Molecular mechanisms in allergy and clinical immunology

(Supported by an unrestricted educational grant from Genentech, Inc. and Novartis Pharmaceuticals Corporation)

Series editors: William T. Shearer, MID, PhD, Lanny J. Rosenwasser, MID, and Bruce S. Bochner, MD

Biologic immune modifiers: Trials and
tribulations—are we there yet?

Mark Ballow, MD Buffalo, NY

This activity is available for CME credit. See page XXXA for important information.

Biologic agents as therapeutic modalities have emerged as an
important new drug treatment. This article focuses on specific
groups of immune response modulators of mAbs and
recombinant proteins, and their use or their potential use in
asthma as an example of an inflammatory allergic process.
Although some of these new biologic agents are currently used
only in animal models of allergic disease or in other
inflammatory or autoimmune diseases, this field is advancing so
rapidly that in a few years, these new treatment modalities
could be applied to allergic diseases. This article provides a
brief rationale for the use of these new biologic agents in
asthma. Although optimism is very high for this new class of
drugs, caution is needed in extrapolating ir vitro data or studies
from animal models; adverse events will happen. Nevertheless,
as we learn how to modify and alter the inflammatory and
immune processes with these new biologic agents, clinicians will
enter a new era of treatment options available for their patients
with allergic disorders. (J Allergy Clin Immunol
EEEE;EEN:EEE-EEN,)
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For many years, asthma was considered a disease of
reversible airway obstruction. Treatment emphasized
bronchodilators such as [3-agonists. In the late 1980s
and early 1990s, research in asthma clearly showed that
asthma was more than just bronchospasm; it was an
inflammatory disease of the airways.! In 1992, the first
treatment guidelines for asthma were published, empha-
sizing that maintenance therapy for asthma should be
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anti-inflammatory drugs. Today inhaled corticosteroids
are considered the gold standard for the treatment of
persistent asthma. However, inhaled corticosteroids are
not without side effects and long-term risks. After research
showed that leukotrienes were major mediators of inflam-
mation in the airways, leukotriene modifiers and leukotri-
ene receptor antagonists, a new class of anti-inflammatory
controller medication, were approved for use in the
chronic treatment of asthma in the mid-1990s. Today
research has advanced our understanding of the immuno-
biology and pathophysiology of asthma, which has led to
new strategies targeting specific inflammatory pathways
and disease-specific mediators. Although this topic was
addressed approximately 1 year ago in the J ournal,” there
have been notable advances in these emerging new
approaches in the treatment of the immunological and
inflammatory components of asthma. These exciting
advances are not without failures and serious adverse
effects that underscore the need for using animal models
of asthma and caution in clinical trials. This short article
reviews some of these new potential and existing treat-
ment modalities (Fig 1). For brevity, the comments are di-
rected only to asthma but could be extrapolated to other
allergic diseases. In addition, the focus is on a specific
group of immune response modulators of mAbs and re-
combinant proteins. Since the mid-1990s, mAbs have
emerged as an important new drug class. Concomitant
with advances in these biologics, advances are also being
made with vaccines and immunostimulatory DNA se-
quences and related approaches that are not discussed here.

TARGETING IgE

It has long been recognized that IgE plays an important
role in patients with allergic asthma. A humanized mAb
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FIG 1. Biologic immune modifiers mAbs and fusion proteins offer new approaches to modify the inflammatory
and immune processes in asthma and other allergic diseases. Today, omalizumab, a humanized mAb that
binds to serum free IgE, provides a unique treatment modality for patients with asthma. This figure shows
(red) where other potential mAbs and fusion proteins that are approved for use in autoimmune disorders
or are now in clinical trials for the treatment of allergic disease can potentially modify immune and inflamma-
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tory pathways. TCR, T-cell receptor; VCAM, vascular cell adhesion molecule.

(omalizumab) to IgE that blocks the binding of IgE to the
high-affinity receptor on mast cells and basophils, thereby
inhibiting the release of mediators,4 has been in clinical
use since 2003. This IgG; mAb to the Fc portion (Ce3)
of IgE binds only free IgE, not the IgE already bound
to cells, reducing the chance of activating these cells to
cause an allergic reaction. Omalizumab reduces serum
concentrations of free IgE immediately after the first
injection, reduces IgE synthesis by B cells in response to
allergen exposure, decreases the expression of IgE high-
affinity receptors, and attenuates both the early-phase
and late-phase reactions to inhaled allergens in patients
with asthma (see review’ ). A reduction in FceRI expres-
sion on dendritic cells in the blood of atopic subjects by
omalizumab suggests that omalizumab may act through
other mechanisms besides IgE-dependent mast cell release
of inflammatory mediators. A number of studies have
shown that these mAbs to IgE are helpful in the treatment
of patients with moderate to severe allergic asthma with
reduction or discontinued use of corticosteroids, reduced
asthma exacerbations, and improved lung functions.® In
a large multicenter trial in Europe of patients with severe
persistent allergic asthma whose disease was inadequately
controlled by the Global Initiative for Asthma treatment
guidelines, add-on therapy with omalizumab was a well
tolerated and effective therapy.” The clinical trial data
have been reviewed in more detail by Nowak.® This is
the first biologic immunotherapeutic agent that has been
approved for the clinical treatment of allergic diseases.
This novel therapeutic biologic has other potential indica-
tions including seasonal allergic rhinitis and food allergy,

and as adjunct therapy in atopic patients experiencing
severe adverse events during allergen desensitization.

TARGETING THE LOW-AFFINITY
IgE RECEPTOR

The low-affinity IgE receptor, FceRIl or CD23, is
widely expressed on many types of inflammatory cells,
and is thought to be important in regulating IgE-mediated
inflammatory processes. The expression of CD23 is in-
creased on monocytes, lung alveolar macrophages, and
B cells of atopic individuals. Activation of this receptor
on antigen-presenting cells (APCs) enhances the genera-
tion of proinflammatory cytokines, and on B cells leads
to increased synthesis of IgE and antigen presentation.
Lumiliximab (IDEC-152) is a IgG; anti-CD23 mAb of
primate variable regions and human constant regions. In
a single-dose phase I clinical trial of patients with allergic
asthma, total serum IgE levels decreased by 40%. In vitro
anti-CD23 mAb modulated proinflammatory cytokine
production by APCs and reduced IL-5 synthesis.9 Further
studies are needed to determine the clinical efficacy of this
new mADb in asthma and other allergic diseases.

Targeting immunomodulatory cytokines

Several immunomodulatory cytokines play an impor-
tant role in the functional differentiation of CD4 ™" Ty cells.
These T cells together with IL.-4 are important for isotype
switching and increases in IgE production. Other Ty2-
derived cytokines important in allergic asthma are IL-5,
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which promotes the development, recruitment, activation,
and survival of eosinophils, and IL-13, which is necessary
for allergen-induced airway hyperresponsiveness. Thus,
a potential therapeutic approach is to block or neutralize
these important Ty2-derived cytokines. Borish et al'
studied the efficacy of nebulized recombinant human sol-
uble IL-4 receptor, the extracellular portion of the a-chain
of the high-affinity receptor, in patients with moderate
asthma. Initial studies were encouraging in which high
doses of soluble IL-4 receptor prevented a decline in the
FEV; and asthma symptoms on withdrawal of inhaled
corticosteroids. Further clinical trials are needed to show
clinical efficacy. Kon et al'! observed small clinical effects
in patients with severe asthma using a chimeric antibody
to CD4 (keliximab) in a randomized, dose-ranging,
placebo-controlled study.

A different approach was used by Leckie et al'*: a mAb
to IL-5, with the premise that blocking eosinophil traffick-
ing and survival might be beneficial in patients with
asthma. A humanized mAb to IL-5 (mepolizumab) has
been used in several asthma studies. Although safe and ef-
fective in lowering blood and sputum eosinophil levels,
mepolizumab has shown no appreciable effects on the
late asthmatic response, airway hyperresponsiveness, or
other asthma clinical outcomes. These studies suggest
that eosinophils may play less of a role in these clinical
and lung function parameters. Even after 3 intravenous
doses of mepolizumab, there was only a 55% reduction
in airway eosinophils, no appreciable effect on bronchial
mucosal staining of eosinophil major basic protein, and
no significant change in the clinical parameters of
asthma.'® Nevertheless, Flood-Page et al' reported that
anti-IL-5 significantly decreased the concentration of
TGF-B1 in bronchoalveolar lavage fluids, and also signif-
icantly reduced the deposition of extracellular matrix pro-
tein in the bronchial subepithelial basement membrane of
mild atopic patients with asthma. Their studies suggest
that airway eosinophils may contribute to the tissue re-
modeling process in asthma. Another potential immu-
notherapeutic use for mepolizumab is in patients with
hypereosinophilic syndromes.'> Although both IL-4 and
IL-5 play important roles in the allergic process, blocking
these cytokines individually does not appear to have major
effects on the disease process.

Daclizumab is a humanized mAb directed against the
IL-2 receptor a-chain (CD25) and is approved for use in
renal allograft rejection. In a phase II trial, Busse et al'®
and, more recently, Nelson et al'’ reported that daclizu-
mab improved asthma control in a subset of patients
with refractory asthma. Sornasse et al'® reported that dacli-
zumab can inhibit in vitro all the major T2 cytokines, in-
cluding IL-4, IL-5, and IL-13. Daclizumab may work by
blocking IL-2-induced T-cell proliferation and reducing
the ability of T cells to produce cytokines.

Studies have suggested that IL-13 is a key cytokine in
the inflammatory process of allergic asthma'® and thus
represents an attractive target for immune intervention.
In mouse models of asthma, the administration of recom-
binant IL-13 induces airway mucus gland hyperplasia and
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airway hyperresponsiveness. Yang et al?® showed the

administration of a rat mAb to IL-13 in a chronic asthma
model in mice inhibited airway hyperresponsiveness and
prevented further development of subepithelial fibrosis
and progression of the inflammation. Blanchard et al*' re-
ported that a humanized anti—IL-13 IgG, mAb (CAT-354)
reduced airway hyperresponsiveness and airway
eosinophilia. In a different but related approach, adminis-
tration of a soluble IL-13 receptor (IL-13Ra2-IgFc fusion
protein) blocked the effects of IL-13 in an ovalbumin
model of asthma in mice.'*** Studies to date using mAb
to cytokines suggest that dual biologic agents or a cocktail
approach to block or inactivate multiple cytokines in the
Ty2 pathway of allergic inflammation may be required
to achieve clinical efficacy in human subjects with asthma.

TARGETING PROINFLAMMATORY
CYTOKINES

Research with synovial tissues from patients with
rheumatoid arthritis has shown that TNF is a critical
mediator in the inflammatory process. This has led to the
development of biologic immunotherapeutic agents for
use in patients with rheumatoid arthritis, including mAbs
to TNF-« (infliximab and adalimumab), a recombinant
TNF receptor—IgG fusion protein (etanercept), and a
recombinant human IL-1 receptor antagonist (ana-
kinra).”*** These biological agents have had the most
clinical success of any of the biologic agents in the therapy
of inflammatory rheumatic disorders, Crohn disease, and
psoriasis.”’

TNF-a is produced by a wide variety of cell types,
including mast cells. TNF-a amplifies the inflammatory
response, upregulating adhesion molecules to enhance
eosinophil and neutrophil migration into airways. It has
been proposed that TNF-a plays an important role in
airway remodeling, including the proliferation of fibro-
blasts with increased subepithelial fibrosis, increased
production of matrix glycoproteins, and mucus gland
hyperplasia.”® Nebulized recombinant human TNF-« in
patients with mild asthma increased bronchial hyperres-
ponsiveness.27 Studies in patients with asthma have
shown increased concentrations of TNF-a in bronchoal-
veolar fluids in patients with more severe asthma.?®>° In
an open-label study, Howarth et al® gave etanercept to
patients with severe asthma on high-dose inhaled and
oral corticosteroids. There was marked improvement in
symptoms, lung function, and bronchial hyperresponsive-
ness at 12 weeks of therapy. Berry et al’’ reported that
patients with refractory asthma had increased expression
of membrane-bound TNF-o, TNF-a receptor-1, and
TNF-a converting enzyme by peripheral blood mono-
cytes. In a pilot study, these investigators gave etanercept
(25 mg twice weekly) to patients with refractory asthma in
a placebo-controlled, double-blind crossover study.
Compared with placebo after 10 weeks of treatment, there
was a significant decrease in bronchial hyperresponsive-
ness to methacholine, an improvement in asthma-related
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TABLE I. Monoclonal antibodies and fusion proteins in asthma
Name Source Target antigen-molecule Status
Omalizumab Humanized IgE FDA-approved
Lumiliximab Chimeric FceRII/CD23 Phase II
Soluble IL-4 receptor Fusion protein L4 Phase II
Keliximab Chimeric CDh4 Phase II
Mepolizumab Humanized 1L-5 Phase II
Daclizumab Humanized IL-2 receptor a-chain Phase 1I
CAT-354 Human IL-13 Animal model
IL-13Ra2-IgFc Fusion protein IL-13 Animal model
Infliximab Chimeric TNF-a Phase II
Etanercept Fusion protein TNF-a Phase II
Anti-CD137 mAb Rat IgG,, antimouse mAb CD137 on T cells Animal model
Efalizumab Humanized CDlla Phase II

quality of life, and a 0.32-L increase in postbronchodilator
FEV,. In a recent double-blind, placebo-controlled study,
infliximab was found to be well tolerated and associated
with a decrease in the number of patients with exacerba-
tions in symptomatic moderate asthma.®' Further clinical
studies using both etanercept and blocking mAb are
needed to define more clearly the asthma severity and phe-
notype that would most benefit this form of therapy.

TARGETING CORECEPTORS TO INHIBIT
T-CELL ACTIVATION

T cells require at least 2 signals to become activated.
The first signal is antigen-specific, and it is delivered by
the engagement of the T-cell receptor with the MHC-
peptide complex on the APC. The second is delivered by
the binding of a costimulatory receptor on T cells to its
ligand on the APC. A key costimulatory signal is provided
by the interaction of CD28 on T cells with CD80 (B7-1) or
CD86 (B7-2) on the APC.>* With engagement of the T-
cell receptor and the CD28 costimulatory receptor, T cells
proliferate and produce cytokines that activate other in-
flammatory cells, such as macrophages and dendritic cells.
Another costimulatory molecule expressed on T cells,
cytotoxic T lymphocyte—associated antigen (CTLA)4,
is expressed later during T-cell activation and is the high
avidity receptor for both CD80 and CD86. This interaction
between CTLA4 on the T cell and its corresponding ligand
on APC provides a negative signal to the T cell to down-
regulate its immune reactivity.

CTLAA4-Ig is a fusion protein, abatacept, consisting of
the external domain of the human CTLA4 protein and
the heavy chain constant region of human IgG,.** Abata-
cept binds to both CD80 and CD86 on APCs, thereby pre-
venting these molecules from engaging the CD28 receptor
on T cells, and the delivery of a secondary costimulatory
signal that is required for optimal activation of T cells.
In vitro abatacept decreases T-cell proliferation and in-
hibits the production of TNF-a, IFN-vy, and IL-2. Abata-
cept has been evaluated in 5 controlled clinical trials for
the treatment of rheumatoid arthritis in patients who have
had inadequate responses to disease modifying anti-

rheumatic drugs (DMARDs) such as methotrexate and
TNF-blocking agents.**> Treatment with abatacept
(CTLAA4-Ig) significantly improved the signs and symp-
toms of rheumatoid arthritis and the quality of life survey.
It was also well tolerated and was approved by the US
Food and Drug Administration (FDA) in December
2005. To date, there have not been studies with abatacept
in patients with allergic disease or asthma.

Another costimulatory molecule is CD137 (4-1BB), a
member of the TNF receptor family. It is expressed on
activated T cells, natural killer cells, and dendritic cells.
Administration of agonistic mAbs to this costimulatory
CD137 molecule in different mouse models induces tumor
rejection, enhances CD8 T-cell responses to viruses, blocks
autoimmune disease progression, and suppresses rheuma-
toid arthritis. By using a murine model of asthma, Polte
et al’® showed that a single injection of agonistic anti-
CD137 mAb prevented the development of airway hyper-
reactivity, eosinophilic airway inflammation, excessive
mucus production, and elevated IgE levels. Even estab-
lished disease, chronic asthma, was reversed by this anti-
CD137 mAb, suggesting that CD137 may be a possible
target for therapeutic intervention in patients with asthma.

TARGETING THE MOVEMENT OR
TRAFFICKING OF IMMUNE OR
EFFECTOR CELLS

Another approach to interrupting the inflammatory
pathway is blocking the migration of certain cell types
into an inflammatory area of disease. Recruitment of
leukocytes from the blood into tissues is regulated
by sequential engagement of adhesion molecules on
leukocytes and endothelial cells.’” There are now a num-
ber of approved agents that modulate cell adhesion. As we
gain more knowledge about the interactions of integrins
with their ligands, a new class of designer molecules has
been produced that modulates binding activities. Most
of these mAb and small molecule antagonists have
been employed in cardiovascular diseases to inhibit
platelet integrin OLIIbB3.38 Lymphocyte function-associ-
ated antigen-1 (LFA-1)/intercellular adhesion molecule
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interactions are another key mediator of leukocyte adhesion
with vascular endothelium. Studies of an anti—intercellular
adhesion molecule mAb, enlimomab, in various inflam-
matory and autoimmune diseases were disappointing. More
recently, a mADb targeting the a-chain (CD11a) of LFA-1,
efaluzimab (Raptiva; Genentech, San Francisco, Calif),
was developed for the treatment of chronic moderate-
severe plaque psoriasis. *° Gauvreau et al* studied the ef-
fects of efalizumab on allergen-induced airway responses
and inflammation in patients with allergic asthma.
Although this mAb reduced inflammatory cells in the spu-
tum, there were no clinical effects on lung function.

Leukocyte integrin a4 1(very late antigen [VLA-4])
binding to its ligands vascular cell adhesion molecule on en-
dothelial cells and fibronectin is another key integrin-ligand
interaction. Using mAb to inhibit a4 integrin interactions
appeared to be a promising therapeutic approach in a wide
range of animal models of inflammation and autoimmune
disease.*! Natalizumab, a mAb that binds to a4 integrin,
has received much interest for the treatment of multiple scle-
rosis and Crohn disease. Miller et al** reported that patients
with relapsing multiple sclerosis who receive monthly injec-
tions of a humanized mAb that binds to the a4-chain of the
integrin molecule, natalizumab (Tysabri; biogen idea,
Cambridge, Mass), had significantly fewer inflammatory
central nervous system lesions compared with the placebo
group, and had approximately half as many clinical re-
lapses over a 6-month period. The a4 integrins have
been implicated in other inflammatory conditions, such
as ulcerative colitis, rheumatoid arthritis, diabetes, arterio-
sclerosis, and asthma, and thus remain a treatment option
for agents that block the a4 integrin.

SAFETY AND ADVERSE EFFECTS

As with any therapeutic modality, there can be a
downside associated with serious side effects of the
immune modulation. Fortunately, the 1 biologic immune
modifier approved for asthma, omalizumab, is well toler-
ated, and in the treatment of more than 7500 patients with
allergic disease appears quite safe.>**** In rheumatic dis-
eases, the most studied of the biologic immune modifiers
are the TNF-a inhibitors and the risk of infection.*®
Reactivation of tuberculosis and invasive fungal infec-
tions, such as aspergillosis, coccidioidomycosis, and other
opportunistic infections, have been reported in patients re-
ceiving anti-TNF mAb. Bongartz et al* reported that there
was a 2-fold increase in risk of serious infection and a
dose-dependent increase in the risk of malignancies in
patients with rheumatoid arthritis treated with anti-TNF
mAD. The risk of infection is 3 times greater with inflixi-
mab than with etanercept.*’ Shortly after FDA approval,
natalizumab was removed from the market for use in mul-
tiple sclerosis because 2 patients developed progressive
multifocal leukoencephalopathy (www.fda.gov/medwatch).
Recently, however, the FDA (June 5, 2006) approved
an application for resumed marketing of Tysabri (natalizu-
mab) with a special restricted distribution program for the
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treatment of relapsing forms of multiple sclerosis. For
more details the reader is referred to the reviews by Lee
and Kavanaugh*® and Kong et al*® and the FDA web
site (www.fda.gov/cder/biologics/safety/safety.htm).

Despite desirable immune modulation of disease in
animal models, even phase I clinical trials can go deadly
wrong. This is what happened with the drug TGN1412, a
CD28-specific superagonist mAb developed by TeGenero
(Wurzburg, Germany) for the treatment of rheumatoid
arthritis, multiple sclerosis, and leukemia. Six healthy
volunteers were injected intravenously with the drug and
developed severe clinical symptoms and multiple organ
failure.* This mAb is designed to activate T cells directly.
In animal models, TGN1412 activated regulatory T cells
to modulate autoimmune disease, a concept that could
be applied even to asthma. Investigations are ongoing to
understand what went terribly wrong in this phase I clini-
cal trial. Although there are animal models and clinical
experience with biologics that block or neutralize immune
and inflammatory events, biologics that activate or stimu-
late the immune system must be carefully investigated in
better defined animal models, and extra precautions need
to be taken when entering human trials.

SUMMARY

The first mAb (OKT3) was approved for the treatment of
allograft rejection in 1986, and was all mouse protein. Now
virtually all new mAbs are humanized. However, most of the
growing numbers of mAbs entering clinical trials are com-
pletely human. Two technological advances have made it
possible to design all human mAb for the treatment of
disease: phage display technology and transgenic mice
that express human immunoglobulin genes. For example,
adalimumab is a human anti-TNF-a mAb derived from
phage-display technology for the treatment of rheumatoid
arthritis and psoriatic arthritis. A key advantage of mAb
and recombinant protein conjugates is that their properties
can be modified, even endowing them with new activities
through advances in molecular biology. Evenin 1 year, there
have been many advances in the use of biologics as thera-
peutic modalities, especially in autoimmune disease and in
the treatment of cancers. More than 150 mAbs are currently
in clinical development. Over the next 5 years, we will see
the development of designer mAbs for the treatment of
a variety of disease processes.

So, ‘“‘are we there yet?”’ Omalizumab is an effective and
safe biologic immune modifier for patients with severe
allergic asthma. As discussed in this article, there are other
mAb and fusion proteins that are in phase II studies
(Table I). However, asthma is a complex immunologic
and inflammatory disease. Even in those patients who
are atopic, a variety of triggers can worsen the disease.
As we have seen with mAb to IL-5 and soluble IL-4 recep-
tor, clinical results have been limited. Thus, targeting
a single cytokine may not work well in the treatment of
a complex inflammatory process like asthma, but may re-
quire a cocktail of mAbs.”® However, TNF-a blockade
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does look promising in patients with severe asthma.

29-31

Over the next 5 years, as we learn from other inflammatory
and autoimmune diseases how to modulate the inflamma-
tory and immune pathways with mAb and fusion proteins,
these new treatment approaches will be extrapolated for
the treatment of asthma and other allergic diseases, and
ideally will be both effective and safe.
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