Targeting allergen to FcyRI: a strategy to treat allergic disease?
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Purpose of review

Targeting allergens to surface receptors on antigen presenting cells may provide a
therapeutic strategy for allergic disease. This article discusses the immunomodulatory
capacity of a molecule (H22-Fel d 1), which targets the major cat allergen, Fel d 1, to the
high affinity IgG receptor, FcyRI, on human dendritic cells.

Recent findings

The fusion protein, H22-Fel d 1, induced a semi-mature phenotype in dendritic cells
characterized by production of inflammatory cytokines with no change in surface
markers, suggesting tolerogenic capacity. At the T-cell level, H22-Fel d 1 stimulated
increased proliferation coupled with amplification of T cells expressing IL-5 and IL-10.
Further analysis revealed induction of diverse T cell subtypes characteristic of ThO,
regulatory Th1 and regulatory Th2 cells. Notably, this effect was restricted to T cells
isolated from cat-allergic patients. Despite the increase in IL-5-expressing T cells,
responses induced by H22-Fel d 1 appeared to be regulated by IL-10. Comparison with
nonreceptor-targeted allergens from cat and house dust mite confirmed that qualitative
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T-cell changes induced by H22-Fel d 1 were unique.

Summary

H22-Fel d 1 induces a novel variation of the Th2 response, which incorporates elements
of a protective T-cell response. Exploiting FcyRI-mediated pathways for allergen
delivery may offer a new approach for treatment.
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Introduction

The prevalence of allergic disease continues to rise at an
alarming rate, both within the USA and on a global scale.
Allergic diseases pose a huge public health burden with
one out of every four Americans now suffering from
an allergic disorder. Vaccination strategies that have the
potential to offer long-term symptomatic relief would
provide a welcome alternative to pharmaceuticals,
which remain the mainstay of treatment for allergic
disease.

Chronic inflammation is a cardinal feature of a variety of
allergic diseases, including asthma, atopic dermatitis and
allergic rhinitis. Allergen-specific type 2 CD4+ T lympho-
cytes ('Th2 cells) are central to the initiation and mainten-
ance of the allergic inflammatory response through the
cytokines they secrete. The Th2 cytokine, IL-4, mediates
antibody isotype switching to IgE, whereas IL.-5 and IL.-13
are pivotal to other pathognomonic features of allergic
disease such as eosinophil migration and airway hyper-
reactivity. Allergen-specific CD4+ T cells recognize aller-
gen-derived peptides (epitopes) presented in the context
of major histocompatibility complex (MHC) class II
molecules by antigen presenting cells (APCs). Dendritic
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cells are professional APCs, which are key to priming and
maintenance of allergen-specific T-cell responses. Con-
sequently, allergen-specific vaccines that target dendritic
cells could have therapeutic potential based on their ability
to modulate dendritic cells and thus, alter T-cell responses
to allergens.

Here, we highlight the immunomodulatory properties of
a novel allergen variant, which binds to the high affinity
IgG receptor FcyRI (CD64) on dendritic cells. The
purpose of this article is to discuss the therapeutic poten-
tial of this strategy in the context of existing knowledge
regarding the role of receptor-mediated pathways in
"T'-cell responses to allergens.

The rationale for targeting receptors on
antigen presenting cells

In some settings, conventional immunotherapy has proven
clinically efficacious for the treatment of allergic disease
[1]. There is mounting evidence to suggest that the long-
term protective effects of immunotherapy are exerted at
the T-cell level through induction of regulatory T cells
(Tregs), which secrete IL.-10 and/or Thl1 cells, which
secrete IFN-y [2-4,5°]. This approach, which involves
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administering allergen extracts, poses several disadvan-
tages: there is a risk of IgE-mediated adverse events;
treatment regimens are often prolonged and require con-
siderable patient compliance; and standardization of aller-
gen extracts remains a challenge making it difficult
to discern how much of the requisite immunogen is
administered with each injection. Consequently, consi-
derable effort has been devoted to the development of
allergen-specific dendritic cell-based or T'-cell-based
vaccines, which may confer long-term protection without
these drawbacks. As examples, in an attempt to mitigate
IgE-mediated side effects, allergen variants and allergen-
derived peptides have been generated that lack con-
formational epitopes but retain the T-cell antigenic
determinants necessary to activate T cells [6—11]. There
is evidence to suggest that these molecules may be useful
clinically; however, further studies are needed.

Targeting allergen to receptors on dendritic cells

Dendritic cells play a pivotal role in the initiation and
maintenance of T-cell responses to allergens, both in
health and in disease. Specifically, the type of T-cell
response generated can be influenced by the maturational
state of dendritic cells. Engagement of a variety of surface
receptors on dendritic cells can induce maturation, which
is characterized by increased expression of an array of sur-
face markers which are costimulatory for T cells (CD40,
CD80, CD86, OX40L.), as well as secretion of proinflam-
matory cytokines. Whereas mature dendritic cells gener-
ally induce effector T-cell responses (i.e. Thl or Th2),
immature or semi-mature dendritic cells are tolerogenic

based on their ability to induce Tregs [12,13]. However,
the situation is likely more complex as evidenced by recent
reports that both mature and immature dendritic cells can
exhibit tolerogenic properties [14].

Despite the fact that dendritic cells express many different
types of activating surface receptors with immuno-
modulatory potential, few receptors have been exploited
with a view to altering T-cell responses to allergens.
One important exception has been the toll-like receptors
(TLRs). These receptors are a key component in the
innate immune response to infectious agents by virtue
of their ability to recognize pathogen-associated molecular
patterns. Popularity of the hygiene hypothesis, which
posits that increased exposure to Thl-inducing bacteria
reduces the risk of developing allergy, spurred studies on
how TLR signaling might influence the T-cell response to
allergen. In a mouse model, engagement of TLLR4 by high
dose lipopolysaccharide (LLPS) was shown to favor the
induction of Th1 responses to inhaled allergen [ovalbumin
(OVA)] [15]. In humans, results from a clinical trial using
a TLR9-binding allergen conjugate showed increased
induction of Thl-associated cytokines in allergen-stimu-
lated T-cell cultures from treated patients [16]. Though
there is no doubt that molecules that target TLLRs have
immunomodulatory potential, their clinical efficacy
remains to be determined (Fig. 1).

Fc receptors on dendritic cells
The nature of the T-cell response generated in response to
any antigen is highly dependent on the dose of antigen

Figure 1 Ligation of different receptors on dendritic cells influences T-cell responses to allergens

Crosslinking of FceRI on dendritic cells by
natural allergen can induce Th1 or Th2
responses, depending on the type of
dendritic cell [inflammatory dendritic
epidermal cells (IDECs) or Langerhans cells
(LC), respectively]. However, ligation of FceRI
in conjunction with engagement of toll-like
receptors (TLRs, i.e. TLR4 or TLR9)
enhances Th1 responses. Targeting allergen
to FcyRI using H22-Fel d 1 enhances T-cell
proliferation and amplifies ThO and IL-10-
expressing subtypes. Crosslinking FceRI with
the inhibitory receptor FcyRIlb using GE2 (or
GFD, not shown) inhibits IL-16 production by
dendritic cells; however, its effects on human
T cells have not been investigated. CpG
ODN: Oligodeoxynucleotides that contain
unmethylated cytosine-guanine motifs
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administered. With this in mind, approaches that increase
antigen delivery to the APC have the potential not only to
enhance immunogenicity, but also to alter the quality of
the T-cell response. Dendritic cells express an array of Fc
receptors, which have the capacity to enhance allergen
uptake through internalization of allergen/antibody com-
plexes. The critical role of the high affinity IgE receptor,
FceRl, in triggering mast cell and basophil activation along
with the ensuing inflammatory sequelae is well estab-
lished. In addition to effects in those cells, FceRI
expressed on APCs may influence T-cell responses to
allergens through facilitated allergen presentation [17—
20]. On dendritic cells, this receptor exists as a trimer
consisting of an a-chain and a <y-chain dimer. The
a-subunit binds IgE, whereas the y-subunits comprise
the signal-transducing element. Each vy-chain contains a
conserved immunoreceptor tyrosine-based activation
motif (I'TAM), which is critical for initiating downstream
signaling events. Studies [17,21] have shown that ligation
of FceRIl on human monocyte-derived dendritic cells
increases production of proinflammatory cytokines and
chemokines. Moreover, cross-linking of FceRI on dendri-
tic cells by allergen induces robust proliferation of aller-
gen-specific T'-cell clones [17]. Investigation of different
dendritic cell types present in skin lesions of patients with
atopic dermatitis suggests that the nature of FceRI-
mediated T-cell responses is dependent upon the type
of dendritic cell. Specifically, inflammatory dendritic epi-
dermal cells were shown to induce a higher frequency of
IFN-y+ T cells from naive T cells as compared with
Langerhans cells. Conversely, Llangerhans cells induced
a higher frequency of IL-4+ cells (Fig. 1) [17].

Dendritic cells express an array of Fc receptors that bind
IgG. These include FcyRI, FeyRII and FceyRIIL
Whereas FcyRI and FeyRIII constitute activating recep-
tors that contain I'TAMs, FcyRII exists in activating
(FcyRIIa) and inhibitory (FcyRIIb) forms. The inhibi-
tory properties of FcyRIIb have been manipulated to
block the allergic inflammatory cascade. This work is
described in detail elsewhere [22°°]. Briefly, FcyRIIb
contains an immunoreceptor tyrosine-based inhibition
motif (ITIM), which induces inhibitory signaling events.
This receptor can coaggregate with FceRI leading to
rapid phosphorylation of the FcyRIIb I'TIM, which, in
turn, triggers a signaling cascade that culminates in
inhibition of FceRI signaling. Saxon and colleagues used
this knowledge to develop a fusion protein (GE2) that
could nonspecifically crosslink FceRI and FcyRIIb. This
molecule consisted of a human IgG Fc fragment fused to
a human IgE Fc fragment. Suppression of IgE-mediated
signaling by this molecule was evidenced by inhibition of
allergen-induced histamine release from human baso-
phils and mast cells 7z vitro and inhibition of passive
cutaneous anaphylaxis in animal models [23,24]. Shortly
thereafter, a fusion protein was developed that had the
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capacity to coaggregate FcyRIIb and FceRI via receptor-
bound IgE. This molecule (GFD), which contained a
human IgG Fc fragment linked to the major cat allergen,
Fel d 1, blocked cat-induced allergy in a mouse model

[25].

Subsequently, it was shown that GE2 blocked FceRI-
mediated production of IL.-16 in human Langerhans-like
dendritic cells, which expressed FcyRII, but not FcyRI
or FcyRIII [26]. However, effects at the T-cell level were
not examined (Fig. 1). In animal models, there are con-
flicting data on whether FcyRIIb enhances or inhibits
effector T-cell responses to antigen complexed with
antibody [27,28]. Thus, further studies are clearly
warranted in order to resolve how FcyRIIb-mediated
pathways could influence T-cell responses to allergen.

Targeting allergen to FcyRI

The high affinity IgG receptor, FcyRI (CD64), is found
exclusively on cells of the myeloid lineage. This receptor
comprises an IgG-binding a-chain complexed with an
I'TAM-containing y-chain dimer. The I'TAM within the
v-chain is critical to an array of FcyRI-mediated effector
functions, including phagocytosis, cytokine production
and antibody-dependent cell-mediated cytotoxicity.
In addition to these functions, FcyRI also facilitates
antigen presentation. However, though integrity of the
v-chain I'TAM appears to be important for antigen pres-
entation mediated by other Fc activating receptors, this
may not be the case for FcyRI. Specifically, FcyRI has
been reported to promote antigen presentation indepen-
dently of a functional y-chain ITAM [29]. On the other
hand, the a-chain appears to be critical not only for
antigen uptake, but also for antigen presentation through
targeting of receptor-ligand complexes to the appropriate
antigen processing compartments within the APC [29].

In the early 1990s, the effects of targeting antigen to
FcyRI were studied by conjugating antigens to the anti-
human FcyRI monoclonal antibody (mAb) 22.2. This
mADb had been shown to bind to FcyRI via its Fab region
outside the Fc binding domain, making it feasible to
target antigens to the receptor despite occupancy by its
normal ligand, IgG. Targeting antigens to human FcyRI
using mAb 22 was shown to enhance T-cell responses
in vitro in human-based systems and augment humoral
responses # vivo in a transgenic mouse model [30,31].
Collectively, these findings pointed to enhanced immu-
nogenicity mediated by FcyRI targeting using mAb 22.

A humanized version of anti-CD64 mAb 22 (H22) was
developed, which was shown to stimulate receptor intern-
alization, an important first step in antigen processing
(Fig. 2a) [32]. This trivalent antibody cross-links FcyRI
through binding by its Fc end as well as its Fab ends [33].
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Interestingly, targeting antigenic peptides using just the
monovalent form of H22 (Fab) enhanced both antigen-
specific CD4+ T cell proliferation and cytokine pro-
duction iz vitro [34°%]. Using a similar approach to target
prostate specific antigen to FcyRI in the human myeloid
cell line THP-1 led to enhanced killing of those cells by
antigen-specific cytotoxic T lymphocytes [35]. Thus, in
addition to facilitating presentation of antigen on MHC
class II molecules to CD4+ T cells, exogenous antigens
targeted to FcyRI using H22 can also be presented to
CD8+ T cells in the context of MHC class I. Moreover, a
monovalent form of H22 is sufficient to mediate
these effects.

The immunomodulatory capacity of the novel allergen
variant, H22-Fel d 1

In 2001, Platts-Mills ez a/. [36] reported a novel type of
immune response (modified 7%2 response) in children
living with a cat who were exposed to high levels of the
major cat allergen, Fel d 1. This response, which was
characterized by the presence of anti-Fel d 1 IgG anti-
bodies in the serum without IgE and without allergic
symptoms, was proposed to represent a form of high dose
respiratory tolerance. Subsequent T-cell studies per-
formed on modified responders suggested a role for
enhanced recognition of an immunodominant region
within polypeptide chain 2 of Fel d 1, which contained
IL.-10-inducing and IFN-y-inducing T'-cell epitopes [37].
Marked increases in cytokine production to these chain 2
epitopes were also observed in cultures from cat-allergic
patients receiving conventional immunotherapy using cat

Figure 2 Schematic of H22-Fel d 1

extract. Collectively, these findings supported a role for
IL.-10 and IFN-y in protective responses to Fel d 1.

In 2002, Vailes er al. [38°°] developed a recombinant
fusion protein, which linked Fel d 1 to the single-chain
antibody fragment variable regions (sFv) of H22 (H22-
Fel d 1) (Fig. 2b). The sFv version of H22 (sFv22) binds
monovalently and thus, does not crosslink FcyRI, but
nevertheless leads to receptor internalization. Interest-
ingly, this effect requires IgG suggesting that occupancy
of the ligand binding domain of FcyRI is necessary for
receptor uptake mediated by sFv22 [39]. Subsequently,
H22-Fel d 1 was shown to bind to FcyRI on monocytes.
Moreover, H22-Fel d 1 retained the ability to bind Fel d
1-specific IgE antibody, suggesting that fusion of Fel d 1
to sFv22 did not influence allergen folding [38°°].

We speculated that targeting Fel d 1 to FcyRI may
enhance presentation of major T-cell epitopes, including
those that induce IL.-10 or IFN-y. Thus, the immuno-
modulatory properties of H22-Fel d 1 were investigated.
In initial studies using peripheral blood mononuclear cell
(PBMC) cultures, H22-Fel d 1 stimulated increased T-
cell proliferation as compared with nonreceptor-targeted
allergen (rFel d 1) [40°°]. This phenomenon was
examined further at both the APC and the T-cell level.
High-level expression of CD64 was observed on mono-
cyte-derived dendritic cells (MDCs) confirming that this
was an appropriate APC type for analysis. Interestingly,
MDGCs pulsed with H22-Fel d 1 showed a semi-mature
phenotype as judged by production of inflammatory

(a) The humanized anti-CD64 monoclonal antibody, H22, was
generated by complementarity-determining region (CDR)
grafting from the mouse monoclonal antibody (mAb) M22. The
humanized mAb contains 5—10% of the original mouse
sequence. The sFv of H22 was linked to Fel d 1 by cloning and
H22-Fel d 1 was produced in Baculovirus and Pichia pastoris
expression systems [38°°,40°°]. The sFv comprises the variable
regions of heavy (V) and light (V) chains of H22 produced by
joining Vi and V. DNAs together with a linker to obtain a single
DNA fragment for cloning and expression. (b) H22-Fel d 1 binds
to FcyRI outside the Fc binding region of the receptor. APC,
antigen presenting cell.

H22-Fel d 1

% CDR

Grafting

—)
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cytokines with no change in surface markers of matu-
ration [human leukocyte antigen-DR (HLA-DR), CDA40,
CD80, CD86]. Specifically, H22-Fel d 1 induced
increased secretion of Thl-promoting and inflammatory
cytokines [IL-1B, IL-12, monocyte chemoattractant
protein  (MCP)-1, macrophage inflammatory protein
(MIP)-1a, MIP-1B8, RANTES] as compared with rFel
d 1. Moreover, levels for selected inflammatory cytokines
(MCP-1, MIP-1B) were as high as those induced by the
TLR4 ligand, LPS. H22-Fel d 1 also induced increased
IL.-10, whereas no changes in Th2-attracting chemokines
were observed [40°°].

Next, we examined the T-cell repertoire induced using
CD4+ T cells cultured with H22-Fel d 1-pulsed
MDGs. Given that semi-mature dendritic cells were
previously reported to tolerize T cells, we theorized
that changes at the dendritic cell level could translate
to induction of IL-10-producing T cells [41]. Flow
cytometry analysis showed that H22-Fel d 1 amplified
both IL-54 and IL-10+ CD4+ T cells as compared
with rFel d 1. This effect was observed for T cells
isolated from cat-allergic patients, but not those from
modified responders or serum antibody-negative con-
trols. As many cytokine-positive T cells induced by
H22-Fel d 1 expressed multiple cytokines, we further
assessed the nature of these cells by analyzing the
following six subtypes: IFN-y+ only; IL-5+ only;
IL-10+ only; IFN-y+IL-5+4; IFN-y+IL-104+; and
IL-104+1L-5+. Interestingly, H22-Fel d 1 amplified
diverse T-cell subtypes which were characteristic of
ThO cells (IFN-y+IL-54) and different types of Tregs,
including T regulatory type 1 (IL-10+ only), regulatory
Th1 (IL-10+IFN-y+) and regulatory Th2 (IL-10+IL-
5+) cells. Importantly, the T-cell repertoire induced by
H22-Fel d 1 did not resemble that induced by rFel d 1
in patients with a modified 77%2 response, showing that
it constituted a distinct response. Given that IL-5+ T
cells were amplified in response to H22-Fel d 1, we
compared the T-cell repertoire with that induced by
the prototypic dust mite allergen, Der p 1. Notably,
despite its ThZ elements, the repertoire induced by
H22-Fel d 1 was markedly more diverse as judged by
increases in all ILL-10-expressing subtypes, as well as
ThO cells [40°°]. Thus, targeting Fel d 1 to FcyRI
induced a novel variation of the Th2 response in
patients with cat allergy, which was characterized by
increased T-cell diversity (Fig. 1).

What constitutes a protective T-cell
repertoire?

A key issue that remains is whether our in-vitro obser-
vations could translate to protective responses 772 vivo. It is
generally accepted that I11.-10 suppresses Th2 responses
to allergens. However, despite all that we have learned
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about T-cell responses to allergens, including the role of
Tregs, what defines a protective T-cell response to
allergen still remains unclear. For example, how many
IL.-10-secreting T cells and thus, how much IL-10, is
required to confer protection? The frequency of IL-10+
cells induced by H22-Fel d 1 in our system was low
(typically less than 5% of total CD4+ T cells) [40°°]. To
determine whether H22-Fel d 1-induced IL-10 could
regulate the response, the effects of 11.-10 blockade
were tested in our system. Blocking I1.-10 was associ-
ated with an increase in I1.-5+ cells without any change
in IFN-y+ T cells [40°°]. Thus, Th2 responses induced
by H22-Fel d 1 appear to be ‘controlled’, at least in part,
by IL-10.

In humans, there is considerable confusion regarding the
relationship of inducible IL-10-secreting Tregs (so-called
adaptive Tregs) with other types of Tregs, including
naturally occurring CD25+ Tregs. New data suggest that
H22-Fel d 1 can induce IL.-10+ T cells within both
adaptive and natural Treg populations (unpublished
observations), pointing to functional overlap of different
Treg types. Regardless of this fact, our results highlight
the diverse makeup of allergen-induced IL.-10-expres-
sing T cells. H22-Fel d 1 will provide a useful molecular
tool for analyzing these cells, which, until now, have
been notoriously difficult to study owing to their low
frequency.

Future considerations

The experimental evidence presented here suggests that
targeting allergens to FcyRI may be an appropriate
dendritic cell-based therapy for allergic disease; however,
T-cell changes induced by this strategy are complex. It
will be interesting to determine whether targeting other
allergens via H22 yields similar changes in the T-cell
repertoire to those induced by H22-Fel d 1. Moving
forward, it will also be important to consider whether
these responses are influenced by the inflammatory
milieu 7z vivo. Given that H22-Fel d 1 contains intact
allergen, the risk for IgE-mediated adverse events will
also need to be evaluated. With this in mind, develop-
ment of H22 conjugates containing allergen-derived
T-cell epitopes could provide a practical solution to
not only eliminate IgE binding, but also stabilize pep-
tides for delivery to APCs.

Conclusion

Targeting allergen to the high affinity IgG receptor indu-
ces potent immunomodulatory effects. The ability to
stimulate a tolerogenic phenotype in dendritic cells
coupled with generation of diverse types of I11.-10-produ-
cing T cells suggests that H22-linked allergens offer
promise as a novel therapy for allergic disease.
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