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New knowledge about the pathogenesis of allergic and
immunologic diseases has led to a variety of novel targeted
therapeutic approaches. Many immunomodulators are
currently under development for the therapy of asthma and
allergic and immunologic diseases and are undergoing human
clinical trials. The study of immunomodulators in human
subjects is ultimately required to determine their therapeutic
utility because several agents showing promise in in vifro and
animal models have failed in human studies. Novel therapeutic
approaches include Toll-like receptor 4 and 9 agonists,
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anti-IgE mAb omalizumab is already used for the treatment
of allergic asthma, but its potential role for other allergic
diseases has yet to be clearly defined. Overall, the
development of new agents that inhibit specific
immunopathogenic mechanisms holds promise for beneficial
outcomes for patients with the least amount of risk.
However,agents that are too specific in their targets might not
exhibit therapeutic benefits because of the redundancy of the
immune system and the heterogeneity of diseases such as
asthma. The goal of this review is to summarize the data
from human clinical trials with immunomodulators,
discussing the rationale for their use, efficacy results,

and putative adverse events associated with them. (J Allergy
Clin Immunol 2008;121:288-96.)

Key words: Immunomodulators, monoclonal antibodies, transcrip-
tion factors, cytokine blockers

New knowledge about the pathogenesis of allergic and immu-
nologic diseases, including the molecular mechanisms involved,
has led to a variety of novel therapeutic approaches. This article
reviews some of these new potential treatment modalities that are
in human clinical trials. The importance of focusing on human
clinical trials has become evident by the failure of treatments
that have shown promise in animal models. Novel therapeutic
approaches reviewed in this article include Toll-like receptor
(TLR) agonists, oral and parenterally administered cytokine
blockers, specific cytokine receptor antagonists, transcription
factor modulators, and anti-IgE mAbs (Fig 1). The risk/benefit ra-
tio of approaches aimed at certain immunologic processes will
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Abbreviations used
BAFF: B-cell survival and maturation factor
hpf: High-power field
NF-kB: Nuclear factor kB
PPAR: Peroxisome proliferator-activated receptor
sIL-4R: Soluble IL-4 receptor
TLR: Toll-like receptor

also be reviewed. Ultimately, the goal for the therapy of allergic
and immunologic diseases should be the induction of immune
tolerance, a change in the immune response such that discon-
tinuation of the therapy results in continued long-lasting ther-
apeutic benefits without adverse consequences. The discussion
of the economics involved in using some of these agents,
especially mAbs, is not included. However, costs should be kept
in mind because pharmacoeconomic data need to support the
use of expensive medications, especially for disorders that are
very common and have little or no mortality. Overall, the
development of new agents that specifically inhibit key
immunopathogenic mechanisms holds promise for beneficial
outcomes for patients.

TLRs

TLRs play a key role in activating antigen-presenting cells for
both innate and adaptive immune responses. Blocking or stimu-
lating TLRs can modify the Ty1/Ty2 cytokine balance affecting
allergic diseases. Eleven different TLRs have been identified. Ag-
onists for TLR4 and TLRY have been developed and used in clin-
ical trials for the therapy of allergic respiratory diseases. TLR4
binds LPSs and endotoxins expressed on the cell surface. TLR9
binds CpG motifs most common in bacterial pathogens.'

TLR4 agonist

Lipid A, the active component of LPS, is a TLR4 agonist that
induces Tyl responses. An aqueous formulation of monophos-
phoryl lipid A, CRX-675, is a TLR4 agonist that has been evalu-
ated as a potential therapy for seasonal allergic rhinitis.? Patients
were treated with either placebo (n = 16) or CRX-675 (2, 20, 100,
or 200 g administered intranasally; n = 12 per arm) 24 hours be-
fore a ragweed intranasal challenge. The adverse event profile of
CRX-675—treated patients was similar to that of placebo-treated
patients, and no dose-related toxic effects were observed. There
was no clear trend in the ability of CRX-675 to inhibit nasal aller-
gen challenge responses, but improvement in nasal symptom
scores was observed at 100 wg. Appropriate dosing and timing
will ultimately define the potential therapeutic role of CRX-675
or other TLR4 agonists for allergies.

TLR9 agonists (immunostimulatory
oligonucleotides)

Bacterial and viral genomes have immunostimulatory DNA
sequences containing unmethylated CpG sequences that are
suppressed and methylated in vertebrate genomes. TLRO is the
receptor for CpG DNA, which in human subjects is expressed in
highest concentrations on B cells and plasmacytoid dendritic
cells. TLRO-activated plasmacytoid dendritic cells produce
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IFN-a, leading to secondary activation of natural killer T cells,
monocytes, and neutrophils. B cells activated by TLR9 produce
IL-6 and IL-10 while inducing B-cell differentiation into plasma
cells and triggering IgG isotype switching and antibody produc-
tion." TLR9 agonists activate both the innate and humoral
immune system through these interactions.

There are 3 classes of CpG molecules, A, B, and C, which are
described in Table I. Both B- and C-class CpG oligodeoxynucleo-
tides have been used in vaccine therapy for infectious diseases,
cancer, or both.'?

Murine models of allergic lung disease have demonstrated the
effectiveness of CpG in the prevention and reduction of airway
inflammation."*” Conjugation of antigens or allergens to CpG
can dramatically improve the efficacy of CpG motifs. Conjuga-
tion of Amb a 1 (the predominant ragweed allergen) to CpG in-
duced Amb a 1-specific Tyl immune responses and suppressed
Tyx2 responses in human subjects with ragweed allergy.6 This
response was associated with significant increases in IFN-a,
CXCL9, and CXCLI10 levels and decreases in IL-5, CCL17,
and CCL22 levels.” The number of immunostimulatory DNA
sequences containing CpG motifs bound to the Amb a 1 protein
alters the immunogenicity and allergenicity of the response.®

Tolamba is an immunostimulatory oligonucleotide covalently
linked to Amb a 1. In a ragweed seasonal allergic rhinitis trial,
adult subjects with ragweed allergy were treated with 6 weekly in-
jections of either Tolamba or placebo before the ragweed season
and followed for 2 ragweed seasons.” Patients treated with Tol-
amba experienced a significant reduction in total nasal symptom
scores from baseline during the 2-week peak pollen season com-
pared with placebo-treated patients in both the first and second
years of the ragweed season. The seasonal increase in Amb a
1-specific IgE levels was suppressed by Tolamba therapy in
both years, whereas a transient increase in Amb a 1-specific
IgG levels was noted in the first ragweed season. A second study
found that nasal biopsy specimens from Tolamba-treated patients
had a significantly reduced increase in eosinophils and IL-4
mRNA-—positive cells and increased IFN-a mRNA—positive cells
compared with those in placebo-treated patients after the ragweed
season.'” A large, multicenter, placebo-controlled trial of Tol-
amba for ragweed-induced seasonal allergic rhinitis showed no
clinical benefit. However, the symptom scores were low, even
in the placebo group, potentially making it difficult to discern a
treatment effect.'! Treatment with Tolamba is generally well
tolerated.

Atopic asthmatic patients were treated with a CpG preparation
through inhalation. Despite an increase in [FN-a gene expression,
no effect was noted on allergen-induced eosinophils or Ty2-
related gene expression.'” Furthermore, no inhibition of airway
responses was noted.

The application of TLRO ligands is not limited to allergic
disease. Human trials have demonstrated the effectiveness of CpG
as either monotherapy or an adjunctive treatment in vaccines in a
number of infectious diseases, such as hepatitis B, hepatitis C,
anthrax, and influenza.'? CpG is currently being studied in phase
II and phase III human trials for cancer treatment, either alone or
in combination with standard chemotherapy.14

Overall, the data suggest that TLR9 agonists could be valuable
as adjuvants for the therapy of a variety of diseases, including
allergic respiratory disorders. Indeed, the combination of CpG
and allergens might prove more effective, with a better safety
profile than allergen immunotherapy alone.
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FIG 1. Immunomodulators for the treatment of allergic respiratory diseases. Novel therapeutic approaches
include mAbs, cytokine blockers and receptor antagonists, and transcription factor modulators. APC, Anti-
gen-presenting cell; ISS, immunostimulatory oligodeoxynucleotides; STAT, signal transducer and activator
of transcription; CD40L, CD40 ligand; BAFF, B-cell survival and maturation factor; VLA-4, very late antigen 4;
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ICAM, intercellular adhesion molecule, VCAM-1, vascular cell adhesion molecule 1.

TABLE I. Three major classes of CpG oligodeoxynucleotide

A class: Chimeric backbone
Examples: ODN 2216, 1583 (5'-G*G*G-T-C-A-A-C-G-T-T-G-A-G*G*
G*G*G*G-3")
Responses: High IFN-a, IFN-y, Tyl inducer, poor B-cell stimulator
Target cells: pDC, PBMC, NK
B class: Phosphorothioate backbone, linear
Examples: ODN PF-3512676, 1018, 1826 (5'-T*C*C*A*T*G*A*C*G*
T*T*C*C*T*G*A*C*G*T*T-3")
Responses: B-cell proliferation, pDC maturation, secrete 1gG, high IgM,
1P-10, IL-6
Target cells: pDC, monocyte, NK
Clinical use: Monotherapy, vaccines, in combination for allergies, CA,
infectious diseases
C class: Phosphorothioate backbone, 3" palindrome, can form duplexes
Examples: ODN CPG10101, 5393, 2395 (5'-T*C*GT*C*G*T*T*T*T*
C*G*G*C*G*C*G*C*G*C*C*G)
Responses: Combined intermediate effects of A and B classes, high
IFN-a, B-cell activation, strong Ty1 inducer
Target cells: B cell, pDC, NK cell, PBMC
Clinical use: Monotherapy for infectious diseases (hepatitis B)

pDC, Plasmacytoid dendritic cell; NK, natural killer; ODN, oligodeoxynucleotide;
CA, cancer.

CYTOKINE BLOCKERS

Therapeutic agents targeting TLRs affect both the innate and
humoral arms of the immune system through a multiplicity of
action. However, with the potential broad-ranging effects of some

agents on the immune system, there is a concern of a shift in the
risk/benefit ratio. In contrast, strategies aimed at single or
multiple related cytokines might provide a lower risk for adverse
events. This must be balanced by the potential of a less-effica-
cious or nonefficacious therapy. As reviewed below, there are
several examples of agents targeting a single cytokine not being
effective, perhaps because of the redundancy of the immune
system. Anticytokine therapies provide a way to discern the
importance of individual molecules in the pathogenesis of human
disease.

Because Ty2 responses are the drivers of allergic responses,
agents aimed at blocking key Ty2 cytokines have been logical tar-
gets for the therapy of allergic diseases. Strategies aimed at block-
ing the effects of IL-4, IL-5, and IL-13 have been evaluated in
several phase I and phase II trials.

Oral synthesis inhibitors

Two oral agents that inhibit cytokine synthesis are undergoing
clinical trials. Suplatast tosilate has been shown to inhibit the
production of IL-4 and IL-5. Clinical trials with suplatast have
shown an improvement in airway inflammation, airway hyper-
responsiveness, clinical symptoms, and peak expiratory flow
rates. Suplatast has also been shown to decrease serum IgE
levels.'>"” AVP-13358 has been shown to suppress IgE, CD23,
and Ty2 cytokine responses ex vivo and in vitro in mouse and
human cell assays.18 Avanir Pharmaceuticals has put a hold
on clinical trials with this compound, but safety data were
favorable.
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Soluble receptor/mAb therapy

Anti—IL-4 strategies. 1L-4 induces IgE isotype switching and
promotes naive lymphocytes to differentiate into Ty2 cells with
subsequent release of additional IL-4, IL-5, and IL-13. Two hu-
man studies evaluated the efficacy and safety of a recombinant hu-
man sIL-4R. sIL-4R was safe and well tolerated, with the serum
half-life of an inhaled dose being 5 days. The first study enrolled
adult atopic patients with moderate persistent asthma requiring
daily inhaled corticosteroids.'® Patients were dosed one time with
nebulized sIL-4R of either 500 g or 1500 wg or placebo. All in-
haled corticosteroids were stopped 1 day prior. Only the patients re-
ceiving the 1500- g dose of sIL-4R had significant improvement in
asthma symptom scores, rescue [3-agonist use, and exhaled nitric
oxide levels compared with those receiving the placebo. The
1500-pg dose also resulted in a significant increase in FEV, at 4
days. A follow-up study with 62 asthmatic subjects requiring in-
haled corticosteroids evaluated weekly dosing of sIL-4R for 12
weeks at 0.75 mg, 1.5 mg, or 3.0 mg and placebo.? Inhaled corti-
costeroids were discontinued at the start of the study. Only patients
receiving 3.0 mg of soluble IL-4 receptor (sIL-4R) weekly through
a nebulizer were able to maintain their lung functions. No signifi-
cant improvements were noted in symptoms or asthma exacerba-
tions. Similarly, an mAb against IL-4 had no proved efficacy,
leading to the discontinuation of further exploration into anti-IL-
4—specific therapies. This might in part be due to the redundancy
in mechanisms between IL-4 and other cytokines, especially IL-13.

Anti—IL-5 mAbs. IL-5 is required for eosinophil differentiation
and survival. Two humanized IL-5 mAbs have been studied in
human subjects: reslizumab (SCH55700) and mepolizumab. A
small study evaluated subjects with severe persistent asthma treated
with one dose of reslizumab (0.03 mg/kg, 0.3 mg/kg, or 1.0 mg/kg)
or placebo for 90 days.?' A decrease in serum eosinophils was noted
only in the high-dose (1.0 mg/kg) group 30 days after treatment. No
significant sustained changes in FEV,, asthma symptom scores,
sputum eosinophils, or physician-evaluated overall condition
were noted with any dose of reslizumab compared with placebo.

Mepolizumab suppressed serum eosinophils in asthmatic sub-
jects without altering T-cell functions.?? Studies in patients with
mild atopic asthma noted that mepolizumab reduced extracellular
matrix protein remodeling and airway eosinphils.23’24 Treatment
with mepolizumab decreased median serum eosinophils from
baseline by 100%, whereas airway eosinophils only decreased
by 55%, with decreases in serum eosinophils lasting up to 16
weeks and decreases in sputum eosinophils lasting for 4
weeks.”*?> However, no effects on clinical measures of asthma,
including airway hyperresponsiveness, FEV, and peak flow mea-
sures, were noted.”*%’

In patients with atopic dermatitis, mepolizuamb was ineffec-
tive in improving physician-based global assessment and pruritis
scoring.

Nasal polyps are frequently associated with increased levels of
IL-5. One dose of reslizumab (either 1 or 3 mg/kg) was compared
with placebo in the treatment of severe nasal polyposis.*’ Only
50% of patients treated with reslizumab had improvement in their
nasal polyps. The only marker to predict responsiveness to ther-
apy was an increased level of nasal IL-5 (>40 pg/mL) at baseline.

Hypereosinophilic syndrome might be a disease more respon-
sive to anti-IL-5. In a small study of patients with hyper-
eosinophilic syndrome, one dose of 1.0 mg/kg reslizumab
decreased eosinophil counts to the normal range, with marked
improvement of clinical signs and symptoms in 2 of the 4 patients
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treated.”® Eosinophils remained suppressed up to 12 weeks, but as
eosinophilia returned, so did the signs and symptoms of hypereosi-
nophilic syndrome. When the 2 responsive patients received further
doses, the magnitude and duration of the improvement lessened
with each subsequent dose. Mepolizumab has also been evaluated
in 2 small studies for hypereosinophilic syndrome.**~** Treatment
with mepolizumab decreased serum eosinophils to normal levels
within 24 hours of administration, with marked symptomatic im-
provement. Two of the three patients treated remained asymptom-
atic after cessation of mepolizumab therapy.”’ Mepolizumab
treatment might have a corticosteroid-sparing effect in patients
with hypereosinophilic syndrome.*® Overall, there are too few
patients treated to determine whether anti—IL.-5 mAb therapy will
be a good treatment option, but further studies are warranted.

Eosinophilic esophagitis is a chronic eosinophil-associated
gastrointestinal disorder defined by high numbers of eosinophils
in the esophagus (>20-24 eosinophils per high-power field [hpf]).
In a study of 4 patients with dysphagia and eosinophilic strictures,
mepolizumab decreased mean esophageal eosinophilia from 46/
hpf to 6/hpf and maximal esophageal eosinophil levels from 153/
hpf to 28/hpf. In addition, patients had improved quality of life
and clinical outcomes.”’

It is unclear whether monoclonal anti—IL-5 therapy for asthma
or atopic dermatitis will be a good therapeutic option. This is
likely due to the contribution of noneosinophilic cells, such as
Ty2 lymphocytes, that remain unaffected by this therapy. How-
ever, promising results have been demonstrated in patients with
hypereosinophilic syndrome and eosinophilic esophagitis. At
this time, mepolizumab is currently undergoing further evaluation
in eosinophilic esophagitis.

Anti—IL-13 mAb. Based on in vitro and murine data, IL-13 has a
variety of biologic effects that could be important in the pathogen-
esis of asthma. IL-13 has been shown to induce airway hyperres-
ponsiveness, mucus production, secretion of eotaxin, and changes
in airway remodeling. In addition, IL-13 is important in the pro-
duction of IgE. Thus strategies aimed at inhibiting the effects of
IL-13 could be an important therapeutic avenue. Studies in
mice and monkeys demonstrated reduction of lung inflammation
in anti—IL-13—treated animals.’>** There are at least 3 different
humanized mAbs under development that are specific for human
IL-13. All 3 mAbs are either in phase I or phase II human clinical
trials. A phase I clinical trial with CAT-354 showed that increas-
ing single doses of intravenously administered anti—IL-13 mAb in
34 patients with mild asthma were well tolerated at all doses, and
there were no identified safety concerns.>

IL-4Ra receptor antagonist. Both IL-4 and IL-13 bind to the
IL-4Ra receptor subunit, which leads to a number of downstream
signaling effects important for the biologic actions of both of
these cytokines. AMG-317 is a fully human mAb antagonist to the
IL-4Ra receptor subunit that is being developed by Amgen for the
treatment of allergic asthma. Aerovant is an IL-4 mutein that
inhibits the effects of both IL-4 and IL-13 through its ability to
block IL-4Ra.*> A phase Ila trial of inhaled Aerovant in asthmatic
patients treated twice daily for 27 days resulted in a statistically
significant 72% reduction in the late-phase asthmatic response
caused by allergen inhalational challenge. Aerovant also de-
creased exhaled nitric oxide levels and improved pulmonary func-
tions in this group of patients with asthma.

Aeroderm is the parenteral form of Aerovance’s IL-4/IL-13
antagonist that has been used for the treatment of atopic derma-
titis. This agent is currently in phase II clinical trials.”®



292 CASALE AND STOKES

IL-2 receptor antagonist. 1L-2 increases cytokine synthesis in
T cells and also has important biologic effects on regulatory T
cells, natural killer cells, and B cells. Daclizumab is a humanized
mADb approved for prevention of renal allograft rejection that binds
to the a chain (CD25) of the IL-2 receptor on activated T cells.
Daclizumab inhibited IL-2-induced proliferation and reduced T2
and Tyl cytokines from activated T cells. Phase II study results in
patients with moderate-to-severe asthma showed that daclizumab
improved pulmonary functions, reduced asthma symptoms and res-
cue medication use, increased time to severe exacerbations, and re-
duced blood eosinophils and serum eosinophil cationic protein
levels.?” Daclizumab appeared to have greater positive therapeutic
effects in patients with more refractory asthma. Daclizumab was
fairly well tolerated in this study, but because of IL-2’s pleiotropic
effects, caution is warranted in targeting this key cytokine.

Anti-TNF-a strategies. TNF-a has a variety of biologic effects
that could be important in asthma. TNF-a can induce increased
airway responsiveness, the expression of key adhesion molecules
on both epithelial and endothelial cells, the generation of chemo-
attractants from epithelial and endothelial cells, the synthesis
and release of TGF-f3, and chemokinesis of inflammatory cells.
Blocking TNF-a improved lung function and asthma quality of life
and reduced exacerbation frequency in patients with severe
disease.*® The therapeutic utility of this strategy has been reviewed
by Brightling et al.*” The results of recently completed large-scale
clinical trials with blockers of TNF-a have been disappointing, and
therefore it is unclear whether this strategy will be pursued.

B-CELL SURVIVAL AND MATURATION FACTOR
RECEPTOR ANTAGONISTS

The TNF family ligands B-cell survival and maturation factor
(BAFF) and APRIL regulate lymphocyte survival and activation.
BAFF is important for costimulation of B cells and plays a role in
immunoglobulin isotype switching to IgE. Therefore antagonists
of BAFF, which are currently in clinical trials for a variety of au-
toimmune disorders, could potentially play a role in the therapy of
respiratory diseases.

TRANSCRIPTION FACTOR INHIBITION

Gene expression for proinflammatory cytokines and mediators
is regulated by transcription factors. Transcription factors are
proteins that bind to promoter regions of genes and stimulate or
inhibit their transcription into mRNA. Because of their central
role in the synthesis of inflammatory mediators important for the
pathogenesis of allergic diseases, transcription factors are poten-
tial targets for the development of immunomodulatory agents.

Syk kinase inhibitors

Syk kinase is an intracellular protein tyrosine kinase that plays
an important role in both mast cell and basophil activation and the
release of mast cell mediators, including important cytokines.
Therefore inhibition of Syk kinase represents a potential thera-
peutic modality for allergic inflammation. R112, a Syk kinase
inhibitor administered intranasally to patients with seasonal
allergic rhinitis, demonstrated improvement in symptom scores
over placebo with a duration of action exceeding 4 hours. No
significant adverse events were reported.40 R-343, a Syk kinase
inhibitor, is under development for intrapulmonary delivery for
the therapy of allergic asthma.
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Peroxisome proliferator-activated receptor v
agonists

GATA-3 is thought to be a key transcription factor in the
expression of Ty2 cytokines in allergic respiratory diseases.
GATA-3 expression is increased in the airways of patients with
asthma, and segmental allergen challenges lead to enhanced ex-
pression. In murine asthma models downregulation of GATA-3
resulted in decreased lung inflammation and reduced expression
and production of Ty2 cytokines and IgE.*' Although there are
no current synthetic inhibitors of GATA-3, peroxisome prolifera-
tor-activated receptor (PPAR) y agonists have been shown to in-
hibit GATA-3 expression and Ty2-driven inflammatory responses
in murine models. Thiazolidinediones are PPAR-y agonists that
are currently approved for the treatment of non—insulin-depen-
dent diabetes in human subjects. PPAR-y agonists have a number
of potential anti-inflammatory effects in addition to the inhibition
of GATA-3 levels that could be beneficial for the treatment of al-
lergic diseases.*” PPAR-vy agonists can bind to other transcription
factors, such as nuclear factor kB (NF-kB), signal transducer and
activator of transcription, nuclear factor of activated T cells, and
activator protein 1, preventing their association with DNA se-
quences. PPAR-y agonists have also been reported to stabilize in-
flammatory transcription factor suppressor molecules. There are
several small clinical trials ongoing examining the effects of
PPAR-vy agonists for the therapy of allergic respiratory diseases,
but results have not been published. Anecdotally, diabetic patients
with asthma started taking thiazolidinediones for the therapy of
diabetes had improvement in asthma manifested by decreased
symptoms and improved pulmonary function values.*?

NF-kB inhibition

NF-kB is a transcription factor that plays a key role in the
expression of a multitude of inflammatory genes important for
allergic respiratory disorders. Corticosteroids exert their anti-
inflammatory effects in part through repression of NF-kB activity.
Persistent activation of the NF-kB signaling pathway has been
demonstrated in patients with severe uncontrolled asthma.**
Therefore agents other than corticosteroids that inhibit the activ-
ity of NF-kB could provide new therapeutic avenues for the treat-
ment of respiratory diseases and inflammation in general. There
have been a number of decoy oligonucleotides developed that
specifically target NF-kB. Although there are no data at present
using these agents for the therapy of allergic respiratory diseases,
decoy oligonucleotides targeting transcription factors have been
in human trials for the treatment of other disorders, such as vein
graft failure.*’

MISCELLANEOUS AGENTS

Table II lists a number of other agents that are currently in hu-
man trials for the treatment of inflammatory diseases. A review of
all of these agents is beyond the scope of this article. The mech-
anisms that are thought to be a part of their potential therapeutic
effects are illustrated in Table II and Figs 1 and 2.

ANTI-IgE mAbs

Omalizumab is a 95% humanized mAb that recognizes and
binds to the Fc portion of the IgE molecule. The binding of
omalizumab to IgE results in the formation of soluble immune
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complexes that are subsequently cleared by the reticuloendothe-
lial system. Because omalizumab binds to the same site that IgE
molecules use to attach to FceR1, it cannot cross-link cell surface—
expressed IgE.*® The amount of cell-bound IgE decreases over the
course of omalizumab treatment because of the decreased free
IgE available.

Administration of omalizumab results in a rapid and substantial
decrease in free IgE levels in serum and decreased expression of
FceRI on several cell types.*’% A 99% reduction in free serum IgE
levels has been noted within 2 hours of omalizumab administra-
tion. Within 3 months of therapy, human basophil responsiveness
(histamine releasability) was reduced by 90%.** Omalizumab
administration results in reductions in expression of FceRI on
basophils, dendritic cells, and monocytes within 7 days.48 Omali-
zumab might therefore have a significant effect on the sensitization
phase of the allergic response through regulation of FceRI expres-
sion on dendritic cells and monocytes. The mechanisms of action
of omalizumab are summarized in Fig 3.

Omalizumab treatment reduced blood eosinophil levels in
patients with seasonal allergic rhinitis and asthma and sputum
eosinophils in asthmatic patients. In patients with mild asthma,
omalizumab reduced tissue eosinophils; cells positive for FceRI;
CD3", CD4%, and CD8™ T lymphocytes; B lymphocytes; and
cells staining positive for IL-4. However, it did not improve
airway hyperresponsiveness to methacholine.”'">* Indeed, omali-
zumab has been shown to have inconsistent effects on airway
hyperresponsiveness.

A number of studies have established the efficacy and safety of
omalizumab, leading to the US Food and Drug Administration’s
approval of omalizumab for the treatment of moderate-to-severe
persistent allergic asthma in patients 12 years and older. Three
phase III trials were conducted on a total of 1405 patients with
moderate-to-severe allergic asthma.>*>° In all 3 studies, when com-
pared with placebo, omalizumab reduced asthma exacerbations and
had a corticosteroid-sparing effect. A significant number of omali-
zumab-treated patients were able to decrease or, in many cases, dis-
continue inhaled corticosteroids. Twice as many individuals treated
with omalizumab successfully discontinued corticosteroids com-
pared with those treated with placebo. In addition, fewer asthma
symptoms, less rescue medication use, and improved quality-
of-life scores were noted in the omalizumab-treated patients. In
the adolescent and adult studies, omalizumab resulted in small
but statistically significant improvements in peak expiratory flow
and FEV, values.>® Significantly fewer unscheduled outpatient
visits, emergency department visits, and hospitalizations were
observed in the omalizumab-treated patients compared with those
in the placebo-treated patients.57 Patients with features suggestive
of greater disease severity appeared to obtain the most benefit
from the addition of omalizumab to their therapeutic regimens. Re-
cent expert guidelines suggest omalizumab as a therapeutic option
for patients 12 years and older with perennial allergic asthma whose
symptoms are not well controlled by a medium-dose inhaled corti-
costeroid and a long-acting B-agonist.58

In patients with seasonal allergic rhinitis, omalizumab therapy
significantly decreased nasal symptoms scores, improved rhinitis
quality-of-life scores, and reduced rescue antihistamine use
and days missed from work or school when compared with
placebo.59’60 The use of omalizumab has also been shown to be
effective in the treatment of perennial allergic rhinitis.®' In pa-
tients with allergic rhinitis, omalizumab therapy significantly de-
creased responses to allergen challenge within 7 to 14 days and
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TABLE Il. Inmunomodulators and putative targets

Target Agents

IL-2 Daclizumab (IL-2ro)

IL-4 Anti-IL-4 mAb
sIL-4r

IL-4/1L-5 Suplatast
AVP-13358

IL-5 Mepolizumab
Reslizumab

IL-13 CAT 354 (mAb)
IMA 638 (mAb)
QAX 576 (mAb)

IL-4/1L-13 AER 001 (mutein)
AMG 317 (mAb)

CD4 Keliximab

CDll1a Efalizamab

CD23 Lumiliximab

CD40L IDEC-131 (mAb)

BAFF Various

NF-«B Decoy oligos

Selectins Bimosiamose
TBC 4746 (VLA-4)

Syk kinase R112 R343 (inhaled)

STAT1 AVT-01 (ds oligo decoy, inhaled)

T2 ISS DNA alone

ISS with Ag (eg, Tolamba)
PPAR-y agonists
Infliximab

Etanercept

Adalimumab

TNF-a

Not all agents listed are specifically under development for allergic respiratory
diseases.

CD40L, CD40 ligand; BAFF, B-cell survival and maturation factor; VLA-4,
very late antigen 4; STAT1I, signal transducer and activator of transcription 1;
ISS, immunostimulatory oligodeoxynucleotides; Ag, antigen.

decreased nasal challenge symptom scores and markers of
inflammation.**

Allergic rhinitis and asthma frequently coexist. Poor control of
rhinitis might exert a detrimental effect on asthma. In 405 patients
with moderate-to-severe asthma receiving stable therapy who
also had persistent allergic rhinitis, treatment with omalizumab
improved both asthma and rhinitis quality-of-life indices (57.7%
vs 40.6% for placebo).63 Fewer asthma exacerbations were ob-
served in the omalizumab-treated patients than in the placebo-
treated patients (20.6% vs 30.1%).%°

The addition of omalizumab to standard maintenance dose
immunotherapy was evaluated in children allergic to birch and
grass.®* The combination of immunotherapy plus omalizumab ver-
sus immunotherapy alone produced a further reduction in seasonal
allergic rhinitis symptoms of 35% for the birch group and 45% for
the grass immunotherapy group, respectively; rescue medication
scores of 78% for the birch group and 81% the for grass immuno-
therapy group; and seasonal allergic rhinitis symptom load of 40%
for both the grass and birch groups. Furthermore, the safety profile
was at least as good as that of immunotherapy alone.

The effects of pretreatment of patients with ragweed-induced
allergic rhinitis with omalizumab before rush immunotherapy were
recently published.65 The average daily allergy severity scores
were significantly better in the omalizumab plus immunotherapy
group versus the immunotherapy-only group. Furthermore, in
protocol-correct patients the combination of omalizumab plus
immunotherapy was better than omalizumab alone, immunotherapy
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FIG 3. Mechanisms of action of omalizumab. eNO, Exhaled nitric oxide; Ag, antigen.

alone, or placebo alone. Patients receiving omalizumab plus im-
munotherapy had fewer adverse events than those receiving
immunotherapy alone. Post hoc analysis of groups receiving im-
munotherapy demonstrated that the addition of omalizumab re-
sulted in a 5-fold decrease in the risk of anaphylaxis caused by

rush immunotherapy. Thus combined therapy with omalizumab
and allergen immunotherapy might be an effective strategy to per-
mit more rapid and higher doses of allergen immunotherapy to be
given more safely and with greater efficacy to patients with aller-
gic diseases.®’
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Another humanized IgGl mAb against IgE, TNX-901, was
evaluated in patients with peanut allergy. A double-blind, pla-
cebo-controlled, randomized trial in 84 patients with proved
peanut hypersensitivity evaluated 3 doses of TNX-901 given
every 4 weeks for 16 weeks.®® The mean baseline threshold of
sensitivity to peanut flour was 178 to 436 mg. By the end of treat-
ment, the high-dose TNX-901 group had a significant improve-
ment from a threshold dose of 178 mg (half of a peanut) to
2805 mg (nearly 9 peanuts). However, 25% of the patients had
no improvement.

Small case studies of omalizumab therapy for atopic dermatitis
have demonstrated conflicting results.”"*® In patients with ex-
tremely increased serum IgE levels, even high-dose omalizumab
did not decrease levels sufficiently to effect clinical improvement.
However, in patients with lower IgE levels and body weights, such
that omalizumab dosing was closer to recommended values, some
improvements were noted.

In 3 patients with refractory chronic urticaria, omalizumab
therapy cleared their urticaria within 1 week for 2 patients and
within 6 weeks for the third paltient.70 Omalizumab is more likely
to be of therapeutic benefit in patients with chronic urticaria with
autoantibodies to IgE or FceRIL.

Omalizumab is generally well tolerated. The most common
adverse events are local reactions at the injection sites. However,
in 2007 the US Food and Drug Administration was alerted to
the possibility of increased frequency of anaphylaxis with
omalizumab administration.”' Anaphylaxis was reported after ad-
ministration of omalizumab in clinical trials (0.1% frequency)
and was therefore discussed in the initial product labeling.’>
Data from approximately 57,000 patients treated with omalizu-
mab after approval have indicated that anaphylaxis can occur
with any dose, there is a delayed onset of symptoms beyond 2
hours, and there is a protracted course, with signs and symptoms
lasting many hours.”® The mechanisms involved in omalizumab-
associated anaphylaxis have not been delineated, nor have any
specific predictive risk factors. These findings have led to new
recommendations for the administration of omalizumab.”* None-
theless, the development of a selective anti-IgE humanized mAb
represents a novel and important therapeutic option for severe al-
lergic asthma and other allergic diseases.

CONCLUSION

As discussed in this review, many immunomodulators are
currently under development for the therapy of asthma and
allergic and immunologic diseases. As we learn more about the
molecular mechanisms involved in the pathogenesis of allergic
and immunologic diseases, additional specific pathway inhibitors
that are novel will likely make their way into clinical trials. These
approaches will help to better define the pathogenesis of disease
processes and the utility of inhibiting specific mediators, cyto-
kines, or molecular pathways (Fig 1). It is likely that agents that
are specific for a particular molecule might not be effective in
all patients because of the redundancy in the immune system
and the heterogeneity of the diseases. Immunomodulators that
have a broader spectrum of effects because of their actions up-
stream might have more therapeutic utility but higher risks for ad-
verse events. The study of immunomodulators in human subjects
will ultimately be required to determine their therapeutic utility
because agents showing promise in in vitro and animal models
have failed in human studies. Because many of the agents
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reviewed are in early phases of clinical trials, their utility in the
therapy of allergic diseases will await long-term, multicenter clin-
ical trials accurately assessing their risks and benefits.
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1. To understand the role of immunomodulators in treating allergic diseases and their mechanisms of action.
2. To understand the efficacy of immunomodulators in allergic disease based on human clinical trials.

CME items
Question 1. Which of the following agents has shown consistent
therapeutic efficacy for asthma in human trials?

A. anti-IL-4 monoclonal antibody

B. TNF-a blockers

C. reslizumab (an anti—IL-5 monoclonal antibody)
D. (none of the above)

Question 2. Which of the following kinds of cells has the highest
concentrations of Toll-like receptor 9 (TLRY), the receptor that
binds CpG DNA in humans?

A. plasmatoid dendritic cells (pDCs)
B. natural killer T cells

C. monocytes

D. neutrophils

Question 3. Which of the following diseases has CpG most fre-
quently been used to treat?
A. rheumatoid arthritis
B. multiple sclerosis
C. cancer
D. renal failure
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Question 4. Which of the following is not true of TLR and TLR
agonists, such as TLR4 and TLR9 agonists?

A. TLR agonists affect both innate and humoral arms of the
immune system.

B. TLR agonists may modify the Ty1/Tx2 cytokine balance,
causing a shift toward T2 responses in clinical trials.

C. TLR4 binds lipopolysaccharides (LPSs) and endotoxin,
whereas TLRY binds nucleic acids (immunostimulatory
CpG DNA).

D. Tolamba, a TLR9 agonist linked to Amb a 1, has been
shown to reduce nasal symptom scores in patients treated
for ragweed allergy during ragweed season.

Question 5. Anti—IL-5 has been shown to be most effective in the
treatment of —

A. asthma.

B. atopic dermatitis.

C. hypereosinophilic syndrome.
D. parasitic infections.
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Question 6. All of the following work by inhibiting a spe-
cific cytokine-induced effect in allergic respiratory diseases
except —

N wp

. monoclonal antibody.

. soluble receptor.

. immunostimulatory oligodeoxynucleotides.
. receptor antagonist.

Question 7. For which of the following patients is omalizumab
currently recommended?

A.

a 19-year-old with ragweed allergy whose asthma is not
well controlled on fluticasone propionate/salmeterol
(Advair) 500/50 twice daily

. a 16-year-old with dust-mite allergy whose asthma is not

well controlled on fluticasone propionate/salmeterol
(Advair) 250/50 twice daily

. a 9-year-old with cat allergy whose asthma is not well

controlled on fluticasone propionate/salmeterol (Advair)
250/50 twice daily

. a 30-year-old with shrimp allergy whose asthma is not

well controlled on fluticasone propionate/salmeterol
(Advair) 250/50 twice daily
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Question 8. Which of the following statements is true regarding
anaphylaxis following treatment with omalizumab?

A.
B.

C.
D.

Anaphylaxis can occur at any dose.

Symptoms occur only within 1 hour after the dose is
administered.

Symptoms resolve after a few minutes.

Anaphylaxis has not been observed following treatment
with omalizumab.

Question 9. Anti-IgE monoclonal antibody (omalizumab)
primarily functions through all of the following mechanisms
except —

A.
B.
C.
D.

decreased production of IgE.

decreased free IgE.

decreased IgE bound to FceR1 receptor.

decreased FceR1 receptor expression on mast cells and
basophils.

Question 10. Inhibition of transcription factors for gene expres-
sion is one potential modality for intervention in allergic dis-
ease. Examples of some currently targeted transcription factors
include all of the following except —

oQw>

. B-cell activating factor.
. nuclear factor kB.

. Syk kinase.

. GATA-3.
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