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Abstract Although most monoclonal antibodies developed
for cancer therapy are of the IgG class, antibodies of the IgE
class have certain properties that make them attractive as
cancer therapeutics. These properties include the superior
affinity for the Fc epsilon receptors (FceRs), the low serum
level of IgE that minimizes competition of endogenous IgE for
FceR occupancy, and the ability to induce a broad and vig-
orous immune response through the interaction with multiple
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cells including mast cells, basophils, monocytes, macro-
phages, dendritic cells, and eosinophils. Tumor-targeted IgE
antibodies are expected to harness the allergic response
against tumors and activate a secondary, T-cell-mediated
immune response. Importantly, the IgE antibody can be used
for passive immunotherapy and as an adjuvant of cancer
vaccines. However, there are important limitations in the use
of animal models including the fact that human IgE does not
interact with rodent FceRs and that there is a different cellular
distribution of FceRs in humans and rodents. Despite these
limitations, different murine models have been used with
success to evaluate the in vivo anti-cancer activity of several
IgE antibodies. These models include wild-type immuno-
competent animals bearing syngeneic tumors, xenograft
models using immunocompromised mice bearing human
tumors and reconstituted with human effector cells, and
human FceRlo transgenic mice bearing syngeneic tumors. In
addition, non-human primates such as cynomolgus monkeys
can be potentially used for toxicological and pharmacokinetic
studies. This article describes the advantages and disadvan-
tages of these models and their use in evaluating the in vivo
properties of IgE antibodies for cancer therapy.

Keywords IgE - Animal models - Cancer -
AllergoOncology - Immunotherapy

Introduction

The use of antibodies as cancer therapeutics has rapidly
grown since the 1990s. Several antibodies containing
human constant regions of the IgG class are now com-
monly used in the clinic for cancer therapy [1]. Examples
of these antibodies are trastuzumab (Herceptin®, human-
ized IgGlx), which is specific for HER2/neu and used for
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the treatment of HER2/neu-positive breast cancer, and
rituximab (Rituxan®, chimeric IgGlk), which is specific
for CD20 and used for the treatment of non-Hodgkin’s
lymphoma and other B-cell malignancies. The success of
these and other IgG antibodies has been clearly shown by
the prolongation of patient survival.

Although in general therapeutic anti-cancer antibodies
are of the IgG class, antibodies of the IgE class have certain
properties that support the study of these molecules as
potential therapeutics for the immunotherapy of cancer.
Research devoted to the relationship between cancer and
IgE falls within the field of “AllergoOncology,” which
aims to reveal the function of IgE-mediated immune
responses against cancer cells in order to elucidate the
biology of IgE and to develop novel IgE-based treatment
options against malignant diseases [2, 3]. IgE has been
suggested to provide protection against parasitic infections
[4]; nevertheless, this function is controversial [5, 6]. While
the physiological function of IgE remains unclear, IgE is
known to mediate allergic reactions through its interaction
with FceRI on the surface of effector cells. The unique IgE-
mediated allergic (Type I hypersensitivity/anaphylactic)
response is due to the presence of mast cells and basophils
that are sensitized by IgE bound to FceRI on their surface
[4]. Allergens bind IgE and cross-link the receptors leading
to rapid degranulation of these effector cells, resulting in the
release of multiple factors, including histamine, enzymes,
and lipid mediators [4]. The release of all these factors leads
to tissue damage and an acute inflammatory response. Thus,
it is possible that if IgE antibodies specific for a tumor
antigen were present in the tumor microenvironment, such a
hypersensitivity reaction would lead to tumor cell death and
phagocytosis of dead cells by antigen-presenting cells
(APC), such as dendritic cells (DC) and macrophages.
Cognate T cells could then be activated by these APC
leading to an adaptive T-cell immune response against the
tumor. This immune response has the potential to be spe-
cific for not only the targeted tumor antigen, but other tumor
antigens due to epitope spreading, a phenomenon in which
an immune response is induced to epitopes or antigens other
than the initially targeted epitope or antigen [7]. Impor-
tantly, IgE can also mediate antigen presentation via the
interaction with FceRs expressed on APC [8-12].

Several studies such as those describing an inverse
association between allergies and/or IgE antibody levels
and several types of malignancies suggest a natural anti-
cancer effect of IgE [2, 13]. Whether or not this is the case,
there are several properties of the IgE antibody that make it
an attractive option for cancer therapy. One of these
properties is the low endogenous serum level of this class
of antibody. IgE constitutes roughly 0.02% of all circu-
lating antibodies, which has been attributed to a short
serum half-life as well as a low synthesis rate [14, 15]. The
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IgG class is the most abundant and constitutes around 85%
of all antibodies in the serum [14]. Thus, the competition
for FcR occupancy on the surface of effector cells is
expected to be lower for therapeutic IgE compared to IgG.
In fact, a limitation of IgG therapeutics is the fact that high
doses of the antibody are required to overcome the com-
petition for binding to FcyR by endogenous IgG, which
interferes with the ability of the therapeutic antibody to
mediate effector functions such as antibody-dependent
cell-mediated cytotoxicity (ADCC) [16], a critical mecha-
nism of anti-tumor protection. Another property unique to
IgE that makes it a meaningful cancer therapeutic option is
its exceptionally high affinity for the FceRs. IgE mediates
immune activation via its interaction with two FceRs: the
high-affinity receptor, FceRI, and the so-called low-affinity
receptor, FceRII (also known as CD23). IgE binds FceRI
with very high affinity (K, = 10'® M™"), which is two
orders of magnitude higher than the affinity of IgG for its
high-affinity FcyR (FcyR1/CD64) [2, 3, 8, 17-19]. Mem-
brane CD23 is trimeric and has three lectin domains that
are connected to the membrane via a triple a-helical coiled-
coil stalk [4]. The affinity of human IgE for a single lectin
domain is K, = 10°~107 M~! [4, 20-22]. However, the
avidity of human IgE for CD23 on the cell surface (trimeric
form) is K, = 10°~10° M, which is roughly equivalent to
the affinity of IgG for CD64 [4, 18, 20-22].

Murine and human CD23 are both type II receptors that
show similar structure; however, their pattern of expression
differs. In humans, CD23 is expressed on eosinophils,
monocytes, lymphocytes, follicular DC, Langerhans cells,
and platelets [21, 23]. In the mouse, CD23 is expressed
mostly on B cells and a subset of T cells [21, 23]. Substantial
differences also exist between rodent and human FceRI.
Murine FceRI is expressed solely on mast cells and basophils
[8], while the rat FceRI is also expressed on eosinophils and
macrophages [24]. The human receptor, on the other hand, is
expressed on mast cells, basophils, eosinophils, monocytes,
Langerhans cells, and DC [8]. However, it is important to
note that the expression level is much higher on human mast
cells and basophils compared to the other human cell types
[8]. Additionally, the structure of the murine FceRI is dif-
ferent compared to the rat and human receptors. Murine
FceRI is always a tetramer that consists of an o chain
(responsible for IgE binding), a f§ chain, and two disulfide-
linked y chains (af8y,) [8]. Functional human and rat FceRI
can exist either as an o3y, tetramer or as an oy, trimer [8, 24].
Therefore, the f§ chain is not required in humans or rats for
cell surface expression. Furthermore, the « chain of the
human receptor is sufficient to bind human IgE [25].

Human IgG interacts with rodent FcyRs, and thus,
rodent models, such as mice, can readily be used to eval-
uate antibody effector functions and Fc-mediated immune
activation elicited by these antibodies and, ultimately, their
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anti-cancer efficacy and toxicity. In contrast, human IgE
does not bind murine FceRs [8, 26]. Interestingly, murine
and rat IgE bind the human FceRI although the affinity for
the human receptor is lower [8, 27, 28]. Due to these inter-
species limitations, the evaluation of human IgE in rodent
models is more difficult compared to human IgG. In the
present article, we discuss the different options of animal
models that are available to study IgE-mediated anti-cancer
activity. A summary of the mouse models that have been
used to study the anti-tumor effect of IgE antibodies in vivo
is presented in Table 1.

Wild-type immunocompetent mice

Animal models with a fully functioning immune system
(immunocompetent) bearing tumor cell lines from the same
genetic background (syngeneic) are commonly used to
evaluate antibody-targeted therapy. Rodents are mostly
used for this purpose, with mice being the predominant
species of choice. Due to the lack of species reactivity
between human IgE and murine FceRs, these models can-
not be used to evaluate the immune activation promoted by
human IgE but are useful for the evaluation of the direct
cytotoxic effects of human IgE that do not involve antibody
Fc effector functions. Additionally, these models are
appropriate to examine the efficacy and potential toxicity
of murine IgE. Since murine IgE is not immunogenic in
these models, numerous administrations of the therapeutic
IgE are possible without the potential neutralization of the
therapy by a murine antibody immune response. Although

the use of these models can result in meaningful studies on
murine IgE, the interpretation of these data and extrapo-
lation to human IgE must be carried out with caution.
Another limitation of these models is that the pattern of
expression of murine FceRI is different from that of
humans, being limited to basophils and mast cells, while in
humans, FceRI is also expressed on other cell types,
including APC and eosinophils. Therefore, the type of
immune activation may not be the same in humans, and
thus, the downstream effects may also be different.
Moreover, human tumors cannot be used in this model due
to their immunogenicity in mice, which prevents the
establishment of such xenograft tumors (cancer cells from
an individual of one species transplanted into an organism
of another species).

The first study carried out with a tumor-targeted IgE was
conducted by Nagy et al. in the early 1990s [29]. A murine
IgE specific for the major envelope glycoprotein (gp36) of
the mouse mammary tumor virus (MMTYV) was produced
and the anti-cancer efficacy evaluated in C3H/HeJ mice
bearing syngeneic H2712 (MMTV positive) cells. Mice
(n = 6) received 10° cells subcutaneously (s.c.) simulta-
neously with mouse ascites containing 12.5 pg of the anti-
gp36 IgE or an equivalent amount of normal mouse serum.
Additionally, every 4 days for 8 weeks, the animals were
treated intraperitoneally (i.p.) with 100 pL of ascites con-
taining 25 pg of the targeted IgE or 100 pL of normal
mouse serum. In this experiment, animals receiving normal
mouse serum succumbed to disease by day 44. Four of the
6 animals treated with the murine IgE were alive at that
time. After the cessation of treatment, 1 mouse treated with

Table 1 Examples of mouse models used to evaluate the anti-tumor efficacy of IgE molecules

IgE species IgE specificity Targeted cancer cells Mouse model Refs

Murine gp36 of MMTV H2712 murine mammary carcinoma (s.c. and i.p.) C3H/Hel [29]

Rat/human chimeric Murine Ly-2 E3 murine thymoma (s.c.) C57BL/6 [30]

Murine DNP MC38 murine colon carcinoma cells expressing C57BL/6 [35]
human CEA (s.c.)®

Murine DNP TS/A-LACK murine mammary carcinoma cells BALB/c [36]
coated with DNP (s.c.)

Murine and murine/human  Colorectal cancer ~ Human COLO 205 (s.c.) SCID [39]

chimeric antigen
Rat/human chimeric Murine Ly-2 E3 murine thymoma (i.p.) NOD-SCID [41]
Mouse/human chimeric FBP IGROV-1 human ovarian carcinoma cells (s.c.) C.B-17 scid/scid [43]
HUA patient-derived ovarian carcinoma (i.p.) nu/nu [44-46]

Mouse/human chimeric NIP TS/A-LACK murine mammary carcinoma cells Human FceRlo transgenic  [36]
coated with NIP (s.c.) BALB/c

Human HER2/neu D2F2/E2 murine mammary carcinoma cells Human FceRla transgenic  [57]
expressing human HER2/neu (i.p.) BALB/c

s.c. Subcutaneous, i.p. intraperitoneal, MMTV murine mammary tumor virus, DNP dinitrophenol, FBP folate binding protein, NIP 4-hydroxy-5-

iodo-3-nitrophenylacetyl

? Tumor targeting occurred via a biotinylated anti-CEA IgG followed by streptavidin and then a biotinylated IgE
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the IgE started developing a tumor on day 58 and died on
day 72. The remaining 3 animals survived past 175-days
post-tumor challenge. In a similar experiment where only
the number of tumor cells was changed (increased to 106),
control animals died from excess tumor burden within
32 days. Only 2 mice treated with the IgE died within this
time frame, while the remaining 4 died by day 161. This
study also evaluated the efficacy of the IgE against tumors
growing in the peritoneal cavity. H2712 cells (10°) were
injected i.p. Treatment was similar to the previously
described experiments. However, the dosing was carried
out only for 6 weeks. In this experiment, all control ani-
mals died within 34 days, whereas 2 of the 6 in the IgE
treatment group survived until day 139 [29]. These data
show that murine IgE antibodies are able to protect mice
from a lethal dose of cancer cells, whether the tumors were
growing s.c. or i.p. The mechanism of anti-cancer activity
was not described in this study. However, it is possible that
immune activation and the induction of a local hypersen-
sitivity response in the tumor microenvironment were
responsible for the effect.

A syngeneic animal model has also been used to
examine the anti-cancer effects of a rat/human chimeric
IgE specific for murine Ly-2 [30]. Ly-2 is a cell surface
marker for murine CDS cells that can also be expressed on
tumors of T-cell origin [31, 32]. Cytotoxic T lymphocytes
(CTL) play a key role in anti-tumor immunity, however, in
certain cases tumors do not express cell surface proteins
that allow CTL activation, which has been considered to be
a reason for poor responses to CTL-mediated therapies
[33]. In order to direct CTL to target tumors in a non—-major
histocompatibility (non-MHC)—dependent manner, a strat-
egy where the anti-Ly-2 IgE and a chimeric receptor
expressed on CTL has been utilized [30]. This chimeric
receptor, which consisted of the human FceRIa chain (the
IgE binding chain), the human CD3-{ signaling molecule,
and the transmembrane human FcyRIla domain, was stably
expressed in the murine CTLL-R8 T-cell line resulting in
“3H2” effector cells [30]. An FcyR was not used due to the
complications caused by high IgG serum level, relative low
affinities, and the potential for complement activation. 3H2
effector cells were incubated simultaneously with 10°
murine E3 thymoma cells (that express Ly-2 [34]) synge-
neic to CS7BL/6 at an effector to target cell ratio of 10:1 in
the presence or absence of the anti-Ly-2 IgE for 4 h. This
combination was then injected s.c. into C57BL/6 mice.
Control animals received E3 thymoma cells alone or E3
cells plus 3H2 cells (without the IgE). The thymoma cells
grew rapidly in animals receiving only E3 cells and caused
death in all 5 mice within 5-7 days. The addition of the
3H2 effector cells significantly prolonged survival. How-
ever, 4 out of 5 five of these animals developed tumors and
succumbed to the disease. The greatest effect was observed
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in the presence of the anti-Ly-2 IgE, where survival was
prolonged at an even higher level than that using 3H2 cells
alone, with only 1 of 5 animals developing a tumor. A
second experiment using an effector to target ratio of 3:1
showed that all 5 control animals died within 15 days.
Three of 5 animals given E3 and 3H2 effector cells com-
bined with a non-specific IgE died within this same time
frame. However, in the presence of the tumor-specific IgE,
all mice survived tumor free. 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.
Importantly, different anti-tumor IgE with human constant
regions can be used in this strategy.

Syngeneic mouse models have also been used to eval-
uate the ability of murine IgE to act as an adjuvant for
cancer immunotherapy [35]. The authors postulated that
IgE on the surface of tumor cells could affect tumor
immunogenicity by the activation of innate immunity
within the tumor microenvironment and that these changes
might affect tumor growth. A biotin-avidin bridge strategy
was used to target IgE to the tumor. C57BL/6 mice were
injected s.c. with 3 x 10° syngeneic MC38-CEA-2 tumor
cells. Two days later, mice were injected with a biotinyl-
ated tumor-specific murine IgG (40 pg anti-CEA-2 anti-
body) to target the tumor. One day later, mice were given
50 pg avidin i.p followed by 50 pg streptavidin 4 h later.
Finally on day 4, mice were given 30 pg/mL biotinylated
anti-dinitrophenyl (DNP) murine IgE (or biotinylated IgG
control antibody) i.p. IgE treatment significantly reduced
tumor growth and prolonged survival compared to IgG
treatment. 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 days after
rechallenge with MC38 parental cells, showing the induc-
tion of a memory response beyond that of the antigen that
was initially targeted. The Fc region of the IgE was shown
to play a critical role since heat inactivation of the bio-
tinylated IgE prior to injection on day 4 abrogated the anti-
cancer effects of the treatment. Depletion of eosinophils,
CDS, or CD4 also abrogated the anti-tumor effects, dem-
onstrating the requirement for these three cell types in the
IgE-mediated growth inhibitory effects. Additionally, these
studies were confirmed in a more immunogenic tumor
model using the syngeneic murine lymphoma RMA-
Thyl.1 cell line under similar conditions [35].

To further explore the properties of murine IgE as an
adjuvant and to determine whether IgE could be used for
the purpose of preventative immunization, cellular vac-
cines were developed using irradiated tumor cells coated
with IgE [35]. Again, the biotin-avidin bridging technique
described in the previous paragraph was used. C57BL/6
mice were vaccinated twice (2 weeks apart) by s.c.
administration of IgE-coated MC38-CEA-2-irradiated
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tumor cells in the left flank. Three different doses of tumor
cells were used ranging from 1-30 x 10*. Two weeks after
the second immunization, the animals were challenged
with 3 x 10° live MC38-CEA-2 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 studies were confirmed using a
similar vaccination schedule and RMA tumor cells [35].
For these studies, animals were vaccinated only once with
1-50 x 10* irradiated tumor cells. Two weeks after
administration, mice were challenged with 5 x 10* live
RMA cells. Taken together, these studies suggest that IgE-
coated tumor cells can affect tumor immunogeneicity and
drive tumor-specific T-cell-mediated responses both in
therapeutic and preventative vaccination strategies.

The adjuvant effect of IgE-coated tumor cells was
confirmed in BALB/c mice using a slightly different
strategy [36]. TS/A-LACK murine mammary adenocarci-
noma cells were infected with modified vaccinia virus
Ankara (MVA) in order to avoid the need for irradiation of
tumor cells prior to vaccination since MVA Kkills infected
cells within a few days. Additionally, MVA was used to
exploit the high immunogenicity of the vaccinia virus. TS/
A-LACK-infected cells were then conjugated with the
hapten DNP. These haptenized cells were coated with
murine anti-DNP IgE and used to vaccinate BALB/c mice.
Mice were vaccinated s.c. and then challenged s.c. with 10°
live TS/A-LACK tumor cells 15 days after vaccination. A
strong anti-cancer effect was observed in these animals
(Fig. 1, P < 0.0001 compared with a single immunization
in the absence of IgE). Vaccination with haptenized tumor
cells (not bearing IgE) did not induce an anti-tumor
response. However, when mice were vaccinated twice with
haptenized tumor cells, an anti-tumor effect was observed.
This effect was similar to that of animals vaccinated once
with IgE-coated tumor cells (Fig. 1). The same experi-
ments were carried out in either FceRI or CD23 knockout
mice [36]. 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 ani-
mals. These data show that the FceRI is a key mediator of
the anti-cancer effects of the vaccination, suggesting the
possibility that the IgE adjuvanticity could result from an
inflammatory response similar to that observed in an
allergic reaction followed by antigen presentation by well-
known APC such as DC. However, it is tempting to
speculate that basophils and/or mast cells may also act as
APC under these conditions since both cell types have been
shown in murine models to act as APC in the presence of
murine IgE complexed with the antigen [37, 38]. All
together, these data demonstrate that the presence of the
IgE in the vaccination protocol resulted in stronger immune
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Fig. 1 Anti-tumor protection induced by IgE-loaded MV A-infected
TS/A-LACK cells. BALB/c mice (n =15 for all groups) were
vaccinated s.c. with 103 IgE-free (2 imm) MVA-infected TS/A-
LACK cells at days -30 and -15, or were not vaccinated (no imm).
Two other groups of mice received only one s.c. vaccination with 10°
IgE-loaded (1 imm + IgE) or IgE-free (1 imm) MV A-infected TS/A-
LACK cells at day-15. At day 0, all vaccinated mice were challenged
with s.c. administration of 2 x 10° living TS/A-LACK cells. Results
are mean =+ the standard error of the mean and were obtained from
one of three experiments yielding similar results. Reprinted from
Figure 3 of Nigro et al. [36] with permission. Copyright 2009. The
American Association of Immunologists, Inc

activation and thus provides further evidence that IgE can
act as an adjuvant for cancer therapy.

Xenograft models using immunocompromised mice

In contrast to the syngeneic murine tumor models, xeno-
graft models allow the use of human cancer cells in order to
evaluate the anti-cancer efficacy of a potential new-tar-
geted drug. Thus, the tumor cells themselves more effec-
tively reflect the human disease, which is often the ultimate
target for cancer therapy. This type of model is frequently
the only option when studying the efficacy of monoclonal
antibodies since they are often species specific and do not
show cross-reactivity between humans and mice. This
approach requires the use of immunosupressed animals
such as severe combined immunodeficiency (SCID) and
nude mice that have impaired cellular and humoral immune
responses. Therefore, these models cannot be used to
evaluate the adaptive immune response elicited by immu-
notherapies, including therapuetic antibodies. Moreover,
xenograft models cannot be used to examine the anti-can-
cer activity triggered by human IgE effector functions since
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it does not interact with murine FceRs. However, these
models can be used to study the direct cytotoxic effects on
cancer cells mediated by a human IgE. Since the animals
are immunosupressed, the human IgE will not be immu-
nogenic allowing multiple administrations of the thera-
peutic IgE. Additionally, these models can be used to
assess the anti-cancer effects of a murine IgE specific for a
human tumor antigen.

The anti-cancer effects of a tumor-specific IgE have
been reported using this type of animal model [39]. The
murine IgE (30.6) is specific for an antigen expressed on
the surface of human colorectal carcinoma cells, such as
the COLO 205 cell line [39]. SCID mice were injected s.c.
with 5 x 10® COLO 205 cells. Systemic treatment with
1 pg of either the 30.6 murine IgE or the 30.6 mouse/
human chimeric IgE was given via intravenous (i.v.)
injection 5 days 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. Increasing the dosing schedule to three
treatments on days 5, 7, and 9 after tumor challenge did not
increase the inhibitory activity [39]. Anti-cancer activity
was also observed in animals bearing s.c. HT29 human
colon carcinoma cells treated with 1 pg of the 30.6 murine
IgE [39]. Additionally, no effect was observed against E3
thymoma cells that lack expression of the antigen targeted
by 30.6. Furthermore, no anti-tumor effect was observed
with a non-specific murine IgE even when used at 100 pg.
These data show that the anti-cancer effects of murine anti-
30.6 IgE are antigen specific and require the murine IgE
constant regions. A mouse/human chimeric IgG1 contain-
ing the 30.6 variable region had also previously shown
anti-cancer activity in this tumor model [40]. The murine
30.6 IgE effect was observed at antibody concentrations
that were 250-fold lower than those previously reported for
the effects seen using 30.6 IgGl, consistent with the
superior anti-cancer activity of the IgE. However, these
two antibodies were not tested simultaneously.

The strategy using chimeric receptors expressed on
murine CTLL-R8 T cells for adoptive transfer described
above was also used in immunosupressed animals utilizing
human T cells and human tumor cells. A chimeric receptor
similar to that described above (consisting of human FceRlo,
the human CD3-{ signaling molecule, and the transmem-
brane human FcyRII hinge) was produced by adding the
cytoplasmic domain of the human costimulatory molecule
CD28 in order to potentiate the activation signal of the CTL
[41]. Primary human T lymphocytes expressing this chi-
meric receptor (named T-CL9) were used for adoptive
transfer into non-obese diabetic-severe combined immuno-
deficiency (NOD-SCID) mice. For this study, these animals
were irradiated (2.5 Gy) and challenged i.p. the following
day with 10* E3 (Ly-2 positive) thymoma cells. Anti-Ly-2
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IgE-loaded T-CL9 or control T cells not expressing the
chimeric receptor were injected i.p. 4 times at 6, 24, 48, and
96 h following tumor challenge. Adoptive transfer of the
IgE-coated TCL-9 cells significantly prolonged survival.
However, complete tumor rejection and long-term survival
were not observed, which were explained by the fact that the
TCL-9 did not persist in the animal and could not be detected
in the blood, spleen, or peritoneal cavity after 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 did not show a protective effect. These data show
that primary human T cells expressing the chimeric IgE
receptor can suppress tumor growth in the presence of a
tumor-targeted IgE. This strategy of adoptive transfer is an
alternative to the use of a chimeric receptor containing scFv
[42], which requires the production of a new chimeric
receptor for each targeted tumor antigen. The use of the
FceRI-containing chimeric receptor can eliminate this
problem through the combinatorial use with multiple IgE
antibodies targeting different tumor antigens.

Another option available for the use of immunocom-
promised animal models is the reconstitution of the animal
with natural human effector cells. For studies with human
IgE, this would mean using human FceR-expressing
effector cells. This strategy has been utilized with success
to evaluate the anti-cancer efficacy of a mouse/human
chimeric IgE specific for the ovarian cancer-associated
antigen, folate binding protein (FBP) [43]. This IgE was
named MOvVI18 IgE, and its anti-cancer activity was eval-
uated in an immunocompromised mouse xenograft model
of ovarian carcinoma. C.B-17 scid/scid (SCID) animals
were challenged s.c. with 2.5 x 10° IGROV1 human
ovarian carcinoma cells followed by systemic injection
(i.v.) of 50-100 pg of the MOv18 IgE or MOv18 IgG (also
a mouse/human chimeric antibody containing the same
variable region) simultaneously with human peripheral
blood mononuclear cells (PBMC). Both the MOv18 IgG or
the IgE, injected together with human PBMC, inhibited
tumor growth up to 19 days [43]. However, by day 35, the
effect of the IgG was no longer apparent, while the IgE
continued to show protection (Fig. 2). Compared to the
control treated animals, those treated with PBMC plus the
100 pg MOv18 IgE showed a 72% inhibitory rate on day
29 (P <0.001) and a 62% inhibitory rate on day 35
(P < 0.005). Thus, the inhibitory effect of the IgE was
greater and of longer duration than that of the IgG. The
anti-cancer effect of the MOv18 IgE was only observed in
the presence of human PBMC suggesting that the mecha-
nism of tumor protection was mediated by the ability
of the antibody to recruit human FceR-expressing cells.
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Fig. 2 MOv18-IgE inhibits the growth of IGROV1 human ovarian
adenocarcinoma cells in vivo in the presence of human PBMC as
effectors. A matched variable region set of mouse/human chimeric
IgE and IgG1 antibodies specific for FBP was tested for their ability
to inhibit the s.c. growth of cells in a SCID mouse xenograft model of
human ovarian cancer. Mice were treated i.p. with anti-asialo GM1 to
eliminate host natural killer cells. One day later, mice were
challenged s.c. with 2 x 10° IGROV1 cells followed by i.v. injection
of 2.5 x 10° human PBMC combined with either 100 pg MOv18-
IgG1, 100 pg MOvV18-IgE or 50 pg MOv18-IgE. The mean tumor
size + the standard error of the mean measured on days 19, 29, and
35 is shown (n =4 for all groups). Adapted and printed from
Figure 4A Gould et al. [43] with permission. Copyright Wiley—VCH
Verlag GmbH & Co. KGaA

A non-specific IgE was also tested in this model, and no
inhibitory effect was observed, indicating that tumor tar-
geting via binding of the MOv18 IgE to FBP on the surface
of targeted cells was required.

The anti-cancer activity of the MOv18 IgE was confirmed
using a nude mouse model of ovarian carcinoma [44].
Patient-derived HUA human ovarian carcinoma xenografts
were implanted in nu/nu female mice by i.p. injection. The
following day mice were treated i.p. with 4 x 10° human
PBMC alone or combined with 100 pg MOv18 IgE or
MOv18 IgG. Again the effect was significantly stronger in
the presence of the MOv18 IgE compared to the IgG.
Additionally, in this model, it was also shown that treatment
with the MOv18 IgE resulted in infiltration of human
monocytes into the tumor [44]. It was subsequently shown
that human monocytes mediate the effect of the MOv18 IgE
in this tumor model [45]. In addition, use of the human
monocyte (histiocytic lymphoma) cell line U-937 showed
that these cells can also serve as effectors and mediate anti-
tumor protection by the MOv18 IgE [46]. This effect is
increased when the U-937 cell line is prestimulated with IL-4
to increase the expression of FceRII (CD23). Interestingly, in
vitro studies suggested that both FceRI and CD23 contribute

to the anti-tumor activity of the MOv18 IgE through ADCC
and antibody-dependent cell-mediated phagocytosis
(ADCP), respectively [46].

It is important to note that a limitation of this type of
animal model is that it does not have a self-replenishing
supply of human effector cells. The human PBMC were
injected once and are expected to be removed from the
circulation rapidly due to a short life span in the mouse
[47]. Additionally, certain human cytokines secreted by
human effector cells may not interact with the murine
immune system [48]. Moreover, the types of effector cells
that express FceRs in the PBMC preparations is restricted
to certain cell types such as monocytes [49]. Thus, the full
spectrum of human effector cells (including basophils and
mast cells) is not active in these mice. Therefore, the anti-
tumor effect of antibodies tested in this model, such as the
MOv18 IgE, may be even greater in models without the
drawbacks noted above and where the source of FceR-
expressing effector cells is natural and constant.

Human FceRIa transgenic mouse model

In order to have a mouse model in which human IgE is
capable of interacting with FceRI-expressing cells, a
transgenic mouse with the murine FceRIo knocked out and
its human equivalent knocked in (since IgE binding occurs
through the FceRIo subunit [25]) has been described in
both a BALB/c and C57BL/6 background [50-52]. Sur-
prisingly, in these animals expressing the “humanized”
FceRI, the cellular distribution of human FceRI surface
expression mimics that of humans. FceRI is expressed on
mast cells, basophils, monocytes, eosinophils, Langerhans
cells, and DC. Thus, this model provides a more accurate
and constant repertoire of effector cells for the study of
human IgE. This model was initially intended to be used to
study anaphylaxis [50-53] and the efficacy of molecules
that inhibit anaphylaxis [54-56]. However, it can also be
used to evaluate both the anti-cancer effects mediated by
FceRI and the potential toxicity of IgE containing human
constant regions. Whether or not the entire toxicity profile
may be studied in this model depends on the species cross-
reactivity of the antibody, and whether or not it will
interact with the murine homolog of the antigen. Addi-
tionally, these animals are only transgenic for human
FceRI, but not FceRII (CD23). Therefore, the role of CD23
in the observed anti-cancer effects cannot be measured, and
thus, the overall anti-cancer activity may be underesti-
mated. Moreover, these transgenic animals are not trans-
genic for human IgE. This makes multiple, long-term
administrations of human IgE problematic since these mice
may potentially mount a murine anti-human IgE humoral
response. Furthermore, human cell lines cannot be used in
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these transgenic animals since tumors would not be
expected to establish in these immunocompetent animals.

As described above in the section covering the wild-type
immunocompetent mouse models, murine IgE can serve as
an adjuvant for cancer therapy. This has also been shown
for IgE containing human constant regions in the human
FceRla transgenic mouse model [36]. MV A-infected TS/A-
LACK cells (syngenic for BALB/c) were haptenized with
NIP-OSu (4-hyroxy-5-iodo-3-nitrophenylacetyl-hydroxy-
succinimidyl ester). Immunization consisted of s.c. injec-
tion of cells loaded with 20 pg of the mouse/human
chimeric anti-NIP IgE (10° per mouse). Two weeks after
immunization, animals were challenged s.c. with TS/
A-LACK cells. Cells loaded with the anti-NIP IgE signif-
icantly blocked tumor growth compared to animals
immunized with cells alone (Fig. 3a, P < 0.0001 compared
with a single immunization in the absence of IgE). Addi-
tionally, immunization of wild-type BALB/c mice did not
yield an inhibitory effect (Fig. 3b). These results are
expected since chimeric IgE does not interact with the
murine FceRs and demonstrate that FceRI-expressing cells
are involved in mediating the anti-tumor effect, since the
animals are only transgenic for human FceRlIo. These studies
provide support for the possible use of IgE as an adjuvant for
cancer vaccines in humans.

This model has been recently used to characterize a fully
human anti-HER2/neu IgE containing the variable regions
of the scFv C6MH3-B1 [57], which does not compete with
trastuzumab (Herceptin®) for binding to HER2/neu [58].
This model was first used to evaluate the ability of the IgE
to induce a local cutaneous anaphylaxis reaction in the skin
of the animals. Transgenic animals were sensitized with
1 pg of the anti-HER2/neu IgE by intradermal injection.
Four hours later, the animals were systemically given an
anti-human « antibody to artificially cross-link the FceRI
on sensitized effector cells. This cross-linking antibody
was given in the presence of Evan’s Blue, a dye that aids in
the visualization of the local hypersensitivity reaction. A
reaction was observed in these animals, while no reaction
was observed in animals sensitized with the human anti-
HER2/neu IgE and systemically given 2 pg of the soluble
form of the extracellular domain of the antigen (ECD"ER?)
[57]. The fact that no reaction occurred in the presence of
the soluble antigen is consistent with a monoepitopic
interaction with the antigen that is unable to induce cross-
linking of the FceRI. Given that the blood volume of a
mouse is 1-2 mL, this dose is equivalent to 1-2 pg/mL. In
cancer patients, a serum concentration of ECDYER? above
15 ng/mL is considered to be elevated, with highly ele-
vated levels being above 100 ng/mL [59, 60]. Thus, even
at the high concentration of ECD"®®? used in these
in vivo studies, soluble ECD"®®? did not induce a local
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Fig. 3 Anti-tumor IgE adjuvant effect in human FceRIo transgenic
mice. a Mice (n = 5 for all groups) were vaccinated s.c. with 10°
chimeric IgE-loaded (1 imm + human IgE) or chimeric IgE-free (1
imm) MVA-infected TS/A-LACK cells at day -15. At day O, all
vaccinated mice were challenged with s.c. administration of 2 x 10°
living TS/A-LACK cells. Non-immunized mice challenged with live
TS/A-LACK cells were used as controls (no imm). b As a control of
the experiment in a, BABL/c wildtype mice (n = 5 for all groups)
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IgE) MVA-infected TS/A-LACK cells at day-15. At day 0, all
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Results are mean = the standard error of the mean and were obtained
from one of three experiments yielding similar results. Reprinted from
Figure 5 of Nigro et al. [36] with permission. Copyright 2009. The
American Association of Immunologists, Inc
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hypersensitivity reaction. Additionally, in preliminary
studies, systemic injection of complexes of ECD"*? and
anti-HER2/neu IgE (with fourfold molar excess of ECD-
HER2) was well tolerated in human FceRIo transgenic mice.
Similar results were observed with systemic injection of
100 pg of the anti-HER2/neu IgE followed 4 h later by
systemic injection of 38 ug of ECD™ ®? These data sug-
gest that the soluble form of the antigen is unable to cross-
link the FceR and thus, this anti-HER2/neu IgE may be
well tolerated in humans.

The anti-cancer efficacy of the anti-HER2/neu IgE was
also evaluated in these animals [57]. Transgenic animals
were challenged i.p. with 2 x 10° D2F2/E2 murine mam-
mary carcinoma cells expressing human HER2/neu. These
cells have been used previously for the evaluation of anti-
tumor efficacy of HER2/neu-targeted therapies [61-63] and
overcome the need to use a human tumor since they express
the human antigen on their surface. Animals received two
treatments of 100 pg of the anti-HER2/neu IgE (n = 18) or
buffer alone (n = 17) on days 2 and 4 after tumor challenge.
The IgE significantly prolonged the survival of tumor-
bearing animals (P < 0.001) [57]. The median survival of
control animals was 28 days, which increased to 39 days in
the IgE-treated animals. Systemic treatment of these ani-
mals was well tolerated. These data show that a tumor-
specific IgE can mediate anti-cancer effects in vivo, and
thus, additional studies on this IgE are warranted to further
evaluate both its efficacy and safety for human use.

Macaca fascicularis (cynomolgus monkey) model

A study conducted in the early 1980s examined the regu-
latory process involved in mediator synthesis and release
during anaphylaxis in sensitized lungs of the cynomolgus
monkey Macaca fascicularis [64]. For this study, sections
of lung tissue from these monkeys were sensitized with
human serum containing high titers of IgE. The lungs were
then incubated with an anti-human IgE and assayed for the
release of mediators of anaphylaxis, including histamine.
The lungs sensitized with human serum showed increased
release of these mediators, presumably due to a successful
interaction between human IgE and the monkey FceRI,
suggesting the usefulness of this animal for safety studies
of IgE containing human constant regions. If the targeted
human protein is highly homologous to the cynomolgous
monkey protein, this model is even more meaningful. This
is the case with HER2/neu, which shows high sequence
homology (about 99%) between the two species and thus
these monkeys have been used in studies on HER2/neu-
targeted IgG antibodies [65, 66]. A preliminary study on
the safety and initial pharmacokinetics of the fully human
anti-HER2/neu IgE has been conducted in this animal

model [57]. For this study, one male monkey was dosed
with a low dose (0.0024 mg/kg) and one male monkey was
dosed with a higher dose (0.08 mg/kg). The doses for this
study were based on previous studies in humans using two
different immune-stimulating therapeutic antibodies: ore-
govomab (a CA-125-specific murine monoclonal antibody)
and EMD 273063 (a humanized anti-GD2 monoclonal
antibody linked to interleukin-2) [67-69]. The anti-HER2/
neu IgE was given to both monkeys via i.v. infusion over
20 min. Circulating human anti-HER2/neu IgE was
observed in the serum on the two monkeys 30 min after
administration [57]. One week later, no human IgE was
detected in the serum of either animal. Both animals were
monitored for 1 week after dosing. No adverse events or
changes in behavior were observed in either animal. It is
important to note that HER2/neu is expressed in many
tissues and a basal level of ECD™ ®? is found in healthy
individuals [70, 71] and still no adverse events were
observed. These data represent encouraging yet pre-
liminary findings that the anti-HER2/neu IgE can be safely
infused into these animals and suggests that the antibody
rapidly redistributes throughout the body, presumably
interacting with cells expressing the FceRs or HER2/neu. It
is also important to note that the serum half-life of human
IgE is 2 days. Additional studies are needed to further
evaluate the toxicity, pharmacokinetics, and biodistribution
of this IgE when infused at a wide range of doses. The
cynomolgus monkey can be a highly meaningful animal
model for the evaluation of toxicity of human IgE-based
therapeutics. However, the limitations of this model are the
high cost of using these animals and the lack of tumor
models to assess IgE-mediated anti-cancer activity.

Closing remarks

IgE has exceptional potential for use as a novel platform
for monoclonal antibody-based cancer therapeutics, due to
several unique properties of this antibody class. These
include the exceptionally high affinity for the FceRs, the
low serum levels of endogenous IgE that minimizes com-
petition with therapeutic IgE for FceR occupancy, and the
ability to enhance a broad range of innate and adaptive
immune response effector mechanisms mediated by vari-
ous cells, including eosinophils and APC as well as mast
cells and basophils. Results from the various animal
models for the assessment of the anti-cancer properties of
IgE-based therapeutics discussed in this article make it
clear that IgE is functionally effective in mediating anti-
cancer immune responses, which in some cases has been
shown to be more effective than IgG-based approaches.
Although these different animal models vary widely in
terms of the immune competence of the animals used, the

@ Springer



1544

Cancer Immunol Immunother (2012) 61:1535-1546

cellular origin of the malignancies studied, and the species
of the IgE monoclonal antibodies, FceRs, and immune cells
involved in these model systems, the common denominator
is the effectiveness of IgE-based therapies against cancer.
In fact, given the diversity of these experimental systems,
the consistent finding that IgE-based approaches are
effective decreases the possibility that this outcome is an
artifact of a particular experimental approach. However,
despite the advantages of the models described in this
article, it is important to note that all of these models have
limitations. Further studies are needed to determine the
safety and efficacy of cancer-targeted IgE.

Future work in human and non-human primate studies,
as well as in murine model systems, needs to further
address several issues: (1) Are IgE-based anti-cancer
therapies safe? (2) What are the immune and inflammatory
anti-tumor mechanisms that are marshaled by IgE-based
monoclonals? (3) How do these immune/inflammatory
mechanisms mediate their anti-cancer cell effects? (4)
What is the pharmacodynamics of IgE-based therapeutic
agents? Finally, the responsiveness of different kinds of
malignancies to IgE-based experimental treatment needs to
be better defined. It is an exciting period for AllergoOn-
cology. Answers to these questions, and the full evolution
of IgE-based therapies for cancer, are awaited eagerly.
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