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Immediate hypersensitivity reactions are induced by the interaction of allergens with
specific IgE antibodies bound via FceRI to mast cells and basophils. While these specific
IgE antibodies are needed to trigger such reactions, not all individuals harboring IgE
exhibit symptoms of allergy. The lack of responsiveness seen in some subjects correlates
with the presence of IgG antibodies of the same specificity. In cell culture studies and
in vivo animal models of food allergy and anaphylaxis such IgG antibodies have been
shown to exert suppression via FcyRllb. However, the reported absence of this inhibitory
receptor on primary mast cells derived from human skin has raised questions about the
role of IgG-mediated inhibition of immediate hypersensitivity in human subjects. Here,
we tested the hypothesis that mast cell FcyRlIlb expression might be tissue specific.
Utilizing a combination of flow cytometry, quantitative PCR, and immunofluorescence
staining of mast cells derived from the tissues of humanized mice, human skin, or in
fixed paraffin-embedded sections of human tissues, we confirm that FcyRllb is absent
from dermal mast cells but is expressed by mast cells throughout the gastrointestinal
tract. IgE-induced systemic anaphylaxis in humanized mice is strongly inhibited by
antigen-specific IgG. These findings support the concept that IgG, signaling via FcyRllb,
plays a physiological role in suppressing hypersensitivity reactions.

Keywords: IgE, IgG, FcyRIlIb, Fc receptors, mast cells, anaphylaxis, immediate hypersensitivity, food allergy

INTRODUCTION

Clinical evaluation for allergy currently centers on detection of allergen-specific IgE antibodies
using both skin testing and serum IgE measurements. The presence of specific IgE in patients
with histories of allergen-induced reactions is considered confirmatory of allergy. However, while
specific IgE is necessary for immediate hypersensitivity reactions, it is not always sufficient. This
is particularly true in the setting of food allergy where a significant fraction of patients harboring
allergen-specific IgE antibodies to foods can actually ingest those foods with no reaction (1-3).
As a result, accurate diagnosis of food allergy can in many cases only be established by ingestion
challenge. This poor predictive value of IgE testing offers an important clue regarding the regula-
tion of IgE-triggered mast cell responses to allergens, suggesting the presence of counteracting
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mechanisms or inhibitory pathways in individuals producing
significant amounts of allergen-specific IgE who are not clini-
cally allergic.

Allergen-specific IgG antibodies can exert such a dampening
effect on IgE-mediated responses. Epidemiological studies of
cohorts of children have revealed that the prevalence of allergen-
specific IgE responses to aeroallergens significantly exceeds
that of symptomatic respiratory allergy and that the levels of
allergen-specific IgG antibodies correlate with protection from
symptoms (4). There is growing evidence for a similar benefit of
IgG antibodies in food allergy. Specific IgG levels are inversely
correlated with reaction severity in food allergic subjects and
increase in parallel with the natural resolution of milk and egg
allergy (5-7). Oral immunotherapy (OIT) and early food intro-
duction strategies both elicit food-specific IgG responses (8-14).
IgG has been shown to reduce IgE-mediated mast cell activation
via two distinct mechanisms, (1) antigen interception and steric
blockade, blocking binding to IgE or (2) via Fc-mediated interac-
tions with the inhibitory receptor FcyRIIb (15). The importance
of these IgG pathways in exerting suppression of hypersensitivity
in vivo has been explored in murine studies in which it has been
clearly demonstrated that both are at work but that FcyRIIb liga-
tion is about an order of magnitude more potent in mediating IgE
responses than is steric blockade (16-20).

Fcy receptors (FcyRs) can be classified into activating and
inhibitory FcyRs. Mouse mast cells express the activating receptor
FcyRIIIL, while human mast cells express FcyRI and FcyRlIIa, but
not the low-affinity receptor, FcyRIIL The activating FcyRs, like the
high-affinity IgE-receptor FceRI, signal via a cytosolic immunore-
ceptor tyrosine-based activation motif (ITAM). Upon activation,
the ITAMs are transphosphorylated, and a signaling cascade is
initiated by the SH2-containing Syk tyrosine kinase. The receptor
FcyRIIb is unique as it is the only inhibitory FcyR. It contains an
immunoreceptor tyrosine-based inhibitory motif that recruits
phosphatases for inhibitory and immunomodulatory downstream
signaling. Thus, FcyRIID is able to attenuate signaling induced by
activating FcyRs (21-23). Murine mast cells express FcyRIIb, and
genetic models have established that IgG-mediated suppression of
IgE-induced anaphylaxis is dependent on its presence (16-19, 24).

The role of FcyRIIb in the suppression of human mast cell
activation by IgE in vivo has been less clear. Like murine mast
cells, human mast cells cultured from hematopoietic progeni-
tors express functional FcyRIIb (25). In contrast, when isolated
from the skin, the most accessible tissue from which to obtain
them, primary human mast cells lack the receptor (26). This
finding along with the observation that subjects who successfully
complete food OIT do not exhibit anaphylaxis upon ingestion
challenge despite having quite elevated IgE levels but still exhibit
positive skin test responses to the same food (27-30) led us to
hypothesize that IgG antibodies formed in the course of OIT
might suppress the IgE-induced activation of intestinal mast
cells (and hence food anaphylaxis) while leaving IgE-induced
skin responses unchecked. A corollary of this hypothesis would
be that intestinal but not cutaneous mast cells express FcyRIIb.
Notably, allergen-specific IgG levels increase by orders of mag-
nitude during OIT (27, 30, 31), and this IgG suppresses basophil
degranulation in an FcyRII-dependent manner (18).

In order to test our hypothesis, we used an array of approaches
to evaluate the expression of the low-affinity inhibitory Fc receptor,
FcyRIIb, in human IgE receptor-bearing cells. We analyzed live cells
isolated from human skin and various tissues of humanized mice
as well as arrays of fixed tissues from a number of human organs.
Our analyses confirm the previously reported absence of FcyRIIb
in human skin mast cells but demonstrate its presence in mast cells
of the gastrointestinal tract. Using the humanized mouse model,
we demonstrate that IgG antibodies suppress IgE-triggered human
mast cell-mediated anaphylaxis in an FcyRII-dependent manner.

MATERIALS AND METHODS

Humanized Mice

Humanized mice with robust reconstitution both of human
T and B cell adaptive immune compartments and human mast
cells were produced as previously described (32, 33). Briefly,
non-obese diabetic (NOD).SCIDyc™'~ mice transgenic for mem-
brane-bound human stem cell factor (SCF) [NOD.Cg-Prkdc<?
I12rg™i Tg(PGK1-KITLG*220)441Daw/Sz]] were engrafted
with 5 X 10* CD34* hematopoietic stem cells (HSC) from cord
blood (AllCells) for 16-24 weeks. Wild-type BALB/c, C57BL/6],
and FcyRIIb~~ (B6) mice were bred at Boston Children’s Hospital.
All animal work was conducted under protocols approved by
the Institutional Animal Care and Use Committee at Boston
Children’s Hospital.

Cell Isolation

Peripheral blood was collected from healthy adult volunteers
by venipuncture. Neonatal foreskins were obtained through the
Human Skin Disease Resource Center. Cells were dispersed from
the spleen and bone marrow of (humanized) mice by mechanical
disruption. Leukocyte suspensions were prepared from skin and
intestine according to established procedures using collagenase
digestion (34). Human mast cells were isolated by immuno-
magnetic selection using CD117 microbeads (Miltenyi Biotec).
Human mast cell progenitors were similarly isolated from
humanized mouse bone marrow. Human basophils were isolated
from Ficoll-separated human peripheral blood mononuclear cells
using a Basophil Diamond Isolation Kit (Miltenyi Biotec).

Cell Culture

Cells were cultured in RPMI-1640 medium supplemented with
10% heat-inactivated fetal calf serum, 1 mM sodium pyruvate, 1%
MEM non-essential amino acids, 2 mM L-glutamine, 100 pg/ml
streptomycin, 100 U/ml penicillin, 10 pg/ml gentamicin, 55 pM
2-mercaptoethanol, and 10 mM HEPES buffer (complete RPMI).
Isolated human mast cells were cultured in the presence of
human SCF (20 ng/ml, Shenandoah Biotechnology). Mast cell
phenotypes were assessed by flow cytometry (c-Kit*FceRIot) and
chloroacetate esterase staining.

RNA Analysis

RNA was extracted using an RNeasy Micro Kit from Qiagen,
reverse transcribed using a BioRad iScript cDNA synthesis kit,
and analyzed by qPCR using TagMan probes. GAPDH was used
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for normalization, and data are expressed as transcripts per 1,000
GAPDH transcripts.

Immunofluorescence on Formalin-Fixed
Paraffin-Embedded (FFPE) Tissues

Human tissue arrays were produced as previously described
(35, 36). Paraffin-embedded tissue sections were deparaffinized
according to standard procedures, and epitopes retrieved by heating
for 20 min in 10 mM sodium citrate pH 6 with 0.05% Tween-20 in
a vegetable steamer. Sections were blocked and permeabilized using
0.3% Triton X-100 with 2% BSA and 5% goat serum (all Sigma-
Aldrich). The following antibodies were used: anti-human tryptase
(clone AA1, mouse IgG1, Santa Cruz Biotechnology), anti-CD32B
(rabbit polyclonal ab151497, Abcam), goat anti-mouse IgGl
AlexaFluor488 (Invitrogen), goat anti-mouse IgG2b AlexaFluor568
(Invitrogen), and goat anti-rabbit AlexaFluor568 (Invitrogen).
Sections were mounted in Prolong Gold Antifade Reagent with
DAPI (ThermoFisher) and imaged on a Nikon E800 microscope.

Flow Cytometry

Cells were stained for surface markers in FACS buffer (PBS, 0.5%
BSA, 0.01% sodium azide) at 4°C for 30 min. Peripheral blood
was subjected to fixation and erythrocyte lysis using BD Phosflow
Lyse/Fix reagent for 10 min. All other cells were fixed using BD
Cytofix/Cytoperm reagent. After fixation, cells were washed and
stained in BD permeabilization buffer.

Non-specific binding was blocked using FcX TruStain
(Biolegend) and 10% rabbit serum (Sigma Aldrich). Cells were
stained to detect CD45 (clone HI30, Biolegend), CCR3 (clone 5E8,
Biolegend), c-Kit (clone 104D2, Biolegend), FceRIx (clone CRA-1,
Biolegend), CD64 (FcyRI) (clone 10.1, Biolegend), CD32A
(FcyRIIa) (clone IV.3, Stem Cell Technologies), CD16 (FcyRIII)
(clone 3G8, Biolegend), and viability (eBioscience Fixable Viability
dyes). CD32B (FcyRIIb) was detected by a rabbit polyclonal
antibody directed against the c-terminal (intracellular) portion
of CD32B (Abcam, ab151497). This antibody was purified and
directly conjugated to PE-Cy7 using a Lightning Link kit (Innova
Biosciences). Non-specific rabbit IgG was treated identically.
Specific staining for CD32B was accomplished using extensive
blocking with unlabeled rabbit IgG (100 pg/ml, 15 min) and
validated by comparing the signal obtained on B cells (CD32B*)
versus T cells (CD32B~) (Figure S1 in Supplementary Material).

IgG Preparation

IgG was prepared from pooled sera from de-identified peanut-
allergic patients that had undergone OIT. IgG was purified over
Nab protein G spin columns (Thermo Scientific), concentrated,
and dialyzed with Macrosep Advance Centrifugal Devices carry-
ing a 50 kDa cutoff (Pall Corporation) and filter-sterilized with
0.2 uM syringe filters (Millex). Allergen-specific IgG concentra-
tions were determined by Phadia InmunoCAP (ThermoFisher).

Passive Anaphylaxis

Humanized mice were passively sensitized to peanut by intra-
venous injection of IgG-depleted serum from highly peanut
allergic human donors, containing 70 ng aPN IgE as determined
by ImmunoCAP. 24 h prior to allergen challenge, human IgG

against PN was injected i.p. Anaphylaxis was evoked by i.p. injec-
tion of 1 mg complete peanut extract, which was made as previ-
ously described (18). Anaphylactic severity was determined by
monitoring the loss of core body temperature using subdermally
implanted microchip transponders (Bio Medic Data Systems).

Statistical Analysis

Data were plotted and analyzed in Prism 5.0f (GraphPad Software,
Inc.). Anaphylaxis data were analyzed using repeated measures
two-way ANOVA; all other data were analyzed using standard
ANOVA with Bonferroni post-tests between groups. ELISA val-
ues for IgE varied across multiple orders of magnitude and thus
were subjected to log transformation prior to statistical analysis;
for this purpose, null values were assigned a nominal value corres-
ponding to the limit of detection in the assay. Two-tailed P values
are summarized as follows: *P < 0.05, **P < 0.01, **P < 0.001,
and ****P < 0.0001. Data are represented as mean + SEM for
anaphylaxis curves, and with points showing individual mice
overlaid with mean + SEM elsewhere.

RESULTS

Human Mast Cells Express Both Inhibitory
and Activating FcyRII

Murine models have revealed the impact of the inhibitory Fc
receptor FcyRIIb on pathogenesis of both allergic and autoimmune
diseases (16-18). IgG signaling via FcyRIIb potently inhibits IgE-
induced anaphylactic shock (16, 19, 24). Since mast cells are thought
to be the main drivers of this IgE-mediated hypersensitivity reac-
tion, the mechanisms by which their activation can be modulated
by IgG are likely relevant for allergic disease. While it is established
that murine mast cells, murine basophils, and human basophils
all express high levels of inhibitory FcyRIIb (37, 38), human tissue
mast cells are harder to obtain and are less well characterized in
this regard. Previous observations that mast cells isolated from
human skin express only the activating FcyR, FcyRIIa, whereas
mast cells cultured from cord blood have only inhibitory FcyRIIb
have suggested potential heterogeneity among human mast cells
with respect to the expression of these receptors (25, 26).

Several humanized mouse models have been shown to foster
human mast cell development and we reasoned that examination
of primary cells from such mice might provide insight into the
tissue-specific expression of Fc receptors (32, 33, 39, 40). For this
analysis, we used non-obese diabetic (NOD) severe combined
immunodeficient (SCID) mice lacking the cytokine receptor
common gamma chain (yc™") and carrying a human SCF
transgene that were engrafted with human HSC. We have previ-
ously described the engraftment of both a functional adaptive
(T and B cell) human immune response as well as abundant
human mast cells capable of mediating allergen-specific immedi-
ate hypersensitivity responses (33). Leukocytes were isolated from
the tissues of such mice and flow cytometric analysis performed
to measure FcyR expression on cells positive for c-Kit and human
FceRla using both an antibody directed at an FcyRIIa (CD32A)-
specific surface epitope as well as a peptide-specific polyclonal
antibody targeting a sequence unique to the intracellular portion
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of FcyRIIb (CD32B) (Figure S1 in Supplementary Material).
Consistent with our hypothesis and some prior observations,
inhibitory FcyRIIb was expressed by mast cells from the intestine
and spleen, but not from the skin of humanized mice (Figure 1).
FcyRIIa was expressed by all mast cells.

Analysis of primary cells prepared from human skin samples
confirmed that skin mast cells express FcyRIla but not FcyRIIb
(Figure 1). In contrast, human peripheral blood basophils expressed
both FcyRIIa and FcyRIIb as expected (Figure 1). Human mast cells
from both humanized mice and human skin expressed low levels
of the high-affinity IgG receptor FcyRI (CD64), but not the low-
affinity IgG receptor FcyRIII (CD16) (Figure S2 in Supplementary
Material). Human basophils expressed FcyRIII as previously
reported (data not shown) (41).

In order to corroborate our observations we additionally
assessed FcyR mRNA expression by quantitative PCR. Consistent
with the flow cytometry results, mRNA for FCGR2B was present
at reasonably high levels in human mast cells from humanized
mouse intestine but was undetectable or nearly so in both human
and humanized mouse skin mast cells (Figure 2).

For analysis of mast cell FcyR expression in a fully human
setting we performed immunofluorescence analysis on normal
human tissue arrays, single slides containing FFPE sections from
multiple organs, processed in one pass to ensure consistency

FcyRlla  FcyRllb
Blood
basophil
Human
Skin
Mast cell
Splenic
Mast cell
huNSG
Intestinal
Mast cell
Skin -
Mast cell - J ]
FIGURE 1 | Fcy receptor (FcyR)llb expression by mast cells and basophils
from humanized mice, human blood and human skin. Cells from human
samples or humanized mouse organs were assessed for FcgRlla and FcgRilb
expression by flow cytometry. Each experiment was performed at least three
times and a representative histogram is presented.

of staining and reading. FcyRIIb costaining was examined on
tryptase-positive cells in human skin and jejunum. FcyRIIb
was evident on the mast cells in the intestine, but not the skin
(Figure 3; Figure S3 in Supplementary Material). Further analysis
of the human oral-gastrointestinal tract revealed expression of
FcyRIIb in mast cells of the tongue, esophagus, and both small
and large intestines (Figure S4 in Supplementary Material and
data not shown). Expression was lower in stomach mast cells.
Staining was minimal or absent in the abundant mast cells resid-
ing in tonsils and the rare mast cells of the lymph nodes and spleen
(Figure S4 in Supplementary Material and data not shown).

These analyses of mast cells in normal tissues further support
the hypothesis that FcyRIIb expression by mast cells depends on
the tissue context, with good expression in the gastrointestinal
tract and lack of the receptor in mast cells residing in the skin,
spleen, or lymph nodes.

FcyRIlb Inhibits Human Mast Cell

Activation

In murine mast cells and human basophils IgG signals
delivered via FcyRIIb potently suppress IgE:FceRI-mediated
activation. IgG:FcyRIIb-mediated inhibition has similarly been

FCGR2A FCGR2B
H uman 2501 3001
S 2001 s
2 & 200
S 150- £
X X
o )
] 4 ]
% 100 _% 1004
° 504 [
0- 0-
R RERa
fg\{"\ \OO 6\9 \Oo
601 2004
huNSG
§ §
2 @ 150
3 407 ]
s a
3 3 100-
] )
> >
= 204 =
0- 0-
QO QC) QO ®0
S & S &
o S oF S
& @C’ & %(’9
SRS ¥ S
‘\\) ~(\° ,(\\) O
FIGURE 2 | Quantitative PCR analysis of FCGR2A and FCGR2B transcripts
in human FceRI* cells. Data are from 5 to 7 samples per cell type.
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Intestine Skin

Tryptase

FcyRilb

Merge

FIGURE 3 | Fcy receptor (FcyR)llb expression by mast cells in human
intestine and skin. Immunofluorescent staining for mast cell tryptase (green)
and FcgRlIb (red) on human intestinal or skin tissue sections in tissue arrays.
Mast cells are indicated by green arrows. Larger fields, showing more cells,
are presented in Figure S3 in Supplementary Material.

demonstrated in human cord blood cells, but these have an unu-
sual phenotype, expressing only FcyRIIb but not FcyRIIa (25).
We therefore sought to test for FcyRII affected IgG-mediated
suppression in human mast cells expressing a complement of
FcyRs more representative of normal gastrointestinal tissue
resident mast cells. Using human mast cells cultivated from the
bone marrow of humanized mice, we measured degranulation
induced by peanut following sensitization with IgG-depleted sera
from peanut allergic patients as a source of peanut-specific IgE.
Sensitized mast cells rapidly upregulated LAMP-1, a marker of
granule fusion following peanut stimulation (Figure 4A). The
addition of IgG containing high titer anti-peanut antibodies
partially reduced degranulation in a dose-responsive manner.
This inhibition was fully reversed by the addition of anti-CD32
antibodies, consistent with an FcyRIIb-mediated effect. In con-
trast, primary human skin mast cells, which lack FcyRIIb, were
not inhibited by the same concentrations of IgG (Figure 4B). In
the presence of high levels of IgG, skin mast cells actually showed
trends toward increased activation, with reversion by anti-CD32,
suggesting that activating signals delivered via FcyRIIa might
enhance degranulation in the absence of FcyRIIb.

As humanized mast cell FcyRIIb expression patterns reflect
those in native human tissues with presence of the receptor in
gastrointestinal mast cells and absence in the skin, we reasoned
that this would be a useful model system in which to assess func-
tional consequences of FcyRIIbligation in vivo. We therefore used
these mice to test the impact of IgG and FcyRIIb on IgE-mediated
anaphylactic shock driven by human immune cells. Passive
immunization of humanized mice with IgE from peanut-allergic

sera sensitized them for anaphylactic shock when subsequently
injected with peanut (Figure 4C). Shock severity was monitored
by loss of core body temperature (loss of approximately 2.5°C)
and corroborated by serum tryptase levels (Figures 4C,D).
Administration of IgG containing high levels of anti-PN antibodies
reduced the maximal temperature loss to around 1°C, with a
non-significant trend for reduced tryptase levels. Neutralization
of CD32 (FcyRlIla and FcyRIIb) partially abrogated the inhibi-
tory effect of IgG on anaphylaxis, consistent with functional
blockade of FcyRIIb-mediated suppression (Figure 4C). This
suggests that the in vivo inhibitory effect of IgG might be medi-
ated in part by steric blockade of antigen:IgE interaction which
would not be susceptible to modulation by CD32. It is also pos-
sible that CD32 antibodies are not as effective in vivo because of
competition for their binding by the many other CD32* cells in
circulation.

DISCUSSION

Mast cells play diverse roles in the pathophysiology of allergy,
serving not only to produce the mediators of immediate hyper-
sensitivity reactions but also as sources of cytokines that shape
emerging adaptive immune responses in mucosal tissues and
skin (34, 42, 43). The role of IgE antibodies in triggering their
activation is well established and a number of recent observations
suggest that signals delivered by IgG antibodies serve to restrain
this activation by IgE. The inhibitory FcyR, FcyRIIb, plays a key
role in this process. Here, we demonstrate that its expression by
mast cells varies in relation to their tissue location. Our findings
reveal that the inhibitory receptor is strongly expressed in tis-
sues of the gastrointestinal tract but absent in the skin. Using a
humanized mouse model, we demonstrate that allergen-specific
IgG antibodies potently block IgE-mediated anaphylaxis. These
findings provide important insights into the contributions of
inhibitory IgG signaling in human mast cells as well as the tissue
specificity of expression of the responsible receptor.

Our observations provide a potential explanation for uncer-
tainty that has emerged in the literature regarding the relative
contributions of FcyRIIb in suppressing hypersensitivity in mice
versus humans. The reported absence of the receptor on primary
mast cells obtained from human skin raised questions regarding
its physiologic relevance in regulating their activation in humans
(26). In this report, we confirm not only the absence of FcyRIIb
on dermal mast cells but also clearly demonstrate its presence on
human mast cells residing in the gastrointestinal tract. Several inde-
pendent lines of evidence are provided to support this conclusion,
including flow cytometric analysis of mast cells obtained from the
tissues of humanized mice, RNA quantification of FcyRIIb mRNA
in the same cells and immunofluorescence staining of FcyRIIb
in tissue arrays representing a range of human organs. The fully
consistent demonstration of FcyRIIb expression on gut mast cells
by these three approaches lends strong support to the concept that
gastrointestinal mast cells preferentially express the receptor.

The absence of FcyRIIb on dermal mast cells may additionally
provide an explanation for several common clinical observa-
tions in subjects with food allergy. Patients who successfully
complete OIT protocols consistently exhibit sharp increases in
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injection. (D) Serum tryptase levels 1 h post-challenge in humanized mice.

food allergen-specific IgG titers with only modest declines in
IgE levels (44, 45). While able to tolerate enteral challenge, they
often retain positive allergen skin test reactivity consistent with
a scenario in which IgE-mediated activation of gastrointestinal
but not dermal mast cells is suppressed by IgG:FcyRIIb signaling.
We also note that in oral food challenge of allergic subjects cuta-
neous reactions including hives are considerably more common
than gastrointestinal reactions (2).

As the role of allergen-specific IgG antibodies in respiratory
and food allergy comes into sharper focus, greater understand-
ing of the distribution and function of the receptors mediating
their effects is needed. Our report provides a contribution to
the field, describing the tissue-specific and cytokine-regulated
heterogeneity of FcyR expression and the relationship of receptor
expression patterns with observations regarding IgG-mediated
suppression of allergic responses. Future studies will be needed
to determine the tissue-specific factors that determine local mast

cell phenotypes as well as the mast cell intrinsic mechanisms for
sensing these factors. All these pathways might ultimately act as
checkpoints for the allergic response and as potential targets for
therapeutic intervention.
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