlled studies have found that
SIT has a beneficial effect in patients with grass pollen–induced
asthma, as assessed by a reduction in asthma symptom and
treatment scores. Active treatment led to a 60% to 75% reduction
in symptom scores compared with those seen in placebo-treated
patients. An important study of SIT for ragweed allergy found that
patients who received active injections had an improvement in
peak flow rates during the pollen season, as well as reduced hay
fever symptoms and reduced sensitivity to laboratory challenge
with ragweed pollen extracts.23 In addition, the active group re-
quired much less antiasthma medication. However, the parallel
economic analysis indicated that the cost savings in asthma drugs
was less than the costs of SIT.

In asthmatic patients sensitive to cats, SIT reduces both the
early asthmatic response to inhaled allergen and responses to
simulated natural exposure in a ‘‘cat room.’’ Interestingly, there
was no protection against allergen-induced increases in
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nonspecific bronchial hyperresponsiveness, despite the clear
delay in onset of symptoms and an overall reduction in symptoms
and peak flow recordings after exposure to cats. Others have
found reductions in both specific and nonspecific bronchial
reactivity after SIT for cat allergy (measured by using inhalation
challenges with cat extract and histamine, respectively).24

The main drawback in using SIT to treat asthma is the risk of
serious adverse reactions. The vast majority of fatal reactions to
SIT have occurred in patients with asthma, and although asthma is
not an absolute contraindication, it is clear that patients with
unstable asthma should not be offered SIT, and caution should be
exercised in anyone with an increased level of asthma symptoms
or transiently reduced peak flow rates.

Comparison of SIT with other types of treatment for
asthma

The majority of clinical trials of SIT for patients with asthma
have compared SIT either with untreated historical control
subjects or with a matched placebo-treated group. To date, the
effectiveness of SIT in patients with asthma has rarely been
compared with conventional management (avoidance measures
and inhaled or oral antiasthma drugs). One recent study assessed
SIT in asthmatic children receiving conventional drug therapy
and found no additional benefit in patients who were already
receiving optimal drug therapy.25 There were some significant
flaws in the design of this study, and further work of this type is
urgently needed.

Effects on natural history of allergic disease
Children often start with a limited range of allergic sensitivities

and progress over time to have IgE against a wider range of inhaled
allergens. Treatment with SIT might limit this tendency to acquire
new sensitizations,26 although the clinical benefit of this preventive
effect is not clear. A proportion of patients with allergic rhinitis
develop asthma each year. This annual rate of progression has
been estimated at 5% in college students,27 but this is perhaps sur-
prisingly an area of considerable ignorance. A number of long-
term epidemiologic studies are now in progress under the auspices
of the International Study of Asthma and Allergies in Childhood,
and these should eventually shed light on the rate of progression
at different ages and the extent of regional and international varia-
tion. It has been suggested that SIT might modify the natural his-
tory of asthma in children who are known to be atopic but have not
yet developed asthma. Only limited data are available to support
this proposition. In the key study a group of 205 children aged 6
to 14 years without previously diagnosed asthma were treated
with SIT for birch or grass pollen allergy in an open randomized
design. Three years after completing treatment, 45% of the un-
treated group had asthma, whereas only 26% of the treated group
had asthma. These results have been sustained out to 7 years after
completing therapy. Thus 4 children had to be treated to prevent
1 case of asthma, which makes this an extremely effective ther-
apy.28 SIT might also modify the progression of established
asthma. An early open study with uncharacterized mixed allergen
extracts supported this view, with about 70% of treated children
losing their asthma after 4 years’ therapy compared with about
19% of untreated control subjects, a result that was sustained up
to the age of 16 years. The proportion of children whose asthma
was severe at age 16 years was also much lower in the treated

group.29 By modern standards, this study was not well designed,
and it needs repeating with modern SIT extracts in an up-to-date
trial design.

In contrast, there is no current evidence that SIT influences the
evolution of established asthma in adults. Studies that have
investigated withdrawal of therapy have found rapid recurrence of
asthma symptoms, although rhinitis symptoms seem to show
much more sustained relief after SIT.30

Thus SIT is a valid but controversial treatment for asthma.
Although it seems entirely logical to try to treat allergic disorders
by specifically suppressing the immune response to the triggering
agents, the critical issue is whether SIT in its present form is the
best option for managing patients with asthma. To assess this
properly would require comparisons of best current SIT versus
best current drug therapy, with robust end points including
symptoms, objective measures of lung function, evaluation of
cost/benefit ratios, safety, and quality of life. In vitro and in vivo
measures, such as skin test responses or allergen-specific IgG4
measurements, are not sufficiently specific or sensitive to serve
as surrogates for clinical efficacy. To date, there have been rela-
tively few well-controlled studies of SIT in asthmatic subjects,
but there is increasing evidence that SIT is beneficial in patients
with mite-induced and pollen-induced asthma. The clinical effi-
cacy of SIT in adult asthmatic patients sensitive to cats or molds
is less certain, and no comparative studies with conventional
treatment have been performed. Further clinical trials are indi-
cated, particularly in patients with mild-to-moderate childhood
asthma and also in patients with atopic disease who have not
yet had asthma but are at high risk of progression to asthma.

Safety of SIT
The most obvious risk of SIT is that of provoking a systemic

allergic reaction. In the United Kingdom between 1957 and 1986,
26 fatal reactions caused by SITwere reported to the Committee
on Safety ofMedicines.31 The indication for SITwas documented
in 17 of the fatal cases, 16 of whomwere in patients receiving SIT
to treat their asthma. Similarly, in the American Academy of Al-
lergy, Asthma & Immunology inquiry into SIT-associated deaths,
asthma appeared to be the cause of death in most of the fatal
cases.32,33 In those cases in which asthma was not cited as a con-
tributory factor, asthma statuswas not documented, whereas bron-
chospasm was a feature of the clinical course of the fatal
anaphylactic reactions. The incidence of systemic reactions in pa-
tients receiving SIT for asthma varies between series and has been
reported to range from5% to35%.The central issue in using safety
as an end point is that we have to accept that all treatments carry
risks. Where differential risks exist between therapies, a more
risky therapy can only be justified if that therapy offers substantial
additional benefit over the safer therapy. The science of assessing
risk/benefit ratios is still in its infancy, and we have to recognize
that even when faced with the same facts, different patients and
agencies can come to widely varying risk assessments. However,
where possible, we should take steps to minimize the risks.

Separately, there is some concern about the use of immuno-
modulatory treatments in patients with autoimmune disorders,
immunodeficiency syndromes, or malignant disease. Although
there is no hard evidence that SIT is actually harmful to these
patients, some clinicians feel uncomfortable about manipulating
the immune system in such patients, not least because of the risk
that spontaneous and unrelated variations in the autoimmune
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disorder or cancer might be blamed on SIT. However, provided
the risks and benefits are weighed and discussed with the patient,
SIT can be administered where the risk/benefit ratio is considered
to be in favor of treatment. Other medical contraindications to SIT
include the coexistence of significant cardiac disease that might
be exacerbated by any adverse reactions to SIT. b-Blockers are
also contraindicated in patients receiving SIT. Although they do
not increase the risk of adverse reactions, they will prevent the
patient from responding to the epinephrine that might be needed
to treat adverse reactions to SIT. Where the indication for SIT is
strong, alternatives to b-blockers should be used so that the SIT
can be given safely. Some clinics advise avoiding angiotensin-
converting enzyme inhibitors because they can accentuate angi-
oedema (angiotensin receptor antagonists [sartans] do not share
this property).

Alternative forms of immunotherapy
Alternative allergy practice covers 3 principal themes: the use

of unconventional diagnostic tests to seek causative agents for
diseases that everyone agrees are allergic in origin; the use of
unconventional therapies to treat allergic disease; and the diag-
nosis and therapy of diseases that are not conventionally consid-
ered to involve allergic mechanisms. Alternative immunotherapy
regimens fall into the second of these categories, but the other 2
areas fall outside the scope of this review.

Unconventional forms of immunotherapy include the use of
topical immunotherapy, enzyme-potentiated desensitization (EPD),
and homeopathic desensitization.

Topical immunotherapy. High-dose topical immunother-
apy regimens were used in the first half of the 20th century but
subsequently fell into disrepute. The last 20 years have seen a
revival of interest in sublingual immunotherapy (SLIT). The
precise mechanisms by which sublingual SIT works remain
unclear. In mice locally administered allergen is taken up by
mucosal dendritic cells and then presented to T cells together with
IL-12, biasing the response toward a TH1 profile and away from
the pro-IgE TH2 profile. It is less clear whether this mechanism
can suppress established allergic responses. In contrast, the im-
munologic response to SLIT in human studies has been relatively
modest. Some changes have been found in skin sensitivity, but
most studies have not found any change in systemic parameters,
such as specific IgE, specific IgG, or T-cell cytokine balance.

A body of evidence has accumulated from well-conducted
clinical trials indicating that SLIT can be effective, with up to
30% to 40% reductions in symptom scores and rescue medication
use in patients with seasonal allergic rhinitis.34 Treatment regi-
mens typically involve a rapid build-up phase followed by treat-
ment given either daily or 3 times per week with rapidly
dissolving tablets containing allergen extracts. Some preparations
are supplied in liquid form, with a calibrated dropper. A recent
meta-analysis of SLIT found 22 studies in which 979 patients re-
ceived active therapy.34 Although many of these studies were
small and inconclusive, the combined results indicate that SLIT
is indeed effective, with an estimated power of about two thirds
that seen in comparable studies of injected SIT. Local side effects
were common but well tolerated.

In the grass pollen tablet trials about half the patients experi-
enced some local irritation with the first dose. This was minor and
generally did not require a reduction in subsequent doses. About
half of those with initial side effects had lost these by the eighth

day of treatment; only 1 in 25 of all patients had continuing local
side effects after 3 months treatment.35 Systemic side effects were
relatively rare, and none of the side effects were judged to be life-
threatening. For perennial allergens, less trials data are avail-
able,36 and only limited data are available in children, although
the most recent studies have been encouraging.37,38 Other forms
of topical immunotherapy (oral and nasal) have limited efficacy
but are associated with high levels of side effects.

SLIT is now being used routinely in some parts of Europe
(especially Italy and France), but often the doses and regimens
being prescribed are different from those used in the clinical trials.
As performed in the published trials, SLIT involves giving 20 to
400 times the total dose that would be given in a course of injected
SIT. There is no evidence that giving smaller doses sublingually
has any clinical effect.Overall, SLIT is likely towiden the scope of
SIT and bring in additional prescribers. As with all forms of
immunotherapy, patient selection will be the key to ensuring that
therapy is targeted to those who are likely to benefit from it.

Some areas of uncertainty remain. For example, the optimum
duration and durability of therapy have not been defined. Recent
clinical trials have confirmed that the benefits of SLIT persist for
the first year after discontinuing treatment, but if they do persist,
for how long do they persist? Based on experience with injected
SIT, manufacturers recommend that SLIT should be continued for
3 years, although most clinical trials were short-term (6-12
months). For seasonal allergens, most open-label use in clinical
practice has been intermittent, starting 2 to 3 months before the
season and stopping at the end of the season. However, the
manufacturer of the only licensed product recommends starting 4
months before the first grass pollen season and continuing
throughout the year for 3 years. This has major implications for
direct costs and cost-effectiveness,39 and some supporting data
would be welcome.

The relative efficacy of SLIT and injected SIT has not been
determined. The only published comparative studies were far too
small to produce meaningful results.40,41 Based on the effect size
seen in the meta-analyses,14,34 it seems likely that SLIT has be-
tween 60% and 100% of the efficacy of injected SIT, although
it is difficult to make a true comparison.

EPD. In EPD very small doses of allergens are given together
with the enzyme b-glucuronidase. The allergen doses are ap-
proximately 0.1% of the doses used in conventional SIT, and side
effects are apparently not encountered. The theory behind EPD is
that the b-glucuronidase enables the allergen to gain access to the
immune system more efficiently than is possible with conven-
tional SIT. No convincing evidence has been published to support
the efficacy of EPD.

Homeopathic desensitization. A detailed discussion of
the principles underlying homeopathy lies outside the scope of
this chapter. However, homeopathy espouses the concept that
diseases can be treated with very small doses of substances that
cause similar symptoms. Some homeopathic remedies aremimics
of the disorder, whereas others use the actual material that triggers
the disorder. Thus homeopathic remedies for hay fever bear some
superficial similarity to SIT. A systematic review of homeopathy
has concluded that homeopathy did appear to offer some benefit
in patients with hay fever and cited trials of homeopathy in hay
fever as an example of good practice in homeopathic research.42

However, a more recent, carefully controlled study of homoeopa-
thy for house dust mite allergy found no evidence of any benefit in
patients with asthma.43
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FUTURE DIRECTIONS
There is scope to improve conventional SIT (Table II). Possi-

ble avenues include the use of recombinant allergens, which
would improve standardization of allergen vaccines and might
allow fine tuning of vaccines for patients with unusual patterns
of reactivity. Most allergic patients react to the same components
of an allergen extract, the so-called major allergens, which are
defined as those allergens recognized by more than 50% of
sera from a pool of patients with clinically significant allergy
to the material in question. However, not all patients recognize
all major allergens, and some patients only recognize allergens
that are not recognized by the majority of allergic patient sera.
This latter group might not respond to standard extracts but
might be better treated with a combination of allergens to which
they are sensitive. Now that recombinant allergens for SIT are
available, the range of sensitivities can be better characterized,
and this might lead to patient-tailored vaccine products. Thus
far, clinical trials have confirmed the efficacy of recombinant
allergen cocktails but have not yet shown superiority to conven-
tional vaccines.44

Novel forms of allergenicmolecules can be created; for example,
a recombinant trimer consisting of 3 covalently linked copies of the
major birch pollen allergen Bet v 1 has been made. This trimer is
much less allergenic, even though it contains the same B-cell and
T-cell epitopes as the native molecule and induces TH1 cytokine
release and IgG antibodies analogous to the antibody response
to standard SIT.45 Folding variants and other modifications of
the physical structure might also improve the safety of SIT.46

Because the epitopes recognized by IgE molecules are usually
3-dimensional, whereas T-cell epitopes are short linear peptide
fragments of the antigen, it should be possible to use peptide
fragments of allergens to modulate T cells without risking
anaphylaxis. Two distinct approaches have been tested. Either
large doses of natural sequence peptides are given, deceiving the
T cell into high-dose tolerance,47 or else an altered peptide ligand
can be given. Both approaches require consideration of the MHC
type of the subject undergoing treatment. By means of sequential
alteration of Dermatophagoides pteronyssinus peptides, it is pos-
sible to suppress proliferation of T-cell clones recognizing native
D pteronyssinus peptides, as well as suppressing their expression
of CD40 ligand and their production of IL-4, IL-5, and IFN-g.
These anergic T cells do not provide help for B cells in class
switching to IgE, and importantly, this anergy cannot be reversed
by providing exogenous IL-4.48

In an animal model intranasal application of genetically
produced hypoallergenic fragments of Bet v 1 produced mucosal
tolerance, with significant reduction of IgE and IgG1 antibody
responses, as well as reduced cytokine production in vitro (IL-5,
IFN-g, and IL-10). These reduced immunologic responses were
accompanied by inhibition of the cutaneous and airway responses
that were seen with the complete Bet v 1 allergen. The

mechanisms of immunosuppression seemed to be different for
the allergen fragments and the whole molecule in that tolerance
induced with the whole Bet v 1 molecule was transferable with
spleen cells, whereas that induced by the fragments was not.49

From epidemiologic and experimental studies, we know that
vaccination with mycobacteria has antiallergic properties. In
Japan early vaccination with BCG was associated with a sub-
stantial reduction in the risk of allergy,50 although similar associ-
ations were not evident in Sweden.51 In an animal model it has
been shown that administration of BCG before or during sensiti-
zation to ovalbumin reduces the degree of airway eosinophilia
that follows subsequent challenge with ovalbumin. This effect
is not mediated through any direct effect on IgE production or
blood eosinophil numbers but is mediated through IFN-g and
can be reversed by exogenous IL-5.52

Two new approaches using DNA vaccines are also undergoing
serious consideration. Thefirst of these is a general approach, using
CpG oligodeoxynucleotides that mimic bacterial DNA and stim-
ulate TH1-type cytokine responses. In a murine model of asthma,
preadministration of CpG oligodeoxynucleotides prevented both
airways eosinophilia and bronchial hyperresponsiveness.53 More-
over, these effectswere sustained for at least 6weeks after CpGoli-
godeoxynucleotide administration.54 An alternative approach is to
coupleCpGoligodeoxynucleotides to the allergenic protein,which
enhances immunogenicity in terms of eliciting a TH1-type re-
sponse to the allergen but reduces its allergenicity55 and stimulates
TH1 cytokine expression in cultured human PBMCs.56 Initial clin-
ical trials confirmed that the hybridvaccine elicits a TH1-pattern re-
sponse,57 but subsequent trials have been inconclusive. A
contrasting approach is to use allergen-specific naked DNA se-
quences as vaccines. This technology is still in its infancy, but pre-
liminary data suggest that administering naked DNA leads to
production of allergens from within the airways epithelial
cells.58,59 Because of the different handling pathways for endoge-
nous and exogenous allergens, it seems that the endogenously pro-
duced allergen elicits a TH1-type response, and if this can be
reproduced in allergic human subjects, it is hoped that this might
overcome the existing TH2-pattern response and eliminate the al-
lergy. However, the potential for generating a powerful TH1-type
response to ubiquitous agentsmeans that this approachwill require
careful evaluation in animal models before it can be pursued in hu-
man subjects.

CONCLUSIONS
SIT has been used for more than a century and is clinically

effective in patients with rhinitis or asthma whose symptoms are
clearly driven by allergic triggers. Perhaps surprisingly, we are
still unsure exactly how SIT works, but we do know that SIT
induces regulatory T cells that dampen the response to allergen
exposure in sensitized subjects. When used in appropriately
selected patients, SIT is effective and safe, but care is needed to
recognize and treat adverse reactions. As well as careful patient
selection, appropriate training of allergists and SIT clinic support
staff is essential. Future directions in SIT will include the
development of better standardized vaccines and the use of
recombinant allergens, both of which should improve the safety
profile of SIT. In parallel, the development of allergen-indepen-
dent immunomodulatory therapies might allow more general
approaches to be developed, which would be particularly advan-
tageous for those patients who are sensitized tomultiple allergens.

TABLE II. Possible new technologies for immunotherapy

Recombinant allergens
Hypoallergenic allergens (bioengineered recombinant molecules)
T-cell peptide vaccines
TH1 immunostimulants (eg, mycobacteria and CpG)
Allergen-immunostimulant complexes
Anti-IgE
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Immunomodulator therapy: Monoclonal antibodies, fusion
proteins, cytokines, and immunoglobulins

Susan J. Lee, MD,a,b Javier Chinen, MD, PhD,c and Arthur Kavanaugh, MDa San Diego, Calif, and Houston, Tex

The immune system consists of a diverse array of
immunocompetent cells and inflammatory mediators that exist
in complex networks. These components interact through
cascades and feedback circuits, maintaining physiologic
inflammation (eg, tissue repair) and immunosurveillance. In
various autoimmune and allergic diseases, a foreign antigen or
autoantigen might upset this fine balance, leading to
dysregulated immunity, persistent inflammation, and ultimately
pathologic sequelae. In recent years, there has been tremendous
progress delineating the specific components of the immune
system that contribute to various aspects of normal immunity
and specific disease states. With this greater understanding of
pathogenesis coupled with advances in biotechnology, many
immunomodulatory agents commonly called ‘‘biologic agents’’
have been introduced into the clinic for the treatment of various
conditions, including immune globulins and cytokines. The 2
most common classes of approved biologic agents are mAbs and
fusion proteins with exquisite specificity. These agents have the
potential both to optimize outcomes through more thorough
modulation of specific parts of the dysregulated immune
response and to minimize toxicity compared with less specific
methods of immunosuppression. (J Allergy Clin Immunol
2010;125:S314-23.)

Key words: Monoclonal antibodies, fusion proteins, immunoglobu-
lins, cytokines, autoimmunity

Biologic agents can work through several mechanisms. The
simplest would be inhibition of the function of a target molecule
by binding to it, thereby preventing ligation with its counter-
receptor and downstream effects. Potential targets include (1)
lineage- or activation status–specificmolecules on B cells, T cells,
and other immunocompetent cells; (2) soluble inflammatory
mediators, such as cytokines, chemokines, complement proteins,
enzymes, and immunoglobulin molecules; and (3) surface recep-
tors for thesemediators. Biologic agents can alter cell populations
by engaging effector functions, including the complement cas-
cade and antibody-dependent cellular cytotoxicity; of note, many
mAbs and fusion proteins possess functional IgG Fc pieces. Cell

depletion can also be induced by apoptosis subsequent to ligation
of appropriate targets. Small-molecular-weight immunomodula-
tors, such as glucocorticoids, are reviewed in Chapter 16.

MONOCLONAL ANTIBODIES
Monoclonal antibodies to human targets can be generated

either in other species, such as mice, or through recombinant
engineering (Fig 1). With chimeric mAbs, the variable region of a
murine mAb is fused to the Fc piece of a human IgG molecule.
The resulting construct is approximately one quarter murine.
For humanized mAbs, only the complementarity determining re-
gions from the original murine mAb are retained, resulting in a
construct that is approximately 95% human. There are a number
of approaches to create human mAbs to human targets, including
immunizing human/severe combined immunodeficient murine
chimeras, using EBV-transformed human B cells, and repertoire
cloning, in which target antigen is used to capture human comple-
mentarity determining regions generated from vast human cDNA
libraries, with the mAb then generated from there. Proteins such
as mAbs can have residues of polyethylene glycol added. This
process, called pegylation, enhances the half-life of the native
protein by reducing its renal and cellular clearance after adminis-
tration. Although even fully human proteins can be immunogenic,
in general, the more human a construct, the less immunogenic.
Pegylation might further reduce antigenicity and immunogenicity
of the native protein. Immunogenicity can develop to molecules
with amino acid sequences identical to human sequences related
to factors such as differences in patterns of glycosylation. In ad-
dition, immunogenicity to mAbs can be anti-idiotypic. Other fac-
tors affecting immunogenicity include route of administration
(intravenous vs subcutaneous), treatment paradigm (continuous
vs intermittent), and concurrent use of immunosuppressive
therapy.

Standard nomenclature for mAbs identifies their source with
the last 4 or 5 letters: -omab, murine; -ximab, chimeric; -zumab,
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humanized; and -umab, human (Fig 1). The middle part of the
name reflects the disease indication for which the mAb was ini-
tially intended: -lim- for immune and inflammatory diseases,
-cir- for cardiovascular disorders, and -tu- for tumors or neoplas-
tic conditions. The first 3 or 4 letters can be chosen by the sponsor/
developer. A number of mAbs have been approved for human use;
this chapter will focus on several key mAbs used in the treatment
of autoimmune conditions.

FUSION RECEPTORS
Fusion proteins are typically composed of the extracellular

domains of native transmembrane proteins, such as cell-surface
receptors, linked to another molecule. Inmost cases the linker that
has been used has been the Fc portion of human immunoglobulin,
which enhances the pharmacokinetic properties of the construct.
The Fc portion of the fusion receptor can be engineered to be
functional or not. As their primary mechanism of action, fusion
receptors competitively inhibit the binding of a ligand to its
specific counterreceptor and thereby prevent downstream effects.

AGENTS THAT INHIBIT PROINFLAMMATORY
CYTOKINES

In patients with autoimmune diseases, imbalances in the
cytokine cascade can help the initiation and propagation of the
immune driven inflammation. In several inflammatory arthritides,
including rheumatoid arthritis (RA), psoriatic arthritis (PsA), and
ankylosing spondylitis (AS), the proinflammatory cytokine TNF-
a has been shown to play a central role in inflammatory reactions
and has proved to be an especially attractive target for biologic
agents. Among its sundry activities, TNF-a activates various
cell types, promotes accumulation of immunocompetent cells at
sites of inflammation by means of activation of the vascular endo-
thelium and upregulation of adhesion molecules, and stimulates
synthesis of other proinflammatory cytokines (eg, IL-1, IL-6,
and GM-CSF), chemokines (eg, IL-8), and other mediators. IL-
1 also stimulates production of other proinflammatory cytokines,
angiogenic factors, and endothelial adhesion molecules. Both
TNF-a and IL-1 mediate bone and cartilage destruction through
activation of osteoclasts (eg, receptor activator for nuclear factor
kB ligand andmacrophage colony-stimulating factor) andmacro-
phages to release destructive mediators (eg matrix metalloprotei-
nases, collagenase, and prostaglandins). IL-6 is a regulatory
cytokine involved in T- and B-cell activation, osteoclast differen-
tiation/activation, and other activities relevant to the pathogenesis
of RA. Other immunomodulatory cytokines considered of signif-
icance in the treatment of infectious diseases and malignancies
include interferon type I (a and b), IFN-g, IL-2, and IL-7.

TNF inhibitors: Therapeutic uses
There are 5 currently available TNF inhibitors: infliximab, a

chimeric anti–TNF-amAb initially approved in 1998; etanercept,
a recombinant soluble p75 TNF receptor (CD120b)–IgG Fc
fusion protein initially approved in 1998; adalimumab, a human
anti–TNF-amAb initially approved in 2002; certolizumab pegol,
a pegylated Fab9 fragment of a human anti–TNF-a antibody
initially approved in 2008; and golimumab, a human anti–TNF-a
mAb initially approved in 2009 (Table I). Although not all 5 TNF
inhibitors are approved for the following conditions, TNF

inhibitors are most commonly used for the treatment of RA,
PsA, AS, Crohn disease, juvenile idiopathic arthritis, and
psoriasis.

All 5 TNF inhibitors have been shown to substantially improve
the signs and symptoms of disease, functional status, and quality of
life and slow radiographic progression in patients with established
RA.1-8 Several studies have demonstrated an even greater clinical
and radiographic response and the probability of disease remission
among patients with early RA.9-11 Interestingly, the inhibition of
radiographic progression of disease seemed to be dissociated
fromclinical efficacy, asmeasuredwith the typically used compos-
ite scoringmeasures, such as the American College of Rheumatol-
ogy 20% improvement criteria. Thus some patients who did not
achieve anAmericanCollege ofRheumatology 20% improvement
criteria response still experienced inhibition of radiographic dam-
age.2,12 Although they can be administered as monotherapy, all
TNF inhibitors appeared to bemore effectivewhen used in combi-
nation with disease-modifying antirheumatic drugs (DMARDs),
commonly methotrexate. Combination therapy with methotrexate
has beneficial pharmacokinetic effects for some TNF inhibitors in
addition to clinical synergy for the treatment of RA.

Etanercept and adalimumab have been approved for the treat-
ment of juvenile idiopathic arthritis.13,14 Children who received
TNF inhibitors eitherwith orwithoutmethotrexate had better clin-
ical outcomes, as measured by using the American College of
Rheumatology Pediatric 30% (ACRPedi 30) response, which rep-
resents a 30% or greater improvement in the signs and symptoms
of juvenile idiopathic arthritis.

PsA is characterized by the association of inflammatory
arthritis with skin psoriasis. The treatment of patients with PsA
requires consideration of peripheral arthritis, axial arthritis, skin
and nail involvement, dactylitis, and enthesitis. TNF-a levels are
notably increased in biopsy samples of skin and synovial tissues
from patients with PsA, providing a rationale for the use of TNF
inhibitors in the treatment of PsA and psoriasis. TNF inhibitors
have been shown to be highly effective in improving the signs and
symptoms of arthritis and increasing functional status and quality
of life among patients with PsA. Similar to the effect seen in
patients with RA, TNF inhibitors also attenuated the progression
of radiographic joint damage.15-18 Moreover, dramatic improve-
ments in the symptoms of skin psoriasis were achieved, as were
improvements in the extra-articular involvement characteristics
of PsA, such as dactylitis and enthesitis. Improvement in skin pso-
riasis with TNF inhibitor therapy has likewise been noted in pa-
tients without arthritis. Although improvements in joints and
skin often occur in parallel, there might be discordance between
dermatologic and articular outcomes in individual patients, sug-
gesting potential heterogeneity to pathophysiologic mechanisms
underlying different clinical manifestations.

Until the advent of TNF inhibitors, nonsteroidal anti-inflam-
matory drugs were the only agents shown to alleviate axial
symptoms related to AS. In recent years, TNF inhibitors have
demonstrated their ability to substantially decrease signs and
symptoms of spinal inflammation.19-23 Paralleling data from pa-
tients with RA, TNF inhibitors provided rapid clinical improve-
ment, often as early as 2 weeks. Patients with increased acute-
phase reactants at study entry or with evidence for spinal inflam-
mation on magnetic resonance imaging tended to respond more
favorably to TNF inhibitors. Because methotrexate is not an ef-
fective therapy for spinal inflammation in patients with AS, it
has not been used in studies of the TNF inhibitors. A goal in
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treating AS would be to stop the progression of spinal ankylosis.
Despite their ability to attenuate spinal inflammation on a sensi-
tive imaging modality, such as magnetic resonance imaging, TNF
inhibitors have not seemed to be able to affect radiographic pro-
gression when compared with historical control of TNF inhibi-
tor–naive patients with AS.24

Levels of TNF-a are increased in the mucosa of inflamed
intestines and thought to exert deleterious effects relevant to the
pathophysiology of inflammatory bowel disease (Crohn disease
and ulcerative colitis). Treatments with TNF inhibitor mAbs have
shown improvement in both clinical and endoscopic luminal
fistulas and bowel mucosal inflammation associated with Crohn
disease.25-30 To date, etanercept has not been shown to be effec-
tive in inflammatory bowel disease.29 Initially, treatment of Crohn
disease with TNF inhibitors was reserved for the most severe, re-
fractory fistulizing disease as a single course. After the success in
this group of patients, repeated treatments and more chronic dos-
ing regimens are being used. Intermittent use of infliximab, which

is commonly used in the treatment of Crohn disease, has been as-
sociated with a greater propensity for the development of anti-
bodies to infliximab and can be attenuated by the concomitant
use of immunosuppressive agents, such as corticosteroids, azathi-
oprine, methotrexate, and 6-mercaptopurine.31 The use of inflix-
imab in combination with immunosuppressive agents (eg,
methotrexate and azathioprine) has been shown to enhance effi-
cacy and decrease immunogenicity.27 TNF inhibitor mAbs are
also being studied and used in the treatment of ulcerative colitis.

Several studies, mostly anecdotal and in patients with RA, have
demonstrated that switching from one TNF inhibitor to another
can be effective and restore clinical response in patients who have
lost therapeutic efficacy with the first.32 Although the success of
TNF inhibitors in these autoimmune conditions has been remark-
able, it is worth noting that almost uniformly, treatment failed to
induce long-term treatment-free remission or immunologic toler-
ance. Thus maintenance of clinical response required continuous
therapy. Also, TNF inhibitors have not proved effective in other

TABLE I. Characteristics of biologic agents: Dosing, half-life, and indications

Agent Typical adult dosing Mode of delivery Half-life

Cytokine inhibitors
Etanercept 25 mg biweekly or 50 mg every week SQ 4-5 d
Infliximab 3-10 mg/kg q4-8 wk IV 8-9.5 d
Adalimumab 40 mg every other week SQ 12-14 d
Golimumab 50 mg every month SQ 19-27 d
Certolizumab 200-400 mg every 2-4 wk SQ 12-14 d
Anakinra 100 mg every day SQ 4-6 h
Rilonacept 320 mg then 160 mg every week SQ 6-8 d
Tocilizumab 4-8 mg/kg every 4 weeks IV 12 d

T-cell modulators
Abatacept RA: 10 mg/kg every 4 weeks IV 14.7 d
Alefacept 15 mg IM every week 3 12 wk IM 270 h

B-cell modulators
Rituximab 1,000 mg every 2 wk 3 2 doses IV 60-170 h

Adhesion cell modulators
Natalizumab 300 mg every 4 wk IV 11 d

SQ, Subcutaneous; IV, intravenous; IM, intramuscular.

FIG 1. Structure and nomenclature of TNF inhibitors.
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conditions, including several wherein there was pathophysiologic
evidence for a role for this cytokine in the disease process. Among
autoimmune conditions, TNF inhibitor therapy has been notably
ineffective to date in patients with Sj€ogren syndrome and several
forms of vasculitis, including Wegener granulomatosis and poly-
myalgia rheumatica/temporal arteritis. With regard to congestive
heart failure (CHF), data from animal models of ischemic cardi-
omyopathy implicated TNF as a key mediator of deteriorating
cardiac function and hence an attractive target. However, TNF in-
hibitors have failed to improve symptoms in patients with CHF in
clinical trials and sometimes resulted in worsened clinical out-
come. Although limited, there were studies on TNF inhibitors
that showed negative results in patients with multiple sclerosis
(MS), along with anecdotal reports of the development or worsen-
ing of demyelinating symptoms among patients with RA treated
with these agents. TNF inhibitors are still being actively investi-
gated in a variety of other diseases.

TNF inhibitors: Safety considerations
In general, TNF inhibitors have been well tolerated in clinical

trials. In vitro studies suggested that TNF inhibitors selectively
decrease proinflammatory cytokine levels while preserving both
the humoral and cell-mediated arms of the immune response.
However, a number of relevant safety issues regarding the use
of TNF inhibitors have emerged in postmarketing pharmacovigi-
lance assessments.33,34 Adverse events associated with TNF in-
hibitors can be broadly classified as target/class related or agent
related. Target-related adverse events include those potentially at-
tributable to the immunosuppression inherent in blocking a key
component of the immune system, such as an inflammatory cyto-
kine; this would include increased susceptibility to infections and
malignancies. In addition, specific inhibition of TNF might pre-
dispose patients to increased susceptibility to tuberculosis, auto-
antibody production, hepatotoxicity, demyelinating disease, and
clinical worsening of CHF. Agent-related adverse events, such
as allergic reactions and antigenicity, are idiosyncratic reactions
that relate to the particular agent used.

Safety data from clinical trials and registries have shown a
small but consistent increase in infections among TNF inhibitor–
treated patients comparedwith those treatedwith DMARDs,most
commonly methotrexate. Generally, the risk of serious infections
was not substantially greater, with relative risks ranging from 0 to
2. The risk of infection with TNF inhibitors increased signifi-
cantly when combined with other biologic agents. For example,
combination therapy with the TNF inhibitor etanercept and the
IL-1 receptor antagonist (IL-1Ra) anakinra resulted in a higher
rate of serious infections in patients with RA, despite the failure
to achieve any additive clinical benefit. Data, particularly from
pharmacovigilance, have noted a number of opportunistic infec-
tions (eg, listeriosis, histoplasmosis, and coccidioidomycosis)
among those patients treated with TNF inhibitors. Because of
the increased baseline risk of infection among patients with
RA, without a control group, it is difficult to ascertain the excess
infection risk specifically attributable to TNF inhibitors in these
patients. Another potential sequela of immunosuppression is ma-
lignancy. With a few notable exceptions, the bulk of the data to
date do not support an increased risk of solid tumors related to
TNF inhibitor therapy. However, greater numbers of hematologic
malignancies, particularly non-Hodgkin lymphoma, have been
observed in some registries. Complicating the assessment of the

risk attributable to therapy is the increased baseline risk of lym-
phoma among patients with RA, especially among those with
higher disease activity. This introduces bias toward observing
cases among patients treated with TNF inhibitors as the most se-
vere, and patients with active RA are often the most common type
of patients treated. The relative effect of dose and duration of ther-
apy and host factors, such as comorbidities, relevant genetic pol-
ymorphisms, and concomitant medications, on the risk of
infections and malignancy remains incompletely defined. Be-
cause of potential immunosuppression, vaccination with live vac-
cines is not recommended while patients are receiving TNF
inhibitors.

In addition, inhibition of TNF might predispose patients to a
variety of untoward effects that seem to be specific to inhibition of
the TNF molecule. There are a fair amount of animal and ex vivo
data supporting the important role played by TNF in controlling
tuberculosis. In contrast to typical presentation of acute tubercu-
losis as pneumonia, about half of the cases of tuberculosis related
to TNF inhibitors presented as extrapulmonary or disseminated
tuberculosis. The majority of these tuberculosis cases appear to
be reactivation of latent tuberculosis, with infection occurring
within the first few months of therapy; however, newly acquired
cases have been well described. The incidence of cases might
be greater with the mAb TNF inhibitors than with the fusion pro-
tein inhibitor. Fortunately, screening for latent tuberculosis before
initiating TNF inhibitor therapy has been an effective strategy,
with a reduction in incidence of new tuberculosis cases by ap-
proximately 85%. Latent tuberculosis can be screened by using
either a tuberculin skin test with purified protein derivative or
ex vivo tests that quantify IFN-g release from sensitized lympho-
cytes in blood incubated with tuberculosis antigens. Treatment
with TNF inhibitors has also been associated with development
of autoantibodies. Although the mechanism of this is unknown,
it does not appear to result from inhibition of TNF itself, perhaps
through induction of apoptosis. The autoantibodies typically gen-
erated include the antinuclear antibody (which develops in about
half of patients with RA treated with TNF inhibitors), antibodies
to double-strandedDNA (which develop in approximately 10% to
15% of patients treated with TNF inhibitors), and anticardiolipin
antibodies. Although rare, progression to a lupus-like illness can
occur in patients treated with TNF inhibitors. Also, mild-to-mod-
erate increases in liver function test results (generally <3 times
the upper limit of normal) have been observed with TNF inhibi-
tors. Many of these cases were confounded by concomitant use
of potentially hepatotoxic drugs and underlying medical condi-
tions. However, in light of the occurrence of liver failure of un-
identifiable cause in several cases, clinicians should be aware of
these rare events and consider monitoring liver function tests.
Lastly, several cases of MS and other demyelinating conditions
have been identified among patients treated with TNF inhibitors,
although the true effect of TNF inhibitors on the development of
MS remains undefined.

Despite their shared ability to inhibit TNF, there are some
notable differences between the 5 approved TNF inhibitors.
Infliximab, adalimumab, golimumab, and certolizumab are
IgG1 mAbs that are specific for TNF-a; etanercept is a fusion
protein of the type II TNF receptor and binds both TNF-a and
lymphotoxin a (also known as TNF-b). The clinical relevance of
this distinction is unknown. In addition, the binding characteris-
tics of themAbs and the fusion protein differ slightly. Although all
agents bind soluble TNFwith high affinity, themAbs have slightly
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higher affinity for membrane-bound TNF, presumably related to
the physical constraints of the binding domains of the soluble TNF
receptor, compared with that of mAbs. Whether these differences
might account for the variability in efficacy and safety remains to
be seen. The successful introduction of certolizumab pegol would
suggest that the ultimate mechanism of action of TNF inhibitors
does not appear to require Fc fragment–related activities.

IL-1 inhibitors: Anakinra and rilonacept
IL-1 is synthesized as an inactive precursor. On cleavage by IL-

1b–converting enzyme, it activates a variety of cells that can then
release mediators destructive to bone and cartilage. In the RA
synovium, although there is an increase in the naturally occurring
IL-1Ra that prevents the binding of IL-1 to its receptor, the levels
are apparently insufficient to counteract the effects of IL-1.

Anakinra, approved in 2001 for the treatment of RA, is a
recombinant IL-1ra that differs from the endogenous IL-1Ra by a
single amino acid addition at the amino terminus (Table I). Com-
pared with the TNF inhibitors, the clinical responses achieved by
anakinra are generally more modest; this, combined with cost and
the need for daily injections, has led to its relatively infrequent use
in the treatment of RA. However, it has been gaining renewed in-
terest and has been shown to be effective in the treatment of cry-
opyrin-associated periodic syndromes, including familial cold
autoinflammatory syndrome and Muckle-Wells syndrome.35

These rare autosomal dominant disorders, characterized by a
gain-of-function mutation in the cryopyrin gene (CIASI,
NLRP3), are associated with oversecretion of IL-1b, rash, arthral-
gia, and fever. Rilonacept (previously known as IL-1–Trap),
which was approved in 2008 for the treatment of cryopyrin-asso-
ciated periodic syndromes, is a fusion protein comprised of the
extracellular domain of the IL-1 accessory protein and IL-1 recep-
tor type 1 attached to the Fc portion of IgG1. Rilonacept binds to
IL-1a and IL-1b with high affinity (Table I) and was generally
well tolerated, with injection site responses being the most com-
mon adverse events.36 Physicians should remain vigilant about in-
fections with any IL-1 inhibitor. Studies evaluating the role of
anakinra and rilonacept in other diseases associated with IL-1
oversecretion, such as chronic gout and adult-onset Still disease,
are ongoing, with promising early results.

IL-6 inhibitors: Tocilizumab
Tocilizumab is a humanized anti–IL-6 receptor mAb that binds

to both soluble and membrane-bound IL-6 receptor (Table I). To-
cilizumab has been shown to improve the signs and symptoms of
disease and functional status and slow radiographic progression in
patients with RA. The clinical improvement was rapid and evi-
dent within the first 2 weeks of treatment.37-40 Although it can
be administered as monotherapy, tocilizumab appears to be
more effective when used in combination with methotrexate.

In clinical studies tocilizumab was associated with a slightly
higher rate of infections, mainly respiratory and gastrointestinal
tract infections. Transient decreases in neutrophil counts, in-
creases in serum lipid levels (total cholesterol, high-density
lipoprotein, and low-density lipoprotein), and increases in liver
function test results have been observed with tocilizumab. The
potential long-term implications of these laboratory abnormali-
ties have not been fully defined.

CYTOKINES
IFN-a

IFN-a is produced by the cells of the immune system in
response to the presence of double-stranded RNAviruses, induc-
ing cell activation of macrophages and natural killer cells and
enhancing antigen presentation. Both IFN-a2a and IFN-a2b have
been used therapeutically with similar results. IFN-a is used in
combination with ribavirin in the treatment of hepatitis C viral
infection,41 reducing viremia and providing protection against the
development of chronic liver disease and cryoglobulin-associated
vasculitis. Side effects can be significant, with up to 68% of pa-
tients presenting with psychiatric symptoms, such as depression,
irritability, and insomnia. It has also been used to improve sur-
vival in patients with advanced renal cancer, althoughwith amod-
est increase of 2.6 months, achieving a median survival of 11
months.42 Other uses are in the management of melanoma, hepa-
titis B infection, and systemic vasculitis.

IFN-b
IFN-b is produced in fibroblasts and is 45% identical to IFN-a,

sharing similar antiviral activity against double-stranded RNA
viruses. Clinically, it has been used in the treatment of MS
because of its additional anti-inflammatory effect.43 IFN-b slows
progression of disease, reducing the percentage of patients with
disability from 35% to 22% after 2 years of treatment. Common
adverse effects are depression and suicidal ideation, flu-like
symptoms, and increase of liver enzyme levels.

IFN-g
IFN-g is produced by leukocytes to induce macrophage

activation and increase oxidative burst. It is clinically used to
enhance immunity in patients with chronic granulomatous dis-
ease, in which it has been shown to help by reducing the frequency
of infections up to 67% when used in combination with antibac-
terial and antifungal prophylaxis.44 IFN-g is administered subcu-
taneously at 50 mg/m2 3 times a week. Potential side effects
include fever, hypotension, and flu-like symptoms. In patients
with congenital osteopetrosis, IFN-g slows disease progression.
It is also used on a trial basis in some patients with the rare occur-
rence of deficiency of the IFN-g/IL-12 axis caused by a deficiency
of either of these cytokines, expecting that the administration of
this cytokine would reduce the patient’s susceptibility to severe
mycobacterial disease.

IL-2
Recombinant IL-2 has been approved by the US Food and Drug

Administration (FDA) for the treatment of metastatic renal
cancer42 andmalignant melanoma.45 IL-2 promotes the activation
of T cells and natural killer cells, enhancing their antitumor activ-
ity. It also induces the differentiation of regulatory T cells, which
are of significance to the control of inflammatory responses. The
administration of IL-2 to patients with HIV46 has resulted in an
increase in CD41 T-cell counts and, when used in combination
with highly active anti-retroviral treatment drugs, did not increase
HIV viremia and reduced the occurrence of AIDS-defining infec-
tions. Side effects are dose related and include hypotension, flu-
like symptoms, behavioral changes, and renal impairment.

J ALLERGY CLIN IMMUNOL

FEBRUARY 2010

S318 LEE, CHINEN, AND KAVANAUGH



IL-7
Because of its biologic activity in the homeostasis of T cells,

which includes the expansion of naive and memory T cells in the
setting of lymphopenia, IL-7 has been suggested as an adjuvant in
the treatment of HIV infection and in lymphopenia after chemo-
therapy. Reports of its administration in HIV-infected patients
showed less significant side effects than IL-2 treatment, with
sustained dose-dependent expansion of T cells.47

AGENTS THAT INHIBIT T CELLS
There is a large body of evidence suggesting autoreactive T

cells, especially CD41 TH1 T cells, serve a key role in orchestrat-
ing the immune-driven inflammatory responses in patients with
autoimmune diseases, such as RA, Crohn disease, PsA, and pso-
riasis. Productive CD41 T-cell responses require 2 signals: bind-
ing of specific antigen-associated MHC class II molecule to the
T-cell receptor complex and a second signal from costimulatory
molecules. If T cells do not receive the second signal, then toler-
ance or ignorance of the antigen ensues, and a productive immune
response is not generated. Among the most important costimula-
tory molecules is CD28, which binds CD80 and CD86. CD28 and
its natural inhibitor, cytotoxic T lymphocyte–associated antigen 4
(CTLA-4; CD152), are present on T cells and bind to CD80 and
CD86 on antigen-presenting cells. CD28 ligation results in stim-
ulation of T cells, whereas CTLA-4 serves an inhibitory role.
CTLA-4, which binds CD80 and CD86 with substantially higher
affinity than CD28, inhibits the stimulatory effects of CD28 by
competitively binding to CD80 and CD86.

Daclizumab and basiliximab
These 2 therapeutic antibodies are directed against CD25, the

protein a component of the IL-2 receptor.48 Their therapeutic ef-
fect is the block of IL-2 binding in T and B cells, inhibiting their
activation and the development of an immune response and induc-
ing anergy. They are indicated for the prevention of organ trans-
plant rejection, particularly kidney grafts, and have been
suggested for the management of autoimmune disorders. For
this purpose, the humanized antibody daclizumab is in phase II
trials for the treatment of MS and has been shown to decrease
the frequency of relapses. These agents induce a state of immuno-
suppression, which results in an increased frequency of urinary
tract infections and respiratory tract infections; however, oppor-
tunistic infections have not been observed. Other side effects
are paresthesias, transient increased in liver enzyme and bilirubin
levels, and skin rash.

Abatacept
Abatacept, approved in 2005 for the treatment of RA, is a

soluble protein consisting of the extracellular domain of CTLA-4
linked to the Fc portion of IgG1 (Table I). Abatacept has been
shown to improve the signs and symptoms of disease, functional
status, and quality of life and slow radiographic progression in pa-
tients with RA.49,50 Abatacept was well tolerated in clinical trials,
with a slight increase in the incidence of infections, especially
among those with underlying chronic obstructive pulmonary dis-
ease. In one study abatacept appeared to have efficacy comparable
with that of a TNF inhibitor in patients with RA receiving meth-
otrexate.51 As with other biologic agents, live vaccines should be

avoided when receiving abatacept. A safety study assessing the
combination of abatacept and TNF inhibitor therapy observed a
higher incidence of serious adverse effects, including infections,
at 1-year follow-up compared with that seen in those receiving
monotherapy.52 Given similar findings of increased infections
with TNF inhibitors and IL-1ra combination therapy, combina-
tion therapy with abatacept and other biologic agents is also
discouraged.

Alefacept
Alefacept, approved in 2003 for the treatment of chronic plaque

psoriasis, is a fusion protein of a soluble form of the extracellular
domain of lymphocyte function–associated antigen (LFA) 3
attached to the Fc portion of an IgG1 molecule. It binds CD21

T cells and is thought to improve symptoms of psoriasis by induc-
ing memory T-cell apoptosis, inhibiting inflammatory gene ex-
pression, and preventing T-cell migration into psoriatic plaques.
The interaction of LFA-3 on antigen-presenting cells and CD2
on T cells is thought to be important in T-cell activation and in
the development of cells into memory T cells. Alefacept, either
as monotherapy or in combination with other psoriasis therapy
(eg, methotrexate), has been shown to be effective for skin psori-
asis.53,54 T-cell depletion related to therapy did not correlate or
predict the response rate during treatment or follow-up. Despite
its effectiveness in the treatment of psoriasis, alefacept appears
to be only modestly effective for PsA.55 With the availability
and effectiveness of TNF-I in the treatment of PsA, alefacept is
therefore rarely used for the treatment of PsA.

Anti-p40 agents
Another approach to modulating the function of T cells in

autoimmune and inflammatory diseases targets cytokines relevant
to the development of certain T-cell subsets. IL-12, a cytokine
central to the development of TH1 T cells, and IL-23, a cytokine
that helps sustain TH17 T cells, share a common p40 subunit.56

Agents that target the p40 subunit, including the human mAb us-
tekinumab and ABT874, might be expected to attenuate inflam-
matory processes driven by TH1 and TH17 T cells. These
therapies are under investigation in a variety of autoimmune dis-
eases, and ustekinumab has received regulatory approval in sev-
eral countries for the treatment of psoriasis. In patients with
psoriasis, ustekinumab therapy induced a substantial improve-
ment, as measured by the psoriasis area and severity index.57

The extent of improvement appeared to perhaps even have been
larger than that achieved with TNF inhibitors, which are them-
selves highly effective in patients with psoriasis. The same agent
has also been studied in patients with PsA and been found to have
some efficacy in that condition.58 Interestingly, the duration of
clinical benefit after a few injections is prolonged and appears
to far exceed the pharmacokinetic profile of the drug.

AGENTS THAT INHIBIT B CELLS
Recent data suggest that B cellsmight contribute significantly to

the initiation and perpetuation of the immune response in various
autoimmune diseases, including RA and systemic lupus eryth-
ematosus (SLE). Not only can B cells produce potentially patho-
logic autoantibodies (eg, rheumatoid factor and antinuclear
antibody) andproinflammatory cytokines, but they can also present
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antigens to T cells and provide costimulatory signals essential for
T-cell activation, clonal expansion, and effector function.

CD20 inhibitor: Rituximab
Rituximab is a chimeric IgG1 mAb directed against the B-

lymphocyte surface antigen CD20. It was initially approved in
1997 for the treatment of CD201 B-cell non-Hodgkin lymphoma
and later for the treatment of RA in 2006. CD20 is a cell-surface
molecule restricted to the surface of pre-B through activated ma-
ture B cells. Rituximab is thought to induce lysis of CD201 B
cells through several mechanisms, including complement activa-
tion, antibody-dependent cell-mediated cytotoxicity, and induc-
tion of apoptosis. Depletion of B cells can last up to 9 months
or longer after a single course of therapy. Rituximab has been
shown to improve the signs and symptoms of disease, functional
status, and quality of life and slow radiographic progression of
disease in patients with RA.59,60 Although rituximab can be
used alone or in combination with DMARDs, the combination
therapy yielded better clinical outcomes. Also, patients who are
seropositive for rheumatoid factor had greater clinical response
compared with rheumatoid factor–seronegative patients. In
smaller studies rituximab has shown promising results in the
treatment of other autoimmune diseases, such as SLE, primary
Sj€ogren syndrome, idiopathic thrombocytopenic purpura, chronic
inflammatory demyelinating polyneuropathy, and vasculitis. Ad-
ditional trials are underway that should answer questions regard-
ing dosing, treatment intervals, safety, and tolerability in these
conditions.

Despite the potential for immunodeficiency related to depletion
of mature B cells, no significant increases in infections, either
serious or opportunistic, were reported in patients with RA and
non-Hodgkin lymphoma treated with rituximab. The overall
levels of serum immunoglobulin generally remain stable during
treatment. This could be related to preserved function of plasma
cells, which lack CD20 and are therefore not depleted by
rituximab. However, if rituximab is used as a recurrent or
maintenance therapy for autoimmune conditions, this might
become more of a safety concern because plasma cells are not
replenished by memory B cells. Thus far, some patients have
undergone more than 4 cycles of rituximab without increased risk
of adverse events.61 Other notable adverse effects include rare
neutropenia, reactivation of hepatitis B, and progressive multifo-
cal leukoencephalopathy (PML). Three cases of PML in patients
receiving rituximab for non–FDA-approved conditions, mainly
SLE, have been reported.62 The exact role of rituximab in the de-
velopment of PML remains unknown given its rare occurrence,
but it highlights the importance of pharmacovigilance and poten-
tial unforeseen long-term adverse effects related to biologic
agents. Although treatment has overall been well tolerated, infu-
sions have been associated with hypersensitivity reactions, Ste-
vens-Johnson syndrome, and type III serum sickness–like
illness and cytokine release syndrome. The infusion reactions
are more common during the first infusion and might occur
more in patients with lymphoma than in those with RA.33,34

Lastly, given the potential for suboptimal response, vaccinations
should be administered before rituximab, if possible.

Anti-IgE antibody: Omalizumab
This antibody was developed to aid in the management of

severe asthma with an allergic component. Omalizumab binds

IgE with high affinity, considerably reducing levels of free IgE
and inhibiting its interaction with the IgE receptor. The clinical
improvement correlated well with the measurement of biologic
markers.63 Its administration to patients with severe asthma with
low to moderately increased serum IgE levels results in a 26% de-
crease in the asthma exacerbation rate and a 50% decrease in se-
vere exacerbations and emergency department visits, as well as a
reduction in systemic corticosteroid use.64 It has also been shown
to be useful to reduce symptoms in patients with corticosteroid-
resistant chronic urticaria.

AGENTS THAT INHIBIT CELL ADHESION,
MIGRATION, OR BOTH

Activated T lymphocytes must migrate to sites of inflammation
and lymph tissue to exert their diverse effects. The entry of
lymphocytes into specific sites occurs through several specific
interactions between the adhesion molecules on lymphocytes,
including the integrins and their ligands on endothelial cells.
Particularly important for lymphocyte migration and homing are
LFA-1 and its counterreceptors, intercellular adhesion molecule
(ICAM) 1 and ICAM-2, and very late antigen-4 and its counter-
receptor, vascular cell adhesion molecule 1.

Integrin inhibitors: Natalizumab
Natalizumab, approved in 2004 for the treatment of MS, is a

recombinant humanized IgG4 mAb directed against the a4 subu-
nit of a4b1; it also binds to and inhibits the function of the a4b7

integrins, the ligand of which is mucosal addressin cell adhesion
molecule 1.a4b1 integrin, an adhesionmolecule present on leuko-
cytes, has been implicated in the pathogenesis of MS by facilitat-
ing migration of lymphocytes into the site of disease. In addition
to blocking the migration of lymphocytes into the central nervous
system and intestinal parenchyma, natalizumab induces T-cell ap-
optosis and anergy and prevents T-cell binding to osteopontin and
fibronectin, thereby attenuating T cell–mediated inflammation. In
2 large clinical trials, natalizumab, either alone or in combination
with IFN-b-1a was associated with significantly lower relapse
rates and disability and fewer new MS lesions on magnetic reso-
nance imaging.65 However, shortly after FDA approval, natalizu-
mab was temporarily withdrawn from the market after 3 cases of
PML were reported. Similar to rituximab, the exact role of natali-
zumab in the development of PML remains unknown.

CD11a inhibitor: Efalizumab
Efalizumab, approved in 2003 for the treatment of psoriasis, is

a humanized IgG1 mAb directed against the cell adhesion
molecule CD11a. CD11a is an a subunit of the LFA-1 molecule
on T cells that binds to ICAM-1 on antigen-presenting cells and
endothelial cells. In addition to inhibiting activation of T cells,
efalizumab also blocks trafficking of lymphocytes into the skin by
blocking LFA-1/ICAM-1 interaction. Efalizumab has been shown
to provide greater improvement in symptoms of skin psoriasis
after 3 months of therapy, with a continued increase in response if
therapy was continued for another 3-month cycle.66 However, the
development of PML among several patients treated with efalizu-
mab led to its withdrawal in 2009.
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IMMUNOGLOBULINS
Therapeutic use

Immunoglobulin concentrates derived from human plasma have
been used since the 1940s andwere used initially in themanagement
of viral diseases, such as hepatitis. Bruton published the first report of
the use of immunoglobulins to treat a patient with an immune defect
who presented with agammaglobulinemia and frequent infections.
This resulted in the increase of the gammaglobulin fraction in the pa-
tient’s serum and a reduction in the number of infections. Currently,
human immunoglobulin preparations are derived from pooled
plasma of up to 10,000 individual donors per batch of immunoglob-
ulin products, introducing safety concerns regarding the transmis-
sion of blood-borne infectious diseases. This is addressed by
means of donor screening for infectious diseases and by introducing
in the manufacturing process several steps to remove viral particles.
There are 2 forms of administration: subcutaneous immunoglobulin
(SCIG) and intravenous immunoglobulin (IVIG).67

In addition to its use as antibody replacement, IVIG preparations
are indicated as an immunomodulator in many inflammatory
conditions, such as idiopathic thrombocytopenic purpura
(Table II). Only 6 of these indications are approved by the FDA:
the treatment of primary immunodeficiencies, HIV infection, Ka-
wasaki disease, and immune thrombocytopenic purpura and the
prevention of infections in B-cell leukemias and in patients under-
going bone marrow transplantation.68 The anti-inflammatory prop-
erties of immunoglobulins have been attributed to different
mechanisms, including thosemediated by neutralization of autoan-
tibodies and anti-idiotypic antibodies and neutralization of toxins
and T-cell superantigens and those mediated by the modulation of
the Fc receptors in the cells of the immune system. More recently,
Anthony et al69 showed that the anti-inflammatory activity of im-
mune globulins can be explained by the action of Fc fragments con-
taining sialic acid on macrophages inducing the expression of the
inhibitory FcgIII receptor. Both human andmurine recombinant sia-
lylated Fc proteins were able to suppress inflammation in a murine
model of arthritis. This finding might lead to the development of a
therapeutic anti-inflammatory agent that is not derived from human
plasma and that reduces safety concerns and availability shortages.

Dosage and adverse reactions
In the United States several IVIG preparations and 1 SCIG

preparation are commercially available.68 They differ in their

method of purification, osmolality and IgG concentration, IgA
and sodium contents, stabilizer (to prevent IgG aggregation; eg,
glycine, sucrose, or maltose), and pH; however, they are adminis-
tered similarly, except when adverse reactions occur, such as idio-
syncratic reactions in a particular patient or if suspected
hypersensitivity to IgA leads to the use of those products with un-
detectable IgA. Patients with diabetes mellitus should avoid pro-
ducts containing sugar molecules as stabilizers. IVIG is used as
an anti-inflammatory agent at 1 to 2 g/kg in 1 dose or divided in
2 daily doses. The IVIG dose used for replacement in patients
with antibody deficiencies is 400 to 600 mg/kg administered every
3 to 4 weeks to maintain a trough IgG level of at least 500 mg/mL
and reduce the frequency of infections. Because of increased im-
munoglobulin catabolism or protein loss, some patients might re-
quire even higher doses, which need to be optimized to each
patient, also taking into consideration the clinical assessment. Be-
cause of the volume limitations for subcutaneous administration,
SCIG is not used for inflammatory disorders and is recommended
to be administered weekly for immune deficiencies, with doses
that correspond to the IVIG dose mentioned above (approximately
100 mg/kg/wk). No differences of efficacy to prevent infections
have been found in clinical trials comparing IVIG and SCIG.
Theweekly subcutaneous administration of immunoglobulins pro-
vides a tighter range of serum IgG levels, which is of advantage for
patients who experience side effects associated with peak IgG con-
centrations. Although side effects associated with SCIG infusions
are at the infusion site, IVIG side effects are not common, although
they can be severe, including back pain, fever, hypotension, throm-
bosis, headaches, and skin rashes. Premedication with antihista-
minic agents, nonsteroidal anti-inflammatory drugs, and
corticosteroids and hydrationwith normal saline are commonmea-
sures used to prevent these symptoms. Serious adverse effects,
such as aseptic meningitis, seizures, anaphylaxis, pulmonary
edema, and thrombosis, have been rarely reported. Therefore it
is recommended that IVIG be administered with medical monitor-
ing for early detection and management of these possible events.

FUTURE DIRECTIONS
The factors that drove the initial introduction of the biologic

agents—a clinical need for better outcomes, greater delineation of
pathophysiology allowing definition of various targets, and
progress in biotechnology allowing development of agents—will

TABLE II. Clinical use of human immunoglobulin preparations

Primary immunodeficiency diseases (that result in defect in antibody responses)
Secondary immunodeficiency conditions (with impaired antibody responses)

HIV infection
B-cell leukemia
Use of chemotherapy or radiotherapy

Autoimmune syndromes
Hematologic: ITP, autoimmune hemolytic anemia
Rheumatologic: RA, vasculitis, Kawasaki disease, uveitis, SLE
Endocrinologic: Autoimmune diabetes mellitus, Graves ophthalmopathy
Neurologic: Guillain-Barré syndrome, chronic inflammatory demyelinating polyneuropathy, myasthenia gravis, dermatomyositis
Dermatologic: TEN, Steven-Johnson syndrome

Infectious diseases
CMV
Rotavirus
Parvovirus B19

ITP, Immune thrombocytopenic purpura; TEN, toxic epidermal necrolysis; CMV, cytomegalovirus.
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no doubt continue to fuel progress in this area. It can be expected
that additional mAbs and fusion receptors, both directed at
existing targets and against novel targets, will continue to be
developed and brought to the clinic. Along with the number of
agents, it is anticipated that the conditions for which these agents
are used will also expand. For existing biologic agents, a number
of questions remain as to the optimum treatment paradigms (eg,
sequence of biologic agents) and most appropriate patient pop-
ulations for their use; this will be germane for newer agents as
well. As always, the balance between achieving higher levels of
efficacy, with disease remission being the ultimate goal, need to
be balanced against safety considerations. For macromolecules,
such as mAbs and soluble receptors, there is the potential for
optimizing their characteristics, including ease of use, immuno-
genicity, and cost. For certain targets, it is possible that small-
molecule inhibitors might be developed that can address some of
these issues. However, because these molecules can be antici-
pated to have pharmacokinetic, mechanistic, and other important
differences from their macromolecular counterparts, this might
translate into variable safety and efficacy. Therefore newer agents
of a different class, even thosewhose putative target is the same as
existing therapies, need to be assessed with the same rigor as the
currently available agents.
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Transplantation immunology: Solid organ and bone marrow

Javier Chinen, MD, PhD,a and Rebecca H. Buckley, MDb Houston, Tex, and Durham, NC

Development of the field of organ and tissue transplantation has
accelerated remarkably since the human MHC was discovered
in 1967. Matching of donor and recipient for MHC antigens has
been shown to have a significant positive effect on graft
acceptance. The roles of the different components of the
immune system involved in the tolerance or rejection of grafts
and in graft-versus-host disease have been clarified. These
components include antibodies, antigen-presenting cells, helper
and cytotoxic T-cell subsets, immune cell-surface molecules,
signaling mechanisms, and cytokines. The development of
pharmacologic and biological agents that interfere with the
alloimmune response has had a crucial role in the success of
organ transplantation. Combinations of these agents work
synergistically, leading to lower doses of immunosuppressive
drugs and reduced toxicity. Reports of significant numbers of
successful solid-organ transplantations include those of the
kidneys, liver, heart, and lung. The use of bone marrow
transplantation for hematologic diseases, particularly
hematologic malignancies and primary immunodeficiencies, has
become the treatment of choice in many of these conditions.
Other sources of hematopoietic stem cells are also being used,
and diverse immunosuppressive drug regimens of reduced
intensity are being proposed to circumvent the mortality
associated with the toxicity of these drugs. Gene therapy to
correct inherited diseases by means of infusion of gene-modified
autologous hematopoietic stem cells has shown efficacy in 2
forms of severe combined immunodeficiency, providing an
alternative to allogeneic tissue transplantation. (J Allergy Clin
Immunol 2010;125:S324-35.)

Key words: Bone marrow transplantation, solid-organ transplanta-
tion, graft rejection, graft-versus-host disease

Efforts to transplant organs or tissues from one human subject
to another had been unsuccessful for many decades until the
discovery of the human MHC in 1967.1 Identification of this
genetic region launched the field of clinical organ and tissue
transplantation. In 1968, the World Health Organization Nomen-
clature Committee designated that the leukocyte antigens

controlled by the closely linked genes of the human MHC be
named HLA (for human leukocyte antigen). This chapter re-
views general immunologic concepts that have supported the
success of human organ and tissue transplantation and summa-
rizes current medical progress in the field of transplantation
medicine.

TRANSPLANTATION ANTIGENS
MHC

Histocompatibility antigens are tissue cell-surface antigens
capable of inducing an immune response in a genetically
dissimilar (allogeneic) recipient, resulting in the rejection of
the tissues or cells bearing those antigens. The genes that encode
these antigens reside in the MHC region on the short arm of
human chromosome 6 (Fig 1). The HLA complex contains more
than 200 genes, more than 40 of which encode leukocyte anti-
gens.2,3 These genes and their encoded cell-surface and soluble
protein products are divided into 3 classes (I, II, and III) on the
basis of their tissue distribution, structure, and function.3-5

MHC class I and II genes encode codominantly expressed
HLA cell-surface antigens, and class III genes encode several
components of the complement system, all of which share impor-
tant roles in immune function.

Class I MHC antigens are present on all nucleated cells and are
each composed of a 45-kd a heavy chain encoded by genes of the
HLA-A, HLA-B, or HLA-C loci on chromosome 6 and associated
noncovalently with a 12-kd protein, b2-microglobulin, encoded
by a gene on chromosome 15 (Fig 2).3 MHC class II antigens
have a more limited tissue distribution and are expressed only
on B lymphocytes, activated T lymphocytes, monocytes, macro-
phages, Langerhans cells, dendritic cells, endothelium, and epi-
thelial cells.5 Each is a heterodimer composed of noncovalently
associated a and b chains of approximately 230 amino acids en-
coded by genes of the HLA-D region (Fig 2). On cells expressing
both class I and class II HLA antigens, there are 3 class I antigens
and 3 or more (usually 4) class II heterodimers.

Class III genes are located between the HLA-B and HLA-D
loci and determine the structure of 3 components of the comple-
ment system: C2, C4, and factor B.3,4 HLA antigens are inherited
in a Mendelian dominant manner. Because of the closeness of the
different loci of the MHC and the resultant low crossover
frequency, however, HLA genes are almost always inherited
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together. To date, 3756 different class I and II HLA gene alleles
have been identified.2 The fixed combination of these genetic de-
terminants present in 1 chromosome of a subject is referred to as a
haplotype. Chromosome 6 is an autosome, and therefore all sub-
jects have 2 HLA haplotypes (1 for each chromosome), and there
are only 4 possible combinations of haplotypes among the
offspring of any 2 parents. Thus there is a 25% probability that
biological siblings will have identical HLA alleles.

The ABO system
ABO incompatibility does not cause stimulation in mixed

leukocyte cultures, indicating that ABO compatibility is of much
less importance than HLA compatibility in graft survival. How-
ever, ABO incompatibility can result in hyperacute rejection of
primarily vascularized grafts, such as those of the kidney and
heart.6 This is thought to occur because (1) ABO blood group an-
tigens are highly expressed on kidney and cardiac grafts, particu-
larly those from patients who are blood group A or B antigen
secretors, and (2) preformed naturally occurring antibodies to
blood group substances are present in mismatched recipients.
Advances in immunosuppressive therapies to prevent immune
rejection of the graft have more recently allowed performance
of organ transplantations across the ABO barrier.7

Donor-recipient HLA matching
Two laboratory methods are used to pair donors and recipients

for transplantation. The first matching method involves the
determination of HLA antigens on donor and recipient leukocytes
by using either serologic or DNA-typing methods. The second
method is functional and involves the measurement of the
response of immunocompetent cells from the recipient to antigens
present on donor cells (and vice versa for bone marrow transplan-
tation). Results of bothmethods are generally consistent with each
other. Disparities that are serologically detected are referred to as
antigen mismatches, whereas differences that can be identified
only by DNA-based typing are called allele mismatches. Because
these methods take considerable time to perform, results are not
known in time for some solid-organ transplantations, such as
lung transplantations, which are performed based on immediate
organ availability. Since 2000, the National Donor Matching Pro-
gram performs HLA typing of donor volunteers exclusively using
a DNA-based method, the PCR single-strand oligonucleotide
probe. Currently, approximately 60% of volunteer donors on the
National Donor Matching Program Registry had their HLA types
determined by using this method. Efforts continue to improve the
efficiency of HLA typing and to reduce the costs of the assays.8

Donor-recipient serologic cross-matching
Serologic cross-matching is of particular importance to the

success of primarily vascularized grafts, such as those of the
kidney and heart. Serum from the prospective recipient is tested
against cells from the potential donor for the presence of
antibodies to red blood cell or HLA antigens. The presence of
such antibodies correlates with hyperacute renal graft rejection.6

For this reason, a positive serologic cross-match result has been
considered a contraindication to renal transplantation, although
therapeutic strategies, such as the use of plasmapheresis, are
proposed when the mismatch cannot be avoided.7

Usefulness of HLA typing in clinical organ and
tissue transplantation

Although typing for intrafamilial transplants of all types is
clearly of great value, the usefulness of HLA typing in cadaveric
kidney grafting has been a point of controversy since cyclosporine
became available.9 Although short-term survival rates did not ap-
pear to be that different for closely or poorly matched cadaveric
kidneys, the degree of HLA matching does correlate with long-
term survival.10 Until 1980, only HLA-identical siblings could
be used as bone marrow donors because both graft rejection and
lethal graft-versus-host disease (GVHD) were common compli-
cations if this was not the case.11 Fortunately, the development
during the past 3 decades of techniques to rigorously deplete post-
thymic T cells from donor marrow has permitted numerous
successful half-HLA-matched marrow transplantations with no
or minimal GVHD.12,13

MECHANISMS OF GRAFT REJECTION
Role of alloimmune antibodies

The strongest evidence for a role for antibodies in graft
rejection is the hyperacute rejection of primarily vascularized
organs, such as the kidney and heart. High titers of antidonor
antibodies can be demonstrated in recipients presenting with
these reactions.6 These antibodies combinewith HLA antigens on
endothelial cells, with subsequent complement fixation and accu-
mulation of polymorphonuclear cells. Endothelial damage then
occurs, probably as a result of enzymes released from polymor-
phonuclear leukocytes; platelets then accumulate, thrombi
develop, and the result is renal cortical necrosis or myocardial
infarction.14

Leukocytes and cytokines in graft rejection
Allograft rejection results from the coordinated activation

of alloreactive T cells and antigen-presenting cells (APCs).
Although acute rejection is a T cell–dependent process, the
destruction of the allograft results from a broad array of effector
immune mechanisms. Cell-cell interactions and the release by
primed TH cells of multiple types of cytokines (IL-2, IL-4, IL-5,
IL-7, IL-10, IL-15, TNF-a, and IFN-g) recruit not only immuno-
competent donor-specific CD41 T cells, CD81 cytotoxic T cells,
and antibody-forming B cells but also nonspecific inflammatory
cells, which constitute the majority of cells infiltrating an allo-
graft.15 Other cells specific to the transplanted organ might play
a role in the balance of tolerance and rejection, such as the
Kupffer cells and the sinusoidal epithelial cells in the liver.16

Stimulation of CD41 T cells through their antigen receptors is
not sufficient to initiate T-cell activation unless costimulation is
provided by interaction of other ligand-receptor pairs present on
the surfaces of T cells and APCs during the encounter. Some of
these interactive pairs include the T-cell surface molecule CD2
and its ligand CD58 on APCs, CD11a/CD18-CD54, CD5-
CD72, CD40 ligand–CD40, and CD28–CD80 or CD86.
CD41 T-cell anergy or tolerance induction occurs when the T-
cell receptor interacts with the APC unless signals are provided
through 1 or more of these receptor-ligand interactions (particu-
larly through CD40 ligand–CD40 and CD28–CD80 or CD86)
or by cytokines (eg, IL-1 and IL-6 from the APC). Thus T-cell ac-
cessory proteins and their ligands on APCs are target molecules
for antirejection therapy.17,18 If costimulation does occur, the
CD41 T cell becomes activated, which leads to stable
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transcription of genes important in T-cell activation. CD81 T
cells recognize antigenic peptides displayed onMHC class I mol-
ecules and represent a major cytotoxic effector lymphocyte pop-
ulation in graft rejection. Donor class I molecules on donor APCs
in the graft directly activate cytotoxic effector lymphocytes. How-
ever, CD8 activation also requires a costimulatory second signal,
as well as an IL-2 signal. Activated CD81 T cells proliferate and
mature into specific alloreactive clones capable of releasing gran-
zyme (serine esterase), perforin, and toxic cytokines, such as
TNF-a. More recently, the identification of TH17 effector cells
(proinflammatory) and regulatory T cells (downregulators of im-
mune activation) has improved our understanding of the develop-
ment of graft tolerance or rejection.19 Stimulation of the B cell by
antigen occurs through its antigen receptor (surface immunoglob-
ulin), but costimulation is also required for B-cell activation. This
costimulation can be provided by cytokines released by T cells or
throughmany of the same T-cell protein–ligand pairs important in
T-cell–APC costimulation because these ligands are also present
on B cells. B-cell contribution to the immune rejection of organ
transplants is not limited to the production of alloimmune anti-
bodies but also involves antigen presentation and the secretion
of proinflammatory cytokines.20

Once T-cell activation has occurred, autocrine T-cell prolifer-
ation continues as a consequence of the expression of the IL-2

receptor (IL-2R). Interaction of IL-2 with its receptor triggers the
activation of protein tyrosine kinases and phosphatidylinositol 3–
kinase, resulting in translocation into the cytosol of an IL-2R–
bound serine-threonine kinase, Raf-1. This in turn leads to the
expression of several DNA-binding proteins, such as c-Jun, c-Fos,
and c-Myc, and to progression of the cell cycle. The consequence
of all of these events is the development of graft-specific,
infiltrating cytotoxic T cells. Cytokines from the T cells also
activate macrophages and other inflammatory leukocytes and
cause upregulation of HLA molecules on graft cells. The
activated T cells also stimulate B cells to produce anti-graft
antibodies. Ultimately, if not recognized and managed, all these
cellular and humoral factors constitute the rejection process that
destroys the graft.

IMMUNOSUPPRESSION
More information on immunosuppresion regimens can be

found in Table I.
Currently, there is no method that will suppress the host’s

immune response to antigens of the graft and at the same time
maintain other immune responses. Nonspecific immunosuppres-
sive agents are needed to prevent rejection of the transplanted
organ, which can occur even though HLA-matched donors are

FIG 1. Location and organization of the HLA complex on chromosome 6. BF, Complement factor B; C2, com-
plement component 2; C4A, complement component 4A; C4B, complement component 4B; LTA, lympho-
toxin A; LTB, lymphotoxin B; TAP1, transporter of antigenic peptides 1; TAP2, transporter of antigenic
peptides 2. Reprinted with permission from Klein and Sato.3
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used. The development of immunosuppressive strategies during
the past 4 decades reflects enormous progress in understanding
the cellular and molecular mechanisms that mediate allograft
rejection.21 The success of transplantation between unrelated do-
nors and recipients can be attributed to implementation of these
strategies. These agents depress both specific and nonspecific im-
munity, and they render the recipient more susceptible to both in-
fection and malignancy. Indeed, infection is the most important
cause of transplant-recipient death. Thus all patients must have
the immunosuppressive regimen fine tuned to prevent rejection
yet minimize the risk of infection: too high a dose, and infection
supervenes; too small a dose, and the graft is rejected.

The immunosuppressive agents initially used in most trans-
plant centers for nearly 2 decades were corticosteroids, azathio-
prine, and cyclosporine. Several new agents have been introduced
during the past few years: mycophenolate mofetil, which has a
similar but more effective mode of action to that of azathioprine;
tacrolimus, which has a mode of action and side effects similar to
those of cyclosporine; and sirolimus, which blocks IL-2–induced
T-cell cycle progression.

Immunosuppressive agents can be categorized by whether they
(1) interrupt lymphocyte cell division, (2) deplete lymphocytes,
(3) interfere with lymphocyte maturational events, (4) interfere
with immune cell costimulation, (5) modulate ischemia–reperfu-
sion injury, or (6) facilitate induction of tolerance.22 They can also
be grouped into those used for induction therapy, for prophylaxis
against rejection, for reversal of acute rejection episodes, and for
maintenance of immunosuppression.

mAbs to lymphocytes and to cytokine receptors
Antibodies from animals immunized with human lymphoid

cells are useful agents for induction therapy, as well as for reversal
of acute rejection episodes.23 They consist of the IgG fraction of
serum from horses or rabbits immunized with either human
lymphocytes (antilymphocyte globulin [ALG]) or thymocytes
(antithymocyte globulin [ATG; thymoglobulin]) or of mAbs (mu-
rine or humanized) to T-cell surface antigens (eg, CD3 [OKT3]).
In general, ALG, ATG, and OKT3 decrease the onset, severity,
and number of rejection episodes. Prevention of graft rejection

has also been approached by inhibiting cytokines from interacting
with their receptors. Chimeric or humanized murine anti–IL-2R
a chain antibodies (daclizumab and basiliximab) have been de-
veloped for clinical use. The advantage of these mAbs to the
IL-2R a chain is that such molecules are present only on activated
T cells; therefore the main effect is on T cells possibly activated
by graft antigens.

Calcineurin inhibitors
The main action of calcineurin inhibitors (cyclosporine and

tacrolimus) is that they prevent the synthesis of IL-2 and other
cytokines that might be produced by T cells activated by
allografts.21 Through its hydrophobicity, cyclosporine enters cell
membranes to gain access to and bind to the cytoplasmic isomerase
protein cyclophilin. The complex then inhibits calcineurin, an in-
tracellular phosphatase critical for the translocation of signals
from the T-cell receptor to the nucleus. In this manner it blocks
transcription of the IL2 gene. In addition, it also blocks the synthe-
sis of other cytokines and thereby interferes with activated CD41

helper T-cell function. As a consequence, T-cell proliferation and
differentiation of precursor cytotoxic lymphocytes are blocked.
Tacrolimus binds to a cytoplasmic isomerase protein in the same
way that cyclosporine does, but it binds to a different one, the
FK-binding protein.24 The complex formed inhibits calcineurin
to prevent T-cell receptor signal transduction to the cell nucleus,
blocking cell activation. Tacrolimus thus inhibits synthesis of IL-
2, IL-3, IFN-g, and other cytokines; it was found to be 100 times
more potent than cyclosporine as an immunosuppressive agent.24

Cytokine receptor signal transduction inhibitors
Sirolimus (Rapamune; Wyeth, Madison, NJ) has a structure

similar to tacrolimus, and its activity is also dependent on its
binding to the FK-binding protein. However, the complex formed
does not inhibit calcineurin but instead prevents the phosphoryl-
ation of the p70S6 kinase. This action blocks signal transduction
frommany cell-surface cytokine receptors, including the IL-2, IL-
4, IL-15, and IL-10 receptors. Both in vitro and in vivo studies have
shown a synergistic effect of sirolimuswith cyclosporine, aswould
be expected because sirolimus prevents cytokine receptor signal-
ing and cyclosporine inhibits cytokine production. In addition,
sirolimus selectively preserves the development of regulatory
T cells.25 No agent is the perfect nonspecific immunosuppressive
drug. Anti-lymphocyte antibodies (including anti-CD3, anti-
CD6, and anti-CD52 antibodies), nucleoside synthesis inhibitors,
steroids, cyclosporine (or tacrolimus), anti–IL-2R a chain (anti-
CD25), and sirolimus all affect allorecognition and antigen-driven
T-cell proliferation at different points in the T-cell activation
process. Thus the combined use of several of these types of agents
provides a synergistic effect rather than a merely additive effect.

SOLID-ORGAN TRANSPLANTATION
The explosive growth of transplantation since the discovery of

HLA in 1967 is attested to by the fact that, according to the Global
Database on Donation and Transplantation gathering data from 97
countries, in 2007 around 100,000 solid-organ transplantations
were performed per year worldwide: 68,250 are kidney transplan-
tations (45% from living donors), 19,850 are liver transplantations
(14% from living donors), 5,179 are heart transplantations, 3,245
are lung transplantations, and 2,797 are pancreas transplantations.26

FIG 2. Structures of HLA class I and II molecules. b2-Microglobulin (b2m)
is the light chain of the class I molecule. TM, Transmembrane component.
Reprinted with permission from Klein and Sato.3
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Kidney transplantation
Despite major improvements in dialysis techniques, renal

transplantation remains the treatment of choice for end-stage
renal disease in patients of nearly all ages.27 Estimates of new
cases of end-stage renal disease are at 300 cases per million per-
sons annually, with an increasing trend.27 For adults and most
children, the renal transplantation operation has become stan-
dardized. The earlier practice of removing the patient’s diseased
kidneys 2 to 3 weeks before transplantation has not been carried
out routinely in recent years, except for patients with hypertension
or infection, and nephrectomy is now performed at the time of
transplantation.

Immunosuppressive regimens. Until cyclosporine be-
came available in the early 1980s, most centers used a combina-
tion of azathioprine (Imuran; Prometheus Laboratories, Inc, San
Diego, Calif) and prednisone to prevent graft rejection. Beginning
in 1983, many centers began to use cyclosporine (in lieu of
azathioprine) with lower doses of prednisone for immunosup-
pression.27,28 Cyclosporine has been given in varying doses at
different centers but has generally been given intravenously
during or just after transplantation and on the day after. It is
then subsequently administered orally and gradually tapered, de-
pending on signs of toxicity or rejection and blood levels. Trough
blood levels are periodically monitored, and doses are adjusted to
maintain levels of greater than 200 ng/mL. Prednisone is given on
the day of transplantation and gradually reduced during the course
of 12 weeks. In many centers the induction agents consist of one
of the anti–IL-2R a chain antibodies, daclizumab or basiliximab,
along with steroids, mycophenolate mofetil (instead of azathio-
prine), and tacrolimus (instead of cyclosporine). Some transplan-
tation surgeons are combining plasmapheresis, intravenous
immunoglobulin, and immunosuppressive drugs for patients
who are highly sensitized and have high titers of alloanti-
bodies.29,30 Acute rejection episodes are treated with intravenous
pulses of high-dose methylprednisolone. Among the most useful
agents have been ALG for 5 days, ATG for 5 days, and OKT3 for
1 to 14 days. Another anti-lymphocyte mAb, anti-CD52 or alem-
tuzumab, has also been used successfully, although with differ-
ences in the incidence of opportunistic infections.31,32

Rejection. Rejection is the most common problem during the
3 months immediately after kidney grafting.27 Except for hyper-
acute rejection, most such episodes can be partially or completely
reversed by one of the previously described immunosuppressive
agents. Rejection episodes are classified as follows (Table II).

Hyperacute rejection occurs within the first 48 hours after the
anastomosis takes place in recipients with preformed anti-leuko-
cyte antibodies. It is characterized by fever and anuria. The bind-
ing of cytotoxic antibodies to the vascular endothelium activates
complement, with subsequent aggregation of neutrophils and
platelets, resulting in thrombosis. This is an irreversible event,
and the only treatment option is immediate graft removal.

Accelerated rejection occurs on the third to fifth day after trans-
plantation. It is accompanied by fever, graft swelling, oliguria,
and tenderness. It is thought to be mediated by non–comple-
ment-fixing antibodies to antigens present in the donor kidney.
Histopathologically, it is characterized by vascular disruption
with hemorrhage. The most effective treatments are anti-lympho-
cyte reagents, with or without plasmapheresis; these have a
success rate of about 60% in reversing this process.

Acute rejection, the most common form, is due to a primary al-
logeneic response occurring within the first 6 to 90 days after
transplantation. It is mediated by both T cells and antibodies,
which cause tubulitis and vasculitis, respectively. High-dose
pulses of steroids and anti-lymphocyte reagents are effective in
reversing the T-cell response about 80% to 90% of the time, but
anti-lymphocyte antibodies only reverse the vasculitis about
60% of the time.

Chronic rejection occurs when the tenuous graft tolerance is
disturbed 2 or more months after transplantation. It is character-
ized by marked proteinuria, occasional hematuria, hypertension,
and the nephritic syndrome. The primary mediator of this type
of rejection is antibody. A kidney biopsy is usually necessary to
distinguish rejection from cyclosporine or tacrolimus nephrotox-
icity. This process is usually treatment resistant, although pro-
gression might be slowed by immunosuppressive regimens.

Efficacy. Renal grafts from HLA-identical sibling donors
have a 10-year survival of about 74%. Those transplants from ‘‘6
HLA antigen–matched’’ cadavers have currently a 1-year survival
of 95%. The estimated graft survival has slowly improved over
time, and the most recent data, from the 1998-1999 cohort, is
estimated at 11.6 years, according to national statistics. Grafts
from living donors have a higher estimated lifespan of 15
years.27,33

Liver and intestinal transplantation
Liver transplantation had its inception in 1963, when the

diseased liver of a 3-year-old child with extrahepatic biliary

TABLE I. Immunosuppresion regimens

Immunosuppression regimen Immunologic target Specific use Major adverse effects

Radiation, anti-metabolite agents Hematopoietic stem cells,
leukocytes

BMT Cytopenias, opportunistic infections,
diarrhea, alopecia, veno-occlusive
disease, long-term organ damage:
endocrine abnormalities, growth
delay, hypodontia, cognitive delay,
sterility

Calcineurin inhibitors,
anti-lymphocyte antibodies,
anti-cytokine antibodies,
anti-metabolite agents, and
corticosteroids

Lymphocytes In solid-organ transplantation and
BMT: prevention and treatment
of graft rejection and GVHD

Opportunistic infections,
lymphopenia, renal dysfunction,
seizures, hypertrichosis,
hypertension, gastritis,
osteoporosis, cataracts, growth
delay

BMT, Bone marrow transplantation.
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atresia was replaced.34 Although that patient died, subsequent
successes have established liver transplantation as the standard
therapy for advanced chronic liver disease.35 Since 1983, the
1-year survival rates have increased from 25% to 78%, depending
on the age and health of the recipient, the underlying condition,
and various clinical considerations.

Liver transplantation is indicated for chronic end-stage liver
disease, fulminant acute liver failure, and cancer limited to the
liver.36 As with renal transplantation, combined therapy targeting
several facets of the potential rejection process is used for liver
transplantation.

Anti–IL-2R a chain antibodies are given intravenously on the
day of transplantation, followed by tacrolimus, which is given
intravenously initially and orally thereafter and then by myco-
phenolate mofetil and steroids tapered slowly over a year.
Survival has increased by 20% in the last 2 decades with
tacrolimus-based immunosuppression.37

Although this improvementmight be the result of several factors,
retransplantation as a result of acute or chronic rejection has not
occurred in patients treated with tacrolimus. Similar to all solid-
organ transplantation, lackof suitable donors is amajor problem for
liver transplantation. Since 1988, this organ shortage has been
approached by partial hepatectomies of living related donors.
Donor safety is much greater with use of the left lateral segment.38

Intestinal transplantation is offered to patients who have
intestinal failure (caused by short-bowel syndrome, mucosal
disease, motility disorders, and tumors) and who present with
severe complications of parenteral nutrition, such as cholestatic
liver disease and recurrent loss of central venous access.39 Ad-
vances in surgical techniques, control of immune rejection, and
treatment of infections have improved the outcomes over time.
In 2008, 185 intestinal transplantations were performed in the
United States. The 1-year rate of patient survival has increased
from 57% in 1997 to 80% in 2005 and to 90% if the data are lim-
ited to centers that perform the largest number of transplantations.

Heart, heart-lung, and lung transplantation
The various forms of cardiomyopathy are the most common

indications for heart transplantation, followed by congenital heart
disease. Approximately 25% of heart transplant recipients are
infants.22 Immunosuppressive regimens for heart transplantation
are similar in many respects to those already described for renal

and hepatic grafts. Usually an anti–IL-2R a chain mAb is given
for induction therapy on the day of transplantation, along with
high-dose intravenous methylprednisolone. Prednisone is given
after the operation and maintained orally until it is discontinued
after the first normal findings from an endomyocardial biopsy.
Tacrolimus is then begun as the primary immunosuppressive
agent with or without mycophenolate.22

Since the introduction of cyclosporine 26 years ago, the results
of cardiac transplantation have improved greatly. The Interna-
tional Heart Transplantation Registry has shown a 4-year survival
of 71% for patients receiving cyclosporine- or tacrolimus-based
triple immunosuppression therapy. Survival is influenced by the
age of the recipient; patients younger than 40 years have a better
survival.40 Lung transplantation has been performed for the fol-
lowing major diagnostic categories: cystic fibrosis, pulmonary
vascular disease, bronchiolitis obliterans, pulmonary alveolar
proteinosis, and pulmonary fibrosis, with 4-year survival at
approximately 50%.22,41

BONE MARROW TRANSPLANTATION
Since 1955, more than 240,000 bone marrow transplantations

have been performed worldwide at 450 centers in 47 countries for
the treatment of more than 50 different fatal diseases (Table III).42

Most of these transplantations have been done by reinfusing
stored autologous marrow cells collected before the patient re-
ceives intensive chemotherapy or irradiation. Annually, 25,000
to 35,000 autologous transplantations are performed compared
with approximately 15,000 allogeneic transplantations. Certain
unique problems distinguish bone marrow transplantation from
transplantation of solid organs, such as the kidney, liver, and heart.
The first problem is that immunocompetent cells, both in the
recipient and in the donor marrow or blood, have the potential
to reject each other, resulting in graft rejection on the one hand
and GVHD on the other.43 The second concern is that successful
unfractionated marrow grafting usually requires strict donor and
recipientMHC class II antigen compatibility to minimize such re-
actions. Finally, except for patients with severe combined immu-
nodeficiency (SCID), complete DiGeorge anomaly, or identical
twin donors, even HLA-identical recipients must be pretreated
with cytotoxic and myeloablative agents to prevent graft
rejection.43 Diseases treated successfully by allogeneic bone
marrow transplantation include radiation injury, primary

TABLE II. Solid-organ rejection patterns: Renal rejection as an example

Type
Time after

transplantation
Signs and
symptoms

Rapidity of
onset

Immune
component

Pathologic
findings Treatment

Success
rate (%)

Hyperacute <24 h Fever, anuria Hours Antibody and
complement

Polymorphonuclear
neutrophil deposition
and thrombosis

None 0

Accelerated 3-5 d Fever, graft swelling,
oliguria, tenderness

1 d Non–complement-
fixing antibody

Vascular disruption
hemorrhage

ALG, ATG,
anti-CD3

60

Acute 6-90 d Oliguria, salt retention,
graft swelling,
tenderness,
sometimes fever

Days to weeks T cells and antibody Tubulitis,
endovasculitis

Steroids, ALG,
ATG, anti-CD3

60-90

Chronic >60 d Edema, hypertension,
proteinuria, occasional
hematuria

Months to years Antibody Vascular onion
skinning

None 0

Reprinted with permission from Buckley R. Transplantation. In: Stiehm ER, editor. Immunologic disorders in infants, children, and adults. 5th ed. Philadelphia: WB Saunders;
2006.
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immunodeficiencies, hemoglobinopathies, aplastic anemia, mul-
tiple myeloma, leukemia, neuroblastoma, non-Hodgkin lym-
phoma, inborn errors of metabolism, and certain autoimmune
diseases.44 In addition, autologous marrow transplantation has
been used after lethal irradiation or chemotherapy in the treatment
of patients with some hematologic malignancies, solid tumors, or
breast cancer, as well as for the treatment of several autoimmune
diseases.45

Other sources of hematopoietic stem cells
for transplantation

Bone marrow is not the only source of hematopoietic stem
cells. These cells are capable of reconstituting all blood cell
lineages and can also be obtained from peripheral blood or cord
blood. Peripheral blood–derived hematopoietic stem cells are
retrieved after the donor receives granulocyte colony-stimulating
factor, usually at 5 to 10 mg/kg/d for 5 days, to allowmobilization
of the hematopoietic stem cells. These are then collected by
means of leukapheresis, and the stem cells are positively selected
by using affinity columns containing antibodies to the cell-surface
markers CD34 or CD133, both of which are suggested to have the
highest specificity for pluripotential hematopoiesis.46 Cord blood
is increasingly being used because of its availability and simplic-
ity of procurement and the potential of a lower severity of GVHD
without full HLA matching.47 The number of cells in cord blood
units is a limiting factor that is currently being addressed by using
more than 1 donor’s cord blood.

Clinical features of GVHD
AcuteGVHDbegins6ormoredays after transplantation (or after

transfusion in the case of nonirradiated blood products).48 Signs of
GVHD include fever, amorbilliform erythematous rash, and severe
diarrhea.49 The rash becomes progressively confluent and might

involve the entire body surface; it is both pruritic and painful and
eventually leads to marked exfoliation. Eosinophilia and lympho-
cytosis develop, followed shortly by hepatosplenomegaly, exfolia-
tive dermatitis, protein-losing enteropathy, bone marrow aplasia,
generalized edema, increased susceptibility to infection, and
death.50 Skin biopsy specimens reveal basal vacuolar degeneration
or necrosis, spongiosis, single-cell dyskeratosis, eosinophilic
necrosis of epidermal cells, and a dermal perivascular round cell
infiltration. Similar necrotic changes can occur in the liver, intesti-
nal tract, and eventually most other tissues.

Treatment of GVHD
Many regimens have been used to mitigate GVHD in both

HLA-incompatible and HLA-compatible bone marrow trans-
plants. InMHC-compatible bonemarrow transplants into patients
with SCID or complete DiGeorge anomaly, it is not usually
necessary to give immunosuppressive agents to prevent or
mitigate the mild GVHD that might occur, although occasionally
steroids are used to treat more severe forms of this condition. For
unfractionated, HLA-identical marrow transplants into all pa-
tients for whom pretransplantation chemotherapy is given to
prevent rejection, however, it is necessary to use prophylaxis
against GVHD. Patients are usually given a combination of
methotrexate, corticosteroids, and a calcineurin inhibitor daily for
6 months.51-53 When GVHD becomes established, it is extremely
difficult to treat. Antithymocyte serum, steroids, cyclosporine, ta-
crolimus, anti–IL-2R a chain antibodies, anti–TNF-a inhibitors,
mycophenolate mofetil, and murine mAbs to human T-cell sur-
face antigens have ameliorated some cases, but the course has
been inexorably fatal in many patients similarly treated.54-56

The best approach to GVHD reactions is prevention, and by far
the best preventive approach is the removal of all postthymic
T cells from the donor marrow or blood.

HLA-identical bone marrow transplantation
for patients with SCID

The only adequate therapy for patients with severe forms of
cellular immunodeficiency is immunologic reconstitution by
means of transplantation of immunocompetent hematopoietic
stem cells. Until 1980, only HLA-identical unfractionated bone
marrow could be used for this purpose because of the lethal
GVHD that ensued if mismatched donors were used.57 In most
cases, both T-cell and B-cell immunity have been reconstituted
by such fully matched transplants, with evidence of function de-
tected very soon after unfractionated marrow transplantation.58

Analysis of the genetic origins of the immune cells in the en-
grafted patients has revealed that although the T cells are all of do-
nor origin, the B cells are often those of the recipient.12 Initially, it
was considered that bone marrow was effective in conferring im-
munity in patients with SCID because it provided normal stem
cells, but it is apparent from later experience with T cell–depleted
marrow59 that the early restoration of immune function after un-
fractionated HLA-identical marrow transplantation is caused by
adoptive transfer ofmature Tand B cells in the donormarrow. Un-
fortunately, because of the lack of HLA-identical related donors,
unfractionated bonemarrow transplantation has not been possible
for more than 85% of the immunodeficient patients who could
have benefited. As a consequence, before the year 1982, most
such patients died with severe infections.

TABLE III. Conditions treated with hematopoietic stem cell

transplantation

Leukemias Acute lymphoblastic leukemia
Acute myelogenous leukemia
Chronic lymphocytic leukemia
Chronic myelogenous leukemia

Lymphomas Non-Hodgkin lymphoma
Hodgkin disease

Plasma cell disorders Multiple myeloma and related disorders
Solid-organ neoplasias Breast cancer, ovarian cancer, melanoma

neuroblastoma, lung cancer, sarcoma
Myelodysplastic syndromes
Severe aplastic anemia
Autoimmune diseases Multiple sclerosis, systemic sclerosis,

systemic lupus erythematosus

Inherited erythrocyte
abnormalities

Sickle cell disease, thalassemia

Inherited metabolic
diseases

Mucopolysaccharidosis type I,
adrenoleukodystrophy, osteopetrosis

Primary immunodeficiencies SCID
Wiskott-Aldrich syndrome
CGD
Leukocyte adhesion deficiency
CD40 ligand deficiency
X-linked lymphoproliferative disease
Hemophagocytic lymphohistiocytosis
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HLA-haploidentical bone marrow transplantation
for patients with SCID

The fact that totally HLA-disparate fetal liver cells could
correct the immune defect in a few such patients without causing
GVHD gave hope that HLA-disparate marrow stem cells could do
the same if all donor postthymic T cells could be removed. Early
success in T-cell depletion was achieved in experimental animals
by treating donor marrow or spleen cells with anti–T-cell antise-
rum or agglutinating the unwanted cells with plant lectins.60 The
remaining immature marrow or splenic non-T cells restored lym-
phohematopoietic function to lethally irradiated MHC-disparate
recipients without lethal GVHD. This approach was applied to
human subjects in the early 1980s and has been highly successful
in infants with SCID.12,59-63

The time to development of immune function after haploident-
ical stem cell grafting is quite different from that after unfractio-
nated HLA-identical marrow grafting. Lymphocytes with mature
T-cell phenotypes and functions fail to increase significantly until
3 to 4 months after transplantation; normal T-cell function is
reached between 4 and 7 months.59 B-cell function develops
much more slowly, averaging 2 to 2.5 years for normalization;
many do not have B-cell function developed, despite normal
T-cell function.12,13 Genetic analyses of the lymphocytes from
such chimeric patients have revealed all T cells to be genetically
from donor origin, whereas the B cells and APCs almost always
remain those of the recipient.61,62 These observations indicate
that the thymic microenvironment of most infants with SCID is
capable of differentiating half-matched normal stem cells to ma-
ture and functioning T lymphocytes that can cooperate effectively
with host B cells for antibody production. Thus the genetic defect
in SCID does not compromise the function of the thymus.

Efficacy of bone marrow transplantation in patients
with immunodeficiency diseases

Although precise figures are not available, during the past
40 years, more than 1,200 patients worldwidewith different forms
of genetically determined immunodeficiency have been given
bone marrow transplants in attempts to correct their underlying
immune defects. Possibly because of earlier diagnosis before
untreatable opportunistic infections develop, the results have
improved considerably during the last 2 decades.62-67 As would
be expected, survival outcomes of HLA-matched related trans-
plants have been superior to those of HLA-haploidentical or
HLA-identical unrelated transplants in several series of patients
treated in specialized centers worldwide.

SCID. Bone marrow transplantation has been more widely
applied and more successful in infants with SCID than any other
primary immunodeficiency. The use of pretransplantation mye-
losuppressive or myeloablative conditioning is advocated by
some investigators to prevent graft rejection, but because infants
with SCID lack T cells, there should be no need to use
pretransplantation chemotherapy. The largest multicenter report
of patients with SCID who received bone marrow transplantation
was a European collaborative study from 1968 to 1999, including
153 patients receiving an HLA-matched related (from parent or
sibling) transplant, with a survival rate of 77%, and 294 patients
receiving a haploidentical HLA-matched transplant, with a
survival of 54%.63 Twenty-eight patients received an HLA-
matched unrelated donor transplant, with a survival rate of
63%. These outcomes have improved in the last decade, likely

because of progress in early diagnosis and medical care, specifi-
cally in the availability of newer antibacterial and antiviral agents,
as well as immunosuppressive drugs for the control and prophy-
laxis of GVHD. In addition, difference in the use of myeloablative
and rejection prophylaxis regimens with their inherent toxicity is
a variable that affects the survival rate. The largest series of pa-
tients with SCID receiving bone marrow transplantation in the
United States reported 161 patients who did not receive pretrans-
plantation conditioning.62,68 Sixteen of them received an HLA-
matched related donor transplant, with 100% survival. The others
received a haploidentical HLA-matched related donor transplant,
with a long-term (up to 26 years) survival rate of 77%. Neverthe-
less, this is a major accomplishment because SCID is 100% fatal
without marrow transplantation or, in the case of adenosine deam-
inase (ADA)–deficient SCIDs, enzyme replacement therapy. Of
note, thosewho underwent transplantation earlier than 3.5months
of age had a survival of 94%, possibly reflecting the influence of
opportunistic infections as determinants of transplantation suc-
cess. These studies and others have shown that such transplants
can provide normal numbers of T cells and normalize T-cell func-
tion in all known molecular types of SCID. Thus there appears
to be no survival advantage in performing such transplantations
in utero69,70 as opposed to performing them soon after birth. In
utero transplantations carry the risks associated with the invasive
procedure that involves accessing the fetus and the difficulty of
monitoring the possible development of GVHD during gestation.

Other primary immunodeficiencies. The second largest
group of patients with immunodeficiency given bone marrow
transplants since 1968 are those with the Wiskott-Aldrich syn-
drome.71,72 In a report from the International Bone Marrow
Transplant Registry, 170 patients withWiskott-Aldrich syndrome
had undergone transplantation, and the 5-year probability of sur-
vival for all subjects was 70% (95% CI, 63% to 77%). Probabil-
ities differed according to donor type: 87% (95%CI, 74% to 93%)
with HLA-identical sibling donors, 52% (95% CI, 37% to 65%)
with other related donors, and 71% (95% CI, 58% to 80%) with
matched unrelated donors (P5 .0006). Boys who had received
a matched unrelated donor transplant before 5 years of age had
survivals similar to those receiving HLA-identical sibling trans-
plants. Of note, the incidence of autoimmunity in these patients
after bone marrow transplantation is up to 20%.72

Patients with combined immunodeficiencies characterized by
less severe T-cell defects than those seen in patients with SCID,
such as ZAP70 deficiency, constitute the third largest group of
patients given bone marrow transplants. Forty-five patients with
Omenn syndrome were reported as having received marrow
transplants, and 23 (51%) were alive at the time of the report.61

Fourteen (54%) of 26 patients with the bare lymphocyte syn-
dromewere alive after having been givenmarrow transplants.73,74

Other disorders treated successfully with bone marrow transplan-
tation include X-linked hyper-IgM,75 reticular dysgenesis,76 pu-
rine nucleoside phosphorylase deficiency,77 cartilage hair
hypoplasia, and X-linked lymphoproliferative syndrome.

Patients with complete DiGeorge syndrome have undergone
both marrow and thymic transplantations. Six of 9 such patients
were reported to have survived 2 to 24 years after having received
unfractionated HLA-identical sibling marrow78; however, possi-
ble publication bias was suggested, proposing that a number of
patients who might not have survived had not been taken into
account.79 Because the underlying defect in this condition is
absence of the thymus, a more direct approach is to perform
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thymus transplantation. To this end, 54 infants with complete Di-
George syndrome have undergone thymic transplantation with
cultured HLA-unmatched unrelated thymic tissue, with a survival
rate of 69%.80 An important immunologic difference is that the
transplanted thymus allows the development of naive T cells
even with a disparate HLA haplotype between donor and recipi-
ent. In contrast, patients with complete DiGeorge syndrome who
receive bone marrow transplants survive with a reduced T-cell
number and absent naive T-cell population.

Patients with primarily phagocytic disorders also have been
shown to benefit from bone marrow transplantation. Recently, a
report from Europe included data from 24 patients with chronic
granulomatous disease (CGD) who had received bone marrow
transplants, with 19 patients surviving.81 At Texas Children’s
Hospital (Houston, Texas), 11 patients with CGD (9 with
X-linked CGD and 2 with autosomal recessive CGD) have under-
gone transplantation, with 10 patients surviving and immunore-
constituted and a median follow-up of 25 months (unpublished
data). Four of these received HLA-matched related transplants,
and 6 received HLA-matched unrelated grafts. One patient who
received a mismatched related (HLA 5/6 matched) transplant
did not survive. Other leukocyte disorders that have been success-
fully treated with bone marrow transplantation include pigmen-
tary dilution (Griscelli) syndrome, Chediak-Higashi syndrome,
familial hemophagocytic histiocytosis, severe congenital neutro-
penia, and leukocyte adhesion deficiency.61,82

Efficacy of bone marrow transplantation
in malignancy

Bone marrow transplantation is the therapy of choice for
leukemia, lymphoma, and myelodysplastic proliferative disor-
ders.83 The success of marrow transplantation in curing malig-
nancy depends on a number of factors, the most important of
which are the type of malignant disease, the stage of the disease,
and the age of the recipient. Most patients with acute myeloge-
nous leukemia achieve remission after chemotherapy; however,
approximately 65% of patients will relapse within 2 years.84

During the first complete remission, consolidation chemother-
apy or bone marrow transplantation are possible alternatives.
In patients with intermediate-risk disease, the projected dis-
ease-free survivals at 5 years are 52% for allogeneic transplan-
tation and 45% for autologous transplantation.85 For patients
with chronic myelogenous leukemia, allogenic bone marrow
transplantation is considered primarily for pediatric patients,
with a success rate of more than 80%, and for those adults
who have had unsuccessful medical treatment with tyrosine ki-
nase inhibitors.83,86 Three-year overall survival is variable
among different series, reaching up to 80%. The best survival
rates with the lowest probability of relapse occurred in patients
younger than 20 years who had acute nonlymphocytic leukemia
and underwent transplantation in first remission and in patients
with chronic myelogenous leukemia who underwent transplan-
tation in the chronic phase.87

The rationale for allogeneic bone marrow transplantation in
patients with leukemia is the hope that the leukemic cells can be
reduced or eliminated bymeans of irradiation or chemotherapy and
that the grafted allogeneic normal T cells can then reject any
remaining leukemic cells.88 Supporting a need for T cells in the
graft is the fact that T cell–depleted bone marrow transplants
have beenassociatedwith a higher degreeof leukemia recurrence.89

Efficacy of bone marrow transplantation in
hemoglobinopathies, osteopetrosis, metabolic
storage diseases, and severe autoimmunity

Bone marrow transplantation has been highly effective for the
treatment of homozygous b-thalassemia, with survivals reaching
70% to 80% for marrow transplants from HLA-identical sib-
lings.90 Likewise, HLA-identical bone marrow transplantation
has also been successful for patients with sickle cell disease,
with 59 patients known to have been treated, 55 of whom were
surviving, with 50 free of sickle cell disease.91 The European
Bone Marrow Transplantation Group reported on 69 patients
with autosomal recessive osteopetrosis who received HLA-iden-
tical or haploidentical bonemarrow transplants between 1976 and
1994.92,93 Recipients of genotypically HLA-identical marrow had
an actuarial probability for 5-year survival of up to 60%, with os-
teoclast function of 79% of the survivors. Mucopolysaccharidosis
type I (Hurler disease) and adrenoleukodystrophy, but not other
lysosomal storage diseases, have been successfully treated with
bone marrow transplantation when performed before significant
organ damage occurs, as an alternative to enzyme replacement.94

Autologous and allogeneic bone marrow transplantation proto-
cols have been used with relative success in patients with severe
autoimmunity. In a large collaborative study of more than 500
patients with autoimmune conditions, survival was 80%, with
sustained improvement in 70% of the survivors.95

Nonmyeloablative bone marrow transplantation
For patients with pre-existing organ damage, there is signifi-

cant morbidity and mortality from traditional conditioning reg-
imens with busulfan and cyclophosphamide or irradiation.
Because of this, there has been increasing interest in developing
conditioning regimens that are less toxic.96

This has been accomplished by using either total lymphoid
irradiation or a combination of nucleoside analogs and anti–
lymphocyte antibody preparations. Although these regimens
are significantly less cytotoxic than high-dose alkylating agents
and total-body irradiation, they are profoundly immunosup-
pressive. Opportunistic infections, such as the reactivation of
cytomegalovirus, remain clinical obstacles when nonmyeloa-
blative stem cell transplantations are performed with these
agents, especially in elderly and previously immunosuppressed
patients. GVHD prophylaxis with cyclosporine and methotrex-
ate, with added mycophenolate mofetil in some cases, has been
necessary because GVHD is common after nonmyeloablative
transplantation.

Gene therapy for primary immunodeficiencies
Gene therapy trials in the last decade have shown ‘‘proof of

concept’’ that genetic disorders can be modified and even cured.
Significant progress was made in patients with X-linked SCID,
ADA-deficient SCID, and X-linked CGD. The reports by
Cavazzana-Calvo et al97 and Hacein-Bey-Abina et al98,99 of suc-
cessful gene therapy in infants with X-linked SCID represented a
major step forward because repeated efforts to achieve gene cor-
rection of ADA-deficient SCID had failed during the decade be-
fore 2000. Subsequently, Gaspar et al100 reported a similar gene
therapy protocol for X-linked SCID conducted in London, con-
firming the efficacy of this novel approach. The group at the Hô-
pital Necker in Paris treated 11 patients with X-linked SCID with
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gene-corrected autologous bone marrow cells. Nine infants had
normal T- and B-cell functions after the treatments. Two did not
improve and were given allogeneic bone marrow transplants.
The 9 patients who did acquire normal immune function did not
require intravenous immunoglobulin infusions and were at
home without any medication. Four of the 10 patients treated in
London have poor B-cell reconstitution and are dependent on im-
munoglobulin supplementation. Natural killer cell reconstitution
in this molecular type of SCID is also poor, which is similar to that
seen in patients who receive bone marrow transplantation.

However, serious adverse events with this therapy occurred in 4
patients treated at the Hôpital Necker and 1 patient treated in
London.99 Shortly before varicella developed, the first patient was
discovered to have a high white blood cell count as a result of an
expanded clonal population of circulating gd-positive T cells. The
white blood cell count became much higher and became a leuke-
mic-like process that was treated with chemotherapy. The T-cell
clone was shown to carry the inserted retroviral gene vector
within an intron in a gene on chromosome 11 called LMO2.
LMO2 is an oncogene that is aberrantly expressed in acute lym-
phoblastic leukemia of childhood.101 Similarly, the other 3 pa-
tients in that protocol and 1 of the 10 patients treated in London
had T-cell proliferation with upregulation of the expression of
not only LMO2 but also of other oncogenes. Fortunately, 4 of
these patients responded to conventional chemotherapy regimens
and are presently in remission, with a relatively normal quality of
life. Insertional oncogenesis has long been known to be a potential
complication of retroviral vector gene transfer because retrovirus
integration might occur within oncogenes in the genome. This
complication has been thought to be unlikely with such vectors
because the vectors cannot reproduce themselves and cannot re-
peatedly insert into the cell’s chromosomes to increase the likeli-
hood of malignant change. Before these cases, malignant changes
had not been seen in any human subjects given retroviral vectors
for gene transfer. Considering the success of bone marrow trans-
plantation for recipients of HLA-matched related donor grafts and
for those who are treated in early infancy, new gene therapy trials
for X-linked SCID are now being developed with the objective of
reducing their oncogenesis potential, such as with the use of
lentivirus-based gene vectors.102

Gene therapy trials for ADA deficiency were initiated in the
early 1990s, with targeting of peripheral lymphocytes and later
CD34-enriched bonemarrow cells. The success of these trials was
modest, resulting in detection of a small proportion of gene-
modified cells in peripheral blood but no evidence of immuno-
logic benefits.103 The required concomitant use of polyethylene
glycol–modified bovine ADA is considered to have been a
contributing cause to the failures in the US trials. Recently, 2
European research groups reported gene therapy trials for ADA
deficiency using low-dose busulfan pretherapy without polyethyl-
ene glycol–modified bovine ADA or (in those patients who were
receiving it) withdrawing the enzyme for a few weeks before in-
fusion of the gene-modified cells.104,105 Eleven of the 15 patients
treated with this approach (10 in Italy and 5 in London) showed
good immunoreconstitution. Of note, there have not been cases
of leukemia or lymphoma in the cases of ADA-deficient SCID
that have been corrected by gene therapy, although insertions of
gene vectors near oncogenes similar to the X-linked SCID trials
have been observed.

A small number of patients with X-linked CGD have been
treated with gene therapy approaches.106 In the United States

initial efforts in 1997 by Malech and collaborators resulted in
the detection of genetically corrected cells, although in minimal
proportion (<1% of granulocytes). A more recent European trial
adding a myeloablative regimen before infusion of the gene-cor-
rected cells showed a larger proportion of gene-modified cells, al-
though with only transient expression of the gene. The treatment
provided initial clinical benefit, including resolution of severe and
chronic fungal and bacterial infections. Patients in one of the trials
demonstrated cell expansion as a result of insertional mutagenesis
and required bone marrow transplantation, which was curative in
one of 2 patients.107 Efforts aimed to improve the expression of
the gene and to reduce oncogenesis are underway.

CONCLUSIONS
Advances in transplantation immunology have allowed the

exponential growth of organ and tissue transplantation in med-
icine over the last 3 decades. Newer immunosuppressive agents
have allowed the control of solid-organ and tissue rejection and
GVHD, even when HLA incompatibility is present. For the
treatment of hematologic disorders, including primary immuno-
deficiencies, hematopoietic stem cell transplantation is not only
feasible but is also the treatment of choice in many cases. Future
developments in the field of transplantation immunology will
hopefully include novel immunosuppressors with less toxicity
and more specificity to control graft rejection while sparing
overall immunity and thereby enabling better infection control.
Gene therapy has shown promise in curing severe primary
immunodeficiencies; however, problems with this approach
urgently need to be addressed, the most important of which is
insertional mutagenesis seen with the gene vectors used to date.
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Embryonic and adult stem cell therapy

Anne C. Brignier, MD, and Alan M. Gewirtz, MD Philadelphia, Pa

There are many types of stem cells. All share the characteristics
of being able to self-renew and to give rise to differentiated
progeny. Over the last decades, great excitement has been
generated by the prospect of being able to exploit these
properties for the repair, improvement, and/or replacement of
damaged organs. However, many hurdles, both scientific and
ethical, remain in the path of using human embryonic stem cells
for tissue-engineering purposes. In this report we review
current strategies for isolating, enriching, and, most recently,
inducing the development of human pluripotent stem cells. In so
doing, we discuss the scientific and ethical issues associated with
this endeavor. Finally, progress in the use of stem cells as
therapies for type 1 diabetes mellitus, congestive heart failure,
and various neurologic and immunohematologic disorders, and
as vehicles for the delivery of gene therapy, is briefly discussed.
(J Allergy Clin Immunol 2010;125:S336-44.)

Key words: Stem cells, human embryonic stem cells, induced plurip-
otent stem cells, regenerative medicine, gene therapy, cell therapy

Stem cells are not homogeneous but exist instead as part of a
developmental continuum. The most primitive of the cells is the
totipotent stem cell. This cell has the potential to develop into a
complete embryo (ie, to form any type of cell, including
extraembryonic tissues [embryonic membranes, umbilical cord,
and placenta]). This unique property is evanescent. It appears with
fertilization of the egg and disappears by the time the embryo
reaches the 4- to 8-cell stage. With subsequent divisions, embry-
onic stem cells lose the ability to generate an entire organism.
However, they are capable of differentiating into cells present in
all 3 embryonic germ layers, namely ectoderm, mesoderm, and
endoderm, and on this basis are called pluripotent. With subse-
quent divisions, cells become more and more restricted in their
ability to differentiate into multiple lineages. They are then called
multipotent; that is, they are capable of forming a limited number
of cell types. This is the property of adult stem cells, also referred
to as somatic stem cells or nonembryonic stem cells, which are
able to self-renew during the lifetime of the organism and to
generate differentiated daughter cells. In the adult, tissues are in a
perpetual state of flux under homeostatic conditions. Even in the
absence of injury, they are continuously producing new cells to
replace those that have worn out. For this reason, adult stem cells

can be found in a metabolically quiescent state in most special-
ized tissues of the body, including the brain, bone marrow, liver,
skin, and gastrointestinal tract. These cells are scarce, however,
and with the relative exception of hematopoietic stem cells
(HSCs), they are difficult to isolate. Typically, preparations of
these cells are often contaminated with more differentiated
progenitor cells, which decreases the long-term efficiency of the
product because progenitor cells are fixed with respect to cell fate
and do not self-renew.

One could argue that 3 major technologic achievements have
driven the field of stem cell therapeutics. The first occurred in
1961, when the pioneering studies of Till andMcCulloch,1 using a
revolutionary in vivo bioassay, unequivocally demonstrated the
existence of HSCs. The second major enabling technologic leap
occurred in 1998, when Thomson et al2 reported the isolation of
human embryonic stem cells (hESCs) from blastocysts and the
creation of hESC lines for study. The most recent was reported
by Yamanaka’s group3 in 2006, which induced the formation of
pluripotent stem cells from murine fibroblasts.

Each of these advances has furthered the ability of researchers
to use stem cells for basic research on cell-lineage fate and
development, as well as for drug testing, modeling, and treating
disease. It is in the latter area, in particular, that exciting progress
has been made over the last few years.

SOURCES OF STEM CELLS
Having defined the different types of stem cells, we will now

describe currently available sources of stem cells.

hESCs
hESCs are characterized by self-renewal, immortality, and

pluripotency. Ongoing attempts to use hESCs in the laboratory
finally came to fruition in 1998with the creation of several human
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hESC lines,2,4 although the cloning efficiency of such lines is still
very low. Typically, hESCs are derived from the inner cell mass of
5-day-old blastocysts. The blastocysts in turn are made from un-
used embryos generated by means of in vitro fertilization for in-
fertility problems. (It is important to note that the unused
embryos can only be used for research purposes with the written
informed consent of the parents.) Cells derived from earlier devel-
opmental stages can also be used.5 At the other extreme, pluripo-
tent cells have been isolated from the primordial germ cells of the
gonadal ridge of the 5- to 9-week-old embryo. These are cells that
normally become either oocytes or spermatozoa. Ironically, spon-
taneous differentiation in long-term in vitro culture of these so-
called embryonic germ cells impeded their availability for

research.6 Accordingly, other strategies were and are still being
developed with different methods and cell sources. For example,
single-cell biopsy of the embryo5 using a procedure not dissimilar
to that used in preimplantation genetic diagnosis and that criti-
cally avoids the destruction of the embryo has been used with suc-
cess, as have parthenogenesis of an unfertilized oocyte7 and
spermatogonial cells from adult human testis.8 The latter develop-
ments are particularly exciting because they would allow the pro-
duction of histocompatible cells that could be used in the donor.
Technical methods for culture of hESCs are depicted in Fig 1, A.

Hundreds of hESC lines have been generated thus far. The first
human stem cell line bank opened in 2004 in the United Kingdom
(http://www.ukstemcellbank.org.uk/). The National Institutes of

FIG 1. Isolation, generation, and culture of pluripotent stem cells. A, After isolation, typically from the inner
cell mass of the blastocyst made by means of in vitro fertilization, hESCs are expanded in culture. They are
classically grown on feeder cell layers, the purpose of which is to expand the cells while maintaining their
undifferentiated state (maintenance/expansion phase). Initially those feeder layers were of xenogeneic or-
igin (irradiated murine embryonic fibroblasts), but human feeder layers are being developed and will likely
be used with increasing frequency in the future. When removed from feeder layers and transferred to sus-
pension cultures, hESCs begin to form 3-dimensional multicellular aggregates of differentiated and undif-
ferentiated cells termed embryoid bodies. Plated cultures of embryoid bodies spontaneously display a
variety of cellular types from the 3 germ lineages at various differentiation stages. Theoretically, cells can
be sorted according to differentiationmarkers, can be differentiated into any desired cells by adding specific
growth factors (differentiation phase), or both. On a more practical level, it is difficult to induce hESC differ-
entiation into a specific lineage, and highly definite culture protocols have to be developed for each desired
cell type. B, Somatic cell nuclear transfer consists of injecting the nucleus from a somatic cell into an enu-
cleated oocyte, followed by activation stimuli. The resulting embryo can be used to generate an hESC line
(therapeutic cloning). C, iPSCs are generated from differentiated cells that have been reprogrammed to
acquire a pluripotent state through overexpression of the key transcription factors Oct4, Sox2, and either
c-Myc and Klf4 or Nanog and Lin28. Overexpression can be achieved with viral vectors or proteins with
or without histone-modifying chemicals. Once they are undifferentiated, they can be grown in culture
like hESCs.
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Health registry (http://stemcells.nih.gov/research/registry/) has
also archived a number of hESC lines and established criteria
for demonstration of the pluripotency of these lines. Specifically,
cells should be able to give rise to any cell lineage of the body and
thus to form a teratoma (a tumor containing tissues from the 3 pri-
mary germ layers) in vivo after injection in an immune-compro-
mised animal and should be capable of unlimited self-renewal.

Nuclear reprogramming and induced pluripotency
Nuclear reprogramming is a procedure that causes changes in

gene expression that allow a cell of one type to develop into a cell
of another type.9 Recent strategies for generating stem cells are
focused on nuclear reprogramming of differentiated cells to force
them to become pluripotent. An example is somatic cell nuclear
transfer (Fig 1, B). This consists of injection of the nucleus of a
somatic cell into an enucleated oocyte.10 The resulting pluripotent
cells are genetically matched with the cell donor (this technique is
thereby often called ‘‘therapeutic cloning’’), except for the mito-
chondrial DNA, which comes from the egg. Another method is
accomplished by means of cell fusion with an hESC, which can
produce cells with some stem cell characteristics.11

Avery recent and very exciting advance in reprogramming has
been the generation of induced pluripotent stem cells (iPSCs).
First reported in 2006 using murine fibroblasts,3 iPSCs can be
made from multiple murine and human somatic cell types,12,13

and it is now possible to create patient-specific iPSCs.14 iPSCs
can be generated from differentiated cells by using retroviral-me-
diated expression of core transcription factors known to be re-
quired for maintenance of pluripotency and proliferation of
embryonic stem cells.3 These genes are Oct4, Sox2, and either
c-Myc and Klf4 orNanog and Lin28 (Fig 1,C). iPSCs exhibit sim-
ilar features to embryonic stem cells, including cell morphology,
cell-surface markers, growth properties, telomerase activity, ex-
pression, and epigenetic marks (ie, methylation or acetylation
of histones, which result in changes in gene expression) of plurip-
otent cell–specific genes12,13 but not global gene expression
signatures.15 They can give rise to cells derived from all 3 germ
layers in vitro and in vivo, and murine iPSCs injected into murine
blastocysts have been shown to contribute to embryonic
development.3

Using pluripotent stem cells in the clinic: Scientific/
medical issues

A number of scientific/medical issues need to be addressed
before stem cells can be considered safe for clinical applications.
The first hurdle is the tumorigenic potential of pluripotent cells
(hESCs and iPSCs). Because pluripotency is evidenced by the
ability to form teratomas when transplanted in immunodeficient
mice, the concern exists that these cells could form malignant
tumors in their new host. One strategy for dealing with this
problem is to select pure populations of more committed cells for
transfer. Demonstrating genetic and epigenetic stability will
therefore be important before these cells are used clinically. In
fact, karyotypic abnormalities have been described in several
hESC lines, although changes might be at least partially depen-
dent on culture techniques.16

In additional to biologic issues directly affecting the stem cell
product, it is imperative that controlled, standardized practices and
procedures be followed to maintain the integrity, uniformity, and

reliability of the human stem cell preparations. Because stem cells
are both maintained and expanded in vitro before transplantation,
culture conditions compatible with human administration must be
used. Feeder cells and sera of animal origin have to be reduced
and ideally avoided to reduce the potential risk of contamination
by xenogeneic protein and pathogens. Finally, transplantation of
hESCs into patients is also limited by potential HLA incompatibil-
ity. Consequently, life-long immunosuppressive therapy, which can
lead to infections and organ-based toxic side effects, such as ne-
phropathy, might be required to prevent graft rejection. In this re-
gard iPSCs hold great promise because they are histocompatible
with the patient and because their use avoids one of the major eth-
ical concerns (see below) associated with hESCs.

Although iPSCs solve the tissue-barrier problem, they too have
technical drawbacks that are presently limiting their use. First is
the issue of the risk of insertional mutagenesis caused by viral
integration into the genome. This is of particular concern because
patients who have received gene-modified lymphoid cells have
had aggressive leukemias as a result of this phenomenon (see
below).17 The possibility that iPSCsmight be generated with non-
integrating expression plasmids or adenoviral vectors is being ex-
plored in the murine system and appears possible.18,19

Another risk is reactivation of a viral oncogene, such as c-Myc,
used to engineer the cells. Here there are data to suggest that the
use of histone-modifying chemicals, such as the histone deacety-
lase inhibitor valproic acid, improves reprogramming efficiency
and avoids the need to use c-Myc and that Oct4 and Sox2 alone
are then sufficient in the generation of human iPSCs.20 Recently,
iPSCs were successfully obtained from murine fibroblasts cul-
tured without any genetic material at all by using only valproic
acid and recombinant proteins for the necessary transcription fac-
tors.21 However, even as technical hurdles are overcome, genera-
tion of iPSCs still suffers from low efficiency and high cost,
although no doubt these problems will be solved in time as well.
In particular, the reprogramming efficiency is typically less than
1% but could depend on the differentiation stage of the cells. In-
deed, the efficiency of iPSCgenerationhas been recently increased
to 28% with the use of hematopoietic stem and progenitor cells.22

Adult stem cells
The best-known example of the adult stem cell is the HSC,

which is located in the bone marrow niche. HSCs and progenitors
can be readily harvested from bone marrow and umbilical cord
blood (UCB). They can even be collected from peripheral blood
after mobilization from the marrow with granulocyte colony-
stimulating factor (G-CSF) with or without CXCR4 antagonist.23

HSCs are characterized by the expression of cell-surface markers,
which allows for their isolation. In human subjects the HSC
surface phenotype is typically lineage-specific antigen negative
(lin2), CD341CD382CD1331c-Kit/CD1171CD591Thy1/
CD901CXCR41. Apart from differentiating into all myeloid
and lymphoid lineages, HSCs have been shown to be able to dif-
ferentiate in vitro into cells of nonhematopoietic lineages. How-
ever, such plasticity was probably an experimental artifact that
is currently explained by the presence of heterogeneous popula-
tions of non-HSCs in hematopoietic organs or by the phenomenon
of cell fusion.

Mesenchymal stem cells (MSCs) are another type of adult
multipotent cells that are capable of differentiating into various
mesodermal cell lineages, including myocytes, osteoblasts,
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chondroblasts, fibroblasts, adipocytes, and other stromal ele-
ments. MSCs are present in almost all organs, but for therapeutic
purposes, they are most conveniently isolated from bone marrow
andUCB.MSCs can be organ specific. Consequently, populations
isolated from various sources, although morphologically similar,
might be functionally different. For example, MSCs isolated from
the umbilical cord do not have the same abilities to give rise to
osteoblasts, chondrocytes, and cardiomyocytes as bone marrow–
derived MSCs.24 MSCs can be readily expanded ex vivo and
manipulated, if needed, to acquire specific properties. The Inter-
national Society for Cellular Therapy recommended changing
their name to ‘‘multipotent mesenchymal stromal cells’’ because
the majority of MSCs lack complete ‘‘stemness’’ property and
proposed minimal criteria for standardization of preparations.25

Human MSCs must be plastic adherent; express CD105, CD73
and CD90; lack hematopoietic markers (CD45, CD34, CD14 or
CD11b, CD79a or CD19 m and HLA-DR); and be able to differ-
entiate into osteoblasts, adipocytes, and chondroblasts in vitro.
MSCs display trophic, anti-inflammatory, and immunomodula-
tory capacities, both through secretion of soluble factors (indole-
amine 2,3-dioxygenase, IL-6, TGF-b1, hepatocyte growth factor,
inducible nitric oxide synthase, and prostaglandin) and direct
cell-to-cell interaction with immune cells. In vitroMSCs suppress
effector and cytotoxic T-cell, B-cell, natural killer (NK) cell, and
dendritic cell activity and can induce regulatory T cells.26 How-
ever, how MSCs assist in repairing a damaged organ is still un-
clear. Mounting evidence suggests that direct substitution of
injured cells by in situ differentiated MSCs is unlikely (although
still argued). Establishment of a favorable environment or niche
for reconstruction of the tissue by intrinsic stem cells per se seems
more likely. Regardless, because of their low immunogenicity and
claimed beneficial effects on organ regeneration (whatever the
mechanism), MSCs are being examined in an increasing number
of regenerative medicine applications, as well as in inflammatory
and immunologic diseases.

Finally, amnioticfluid,UCB, and theplacenta areother sourcesof
nonembryonic stem cells. However, it is not clear yet whether they
are pluripotent ormultipotent and how clinically useful theywill be.

POTENTIAL CLINICAL USES OF STEM CELLS
Stem cells are postulated to have a tremendous number of

applications, but tissue engineering seems to generate the greatest
excitement. Stem cells can be used in regenerative medicine,
immunotherapy, and gene therapy. Animal models and clinical
studies have shown that transplantation of stem cells from diverse
origins can successfully treat many acute and chronic diseases,
such as immunohematologic disorders, type 1 diabetes mellitus
(T1DM), Parkinson disease, neuronal destruction, and congestive
heart failure.

Hematology-immunology
During the last 50 years, allogeneic hemopoietic stem cell

transplantation (HSCT) has progressively become a common
procedure for the treatment of a variety of inherited or acquired
immunohematologic diseases, including thalassemias, sickle cell
disease, Fanconi anemia, inborn errors of metabolism, severe
aplastic anemia, severe combined immunodeficiency (SCID), and
other primary immune deficiencies. HSCT is also widely used for
the treatment of hematologic malignancies, such as acute myeloid

and lymphoid leukemias, chronic myeloid leukemia and other
myeloproliferative syndromes, myelodysplastic disorders, lym-
phoma, myeloma, and even solid tumors, such as renal cell
cancer, breast cancer, ovarian carcinoma, and neuroblastoma.27

The aim of allogeneic HSCT in malignancies is not only a
substitution of the malignant bone marrow but also a form of
adoptive immunotherapy. In the context of HLA compatibility,
donor allogeneic T lymphocytes detect differences in minor
histocompatibility antigens in both the host and the tumor and can
destroy the residual malignant cells, thereby contributing to the
cure of the patient. This is the graft-versus-tumor or graft-versus-
leukemia (GVL) effect. Particularly in the case of disease relapse
after transplantation, donor lymphocyte infusionsmight induce or
enhance a GVL effect and reinduce the patient into remission.

Major complications of HSCT include organ toxicity from the
conditioning regimen used and graft-versus-host disease
(GVHD), in which the donor’s immune system destroys the
recipient’s normal tissues, particularly the skin, gastrointestinal
tract, and liver. Other important complications of HSCT are graft
failure, infertility, growth retardation in children, and secondary
cancers thought to arise as a result of chronic immunosuppression
and DNA-damaging preparative regimens.

In an effort to decrease these complications, several strategies
have been developed. First among these are the reduced-intensity
conditioning regimens, or so-called minitransplantations, which
have made HSCTavailable to older and less fit patients.28 Signif-
icant immunosuppression in these patients and GVHD as a result
of the conditioning regimen remain serious problems and have
suggested to many that the use of the term ‘‘mini’’ is misleading
with respect to potential complications.

Second, the cell source has also been examined with respect to
complications. Several studies convincingly show that CD341

cells harvested from peripheral blood engraft faster but are asso-
ciated with a higher incidence of GVHD.29

Finding a histocompatible donor remains a problem for many
patients in need of HSCT. Ideally, one would like to use an HLA-
matched sibling as a donor. If such a donor is not available, then a
matched unrelated donor is an acceptable alternative. This can be
a major problem for minority groups underrepresented in regis-
tries of volunteer donors, information on which is centralized in
the BoneMarrowDonorsWorldwide database. In the absence of a
compatible donor, HLA-haploidentical mismatched HSCT from
a relative can be performed,30 generally T depleted to avoid
GVHD. In that context NK cells could facilitate engraftment
and display an antileukemic activity without GVHD.31

Finally, UCB transplantation has the potential to significantly
enlarge the number of potential HSCT recipients. UCBs are
rapidly and easily available from cord blood banks and can be used
when only partially HLA matched because they are much less
likely to induce acute and chronic GVHD.32 Remarkably, the GVL
effect seems to be preserved, likely as a result of NK cells present
in the cord blood preparation.33 Issues that remain to be solved are
delayed engraftment, prolonged T lymphopenia, and defective
thymopoiesis.34 In addition, it is not currently possible to perform
donor lymphocyte infusions in the case of relapse, but an ongoing
clinical trial is testing ex vivo expansion of UCB T cells. Because
the number of HSCs per unit of UCB is small, thereby limiting
their ability to be used for adult patients, strategies using combined
units or ex vivo expanded cells are being developed.35,36

Autologous hematopoietic stem cell transplantation (AHSCT)
is commonly performed in certain settings as well. Its main role is
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to lessen the period of aplasia (rescue therapy) after high-dose
chemotherapy and thereby lessen the risk of infection and
bleeding. When used for the treatment of hematologic malignan-
cies and solid tumors, HSCs to be used for AHSCTare commonly
collected after few cycles of chemotherapy to lessen contamina-
tion of the graft by tumor cells. Moreover, autoimmune diseases,
such as multiple sclerosis, rheumatoid arthritis, and systemic
lupus erythematosus, might benefit from AHSCT. It is thought
that immunoablative therapy resets the immune system by
eliminating autoreactive Tand B lymphocytes, lessening memory
T cells, increasing thymus-derived naive T cells, generating a
diverse but distinct T-cell receptor repertoire,37 and promoting
regulatory T cells.38 Several recent studies have shown, as might
be expected, that nonmyeloablative and low-intensity myeloabla-
tive regimens have fewer treatment-related complications and
mortality than high-intensity myeloablative regimens39 and that
best results might be obtained during the inflammatory phase of
autoimmune disease. Allogeneic HSCT has also been used for
the treatment of autoimmune disease on the theory of both im-
mune reset and correction of the genetic predisposition, but the
risks of GVHD and infection are substantial, and therefore this
form of therapy should be reserved only for treatment of very se-
rious and refractory disease.39

Finally, the immunomodulatory capability of MSCs is being
tested in the treatment of patients with systemic lupus erythema-
tosus, multiple sclerosis, Crohn disease, amyotrophic lateral
sclerosis, and T1DM. In solid organ transplantation and HSCT,
results from preclinical animal studies, although controversial,
suggest that donor-derived MSCs could have a tolerogenic effect
and might therefore be used for prevention and/or treatment of
graft rejection and GVHD.40-42

T1DM
T1DM is an autoimmune disease resulting from the destruction

of pancreatic insulin-producing b cells in the islets of Langer-
hans. Insulin replacement therapy, even when rigorously con-
trolled, is often not efficient enough to prevent long-term
complications of the disease. Transplantation of a whole pancreas
or isolated mature islets can restore proper glucose regulation, but
the former is amorbid high-complication procedure, and the latter
appears to be only a transient solution.43 For these reasons, other
sources of b cells suitable for transplantation are being sought.
Pancreatic stem cells have been identified in ductal epithelium
of injured pancreas on the basis of expression of the transcription
factor neurogenin 3.44 Efforts are now being directed toward
methods to expand these cells ex vivo or to stimulate their prolif-
eration in vivo.

Generation of insulin-secreting cells from hESCs and iPSCs
holds great promise for the cure of T1DM. hESC-derived
pancreatic endoderm can be differentiated in vivo into glucose-re-
sponsive insulin-secreting cells in immunodeficient mice with
streptozotocin-induced diabetes (ab cell–selective destruction).45

Unfortunately, teratoma formation was found in approximately
15% of the recipient mice and is a safety concern. The immuno-
logic incompatibility of hESCs could be resolved by using bioen-
gineered porous capsules, which are designed to protect the graft
from immune cells but remain permissive to the passage of small
molecules. In regard to iPSCs, a particularly exciting study from
Zhou et al46 reported the reprogramming of differentiated murine
pancreatic exocrine cells into b-like cells in vivo. These

investigators found that transient expression of 3 key developmen-
tal transcription factors, neurogenin 3, MafA, and Pancreatic du-
odenal homeobox-1 (Pdx1), by adenoviral vectors injected
directly into the pancreas was sufficient to reprogram exocrine
cells into insulin-secreting cells responding to hyperglycemia.

The immunomodulatory effects of MSCs are also being
explored in the setting of T1DM. At the time of diagnosis,
b-cell destruction is often not yet complete. In theory, ameliora-
tion of the immune attack might allow the survival of the residual
islet cells. In diabetic immunodeficient mice human MSCs
decreased hyperglycemia and increased endogen insulin levels
and b-cell numbers.47 Clinical studies testing allogeneic MSCs in
patients with recently diagnosed diabetes are ongoing.

Finally, nonmyeloablative AHSCT was performed in 23 pa-
tients with early-onset T1DM.48 Twenty enjoyed a variable insu-
lin-free period, and 12 of these patients remained insulin free after
a mean follow-up of 31 months. Interestingly, benefit was demon-
strated in those patients with transient responses as well. In this
small group (8 patients) daily insulin doses were significantly di-
minished, and C-peptide levels (reflective of endogenous insulin
synthesis) were increased.

Diseases of the nervous system
It was thought for a long time that nerve cells do not divide in

the adult mammalian brain, but this has now been shown to be
incorrect. Neurogenesis not only occurs during prenatal and
postnatal development but also in adults. Neurogenic niches have
been identified in the subventricular zone of the lateral ventricles
and in the subgranular zone of the dentate gyrus of the hippo-
campus. In brain-injury models neural stem cells (NSCs) prolif-
erate in those neurogenic regions and are even able to migrate
toward the site of damage.49 NSCs are multipotent and capable of
self-renewing. In vitro they cluster in ‘‘neurospheres,’’ which are
able to differentiate into the 3 major neuroectodermal lineages
(neurons, astrocytes, and oligodendrocytes).

Neural stem/progenitor cells can be isolated from embryonic,
fetal, or adult brain tissue by sorting cells on the basis of nestin
expression primarily, as well as other markers, and can then be
placed into culture for expansion. Clearly, for autologous stem
cell therapy,more accessible NSCs are required. Curiously, dental
pulp and peridontium have been shown to be sources of NSC, as
well as olfactory mucosa, which is readily harvested by means of
nasal biopsy.50 Investigations for NSC-based therapy are ongoing
for various neurologic diseases. The neural repair probably results
from a replacement of defective cells but also from neuroprotec-
tive, trophic, and immunomodulatory effects. To date, the ideal
NSC source, schedule, and route of transplantation have not
been established and are likely to be disease specific. The use
of NSCs to treat Parkinson disease might be instructive in this
regard.

Parkinson disease is an incurable, progressive, neurodegener-
ative disease that affects dopaminergic neurons. Levodopa, which
is converted to dopamine in the brain, is the mainstay of
treatment, but most patients acquire tachyphylaxis to its effects
over time. In contrast to patients with diabetes, in whom
transplantation of islet cells is a therapeutic option, implantation
of fully differentiated dopamine-releasing neurons into the brain
is not presently feasible because such cells do not survive.
Transplantation of embryonic/fetal nigral dopaminergic neurons
was tested in 2 double-blind, placebo-controlled trials, but results
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were not as encouraging as those from previous open-trial
reports.51,52 However, modest clinical improvement was noted
in some patients, and striatal fluorodopa uptake was significantly
enhanced. Unfortunately, several patients subsequently had dys-
kinesias. Postmortem examination of the brains of some patients
provided evidence that transplanted dopamine neurons can differ-
entiate and survive for many years without immunosuppression.
However, it appeared that at least some of the grafted tissue was
involved by disease over a period lasting from 9 to 16 years.53

Widespread application of this therapy will likely be limited as
long as access to fetal donor tissue is required. Moreover, the
safety of those cells is not completely assessed because they
have not been tested in a large number of patients and because de-
velopment of cerebral mass lesions of donor origin was reported
in a patient less than 6 years after fetal transplantation for
Huntington disease.54 Accordingly, finding alternative sources
of NSCs for therapeutic purposes is the object of intense
investigation.

In one case autologous NSCs were harvested by means of
cerebral biopsy, expanded, and differentiated into dopaminergic
neurons ex vivo and then injected back to the patient’s putamen 9
months later.55 Clinical evaluation and fluorodopa uptake were
improved after transplantation, but all benefits had disappeared
by 5 years. In animal studies other stem cell types partially alle-
viated Parkinson symptoms, including MSCs,56 olfactory
NSCs,57 hESC-derived neurons,58 and iPSCs.59 Human clinical
trials with cells of these types can therefore be anticipated.

Unlike Parkinson disease, which theoretically requires replace-
ment of only 1 cell type, therapies for other neurologic diseases,
such as stroke and spinal cord injury, in which large numbers of
cells of many types (neurons, glia, and endothelial cells) are
destroyed, face much larger hurdles. In recent years, human NSCs
from diverse origins, including hESCs, HSCs, and MSCs, have
been tested in preclinical models of ischemic stroke. These
experiments have enabled the development of treatment strategies
and have demonstrated the critical importance of transplantation
timing for clinical success. Only a few clinical studies have been
performed for the treatment of stroke. Stereotactic injection of
neuronal cells derived from embryonal carcinoma cell line (NT2/
D1) did not display significant benefits compared with control
results, but some patients experienced improvement.60 In other
studies an investigation into the utility of fetal porcine cells was
stopped because of adverse events (temporaryworsening of deficits
and seizures) in 2 of 5 patients,61 whereas intravenous infusion of
MSCs was shown to be safe without significant benefit. HSCs are
currently being evaluated in phase I/II protocols. The injection of
specific growth factors to stimulate proliferation of intrinsic neuro-
progenitors in the brain is a novel approach to this problem.62

Spinal cord injury often results in permanent motor deficiency,
sensory deficiency, or both, thereby rendering treatment particu-
larly challenging. In a small number of paraplegic and quadriple-
gic patients, olfactory NSCs have been injected into intralesional
and perilesional areas.50 Feasibility and safety were acceptable,
but unfortunately, clinical improvement remained slight after 3
years of follow-up. Logically, early-phase treatment might yield
the best results. In fact, a phase I/II clinical trial tested infusion
of HSCs into the spinal cord associated with G-CSF injections:
the Association Impairment Scale grade improved in 30.4% of pa-
tients treated quite early (<8 weeks) after the initial lesion; how-
ever, no enhancement was noted when the treatment was
performed later.63

Cardiac repair
Congestive heart failure afflicts millions of persons around the

world, with 400,000 new cases being reported each year in the
United States alone. The most common cause is coronary artery
disease. After myocardial necrosis has occurred, the cell loss is
irreversible, and although many medical and surgical treatments
are available for the subsequent congestive heart failure, the long-
term prognosis of these patients remains guarded, with a 5-year
mortality of 50%. Transplanting stem cells would have clear
advantages to transplanting a heart because it would obviate the
constraint of a donor and, in case of autologous cells, for the
requisite immunosuppression.

hESC-derived cardiomyocytes (hESC-CMs) have been suc-
cessfully generated. Intramyocardial injection of hESC-CMs a
few days after infarction in immunodeficient rodents seemed to
enhance left ventricular ejection fraction (LVEF) compared with
that seen in a control group when evaluated at 4 weeks.64 Unfor-
tunately, this enhancement was not sustained after 12 weeks of
follow-up. Another study suggested that a coinfusion of hESC-
CMs and MSCs in mice was of benefit because, according to
the authors, a ‘‘synergistic trophic effect that enhanced repair of
injured host tissue’’ was brought about.65 Importantly, no tera-
toma was found in animals receiving hESC-CMs.64,65

Despite a controversial plasticity in vitro, a considerable
amount of data from actual preclinical studies suggest that it is un-
likely that transdifferentiation of HSCs and MSCs into functional
cardiomyocytes happens to any significant degree in vivo. In very
specific culture conditions, MSCs might be driven toward differ-
entiating into cardiomyocyte-like cells at a very low frequency
(approximately 0.07%) that would not be enough for cardiac re-
pair.24 It is now generally agreed that the transplanted cells exert
their beneficial role through paracrine effects and by creating a fa-
vorable trophic environment for intrinsic cell recovery, enhancing
angiogenesis, and limiting ventricular remodeling.66 A study
comparing the efficacy of transplanted bonemarrowmononuclear
cells, MSCs, skeletal myoblasts, and fibroblasts in mice with ex-
perimental myocardial infarcts was carried out and showed that
HSCs had the most beneficial effect on left ventricular function
in that model.67 Recently, infusion of endogenous cardiac stem
cells isolated from endomyocardial biopsy specimens and ex-
panded ex vivo appeared to enhance myocardial viability and
LVEF in a murine infarction model.68

Intracoronary infusions of HSCs69 or MSCs70 have been per-
formed a few days after percutaneous coronary intervention for
acute myocardial infarction. Despite contradictory results of clin-
ical trials, meta-analyses reported moderate but significant bene-
fits of such therapy compared with the condition of control
patients, with improvement in LVEF, infarct size, and end-sys-
tolic volume.71 In patients with chronic ischemic disease, intra-
coronary and intramyocardial injections of HSCs are associated
with modest enhancements as well.71 Other cell types are also be-
ing tested, such as skeletal myoblasts (although lack of electrical
synchronization with cardiomyocytes could potentially be ar-
rhythmogenic) or endothelial progenitor cells.

Stem cells and gene therapy
The goal of gene therapy is to cure diseases caused by

malfunctioning genes. It does so by substituting the function of
a normal gene for the one that causes disease. Until now, the most
commonly used procedure in human gene therapy clinical trials is
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the insertion of a normal copy of the target gene in a nonspecific
location into the host genomic DNA. The therapeutic transgene is
packaged into a delivery vehicle, which is typically a replication-
deficient virus. Nonintegrating virus (adenovirus or adeno-asso-
ciated virus) can be used in nondividing cells, such as neurons and
cardiomyocytes. In dividing cells, such as stem cells, vectors that
integrate into host DNA, such as g-retrovirus or lentivirus, are
required to have a transmission to daughter cells.

Stem cells are of great benefit to cell-based gene therapy
because they are self-renewing and thusmight reduce or eliminate
the necessity for repeated administrations of the therapeutic cells.
Single-gene inherited diseases are particularly good candidates
for gene therapy. In theory the host’s own stem cells can be
repaired through genetic engineering and then used in an autol-
ogous transplantation. This avoids all the risks of transplanted
allogeneic cells, including the risks associated with long-term
immunosuppression, as well as GVHD, in patients receiving
HSCT. The first clinical trials with engineered HSCs involved
patients with genetic immunodeficiency diseases, such as aden-
osine deaminase–deficient SCID.72 Trials have also been carried
out in patients with X-linked SCID (g-common [g-c] cytokine re-
ceptor deficient or SCID-X1)17 and chronic granulomatous dis-
ease.73 The clinical results have been quite promising but have
been marred by the development of leukemia, which has been
shown to be caused by insertional mutagenesis in a number of
these patients (see below). Gene therapy for hemoglobinopathies,
such as b-thalassemia and sickle cell disease, are ongoing. Easily
accessible mucosal and skin stem cells are also being used, for ex-
ample in treatment of diseases such as junctional epidermolysis
bullosa.74

These early studies revealed problems that need to be
addressed, such as difficulties controlling protein levels without
endogenous gene regulatory regions, maintenance of gene ex-
pression through long periods, low protein production, and
insertional mutagenesis of the retroviral transgene vector. Indeed,
the major side effect was thus far the occurrence of T cell–acute
lymphoblastic leukemia in 5 of 19 patients successfully treated for
SCID-X1 in 2 distinct French and British trials.17,75 In all cases
the retroviral vector was found in the leukemic clone, integrated
near a proto-oncogene, and particularly before the LIM do-
main–only 2 in 4 cases and was associated with acquired somatic
mutations. g-Retroviral vectors were subsequently shown to inte-
grate preferentially in the 59 ends of genes76 near transcription
start sites in a nonrandom manner near genes that provide selec-
tive advantage to the clone. Interestingly, when the same retroviral
vector, the murine leukemia virus, was used to deliver other trans-
genes, no case of leukemia was observed, suggesting that g-c re-
ceptor overexpression might be involved in the oncogenesis.

New techniques are being developed to enhance efficiency and
to avoid the risk of insertional oncogenesis. First, safer delivery
systems are being developed. For example, HIV-derived lentivirus
is able to transduce nondividing cells, is easier to use, and can
induce less mutagenesis than g-retrovirus, as assessed in murine
models.77 Other modifications under development include the use
of inducible and tissue-specific promoters, a weaker viral pro-
moter/enhancer, and self-inactivating retroviral vectors and intro-
duction of suicide genes. At last, the improvement of direct gene
correction with homologous recombination (a normal copy of the
gene is switched with the defective allele) is promising in murine
models.78 That last technology could be particularly significant in
the treatment of dominant genetic diseases.

The potential utility of hESCs and iPSCs was discussed earlier,
but the use of such cells is under active investigation for human
gene therapy.

Finally, new attempts are focusing on cell-based delivery
vehicles for tumor-specific therapy. MSCs appear to be good
agents for this purpose because, in addition to their properties
described above, they have been shown to migrate toward tumors.
For example, MSCs engineered to express the TNF-related
apoptosis-inducing ligand induced apoptosis in tumor cells,
reduced tumor growth in vivo, and prolonged survival in murine
models of human glioma.79

ETHICAL ISSUES
The use of hESCs in medical research has drawn much

attention from many sectors of the public. Religious, historical,
cultural, medical, and other points of view have contributed to a
very vigorous and wide-ranging discourse over the use of these
materials.80 Some consider research with hESCs to be inherently
immoral because these individual’s believe that life begins with
fertilization of the ovum, and the destruction of an embryo with
the potential to develop into a viable human being is thought tan-
tamount to infanticide. For this reason, the American federal gov-
ernment severely restricted access and use of hESCs in 2001.
These restrictions have now been largely overturned by the Ob-
ama administration. In contrast, proponents of this line of re-
search insist that the potential benefits to humankind from this
research mitigate such concerns. They also argue that hESCs
are made from unwanted fertilized ovum that would likely be de-
stroyed in any event.

Stem cells created by means of nuclear transfer share the same
ethical concerns. Furthermore, because these cells have the
potential to generate a complete embryo, they also raise the
even more highly charged possibility of cloning human beings,
so-called reproductive cloning. Many organizations and countries
have already banned reproductive cloning of human beings.
Because this procedure can be used to generate stem cells for
therapeutic purposes, in countries where this type of cloning is
legal, such as Australia and the United Kingdom, the created
embryos must be destroyed within 14 days. Federal laws in the
United States are not clear on the legality of therapeutic cloning,
but the Obama administration has pledged establishment of strict
guidelines to ensure that cloning research will not be used for
human reproduction.

Because of the shortage of human oocytes, generation of
human-animal chimeras was legalized in 2008 in the United
Kingdom for research purposes only. A human nucleus is
transferred into an animal’s oocyte, creating a hybrid embryo
that must be destroyed within 2 weeks and cannot be implanted.
Clearly, creation of such tissues raises even more complex issues.

Finally, the issue of financial compensation for embryo and
gamete donors is also controversial, with guidelines for this
problem being proposed by the International Society of Stem Cell
Research (http://www.isscr.org/guidelines/index.htm). All parties
involved in the debate want very much to avoid the development
of an underground black market in spare embryos.

CONCLUSIONS AND PERSPECTIVES
The promise of stem cell therapeutics powers the field of

regenerative medicine and has generated a huge amount of
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excitement, anticipation, and hope. Accordingly, research with
hESCs is increasing exponentially worldwide, particularly in the
United States, where important limitations on research with such
cells were overturned in 2009. Furthermore, the US Food and Drug
Administration recently approved the world’s first phase I clinical
trial using hESC-based therapy in patients with spinal cord injury.

Nonetheless, a number of substantive scientific and ethical
issues remain to be resolved before hESCs can enter the thera-
peutic mainstream. In the meantime, recent breakthroughs in
generating iPSCs would obviate the need to solve the most vexing
of these problems. In fact, it seems reasonable to hope that in the
next few years many of the enabling issues relevant to iPSCs will
be solved, allowing the field of regenerative medicine to deliver
on its vast potential promise.

Although it is difficult to predict the ultimate utility of stem
cell–based therapy at this time, it is not difficult to conclude that
this is an extremely important area of scientific research.
Surrounded by controversy and a good many ethical concerns,
thoughtful legislative action could both foster the field and ensure
continued progress. This would clearly be more desirable than
having the whole endeavor driven underground and potentially
into the hands of less ethical and less regulated scientists. Open
discussions between political bodies and the various interest
groups in the scientific, medical, and religious communities need
to take place to address the concerns of each and to provide an
ultimate solution that is clearly in the interest of humanity.

We thank M. C. Tamby, A. Savigner, Y. Auger, and the reviewers for their
helpful advice on this report.

REFERENCES
1. Till JE, McCulloch EA. A direct measurement of the radiation sensitivity of nor-

mal mouse bone marrow cells. Radiat Res 1961;14:213-22.
2. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall

VS, et al. Embryonic stem cell lines derived from human blastocysts. Science
1998;282:1145-7.

3. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embry-
onic and adult fibroblast cultures by defined factors. Cell 2006;126:663-76.

4. Battey JF Jr, Cole LK, Goldthwaite CA Jr. Regenerative Medicine. Department of
Health and Human Services. August 2006. http://stemcells.nih.gov/info/scireport/
2006report.htm. Accessed December 15, 2009.

5. Klimanskaya I, Chung Y, Becker S, Lu SJ, Lanza R. Human embryonic stem cell
lines derived from single blastomeres. Nature 2006;444:481-5.

6. Turnpenny L, Brickwood S, Spalluto CM, Piper K, Cameron IT, Wilson DI, et al.
Derivation of human embryonic germ cells: an alternative source of pluripotent
stem cells. Stem Cells 2003;21:598-609.

7. Revazova ES, Turovets NA, Kochetkova OD, Kindarova LB, Kuzmichev LN, Ja-
nus JD, et al. Patient-specific stem cell lines derived from human parthenogenetic
blastocysts. Cloning Stem Cells 2007;9:432-49.

8. Conrad S, Renninger M, Hennenlotter J, Wiesner T, Just L, Bonin M, et al. Gen-
eration of pluripotent stem cells from adult human testis. Nature 2008;456:344-9.

9. Gurdon JB, Melton DA. Nuclear reprogramming in cells. Science 2008;322:
1811-5.

10. French AJ, Adams CA, Anderson LS, Kitchen JR, Hughes MR, Wood SH. Devel-
opment of human cloned blastocysts following somatic cell nuclear transfer with
adult fibroblasts. Stem Cells 2008;26:485-93.

11. Cowan CA, Atienza J, Melton DA, Eggan K. Nuclear reprogramming of somatic
cells after fusion with human embryonic stem cells. Science 2005;309:1369-73.

12. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induc-
tion of pluripotent stem cells from adult human fibroblasts by defined factors. Cell
2007;131:861-72.

13. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al.
Induced pluripotent stem cell lines derived from human somatic cells. Science
2007;318:1917-20.

14. Raya A, Rodriguez-Piza I, Guenechea G, Vassena R, Navarro S, Barrero MJ, et al.
Disease-corrected haematopoietic progenitors from Fanconi anaemia induced plu-
ripotent stem cells. Nature 2009;460:53-9.

15. Chin MH, Mason MJ, Xie W, Volinia S, Singer M, Peterson C, et al. Induced plu-
ripotent stem cells and embryonic stem cells are distinguished by gene expression
signatures. Cell Stem Cell 2009;5:111-23.

16. Mitalipova MM, Rao RR, Hoyer DM, Johnson JA, Meisner LF, Jones KL, et al.
Preserving the genetic integrity of human embryonic stem cells. Nat Biotechnol
2005;23:19-20.

17. Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J, Lim A, Morillon E, et al.
Insertional oncogenesis in 4 patients after retrovirus-mediated gene therapy of
SCID-X1. J Clin Invest 2008;118:3132-42.

18. Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka S. Generation of mouse
induced pluripotent stem cells without viral vectors. Science 2008;322:949-53.

19. Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K. Induced pluripotent
stem cells generated without viral integration. Science 2008;322:945-9.

20. Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom A, Chen S, et al. Induc-
tion of pluripotent stem cells from primary human fibroblasts with only Oct4 and
Sox2. Nat Biotechnol 2008;26:1269-75.

21. Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T, et al. Generation of induced plu-
ripotent stem cells using recombinant proteins. Cell Stem Cell 2009;4:381-4.

22. Eminli S, Foudi A, Stadtfeld M, Maherali N, Ahfeldt T, Mostoslavsky G, et al. Dif-
ferentiation stage determines potential of hematopoietic cells for reprogramming
into induced pluripotent stem cells. Nat Genet 2009;41:968-76.

23. Flomenberg N, Devine SM, Dipersio JF, Liesveld JL, McCarty JM, Rowley SD,
et al. The use of AMD3100 plus G-CSF for autologous hematopoietic progenitor
cell mobilization is superior to G-CSF alone. Blood 2005;106:1867-74.

24. Martin-Rendon E, Sweeney D, Lu F, Girdlestone J, Navarrete C, Watt SM. 5-Aza-
cytidine-treated human mesenchymal stem/progenitor cells derived from umbilical
cord, cord blood and bone marrow do not generate cardiomyocytes in vitro at high
frequencies. Vox Sang 2008;95:137-48.

25. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al.
Minimal criteria for defining multipotent mesenchymal stromal cells. The Interna-
tional Society for Cellular Therapy position statement. Cytotherapy 2006;8:315-7.

26. Selmani Z, Naji A, Zidi I, Favier B, Gaiffe E, Obert L, et al. Human leukocyte an-
tigen-G5 secretion by human mesenchymal stem cells is required to suppress T
lymphocyte and natural killer function and to induce CD4 1 CD25highFOXP31
regulatory T cells. Stem Cells 2008;26:212-22.

27. Demirer T, Barkholt L, Blaise D, Pedrazzoli P, Aglietta M, Carella AM, et al.
Transplantation of allogeneic hematopoietic stem cells: an emerging treatment mo-
dality for solid tumors. Nat Clin Pract Oncol 2008;5:256-67.

28. Storb R. Can reduced-intensity allogeneic transplantation cure older adults with
AML? Best Pract Res Clin Haematol 2007;20:85-90.

29. Cutler C, Giri S, Jeyapalan S, Paniagua D, Viswanathan A, Antin JH. Acute and
chronic graft-versus-host disease after allogeneic peripheral-blood stem-cell and
bone marrow transplantation: a meta-analysis. J Clin Oncol 2001;19:3685-91.

30. Aversa F, Terenzi A, Tabilio A, Falzetti F, Carotti A, Ballanti S, et al. Full haplotype-
mismatched hematopoietic stem-cell transplantation: a phase II study in patients
with acute leukemia at high risk of relapse. J Clin Oncol 2005;23:3447-54.

31. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al. Ef-
fectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic
transplants. Science 2002;295:2097-100.

32. Takahashi S, Ooi J, Tomonari A, Konuma T, Tsukada N, Oiwa-Monna M, et al.
Comparative single-institute analysis of cord blood transplantation from unrelated
donors with bone marrow or peripheral blood stem-cell transplants from related do-
nors in adult patients with hematologic malignancies after myeloablative condi-
tioning regimen. Blood 2007;109:1322-30.

33. Lu X, Kondo Y, Takamatsu H, Ohata K, Yamazaki H, Takami A, et al. CD16 1
CD56- NK cells in the peripheral blood of cord blood transplant recipients: a
unique subset of NK cells possibly associated with graft-versus-leukemia effect.
Eur J Haematol 2008;81:18-25.

34. Komanduri KV, St John LS, de Lima M, McMannis J, Rosinski S, McNiece I,
et al. Delayed immune reconstitution after cord blood transplantation is character-
ized by impaired thymopoiesis and late memory T-cell skewing. Blood 2007;110:
4543-51.

35. Ruggeri A, de Latour RP, Rocha V, Larghero J, Robin M, Rodrigues CA, et al.
Double cord blood transplantation in patients with high risk bone marrow failure
syndromes. Br J Haematol 2008;143:404-8.

36. Robinson SN, Ng J, Niu T, Yang H, McMannis JD, Karandish S, et al. Superior ex
vivo cord blood expansion following co-culture with bone marrow-derived mesen-
chymal stem cells. Bone Marrow Transplant 2006;37:359-66.

37. Muraro PA, Douek DC, Packer A, Chung K, Guenaga FJ, Cassiani-Ingoni R, et al.
Thymic output generates a new and diverse TCR repertoire after autologous stem
cell transplantation in multiple sclerosis patients. J Exp Med 2005;201:805-16.

38. Bayer AL, Jones M, Chirinos J, de Armas L, Schreiber TH, Malek TR, et al. Host
CD4 1 CD25 1 T cells can expand and comprise a major component of the Treg
compartment after experimental HCT. Blood 2009;113:733-43.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

BRIGNIER AND GEWIRTZ S343



39. Burt RK, Loh Y, Pearce W, Beohar N, Barr WG, Craig R, et al. Clinical applica-
tions of blood-derived and marrow-derived stem cells for nonmalignant diseases.
JAMA 2008;299:925-36.

40. Wan CD, Cheng R, Wang HB, Liu T. Immunomodulatory effects of mesenchymal
stem cells derived from adipose tissues in a rat orthotopic liver transplantation
model. Hepatobiliary Pancreat Dis Int 2008;7:29-33.

41. Ball LM, Bernardo ME, Roelofs H, Lankester A, Cometa A, Egeler RM, et al. Co-
transplantation of ex vivo expanded mesenchymal stem cells accelerates lympho-
cyte recovery and may reduce the risk of graft failure in haploidentical
hematopoietic stem-cell transplantation. Blood 2007;110:2764-7.

42. Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, et al. Mesenchymal
stem cells for treatment of steroid-resistant, severe, acute graft-versus-host disease:
a phase II study. Lancet 2008;371:1579-86.

43. Shapiro AM, Ricordi C, Hering BJ, Auchincloss H, Lindblad R, Robertson RP,
et al. International trial of the Edmonton protocol for islet transplantation. N
Engl J Med 2006;355:1318-30.

44. Xu X, D’Hoker J, Stange G, Bonne S, De Leu N, Xiao X, et al. Beta cells can be
generated from endogenous progenitors in injured adult mouse pancreas. Cell
2008;132:197-207.

45. Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly OG, Eliazer S, et al. Pancre-
atic endoderm derived from human embryonic stem cells generates glucose-re-
sponsive insulin-secreting cells in vivo. Nat Biotechnol 2008;26:443-52.

46. Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA. In vivo reprogramming of
adult pancreatic exocrine cells to beta-cells. Nature 2008;455:627-32.

47. Lee RH, SeoMJ, RegerRL, Spees JL, Pulin AA,Olson SD, et al.Multipotent stromal
cells from human marrow home to and promote repair of pancreatic islets and renal
glomeruli in diabetic NOD/scidmice. Proc Natl Acad Sci U SA 2006;103:17438-43.

48. Couri CE, Oliveira MC, Stracieri AB, Moraes DA, Pieroni F, Barros GM, et al. C-
peptide levels and insulin independence following autologous nonmyeloablative
hematopoietic stem cell transplantation in newly diagnosed type 1 diabetes melli-
tus. JAMA 2009;301:1573-9.

49. Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O. Neuronal replacement from
endogenous precursors in the adult brain after stroke. Nat Med 2002;8:963-70.

50. Mackay-Sim A, Feron F, Cochrane J, Bassingthwaighte L, Bayliss C, Davies W,
et al. Autologous olfactory ensheathing cell transplantation in human paraplegia:
a 3-year clinical trial. Brain 2008;131:2376-86.

51. Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, et al. Trans-
plantation of embryonic dopamine neurons for severe Parkinson’s disease. N Engl J
Med 2001;344:710-9.

52. Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, et al. A dou-
ble-blind controlled trial of bilateral fetal nigral transplantation in Parkinson’s dis-
ease. Ann Neurol 2003;54:403-14.

53. Braak H, Del Tredici K. Assessing fetal nerve cell grafts in Parkinson’s disease.
Nat Med 2008;14:483-5.

54. Keene CD, Chang RC, Leverenz JB, Kopyov O, Perlman S, Hevner RF, et al. A
patient with Huntington’s disease and long-surviving fetal neural transplants that
developed mass lesions. Acta Neuropathol 2009;117:329-38.
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Study questions

Overview of the immune response

Learning objectives: ‘‘Overview of the immune response’’

1. To understand the fundamental ways in which the innate and the adaptive arms of the immune system work together to help the
host recognize, inactivate, and clear pathogenic microbes, neoplastic cells, toxins, and other exogenous threats.

2. To understand the mechanisms used by the innate and the adaptive arms of the immune response to distinguish self from non-self
so that the immune effector mechanisms can be focused on appropriate targets and avoid damage to the host’s normal tissues.

Question 1. For CD81 T lymphocytes to recognize virally
infected cells, the infected cells must —

A. express functional HLA-DM molecules.
B. express functional transporter associated with antigen

presentation (TAP) 1 and 2 proteins.
C. have trafficked through a germinal center.
D. extinguish expression of its class I HLA molecules.

Question 2. The HLA invariant chain —

A. controls loading of viral peptide fragments into class I
HLA molecules.

B. is delivered to HLA molecules in endosomes.
C. prevents loading of antigenic peptides into class II HLA

molecules until it is proteolytically degraded.
D. differs in primary amino acid sequence among different

subjects in the population.

Question 3. For TH cells, a functional T-cell receptor requires all
of the following except

A. the CD3 complex.
B. coexpression of CD4.
C. rearranged a and b chains.
D. b2-microglobulin.

Question 4. Which of the following statements is true?

A. The extracellular domains of Toll-like receptors (TLRs)
are homologous to the corresponding domains of the IL-1
receptor.

B. All TLRs are cell-surface proteins.
C. TLRs are found on macrophages, dendritic cells,

neutrophils, and endothelial cells.
D. TLR4 is activated by CpG DNA.
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Study questions

Innate immunity

Learning objectives: ‘‘Innate immunity’’

1. To appreciate the contribution of the innate immune system to host defense.
2. To understand the cellular and humoral elements involved in innate immune responses.
3. To be aware of the molecular strategies used by the innate immune system to sense infection or tissue damage.
4. To recognize how innate immune defects contribute to human disease and how the innate immune system can be modulated to

prevent or treat illness.

Question 1. Which of the following statements regarding activa-
tion of Toll-like receptor (TLR) 9 in allergic responses is true?

A. Activation of TLR9 expressed by eosinophils inhibits
generation of prostaglandin D2.

B. Activation of TLR9 expressed by CD41 cells inhibits
generation of TH2 cytokines.

C. Activation of TLR9 expressed by dendritic cells inhibits
TH2 cell generation of cytokines.

D. Activation of TLR9 expressed by endothelial cells
inhibits recruitment of TH2 cells to sites of allergic
inflammation.

Question 2. Which of the following human diseases is primarily
caused by a defect in the innate immune system?

A. IL-1 receptor–associated kinase 4 (IRAK4) deficiency
B. severe combined immunodeficiency (SCID)
C. X-linked agammaglobulinemia (XLA)
D. DiGeorge syndrome

Question 3. One recognition strategy used by the innate immune
system is to detect conserved microbial components. Which of
the following is an example of a well-characterized innate im-
mune system receptor-ligand pair?

A. TLR4 and peptidoglycan
B. T-cell receptor and H1N1 influenza A peptide
C. caspase 1 and the muramyl dipeptide component of

peptidoglycan
D. TLR5 and flagellin

Question 4. Aluminum-containing vaccine adjuvants (alum)
appear to mediate their beneficial immunostimulatory effects
through which of the following molecules of the innate immune
system?

A. TLR1/6 heterodimers
B. nucleotide oligomerization domain–like receptor family,

pyrin domain–containing 3 (NLRP3, also called NALP3
or cryopyrin)

C. myeloid differentiation primary response gene 88
(MyD88)

D. killer cell immunoglobulin-like receptor (KIR)
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Study questions

Adaptive immunity

Learning objectives: ‘‘Adaptive immunity’’

1. To understand the process of T-cell development, including the mechanisms of somatic genetic rearrangements that generate
T-cell receptor diversity.

2. To recognize the different functional subsets of effector T cells.
3. To know the subunits that comprise the immunoglobulin pre-B cell receptor, which is critical for B-cell development in the bone

marrow.
4. To know the critical processes of antigen-dependent B-cell development, which takes place in germinal centers.

Question 1. Which of the following statements concerning T cells
is true?

A. On full maturation, T cells exiting the thymus express
both CD4 and CD8.

B. CD8 serves as a coreceptor by binding to
nonpolymorphic domains on MHC class II molecules.

C. T-cell activation leads both to release of intracellular
calcium stores and to influx of extracellular calcium.

D. Newborn screening for severe combined
immunodeficiency is performed by counting T cells on a
blood spot.

Question 2. Which of the following statements concerning ef-
fector T cells is true?

A. CD251 regulatory T cells express the transcription factor
retinoic acid receptor related orphan receptor gt (RORgt).

B. TH17 cells arise from TH0 precursors under the influence
of IL-4 and IFN-g.

C. Killing of virally infected target cells by cytolytic T
lymphocytes is mediated by complement.

D. Natural killer T cells expressabT-cell receptors andCD56.

Question 3. The pre-B cell receptor expressed on developing B
cells in the bone marrow consists of —

A. IgM heavy chain, k or l light chain, Ig-a and Ig-b.
B. IgM heavy chain, surrogate light chain, CD20.
C. IgD heavy chain, surrogate light chain, Ig-a and Ig-b.
D. IgM heavy chain, surrogate light chain, Ig-a and Ig-b.

Question 4. Which of the following takes place predominantly in
germinal centers?

A. immunoglobulin gene rearrangement
B. expression of IgD on the B-cell surface
C. immunoglobulin class-switching and somatic

hypermutation
D. large-scale antibody secretion
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Study questions

Structure and function of immunoglobulins

Learning objectives: ‘‘Structure and function of immunoglobulins’’

1. To understand the molecular basis of immunoglobulin gene rearrangement.
2. To gain insight into the structural features of immunoglobulin that allow an individual antibody to distinguish between antigens.
3. To understand the contribution of immunoglobulin heavy chain structure to effector functions, such as complement activation

and antibody-dependent cellular cytotoxicity.
4. To recognize that classes of immunoglobulin heavy chains differentially contribute to innate and adaptive immune responses.

Question 1. To generate their antigen receptors, developing B
cells must undergo a complex process of DNA gene rearrange-
ments that begins with precise cutting of the DNA strands and
ends with the imprecise, in-frame joining of the ends of the
nonhomologous sequences that encode the various portions of
the future variable domain. Which of the following proteins is
most critical for immunoglobulin rearrangement?

A. activation-induced cytidine deaminase
B. k light chain
C. recombination-activating gene (RAG) 1 and 2
D. surrogate light chain (l14.1 [l5] and VpreB)
E. terminal deoxynucleotidyl transferase (TdT)

Question 2. Activation of complement is one mechanism by
which antibodies can kill cells. However, not all antibodies can
bind complement, and some bind it better than others. Of the
following isotypes, which one activates complement best?

A. IgA
B. IgD
C. IgE
D. IgG3
E. IgG4

Question 3. Which of the following functions cannot be per-
formed by IgA?

A. binding Fce receptors on mast cells
B. blocking pathogen adhesion
C. facilitation of antibody-dependent cellular cytotoxicity
D. mucosal transport
E. neutralizing toxins

Question 4. As a glycoprotein, there are potential N- and O-linked
sites on the protein backbone of an immunoglobulin. Which of
the following statements regarding immunoglobulin glycosyla-
tion is true?

A. All immunoglobulins are glycosylated the same.
B. Aglycosylated immunoglobulins function the same as

glycosylated immunoglobulins.
C. Aberrantly glycosylated immunoglobulins play a role in

some disease manifestations.
D. Fucose is the only sugar moiety on an immunoglobulin.
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Study questions

Immunologic messenger molecules: Cytokines, interferons,
and chemokines

Learning objectives: ‘‘Immunologic messenger molecules: Cytokines, interferons, and chemokines’’

1. To recognize how different cytokines modulate cellular immune function.
2. To describe how the different T-cell populations develop and the role that cytokines play in modulating this response.
3. To understand how chemokines are grouped into separate families based on structure and function to modulate cell recruitment

under inflammatory and homeostatic conditions.

Question 1. IL-6 and the IL-6 family of cytokines trigger signal
transducer and activator of transcription 3 phosphorylation
through which of the following receptors?

A. glycoprotein 130
B. shared g chain
C. shared b chain (CD131)
D. nuclear factor IL-6
E. oncostatin M receptor a chain

Question 2. Which of the following is the master regulator for
TH17-like lymphocytes?

A. T-bet transcription factor
B. GATA-3
C. retinoic acid receptor–related orphan receptor gt
D. signal transducer and activator of transcription 3
E. Forkhead box protein 3

Question 3. Which of the following cytokines does not use the
shared g chain as part of its receptor?

A. IL-4
B. thymic stromal lymphopoietin
C. IL-7
D. IL-15
E. IL-21

Question 4. Which of the following chemokines is not involved in
TH1-like recruitment?

A. CCL3 (macrophage inflammatory protein 1a)
B. CCL4 (macrophage inflammatory protein 1b)
C. CCL5 (RANTES)
D. CCL11 (eotaxin)
E. CCL17 (thymus and activation-regulated chemokine).
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Study questions

IgE, mast cells, basophils, and eosinophils

Learning objectives: ‘‘IgE, mast cells, basophils, and eosinophils’’

1. To understand the biology of IgE, mast cells, basophils, and eosinophils.
2. To understand the role of IgE, mast cells, basophils, and eosinophils in disease.

Question 1. Which of the following regarding the high-affinity
IgE receptor FceRI is true?

A. The g chain amplifies signaling through the receptor.
B. The b chain is absent on basophils.
C. The a chain binds to the C2 domain of the Fc region of

IgE.
D. The b chain associates with Lyn kinase.

Question 2. All of the following are produced by basophils after
activation except —

A. GM-CSF.
B. granzyme B.
C. IL-4.
D. prostaglandin D2.

Question 3. Which of the following is associated with
eosinopenia?

A. Addison disease
B. sepsis
C. Kimura disease
D. Omenn syndrome

Question 4. Which of the following statements is true regarding
tryptase?

A. Anaphylaxis to food allergens is always associated with
an increase in total serum tryptase levels.

B. Baseline serum tryptase is composed of predominantly
the mature b-tryptase.

C. Tryptase is stabilized in secretory granules by heparin.
D. Protryptase is the predominant form of tryptase stored in

the secretory granules of mast cells.
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Study questions

Genetics of allergic disease

Learning objectives: ‘‘Genetics of allergic disease’’

1. To comprehend the principles of study design for genetic and genomic approaches to studying allergic disease.
2. To identify single nucleotide polymorphisms (SNPs) that have been identified as potential markers for allergic disease in the

latest genome-wide association studies.
3. To apply knowledge of genetic studies to the pharmacogenetics of allergic disease.
4. To analyze mechanisms of genetic susceptibility to allergic disease and their associated candidate genes.

Question 1. Which of the following approaches to studying the
genetics of allergic disease would be most appropriate to iden-
tifying the role of variation in a candidate gene in susceptibility
to allergic disease?

A. positional cloning/linkage studies examining
transmission of genetic markers with clinical phenotype
in families

B. examination of ‘‘tagging’’ SNPs that capture the common
variation in a defined region of the genome in a case-
control cohort

C. using a genome-wide association study approach to
assess variation across the whole genome to find
polymorphisms associated with allergic disease

D. examining the effect of an amino acid variant on protein
function in in vitro studies

Question 2. SNPs in or near which of the following genes have
been found to be associated with asthma or allergic phenotypes
in genome-wide association studies?

A. ORMDL
B. CHRNA3 (nicotinic acetylcholine receptor subunit)
C. IL13 (IL-13)
D. SH2B3 (SH2B adaptor protein 3)

Question 3. Which of the following genes have SNPs that have
been associated with pharmacogenetic responses in asthma
treatment?

A. CYP1A1 (cytochrome P450 1A1)
B. ADRB2 (b2-adrenergic receptor)
C. IL5 (IL-5)
D. CD14

Question 4. Which of the following pairs of mechanisms and
genes correctly matches a proposed disease susceptibility
mechanism for allergic disease with a relevant candidate gene?

A. modulation of the effect of environmental risk factors for
allergic disease–IL13

B. loss of epithelial barrier function–FLG (filaggrin)
C. regulation of atopic inflammation–ORMDL3
D. tissue response genes–PHF11
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Study questions

Asthma: Clinical expression and molecular mechanisms

Learning objectives: ‘‘Asthma: Clinical expression and molecular mechanisms’’

1. To understand the importance of viral respiratory tract infections in asthma inception and exacerbations.
2. To recognize the potential contribution of various comorbidities to asthma control.
3. To understand the contribution of allergic sensitization to asthma expression and management.

Question 1. When asthma severity and control are being evalu-
ated, which of the following factors is part of the assessment of
the risk domain?

A. pulmonary function
B. symptoms
C. exacerbations
D. rescue albuterol use

Question 2. Which of the following viruses is the most frequent
respiratory tract infection associated with asthma
exacerbations?

A. metapneumovirus
B. rhinovirus
C. respiratory syncytial virus
D. parainfluenza

Question 3. Which of the following pain medications can
be safely given to an asthmatic subject sensitive to
aspirin?

A. ibuprofen
B. naproxen
C. acetaminophen
D. indomethacin

Question 4. Which of the following medications has been asso-
ciated with an increased risk for severe asthma exacerbations
when used as the only treatment?

A. inhaled corticosteroids
B. theophylline
C. leukotriene receptor antagonists
D. long-acting b-agonists
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Study questions

Rhinitis and sinusitis

Learning objectives: ‘‘Rhinitis and sinusitis’’

1. To understand the mechanism of dust mite allergen sensitization in the nasal mucosa.
2. To understand the association between nonallergic rhinitis and eosinophilia.
3. To understand the pathologic processes involved in chronic rhinosinusitis (CRS) with or without nasal polyps.
4. To learn the clinical significance of hyperdensities on sinus computed tomographic (CT) scanning in a patient with CRS.

Question 1. Which of the following processes involved during
natural allergen sensitization through the nasal mucosa in
patients with allergic rhinitis is most specific for dust mite
antigen?

A. elaboration of thymic stromal lymphopoietin by nasal
epithelial cells

B. local and systemic production of allergen-specific IgE
C. enhancement through induction of Toll-like receptor

4 (TLR4) signaling
D. interaction of dust mite antigen with interepithelial and

subepithelial dendritic cells

Question 2. Which of the following subtypes of nonallergic
rhinitis is most likely to be associated with eosinophilia?

A. irritant-induced rhinitis
B. cold-induced rhinitis
C. vasomotor rhinitis
D. rhinitis associated with aspirin sensitivity (aspirin-

exacerbated respiratory disease)

Question 3. Which of the following pathologic processes impli-
cated in the pathogenesis of CRS is most specific for CRS with
nasal polyposis?

A. TH2-type immune hyperresponsiveness (production of
IL-5 and IL-13) directed toward colonizing fungi in sinus
secretions

B. glandular hyperplasia
C. formation of bacterial biofilm on sinus mucosal tissue
D. local production of IgE directed against staphylococcal

enterotoxins (ie, superantigens) from Staphylococcus
aureus

Question 4. In patients with CRS, the sinus CT scan might reveal
hyperdensities within an opacified sinus cavity. Which of the
following statements best describes the significance of
hyperdensities?

A. They are pathognomonic of allergic fungal rhinosinusitis.
B. They are suggestive of the presence of necrotizing

infection (abscess formation).
C. They are often associated with mucocele formation.
D. They are suggestive of the presence of thick inspissated

secretions containing large numbers of degranulated
eosinophils (allergic mucin) and possibly colonizing
fungi.

Dr. Mark Dykewicz, as a member of the Board of Directors of
the American Board of Allergy and Immunology, did not partici-
pate in the development or review of these questions.
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Study questions

Food allergy

Learning objectives: ‘‘Food allergy’’

1. To understand the epidemiologic aspects of food hypersensitivity disorders.
2. To understand the pathogenesis of food allergy.
3. To understand the clinical manifestations of food allergy.
4. To understand current and future diagnosis and management.

Question 1. Which of the following most accurately describes an
epidemiologic feature of food allergy?

A. Allergy to fish/shellfish is more prevalent among children
than among adults.

B. On the basis of studies from a referral center in the United
States, allergy to milk and egg might be more persistent
than noted in past decades, with fewer than 20%
resolving these allergies by age 4 years.

C. Food allergy has approximately doubled in children over
the past decade.

D. Peanut allergy resolves by school age for 35% of children
given diagnoses at less than 2 years of age.

Question 2. A 27-year-old atopic man experienced mild oral
pruritus when eating raw apples but tolerates apple juice and
baked apple. Which of the following is most likely to be true?

A. He has an increased IgE level that binds lipid transfer
protein in apple.

B. He has positive skin test results to commercial extract of
apple.

C. He has an increased IgE level to Bet v 1.
D. The Maillard reaction during heating apple results in a

change in conformation that abrogates IgE binding for
this subject.

Question 3. Which of the following clinical descriptions is most
likely to represent a food allergy?

A. A 3-year-old experiences acute, transient, nonpruritic
erythema over the left cheek minutes after she ingests, on
separate occasions, lemonade, spicy potato chips, and
sour candy.

B. A breast-fed 5-month-old infant experiences severe
vomiting, lethargy, and an increased white blood cell
count with bandemia 2 hours after she is fed rice cereal.
Skin test results to rice are negative.

C. An 18-year-old experiences cramps and diarrhea after
ingesting a large milk shake.

D. A 47-year-old experiences facial flushing and a tingling
sensation in the mouth after ingesting tuna in a restaurant.
He previously tolerated all fish.

Question 4. An infant experienced urticaria and angioedema
when introduced to egg, and the egg-specific IgE concentration
was 4.7 kIU/L. At age 2 years, she accidentally ingested a bite of
egg and experienced wheezing and generalized urticaria and
around that time had an egg IgE level of 1.7 kIU/L. At age 3
years, she accidentally ingested a small amount of egg and ex-
perienced generalized urticaria. At age 3½ years, she presents
for evaluation, and the serum egg IgE level was less than
0.35 kIU/L. Which of the following would be the most reason-
able next step toward diagnosis?

A. Perform an open oral food challenge to egg.
B. Perform a double-blind, placebo-controlled oral food

challenge to egg.
C. Perform a skin prick test to egg.
D. Allow the child to add egg to the diet.
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Study questions

Drug allergy

Learning objectives: ‘‘Drug allergy’’

1. To recognize the limitations of diagnostic testing in most patients with drug allergy.
2. To gain an understanding of the negative predictive value of penicillin skin testing.
3. To gain an understanding of duration, indications, and contraindications of procedures to induce drug tolerance.
4. To be able to differentiate the various drug-induced allergic reactions to aspirin and nonsteroidal anti-inflammatory drugs.

Question 1. In evaluation of a patient with drug allergies, which of
the following is generally the best tool to guide management?

A. skin testing
B. in vitro tests
C. detailed history
D. Gell and Coombs classification

Question 2. Which of the following is true regarding penicillin
allergy?

A. History is adequate for diagnosis.
B. Skin testing has high negative predictive value.
C. Cross-reactivity with cephalosporins is high.
D. Resensitization is common.

Question 3. Procedures to induce drug tolerance —

A. involve only IgE-mediated allergy.
B. cause permanent drug tolerance.
C. can take days to weeks to complete.
D. are indicated for Stevens-Johnson syndrome reactions.

Question 4. A 30-year-old man has a history of shortness of
breath, urticaria, and lightheadedness 30 minutes after ingesting
ibuprofen. He most likely —

A. has asthma.
B. has nasal polyposis.
C. will react to celecoxib.
D. will tolerate aspirin.
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Study questions

Allergic skin diseases

Learning objectives: ‘‘Allergic skin diseases’’

1. To identify common clinical patterns and sensitizing allergens in patients with contact dermatitis.
2. To understand the newest concepts regarding the immunology and treatment of chronic urticaria.

Question 1. Which of the following statements concerning auto-
antibodies in patients with chronic urticaria is true?

A. The autologous serum skin test is the gold standard.
B. Commercially available tests for autoantibody activity are

well established.
C. The presence, titer, or both of autoantibodies to the high-

affinity receptor for IgE, FceRIa, predict clinical
outcome.

D. Approximately 40% of patients with chronic urticaria
have evidence of autoantibodies with the ability to
activate mast cells.

Question 2. For patients with chronic urticaria unresponsive to
high doses of antihistamines, the immunomodulatory drug with
the best efficacy data is —

A. hydroxychloroquine.
B. cyclosporin A.
C. sulfasalazine.
D. mycophenolate.

Question 3. Which of the following statements would be true for a
patient with contact dermatitis?

A. Irritant contact dermatitis commonly presents as a
generalized dermatitis with vesicles extending beyond the
area of contact and involving the whole hand, including
the webs of fingers and the dorsal and ventral surfaces of
the hands.

B. Allergic contact dermatitis often has vesicles that favor the
dorsum of the hands and, less commonly, involve the palms.

C. Atopic dermatitis is not an important factor in
susceptibility to persistent postoccupational dermatitis.

D. A patient with allergic contact dermatitis can use
‘‘unscented’’ products and botanical extracts because these
products are typically free of classic fragrance ingredients.

Question 4. Which of the following is true for patch testing?

A. Patch test results are affected by oral corticosteroids,
cancer chemotherapy, immunosuppressive drugs, and
antihistamines but not by topical corticosteroids.

B. Allergens not found on commercially available screening
series in the United States are generally irrelevant
reactions, and personal products have no use as
supplements in patch testing.

C. Metals (gold, potassium dichromate, nickel, and cobalt),
topical antibiotics (neomycin and bacitracin), topical
corticosteroids, and paraphenylenediamine (PPD) might
produce positive results after 7 days.

D. Hairdressers allergic to glycerol thioglycolate in
permanent wave solution and PPD in hair dye might be
able to cut hair after it has been rinsed out.

E. Lanolin in medicaments is less sensitizing than lanolin in
cosmetics and is a weak sensitizer in normal skin but a
stronger sensitizer in damaged skin.
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Study questions

Environmental and occupational allergies

Learning objectives: ‘‘Environmental and occupational allergies’’

1. To know what allergens can occur in the air both indoors and outdoors and how to identify which ones are important to an in-
dividual patient.

2. To understand the methods of reducing exposure to these allergens.
3. To understand the effects of indoor and outdoor air pollution.
4. To recognize and diagnose occupational asthma.

Question 1. Concentrations of which of the following allergens
are most closely related to indoor humidity?

A. Dermatophagoides farinae
B. Blatella germanica
C. Alternaria alternata
D. Felis domesticus

Question 2. Which of the following methods of controlling
exposure to cat allergen is most useful?

A. keep the cat out of the bedroom
B. dispose of the cat
C. wash the cat once a week
D. use high-efficiency particle filtration

Question 3. Which of the following air pollutants increases pro-
duction of IgE antibodies?

A. sulfur dioxide
B. nitric oxide
C. diesel exhaust particles
D. ozone.

Question 4. Which of the following statements about occupa-
tional asthma is true?

A. Symptoms occur only on days when the patient is at
work.

B. Bronchial provocation tests are required to confirm the
diagnosis.

C. Approximately 5% of asthma beginning in adulthood is
due to occupational exposure.

D. All the exposures that cause occupational asthma elicit an
IgE response.
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Study questions

Anaphylaxis

Learning objectives: ‘‘Anaphylaxis’’

1. To describe the triggers, mechanisms, and patient-specific risk factors in anaphylaxis.
2. To state the principles of risk assessment in anaphylaxis.
3. To discuss long-term risk reduction in anaphylaxis: preventive measures and emergency preparedness.

Question 1. The lifelong prevalence of anaphylaxis from all
triggers in the general population is estimated at —

A. 0.001%.
B. 0.01%.
C. 0.1%.
D. 0.05% to 2%.

Question 2. You diagnose idiopathic anaphylaxis in a 50 year-old
woman who has had 2 episodes during the past year. What
should you do next?

A. Refer her for a bone marrow biopsy.
B. Measure her serum total tryptase level.
C. Advise her to avoid peanut, tree nuts, shellfish, and fish.
D. Prescribe prednisone, 60 mg daily, for a week and then

taper the dose.

Question 3. For which of the following is a 3- to 5-year course of
subcutaneous immunotherapy recommended based on
randomized, double-blind, placebo-controlled trials?

A. food-induced anaphylaxis
B. medication-induced anaphylaxis
C. stinging insect venom–induced anaphylaxis
D. natural rubber latex–induced anaphylaxis

Question 4. Epinephrine is the drug of first choice in anaphylaxis
because —

A. its a1-adrenergic vasoconstrictor effects decrease
mucosal edema and increase peripheral vascular
resistance.

B. its a2-adrenergic receptor effects decrease release of
insulin and norepinephrine.

C. its b1-adrenergic effects increase the rate and force of
cardiac contractions.

D. its b2-adrenergic effects increase bronchodilation and
decrease mediator release.
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Study questions

Primary immunodeficiencies

Learning objectives: ‘‘Primary immunodeficiencies’’

1. To recognize the key diagnostic features of congenital defects of lymphocyte development and neutrophil function.
2. To learn the mainstay of treatment for patients with antibody deficiency.

Question 1. Which of the following statements concerning severe
combined immunodeficiency (SCID) is true?

A. SCID is characterized by severe deficiency of T cells.
B. SCID is characterized by severe deficiency of T and B

cells.
C. SCID is characterized by severe deficiency of T, B, and

natural killer cells.
D. SCID is characterized by severe deficiency of both

lymphocytes and neutrophils.

Question 2. Which of the following statements concerning X-
linked agammaglobulinemia (XLA) is true?

A. XLA is characterized by lack of immunoglobulins in
spite of a normal number of circulating B cells.

B. XLA is characterized by a virtual lack of circulating B
cells.

C. In patients with XLA, the profound deficiency of
immunoglobulins reflects defects of TH lymphocytes.

D. The mainstay of treatment of patients with XLA is
antibiotic prophylaxis.

Question 3. Which of the following presentations is common in
patients with chronic granulomatous disease?

A. autoimmune manifestations resembling systemic lupus
erythematosus

B. interstitial pneumonia caused by Pneumocystis jiroveci
C. purulent lymphadenitis
D. recurrent otitis media

Question 4. Which of the following statements concerning treat-
ment with immunoglobulins is true?

A. Initial treatment for patients with agammaglobulinemia
should be with intravenous immunoglobulin, 100 mg/kg
every 3 weeks.

B. Subcutaneous immunoglobulins should be used at the
dose of 100 mg/kg/wk in children less than 14 years of
age. Beyond that age, the dose for adults is 4 g/wk.

C. The usual dose for subcutaneous immunoglobulins is 100
mg/kg/wk.

D. Patients with IgA deficiency should receive preparations
enriched in IgA.
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Study questions

Secondary immunodeficiencies, including HIV infection

Learning objectives: ‘‘Secondary immunodeficiencies, including HIV infection’’

1. To define the concept of secondary immunodeficiency as a clinical condition in which the immune response is adversely affected
by extrinsic factors.

2. To realize that the frequency of patients with secondary immunodeficiencies far exceeds the frequency of those with primary
(genetic) immunodeficiencies.

3. To appreciate the many diverse factors and conditions that produce secondary immunodeficiency.
4. To understand that HIV infection is one of the best understood yet most challenging examples of a secondary immunodeficiency.

Question 1. An 18-year-old woman presents with a history of
recurrent respiratory tract infections in the past 3 months. She
has been previously healthy. Which of the following is the most
likely cause of immunodeficiency in this patient?

A. severe combined immunodeficiency
B. HIV infection
C. X-linked agammaglobulinemia
D. hyper-IgM syndrome

Question 2. Which of the following is a characteristic of a sec-
ondary immunodeficiency?

A. The clinical presentation is variable.
B. A defect in T-cell function can always be identified.
C. Management should prioritize immunoglobulin

supplementation in all cases.
D. Phagocyte chemotaxis is normal.

Question 3. Calcineurin inhibitors primarily inhibit—

A. oxidative burst.
B. complement activation.
C. T-cell activation.
D. calcium membrane receptor.

Question 4. In patients with HIV infection, which of the following
is true?

A. AIDS, the advanced stage of HIV infection, develops
when B cells are depleted.

B. The presence of the chemokine receptor CCR5 in cell
membrane blocks HIV infection.

C. The presence of the chemokine receptor CCR5 in cell
membrane is necessary for HIV infection.

D. An adenovirus-based anti-HIV vaccine has been
demonstrated to reduce HIV infection in a large placebo-
controlled trial.
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Study questions

Immunologic rheumatic disorders

Learning objectives: ‘‘Immunologic rheumatic disorders’’

1. To recognize the diagnostic utility and the prognostic significance of the rheumatoid factor and anti–cyclic citrullinated peptide
(anti-CCP) antibody tests in patients with rheumatoid arthritis (RA).

2. To understand the basic mechanisms behind the biologic disease-modifying medications currently available to treat RA.
3. To identify the antibody tests that are useful in making the diagnosis of systemic lupus erythematosus (SLE) while recognizing

that the diagnosis is based on the whole clinical picture and not simply the laboratory findings.

Question 1. Which of the following statements is true regarding
anti-CCP antibodies in patients with RA?

A. The appearance of anti-CCP antibodies in the
bloodstream coincides with the onset of clinical RA.

B. Anti-CCP antibodies are highly specific for RA.
C. Patients with RA who have anti-CCP antibodies tend to

have milder disease than those who do not have the
antibodies.

D. Rheumatoid factor and anti-CCP antibodies are about
equally specific for RA.

Question 2. Comparing the traditional disease-modifying anti-
rheumatic drugs (DMARDs) used to treat RAwith the new
biologic DMARDS, which of the following statements is true?

A. The biologic DMARDs target specific factors in the
immune system, such as proinflammatory cytokines.

B. Current American College of Rheumatology
recommendations include initiation of biologic DMARDs
within 3 months of diagnosis of RA.

C. Traditional DMARDs, such as methotrexate, increase
cardiovascular risk in patients with RA.

D. Combining biologic DMARDs with traditional DMARDs
does not increase efficacy in patients with RA.

Question 3. Which of the following diseases is more common in
men than in women?

A. RA
B. seronegative spondyloarthropathies
C. SLE
D. Sjögren syndrome

Question 4. Which of the following statements is true regarding
antibodies in SLE?

A. A patient with arthralgias and a low titer of antinuclear
antibody (ANA) is likely to have SLE.

B. Patients with SLE frequently have negative ANA test
results.

C. The presence of anti-Ro (SSA) rules out SLE in favor of
Sjögren syndrome.

D. Anti-Smith antibodies are highly specific for SLE.
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Study questions

Vasculitis

Learning objectives: ‘‘Vasculitis’’

1. To describe the diagnostic yield from biopsy specimens of different organs in patients with Wegener granulomatosis.
2. To identify the sites of organ involvement in patients with Churg-Strauss syndrome.
3. To recognize the antigen associations of antineutrophil cytoplasmic antibodies (ANCAs).
4. To distinguish the prominent clinical features of giant cell arteritis (GCA).

Question 1. Which of the following biopsies of a clinically in-
volved site has the highest likelihood of yielding a diagnosis of
Wegener granulomatosis?

A. sinus
B. kidney
C. lung
D. gastrointestinal mucosa

Question 2. Which of the following is the most common organ
system affected by vasculitis in patients with Churg-Strauss
syndrome?

A. peripheral nerve
B. heart
C. kidney
D. gastrointestinal tract

Question 3. Which of the following antigens do ANCAs most
commonly target in patients with Wegener granulomatosis?

A. myeloperoxidase
B. proteinase 3
C. human neutrophil elastase
D. bactericidal permeability–increasing protein

Question 4. Which of the following statements is true regarding
GCA?

A. Visual loss occurs in 50% to 60% of patients.
B. Isolated polymyalgia rheumatica requires

treatment with 40 to 60 mg/d prednisone.
C. An increased sedimentation rate occurs in less than 50%

of patients with GCA.
D. Large-vessel involvement of the aorta or its primary

branches occurs in 27% of cases.
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Study questions

Immunologic endocrine disorders

Learning objectives: ‘‘Immunologic endocrine disorders’’

1. To understand general HLA and autoantibody testing for type 1 diabetes and the associated celiac disease.
2. To understand the genetics of 2 major monogenic forms of autoimmune type 1 diabetes.
3. To become familiar with major autoantibodies measured in patients with polyendocrine syndromes.
4. To recognize the similarities and differences between the major autoimmune polyendocrine syndromes.

Question 1. Which of the following statements concerning type
1 diabetes is true?

A. The highest-risk genotype for type 1 diabetes is DR4/4.
B. Islet autoantibodies typically appear years before the

development of diabetes.
C. Insulin autoantibodies are most common in adults rather

than children with diabetes.
D. Celiac disease and anti-transglutaminase autoantibodies

are not increased in patients with type 1 diabetes.

Question 2. Immune dysfunction, polyendocrinopathy, enterop-
athy, X-linked (IPEX) syndrome and autoimmune polyendo-
crine syndrome type 1 (APS-1) are —

A. monogenic disorders influencing the development of
regulatory T cells or expression of peripheral antigens in
the thymus.

B. inherited in an autosomal recessive manner.
C. polygenic disorders.
D. common.

Question 3. Which of the following statements concerning auto-
antibodies is true?

A. Anti–21-hydroxylase autoantibodies are diagnostic of
Addison disease.

B. Anti-insulin autoantibodies develop in most individuals
treated with subcutaneous insulin, including patients with
type 2 diabetes.

C. Transglutaminase autoantibodies are the best marker of
celiac disease.

D. All of the above

Question 4. APS-1 differs from autoimmune polyendocrine syn-
drome type 2 (APS-2) in that —

A. patients with APS-1 have a mutation of AIRE.
B. Addison disease and type 1 diabetes occur in both

syndromes.
C. mucocutaneous candidiasis is present only in patients

with APS-1.
D. All of the above
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Study questions

Diagnostic testing and interpretation of tests
for autoimmunity

Learning objectives: ‘‘Diagnostic testing and interpretation of tests for autoimmunity’’

1. To understand the usefulness of autoantibodies and immunologic studies.
2. To understand the limitations of these studies.
3. To understand the major clinical presentations of autoimmune diseases.

Question 1. A 36-year-old woman is seen in the emergency
department for new-onset shortness of breath with wheezing.
After bronchodilation therapy, the patient no longer wheezes.
Other than chronic sinusitis, she has been well. Examination
shows her to be comfortable, afebrile, and normotensive, with a
respiratory rate of 14 breaths/min. No wheezes are auscultated.
Tender subcutaneous nodules are discovered on her right
anterior leg. Screening laboratory tests reveal a mild anemia
and slightly increased white blood cell count with increased
eosinophil numbers. The Westergren erythrocyte sedimentation
rate (ESR) is 88 mm, and the high-sensitivity C-reactive protein
level is 46 mg/dL. Chest radiography shows patchy opacities
without lobar or segmental distribution. What laboratory test
would be highly suggestive that this is Churg-Strauss
syndrome?

A. antinuclear antibody (ANA)
B. anti–proteinase 3
C. anti-myeloperoxidase (anti-MPO)
D. anti–extractible nuclear antigen (anti-ENA)
E. anti–double-stranded DNA (anti-dsDNA)

Question 2. What is the most sensitive serologic test for systemic
lupus erythematosus (SLE)?

A. anti-dsDNA
B. ANA
C. anti-Smith
D. anti-ENA
E. ESR

Question 3. What is the most specific serologic test for SLE?

A. anti-dsDNA
B. ANA
C. anti-Smith
D. anti-ENA
E. ESR

Question 4. In immune complex deposition diseases, such as
vasculitis, which is associated with rheumatoid arthritis, serum
C3 levels will most commonly —

A. increase.
B. decrease.
C. remain unchanged.
D. decrease and then increase.
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Study questions

Pulmonary disorders, including vocal cord dysfunction

Learning objectives: ‘‘Pulmonary disorders, including vocal cord dysfunction’’

1. To explore the classification of pulmonary disorders with various immunologic processes.
2. To consider the causes of pulmonary eosinophilia syndromes or conditions.
3. To differentiate granulomatous TH1 and TH2 inflammatory conditions.
4. To appreciate the variable aspects of diagnosis of vocal cord dysfunction.

Question 1. In patients with pulmonary tuberculosis, the number
of CD41CD251 regulatory T cells is —

A. decreased.
B. increased.
C. very low or absent.
D. very high.

Question 2. Antibodies in classic cases of Churg-Strauss syn-
drome are directed against —

A. proteinase-3.
B. myeloperoxidase.
C. single-stranded DNA.
D. Churg-Strauss syndrome protein.

Question 3. The expected finding in bronchoalveolar lavage
differential count in a patient with acute hypersensitivity
pneumonitis is —

A. macrophages of 95%.
B. lymphocytes of 60%.
C. eosinophils of 40%.
D. polymorphonuclear leukocytes of 60%.

Question 4. A characteristic feature of the reactive airways
dysfunction syndrome (RADS) is that —

A. theperiod for sensitization isusually1 to5years before onset.
B. respiratory symptoms resolve by 3 months after exposure.
C. bronchial hyperresponsiveness is present.
D. bronchial biopsy demonstrating eosinophilia is consistent

with the diagnosis.
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Study questions

Mucosal immunology, eosinophilic esophagitis, and other
intestinal inflammatory diseases

Learning objectives: ‘‘Mucosal immunology, eosinophilic esophagitis, and other intestinal inflammatory
diseases’’

1. To identify anatomic features of the gastrointestinal mucosal immune system.
2. To recognize clinicopathologic features of common gastrointestinal diseases that are linked by perturbations in the mucosal im-

mune system.

Question 1. Defects in which of the following cell types lead to a
syndrome termed immunodysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome?

A. B cells
B. mast cells
C. regulatory T cells
D. eosinophils

Question 2. Which of the following are the correct diagnostic
features of eosinophilic esophagitis in a child or adult?

A. esophageal inflammation consisting of more than 15
eosinophils per high-power field

B. dysphagia and food impaction that persists despite acid
blockade

C. symptoms consistent with esophageal dysfunction and
more than 15 eosinophils per high-power field in which
other causes have been ruled out

D. feeding dysfunction and esophageal inflammation
consisting of more than 15 eosinophils per high-power
field

Question 3. Which of the following diseases can be treated
primarily with dietary exclusion?

A. Crohn disease
B. ulcerative colitis
C. celiac disease
D. gastroesophageal reflux disease

Question 4. Which of the following is a feature of defensins?

A. biochemical characterized as charge neutral molecules
B. They are primarily produced by Paneth cells.
C. They participate as an element of the acquired immune

system.
D. Three different types have been identified.
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Study questions

Complement disorders and hereditary angioedema

Learning objectives: ‘‘Complement disorders and hereditary angioedema’’

1. To understand the role of complement in host defense.
2. To be able to identify and understand the difference between the various complement pathways.
3. To understand hereditary angioedema, its relation to complement and kinins, and the new therapeutic approaches.
4. To understand the consequences of genetic deficiency of complement proteins and regulatory proteins.

Question 1. The complement pathway initiated by the binding of a
plasma protein to sugars on the surface of a microbe is —

A. the lectin pathway.
B. the alternative pathway.
C. the classical pathway.
D. the kinin pathway.

Question 2. Therapy for hereditary angioedema is directed at
which of the following outcomes?

A. control of C1 esterase inhibitor levels to greater than 75%
activity

B. decrease in the number of angioedema episodes to
maximize quality of life with minimal adverse effects

C. control of C4 levels to normality
D. control of all episodes of angioedema

Question 3. The pathway of complement activation activated by
antibody usually is —

A. the lectin pathway.
B. the alternative pathway.
C. the classical pathway.
D. the lectin pathway.

Question 4.What is the genetic defect that is frequently associated
with high-grade pathogen infection, such as with pneumococci
or staphylococci?

A. C8 deficiency
B. factor B deficiency
C. C3 deficiency
D. mannose-binding lectin deficiency
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Study questions

Immune responses to malignancies

Learning objectives: ‘‘Immune responses to malignancies’’

1. To understand the role of the immune system in control of tumor progression.
2. To recognize the effect of the tumor microenvironment on functions of immune cells.
3. To understand the molecular and cellular mechanisms used by the tumor for its escape from the host immune system.

Question 1. What type of evidence do we have that a patient with
cancer makes an immune response specifically directed at his or
her own tumor?

A. Tumors induce apoptosis of CD81 T cells.
B. Tumor cells release tumor-associated antigens (TAs) into

the circulation.
C. Antibodies to MHC molecules are detectable in patients’

sera.
D. A measurable or increased (relative to that seen in healthy

control subjects) frequency in the blood of CD81

cytotoxic T lymphocytes that stain with TA-specific
tetramers is present.

Question 2. Dendritic cells (DCs) are professional antigen-pre-
senting cells that play a key role in the induction of adaptive
immune responses to TAs. DCs in patients with cancer do not
efficiently cross-present TAs to T cells because —

A. they do not home to the tumor or tumor-draining lymph
nodes.

B. they are enriched in class I and class II MHC molecules
relative to DCs in healthy control subjects.

C. they are immature because of the presence of soluble
tumor-derived factors.

D. they produce excessive levels of IL-12.

Question 3. Regulatory T cells are in part responsible for down-
regulation of antitumor activity in patients with cancer. These T
cells —

A. mediate suppression of other immune cells through cell-
to-cell contact.

B. secrete IFN-g and IL-2.
C. are decreased in number in the peripheral blood of

patients with cancer.
D. do not kill other T or B cells.

Question 4. Inflammatory infiltrates into human solid tumors have
been carefully examined because of their potential prognostic
significance. These infiltrates have the following characteristic.

A. They resemble acute inflammatory infiltrates into healing
wounds.

B. They are enriched in natural killer cells.
C. The ratio of CD81/CD41 T cells is always high because

of the excess of CD81 T cells.
D. They are a major source of proinflammatory cytokines

that support tumor growth.
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Study questions

Clinical laboratory assessment of immediate-type
hypersensitivity

Learning objectives: ‘‘Clinical laboratory assessment of immediate-type hypersensitivity’’

1. To understand the principal properties of human IgE antibodies.
2. To describe the components of the diagnostic algorithm that are used in the evaluation of a patient with a suspected allergic

disease.
3. To define laboratory methods for studying IgE antibody cross-reactivity with structurally similar allergens (eg, Hymenoptera

venoms).
4. To define the humoral immune response parameters that determine the most effective translation of an IgE antibody response into

mediator release from mast cells and basophils.
5. To understand when detection of IgG antibody responses can be diagnostically useful in the evaluation of lung-related hyper-

sensitivity states.

Question 1. IgE is the immunoglobulin that has been called the
‘‘gatekeeper’’ of the allergic response. Once bound to the surface
of basophils or mast cells, it serves to mediate vasoactive
mediator release after cross-linking by allergenic molecules.
Which of the following is a property of human IgE antibodies?

A. Its molecular weight is approximately 150,000 d.
B. It freely passes the placenta to contribute to neonatal total

serum IgE levels that allow identification of a neonate’s
atopic predisposition.

C. Its concentration in serum is highly age-dependent.
D. It constitutes 2% of the total serum immunoglobulin.

Question 2. The diagnostic algorithm for allergic disease begins
with a carefully collected clinical history. If the history indicates
a highly probable association between the patient’s reported
upper airway allergic symptoms and a probable aeroallergen
exposure, what is the next recommended step in the diagnostic
process based on the practice parameters?

A. Immediately quantify mast cell a-tryptase within
30 minutes to 4 hours after symptom initiation.

B. Perform serology or skin test measurements (depending
on the suspected allergen specificity) to verify that the
patient is sensitized (IgE antibody positive).

C. Perform a direct allergen challenge of the indicated target
organ.

D. Perform an allergen-specific IgG measurement to verify
exposure.

Question 3. IgE antibody can be present in the absence of any
evident clinical symptoms. Which one of the following humoral
immune response–related conditions enhances the effectiveness
of IgE antibody responses to induce mediator release from mast
cells and basophils?

A. lower allergen-specific IgE antibody concentration in
circulation

B. less mature specificity directed at the allergen’s or
allergens’ specific epitopes

C. lower proportion of specific IgE to total IgE in a patient’s
serum

D. higher affinity of the IgE antibody for specific allergen

Question 4. In which one of the following situations are specific
IgG antibody responses considered diagnostically useful in the
workup of a patient?

A. evaluation of food allergy symptoms for the planning of
food-elimination diets

B. assessment of patients with rhinitis associated with
seasonal aeroallergen exposure

C. testing of a child with spina bifida who experienced
anaphylaxis after the insertion of a Hevea brasiliensis
latex catheter

D. evaluation of a patient suspected of hypersensitivity
pneumonitis as a result of exposure to organic dusts
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Study questions

Laboratory evaluation of primary immunodeficiencies

Learning objectives: ‘‘Laboratory evaluation of primary immunodeficiencies’’

1. To recognize the clinical symptoms of the most common primary immunodeficiencies.
2. To describe the appropriate laboratory approach for investigating general categories of primary immunodeficiencies.

Question 1. Choose the alternative that best describes the most
appropriate initial laboratory test to evaluate a patient with re-
current bacterial sinopulmonary infections and chronic diarrhea
caused by Giardia lamblia.

A. lymphocyte immunophenotyping
B. mitogen-induced lymphocyte proliferation
C. oxidative burst by dihydrorhodamine 123 (DHR)
D. serum immunoglobulin levels

Question 2. Recurrent infections by a narrow range of pathogens,
such as Streptococcus pneumoniae and Staphylococcus aureus,
together with a poor fever response to infection is most consis-
tent with a defect in signaling by which of the following?

A. IFN-g receptor
B. IL-12 receptor
C. Toll-like receptors
D. GM-CSF receptor

Question 3. The results of which of the following laboratory tests
would most likely be abnormal in a 2 month-old infant with
failure to thrive, persistent diarrhea, and oral thrush?

A. DHR
B. CH50
C. lymphocyte count
D. serum immunoglobulin measurement

Question 4. Which of the following assays correlates most closely
with CD45RA expression on CD4 T cells?

A. T-cell receptor excision circles
B. T-cell receptor diversity
C. T cell–mediated cytotoxicity
D. T-cell response to mitogens
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Study questions

Allergen immunotherapy

Learning objectives: ‘‘Allergen immunotherapy’’

1. To have a clear understanding of the mechanisms believed to be responsible for the beneficial effects of allergen immunotherapy.
2. To be able to explain the principles of patient selection and safe administration of immunotherapy.
3. To be aware of the scope for improving immunotherapy in the future.

Question 1. Which of these conditions is not an indication for
specific immunotherapy (SIT)?

A. bee venom–induced anaphylaxis
B. aspirin-induced asthma
C. allergic rhinitis
D. cat dander–induced asthma

Question 2. Sublingual immunotherapy —

A. uses similar doses of allergen to conventional (injected) SIT.
B. has a large evidence base for use in children.
C. works by induction of local (mucosal) tolerance.
D. has been show to induce antigen-specific regulatoryT cells.

Question 3. Venom immunotherapy (VIT) —

A. abolishes the risk of anaphylaxis to subsequent stings.
B. provides protection against large local reactions.
C. offers protection once the maintenance dose is reached.
D. needs to be continued indefinitely in most patients.

Question 4. Recombinant allergens —

A. are more effective than conventional extracts in clinical
trials in patients with allergic rhinitis.

B. are inherently less allergenic than natural allergens.
C. could allow the development of patient-tailored therapy.
D. work better if coupled to CpG oligodeoxynucleotides.
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Study questions

Immunomodulator therapy: Monoclonal antibodies, fusion
proteins, cytokines, and immunoglobulins

Learning objectives: ‘‘Immunomodulator therapy: Monoclonal antibodies, fusion proteins, cytokines, and
immunoglobulins’’

1. To review potential therapeutic roles of mAbs and fusion proteins in the treatment of autoimmune conditions.
2. To review the mechanism of action for biologic agents commonly used in the treatment of inflammatory arthritis.
3. To recognize potential safety concerns related to mAbs and fusion proteins used in the treatment of autoimmune diseases.

Question 1. TNF inhibitors have been shown to be effective in
the treatment of several autoimmune diseases. Which of
following statements is true regarding the efficacy of TNF
inhibitors?

A. All approved TNF inhibitors are effective in the treatment
of rheumatoid arthritis (RA).

B. Etanercept is effective in the treatment of inflammatory
bowel disease (eg, Crohn disease).

C. TNF inhibitors are effective in the treatment of congestive
heart failure.

D. TNF inhibitors are effective in the treatment of
demyelinating diseases (eg, multiple sclerosis).

Question 2. Biologic agents have significantly improved the
clinical outcomes of many autoimmune diseases. However, they
are also associated with potentially serious adverse events.
Which of the following statements on safety considerations of
biologic agents is true?

A. The risk of infection does not increase when TNF
inhibitors are combined with other biologic agents.

B. TNF inhibitors have been associated with increased risk
of tuberculosis.

C. No cases of progressive multifocal leukoencephalopathy
have been reported among patients treated with
rituximab.

D. Rituximab is safe to use in patients with hepatitis B.

Question 3. Autoreactive T cells, especially CD41 TH1 T cells,
serve a key role in orchestrating the immune-driven inflamma-
tory responses in autoimmune diseases. Which of the following
statements on T-cell activation is true?

A. The binding of specific antigen-associated MHC class II
molecules to the T-cell receptor is sufficient to activate
CD41 T cells.

B. The binding of CD28 to CD80/CD86 results in T-cell
inhibition and anergy.

C. Cytotoxic T lymphocyte–associated antigen 4 (CTLA-4)
binds to CD80/CD86 with higher affinity than CD28 and
inhibits T-cell costimulation.

D. The binding of lymphocyte function–associated antigen 3
to CD21 T cells activates memory T cells.

Question 4. Rituximab therapy has been approved for the treat-
ment of non-Hodgkin lymphoma and RA. Which of the fol-
lowing statements on the potential mechanism of action is true?

A. Rituximab binds to CD20, which is present in both
mature B cells and plasma cells.

B. Rituximab can be used alone or in combination with other
disease-modifying antirheumatic drugs in the treatment of
RA.

C. Seropositivity for rheumatoid factor does not appear to
affect the efficacy of rituximab among patients with RA.

D. B-cell depletion after a course of rituximab rarely lasts
longer than 3 months.
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Study questions

Transplantation immunology: Solid organ and bone marrow

Learning objectives: ‘‘Transplantation immunology: Solid organ and bone marrow’’

1. To recognize the central role of donor-recipient HLA matching in transplant outcomes.
2. To know the most common diseases that benefit from hematopoietic stem cell transplantation (HSCT).

Question 1. Disparity of the HLA proteins between a transplant
donor and the recipient results in —

A. immune tolerance.
B. immune activation.
C. transplant engraftment.
D. no immune effect.

Question 2. In solid-organ transplantation a characteristic of hy-
peracute rejection is —

A. that it usually occurs within 48 hours of transplantation.
B. that it involves the new development of anti-HLA

antibodies.
C. that it is mostly mediated by T cells.
D. that treatment based on steroids is usually successful.

Question 3. Low risk of graft-versus-host disease (GVHD) in
HSCT can be predicted when the graft is —

A. a cord blood unit with only 1 of 6 HLA antigens matched
with the recipient.

B. bone marrow from an HLA-haploidentical related donor
that has not been T-cell depleted.

C. non–T cell–depleted bone marrow from an unrelated
donor with a match of 4 of 6 HLA antigens.

D. non–T cell–depleted bone marrow from an HLA-matched
related donor.

Question 4. HSCT is indicated in which one of the following
primary immunodeficiencies?

A. X-linked agammaglobulinemia
B. C2 complement deficiency
C. severe combined immunodeficiency
D. partial DiGeorge syndrome

J ALLERGY CLIN IMMUNOL February 2010 S373



Study questions

Embryonic and adult stem cell therapy

Learning objectives: ‘‘Embryonic and adult stem cell therapy’’

1. To develop a basic understanding of the processes involved in stem cell development.
2. To understand the complexity of and recent advances in stem cell programming.
3. To appreciate the therapeutic possibilities and problems associated with the transplantation of manipulated stem cells.
4. To appreciate the ethical and political debate surrounding the use of human stem cells.

Question 1. Allogeneic hematopoietic stem cell transplantation is
often used for the treatment of acute leukemia. The most de-
sirable source of donor cells is from —

A. a parent.
B. an HLA-matched sibling.
C. HLA-matched umbilical cord blood.
D. an HLA-matched unrelated donor.

Question 2. When and why would one use donor lymphocyte
infusion during the course of allogeneic transplantation for
malignant hematopoietic disorders?

A. 1 week before to facilitate engraftment
B. 1 month after to consolidate engraftment
C. At the time of relapse to obtain remission
D. Never, because it has too many side effects

Question 3. Haploidentical hematopoietic stem cell transplanta-
tion is made possible by what manipulation of the donor cells?

A. T-cell depletion
B. B-cell depletion
C. natural killer cell depletion
D. That procedure is currently not possible in human

subjects.

Question 4. Human embryonic stem cells can be derived from
which of the following sources?

A. aborted fetus
B. hematopoietic stem cells
C. living embryos in utero
D. unused embryos made by means of in vitro fertilization

for infertility problems
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Answers to Study questions

Chapter 1: Overview of the immune response

1. Answer: B
Explanation: In virus-infected cells, some viral proteins are degraded in the cellular proteasome, the major cellular protein degrading

organelle. TAP-1 and TAP-2 are proteins that participate in the transport of peptide fragments from the proteasome into the endoplasmic
reticulumwhere they are loaded into newly synthesized class IMHCmolecules.Without TAP-1 or TAP-2, viral peptides are not loaded into
class I molecules, and recognition by CD81 T cells does not occur. HLA-DM is required for peptide loading into class IIMHCmolecules,
permitting recognition by CD41 T cells. B-lymphocytes must traffic through the germinal center in order to undergo somaticmutation and
differentiation to high affinity antibody producing cells. Trafficking through the germinal center is not required for CD81 T cells devel-
opment or differentiation. Someviruses down-regulate (extinguish) expression of the class I proteins of the cell they have infected. This is a
strategy for avoiding the CD8 host immune response. Sustained class I molecule expression is necessary for recognition by CD81 T cells.

2. Answer: C
Explanation: Loading of peptide fragment from exogenous antigens into class II HLAmolecules occurs when the acidified endosome

fuses with the class II loading compartment. This fusion results in the proteolytic degradation of the invariant chain that then allows
peptides to associate with the class II molecules. The invariant chain is not associated with peptide loading into class I HLAmolecules.
The invariant chain associates with the newly synthesized class II HLA molecules in the endoplasmic reticulum. The invariant chain is
designated as !invariant" because is shows very low sequence variability in different individuals in the population.

3. Answer: D
Explanation: b2-Microglobulin associates with class I MHC molecules and several other molecules with class I–like structures. The

MHCmolecules that are the targets of TH cells (CD41T cells) are class IIMHCmolecules. These do not containb2-microglobulin. The
CD3 complex, rearranged a and b chains of the T-cell receptor, and the CD4 molecule are all important components for recognition of
peptide antigens associated with class II MHC molecules.

4. Answer: C
Explanation: TLRs are found onmany somatic cells, particularly ones that are involved in early contact with microbes that invade the

body through skin and mucosal tissues. The intracellular domains of TLRs are homologous to the corresponding domains of the IL-
1 receptor. Most TLRs are cell-surface proteins, but TLR3 and TLR9 are intracellular proteins that interact with their ligands during
the intracellular part of their lifecycle. TLR4 is activated by LPS. TLR9, in contrast, is activated by bacterial CpG DNA.

Chapter 2: Innate immunity

1. Answer: C
Explanation: Because TLRs are highly expressed on dendritic cells but not on T cells, the goal of TLR-based therapies in patients with

allergy and asthma is to activate dendritic cells to produce a cytokine milieu (eg, IL-12 and interferons) that favors inhibition of the TH2
immune response.

2. Answer: A
Explanation: IRAK4 deficiency is a novel primary immunodeficiency specifically affecting TLR function, which is a component of

the innate immune system. IRAK4 is involved in downstream signaling from most TLRs.

3. Answer: D
Explanation: Flagellin is the ligand for TLR5.

4. Answer: B
Explanation: The NLRP3 (NALP3) inflammasome is involved in mediating the adjuvant effects of alum. This adjuvancy can occur

directly through the triggering of the NALP3 inflammasome by alum crystals or indirectly through release of the endogenous danger
signal uric acid, which subsequently activates NLRP3.

Chapter 3: Adaptive immunity

1. Answer: C
Explanation: T-cell receptor activation leads to release of intracellular calcium stores, as well as influx of extracellular calcium.

Mature T cells express either CD4 or CD8 but not both. CD8 serves as a coreceptor forMHC class I and notMHC class II molecules. The
newborn screening for severe combined immunodeficiency is performed by means of PCR quantitation of T-cell receptor excision
circles on blood spots.
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2. Answer: D
Explanation: Natural killer T cells express markers of both T (ab) and natural killer (CD56) cells. CD251 regulatory T cells express

forkhead box protein 3. RORgt is present in TH17 cells, which arise under the influence of IL-6 and TGF-b. Target cell killing by cy-
tolytic T lymphocytes is complement independent and involves perforin, granzymes, and Fas-mediated apoptotic mechanisms.

3. Answer: D
Explanation: The complete pre-B cell receptor is made up of the IgM heavy chain, the surrogate light chain, and the Ig-a and Ig-b

signal-transducing molecules. The k and l light chains and IgD heavy chains are contained in mature B-cell immunoglobulin receptors.
CD20 is a B-cell marker that is not a component of the immunoglobulin receptor.

4. Answer: C
Explanation: Immunoglobulin class-switching and somatic hypermutation are the critical processes of antigen-dependent B-cell

development that take place in germinal centers. Immunoglobulin gene rearrangement occurs mainly during B-cell development in the
bone marrow, IgD is expressed on the surfaces of mature IgM-expressing B cells in the spleen and in the circulation, and large-scale
antibody production by plasma cells occurs mainly in the spleen, bone marrow, and mucosal sites.

Chapter 4: Structure and function of immunoglobulins

1. Answer: C
Explanation: Activation-induced cytidine deaminase deaminates cytosine to produce uracil, which in turn can be removed fromDNA

through the action of uracil DNA glycosylase to permit either double-stranded DNA breaks that permit class-switch recombination or
substitution of nucleotide sequence to advance somatic hypermutation. k Light chains can be replaced by l light chains; hence although
the repertoire is restricted in their absence, rearrangement can still occur in the heavy chain and l locus to permit immunoglobulin
formation. RAG1 and RAG2 directly catalyze V(D)J recombination. In their absence VDJ recombination does not occur. The result is a
complete deficiency of B and T cells. Surrogate light chain plays a key role in checking the function of new heavy chains after they have
rearranged. In the absence of surrogate light chain, B-cell development is blocked at the pre–B-cell stage, creating agammaglobu-
linemia. However, this occurs after heavy chain rearrangement. TdTadds nucleotides at random to rearranging gene segments, but it is
not necessary for the rearrangement process itself. Indeed, fetal mice lack TdT expression entirely.

2. Answer: D
Explanation: Of the isotypes, IgM is the most potent at activating complement, followed by IgG. Within IgG subclasses, IgG2 and

IgG4 are very ineffective at activating complement, with considerable activity by IgG1 and IgG3.

3. Answer: A
Explanation: Effector cells differ in their expression of Fce receptors, and IgA receptors are not present on mast cells.

4. Answer: C
Explanation: Proper glycosylation of immunoglobulin is very important to immunoglobulin function, metabolism, and half-life.

Aberrant glycosylation can result in altered clearance and/or be recognized as foreign by the immune system and lead to autoimmune
manifestations.

Chapter 5: Immunologic messenger molecules: Cytokines, interferons, and chemokines

1. Answer: A
Explanation: IL-6 signals through a ligand-binding IL-6 receptor a chain (CD126) and the signal-transducing component

glycoprotein 130 (CD130). CD130 is the common signal transducer for several cytokines in the IL-6 family and is ubiquitously
expressed.

2. Answer: C
Explanation: As a unique regulator of TH17 development, retinoic acid receptor–related orphan receptor gt through stimulation with

IL-6 acting in the additional presence of TGF-b is responsible for differentiation of TH17 cells.

3. Answer: B
Explanation: Unlike many cytokines that use the shared g chain, TSLP receptor is a heterodimer composed of a unique TSLP-specific

receptor and the IL-7 receptor a chain (CD127).

4. Answer: D
Explanation: Expression of CCL17, which can be induced by IL-4 and IL-13, promotes TH2 cell development.
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Chapter 6: IgE, mast cells, basophils, and eosinophils

1. Answer: D
Explanation: The tetrameric form of the FceRI receptor (abg2) is present on mast cells and basophils, whereas the trimeric form

(ag2), lacking the b chain, is present on antigen-presenting cells. The b chain stabilizes the receptor and amplifies signaling. The a
subunit of FceRI binds the c3 domain of the Fc region of IgE, the same domain recognized by omalizumab.

2. Answer: D
Explanation: Unlike mast cells, prostaglandin D2 is not produced in significant quantities by basophils. Production of GM-CSF, IL-4,

and granzyme B by basophils has been reported.

3. Answer: B
Explanation: Peripheral eosinophilia is present in hypoadrenalism (Addison disease); some primary immunodeficiency diseases,

including Omenn syndrome; and Kimura disease. Eosinopenia is common in the setting of acute bacterial or viral infections, such as
sepsis.

4. Answer: C
Explanation: Anaphylaxis to parenteral agents is usually associated with increased serum tryptase levels, whereas anaphylaxis to oral

agents frequently is not associated with increased serum tryptase levels. Baseline serum tryptase levels are composed primarily of
protryptases, whereas mature b-tryptase is the form stored in secretory granules and secreted after mast cell activation. Tryptase is
stabilized in the secretory granules by heparin.

Chapter 7: Genetics of allergic disease

1. Answer: B
Explanation: The most efficient approach to studying whether genetic variation affecting the expression level of a candidate gene or

function of the encoded protein alters susceptibility to allergic disease would be to use a panel of genetic variations across the gene
selected on the basis of linkage disequilibrium patterns to tag all commonvariations in the gene region to genotype a case-control cohort.
Genome-wide association study approaches, or genome-wide positional cloning in families, are hypothesis-independent approaches in
which the entire genome is assessed for gene regions/genes that are associated/linked to the phenotype being assessed. Hence these are
best suited to finding novel genes whose encoded proteins by definitionmust play important roles in disease pathophysiology, or genetic
variation affecting their expression, function, or both would not be associated with disease.

2. Answer: A
Explanation:CHRNA3 is a candidategene identified for lung cancer, chronic obstructive pulmonarydisease, and smokingbehavior.Genetic

variation in the promoter and coding region of thegene encoding IL-13has been shown to be associatedwith atopy and asthmaphenotypes in a
number of case-control candidate gene studies. SH2B3was identified as a gene associated with blood eosinophil levels in a genome-wide as-
sociation approach butwas not associatedwith asthma; rather, it was strongly associatedwith risk ofmyocardial infarction. The genetic region
around the ORMDL3 gene was the first locus identified for asthma susceptibility by using a genome-wide association approach.

3. Answer: B
Explanation: ADRB2 polymorphisms have been associated with bronchodilator responses in asthma. Polymorphisms in the genes

encoding IL-5 and CD14 have been associated with asthma and atopy phenotypes in case-control studies. The cytochrome P450
gene CYP1A1might potentially modify responses to therapeutics metabolized by this isoenzyme but has not been identified as playing
an important role in modulating responses to asthma therapy.

4. Answer: B
Explanation: IL13 can regulate both atopic inflammation through its effect on B-cell IgE production and tissue responses through

effects on structural cells, such as promoting mucus hypersecretion by airway epithelial cells and collagen production by airway fibro-
blasts. FLG polymorphisms do modulate epidermal barrier function and are the strongest genetic risk factor for atopic dermatitis, al-
though they are not expressed in the lung, and association with asthma can occur through increased allergen sensitization as a result of a
poor epidermal barrier. ORMDL3, although of unknown function, is expressed in epithelial cells and might be important in epithelial
barrier function.PHF11 is a candidate gene encoding a transcription factor that is likely to be involvedwith the atopic immune response.

Chapter 8: Asthma: Clinical expression and molecular mechanisms

1. Answer: C
Explanation: Assessment of the risk domain involves an evaluation of the following over time: rates of exacerbations, loss of lung

function, and side effects from medications. In contrast, an assessment of pulmonary function, symptoms, and albuterol use are factors
that one evaluates in assessing current impairment.
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2. Answer: B
Explanation: In both children and adults, the virus most frequently found to be associated with asthma exacerbations is rhinovirus.

3. Answer: C
Explanation: The only pain medication not in the class of COX pathway inhibitors is acetaminophen.

4. Answer: D
Explanation: The use of long-acting b-agonists as monotherapy has been demonstrated in a number of studies to increase risk for loss

of control, exacerbations, and perhaps mortality from asthma.

Chapter 9: Rhinitis and sinusitis

1. Answer: C
Explanation: The dust mite antigen has proteolytic activity that cleaves tight junctions in the airway epithelium. Activated epithelial

cells produce thymic stromal lymphopoietin, a protein that interacts with interepithelial and subepithelial dendritic cells to skew T-cell
development toward TH2 allergic sensitization. The house dust mite allergenDer p 2 has a unique property, namely that it mimicsMD-2,
the LPS-binding component of the TLR4 signaling complex, and facilitates TLR4 signaling and airway TH2-type inflammation. In the
nose allergens are processed by antigen-presenting cells (dendritic cells expressing CD1a and CD11c and macrophages) in the nasal
epithelial mucosa, with subsequent presentation of allergenic peptides by MHC class II molecules to T-cell receptors on resting
CD41 T lymphocytes in regional lymph nodes.

2. Answer: D
Explanation: Nonallergic rhinitis often occurs without eosinophilia. The terms nonallergic rhinitis without eosinophilia and idio-

pathic rhinitis are used interchangeably. Irritant-induced rhinitis, cold-induced rhinitis, and vasomotor rhinitis are all considered subsets
of this condition. Vasomotor rhinitis is sometimes used synonymously with nonallergic rhinitis without eosinophilia, but it sometimes
can more specifically connote nasal symptoms that occur in response to environmental conditions, such as changes in temperature or
relative humidity, odors (eg, perfume or cleaning materials), passive tobacco smoke, alcohol, sexual arousal, and emotional factors.
Nonallergic rhinitis with aspirin sensitivity is usually associated with marked tissue eosinophilia (ie, nonallergic rhinitis with
eosinophilia).

3. Answer: D
Explanation: TH2-type immune hyperresponsiveness in sinus tissue is an important feature of CRS without distinction for the pres-

ence of nasal polyps. Patients with CRS typically have fungi, such as Alternaria species, in the mucus secretions and in vitro hyper-
responsiveness to Alternaria species, with production of IL-5 and IL-13. Local production of IgE against staphylococcal
enterotoxins (superantigens) has been found in homogenates of nasal polyps and is regarded as specific for CRS with nasal polyps. Pro-
duction of bacterial biofilm on sinusmucosal tissue has been demonstrated in several studies without distinction for the presence of nasal
polyps. Glandular hyperplasia is a feature of CRS without nasal polyps.

4. Answer: D
Explanation: Opacified sinus cavities might contain inspissated mucus that produces an inhomogeneous hyperdense pattern on sinus

CT scanning. Hyperdensities suggest the presence of allergic mucin. They are a classic feature of allergic fungal rhinosinusitis (in which
case the allergic mucin also contains fungal hyphae), but they can be seen in both patients with CRS without nasal polyps and patients
with CRS with nasal polyps.

Chapter 10: Food allergy

1. Answer: B
Explanation: Studies of a referral population in the United States indicated that only 11% resolved egg and 19% resolvedmilk allergy

by age 4 years; however, about 80% resolved these allergies by age 16 years. Allergy to fish/shellfish is reported more often in adults
compared with children. Although several studies showed an increase, approximately doubling, in peanut allergy among children in the
past 10 to 15 years, there are no data to indicate a general doubling of food allergy. Peanut allergy resolves for about 20% of young
children by school age.

2. Answer: C
Explanation: The symptom complex of having mild oral pruritis to raw apple but tolerating cooked apple is consistent with a

diagnosis of oral allergy syndrome/pollen-food syndrome, in which initial sensitization to pollen results in reactions to homologous
proteins in a raw food. Here there was likely sensitization to birch pollen protein in this ‘‘atopic’’ man; the birch pollen protein Bet v 1 is
homologous to Mal d 1 in apple. Lipid transfer protein is more stable to heat and less likely to result in mild symptoms. Although he
might have a positive skin test result to commercial apple extract, the birch-related protein is less stable, and testing with fresh raw juice
of an apple is more likely to show a positive result in this scenario. Although heating apple reduces the Mal d 1 protein level and
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generally results in a form of the food that does not trigger symptoms in persons with birch pollen–related allergy, this is not a Maillard
reaction. High heat resulting in aMaillard reaction, a chemical reaction between an amino acid and a reducing sugar, has been proposed
to increase the allergenicity of some foods (roasted peanut) by increasing the stability of allergens.

3. Answer: B
Explanation: Food allergy requires an adverse immune response. This description fits rice-induced enterocolitis syndrome. This is a

non–IgE-mediated food allergy, and results of skin testing are expected to be negative. Choice A describes auriculotemporal syndrome,
which is a neurologic response to the spicy or tart triggers for the child described. Choice C describes lactose intolerance, which is dose
dependent. Choice D most likely describes an episode of scombroid fish poisoning.

4. Answer: C
Explanation: Increasingly larger food-specific skin test results and increasingly higher food-specific serum IgE levels are associated

with higher risks of clinical allergy. However, false-negative test results are possible, and the history is important in assessing the prior
probability of allergy. This child had repeated allergic responses to egg, including a significant reaction 6 months before the most recent
serum testing that was ‘‘undetectable’’ by using this assay. Therefore performing a food challenge next might be a poor choice given a
relatively recent reaction. Seeing a decrease in serum IgE levels to egg is an encouraging indication that the egg allergy might be
resolving. However, some egg-reactive children (approximately 20%) might have negative test results on the serum test and still react
clinically on challenge. In this setting a skin test might be helpful as additional information before deciding on an oral food challenge.

Chapter 11: Drug allergy

1. Answer: c
Explanation: A detailed history is essential to the management of patients with drug allergy. Skin testing and in vitro testing might be

helpful in a limited number of drug-induced allergic reactions. Some, but not all, drug-induced allergic reactions can be classified by
using the Gell and Coombs system.

2. Answer: B
Explanation: Skin testing has a very high negative predictive value in patients with penicillin allergy, and resensitization to penicillin

is rare, especially with oral courses of penicillin. Although the history is suggestive, it is usually not adequate for confirming or negating
a history of penicillin allergy. Cross-reactivity between cephalosporins and penicillin is low.

3. Answer: C
Explanation: Induction of drug tolerance procedures can involve IgE-mediated and non–IgE-mediated processes and cause

temporary tolerance to the drug. These procedures can take days or weeks to complete for non–IgE-mediated reactions and are generally
contraindicated in patients with life-threatening cutaneous drug reactions.

4. Answer: D
Explanation: This patient’s history is consistent with anaphylaxis. Anaphylactic reactions to nonsteroidal anti-inflammatory drugs

are drug-specific reactions, and therefore he should tolerate aspirin.

Chapter 12: Allergic skin diseases

1. Answer: D
Explanation: It is clear that sera from patients with chronic urticaria have a biologic activity that can activate donor mast cells, and

most of this activity is found in the IgG fraction. However, there is no gold standard for measuring these antibodies, and the value of this
finding for predicting prognosis or decisions regarding management is unclear.

2. Answer: B
Explanation: Although there are many case reports and case series suggesting efficacy of a variety of immunomodulatory drugs, only

cyclosporin A has been studied in double-blind placebo-controlled trials.

3. Answer: B
Explanation: Answer A is false. Irritant contact dermatitis commonly presents as a localized dermatitis without vesicles more

common in the palms and ventral surfaces of the hands and rarely extending beyond the area of contact. Answer B is true. Answer C is
false. Atopic dermatitis is an important factor in susceptibility to persistent postoccupational dermatitis. Answer D is false.
‘‘Unscented’’ might erroneously suggest absence of fragrance when, in fact, a masking fragrance is present. ‘‘Fragrance-free’’ products
are typically free of classic fragrance ingredients and are generally acceptable for the patient with allergic contact dermatitis.

4. Answer: C
Explanation: Answer A is false. Patch test results are affected by oral corticosteroids, cancer chemotherapy, and immunosuppressive

drugs but not by antihistamines. Answer B is false. Allergens not found on commercially available screening series in the United States
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frequently produce relevant reactions, and personal products are a useful supplement, especially in facial or periorbital dermatitis.
Answer C is true. Answer D is false. Glycerol thioglycolate is the active ingredient in permanent wave solution. Unlike PPD, the
thioglycolates can remain allergenic in the hair long after it has been rinsed out. Answer E is false. Medicaments containing lanolin are
more sensitizing than lanolin-containing cosmetics. It is a weak sensitizer in normal skin but a stronger sensitizer in damaged skin. Thus
patients with chronic dermatitis, especially stasis dermatitis, are at higher risk of lanolin sensitivity.

Chapter 13: Environmental and occupational allergies

1. Answer: A
Explanation: This is important not only because control of indoor humidity is important in reducing mite exposure but also because

the presence of house dust mites is less in arid climates or at higher altitudes.

2. Answer: B
Explanation: Because cat allergens are widespread throughout the home, it is important to end the generation of the contamination.

Even so, it takes several weeks to eradicate the allergen from the home.

3. Answer: C
Explanation: The prevalence of allergy and asthma is higher in subjects who live near highly traveled roads.

4. Answer: C
Explanation: Onset of symptoms can be delayed for several hours after exposure. Bronchial provocation tests are appropriate only in

research centers. Many low-molecular-weight agents do not elicit an IgE response.

Chapter 14: Anaphylaxis

1. Answer: D
Explanation: Accurate community-based population estimates are difficult to obtain because of underdiagnosis, underreporting, and

miscoding; however, lifelong prevalence of anaphylaxis from all triggers in the general population is estimated at 0.05% to 2%.

2. Answer: B
Explanation: In patients with newly diagnosed idiopathic anaphylaxis, the serum total tryptase level should be measured. This test

reflects the increased burden of mast cells in all forms of mastocytosis and is therefore an important screening test for mastocytosis. If
the total tryptase level is greater than 11.4 ng/mL, the new upper limit of normal, meticulous examination for cutaneous mastocytosis is
indicated, and if the level is greater than 20 ng/mL, a bone marrow biopsy is indicated, even if cutaneous manifestations are absent.

3. Answer: C
Explanation: A 3- to 5-year course of subcutaneous injections of the relevant standardized insect venom or venoms reduces the risk of

anaphylaxis from a subsequent sting, based on randomized, double-blind, placebo-controlled trials. In children, a 98% protection rate
can be achieved.

4. Answer: A
Explanation: Epinephrine’s multiple pharmacologic effects in many organ systems are useful in anaphylaxis; however, its a1-adre-

nergic vasoconstrictor effects in the small arterioles and precapillary sphincters are unique among medications used in the prehospital
treatment of anaphylaxis. By decreasing mucosal edema, it prevents and relieves upper airway obstruction. It also prevents and relieves
hypotension and shock. When used in first-aid treatment, prompt injection is important. The epinephrine doses currently available in
autoinjectors for outpatient use are too low for use in cardiopulmonary resuscitation.

Chapter 15: Primary immunodeficiencies

1. Answer: A
Explanation: SCID includes a heterogeneous group of disorders characterized by severe defects in T-cell development. Some (but not

all) forms of SCID also have defects in B-cell development, natural killer cell development, or both, whereas impaired myeloid
differentiation is restricted to a few rare forms of SCID. Regardless of the presence or absence of B cells, patients with SCID have a
severe defect in antibody production, reflecting a lack of T lymphocytes.

2. Answer: B
Explanation: XLA and all other forms of congenital agammaglobulinemia are caused by genetic defects that affect signaling through

the pre–B-cell receptor in the bone marrow. Therefore patients with congenital agammaglobulinemia typically lack circulating mature
B cells.
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3. Answer: C
Explanation: Neutrophils are important in the defense against bacteria and fungi. Patients with neutrophil defects often present with

severe infections, among which purulent lymphadenitis is common.

4. Answer: C
Explanation: It is important that patients with antibody deficiency receive appropriate replacement treatment. This is usually achieved

with 400 mg/kg/mo intravenous immunoglobulins or with weekly injections of subcutaneous immunoglobulins at a dose of 100 mg/kg/
wk. This regimen applies to patients of any age.

Chapter 16: Secondary immunodeficiencies, including HIV infection

1. Answer: B
Explanation: From the 4 options, option B is the most likely answer. HIV infection can be considered as a cause of immunodeficiency

at any age. Options A, C, and D are primary immunodeficiencies that present clinically in infancy or early childhood.

2. Answer: A
Explanation: Secondary immunodeficiencies have a variable clinical presentation. T-cell, B-cell, or innate immunity components,

including phagocyte function, might or might not be affected. Management should include immunoglobulin supplementation only if
humoral responses are not restored despite optimal control of the primary disease.

3. Answer: C
Explanation: Calcineurin inhibitors suppress IL-2–induced T-cell activation and proliferation, by binding immunophilin proteins in

the cytoplasm. They do not affect the oxidative burst, complement activity, or calcium receptors.

4. Answer: C
Explanation: HIV infects its target cell by using the CD4 molecule in the cell membrane and the chemokine receptors CCR5 and

CXCR4. Cells presenting with CCR5 deletions are not permissive for HIV infection. AIDS develops when there is severe depletion of T
cells. Although an adenovirus-based anti-HIV vaccine has been shown to elicit specific immunologic responses, it did not demonstrate
protection in a large trial of 3,000 subjects.

Chapter 17: Immunologic rheumatic disorders

1. Answer: B
Explanation: Anti-CCP antibodies can be present years before the onset of clinical disease. Patients with RA who have anti-CCP

antibodies tend to havemore aggressive erosive disease. Anti-CCP antibodies are more specific but less sensitive than rheumatoid factor
for diagnosing RA.

2. Answer: A
Explanation: DMARDs should be initiated within 3 months of diagnosis, but traditional DMARDs are currently used in most cases

before initiating biologic DMARDs. Nonsteroidal anti-inflammatory drugs have been shown to increase cardiovascular risk in patients
with RA, but DMARDs have not. Adding a biologic DMARD to a traditional DMARD generally increases efficacy.

3. Answer: B
Explanation: Many immunologic based rheumatic diseases such as SLE, RA and SS are more common in women than men but the

seronegative spondyloarthropathies are a prominent exception. The biologic basis for these findings is unknown.

4. Answer: D
Explanation: Patients with a low titer of ANA are less likely to have SLE than those with high-titer ANA, and the absence of typical

clinical features of SLE makes the diagnosis even more unlikely. ANA-negative SLE is rare as long as the testing is done by means of
indirect immunofluorescence. Anti-Ro (SSA) antibody is present in about 25% of patients with SLE, although it is seen in up to 75% of
patients with Sj€ogren syndrome.

Chapter 18: Vasculitis

1. Answer: C
Explanation: The diagnosis of Wegener granulomatosis is usually made by means of biopsy, with nonrenal tissues demonstrating the

presence of granulomatous inflammation and necrosis with necrotizing or granulomatous vasculitis. Surgically obtained biopsy
specimens of abnormal pulmonary parenchyma demonstrate diagnostic changes in 91% of cases, which provides the highest diagnostic
yield. Biopsy of the upper airways is less invasive but demonstrates diagnostic features only 21%of the time. The gastrointestinal tract is
involved in less than 5% of patients with Wegener granulomatosis, with biopsy specimens of mucosa rarely revealing vasculitis.
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2. Answer: A
Explanation: Vasculitis of small- to medium-sized vessels is a prominent feature of Churg-Strauss syndrome and is typically

accompanied by prior or concurrent allergic rhinitis, asthma, and eosinophilia. The organ site most commonly affected by vasculitis is
the peripheral nerve, which is involved in 70% to 80% of patients and manifests as a mononeuritis multiplex. Glomerulonephritis can
lead to renal failure but only develops in 10% to 40% of patients. Gastrointestinal involvement occurs in 30% to 50% of patients and can
be associated with mortality. The highest rate of mortality is seen with cardiac involvement, which occurs in 10% to 40% of patients.

3. Answer: B
Explanation: Twomain antigen associations are seen in conjunction with ANCAs in patients with vasculitis. ANCAs directed against

the neutrophil serine protease proteinase 3, which causes a cytoplasmic immunofluorescence pattern (cANCA) on ethanol-fixed
neutrophils, are seen in 75% to 90%of patients with active generalizedWegener granulomatosis. ANCAs directed against the neutrophil
enzyme myeloperoxidase that produce a perinuclear pattern (pANCA) are seen in 5% to 20% of patients with Wegener granulomatosis
and are more common in microscopic polyangiitis. ANCAs directed against human neutrophil elastase can be seen in patients with
cocaine-induced sinonasal destructive disease, which can be a mimic ofWegener granulomatosis. Bactericidal permeability–increasing
protein is a target antigen for pANCA that has been described in patients with cystic fibrosis and ulcerative colitis.

4. Answer: D
Explanation: GCA is the most common form of systemic vasculitis that affects human subjects. GCA can be thought of as having 4

phenotypes that include cranial disease, PMR, systemic inflammatory disease, and large-vessel involvement. Large-vessel involvement
of the aorta or its primary branches occurs in 27% of cases. The most dreaded complication of cranial disease is vision loss, which can
occur in 14% of patients and is caused by optic nerve ischemia from arteritis involving vessels of the ocular circulation. A marker of
systemic inflammation is an increased erythrocyte sedimentation rate, which occurs in more than 80% of patients. PMR can occur in
conjunction with other features of GCA or in isolation. Although cranial or large-vessel GCA should be treated with 40 to 60 mg/d
prednisone, isolated PMR can be treated with 10 to 20 mg/d prednisone.

Chapter 19: Immunologic endocrine disorders

1. Answer: B
Explanation: DR3/4 is the highest-risk genotype for type 1 diabetes. Insulin autoantibodies are remarkably inversely related to age of

onset of type 1 diabetes, with levels being highest in the youngest children presenting with diabetes. Transglutaminase autoantibodies
occur in approximately 10% of patients with type 1 diabetes, and half of these patients have high levels associated with a positive
intestinal biopsy result for celiac disease.

2. Answer: A
Explanation: IPEX syndrome results from mutation of the forkhead box protein 3 gene (FOXP3), which controls regulatory T cells

and is X-linked recessive. APS-1 results from mutation of the autoimmune regulator gene (AIRE), which controls peripheral antigen
expression in the thymus and is almost always autosomal recessive (1 autosomal dominant family has been described). Both disorders
are rare.

3. Answer: D
Explanation: We measure transglutaminase and 21-hydroxylase autoantibodies to screen for Addison disease and celiac disease. A

major caveat with testing for insulin autoantibodies to aid in the diagnosis of type 1A diabetes (immune mediated) is that essentially
everyone treated with subcutaneous insulin for more than 1 to 2 weeks had insulin antibodies that cannot be distinguished from the
autoantibodies.

4. Answer: D
Explanation: APS-1 is a monogenic disorder, whereas APS-2 is a polygenic disorder, even though Addison disease occurs in both

disorders. Mucocutaneous candidiasis is characteristic of APS-1, as is hypoparathyroidism, both of which rarely occur in patients with
APS-2.

Chapter 20: Diagnostic testing and interpretation of tests for autoimmunity

1. Answer: C
Explanation: MPO is a serine protease that constitutes approximately 5% of the total protein content of a neutrophil. The

autoantibodies directed against MPO are more often seen in patients with Churg-Strauss syndrome. The combination of the perinuclear
antineutrophil cytoplasmic antibody pattern andMPO or MPO–antineutrophil cytoplasmic antibody is strongly associated with Churg-
Strauss syndrome.
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2. Answer: B
Explanation: ANA is seen in more than 90% of patients with SLE. However, it is not specific for SLE. ANA can also be seen in a

variety of other autoimmune diseases, such as scleroderma, mixed connective tissue disease, polymyositis/dermatomyositis, and
rheumatoid arthritis. Once an increased ANA level is documented, it cannot be used to measure disease activity.

3. Answer C
Explanation: Anti-Smith antibodies are highly specific for SLE (approximately 55% to 100%), but they are not very sensitive. These

antibodies can remain positive when titers of anti-dsDNA antibodies are within a normal range and clinical activity of SLE has
decreased. Therefore the anti-Smith titers can be useful diagnostically when anti-dsDNA antibodies are not detectable.

4. Answer: B
Explanation: In patients with rheumatoid arthritis, serum complement levels are generally normal or even increased during active

disease because this is a reflection of the acute-phase response. However, in patients with rheumatoid vasculitis, hypocomplementemia
is common. The combination of increased rheumatoid factor and decreased C3 levels favors rheumatoid vasculitis. There is a high
prevalence of IgA immune complex deposits plus C3 deposits in the affected skin of patients with rheumatoid vasculitis.

Chapter 21: Pulmonary disorders, including vocal cord dysfunction

1. Answer: B
Explanation: In pulmonary TB lesions, there are reduced numbers of cytolytic T cells expressing low levels of perforin and

granulysin. In addition, there are increased numbers of CD41CD251 Tregs, suggesting that an imbalance in the proportion of effector
T cells to Treg cells may contribute to establishment of granulomas in TB infection.

2. Answer: B
Explanation: Approximately one third of CSS patients have antineutrophil cytoplasmic antibodies (ANCAs). Myeloperoxidase

(MPO) is the antigen against which the antibodies are directed.

3. Answer: B
Explanation: In BAL from normal individuals, the usual cell percentages are 83-88% macrophages; 7-12% lymphs, 1-2% PMNs;

rare basophils, eosinophils or ciliated cells. In patients with acute HP lymphocytes represent 40-60% of total cells, usually with
a CD81 predominance. Eosinophils can be significantly increased in diseases such as CSS, APBA and acute eosinophilic
pneumonia.

4. Answer: C
Explanation: The clinical criteria for the diagnosis of RADS, as published by Brooks in 1985 include onset of symptoms occurred

after a single specific exposure incident, onset of symptoms occurred within 24 hours after exposure and persisted for at least 3 months,
methacholine challenge testing was positive, symptoms simulating asthma, and other types of pulmonary disease were ruled out.

Chapter 22: Mucosal immunology, eosinophilic esophagitis, and other intestinal inflammatory diseases

1. Answer: C
Explanation: Themucosal immune system consists of a variety of immune cells that orchestrate a complex series of tightly controlled

responses that protect the host from luminal triggers. Mutations in the gene encoding the forkhead box protein 3 regulatory T cell–
specific transcription factor lead to a syndrome in which patients have the gastrointestinal manifestations of diarrhea and intestinal
inflammation. Defects in other cell types are not of immunodysregulation, polyendocrinopathy, enteropathy, X-linked syndrome.

2. Answer: C
Explanation: Eosinophilic esophagitis is a clinicopathological disease characterized by upper intestinal symptoms and dense

esophageal eosinophilia with normal gastric and duodenal mucosa. Other causes for these findings must be ruled out, especially
gastroesophageal reflux disease, amore common condition, for which eosinophilic esophagitis is commonlymistaken. The acronymEE
is commonly mistaken for erosive esophagitis, hence the adaptation of EoE for eosinophilic esophagitis in the gastrointestinal specialty.

3. Answer: C
Explanation: Celiac disease is treated with the complete exclusion of gluten from the diet. A body of experience and literature

supports the use of dietary modifications/exclusions in the treatment of inflammatory bowel diseases. Current treatments include the use
of corticosteroids, aminosalicylates, immunosuppressive agents, and biological agents. Patients with gastroesophageal reflux disease
might benefit from limiting certain foods and weight loss, but antacid medications form the primary mode of treatment.
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4. Answer: B
Explanation: Defensins are synthesized primarily by Paneth cells and function as one part of the innate immune system. Six different

subtypes of these highly charged molecules have been thus far identified.

Chapter 23: Complement disorders and hereditary angioedema

1. Answer: A
Explanation: The mannose-binding lectin pathway is initiated by binding of mannose-binding lectin to a variety of sugars on the

surface of microbes.

2. Answer: B
Explanation: Therapy is directed at controlling the disease, improving quality of life, and minimizing side effects to minimize side

effects and cost. Often the patients will continue to have some attacks.

3. Answer: C
Explanation: The classical pathway is the usual pathway activated by antibody. IgM and IgG subclasses 1 and 3 are best at activating

the classical pathway.

4. Answer: C
Explanation: C3 is a critical opsonin and is particularly important with high-grade pathogens.

Chapter 24: Immune responses to malignancies

1. Answer: D
Explanation: Although human solid tumors can induce apoptosis of CD81 T cells and release TAs into the circulation, the only ev-

idence that a tumor-specific immune response is made to these TAs comes from the presence in the circulation or lymphoid tissues of
effector T cells capable of binding tetramers, which are reagents containing the TA-derived peptide sitting in the groove of MHC
molecules.

2. Answer: C
Explanation: In tumor-bearing hosts DCs are found at the tumor site and in tumor-draining lymph nodes. However, these DCs are

immature, have low expression levels of MHC molecules, and produce immunosuppressive cytokines, such as IL-10. Tumor-derived
factors, including vascular endothelial growth factor, GM-CSF, and IL-10, recruit myeloid-derived suppressor cells from the bone
marrow, which migrate to lymph nodes or tumor sites and block DC maturation.

3. Answer: A
Explanation: Regulatory T cells accumulate in the peripheral blood and tumor tissues of patients with cancer and suppress functions

of other T cells by secreting the immunosuppressive cytokines IL-10, TGF-b1, or both or by producing cytolysins, granzyme B, and
perforin, which mediate death of effector T or B cells. This type of suppression requires cell-to-cell contact.

4. Answer: D
Explanation: Inflammatory infiltrates seen in human solid tumors are chronic in nature. They are characterized by the paucity of

natural killer cells and usually contain variable proportions of CD81 and CD41 T cells. These infiltrating cells produce the proinflam-
matory cytokines IL-6, TNF-a, and IL-8, which can promote tumor growth.

Chapter 25: Clinical laboratory assessment of immediate-type hypersensitivity

1. Answer: C
Explanation: IgE’s molecular weight is approximately 190,000 d, and it is known to not readily pass the placenta. Thus low levels of

IgE are found in cord blood, with final total serum IgE concentrations representing approximately 0.004% of the total immunoglobulin
in circulation. Because of the wide overlap in total serum IgE levels between atopic and nonatopic populations, IgE levels in serum are
not considered a definitive discriminator for the presence of atopy. Total serum IgE levels are known to be highly age dependent, and
thus evaluation of total serum IgE levels should be judged in relation to an age-adjusted mean from a clearly nonatopic population.

2. Answer: B
Explanation: Once a history indicates a high probability of allergic disease, allergen-specific IgE antibody in the skin or blood is

measured to confirm sensitization and verify the specificity of the IgE antibody response. The precise method chosen as the primary
confirmatory test (serology or puncture or intradermal skin testing) depends on the allergen specificity (eg, suspected food vs
Hymenoptera venom sensitivity will require the use of different primary confirmatory tests). If there is a history of an anaphylactic
event, a b-tryptase measurement can be useful as a subsequent measurement after IgE antibody testing. a-Tryptase is less useful as an
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indicator of an immediate release of mast cell mediators. It is correct that it should be collected between 30 minutes and 4 hours after a
systemic allergic reaction. Provocation tests are only done as a last resort because they tend to be risky and difficult to standardize.
Allergen-specific IgG antibody measurements are not considered diagnostic for human allergic disease and thus are contraindicated in
the diagnostic process.

3. Answer: D
Explanation: A higher allergen-specific IgE concentration, more mature IgE antibody specificity, higher specific IgE/total IgE molar

ratio in serum, and higher IgE antibody affinity directed at the specific allergen all contribute to an enhanced translation of an IgE
antibody’s response into more effective basophil mediator release.

4. Answer: D
Explanation: IgG antibody is generally viewed as a marker of antigen exposure and is not diagnostic of an immediate-type

hypersensitivity response. Specific IgG antibody responses are contraindicated in the assessment of food allergy because they are not
diagnostic. They are also not useful in the evaluation of rhinitic conditions associated with aeroallergen exposure and the evaluation of
latex allergy questions. Precipitating IgG antibody has been used as a diagnostic indicator for the evaluation of patients suspected of
hypersensitivity pneumonitis after inhalation of organic dusts (molds: farmer’s lung; fecal material dust from bird droppings: pigeon
breeder’s disease).

Chapter 26: Laboratory evaluation of primary immunodeficiencies

1. Answer: D
Explanation: The clinical symptoms of recurrent sinopulmonary infections and chronic diarrhea point to an antibody deficiency

syndrome, which should be initially screened by means of measurement of serum immunoglobulin levels. Lymphocyte
immunophenotyping and mitogen proliferation assays are particularly useful in the evaluation of cellular immunodeficiencies,
although B-cell immunophenotyping has utility as a secondary test in evaluating humoral immunodeficiencies. DHR is used to evaluate
phagocyte defects in oxidative burst, which are primarily seen in chronic granulomatous disorder.

2. Answer: C
Explanation: Toll-like receptor pathway defects, such as IL-1 receptor–associated kinase 4 and MYD88 defects, are associated

almost exclusively with pyogenic bacterial infections and poor inflammatory responses. IFN-g and IL-12 defects result in infections by
mycobacterial species, whereas GM-CSF defects are associated with pulmonary alveolar proteinosis.

3. Answer: C
Explanation: The clinical symptoms in this patient are suggestive of a cellular immune defect, most likely severe combined

immunodeficiency, and a lymphocyte count would likely demonstrate significant lymphopenia. DHR is directed at evaluating oxidative
burst, and results are abnormal in patients with chronic granulomatous disease; the clinical picture is not consistent with this diagnosis.
The CH50 assay is focused on classical component complement defects that typically would not present in infancy and usually involve
bacterial infections. Immunoglobulin levels would primarily reflect maternal IgG, and defects in antibody production typically present
later in infancy and show primarily bacterial infections of the sinopulmonary tract.

4. Answer: A
Explanation: T-cell receptor excision circles are present at high levels in naive CD45RA1T cells, which are not yet antigen expe-

rienced. T-cell receptor diversity is dependent on normal thymic function, and therefore it might be altered in settings of abnormal
T-cell development but is not directly linked to CD45RA expression. T-cell functional capacity (cytotoxicity and mitogen proliferation)
is also linked to normal T-cell development but cannot be specifically correlated with CD45RA expression.

Chapter 27: Allergen immunotherapy

1. Answer: B
Explanation: Patients with aspirin-exacerbated respiratory disease can be tolerized by repeated administration of aspirin, but this is

not SIT. The other indications are appropriate.

2. Answer: D
Explanation: Sublingual immunotherapy uses high doses of allergen (up to 400 times higher than conventional SIT). There is

relatively little evidence for its use in children. The exact mechanism is not known, but regulatory T cells have been demonstrated.

3. Answer: C
Explanation: VIT offers protection quite early on, during the build-up phase but certainly by the time the maintenance dose is

achieved. Large local reactions are not an indication, andmoreover, there is no hard evidence that they are relieved byVIT.Most patients
can stop after 3 to 5 years, but a low risk of anaphylaxis remains, although the reactions are likely to be mild.
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4. Answer: C
Explanation: Although it is not clear how this would be regarded by the regulatory authorities, using recombinant allergens will

definitely allow us to dissect out patients’ profiles of IgE response and then put together a treatment cocktail. However, in the medium
term, it is more likely they will improve standardization of vaccines. They are as allergenic as natural allergens (unless genetically
modified), and there is no evidence that they work better (or worse) if coupled to CpG.

Chapter 28: Immunomodulator therapy: Monoclonal antibodies, fusion proteins, cytokines, and
immunoglobulins

1. Answer: A
Explanation: All TNF inhibitors have been shown to improve the signs and symptoms of RA. Although anti-TNF mAbs have been

effective in the treatment of Crohn disease, the fusion protein etanercept has not been effective. Despite increased levels of TNF in
patients with congestive heart failure and multiple sclerosis, TNF inhibitors have not improved and have sometimes worsened clinical
outcomes.

2. Answer: B
Explanation: TNF inhibitors are generally well tolerated but have been associated with an increased risk of infections, including

tuberculosis and opportunistic infections. The risk of infection is increased when combined with another biologic agent. Rituximab has
been associated with rare but fatal cases of progressive multifocal leukoencephalopathy and reactivation of hepatitis B.

3. Answer: C
Explanation: Productive CD41 T-cell responses require 2 signals: binding of specific antigen-associated MHC class II molecules to

the T-cell receptor complex and a second signal from costimulatory molecules (CD80 and CD86). CD28 and its natural inhibitor,
CTLA-4 (CD152), are present on T cells and bind to CD80 and CD86 on antigen-presenting cells. CD28 ligation results in stimulation
of T cells, whereas CTLA-4 serves an inhibitory role. CTLA-4, which binds CD80 and CD86 with substantially higher affinity than
CD28, inhibits the stimulatory effects of CD28 by competitively binding to CD80 and CD86.

4. Answer: C
Explanation: Rituximab binds to CD20 on the surface of pre-B through activated mature B cells only and can deplete B cells up to 9

months or longer after a single course. Rituximab can be used alone or in combination with disease-modifying antirheumatic drugs and
yields better clinical outcomes in patients with RAwho are seropositive for rheumatoid factor.

Chapter 29: Transplantation immunology: Solid organ and bone marrow

1. Answer: B
Explanation: When the transplant donor HLA antigens are different from the recipient, the graft is recognized as ‘‘nonself’’ by the

immune system, which gets activated and develops an immune response. This response eventually destroys the graft.

2. Answer: A
Explanation: Graft rejection can be classified according to the time it takes to develop. Hyperacute rejections usually occur within 48

hours of transplantation, and the injury is mediated by preformed alloantibodies and complement targeting the vascular endothelium.
Treatment is generally unsuccessful.

3. Answer: D
Explanation: The lowest risk of GVHD in patients undergoing HSCT is when the donor and the recipient are HLA-matched siblings.

Cord blood transplantation can be performed with an HLA mismatch of up to 4 of 6 antigens. HLA-haploidentical bone marrow
transplant results in a high percentage of GVHD if T cells are not depleted from the graft. Although peripherally isolated CD341 cells
have low T-cell concentrations, this small number would produce GVHD if there were no HLA compatibility.

4. Answer: C
Explanation: HSCT is the treatment of choice for patients with severe combined immunodeficiency, who otherwise would succumb

early to severe and opportunistic infections. The balance of risk and benefits of HSCT is not favorable for patients with X-linked
agammaglobulinemia. Partial DiGeorge syndrome and complement deficiencies might not be corrected by HSCT.

Chapter 30: Embryonic and adult stem cell therapy

1. Answer: B
Explanation: Parents are haploidentical with their children. One fourth of siblings can be HLA genoidentical to the patient. A

matched unrelated donor would be HLA phenoidentical. The risk of graft-versus-host disease increases with differences in minor
antigens, leading to increased morbidity/mortality in nonrelated recipients.
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2. Answer: C
Explanation: Donor lymphocyte infusion is a therapy that might induce or enhance a graft-versus-leukemia effect and thus reinduce

the patient into remission.

3. Answer: A
Explanation: Graft-versus-host disease is a consequence of alloreactive T cells.

4. Answer: D
Explanation: Human embryonic stem cells are currently derived from the blastocyst or sometimes earlier stages of unused embryos

made by means of in vitro fertilization for infertility problems, with the written informed consent of the parents.
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