mAbs 6:1, 54-72; January/February 2014; © 2014 Landes Bioscience

IgE immunotherapy
A novel concept with promise for the treatment of cancer
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The importance of antibodies in activating immune
responses against tumors is now better appreciated with
the emergence of checkpoint blockade antibodies and with
engineered antibody Fc domains featuring enhanced capacity
to focus potent effector cells against cancer cells. Antibodies
designed with Fc regions of the IgE class can confer natural,
potent, long-lived immune surveillance in tissues through
tenacious engagement of high-affinity cognate Fc receptors
on distinct, often tumor-resident immune effector cells, and
through ability to activate these cells under tumor-induced
Th2-biased conditions. Here, we review the properties that
make IgE a contributor to the allergic response and a critical
player in the protection against parasites, which also support
IgE as a novel anti-cancer modality. We discuss IgE-based active
and passive immunotherapeutic approaches in disparate in
vitro and in vivo model systems, collectively suggesting the
potential of IgE immunotherapies in oncology. Translation
toward clinical application is now in progress.

Introduction

Monoclonal antibodies (mAbs) represent a significant
addition to the therapeutic armamentarium for a variety of
malignancies, with 15 approved antibody-based therapies in
current use in oncology. It is notable, however, that over
half of these successful agents are approved for hematological
malignancies, i.e., leukemias and lymphomas. Despite the superb
specificity and high affinity of mAbs for their target antigens
and significant advances in antibody immunotherapy for breast
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and colorectal cancers, the concept of a “magic bullet” for the
treatment of many solid tumors has produced less impressive
outcomes. Although many therapeutic mAbs exert their anti-
tumor effects through a multitude of mechanisms, Fc-mediated
mechanisms of immune system engagement play an important
role>® There is now emerging evidence in support of the
substantial contributions that Fc-mediated mechanisms make to
the observed clinical efficacy of therapeutic antibodies; indeed,
Fc-mediated mechanisms of action are attributed to antibodies
already in clinical use, such as trastuzumab,” cetuximab," and
ipilimumab." These antibodies lend credence to the notion
that effector cell activation is an important, albeit often less
well-appreciated contributor to the anti-tumoral properties
of many therapeutic mAbs. This knowledge has encouraged
the development of several innovative antibody engineering
strategies, all aimed at optimizing the antibody-immune system
interaction by enhancing Fc-mediated antibody mechanisms of
action.!>

The currently approved mAbs are of the IgG isotype® due to
favorable pharmacokinetic properties and pioneering experiments
by Neuberger and colleagues, which demonstrated that IgG,
and in particular IgGl, was more effective than other antibody
isotypes in activating complement and promoting antibody-
dependent cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) against tumor cells in vitro.5"
Because the interaction of a therapeutic antibody with immune
effector cells is mediated by its Fc domain, which determines
binding to complement and the relevant cellular Fc receptors, it is
clear that the class or subclass of an antibody critically determines
its effector functions, and ultimately could substantially influence
efficacy. In the context of IgG class antibodies, insufficient access
of systemically-introduced large molecules like antibodies to
solid tumor lesions, the relatively low affinity of antibodies for
their cognate Fc receptors, and the presence of inhibitory Fcy
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receptors in the tumor microenvironments, together with local
immunosuppressive conditions and inefficient recruitment and
activation of immune effector cells with sufficient potency to
eradicate cancer, may be mechanisms that restrict the effector
functions of therapeutic antibodies. Therefore, one strategy to
optimize the antibody-immune system interaction has been the
use of passive and active immunotherapies that take advantage
of the particular properties of antibodies with Fc regions of
alternative immunoglobulin classes, such as those of the IgE class.
Indeed, work in this area constitutes an important branch of the
rapidly growing field of AllergoOncology, which aims to address
the potential opportunities posed by IgE-mediated and T helper
type 2 (Th2)-biased cellular responses in malignant diseases.'®

It has been suggested that the well-documented manifestations
of allergic disease and immune surveillance in parasitic infections,
namely local immune stimulation, with an ensuing cascade of
“allergic” inflammation at the site of antigen provocation, may be
harnessed to re-direct potent immune cell populations to induce
tumor rejection.”’?? These characteristics, together with the high
affinity of IgE for its cognate Fce receptors and the observation
in solid tumors of many critical IgE receptor-expressing immune
effector cells, have formed the motivation for several research
groups to develop tumor-specific recombinant IgE antibodies,
and other immunotherapeutic approaches, aimed at triggering
IgE functions to target tumor cells.”*”” These emerging
developments are discussed in this review.

The IgE antibody and its Receptors

IgE is the least abundant circulating antibody class and has
a very short serum halflife. Indeed, the serum concentration
of IgE in normal individuals is ~-50 ng/mL, in stark contrast
to IgG, which is present at concentrations in the order of 5-10
mg/mL.%? In contrast with its short half-life in the circulation
(1-2 d, compared with -3 weeks for IgG), tissue-resident IgE
may persist for several days (approximate half-life in the skin
of 2 weeks).?*3? This may be a consequence of its extremely
high affinity for the IgE Fc receptor, FceRlI, and in particular
its slow dissociation from this receptor, resulting in re-binding
of dissociated IgE to its receptors, and restricted diffusion away
from the tissue within which it resides.*

Both myeloma IgE and normal IgE are heavily glycosylated
compared with IgG.%3 A glycosyltransferase initiates the addition
of carbohydrate chains to Asn at the consensus site, Asn-X-
Ser/Thr; one such site in the Fc region is conserved in other
immunoglobulin classes including IgG and lies between the two
heavy-chains, but there are several other sites, not always fully
glycosylated, on the surface of IgE. The particular sugars may be
very important for IgE activity and transport. For example, the
carbohydrate chains in IgE Fc are of the “high-mannose” type,
due to the failure to trim off the branches of the carbohydrate
chains that contain this sugar. Mannose is recognized by
mannose binding protein, which is present on liver cells that
phagocytose IgE. This may contribute to the short half-life of IgE
in the circulation, compared with IgG, which in contrast contains
“complex-type” carbohydrate chains. Since cells of different
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types, and also the same types under different conditions, express
different glycosyltransferases, the choice of cell lines and growth
conditions for the production of recombinant IgEs may be critical
for the safety or efficacy of IgE immunotherapy of cancer.*

There are two well-characterized receptors for IgE that are
structurally and functionally distinct: the high affinity FceRI,
and the lower affinity CD23 (FceRII), that bind the Fc epsilon
(Fce) region of IgE with affinities (K ) of 10°-10" M and 10—
10° M7, respectively.*% In addition, the IgE-binding molecules
galectin-3 and galectin-9 recognize oligosaccharides of IgE.*

FceRI

Human FceRI exists as both a tetrameric and trimeric
structure. Tetrameric FceR1is composed of an a-chain, a B-chain
and a disulfide-linked y-chain homodimer (afy,), whereas for
trimeric expression, the a-chain associates with the y,-dimer in
the absence of a B-chain (avy,). Tetrameric and trimeric FceRI
isoforms have different cellular expression patterns associated
with different IgE effector functions. The afy, tetramer is
expressed only on basophils and mast cells, where it is expressed
in abundance (-200000 molecules/cell), whereas the avy,
trimer in humans, is expressed on Langerhans cells, dendritic
cells (DCs), monocytes and eosinophils, at 10 — 100 fold lower
concentrations.”’” The trimer is not expressed in mouse, but is
expressed in the rat in the same cell types as in humans.?® This
makes rat the more suitable rodent model to study IgE effector
functions in allergic disease and cytotoxic killing (ADCC) of
tumor cells.?

CD23 (FceRII)

CD23 (FceRII) is a type II integral membrane protein that
belongs to the calcium-dependent (C-type) lectin superfamily.
Its expression can be induced on a broad range of immune cells,
such as activated B cells, activated monocytes and macrophages,
eosinophils, natural killer T cells, T cells, follicular DCs,
and platelets, but also on non-immune cells, such as airway
epithelial cells and smooth muscle cells.**" Two isoforms of
CD23 have been identified, CD23a and CD23b.”> Human
CD23a is expressed exclusively on antigen-activated B cells
prior to differentiation into antibody-secreting plasma cells,
and is involved in IgE antibody-dependent antigen endocytosis,
processing and presentation, and the regulation of IgE synthesis
and clearance. CD23b is expressed on a variety of effector
cells, including B cells and monocytes/macrophages, following
interleukin (IL)-4 stimulation.’>%% CD23 is a homo-trimer
of three chains with C-type lectin domains held together by
a coiled-coil stalk in the membrane form. After cleavage at a
specific site in the extracellular sequence by metalloprotease, the
soluble fragment (sCD23) may be further degraded to leave only
the monomeric lectin domain with or without a C-terminal tail
region. This soluble CD23 (sCD23) fragment in humans, but
not mice, has specificity for complement receptor 2 (CR2) and
the binding to CR2 on B cells promotes B cell proliferation and
IgE synthesis.** As IgE production and concentrations increase
in the circulation during exposure to allergens in sensitized
individuals, this IgE can bind to membrane CD23 to prevent the
release of sCD23. This terminates enhancement of IgE synthesis
by sCD23 and may induce further inhibitory signals through
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membrane CD23. The combined activities of membrane CD23
and sCD23 constitute homeostatic mechanism for controlling
the concentration of IgE.*

Galectins-3 and -9

In addition to the cell-bound IgE receptors, there are secreted
lectins (carbohydrate binding proteins) that recognize particular
sugar residues in the carbohydrate chains attached to IgE and
other proteins. They may promote (galectin-3) or suppress
(galectin-9) allergic inflammation, and undoubtedly affect
other functions of IgE and of other glycosylated proteins. Liu
and coworkers have performed extensive studies on galectin-3.*
Galectin-9 binds to B-galactoside residues in the carbohydrate
chains of IgE and can suppress allergic inflammation.“ It exerts
this activity by blocking the binding of antigens to IgE. Galectin-3
is secreted by epithelial cells and immune inflammatory cells and
binds to carbohydrate chains containing B-galactoside residues.
Galectin-3 binds specifically to oligosaccharide structures with a
terminal B-galactose through a lectin—carbohydrate interaction.”
It recognizes IgE and FceRI, both of which have multiple
carbohydrate chains and can activate immune responses.>** Due
to its ability to form pentameric complexes with oligosaccharides,
it can crosslink FceRI or receptor-bound IgE on the surface of
mast cells and basophils.®** Despite its potential to enhance
mast cell activation and mediate the phagocytotic properties of
monocytes, increased expression of galectin-3 has been associated
with poor prognosis in thyroid and pancreatic cancers, whereas
reduced levels of the protein were detected in colon, ovarian,
breast, endometrial and skin cancers, compared with normal
tissues.”! Galectin-3 expression in malignancies may have a
bearing on the immunogenic nature of the tumor, but this has
not yet been fully explored. Although expressed by monocytic
cells, in at least one in vitro study, galectin-3 did not appear to
mediate tumor cell death.?” To date, there is no evidence linking
galectin-3 to IgE antibody-dependent tumor cell killing although
further research may shed more light on potential mechanisms
that may link galectin-3 to IgE-mediated immune cell activation
signals against cancer cells.

The IgE-Mediated Immune Response

Antibodies of the IgE class play a critical pathogenic role in
triggering and maintaining allergic inflammation in response
to allergens. This allergen-induced immune response is rapidly
activated in response to allergens such as the house dust mite or
pollen proteins, and results in triggering of mast cell degranulation
and eosinophil inflammation at the site of allergen challenge.
This allergic inflammatory cascade, however, is thought to have
originally evolved from the natural immune defense against
parasite infections, which acts to rapidly neutralise invading
parasites.’>>

The role of IgE in allergic inflammation

Allergic inflammation is characterized by IgE-dependent
activation of mast cells and an infiltration of inflammatory
cells to the site of allergen challenge, orchestrated by increased
numbers of activated CD4+ Th2 lymphocytes. This occurs in a
step-wise manner, beginning with allergen sensitization and the
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subsequent production of allergen-specific IgE by B cells. Upon
re-exposure to the same allergen, a rapid cascade of events is
triggered with mast cell and basophil degranulation, followed by
early and late phase inflammatory responses.

Allergen sensitization

The immune response in allergy begins with allergen
sensitization, a process that culminates in the production and
secretion of allergen-specific IgE by B cells that have undergone
clonal selection and affinity maturation. First, upon exposure
to allergen, antigen presenting cells (APCs) such as DCs,
monocytes, or B cells, present the allergen on their cell surface
to cognate naive T cells, inducing them to acquire a CD4+
Th2 cell phenotype.?® These Th2 cells then engage cognate B
cells through both B cell major histocompatibility complex
(MHC) class II and co-stimulatory molecules, such as the CD40
receptor/CD40 ligand, and secrete IL-4 and IL-13, inducing
B cells to undergo class-switch recombination (CSR) from
IgM or IgD, to IgE.*” Such class switching to IgE may occur,
however, after an intermediate switch to IgG, and it is thought
that affinity maturation occurs in the IgG-positive cells before
switching to IgE.>*> B cells that have completed this process
are irreversibly committed to production of IgE antibodies,
expressed as membrane IgE, also known as the B cell receptor
(BCR), through which they are stimulated to differentiate into
IgE-secreting plasma cells by allergen binding and an appropriate
cytokine millieu. CSR can also be induced by IL-4 or IL-13
derived from cells other than Th2 cells, which may include MCs
and basophils.”® As a result of allergen sensitization, the B cells
that have undergone clonal selection and affinity marturation
secrete allergen-specific IgE, which then binds, via its Fc region,
to FceRI receptor-expressing immune effector cells such as
mast cells and basophils, leaving its allergen-specific Fab region
available for future interaction with allergen.

Early and late phase allergic reactions

The immune response to re-exposure to allergen can be
divided into two phases. The first is the classic immediate (type
I) hypersensitivity, or early phase reaction, which occurs within
minutes of exposure to the allergen. The second, or late phase
reaction, occurs 46 h after the subsidence of the first phase
symptoms and can last for days or even weeks.

During the early phase reaction, allergen cross-linking of
IgE bound to FceRI on mast cells (or basophils) causes receptor
aggregation and downstream signaling through a Syk-dependent
pathway.”” The net result of this is degranulation of these cells
and the release of preformed mediators from their cellular
granules, including histamine, heparin, serotonin, and mast cell
proteases, and de novo synthesized lipid mediators, contributing
to the characteristic symptoms of an allergic reaction within
minutes.”” Cross-linking of these cells can only be triggered
by multivalent antigens because two or more FceRI receptors
need to be engaged for cross-linking and subsequent triggering
of the ensuing signaling cascade. As the acute symptoms of
immediate hypersensitivity abate, IgE-stimulated mast cells
produce chemokines and cytokines that orchestrate the influx
and activation of cell types associated with allergy to produce
the late phase response.’®” The recruited inflammatory cells
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include neutrophils, followed by eosinophils, monocytes and
lymphocytes. The resultant chronic inflammation may then lead
to tissue remodelling and subsequent exacerbation of the allergic
disease.

Crucial cells in this inflammatory infiltrate are monocytes
and eosinophils, whose functions include clearance of antigen—
IgE complexes, and killing and phagocytosis of pathogens
and antigen-expressing tumor cells.?”*® FceRI and CD23, the
expression of which is upregulated by IgE and the cytokines IL-4
and IL-13, respectively, mediate these processes.

The role of IgE in parasitic infections

Besides its critical role in allergy, IgE is generally believed to
play a physiological role in immunity against parasites.®" The
first in vivo evidence that IgE antibodies could be an essential
component of the protective immunity against parasites was
provided by passive transfer of monoclonal IgE antibodies
directed against schistosomes.® In this study, a rat monoclonal
IgE antibody raised against Schistosoma mansoni afforded a
significant level of protection against a challenge infection
with S. mansoni when passively transferred into naive recipient
rats.®?

Furthermore, induction of resistance to infection by adoptive
transfer of eosinophils or platelets bearing IgE, indicated that the
IgE on these effector cells was crucial.®® Later, support for a role
of IgE in parasite immunity was found when it was demonstrated
that human eosinophils, platelets and macrophages could harness
IgE in vitro to mediate cytotoxicity and phagocytosis, via FceRI
or CD23, respectively, of Schistosoma mansoni or Leishmania
major.>>%>%* These observations were subsequently established
to be relevant to human immunity when epidemiological
studies with Schistosoma hematobium provided evidence that
host protection against re-infection in S. hematobium-infected
populations was associated with high levels of parasite-specific
IgE,® and subsequently IgE antibodies against Schistosoma
mansoni were shown to positively predict resistance against
re-infection with this blood fluke.®

More recently, studies have demonstrated evidence that IgE
antibodies are capable of activating a different cell type, namely
mast cells, to induce elimination of parasites through the release
of toxic granules.”” Trichinella spiralis infection induces intestinal
mastocytosis and heightened IgE responses, and elimination of
this parasite requires expulsion of the adult worms from the gut
and destruction of the larval cysts deposited in the muscles.*®
In IgE-sufficient animals, intense deposition of IgE around the
necrotic larval cysts was demonstrated with associated accelerated
removal of worms from the intestine and a reduction in the
viability of larval parasites in muscle.” Indeed 7. spiralis infection
drove a marked splenic mastocytosis and elevated serum levels of
mouse mast cell protease-1 (MMCP-1), consistent with a systemic
expansion of mast cells driven by the parasite. This mast cell
increase was dramatically attenuated in IgE”" mice, implicating
IgE antibodies in this mast cell homeostasis and protection from
parasitic infections. Furthermore, protective roles for mast cells
during 7. spiralis infection have also been observed using mast
cell deficient mice and by antibody inhibition of the mast cell
marker, c-Kit.%®
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Based on the evidence, it appears that IgE antibodies play
a central physiological role in immunity against parasitic
infections, by a number of different mechanisms and through
a number of IgE receptor-expressing cell types. Knowledge of
these properties, in addition to those that make IgE a crucial
contributor in the allergic response, have stimulated researchers
to ask whether IgE antibodies may have potential value as a
therapeutic agent in cancer. It is hypothesized that the well-
documented manifestations of allergic disease and immune
surveillance in parasitic infections, namely local immune
stimulation, with the ensuing cascade of “allergic” inflammation
at the site of antigen provocation may be harnessed to re-direct
potent immune cell populations to induce tumor rejection.*? The
potential for IgE to induce an “allergic” inflammatory response
at the site of a tumor, together with the distinct presence in
solid tumors of many critical IgE receptor-expressing immune
effector cells, has formed the motivation for several research
groups to develop recombinant tumor-specific IgE antibodies
and other immunotherapeutic approaches involving triggering
IgE functions to target tumor cells.

AllergoOncology: Wielding the Allergic
Response against Cancer

The emerging field of AllergoOncology represents a multi-
disciplinary effort to determine the relationship between cancer
and IgE-mediated immunity, and to exploit this relationship by
developing active and passive immunotherapies for the treatment
of cancer."®®

An association between allergic diseases and cancer was first
proposed in the 1950s, when experiments were conducted to
investigate “allergic responses” toward tumor xenografts.” The
interest of the scientific community with regard to the biological
consequences of this so-called “tumor allergy” on cancer
progression was further stimulated when a negative correlation
between atopy and cancer was first reported over 4 decades ago.”"
73 Subsequently, serum IgE levels and allergic reactions in the skin

of cancer patients,’*”

provided further evidence of a potential
inverse relationship between allergy and cancer, and this seemed
to be confirmed by the finding of a decreased prevalence of
atopy in cancer patients.”” In the early 1990s, the hypothesis
that IgE antibodies possessed a natural surveillance function in
malignancies was further fuelled when an immunohistochemical
(IHC) study on the distribution of immunoglobulin classes in
head and neck cancer revealed that IgE antibodies were the most
abundant class.”” Support, however, for a role of IgE in natural
tumor immunosurveillance was provided in a subsequent study
by Fu et al., who demonstrated significantly elevated levels of
serum cancer-specific IgE capable of inducing tumor cytotoxicity
in patients with pancreatic cancer patients vs. healthy controls.”®
It is possible that these findings are due to either induction of
class switching to IgE in Th2-biased milieu within the tumor
microenvironment and may be indicative of a redirected, belated
or inefficient immune response to cancer growth.””** Nonetheless,
these findings may suggest that IgE antibodies could also harbor
tumor-eradicating functions.
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Epidemiological associations of IgE and allergy

A multitude of epidemiological studies have evaluated
potential associations between allergy and risk of malignancy. It
is clear from these studies that the relationship between allergy
and cancer is complex, with a number of hypotheses proposed to
explain either the increased or decreased risk of different cancer
types reported in the literature.! Despite the complex relationship
between allergy and cancer, strong inverse associations have been
consistently reported for a few specific tumor types, including
cancers of the brain, pancreas, lymphatic/hematopoietic systems,
gastrointestinal tract and gynecological malignancies.®> These
epidemiological studies (reviewed by Josephs et al.*'), which
demonstrate a potential inverse association between a history of
allergy and cancer risk, suggest a natural anti-cancer effect of IgE-
mediated immunity. In light of these findings, the potential value
of IgE, used either as an active or passive immunotherapeutic
agent in cancer merited investigation. Indeed, antibodies of the
IgE isotype possess several unique properties that make them an
attractive option for cancer therapy.

Rationale for the use of antibodies of the IgE class as cancer
therapeutics

The particular properties that make IgE a contributor in the
allergic response and a crucial player in the immune response
against parasites point to its potential value as a therapeutic agent
in cancer. These include:

Exceptionally high affinity for IgE receptors

IgE antibodies mediate immune activation by their interaction
with two Fce cell surface receptors: FceRI and CD23. The
affinity of IgE for FceRI (K = 10°-10" M) is two to three
orders of magnitude higher than that of IgG for FcyRI/CD64
(K =10%-10° M™").*>% Additionally, the avidity of human IgE for
CD23 on the cell surface in its trimeric form is K = 10°-10° M,
which is equivalent to the affinity of IgG for FcyRI.* These high
affinities allow IgE antibodies, unlike any other antibody class,
to remain bound to immune effector cells even in the absence
of antigen.?? This gives IgE the ability to sensitize mast cells for
immediate hypersensitivity, the hallmark of the allergic response.

Lack of an inhibitory Fe receptor for IgE

Unlike IgG, which is subject to the inhibitory receptor
FcyRIIb, IgE antibodies lack inhibitory Fc receptors. While
the Fc receptor-mediated functions of IgG are modulated in the
tumor microenvironment by FcyRIIb, lack of IgE inhibitory Fc
receptors suggests that IgE antibodies may escape, to some degree,
the suppressive effects of the tumor microenvironment.?>%

Tissue residency of IgE antibodies

The differential serum and tissue half-lives of IgE antibodies
compared with their IgG counterparts are also likely to confer
an advantage to IgE in the treatment of solid tumors. Despite a
very short serum halflife of 1.5 d**# the halflife of human IgE
in tissues is -2 weeks, which is significantly longer than the 2-3 d
tissue half-life of IgG antibodies.*"* The result is local retention
of antibody by IgE receptor-expressing resident immune effector
cells, and longer immune surveillance, both of which could
be advantageous in the context of cancer. In fact, it is well-
established that solid tumors are associated with inflammatory
responses that result in infiltration of powerful FceR-expressing
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effector cells such as monocytes/macrophages, mast cells, DCs
and eosinophils.® In the absence of tumor antigen-specific IgE
antibodies, and as a result of the immunosuppressive tumor
microenvironment, these cells may lack the required activity to
target tumor cells; however, it is plausible that treatment with a
tumor antigen-specific IgE, tightly retained on FceR-expressing
effector cells, would be sufficient to overcome immune
suppression and to stimulate these cells against tumors.

Powerful Fe-mediated effector functions of IgE

Potent mechanisms of cell killing are promoted by the
binding of IgE to its receptors (FceRI and CD23) (Fig. 1): (1)
degranulation of mast cells and basophils with release of pro-
inflammatory mediators and cytokines, (2) ADCC induced by
the release of signaling molecules (e.g., nitric oxide), enzymes (e.g.,
proteases), and cytokines (e.g., tumor necrosis factor) resulting
in target cell lysis, and (3) antibody-dependent cell-mediated
phagocytosis (ADCP) induced by the activation of macrophages
and monocytes, which are normally abundant in tumors. It is
suggested, therefore, that these properties, commonly described
in allergy and protection from parasitic infections, could be
redirected to trigger cytotoxicity and phagocytosis of tumor cells,
as well as to initiate IgE antibody-dependent antigen presentation
by FceR-bearing APCs such as DCs, B cells and macrophages.
Thus, a combination of passive and active immunity against solid
tumors could act in conjunction in tissues naturally populated by
IgE effector cells. Furthermore, the combined strength of IgE-
mediated immune responses in tissues also carries the expectation
of increased potency, as well as longevity of immune surveillance
by IgE and effector cells against solid tumors.

Activation of antigen presenting cells to stimulate adaptive
immune responses

Antigen presenting cells (APC) such as B lymphocytes,
monocytes/macrophages, Langerhans cells and DCs in tumor
infiltrates express CD23 or FceRI. It has been proposed that
one of the immune escape mechanisms of tumor cells is the
pathway inducing defective differentiation and maturation of
APC, thereby reducing adaptive immune responses against
tumor antigens. Engagement of IgE with FceR1I on the surface of
DCs increases the efficiency of antigen uptake and presentation
by 100- to 1,000-fold.®® This may be significant in the context
of IgE therapy against tumors, since even small amounts of IgE
on the surface of DCs may be sufficient to lead to an efficient
activation of autologous T cells and thus provoke powerful anti-
tumoral adaptive immunity.”>%?

When IgE binds to either FceRI or CD23 on APC, it persists
for extended periods. The IgE-FceRI complex has a half-life
of 16 h on cells in suspension (e.g., on circulating APCs), but
2 weeks in tissues.’? This makes the IgE-receptor complex an
anticipatory receptor that is particularly effective in surveillance
for antigen. When the antigen is internalized and broken into
short peptides in the endoplasmic reticulum, several different
peptides may be transported to the surface and presented to T
cells. Some may contain an epitope different from the one that
the capture IgE recognized, which leads to epitope spreading.
The production of antibodies that recognize new epitopes on
the antigen enhances the effector functions of IgE.?* This is true
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Figure 1. Mechanisms of IgE immunotherapy-induced tumor cell killing. (A) Engineered IgE antibodies recognizing tumor-associated antigens can
activate IgE receptor-expressing immune effector cells in the tumor microenvironment to mediate tumor cell death by a number of mechanisms (B-C).
(B) Tumor antigen-specific IgE antibodies can mediate effective antibody-dependent tumor cell killing by immune effector cells (e.g., monocytes/mac-
rophages) through activation of FceR signaling cascades through mechanisms such as cytotoxicity (ADCC) or phagocytosis (ADCP). C) IgE can trigger
degranulation upon cross-linking of FceRl on the surface of effector cells in the presence of antigen-expressing cancer cells. (D) Additionally, similarly to
1gG antibodies, tumor antigen-specific IgE antibodies can directly arrest tumor cell proliferation or induce tumor cell death without the aid of effector

whether the APC is a macrophage expressing FceRI or a B cell
expressing CD23 and could constitute an additional advantage
of IgE therapies.

Therefore, it is proposed, through one or more of their above-
mentioned attributes, antibodies of the IgE class directed against
tumor cells may provide a novel strategy to increase antibody-
mediated tumor cell killing of solid tumors (Fig. 1). While
much recent effort has centered on engineering therapeutic
antibodies to improve IgG Fc-mediated effector functions,

12:1493 3 few

e.g., by increasing affinities to Fc gamma receptors,
research groups have focused on enhancing antibody-mediated
tumor cell killing by exchanging the Fc region of IgG for that
of IgE with the aim of exploiting an antibody that binds with
exceptionally high affinity for unique Fc receptors to activate
monocytes/macrophages, which are known to reside in solid
tumors. This concept has also been used in the field of virology,
whereby a recombinant CD4-IgE molecule, designed to provide
a monoclonal IgE antibody with specificity for the gpl20 of
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human immunodeficiency virus (HIV) has been used to engage
type I hypersensitivity effector cells to eliminate HIV-infected
cells in vitro.**

IgE receptor expressing immune cells in solid tumor
infiltrates

The tumor microenvironment is composed of stromal cells
and cells of the immune system, including powerful FceR-
expressing effector cells, which together provide a supportive
niche promoting the growth and invasion of tumors. As a result
of the immunosuppressive tumor microenvironment, these
tumor-resident or infiltrating immune cells are thought to lack
the ability to mount an effective anti-tumor immune response.
One of the tenets of AllergoOncology, as mentioned above,
is that treatment with a tumor antigen-specific IgE antibody,
tightly retained on FceR-expressing effector cells, would
overcome immune suppression and stimulate these cells against
tumors. The critical infiltrating FceR-expressing effector cells
include:
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Mast cells

Mast cells are among the first immune cells to infiltrate the
tumor microenvironment, contributing to tumor progression in
many aggressive types of cancer such as malignant melanoma and
Hodgkin lymphoma.”>?® The early accumulation of mast cells in
the tumor microenvironment reflects their role as tissue-resident
“sentinel” cells poised to induce a rapid response to pathogens
and immunogenic antigens.” Because the presence of mast cells
in many tumors has been associated with poor prognosis,””’
it has been suggested that they themselves contribute to an
immunosuppressive tumor microenvironment, and thereby
impede the development of protective anti-tumor immunity.
In contrast, in some cancers, e.g., breast cancer, high mast cell
density has been associated with favorable prognoses.'”® Indeed
IHC images of mast cells degranulating near dying tumor cells
have suggested a cytotoxic effect of mast cells on breast cancer
cells.!o?

Mast cell infilcration into the tumor microenvironment can
thus be correlated with either favorable or unfavorable prognostic
significance in human cancers, depending on the type of cancer.
Nevertheless, a wealth of evidence from human cancers and
mouse models of cancer indicates that mast cells contribute to
tumor invasion and angiogenesis, both vital processes for the
macroscopic expansion of tumors.'"% In addition, there is some
evidence to suggest that mast cells suppress the development
of protective anti-tumor immune responses, in part, by
promoting T regulatory cell (T reg) suppression in the tumor
microenvironment and also by conditioning DCs to mediate
tolerance by controlling DC migration, longevity, and ability to
present antigen in an immunogenic fashion.!*

There is some evidence, however, that these pro-tumoral
activities of mast cells may be subverted by targeting these cells
to promote tumor destruction. For example, in a mouse allograft
model, triggering of degranulation of mast cells by IgE antibody
cross-linking of cell surface FceR], resulted in T reg impairment
and acute CD4+ and CD8+ T cell-mediated tissue destruction.'®
Such acute T cell-mediated destruction is an important goal of
immune therapy for cancer, and, therefore, it can be seen that
the use of therapeutic anti-tumor antibodies of the IgE class
represents one promising approach to elicit mast cell targeting
of tumors.

Eosinophils

Another critical tumor-infiltrating FceR-expressing effector
cell type is the eosinophil, which is observed in the peri-tumoral
infiltrate of several types of cancer, a phenomenon known
as tumor-associated tissue eosinophilia (TATE)."® While
eosinophils are traditionally referred to as effector cells in allergic
diseases and parasitic infections, the cytotoxic potential of these
cells toward tumor cells has only recently been demonstrated
in experimental models and in humans. Accordingly, TATE
has been suggested to represent a positive prognostic indicator
in particular tumors, including colorectal carcinoma, oral and
esophageal squamous cell carcinoma, laryngeal carcinoma,
pulmonary adenocarcinoma, bladder carcinoma and gastric
carcinoma.'””!"* As mentioned above, however, TATE has also

been associated with poor prognosis in Hodgkin lymphoma.'"!
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Although TATE is often associated with a favorable prognosis,
lictle is known about the exact role of eosinophils in the anti-
tumor immune response. Reports of immunotherapeutic
approaches and recent in vitro and in vivo studies, however,
suggest that eosinophils are involved in tumoricidal activity."*1"
Degranulated eosinophils have been detected in tumors following
systemic administration of IL-2, suggesting that they may play
an effective role in the anti-tumor response either by inducing
direct tumor cell lysis through release of their toxic granules,
by antibody-dependent mechanisms of eosinophil activation, or
by their immuno-regulation of the tumor microenvironment.'?
However, the link between immunotherapeutic anti-tumor
efficacy and eosinophilia is mainly based on correlation
analyses, and no conclusions can be drawn regarding the actual
mechanisms of action of eosinophils in the modulation of tumor
growth.

Furthermore, several in vivo studies suggest a link between
tumor eradication and eosinophil recruitment. For example,
eosinophil infiltration into tumors in wild-type mice has been
shown to be an early and persistent response.'”® In addition,
both IL-4 and IL-5 transgenic mice demonstrated a significant
reduction in tumor establishment and growth that correlated
with a high level of eosinophil recruitment to the tumor.!*!"
However, a subsequent study using the IL-4 transgenic mouse
model failed to demonstrate tumoricidal activity of eosinophils,
and instead attributed responsibility for tumor suppression,
at least in part, to neutrophils."®
indicate that a Th2-type response involving eosinophils and

Taken together, these results

possibly also neutrophils, is associated with tumor eradication in
several animal models. Indeed, it is possible that this response
could be harnessed and improved upon in the presence of a
therapeutic anti-tumor antibody of the IgE class.

Macrophages

Macrophages, major FceR-expressing effector cells, have
been observed in the tumor infiltrate of almost all tumor types.
These so-called tumor-associated macrophages (TAMs) are
significant for fostering tumor progression. With the exception

of non-small cell lung carcinoma,'”

patient prognosis in solid
tumors is generally described as correlating inversely with TAM
density."® The pro-tumor properties of TAMs derive from their
regulation of angiogenic programming via production of vascular
endothelial growth factor A,'” their tissue remodelling abilities,
their production of soluble mediators that support proliferation,
survival and invasion of malignant cells, and their development
of immunosuppressive microenvironments that blunt cytotoxic
T cell activities."®

major determinants of immune suppression in solid tumors.

Recent literature recognizes macrophages as

Although the mechanisms underlying these activities are less
well-characterized, TAMs typically express several genes with
immunosuppressive potential,'?
limiting T cell proliferation in vitro."!

These different activities of TAMs are dependent on their
polarization state. The description of macrophage activation as
either classical (M1; interferon (IFN)vy/lipopolysaccharide (LPS)-
dependent) or alternative (M2; IL-4/IL-13/IL-10- dependent)
has provided a necessary framework for the understanding

and are capable of directly
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of TAM polarization.’”? However, even though MI1/M2
designations represent extreme ends of a scale, the concept is an
oversimplification of the diversity of TAM phenotypes. In reality,
TAMs receive signals from the particular microenvironment in
which they reside, and integration of these signals results in the
production of an array of TAM populations/phenotypes within a
tumor, each with unique tumor-regulating properties."®

TAMs present attractive therapeutic targets, with therapeutic
strategies grouped crudely into four themes: (1) blocking effector
function, (2) limiting recruitment, (3) reprogramming from an
immunosuppressive to an immunostimulatory phenotype, or
(4) preventing polarization to a tumor-promoting subtype. It
has recently been established that blocking TAM recruitment or
survival in solids tumors (in murine models) improves efficacy
of cytotoxic therapies, in a manner dependent upon CD8+
T cells.!” Indeed, emerging therapeutic strategies are now
focusing on the repolarization of TAMs as a way of unlocking
their anti-tumor potential. For example, agonist antibodies
against the co-stimulatory molecule CD40 were able to activate
TAMs in human pancreatic ductal adenocarcinoma to become
tumoricidal and deplete tumor stroma.'?* A potential alternative
method to repolarize TAMs would be the use of tumor-specific
IgE antibodies with the aim of redirecting the TAM-associated
activatory phenotype of these cells to target tumor cells.

Antigen presenting cells

APCs such as DCs, monocytes, Langerhans cells and B cells
are often resident in the tumor microenvironment, and express
either or both of the IgE Fc receptors. Impaired differentiation
and maturation of these cells, with resultant blunting of an anti-
tumor adaptive immune response, is suggested to play a role in
tumor immune escape. However, the presence of IgE bound to
the surface of DCs in the tumor microenvironment may increase
the efficacy of antigen uptake and presentation,*® leading to
efficient local activation of T cells resulting in an effective anti-
tumor adaptive immune response.

IgE, an Antibody Class Less Prone to
Tumor-Induced Antibody Blockade

Recent findings provide evidence that IgG4 can impair the
cytotoxic properties of IgGl antibodies in human melanoma,
suggesting that therapeutic antibodies of the IgG(1) class may
be partly prevented from engaging Fcy receptors on immune
effector cells in tumors and may consequently be less effective
in activating these cells to kill cancer cells, while competition for
antigen recognition may play less important roles.”” This report
is in agreement with evidence for the presence of IgG4 antibody+
B cells in pancreatic cancer, extrahepatic cholangiocarcinoma
and squamous cell carcinoma, providing evidence that this
phenomenon of IgG4 impairment of the immune response in the
tumor microenvironment may not be limited to melanoma.!?>'2¢
Increased production of Th2 cytokines such as IL-4 and IL-10,
has been described in the tumor microenvironment of melanoma
and other cancers;'¥'? and IgG4, rather than IgE antibodies
have been described to be elevated in individuals chronically
exposed to known allergic triggers such as bee venom and
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animal fur.”®® Until recently, however, the combination of these
conditions, (i.e., IL-10-driven Th2 inflammatory conditions and
chronic exposure to antigens) in relation to their potential to
redirect antibody production by B cells had not been investigated
in the context of cancer.

Additional findings by our group demonstrate that only
a small fraction of patient-derived melanomas tested positive
for IgE antibody expression, consistent with chronic exposure
to antigens (possibly tumor antigens) and the “alternative” (or
IL-10-driven) rather than “classic” (or IL-4-dominant) Th2-
driven inflammatory conditions in tumors, which are known
to drive immunity away from IgE and in favor of IgG4.7!%!
The combination of alternative Th2-biased environments in
tumors and chronic antigen exposure are expected to favor class
switching to and enhanced production of IgG4 rather than IgE.
These reports may uphold the suggestion that perhaps a classic,
IgE-biased, rather than an alternative, IgG4-biased, immunity,
may tip the balance in favor of tumor clearance by effector cells.

Following allergen immunotherapy, increases in IL-10 and
TGFB-expressing T regs, followed by elevated IgG4 subclass
and IgA class antibodies have been reported. These events
were proportional to dosing of allergen rather than clinical
symptoms. It was found, however, that the small proportion
of IgG4 antibodies from treated individuals that recognize the
immunizing allergen could also compete with allergen-specific
IgE, and that IgG4 antibodies could also restrict IgE-mediated
antigen presentation by B cells.®*'%¢ Such mechanisms could
also be in operation in cancer where the local cytokine milieu
may play crucial roles in promoting IgG4 class switching and
production. It is therefore possible that tumor antigen-specific
IgG4 antibodies may compete with IgGl antibodies for
recognition of Fc receptors on effector cells, and, although IgE
and IgG4 operate through different Fc receptors on effector
cells, it is conceivable that IgG4 may also compete with IgE
antibodies for target antigen engagement or for tumor antigen
presentation.””"¥ Further investigations are needed to elucidate
the roles of endogenous IgE and IgG4 antibodies in tumors, the
anti-tumoral mechanisms of recombinant IgE antibodies in the
tumor microenvironment, potential interactions of therapeutic
IgE with endogenous IgG4, and the effect of these mechanisms
on the use of IgE as novel immunotherapeutics.

Strategies of IgE-Based Immunotherapy

The potential advantages of IgE antibodies in the treatment
of solid tumors, and the distinct presence in solid tumors of all of
the critical IgE receptor-expressing immune effector cells, formed
the basis for several groups to design therapeutic strategies with
the aim of exploiting the IgE immune response against cancer.
These strategies have encompassed: (1) the utilization of IgE as
an adjuvant for cancer immunotherapy,’®” (2) the development
of IgE-coated cellular vaccines,?'3713% (3) the development of
oral mimotope vaccination programs with the aim of inducing
tumor antigen-specific antibodies,'” and (4) the development of
recombinant IgE antibodies targeting tumor-associated antigens

(Table 1).2%%7
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Table 1. Summary of therapeutic strategies aimed at harnessing the IgE immune responses against cancer

IgE species (route of IgE specificity Targeted cancer cells Mouse Model (immune status) Reference
administration)
IgE as an adjuvant
Murine (i.p.) DNP MC38 murine colon carcinoma cells C57BL/6 (immunocompetent) 137
expressing human CEA (s.c.) *
IgE-coated cellular vaccines
Murine (s.c.) TNP or DNP MC38 murine colon carcinoma cells express- C57BL/6 (immunocompetent) 137
ing human CEA coated with IgE (s.c.) **
Murine (s.c.) DNP TS/A-LACK murine mammary carcinoma FceRla”- / CD237 BALB/c or 138
cells coated with DNP IgE (s.c.) *** human FceRla transgenic
BALB/c (immunocompetent)
Human (truncated) (s.c.) N/A TS/A-LACK murine mammary carcinoma Human FceRla transgenic BALB/c 87
cells coated with truncated IgE (s.c.) ****
Recombinant IgE antibodies targeting tumor-associated antigens
Murine (i.p.) Gp36 of MMTV H2712 (MMTV-positive) murine C3H/HeJ (immunocompetent) 23
mammary carcinoma (s.c.)
Rat/human chimeric (s.c.) Murine Ly-2 E3 murine thymoma (s.c.) C57BL/6 (immunocompetent) 26
Rat/human chimeric (i.p.) Murine Ly-2 E3 murine thymoma (i.p.) NOD-SCID (immunocompromised) 141
Murine and murine/ Colorectal Human COLO 205 (s.c.) SCID (immunocompromised) 27
human chimeric (i.v.) cancer antigen
Murine/human FRa A.IGROV-1 human ovar- C.B-17 scid/scid 20, 21, 60, 140
chimeric (i.v. ori.p.) ian carcinoma cells (s.c.) (immunocompromised)
B. HUA patient-derived ovar- nu/nu (immunocompromised)
ian carcinoma (i.p.)
Human (i.p.) HER2/neu D2F2/E2 murine mammary carcinoma Human FceRla transgenic 24
cells expressing human HER2/neu (i.p.) BALB/c (immunocompetent)
Murine/human MUC-1 4T1 tumor cells expressing MUC-1 (s.c.) Human FceRla transgenic 25
chimeric (s.c.) BALB/c (immunocompetent)
Murine/human PSA CT26-PSA tumor cells expressing PSA (s.c.) Human FceRla transgenic 142
chimeric (s.c.)***** BALB/c (immunocompetent)

*Tumor-targeting occurred via a biotinylated anti-CEA IgG followed by streptavidin and then a biotinylated IgE; **Irradiated tumor cells were coated with
IgE in vitro by biotin-avidin bridging; ***Tumor cells were pre-infected with modified Vaccinia virus Ankara (MVA) then conjugated with DNP and coated
with anti-DNP IgE; ****Tumor cells expressed truncated human IgE on their surface by pre-infecting with truncated human IgE engineered into MVA (rMVA-
tmlgE); *****Anti-PSA antibody was complexed to PSA antigen prior to injection. Abbreviations: s.c., subcutaneous; i.p., intraperitoneal; MMTV, murine
mammary tumor virus; TNP, trinitrophenol; DNP, dinitrophenol; FRa, folate receptor o; PSA, prostate specific antigen.

IgE-Fc-coated tumor cell approaches

One therapeutic strategy designed to harness the IgE immune
response against cancer is the utilization of IgE-Fc-coated tumor
cells, based on the hypothesis that IgE on the surface of tumor
cells could improve tumor immunogenicity by the activation
of immune cells within the tumor microenvironment, and that
these changes might suppress tumor growth (Fig. 2)."%

In the first study, a three-step biotin-avidin bridge strategy
was used to target IgE to the tumor (Fig. 2A). Tumor cells were
coated with IgE (Fc region facing outwards), leaving IgE Fc free
to bind FceRs on immune cells in the vicinity and initiate an
allergic immune response. Immunocompetent mice were injected
subcutaneously (s.c.) with syngeneic CEA-2-expressing tumor
cells, and two days later, mice were injected intraperitoneally
(i.p.) with a biotinylated tumor-specific (anti-CEA-2) murine
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IgG antibody to target the tcumor. The next day, mice were given
avidin i.p. (used as a “chase” to clear the unbound, circulating
mADb) followed by streptavidin 4 h later to create the avidin-
biotin bridge with bound mAb. Finally on day 4, mice were
given biotinylated anti-dinitrophenyl (DNP) murine IgE (or
biotinylated IgG control antibody) i.p. IgE treatmentsignificantly
reduced tumor growth and prolonged survival compared with
treatment with the corresponding IgG antibody. Two of 10
mice receiving the IgE treatment completely rejected the tumor.
Additionally, these 2 mice also resisted tumor cell growth for up
to 60 d after re-challenge with parental (non-CEA-2 expressing)
tumor cells, suggesting the induction of a memory response
beyond that of the antigen that was initially targeted. The Fc
region of the IgE antibodies was shown to play a critical role
in their efficacy, since heat inactivation of the biotinylated IgE
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subsequent activation of a memory (CD8+ and CD4+) T cell response.

Figure 2 (see previous page). IgE may be used as an adjuvant/vaccine administered in vivo using different approaches. (A) The three-step biotin-
avidin bridge strategy: Tumor cells are introduced, followed by a biotinylated tumor-specific murine IgG antibody (1), then streptavidin (2), and finally
by a biotinylated non-specific murine IgE (3). (B-D) The cellular vaccine approach: (B) Irradiated tumor cells coated with tumor antigen-specific IgE.
Immunization was followed by live tumor cell challenge. (C) Modified Vaccinia virus Ankara (MVA)-infected tumor cells (1) conjugated with hapten and
then coated with hapten-specific IgE antibody (2). Immunization was followed by live tumor cell challenge. (D) Tumor cells infected with recombinant
MVA into which truncated human IgE Fc regions had been engineered (rMVA-tmIgE). Immunization was followed by live tumor cell challenge. All four
approaches were designed to trigger an allergic-like inflammatory response through recruitment of FceR-expressing immune effector cells and with

abrogated the anti-cancer effects of the treatment. Depletion of
eosinophils, CD8+, or CD4+ cells also abrogated the anti-tumor
effects, demonstrating the requirement for these three cell types
in the IgE-mediated growth inhibitory effects, suggesting that
IgE-based immunotherapy may trigger innate as well as adaptive
mechanisms against tumors. Additionally, these findings were
confirmed in a more immunogenic tumor model using the
syngeneic murine lymphoma RMA- Thyl.l cell line under
similar conditions.'?”

IgE-coated cellular vaccines

To further explore the properties of murine IgE as an adjuvant
and to determine whether IgE could be used for the purpose of
prophylactic immunisation, cellular vaccines were developed
using irradiated tumor cells coated with IgE (Fig. 2B)."%’
Immunocompetent mice were vaccinated twice (2 weeks apart)
by s.c. administration of IgE- or IgG-coated CEA-2-expressing
irradiated tumor cells. Two weeks after the second immunisation,
the animals were challenged with live CEA-2-expressing tumor
cells. Cells coated with murine IgG molecules, only showed
significant delay in tumor growth at the highest dose of
vaccination; however, all doses of cells coated with IgE showed
significant anti-cancer properties. These results were confirmed
using a similar vaccination schedule and RMA tumor cells.'”

The adjuvant effect of IgE-coated tumor cells was later
confirmed using a slightly different strategy (Fig. 2C)."%® TS/A-
LACK murine mammary adenocarcinoma cells were first infected
with the highly attenuated modified Vaccinia virus Ankara
(MVA) to avoid the need for irradiation of tumor cells prior to
vaccination and increasing the immunogenicity of infected tumor
cells. Fresh TS/A-LACK-infected cells were then conjugated with
the hapten DNP and the haptenised cells coated with murine
anti-DNP IgE and used to vaccinate immunocompetent mice.
Mice were vaccinated s.c. and then challenged s.c. with live
TS/A-LACK tumor cells 15 d after vaccination. A strong anti-
cancer effect was observed in these animals. Vaccination with
haptenised tumor cells (not bearing IgE) did not induce an anti-
tumor response; however, when mice were vaccinated twice with
haptenised tumor cells, an anti-tumor effect was observed. This
effect was similar to that of animals vaccinated once with IgE-
coated tumor cells.

The same experiments were performed in either FceRI or
CD23 knockout mice.!”® The anti-cancer effects of vaccination
with IgE-coated tumor cells were not observed in FceRI
knockout animals, but remained evident in the CD23 knockout
animals, suggesting a central role for FceRI as a mediator of the
anti-cancer effects of the vaccination, and raising the possibility
that the IgE adjuvanticity could result from an inflammatory
response similar to that observed in an allergic reaction, followed
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by antigen presentation by well-known APCs such as DCs.
Finally, to translate these findings into a human system, the effect
of a human IgE-loaded MVA-infected tumor cell vaccine was
studied in wild type (WT) and human FceRla transgenic mice.
Human IgE had no effect in WT mice, but induced a significant
protection in the humanised transgenic mice. This result was
demonstration of a successful active antitumor vaccination
exerted by human IgE."® Taken together, these studies suggest
that the presence of IgE in the tumor microenvironment results
in a strong anti-tumor immune activation, and thus provide
significant evidence that IgE can act as an adjuvant to activate
immunity in cancer therapy.

These results recently led to the development of a novel protocol
for IgE-based anti-tumor vaccination that employed membrane
IgE, thus eliminating the possibility of toxicities associated with
free unbound IgE (Fig. 2D).% Truncated human IgE lacking its
Fab regions (tmIgE) was engineered into a recombinant MVA
(rtMVA-tmIgE), and used to infect TS/A-LACK tumor cells,
with resultant transport of tmlIgE to the surface of the infected
cells. Transgenic human FceRIa mice were vaccinated s.c. and
then challenged s.c. with live TS/A-LACK tumor cells 14 d
after vaccination. Human FceRla transgenic mice immunised
with the tMVA-tmIgE/TS/A-LACK cellular vaccine showed a
significant attenuation of tumor growth compared with mice
immunised with the control vaccine (not expressing tmlgE).
This anti-tumor protection was completely lost when the cellular
vaccine was administered to FceRIa” mice (in which the FceRIa
gene had been knocked out), thereby confirming the central role
of FceRI in IgE active anti-tumor immunotherapy.

Oral mimotope vaccination approaches

In addition to the cellular vaccination protocols described
above, an oral mimotope vaccination protocol with the aim of
inducing tumor antigen-specific IgE antibodies (Fig. 3) has also
been described.’®® In this approach, synthetically manufactured
epitope mimics, so-called mimotopes, for the epitope recognized
by the anti-human epidermal growth factor receptor-2 (HER-2)
antibody trastuzumab were developed and used to immunize
immunocompetent mice by the oral route under simultaneous
neutralisation and suppression of gastric acid, which is a feeding
regimen that has been shown to effectively induce Th2 immune
responses. These conditions resulted in the formation of serum
IgE antibodies toward the HER-2 antigen, and anti-HER-2 IgE-
sensitized effector cells were subsequently shown to mediate HER-
2-expressing tumor cell lysis in vitro in an antibody-dependent
cytotoxicity assay. These experiments indicated that directed
and epitope-specific induction of IgE against tumor antigens is
feasible with an oral mimotope vaccination regimen, and that
these antibodies mediate anti-cancer effects in vitro. It remains
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Figure 3. Oral mimotope vaccination strategy triggering tumor-reactive IgE antibody responses. Serum tumor antigen-specific IgE antibodies are
induced in vivo by oral administration of a synthetically manufactured tumor antigen epitope mimic (mimotope) under simultaneous neutralisation of
gastric acid. Vaccinations resulted in generation of tumor antigen-specific IgE antibodies in vivo which were capable of promoting effector cell-induced

tumor cell ADCC in vitro.

to be seen, however, whether this oral mimotope vaccination
protocol induces anti-tumor effects in vivo.'

Recombinant IgE antibodies targeting tumor-associated
antigens

Previous pioneering studies and more recent work have
collected in vitro and in vivo evidence that engineered anti-cancer
IgE antibodies may be comparable or even superior to their IgG
Counterparts (Fig' 1)‘8,2(),21,23-27,6(),140—142

Murine anti-gp36 IgE

The first study performed with a tumor-targeted IgE antibody
was conducted in the early 1990s.” A murine IgE specific for
the major envelope glycoprotein (gp36) of the mouse mammary
tumor virus (MMTV) was produced and its anti-cancer efficacy
evaluated in immunocompetent mice bearing syngeneic MMT V-
positive s.c tumors. Simultaneous with tumor cell inoculation,
mice received mouse ascites containing the anti-gp36 IgE or an
equivalent amount of normal mouse serum through the i.p. route.
Additionally, every 4 d for 8 weeks, the animals were treated i.p.
with ascites containing the targeted IgE or normal mouse serum.
All animals that received mouse serum died by day 44, but 4
of the 6 animals treated with anti-gp36 IgE were alive at that
time. After the cessation of treatment (day 56), 1 mouse treated
with IgE started to develop a tumor on day 58 and died on day
72. The remaining 3 animals survived past 175 d post-tumor
challenge. This study also evaluated the efficacy of anti-gp36 IgE
against tumors growing in the peritoneal cavity with treatment
similar to the previously described experiment. All control
animals died within 34 d, whereas 2 of the 6 in the IgE treatment
group survived until day 139.% These data demonstrated for the
first time the ability of a tumor-targeting murine IgE antibody to
improve the survival tumor-bearing mice.

Rat/human chimeric anti-murine Ly-2 IgE

The next tumor-specific IgE antibody to be developed was a
rat/human chimeric IgE specific for murine Ly-2, a cell surface
marker for murine CD8+ T cells that is also expressed on tumors
of T cell origin.* A strategy was employed in which the anti-Ly-2
IgE was administered together with murine cytotoxic T cells
(CTLs) that had been stably co-transfected to express a chimeric
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“FceRI-{” comprising the human FceRIa extracellular sequence
linked to the human CD3-{ signaling sequence and human
FcyRIla. Anti-Ly-2 IgE and chimeric FceRI-{ CTLs were
incubated with Ly-2 expressing murine E3 thymoma cells and
then the mixture was injected into immunocompetent syngeneic
mice. Control animals received E3 cells alone or E3 cells plus
chimeric FceRI-{ CTLs (without anti-Ly-2 IgE). Addition of the
chimeric FceRI-{ CTLs significantly prolonged mouse survival,
but 4 out of 5 of these animals developed tumors and succumbed
to the disease. The greatest effect was observed when E3 cells plus
chimeric FceRI-{ CTLs were given with anti-Ly-2 IgE, where
survival was prolonged even further and only 1 of 5 animals
developed tumor.?® These data suggest that an anti-tumor IgE
can be used to redirect engineered CTL to lyse tumor cells in an
adoptive transfer therapy setting.

The same strategy was also used in immunodeficient animals
utilizing primary human T cells retrovirally transduced with
c¢DNA encoding the extracellular domain of FceRI linked to the
hinge and transmembrane domains of FceRI and the cytoplasmic
domains of the human co-stimulatory molecule CD28, and T
cell receptor zeta chain (FceRI-CD28-zeta) to potentiate the
activation signal of the CTL."" Mice were given Ly-2 expressing
thymoma cells i.p., followed by FceRI-CD28-zeta expressing
primary human T lymphocytes (TCL-9 cells) loaded with
anti-Ly-2 IgE at 6, 24, 48, and 96 h following tumor challenge.
Adoptive transfer of the IgE-coated TCL-9 cells significantly
prolonged survival, but complete tumor rejection and long-term
survival were not observed, which was explained by the fact that
the TCL-9 cells did not persist in the animal and could not be
detected in the blood, spleen, or peritoneal cavity 1-week post-
administration. This effect was shown to be due to the presence
of the chimeric receptor since primary T cells not expressing the
receptor showed no anti-tumor protection. Furthermore, tumor
targeting by the anti-Ly-2 IgE was also necessary since TCL-9
cells transferred with a non-specific IgE also failed to show a
protective effect. These data demonstrated that primary human
T cells expressing the chimeric IgE receptor could suppress tumor
growth in the presence of a tumor-targeted IgE.
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Murine and murine/human chimeric anti-CCA IgE

The same group also developed a murine IgE (30.6) specific
for a colorectal cancer antigen (CCA).?” Severe combined
immunodeficiency (SCID) mice were injected s.c. with COLO
205 cells and subsequently treated with either the 30.6 murine
IgE or the 30.6 mouse/human chimeric IgE given via intravenous
(iv.) injection 5 d after tumor challenge. The chimeric IgE had
no effect on tumor growth; however, the murine IgE induced
a rapid, but transient (48 h in duration) inhibition of tumor
growth.”” No effect was observed against E3 thymoma cells
that lack expression of the antigen targeted by 30.6 or with a
non-specific murine IgE. These data demonstrated that the anti-
cancer effects of murine anti-30.6 IgE were antigen specific and
required the murine IgE Fc region. A mouse/human chimeric
IgGl containing the 30.6 variable region had also previously
shown anti-cancer activity in this tumor model.'*> The murine
30.6 IgE effect, however, was observed at antibody concentrations
that were 250-fold lower than those previously reported for the
effects seen using 30.6 IgG1, which is consistent with the superior
anti-cancer activity of IgE. It is notable that these two antibodies
were not tested simultaneously.

Murine/human chimeric anti-human FRo IgE

In 1999, Gould et al. created a murine/human chimeric
MOv18 monoclonal IgE antibody specific for the ovarian tumor
associated antigen, folate receptor o (FRar).?! The in vivo efficacy
of MOvV18 IgE was compared with its IgG1 counterpart in two
disparate human xenograft models of FRa-expressing ovarian
carcinoma grown in immunodeficient mice. In the first model,
SCID mice were challenged s.c. with FRa-expressing human
ovarian carcinoma (IGROVI) cells. Subsequently, human
peripheral blood mononuclear cells (PBMC), added as effector
cells, were administered iv. in the presence of either MOvI18
IgE or MOV18 IgGl.?! MOv18 IgE demonstrated a superior
and prolonged anti-tumor effect. Since the human Fc region of
chimeric IgE does not bind to mouse Fc receptors, MOv18 IgE
did not induce an anti-tumor response in the absence of human
PBMC.

Further evidence for the anti-tumor efficacy of MOv18
IgE was provided by a second model in which patient-derived
FRa-expressing human ovarian carcinoma cells (HUA) were
injected i.p. in nude mice in the presence of human PBMC."*
In this model, co-administration of MOv18 IgE with PBMC
significantly increased survival to 40 d, whereas the survival
of mice treated with PBMC and MOv18 IgGl was only 22 d.
IHC analysis of tumors from MOv18 IgE-treated mice revealed
infiltration of human monocytes into tumor lesions, reinforcing
the central role played by these effector cells in the anti-tumor
efficacy of tumor-specific IgE antibodies.'* Furthermore, the
use of monocyte-depleted PBMC in vivo resulted in loss of the
survival advantage conferred by MOv18 IgE.® Flow cytometric
analysis revealed two distinct pathways by which human
monocytes mediated MOv18 IgE-dependent tumor cell killing:
ADCC via FceRI and ADCP via CD23, both expressed on the
surface of IL-4-activated monocytes.””®® The involvement of
human eosinophils as potent effector cells in MOv18 IgE mAb-

dependent cytotoxicity in vitro has also been shown.®
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Humanized and human anti-HER2/neu IgE

Further evidence for IgE-mediated tumor cell killing by
monocytes was demonstrated by Karagiannisetal. who engineered
an IgE antibody equivalent of the approved humanized IgGl
mAb trastuzumab, specific for HER2/nen, and evaluated the
biological properties of this antibody (“trastuzumab IgE”) using
in vitro functional assays.® Trastuzumab IgE directed monocytic
cells to kill HER2/neu-positive tumor cells by ADCC (compared
with ADCP by trastuzumab IgGl), while also maintaining
the same direct effects on tumor growth arrest reported for
trastuzumab IgGl. These studies supported the conclusion that
trastuzumab IgE functioned with similar potency, but through
different effector cell mechanisms compared with the IgGl
equivalent, supporting a potential role for the development of IgE
antibodies to complement or enhance the known mechanisms of
existing therapeutic mAbs.

A fully human IgE antibody specific for HER2/neu has also
been constructed and administered i.p to HER2/neu-positive i.p.
tumor-bearing human FceRIa transgenic mice 2 and 4 d post
tumor inoculation. Anti-HER2/neu IgE significantly prolonged
survival of the mice compared with those treated with vehicle
control alone.?® In addition, this antibody was the first (and
only) therapeutic IgE antibody to be administered to non-human
primates (cynomolgus monkeys), albeit at considerably lower
doses (up to 0.08 mg/kg). At these doses the anti-HER2/neu IgE
was well-tolerated.

Murine/human chimeric anti-human MUC-1 IgE and anti-
human CD20

A mouse-human chimeric IgE antibody specific for the
epithelial antigen MUC-1 has also been engineered.”” Human
FceRla transgenic mice were injected s.c. with MUC-1-
expressing 4T1 tumor cells, followed by peri-tumoral injection
of anti-MUC-1 IgE on days 1, 2, 3, 4 and 5. Modest inhibition
of tumor growth was observed, and this was attributed to an
inability to deliver adequate amounts of antibody to a poorly
vascularized and rapidly growing s.c. tumor, and to a lack of
sufficient effector cells in the tumor microenvironment of the
transplanted tumors. Therefore, Teo and colleagues created
two tumor cell lines that produced anti-hMUCI mouse IgE
or chemoattractant cytokines MCP-1 and IL-5. These cells
were mixed and inoculated s.c. in human FceRla transgenic
mice. Tumors that expressed anti-hMUCI mouse IgE and both
cytokines failed to grow, while tumors expressing the cytokines
without the anti-hMUC-1 antibody showed no growth
inhibition, thus suggesting that when sufficient amounts of
tumor-specific IgE are delivered to an antigen-bearing tumor in
the presence of IgE receptor-expressing effector cells, a complete
and durable response can be observed.?

The same group also produced a murine/human chimeric IgE
antibody specific for the human B cell antigen CD20.% The anti-
hCD20 IgE was capable of inducing ADCC of CD20-expressing
lymphoma B cells in vitro, by umbilical cord blood-purified mast
cells and basophils. However, the in vivo activity of anti-hCD20
IgE was not evaluated due to concern that significant levels of
circulating CD20 antigen in a physiological model of lymphoma
would lead to a high risk of anaphylaxis upon IgE-treatment.

Volume 6 Issue 1



Human anti-EGFR IgE

A human monoclonal IgE antibody has also been engineered
to target the human epidermal growth factor receptor (EGFR)."
This human anti-EGFR IgE was compared in vitro to two EGFR-
targeting IgG antibodies, namely cetuximab and matuximab.
Proliferation and cytotoxicity assays demonstrated both signal
blocking and tumor cell-killing capabilities of the human anti-
EGEFR IgE. Interestingly however, while the degree of ADCP
of tumor cells was similar between the anti-EGFR IgE and IgG
antibodies, ADCC by anti-EGFR IgE increased up to 70%,
compared with 30% by its IgG counterpart.'**

Mouse/human chimeric anti-PSA IgE

Most recently, a mouse/human chimeric monoclonal IgE
antibody raised against prostate-specific antigen (PSA), a
prostate cancer-specific tumor associated antigen, has been
engineered."? The murine IgGl equivalent mAb AR47.47,
specific for human PSA, has previously been shown to enhance
antigen presentation by human DCs, and induce both CD4+
and CD8+ T cell activation when complexed with PSA.' In
this study, the anti-PSA IgE, complexed with the PSA antigen,
was capable of enhancing antigen presentation by human DCs in
vitro, inducing CD4 + and CD8+ T cell activation. In vivo, using
a prophylactic vaccination strategy in human FceRIa-transgenic
mice, anti-PSA IgE complexed with the PSA antigen was capable
of triggering immune activation and significantly prolonging
survival of mice challenged with PSA-expressing tumors. This
protection, however, was not observed with vaccination with the
IgGl counterpart complexed to PSA, or with PSA alone.'*?

Safety of IgE Immunotherapy

In spite of the numerous studies and the accumulating
evidence that IgE immunotherapy could have a beneficial role in
oncology, studies with tumor-specific IgE antibodies have so far
not gone beyond preclinical proof-of-concept evaluations. This is
partly due to concerns that the systemic use of an IgE molecule
targeting a self-protein for therapeutic purposes may potentially
induce a systemic type I hypersensitivity (anaphylactic) reaction,
through cross-linking of IgE molecules bound to FceRI on
circulating basophils. Notably, polyclonal and monoclonal IgE
have previously been administered to man in the context of two
early studies investigating the metabolism of IgE."* In these
studies, IgE purified from the serum of patients with either
hyperimmunoglobulin E-recurrent infection syndrome'® or
147 was radiolabelled with '»I and administered
i.v. to healthy volunteers at a maximum dose of 12 pg. No adverse

multiple myeloma

events were observed in this study following administration
of IgE. Furthermore, no toxicities were reported during the
previously-described in vivo studies of recombinant IgE
antibodies targeting tumor-associated antigens, in which the Fc
region of the therapeutic antibody was capable of cross-reacting
with the animal’s native Fce receptors, or with co-administered
PBMC.8,2(),21,23-27,60,14(]—142

Finally, a thorough in vitro study that examined the propensity
of a tumor antigen-specific IgE to induce early events that could
lead to Type I hypersensitivity was recently conducted."® Upon
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addition of MOv18 IgE to human sera or to whole human
blood of patients or healthy volunteers, neither functional
degranulation nor significant activation of human basophils were
observed. No effector cell activation was recorded even in the
presence of detectable levels of shed soluble target antigen FRa,
which was shown to be elevated in a larger proportion of ovarian
carcinoma patient sera compared with healthy controls."® This
study was replicated using a mouse/human chimeric monoclonal
IgE antibody raised against PSA." The engineered anti-PSA IgE
antibody was capable of triggering effector cell degranulation in
vitro and in vivo when artificially cross-linked, but not in the
presence of the natural soluble antigen, thereby suggesting that
systemic administration of the antibody would be unlikely to
trigger anaphylaxis. However, a thorough evaluation of toxicity
in vivo is yet be conducted.

Translation of IgE Immunotherapies and Future Perspectives

IgE-based anti-tumor immunotherapies, either active or
passive, could constitute potentially advantageous strategies
for cancer therapy when given either as monotherapies or in
combination with conventional or biological therapeutics.
This timely concept merits further study in light of increasing
appreciation of the importance of recruiting immune effector
cells in tumors, and of triggering the anti-tumoral functions of
recruited and tumor-resident immune cells against cancer.'®"°
Effective recruitment and activation of immune sentinels may
hold the key to a successful immunotherapy in oncology, and IgE
immunotherapy may be a strategy to achieve this.

The design of IgE-based anti-tumor immunotherapies,
however, is only one facet of the multidisciplinary field of
AllergoOncology. This emerging field also includes a wide
range of research themes evaluating: (1) evidence of a correlation
between IgE/atopy and cancer,®"' (2) the critical IgE effector
cells in cancer, and their roles in inhibiting or promoting
tumor growth,”*' (3) IgE-mediated antigen uptake and cross-
presentation by DCs and the mechanisms by which IgE-antigen
complexes trigger activation of adaptive or immunomodulatory
responses,” (4) the role of chemotherapeutics and biological
therapeutics in the modulation of IgE responses in cancer,'
(5) evidence linking tumor cell upregulation of ligands for the
CD8+ T cell and natural killer cell activating receptor NKG2D,
with the induction of a systemic Th2 atopic response,'”*® and (6)
redirection of Th2 responses toward inflammatory antibodies
such as [gG4.”

The last mentioned theme incorporates another important
unknown in the field, whether IgE antibodies against tumor
antigens are produced in healthy individuals or in patients,
and the nature of the immunomodulatory mechanisms that
govern the inefficiency of the immune response from mounting
an “allergic” or IgE-mediated response against tumors in
patients with cancer. Understanding the nature of the humoral
immunity to cancer would provide improved understanding
of the mechanisms governing consistently superior efficacy of
IgE antibodies using disparate immunotherapy approaches,
and may lead to the rational design of targeted treatments,
including therapeutic antibodies and potentially combinatorial
approaches.
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Considerable efforts have so far focused on designing IgE-
based anti-tumor immunotherapies that wield the powerful
immune effector mechanisms of IgE against cancer, while
predicting and minimizing potential toxicities. Specifically, the
careful selection of a tumor antigen-specific IgE antibody against
(1) single epitopes on tumor antigens, (2) antigenic targets that
are not shed as multimeric complexes in the circulation, and
(3) antigens highly expressed on tumor cells but with absent or
minimal expression and restricted distribution in normal tissues,
are factors of critical importance. A critical part of the clinical
development of IgE immunotherapies is the production and
purification of clinical-grade material at sufficient quantities and
of high purity for first-in-human administration. Manufacturing
studies should focus on deriving robust medium-to-large scale
production and purification to yield highly pure, biologically-
active agent, possibly informed by the vast experience with IgG1
class therapeutics, but tailored to the IgE class. These processes
should ideally be applicable across the development of many
future therapeutics.

Downstream of the pre-clinical evaluations of IgE-based
anti-tumor immunotherapies conducted to date and described
above, clinical testing of such anti-tumor immunotherapies
will represent a crucial milestone for the concept, and will
provide valuable scientific insights that stand to advance our
understanding of IgE biology, particularly, but not exclusively,
in the context of cancer therapeutics. Taking into account the
inherent risk of a first-in-class, first-in-human study of these
novel and potentially immunomodulatory molecules, a number
of measures will be carefully planned to ensure the safety of the
patients within these clinical trials. It is expected that clinical
trials will be conducted alongside carefully planned metrics and
monitoring of patients to inform on safety and efficacy. These
could include monitoring for: (1) clinical signs of acute systemic
type I hypersensitivity reactions, including evidence of urticaria,
(2) serum B-tryptase elevations, (3) serum autoantibodies to the
targeted antigen, and (4) serum concentrations of the targeted
antigen, in addition to routine monitoring for renal/hepatic/
hematological toxicities. The relevance of monitoring for serum
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autoantibodies and correlation with clinical readouts is that anti-
drug antibodies may neutralize and clear the antibody from the
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that of the corresponding IgG class antibodies. While the
mechanisms that drive superior effector cell activation in the
context of these therapeutics are being elucidated, numerous
IgE-based immunotherapeutic approaches examined using
different model systems for a range of tumor indications,
support the rationale of translating this concept toward
clinical application.
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