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IgE and IgE receptors (FceRl) are well-
known inducers of allergy. We recently
found in mice that active systemic ana-
phylaxis depends on IgG and IgG recep-
tors (FcyRIIIA and FcyRIV) expressed by
neutrophils, rather than on IgE and FceRI
expressed by mast cells and basophils. In
humans, neutrophils, mast cells, baso-
phils, and eosinophils do not express
FcyRIIIA or FeyRIV, but FcyRIIA. We there-
fore investigated the possible role of

FcyRIIA in allergy by generating novel
FcyRIlA-transgenic mice, in which vari-
ous models of allergic reactions induced
by IgG could be studied. In mice, FcyRIIA
was sufficient to trigger active and pas-
sive anaphylaxis, and airway inflamma-
tion in vivo. Blocking FcyRIIA in vivo
abolished these reactions. We identified
mast cells to be responsible for FcyRIIA-
dependent passive cutaneous anaphy-
laxis, and monocytes/macrophages and

neutrophils to be responsible for FcyRIIA-
dependent passive systemic anaphy-
laxis. Supporting these findings, human
mast cells, monocytes and neutrophils
produced anaphylactogenic mediators af-
ter FcyRIIA engagement. IgG and FcyRIIA
may therefore contribute to allergic and
anaphylactic reactions in humans. (Blood.
2012;119(11):2533-2544)

Introduction

We recently reported that neutrophils are sufficient to induce active
systemic anaphylaxis (ASA) in mice.! Not only mouse neutrophils,
but also human neutrophils, could indeed restore ASA when
transferred into mice that are resistant to ASA because they lack
activating IgG receptors (FcyR). Mouse neutrophils express
2 FcyRs, FcyRIITA and FeyRIV, which accounted for ASA induc-
tion.! However, human neutrophils express neither FcyRIIIA nor
FcyRIV. They express 2 other FcyRs, FcyRIIA and FeyRIIIB,
which do not exist in mice.> Noticeably, FcyRIIA, but not
FcyRIIIB, can bind mouse IgG.! FcyRIIA may therefore be
responsible for inducing human neutrophil activation when trans-
ferred into ASA-resistant mice.

Anaphylaxis is a systemic hyperacute allergic reaction that
develops within minutes after antigen/allergen exposure in hu-
mans. It can be reproduced experimentally by injecting antigen in
animals immunized with the same antigen (active anaphylaxis), or
in mice preinjected with antigen-specific IgE or IgG antibodies
(passive anaphylaxis). Not only systemic anaphylaxis leading to
hypothermia, hypotension, and respiratory distress, but also local
anaphylaxis leading to extravasation and inflammation, can be
induced in mice depending on the route used for antigen challenge.
Different models were found to depend on different mechanisms.
IgE-induced and IgGl-induced passive cutaneous anaphylaxis
(PCA) required mast cells.>* IgE-induced passive systemic anaphy-
laxis (PSA) also required mast cells.>® However, I1gG1-induced
PSA was reported to require basophils,” whereas 1gG2-induced
PSA required neutrophils.! Mast cells® and basophils’® were not

required for ASA that depended on monocytes/macrophages,’ or on
neutrophils' depending on the experimental model. Therefore, each
of these 4 cell types contribute to a specific model of anaphylaxis,
but their respective contribution in humans remains to be
determined.

In mice, mast cells, basophils, neutrophils, and monocytes/
macrophages express activating FcRs that require the association
of the ITAM-containing FcR+y-subunit to be expressed and func-
tional at the cell membrane. Importantly, FcRy ™'~ mice developed
neither PCA, nor PSA or ASA, indicating that activating FcRs are
mandatory for the induction of these reactions. Mast cells and
basophils express specifically the murine high-affinity IgE receptor
FceRlI, and neutrophils and monocytes/macrophages express spe-
cifically the murine high-affinity IgG receptor FcyRIV.!® However,
all of these cells express the low-affinity IgG receptor FcyRIIIA.
Passive anaphylaxis models have demonstrated that FceRI is
mandatory for IgE-induced PCA and PSA,'! FcyRIIIA for IgG1-
induced PCA'? and PSA,° and FcyRIV for IgG2-induced PSA.!
FceyRIIA and FeyRIV,! but not FceRI,° contributed detectably to
ASA models.

Human neutrophils do not express FcyRIIIA, and FcyRIV does
not exist in humans.'? Instead human neutrophils express the
low-affinity activating IgG receptor FcyRIIA. FcyRIIA possesses
its own ITAM in its intracytoplasmic domain, and is not associated
with the FcRy-subunit.2 The FcyRIIA ITAM, however, is nonca-
nonical and has been described to be less potent in inducing cell
activation in vitro than the FcRy ITAM.!34 FcyRIIA binds all
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4 human IgG subclasses,’> as well as mouse 1gGl, IgG2a, and
IgG2b subclasses.! Polymorphisms in the gene encoding FcyRITA
have been reported to be linked to bronchial asthma and allergic
rhinitis,'® suggesting a role for FcyRIIA in allergic reactions. Mice
transgenic for the Fcgr2a gene have been generated that recapitu-
late the expression of FcyRIIA in humans.!” These FcyRIIA® mice
spontaneously developed autoimmune diseases on a wild-type
(WT) background (ie, pneumonitis, glomerulonephritis, and rheu-
matoid arthritis).'® FcyRIIA, expressed on the FcRy~/~ back-
ground, was sufficient to induce experimental models of thrombo-
cytopenia!® and rheumatoid arthritis.?’ The ability of FcyRIIA to
induce allergic reactions has not been investigated.

FcyRIIA is the most widely expressed FcR in humans,'® and
remarkably the only activating IgG receptor constitutively ex-
pressed by mast cells, basophils, neutrophils, and eosinophils. Mast
cells, basophils, and eosinophils are well-known effectors of
allergic reactions, and our recent work suggests that neutrophils
might be effectors of anaphylaxis.! We therefore studied the ability
of human FcyRIIA to induce passive and active anaphylaxis, and
models of allergic inflammation in skin and airways. To this aim,
we used FcyRIIA-transgenic mice on backgrounds deficient for
endogenous FcRs. We found that FcyRIIA was sufficient to induce
mast cell and macrophage activation in vitro, and mast cell-
dependent PCA and lung inflammation in vivo. FcyRIIA-induced
PSA was dependent on monocytes/macrophages and neutrophils,
but not on mast cells and basophils. Noticeably, FcyRIIA was
sufficient to induce fatal ASA. Finally, human mast cells, mono-
cytes, and neutrophils produced anaphylactogenic mediators after
FcyRIIA engagement. FcyRIIA may therefore be the major
activating IgG receptor contributing to allergic reactions and
anaphylaxis in humans.

Methods
Mice

C57BL/6] FcyRIIA® mice were provided by M.P. Reilly (Jefferson
Medical College, Philadelphia, PA), FcyRI/IIB/IIIA triple-deficient (3KO)
mice (N6 C57BL/6J) by S. Verbeek (Leiden University Medical Center,
Leiden, The Netherlands), KRN' mice by D. Mathis and C. Benoist
(Harvard Medical School, Boston, MA) and IGBMC (Strasbourg, France).
WT C57BL/6] mice were purchased from Charles River, Ws/Ws" and
FcRy~/~ C57BL/6J mice from The Jackson Laboratory. FcyRI/IIB/ITIA =/~
FceRI™/~ FceRII™/~ (5KO; N6 C57BL/6J) mice were previously de-
scribed.2! FcyRITA'® mice were intercrossed with 3KO, 5KO, FcRy~/~,
and/or WS/Wsh mice to obtain 3KOIIA, 5KOIIA, FcRy/~1IA, and
W3h3KOIIA-transgenic mice, respectively. All mice carrying the hFcyRITA
transgene were used as heterozygous animals. Nontransgenic littermates
served as controls. Mice in all experiments were 6-10 weeks old. All mouse
protocols were approved by the Animal Care and Use Committees of Paris,
Ile de France, France.

Active systemic anaphylaxis

Mice were injected intraperitoneally on day 0 with 200 g BSA, either in
CFA or in alum, and boosted intraperitoneally on day 14 with 200 ng BSA
in IFA or in alum, respectively. BSA-specific IgG1 and IgG2a/b/c antibod-
ies in serum were titered by ELISA on day 17 as described.! Mice with
comparable antibody titers were challenged intravenously with 500 pg
BSA, 8 days after the last immunization. Central temperature was
monitored using a digital thermometer (YSI).

Passive systemic anaphylaxis

Immune complexes made of 1 mg OVA and 1 mg anti-OVA mAb (clone
OVA-14), or 20 pL K/BxN serum and 50 pg GPI in 200 pL physiologic
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solution were preformed at 37°C and injected intravenously. Alternatively,
50 or 150 pg of mAb IV.3 were injected intravenously. Central body
temperature was recorded.

Passive cutaneous anaphylaxis

ICs were preformed by incubating OVA and OVA-14 in a 1:1 ratio for
15 minutes at 37°C. Indicated amounts of these ICs, or heat-aggregated
(1 hour at 63°C) purified human IgG or anti-FcyRIIA mAb IV.3 were
injected intradermally in 20 pL total volume, immediately followed by an
intravenous (IV) injection of 100 wL PBS containing 2% Evans Blue.
Thirty minutes later, Evans blue was extracted from 1-cm-diameter skin
pieces using formamide at 63°C and quantified by absorbance (620 nm).

Airway inflammation

Mice were injected intranasally with 50 wL of rabbit anti-OVA antiserum
and 500 pg of OVA intravenously. After indicated periods of time, mice
were lethally anesthetized, and 4 broncho-alveolar lavages of, respectively,
0.5, 1, 1, and 1 mL PBS were performed. The supernatant of the first lavage
was used to quantify MPO and keratinocyte-derived chemokine (KC)
content. The cells from all lavages were pooled for cell count analysis.
Hemorrhage score was determined on pooled lavages and ranged from
0 (no blood present), 1 (detectable hemorrhage), to 3 (strong hemorrhage).

Alveolar macrophages, recovered by 3 consecutive 1 mL broncho-
alveolar lavages from individual mice, were exposed for 3 hours to
3 different conditions: (1) no stimulant, (2) plate-bound ICs made of
100 pg/mL OVA and 30 pg/mL rabbit anti-OVA, and (3) plate-bound
anti-FcyRITA mAbs (100 pg/mL). Supernatants were assayed for KC and
MIP-1a by ELISA (R&D Systems).

In vivo blocking and depletion

Anti-FcyRITA mAb (50 pg/mouse) was injected intravenously either once
(24 hours), or twice (24 hours and 12 hours) before the experiment.
300 pL/mouse PBS- or clodronate-liposomes (at 7 mg/mL), 300 pg/mouse
anti-Grl, 300 pwg/mouse anti-Ly-6G, 10 pg/mouse anti-CD200R3 mAbs,
or 1 mg/mouse GdCl; were injected 24 hours before the experiment.
Depletion of specific populations was ascertained using flow cytometry on
blood samples taken during or after the experiment (examples are shown in
supplemental Figure 3B-E, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).

Please refer to supplemental Methods for information on antibodies,
reagents, and cells; flow cytometry analysis; lung histology; statistical
analyses; and in vitro cell activation.

Results
FcyRIIA can trigger active systemic anaphylaxis

Active systemic anaphylaxis was induced by an IV antigen
challenge in mice immunized with the same antigen. This protocol
induced a body temperature decrease and mortality in WT mice,
but not in FcRy™~ mice, immunized with antigen in Alum
(supplemental Figure 1A) or in Freund adjuvant (supplemental
Figure 1B). Immunizations in either adjuvant lead to the production
of IgG1 and IgE antibodies, but only immunizations in Freunds
adjuvant lead to the production of IgG2 antibodies in both mouse
strains (data not shown). Human neutrophils express both FcyRIIA
and FcyRIIIB (Figure 1A), but only FcyRIIA and not FcyRIIIB
can bind mouse IgG (Figure 1B). To analyze the capacity of
FcyRIIA to induce ASA, we developed transgenic mouse models
expressing human FcyRIIA under the control of its own promoter,
and deficient for endogenous FcRs. FcyRIIA'® mice express
FcyRIIA not only on neutrophils, but also on eosinophils, mono-
cytes, macrophages, and weakly on basophils (Figure 1C).
FcyRITA® mice therefore reproduce the expression pattern found in
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Figure 1. FcyRIIA can induce active systemic anaphylaxis. (A) Representative histogram plots of human FcR expression on human blood neutrophils. (B) Representative
histogram plots of anti-FLAG mAb (top panel) or preformed mouse polyclonal IgG-immune complexes (bottom panel) binding to CHO transfectants expressing the indicated

FLAG-tagged human polymorphic variants of FcyRIIA (H131 or Ry31) and FcyRIIIB (NA1
from 3KOIIA mice (open histograms) or nontransgenic 3KO littermate controls (filled

, NA2, or SH). (C) Representative expression of FcyRIIA on blood and peritoneal cells

histograms): T cells (CD3"), B cells (CD19%), NK cells (DX5%/NK1.1%), neutrophils

(Gr1"/CD11b*), eosinophils (Gr1"Y/SiglecF+), basophils (IgE*/DX5%), and monocytes/macrophages (CD11b*/Gr1~). (D) Representative expression of FcyRIIA (open

histograms) on human blood cells: T cells (CD3*), B cells (CD19*), NK cells (CD56%),

neutrophils (CD24 %), eosinophils (CCR3*/CDw125%), basophils (FceRI*/CD203c),

and monocytes (CD14%); or isotype control (closed histograms). (E-G) Indicated mice were immunized with BSA, (E) in Freunds adjuvant, or (F-G) in alum, challenged with

BSA and central temperatures and survival rates were monitored. (E) ASAin FcRy~/~ (n

= 7)and FcRy~/~llAmice (n = 5). (F) ASAin FcRy~/~ (n = 4) and FcRy /" lIA(n = 5)

mice. (G) ASA in FcRy~/~IIA mice injected twice with anti-FcyRIIA mAb IV.3 (n = 5) or not (n = 6), before BSA-challenge. FcRy~~ mice were used as controls (n = 7).
(E-G) Data are represented as mean = SEM. (A-G) Data are representative of at least 2 independent experiments (*P < .05; **P < .01; ***P < .001).

humans (Figure 1D). Noticeably, whereas human neutrophils and
basophils express FcyRIIA (supplemental Figure 1C), mouse
neutrophils express FcyRIIIA and FcyRIV, and mouse basophils
only FcyRIIIA,! as ITAM-bearing activating FcyR.

After antigen challenge, ASA developed in FcRy/~IIA mice,
but not in nontransgenic FcRy™~ littermates, immunized with
antigen in Freunds adjuvant (Figure 1E) or in Alum (Figure 1F)
leading to a severe temperature drop and 100% mortality. IV
injections of anti-FcyRIIA blocking mAbs abolished ASA-induced
temperature drop and mortality in FcRy~/~IIA mice immunized in
Freunds adjuvant (data not shown) or in Alum (Figure 1G).
FcyRIIA is therefore sufficient to trigger fatal active systemic
anaphylaxis.

FcyRIIA can trigger passive systemic anaphylaxis

To investigate the potential of FcyRIIA to induce PSA, we used
divalent (anti-FcyRIIA mAbs) or multivalent (IgG-immune

complexes) ligands. An IV injection of 150 p.g, but not of 50 g,
anti-FcyRIIA mAb IV.3 induced a modest temperature drop in
FcRy~/~1IA mice, but not in FcRy~/~ mice (Figure 2A).
Noticeably, FcRy ™/~ mice lack all activating FcyRs but express
inhibitory FcyRIIB, which has been reported to negatively
regulate PSA induced by mouse-activating FcyRs.?? FcyRIIB
binds, like human FcyRIIA, mouse IgG1 and IgG2 subclasses.
IgG-immune complexes may therefore coaggregate human
FcyRIIA with mouse FcyRIIB, leading to the inhibition of
FcyRITA-dependent activation,?® and consequently of FcyRIIA-
induced PSA. We therefore crossed FcyRIIA® mice to FcyRI/
FcyRIIB/FeyRIITA ™/~ (3KO) mice or to FcyRI/FcyRIIB/
FcyRIITA /= FceRI/FceRII/~ (5K0O) mice (Figure 2B). 3KO
and 5KO mice lack all IgG receptors except the activating [gG2
receptor FcyRIV,?! whereas FcRy ™/~ mice lack all 1gG recep-
tors except the inhibitory IgG1/IgG2 receptor FcyRIIB. An
injection of 150 pg mADb IV.3 induced a significant temperature
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Figure 2. In vivo aggregation of FcyRIIA induces passive systemic anaphylaxis. (A,C-D) Indicated FcyRIIA-transgenic mice were injected with 50 pg (gray symbols) or
150 pg (black symbols) of mAb IV.3, and central temperatures were monitored (n = 3). Nontransgenic littermates injected with 150 g mAb IV.3 were used as controls (open
symbols, n = 3). (A) FcRy~/~, (C) 3KO, (D) 5KO backgrounds. (B) Schematic representation of Fc receptors expressed in the different mouse models used in this study.
(E-F) Mice were injected with indicated preformed mouse IC and central temperatures were monitored. Gray symbols indicate mice injected with 50 g of mAb V.3 24 hours
before challenge (n = 4). Top panel (E) n = 5, (F) n = 4. Bottom panel (E) 3KO or 3KOIIAn = 3, (F) 3KO n = 3, 3KOIllIA+iso n = 4. (A,C-F) Data are represented as mean
+ SEM and are representative of at least 2 independent experiments (**P < .01; ***P < .001).

drop in 3KOIIA mice (Figure 2C) and in SKOIIA mice (Figure
2D). Because 50 wg mAb IV.3 induced no or a very weak
temperature drop, we used this dose to block FcyRIIA in
3KOIIA and 5KOIIA mice.

Likewise, an IV injection of monoclonal IgG1- (Figure 2E) or
polyclonal IgG-immune complexes (Figure 2F) induced a signifi-
cant temperature drop in 3KOIIA mice, but not in 3KO mice.
Pretreatment with anti-FcyRIIA mAb IV.3 abolished these tempera-
ture drops in 3KOIIA mice (Figure 2E-F bottom panels). FcyRIIA
is therefore sufficient to trigger monoclonal IgG1-induced PSA and
polyclonal IgG-induced PSA.

Neutrophils and monocytes/macrophages mediate
FcyRIIA-dependent PSA

All cell types that express FcyRIIA, ie, neutrophils, monocytes/
macrophages, basophils, and eosinophils (Figure 1C) can potentially
contribute to PSA. We found recently that neutrophils are responsible
for polyclonal IgG-IC-induced PSA,! whereas basophils were reported
to be responsible for monoclonal IgG1-IC—induced PSA.” Polyclonal
IgG-IC—induced PSA was reduced by neutrophil depletion after injec-
tion of anti-Grl (Figure 3A) or anti-Ly-6G (Figure 3B) mAbs in
3KOIIA mice. Neutrophils therefore contribute to FcyRIIA-dependent
PSA. Surprisingly, basophil depletion did not affect PSA (Figure 3C). To
investigate whether FcyRIIA-triggered PSA depends on mast cells,
3KOIIA mice, and as negative controls 3KO mice were crossed with
Ws/Wsh mice. W 3KOIIA mice developed unaltered FcyRIIA-
triggered PSA, that is, in the absence of mast cells (Figure 3D).

However, depletion of monocytes/macrophages induced by toxic lipo-
somes, but not by control liposomes, reduced PSA (Figure 3E).
Supporting this result, PSA was reduced in 3KOIIA mice injected with
gadolinium, which inhibits monocytes/macrophage function (Figure
3F). Monocytes/macrophages therefore also contribute to FcyRIIA-
dependent PSA. Depletion of a single cell population reduced PSA,
but depletion of both neutrophils and monocytes/macrophages
abrogated PSA in 3KOIIA mice (Figure 3G). In line with these
results, monocytes/macrophage depletion and neutrophil depletion
also inhibited anti-FcyRIIA mAb-induced PSA (Figure 3H). Collec-
tively, these data demonstrate that neutrophils and monocytes/
macrophages, together, account for FcyRIIA-dependent passive
systemic anaphylaxis.

To investigate if neutrophils and monocytes may also contribute
to anaphylactic reactions in humans, we investigated whether these
FcyRIIA-expressing cell types produce anaphylactogenic media-
tors after FcyRIIA engagement. Monocytes and neutrophils puri-
fied from the blood of normal donors could be activated in vitro by
anti-FcyRIIA mAb- or human IgG-heat aggregates, as revealed by
their decreased CDO2L expression (Figure 4A). In the same
conditions, both human monocytes and human neutrophils pro-
duced platelet activating factor (PAF; Figure 4B),** whereas
monocytes, but not neutrophils, produced leukotriene B, (LTBy;
Figure 4C) and LTC, (Figure 4D). Human monocytes and neutro-
phils therefore produce anaphylactogenic mediators (ie, PAF and
leukotrienes) after FcyRIIA engagement, supporting a role for
FcyRIIA in human allergic reactions.
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Figure 3. Neutrophils and monocytes/macrophages are necessary for FcyRIIA-dependent PSA. (A-G) Indicated mice were injected with preformed polyclonal IgG-IC
(mouse anti-GPI antiserum plus GPI), and central temperatures were monitored. PSA in FcyRIIA transgenic mice injected with (A) anti-Gr1 mAbs (n = 8) or isotype (ISO)
control (n = 3), (B) anti—-Ly-6G mAbs (n = 4) or untreated control (n = 4), (C) anti-CD200R3 mAbs (n = 3) or untreated control (n = 3). Nontransgenic littermates were used
ascontrols (A,n = 2; B, n = 4; C, n = 3). (D) PSAin Wsh3KOIIA mice and 3KOIIA mice (n = 3). Nontransgenic littermate controls 3KO (n = 3) and Ws"3KO mice (n = 4) were
used as controls. (E-F) PSA in 3KOIIA mice injected with (E) PBS liposomes (PBS lipo) or clodronate liposomes (toxic lipo; n = 3), (F) Gadolinium chloride (GdCI3) or not
(n = 4). Nontransgenic littermates were used as controls (E, n = 2; F: n = 4). (G) PSA in 3KOIIA mice left untreated (n = 7), or injected with anti-Gr1 mAbs (n = 5), toxic
liposomes (n = 6) or anti-Gr1 mAbs plus toxic liposomes (n = 6). Data are a compilation of 2 experiments. 3KO served as negative control (n = 2). Statistical significances are
indicated among 3KOIIA groups. (H) mAb IV.3-induced PSA in indicated mice injected with anti-Gr1 mAbs, toxic liposomes, or left untreated (n = 3). (A-H) Data are
represented as mean + SEM, and (A-F,H) are representative of at least 2 independent experiments (*P < .05; **P < .01; ***P < .001).

Figure 4. Human neutrophils and monocytes pro-
duce anaphylactogenic mediators. (A-D) Purified hu-
man monocytes or neutrophils were incubated in vitro
with heat-aggregated human IgG or anti-FcyRIIA mAb
V.3, and (A) CD62L expression, (B) PAF, (C) LTB,, and
(D) LTC4 production are represented. Mean results from
the analysis of 3 normal donors are represented
(*P < .05;**P < .01; **P < .001).
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Figure 5. Mast cells are mandatory for FcyRIIA-
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FcyRIIA triggers mast cell-dependent passive cutaneous
anaphylaxis

Mast cells are responsible for IgE-induced PSA® and for PCA.>
IgG1-induced PCA, which depends on mouse FcyRIIIA, was also
reported to depend on mast cells using mast cell-deficient W/W" or
Wsh/Wsh mice.?0 Mast cells may also be responsible for cutaneous
anaphylaxis in humans because degranulated mast cells are found
in skin biopsies from allergic patients, and because mast cell-
specific mediator levels correlate with the severity of allergic skin
inflammation. As human mast cells express FcyRIIA,?” we investi-
gated whether FcyRIIA could trigger IgG-induced PCA. Intrader-
mal injections of increasing doses of IgG1-1C (supplemental Figure
2A) or of mAb IV.3 (supplemental Figure 2B) induced cutaneous
anaphylaxis in SKOIIA mice, but not in SKO mice, as assessed by
Evans blue extravasation. Intradermal injections of IgG1-IC, but
not of antigen or Ab alone, induced PCA in SKOIIA mice that was
inhibited by an IV pretreatment with anti-FcyRIIA mAb (Figure
SA, supplemental Figure 2C). Similarly, intradermal injections of
heat-aggregated (HA) human polyclonal IgG induced cutaneous
reactions in SKOIIA mice, but not in 5KO mice, that were
abolished by anti-FcyRIIA mAb pretreatment (Figure 5B, supple-
mental Figure 2D). FcyRIIA can therefore trigger mouse and
human IgG-induced PCA.

Mouse IgG1-induced FcyRIIIA-dependent PCA is abrogated in
W/W¥* and Ws/Wsh mice (data not shown). We investigated
whether FcyRIIA-triggered PCA also depends on mast cells by
comparing 3KOIIA mice with W#3KOIIA mice. As expected,
3KOIIA mice developed mouse IgGl-induced PCA. Ws3KOIIA
mice, however, as well as Wh3KO mice used as negative controls,
were protected from mouse IgGl-induced PCA (Figure 5C,
supplemental Figure 3E). Mast cells are therefore mandatory for
FcyRIIA-triggered IgG-induced PCA.

GPI +a-GPI anti-serum |

FcyRIIA aggregation induces mast cell degranulation in vitro
and ex vivo

Because IgG-induced mast cell-dependent PCA occurs in 3KOIIA
mice, mast cells are expected to express FcyRIIA. Ex vivo
peritoneal mast cells from 3KOIIA mice indeed express FcyRIIA
(Figure 5D), but no other FcyR (not shown). IgG-IC induced ex
vivo peritoneal mast cells from 3KOIIA mice, but not from 3KO
mice to degranulate (Figure 5E) and release histamine (Figure SF).
Anti-IgE antibodies, however, induced IgE-bearing peritoneal mast
cells from both naive strains to degranulate and release histamine.
FcyRIIA aggregation can therefore activate mast cells.

Like peritoneal mast cells from 3KOIIA mice, in vitro cultured
peritoneal cell-derived mast cells (PCMCs),? fetal skin-derived
mast cells (FSMCs), and bone marrow—derived mast cells (BM-
MCs) from the same mice all expressed FcyRIIA (Figure 6A).
PCMCs from 3KOIIA mice, but not from 3KO mice, bound
monoclonal IgG1-IC and polyclonal IgG-IC (Figure 6B). Incuba-
tion of 3KOIIA PCMCs with either of these immune complexes
induced mast-cell activation as revealed by Ca?* fluxes (Figure 6C)
and intracellular protein phosphorylation (Figure 6D). FcyRIIA
aggregation by IgG-IC induced consistent syk, PLCy1, Akt, IkB,
and ERK1/2 phosphorylation, but a barely detectable LAT phosphor-
ylation compared with that induced by the aggregation of FceRI by
IgE plus antigen on the same cells (Figure 6D). FcyRIIA aggrega-
tion, similar to FceRI aggregation, induced a sustained phosphory-
lation of SHIPI, as previously reported in monocytes.” This
SH2-containing inositol-5-phosphatase negatively regulates signal-
ing by FcR+y-chain associated FcRs, and is mandatory for FcyRIIB-
dependent negative regulation of mast cell activation.3%3!

FcyRITIA aggregation also induced PCMC degranulation, as
revealed by (-hexosaminidase and histamine release (Figure 6E),
supporting our results obtained with ex vivo peritoneal mast cells
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Figure 6. FcyRIIA activates mouse and human mast cells in vitro. (A) Representative expression of FcyRIIA on PCMCs, FSMCs, and BMMCs from 3KOIIA (open
histogram) and 3KO mice (filled histogram). (B) PCMCs from indicated mice were incubated with indicated preformed mouse IgG-IC («OVA: anti-OVA mAb; «GPI: polyclonal
anti-GPI antiserum; open histograms) or not (filled histograms). Binding of ICs was detected by staining with F(ab’), GAM-PE. (C) Calcium fluxes in PCMCs from 3KO or
3KOIIA mice incubated with indicated IC (black curves) or Ag alone (gray curves). lonomycin was used as control. (D) Western blot analysis of PCMC lysates after stimulation
with indicated reagents for different periods of time. PCMCs sensitized overnight with IgE anti-DNP and challenged with DNP-HSA for 3 minutes served as positive controls.
Actin was used as a loading control. FcyRIIA was used as a genotype control (reprobe after pERK1/2 staining). (E-F) Mediator release by PCMCs from 3KO (open bars) and
3KOIIA (black bars) mice challenged with indicated reagents. PCMCs sensitized overnight with IgE anti-DNP and challenged with DNP-HSA served as positive controls. NB:
GPI+aGPI correspond to ICs made of GPI and polyclonal anti-GPI antiserum in panel E, and to ICs made of GPI and IgG purified from anti-GPI antiserum in panel F.
(G) Representative histogram plots of human FcR expression on human SMCs. (H) Percentage of -hexosaminidase release and quantification of histamine release by human
SMCs incubated with anti-FceRI mAb or with preformed complexes of mAb IV.3 and GAM. (E-F,H) Data are represented as mean = SEM. (A-H) Data are representative from at

least 2 independent experiments (*P < .05; **P < .01; ***P < .001).

(Figure 5E-F). In addition, FcyRIIA aggregation induced lipid
mediator production, that is, LTC, and prostaglandin D, (PGD,) by
PCMCs (Figure 6F). Thus, IgG-immune complexes induced
FcyRITIA-triggered activation of mast cells leading to the release of
mediators involved in vascular permeability (eg, histamine, LTC,,
PGD,), which is consistent with FcyRIIA’s ability to induce PCA.

We therefore analyzed the expression of Fc receptors on human
skin—derived mast cells (SMC), and the ability of FcyRIIA to
induce human skin mast cell activation. Human SMC constitu-
tively express the high-affinity IgE receptor FceRlI, as expected,
and a single IgG receptor, FcyRIIA (Figure 6G), as described.?’
FcyRIIA aggregation by anti-FcyRIIA mAb induced 3-hexosamini-
dase and histamine release by human SMC (Figure 6H). FceRI
aggregation was used as a positive control. FcyRIIA is therefore
sufficient to activate human mast cells, and may be involved in the
induction of mast cell-dependent inflammation and allergic reac-
tions in humans.

FcyRIIA enables passive airway inflammation

Constriction of smooth muscles and subsequent granulocyte infil-
tration in the airways during asthmatic inflammation is thought to
result from histamine and leukotriene release from mast cells after
allergen inhalation. Thus, we wondered whether FcyRIIA may
induce airway inflammation as it is expressed on mast cells and
granulocytes. FcyRIIA is expressed in human lung tissue (Figure

7A), but also in lung sections (Figure 7B), and on alveolar
macrophages (Figure 7C) from 3KOIIA mice. Unlike human
asthma, most asthma models in mice are independent of antibody
production by B cells,?>33 and consequently do not require FcRs.
We therefore used a model of airway inflammation that depends on
IgG and on FcyRs,** and that consists of an IV injection of OVA
and of an intranasal injection of anti-OVA rabbit serum, presum-
ably forming ICs in vivo. Preformed OVA-anti-OVA rabbit serum
ICs could bind to CHO cells expressing FcyRIIA, but not to
untransfected CHO cells (Figure 7D). CD1lc*/Grl~ alveolar
macrophages represent more than 90% of the cells present in the
alveolar space, as detected in broncho-alveolar lavages (BAL) of
FcRy ™=, FcRy/~1IA, and WT mice (Figure 7E). Concomitant
intranasal instillation of anti-OVA rabbit serum and intravenous
injection of OVA induced a massive infiltration of CD11c¢~/Grl*
cells (> 80% of BAL content) in WT and in FcRy~/~IIA mice, but
not in FcRy ™/~ mice (~ 5% CD11¢/Grl ™" granulocytes; Figure
7F). FcyRIIA therefore induces granulocytes recruitment to the
lung, and can replace endogenous FcRwy-associated activating
FcRs. Total cell numbers in the BAL were unchanged at t = 3 hours
after challenge, but increased starting t = 6 hours and reached
5 times the background value at t = 16 hours in FcRy~/~IIA mice,
but not in FcRy~/~ mice (Figure 7G). Granulocyte numbers in
BAL represented most of this increase, whereas alveolar macro-
phage numbers did not vary statistically along the time course.
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Figure 7. FcyRIIA can induce acute airway inflammation. (A-B) Sections of (A) human lung or (B) lung from 3KO or 3KOIIA mice, stained with Hematoxilin (blue) and
anti-FcyRIIA rabbit antiserum (red). (C) Representative expression of FcyRIIA on mouse alveolar macrophages (CD11¢*/Gr1-) from 3KOIIA (open histogram) and 3KO (filled
histogram) mice. (D) F(ab’), DAR-FITC staining of WT or FcyRIIA-expressing CHO transfectants incubated with preformed ICs made of OVA and rabbit anti-OVA antiserum
(open histograms) or not (filled histograms). (E-F) Representative density plots of CD45* BAL cells from indicated mice (E) left untreated or (F) injected with antigen
intravenously and antiserum intranasally. Cell types were discriminated as alveolar macrophages (CD11¢c*/Gr1™, oval gate) and neutrophils (CD11¢~/Gr1", rectangular gate).
(G-J) Time course of (G) cell counts, (H) MPO level, (I) hemorrhage score, and (J) KC levels in BAL from indicated mice after injection with antigen intravenously and antiserum
intranasally (n = 3). (K) KC secretion or (L) MIP-1a secretion by purified alveolar macrophages from indicated mice incubated ex vivo on plate-bound rabbit IgG-ICs
(OVA-anti-OVA) or IV.3 mAb. (G-L) Data are represented as mean + SEM. (A-L) Data are representative from at least 2 independent experiments, and (J) data are a

compilation of 2 experiments (*P < .05; **P < .01; ***P < .001).

Myeloperoxidase, which is mainly produced by neutrophils and by
inflammatory macrophages in vivo,33 was detected at t = 16 hours
postchallenge in FcRy~~1IA mice, but not in FcRy~~ mice. (Figure
7H). Similar results were obtained when analyzing the hemorrhage
score that reflects lung tissue damage (Figure 7I). KC, a chemokine
produced by macrophages that can attract neutrophils to the site of
inflammation, was found in BAL fluid of FcRy™~TIA and to a lesser
extent in FcRy ™/~ mice, as early as 3 hours after inoculation of antibody
and antigen (Figure 7J). This result suggests that alveolar macrophages
are activated after FcyRIIA aggregation by IgG-immune complexes,
and release KC before neutrophil accumulation in the broncho-alveolar
space, in agreement with the dependency on alveolar macrophages
reported for this disease model.?” Supporting this hypothesis, purified
alveolar macrophages from FcRy~/~IIA mice, but not from FcRy~/~
mice, secreted KC ex vivo after [gG-IC or anti-FcyRIIA mAb stimula-
tion (Figure 7K). Similar results were obtained when analyzing MIP-1a
secretion (Figure 7L), suggesting that FcyRIIA-triggered alveolar

macrophages contribute to chemokine-induced granulocyte recruitment
to the lung. FcyRIIA can therefore induce airway inflammation charac-
terized by granulocyte infiltration in a passive antibody-dependent
mouse model.

Discussion

In this report, we provide evidence that human FcyRIIA contrib-
utes to IgG-mediated allergic reactions. Indeed, we demonstrate
here for the first time that human FcyRIIA is sufficient to induce
active and passive systemic anaphylaxis, cutaneous anaphylaxis,
and lung inflammation in FcyRIIA-transgenic mice. Mast cells
could be activated upon FcyRIIA engagement in vitro and were
necessary for FcyRIIA-dependent PCA. Neither mast cells nor
basophils, however, were mandatory for FcyRIIA-dependent PSA,
which was induced by neutrophils and monocytes/macrophages.
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Finally, targeting FcyRIIA with specific blocking mAbs abolished
passive and active anaphylaxis.

Human FcyRIIA has been described to contribute to several
models of autoimmune diseases and inflammatory reactions in
transgenic mice. When expressed on a WT background, ie, as an
additional activating IgG receptor, FcyRIIA was reported to
increase the severity of experimental thrombocytopenia,!” and to
increase the incidence of autoimmune arthritis, pneumonitis, and
glomerulonephritis at older age.'® These reports suggested that
FcyRIIA may also induce inflammatory diseases in the absence of
other FcRs. Indeed, when expressed on a mouse FcRy ™/~ back-
ground, that is, in the absence of other activating IgG receptors,
FcyRIIA was reported to induce experimental thrombocytopenia'”
and hemolytic anaemia,®® rheumatoid arthritis,® nephritis, and
Arthus reaction.*® Along the same line, we show here that FeyRIIA
induced IgG-dependent airway inflammation when expressed in
FcRy™~ mice. Inflammation was characterized by neutrophil
infiltration of the broncho-alveolar space after KC (and MIP-1a)
secretion, probably by FcyRIIA-triggered alveolar macrophages.
In this passive model of airway inflammation, we also observed a
trend toward increased metacholine-induced bronchial resistance
as measured by plethysmography, in FcRy~/~1IA but not FcRy~/~
mice (data not shown). In addition to its contribution to autoim-
mune disorders, FcyRIIA may therefore also contribute to allergic
reactions. Polymorphisms in the gene encoding FcyRIIA have
indeed been identified as risk factors for bronchial asthma and
allergic rhinitis.'® Further supporting a role for FcyRIIA in allergic
reactions, we show here that FcyRIIA restored immediate hypersen-
sitivity reactions in resistant mice: (1) FcyRIIA was indeed suffi-
cient to induce fatal ASA following 2 different immunization
protocols; (2) FcyRIIA engagement by intravenously injected
divalent or multivalent agonists induced PSA; and (3) FcyRIIA
induced PCA when human IgG aggregates, mouse immune com-
plexes or anti-FcyRIIA mAb IV.3 were injected intradermally.
FcyRIIA can therefore reproduce by itself in a transgenic mouse
model the allergic/anaphylactic pathologies reported to be
triggered by the endogenous activating mouse FcyRs (FcyRI,
FcyRIIIA, and FcyRIV), with similar severities and kinetics.
Altogether these results, obtained in FcyRIIA-transgenic mice
suggest that FcyRIIA might be a major player in allergic, autoimmune,
and inflammatory pathologies mediated by IgG in humans.

Passive mouse models of inflammatory and allergic diseases
have been reported to depend on specific cell types. Indeed, mast
cells are required for PCA? and IgE-PSA,> macrophages for ITP,*!
lung inflammation®’ and passive rheumatoid arthritis,** basophils
for IgG1-PSA,” and neutrophils for passive rheumatoid arthritis,*
ASA, and polyclonal IgG-PSA.! All these myeloid cells express
human FcyRIIA in transgenic mice (this paper and McKenzie
et al'”). Noticeably, FcyRIIA is the only activating (ITAM-bearing)
IgG receptor expressed on these cells in humans, ie, on mast cells,
neutrophils, eosinophils, and basophils. Of note, neutrophils, and to
a much lower extent basophils,* express FcyRIIIB, the activating
capacities of which are debated.***> As a consequence, FcyRIIA
should be able to activate in vivo all of the cell types reported to be
necessary for the induction of models of inflammatory and allergic
disease in mice. Mast cells were reported to be required for mouse
FcyRIITA-dependent and for mouse FceRI-dependent PCA.3° We
demonstrate here that mast cells are also required for human
FcyRIIA-dependent PCA using novel mast cell-deficient FcyRIIA-
transgenic mice. Noticeably, mast cells were also reported to be
required for IgE-induced PSA (mouse FceRI-dependent), but not
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for IgG1l-induced PSA (mouse FcyRIIIA-dependent).>¢ Although
basophils were proposed to be responsible for [gG1-induced PSA,’
basophil-deficient mice were, however, not protected.® We reported
recently that neutrophils are required for both IgG2-induced PSA
and polyclonal IgG-induced PSA.! Depending on the PSA model used,
either mast cells, basophils, or neutrophils have therefore been reported
to be mandatory for mouse FcR-dependent anaphylaxis.

We demonstrate here that neutrophils and monocytes/macro-
phages both contribute to FcyRIIA-dependent polyclonal IgG-
PSA. Indeed, the depletion of both cell populations, but not of
either one, was necessary to abolish the shock. Supporting these
results, monocytes/macrophages and neutrophils contributed to
another FcyRIIA-dependent PSA model, ie, when induced by IV
injections of a high dose anti-FcyRIIA mAb. These results
provide the first evidence that monocytes/macrophages contrib-
ute to a model of PSA. In agreement with IgG-induced PSA
models in WT mice,"® mast cells were not mandatory for
FcyRIIA-dependent PSA. Basophils did not detectably contrib-
ute to FcyRIIA-dependent PSA. This latter result could be
explained by the lower expression level of FcyRIIA on baso-
phils than on neutrophils or monocytes/macrophages in trans-
genic mice, as it is in humans.

Active models of allergic diseases in mice have been reported to
depend on specific cell types. Indeed, monocytes/macrophages, but
not neutrophils, have been reported to be mandatory for a model of
ASA performed in mice immunized with goat IgG anti—-mouse IgD,
and challenged with goat IgG.” Inversely, in a different model of
ASA, performed in BSA-immunized mice challenged with BSA,
we reported that neutrophils, but not monocytes/macrophages,
were mandatory.! In addition, we could show that the transfer of
human neutrophils, which express FcyRIIA and FcyRIIIB, restored
ASA in resistant mice. Because FcyRIIA, but not FcyRIIIB, binds
mouse IgG-immune complexes, FcyRIIA is probably responsible
for the activation of human neutrophils in this model. We could not
address the contribution of neutrophils and basophils in FcyRITA-
dependent ASA because their depletion by specific mAbs is
impaired on the FcRvy-deficient background. Indeed, whereas
mouse FcyRs enabled efficient cell depletion using anti-Grl,
anti—Ly-6G, or anti-CD200R3 mAbs, human FcyRIIA did not. All
of these mAbs are of the rat [gG2b isotype that is poorly bound by
human FcyRIIA (data not shown). Nevertheless, one may speculate
that monocytes/macrophages and neutrophils also contribute to
FcyRIIA-dependent ASA, as they contribute to FcyRIIA-
dependent PSA. Whatever the responsible cell population for
FcyRITA-dependent ASA, FcyRIIA is sufficient to promote the
release of mediators leading to anaphylactic reactions. Depending
on the immunization protocol, PAF was reported to be respon-
sible,>® or to contribute partially! to ASA. On one hand, PAF was
found to be predominant in IgG1-induced PSA” and we reported
increased PAF levels in plasma during 1gG2-induced PSA.! On the
other hand, histamine was found mandatory for IgG- and IgE-
induced PCA using histidine decarboxylase-deficient mice*® as
well as for IgE-induced PSA.7#7 It follows that FcyRIIA engage-
ment should enable the release of PAF and/or of histamine by
monocytes/macrophages, neutrophils, and mast cells. Supporting
this line of reasoning, we report here that FcyRIIA-dependent cell
activation in vitro induces human monocytes and neutrophils to
produce PAF and human mast cells to release histamine. Whereas
3 to 5 times higher PAF amounts were produced by monocytes than
by neutrophils, neutrophils are 10 times more numerous than
monocytes in human blood, which may compensate their lower
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production of PAF. Intriguingly, activated monocytes but not
neutrophils produced leukotrienes (ie, LTB4 and LTC,) which may
also relate to anaphylaxis induction/severity in humans.

FcyRIIA is a nonconventional activating FcyR. Indeed, unlike all
other activating FcyRs (FcyRI, FcyRIIIA, and FcyRIV in mice; FcyRI
and FcyRIIIA in humans), FcyRIIA does not associate with the
FcRry-subunit, and contains an ITAM in its intracytoplasmic domain.
The FcyRIIA ITAM is, however, noncanonical, as it is several amino
acids longer and kinked because of the presence of proline residues.*®
FcyRIIA has been considered less potent to activate cells than FcRs
signaling through FcRy-subunits as these subunits are expressed as
dimers, thus providing 2 ITAMs per receptor. An elegant study using
protein complementation*® and crystallographic data® both suggest that
FcyRIIA are expressed as noncovalent dimers. Thus, FcyRIIA and other
activating FcyRs have the same number of ITAMs when expressed at
the cell membrane. Whereas both types of receptors have the ability to
induce intracellular calcium concentration increase,! tyrosine phosphor-
ylation events,>> and mediator release from granules,”>?’ only the FcRy
ITAM was reported to enable antigen presentation and cytokine
secretion'> upon receptor crosslinking. The inability of FcyRIIA to
induce cytokine secretion after engagement has been contradicted by
reports on human skin-derived mast cells>” or on human macrophages.>
Here, we detected chemokine (KC and MIP-1a) secretion by ex vivo
alveolar macrophages, but failed to detect cytokine secretion by in
vitro—derived murine mast cells (data not shown), after FcyRIIA
engagement. Nevertheless, this latter stimulation led to the release of
lipid mediators (LTC,;, PGD,), granular mediators (histamine, (3-
hexosaminidase), calcium signaling, and to tyrosine phosphorylation of
intracellular proteins. Among them, Syk, PLCyl, Akt, Erkl1/2, and
SHIP1 were readily phosphorylated upon FcyRIIA engagement. These
results correlate with previous reports showing that Syk and SHIP
associate to FcyRIIA, are phosphorylated upon receptor aggrega-
tion,?>>* and that FcyRIIA requires PLCyl for calcium signaling.'*
Phosphorylation of most intracellular signaling proteins was, however,
less prominent after FcyRIIA engagement than after FceRI engagement.
Similar results were reported when comparing FcyRIIA with FcyRI
downstream signaling.'* Altogether, these data suggest that FcyRIIA
enables cell activation through similar, although not identical, signaling
pathways compared with those activated by FcRy-associated FcRs. This
may lead to differences in biologic outcome, in particular when
considering cytokine production.

Finally, when considering its pattern of expression and its
ability to activate myeloid cells, human FcyRIIA appears as a
functional homolog of mouse FcyRIITA. Noticeably, both receptors
are the only activating FcyRs expressed on mast cells, basophils,
and eosinophils in humans and mice, respectively. FcyRIIA is,
however, coexpressed in humans with inhibitory FcyRIIB on
basophils (L. Cassard and F.J., unpublished data, 2011), and on
some monocytes and rare neutrophils.’> Because mouse and human
FcyRIIB both inhibit cell activation by the same mechanism,>® and
because human FcyRIIA is coexpressed with mouse FcyRIIB in
FcRy~/~1IA mice on basophils, monocytes, and neutrophils, we
wondered if mouse FcyRIIB could negatively regulate human
FcyRIIA-triggered PSA. We found that PSA was less profound in
FcRy~/~1IA mice (expressing mFcyRIIB) than in 3KOIIA (lacking
mFcyRIIB; supplemental Figure 3A). Similar to mouse FcyRIIB,
human FcyRIIB may therefore also negatively regulate FcyRIIA-
triggered anaphylaxis in humans. In vivo, FcyRIIA demonstrated
strong potential to activate myeloid cells and induce inflammatory
and allergic pathologies in transgenic mice. Indeed, FcyRIIA
engagement can activate neutrophils leading to nephritis*® or
anaphylactic shock (this paper and Jonsson et al'). FcyRIIA
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engagement can also activate macrophages leading to rheumatoid
arthritis,?* thrombocytopenia,!” lung inflammation, or anaphylactic
shock and activate mast cells leading to PCA (this paper).
Therefore, even though FcyRIIA may appear less efficient in vitro
than other FcRy-associated FcRes, its properties are sufficient for
the induction of severe allergic, autoimmune and inflammatory
pathologies in vivo. Targeting FcyRIIA with specific blocking
molecules in inflammation and autoimmune/allergic reactions in
humans might lead to similar inhibition as we reported recently for
mouse FcyRIIIA in a murine model of rheumatoid arthritis,”” in
PSA and in ASA.' Supporting this assumption, we report here that
blocking FcyRIIA protected transgenic mice from local and
systemic anaphylaxis. Blocking FcyRIIA using divalent ligands
(eg, mAb IV.3) to prevent allergic and autoimmune disease in
humans, however, should not be envisioned, as we report here that
high-doses of mAb IV.3 induced rather than prevented anaphylaxis.
Small chemical entities, which prevent immune-complex binding
to FcyRIIA, have proven efficient in a murine model of arthritis in
FcyRIIA-transgenic mice,”® and may not induce these adverse
effects. In conclusion, blocking FcyRIIA might be a potential
approach for various allergic diseases, including non-IgE-
mediated anaphylactic shocks that may be induced after FcyRIIA
engagement on monocyte/macrophages and neutrophils.

Acknowledgments

The authors thank F. Hamano (Department of Lipidomics, Faculty
of Medicine, The University of Tokyo, Tokyo, Japan) for help with
lipid mediator measurements; O. Malbec, R. Peronet, and
S. Mecheri for technical advice; and C. Detchepare (Institut
Pasteur, Paris, France) for administrative help. They thank their
colleagues for their generous gifts: M. P. Reilly, S. Verbeek, J.-P.
Kinet (Harvard Institute of Medicine, Boston, MA), M. Lamers
(MPIIL, Freiburg, Germany), D. Mathis, C. Benoist, and IGBMC
(Ilkirch, France) for mice; C. L. Anderson, R. Coffman, R. Good,
H. Karasuyama, J.J. Lee, C. Leclerc and J. V. Ravetch, for
antibodies. CI,MDP was a gift of Roche Diagnostics GmbH.

This work was supported by the Institut Pasteur, Inserm, the Agence
Nationale de la Recherche (ANR; grant GENOPAT-09-GENO-014-01),
the Société Francaise d’ Allergologie (SFA; Soutien de la recherche en
allergologie 2010), and the Balsan company. FJ. is a recipient of a
fellowship from the Fondation pour la Recherche Médicale (FRM).
D.AM. is a recipient of a fellowship from the Institut Pasteur (Bourse
Roux). W.Z. and L.B.S. were funded in part by U19AI077435 from the
National Institutes of Health.

Authorship

Contribution: F.J. performed experiments and designed part of the
research; D.A.M. contributed to anaphylaxis experiments; W.Z.
and L.B.S. performed analysis of human mast cells; Y.K. and T.S.
performed analysis of lipid mediators; B.l. genotyped mice and
produced essential reagents; H.K. performed histology; N.v.R.
provided reagents; P.B., M.D., and FJ. analyzed results; P.B.
designed and supervised the research; and P.B., with help from F.J.
and M.D., wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

20z aunr g0 uo 3senb Aq Jpd'€€5200Z | | L08UZ/8YE0SE L/EEST/L L/6 1 L/Pd-aJole/pPOO|qARU sUOREDgNdYsE//:d]lY WOl papeojumog



BLOOD, 15 MARCH 2012 - VOLUME 119, NUMBER 11

References

10.

1.

12.

13.

14.

15.

16.

17.

Correspondence: Dr Pierre Bruhns, PhD, Unité d’Allergologie
Moléculaire et Cellulaire, Département d’Immunologie, Institut

IgG AND FcyRIIA ENABLE ALLERGIC REATCIONS

bruhns @pasteur.fr.

2543

Pasteur, 25 rue du Docteur Roux, 75015 Paris, France; e-mail:

Jonsson F, Mancardi DA, Kita Y, et al. Mouse and
human neutrophils induce anaphylaxis. J Clin In-
vest. 2011;121(4):1484-1496.

Daéron M. Fc receptor biology. Annu Rev Immu-
nol. 1997;15:203-234.

Wershil BK, Mekori YA, Murakami T, Galli SJ.
1251-fibrin deposition in IgE-dependent immedi-
ate hypersensitivity reactions in mouse skin.
Demonstration of the role of mast cells using ge-
netically mast cell-deficient mice locally reconsti-
tuted with cultured mast cells. J Immunol. 1987;
139(8):2605-2614.

Arimura A, Nagata M, Takeuchi M, Watanabe A,
Nakamura K, Harada M. Active and passive cuta-
neous anaphylaxis in WBB6F1 mouse, a mast
cell-deficient strain. Immunol Invest. 1990;19(3):
227-233.

Arimura A, Nagata M, Watanabe A, Nakamura K,
Takeuchi M, Harada M. Production of active and
passive anaphylactic shock in the WBB6F1
mouse, a mast cell-deficient strain. Experientia.
1990;46(7):739-742.

Miyajima I, Dombrowicz D, Martin TR, Ravetch JV,
Kinet JP, Galli SJ. Systemic anaphylaxis in the
mouse can be mediated largely through IgG1 and
Fc gammaRlll. Assessment of the cardiopulmo-
nary changes, mast cell degranulation, and death
associated with active or IgE- or IgG1-dependent
passive anaphylaxis. J Clin Invest. 1997;99(5):
901-914.

Tsujimura Y, Obata K, Mukai K, et al. Basophils
play a pivotal role in immunoglobulin-G-mediated
but not immunoglobulin-E-mediated systemic
anaphylaxis. Immunity. 2008;28(4):581-589.

Ohnmacht C, Schwartz C, Panzer M, Schiedewitz |,
Naumann R, Voehringer D. Basophils orchestrate
chronic allergic dermatitis and protective immu-
nity against helminths. Immunity. 2010;33(3):364-
374.

Strait RT, Morris SC, Yang M, Qu XW, Finkelman FD.
Pathways of anaphylaxis in the mouse. J Allergy
Clin Immunol. 2002;109(4):658-668.

Nimmerjahn F, Bruhns P, Horiuchi K, Ravetch JV.
Fc gamma RIV: a novel FcR with distinct IgG sub-
class specificity. Immunity. 2005;23(1):41-51.

Dombrowicz D, Flamand V, Brigman KK, Koller BH,
Kinet JP. Abolition of anaphylaxis by targeted dis-
ruption of the high affinity immunoglobulin E re-
ceptor alpha chain gene. Cell. 1993;75(5):969-
976.

Hazenbos WL, Gessner JE, Hofhuis FM, et al.
Impaired IgG-dependent anaphylaxis and Arthus
reaction in Fc gamma RIII (CD16) deficient mice.
Immunity. 1996;5(2):181-188.

Van den Herik-Oudijk IE, Ter Bekke MW,
Tempelman MJ, Capel PJ, Van de Winkel JG.
Functional differences between two Fc receptor
ITAM signaling motifs. Blood. 1995;86(9):3302-
3307.

Dai X, Jayapal M, Tay HK, et al. Differential signal
transduction, membrane trafficking, and immune
effector functions mediated by FcgammaRI ver-
sus FcgammaRlla. Blood. 2009;114(2):318-327.

Bruhns P, lannascoli B, England P, et al. Specific-
ity and affinity of human Fc{gammay} receptors
and their polymorphic variants for human IgG
subclasses. Blood. 2009;113(16):3716-3725.

Gulen F, Tanac R, Altinoz S, et al. The Fc gamma-
Rlla polymorphism in Turkish children with
asthma bronchial and allergic rhinitis. Clin
Biochem. 2007;40(5-6):392-396.

McKenzie SE, Taylor SM, Malladi P, et al. The
role of the human Fc receptor Fc gamma RIIA in
the immune clearance of platelets: a transgenic

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

mouse model. J Immunol. 1999;162(7):4311-
4318.

. Tan Sardjono C, Mottram PL, van de Velde NC,

et al. Development of spontaneous multisystem
autoimmune disease and hypersensitivity to anti-
body-induced inflammation in Fcgamma receptor
lla-transgenic mice. Arthritis Rheum. 2005;
52(10):3220-3229.

. Reilly AF, Norris CF, Surrey S, et al. Genetic di-

versity in human Fc receptor Il forimmunoglobu-
lin G: Fc gamma receptor 1A ligand-binding poly-
morphism. Clin Diagn Lab Immunol. 1994;1(6):
640-644.

Pietersz GA, Mottram PL, van de Velde NC, et al.
Inhibition of destructive autoimmune arthritis in
FcgammaRlla transgenic mice by small chemical
entities. Immunol Cell Biol. 2009;87(1):3-12.

Mancardi DA, lannascoli B, Hoos S, England P,
Daeron M, Bruhns P. FcgammaRIV is a mouse
IgE receptor that resembles macrophage Fcepsil-
onRl in humans and promotes IgE-induced lung
inflammation. J Clin Invest. 2008;118(11):3738-
3750.

Ujike A, Ishikawa Y, Ono M, et al. Modulation of
immunoglobulin (Ig)E-mediated systemic ana-
phylaxis by low-affinity Fc receptors for IgG.

J Exp Med. 1999;189(10):1573-1579.

Daéron M, Latour S, Malbec O, et al. The same
tyrosine-based inhibition motif, in the intracyto-
plasmic domain of Fc gamma RIIB, regulates
negatively BCR-, TCR-, and FcR-dependent cell
activation. Immunity. 1995;3(5):635-646.

Kita Y, Takahashi T, Uozumi N, Shimizu T. A multi-
plex quantitation method for eicosanoids and
platelet-activating factor using column-switching
reversed-phase liquid chromatography-tandem
mass spectrometry. Anal Biochem. 2005;342(1):
134-143.

Zhou JS, Xing W, Friend DS, Austen KF, Katz HR.
Mast cell deficiency in Kit(W-sh) mice does not
impair antibody-mediated arthritis. J Exp Med.
2007;204(12):2797-2802.

Tsai M, Grimbaldeston MA, Yu M, Tam SY, Galli SJ.
Using mast cell knock-in mice to analyze the
roles of mast cells in allergic responses in vivo.
Chem Immunol Allergy. 2005;87:179-197.

Zhao W, Kepley CL, Morel PA, Okumoto LM,
Fukuoka Y, Schwartz LB. Fc gamma Rilla, not Fc
gamma RilIb, is constitutively and functionally ex-
pressed on skin-derived human mast cells. J Im-
munol. 2006;177(1):694-701.

Malbec O, Roget K, Schiffer C, et al. Peritoneal
cell-derived mast cells: an in vitro model of ma-
ture serosal-type mouse mast cells. J Immunol.
2007;178(10):6465-6475.

Maresco DL, Osborne JM, Cooney D, Coggeshall
KM, Anderson CL. The SH2-containing 5’-inositol
phosphatase (SHIP) is tyrosine phosphorylated
after Fc gamma receptor clustering in monocytes.
J Immunol. 1999;162(11):6458-6465.

Ono M, Bolland S, Tempst P, Ravetch JV. Role of
the inositol phosphatase SHIP in negative regula-
tion of the immune system by the receptor
Fc(gamma)RIIB. Nature. 1996;383(6597):263-
266.

Malbec O, Schmitt C, Bruhns P, Krystal G,
Fridman WH, Daeron M. Src homology 2 domain-
containing inositol 5-phosphatase 1 mediates cell
cycle arrest by FcgammaRIIB. J Biol Chem.
2001;276(32):30381-30391.

Korsgren M, Erjefalt JS, Korsgren O, Sundler F,
Persson CG. Allergic eosinophil-rich inflammation
develops in lungs and airways of B cell-deficient
mice. J Exp Med. 1997;185(5):885-892.

Mehlhop PD, van de Rijn M, Goldberg AB, et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Allergen-induced bronchial hyperreactivity and
eosinophilic inflammation occur in the absence of
IgE in a mouse model of asthma. Proc Natl Acad
Sci U S A. 1997;94(4):1344-1349.

Syed SN, Konrad S, Wiege K, et al. Both Fcgam-
maRIV and FcgammaRlIl are essential receptors
mediating type Il and type Ill autoimmune re-
sponses via FcRgamma-LAT-dependent genera-
tion of Cba. Eur J Immunol. 2009;39(12):3343-
3356.

Lotner GZ, Lynch JM, Betz SJ, Henson PM. Hu-
man neutrophil-derived platelet activating factor.
J Immunol. 1980;124(2):676-684.

Klebanoff SJ. Myeloperoxidase: friend and foe.
J Leukoc Biol. 2005;77(5):598-625.

Skokowa J, Ali SR, Felda O, et al. Macrophages
induce the inflammatory response in the pulmo-
nary Arthus reaction through G alpha i2 activation
that controls C5aR and Fc receptor cooperation.
J Immunol. 2005;174(5):3041-3050.

van Royen-Kerkhof A, Sanders EA, Walraven V,
et al. Anovel human CD32 mAb blocks experi-
mental immune haemolytic anaemia in Fcgam-
maRlIA transgenic mice. Br J Haematol. 2005;
130(1):130-137.

Tsuboi N, Ernandez T, Li X, et al. Regulation of
human neutrophil Fcgamma receptor lla by C5a
receptor promotes inflammatory arthritis in mice.
Arthritis Rheum. 2011;63(2):467-478.

Tsuboi N, Asano K, Lauterbach M, Mayadas TN.
Human neutrophil Fcgamma receptors initiate
and play specialized nonredundant roles in anti-
body-mediated inflammatory diseases. Immunity.
2008;28(6):833-846.

Alves-Rosa F, Stanganelli C, Cabrera J,

van Rooijen N, Palermo MS, Isturiz MA. Treat-
ment with liposome-encapsulated clodronate as a
new strategic approach in the management of
immune thrombocytopenic purpura in a mouse
model. Blood. 2000;96(8):2834-2840.

Solomon S, Rajasekaran N, Jeisy-Walder E,
Snapper SB, lliges H. A crucial role for macro-
phages in the pathology of K/B x N serum-in-
duced arthritis. Eur J Immunol. 2005;35(10):
3064-3073.

Wipke BT, Allen PM. Essential role of neutrophils
in the initiation and progression of a murine
model of rheumatoid arthritis. J Immunol. 2001;
167(3):1601-1608.

Meknache N, Jénsson F, Laurent J, Guinnepain MT,
Daéron M. Human basophils express the glyco-
sylphosphatidylinositol-anchored low-affinity IgG
receptor FcgammaRiIIIB (CD16B). J Immunol.
2009;182(4):2542-2550.

Ravetch JV, Bolland S. IgG Fc receptors. Annu
Rev Immunol. 2001;19:275-290.

Makabe-Kobayashi Y, Hori Y, Adachi T, et al. The
control effect of histamine on body temperature
and respiratory function in IgE-dependent sys-
temic anaphylaxis. J Allergy Clin Immunol. 2002;
110(2):298-303.

Winbery SL, Lieberman PL. Histamine and anti-
histamines in anaphylaxis. Clin Allergy Immunol.
2002;17:287-317.

Brooks DG, Qiu WQ, Luster AD, Ravetch JV.
Structure and expression of human IgG FcRI-
1(CD32). Functional heterogeneity is encoded by
the alternatively spliced products of multiple
genes. J Exp Med. 1989;170(4):1369-1385.

Powell MS, Barnes NC, Bradford TM, et al. Al-
teration of the Fc gamma Rlla dimer interface af-
fects receptor signaling but not ligand binding.

J Immunol. 2006;176(12):7489-7494.

Maxwell KF, Powell MS, Hulett MD, et al. Crystal

20z aunr g0 uo 3senb Aq Jpd'€€5200Z | | L08UZ/8YE0SE L/EEST/L L/6 1 L/Pd-aJole/pPOO|qARU sUOREDgNdYsE//:d]lY WOl papeojumog



2544

51.

52.

53.

JONSSON et al

structure of the human leukocyte Fc receptor, Fc
gammaRlla. Nat Struct Biol. 1999;6(5):437-442.

Van Den Herik-Oudijk IE, Westerdaal NA,
Henriquez NV, Capel PJ, Van De Winkel JG.
Functional analysis of human Fc gamma RI|
(CD32) isoforms expressed in B lymphocytes.
J Immunol. 1994;152(2):574-585.

Van den Herik-Oudijk IE, Capel PJ,

van der Bruggen T, Van de Winkel JG. Identifica-
tion of signaling motifs within human Fc gamma
Rlla and Fc gamma Rllb isoforms. Blood. 1995;
85(8):2202-2211.

Clavel C, Nogueira L, Laurent L, et al. Induction
of macrophage secretion of tumor necrosis fac-

54.

55.

BLOOD, 15 MARCH 2012 - VOLUME 119, NUMBER 11

tor alpha through Fcgamma receptor Ila en-
gagement by rheumatoid arthritis-specific auto-
antibodies to citrullinated proteins complexed
with fibrinogen. Arthritis Rheum. 2008;58(3):
678-688.

Chacko GW, Brandt JT, Coggeshall KM,
Anderson CL. Phosphoinositide 3-kinase and
p72syk noncovalently associate with the low af-
finity Fc gamma receptor on human platelets
through an immunoreceptor tyrosine-based acti-
vation motif. Reconstitution with synthetic phos-
phopeptides. J Biol Chem. 1996;271(18):10775-
10781.

Veri MC, Gorlatov S, Li H, et al. Monoclonal anti-
bodies capable of discriminating the human in-

56.

57.

hibitory Fcgamma-receptor 11B (CD32B) from the
activating Fcgamma-receptor I1A (CD32A): bio-
chemical, biological and functional characteriza-
tion. Immunology. 2007;121(3):392-404.

Isnardi |, Bruhns P, Bismuth G, Fridman WH,
Daeron M. The SH2 domain-containing inositol
5-phosphatase SHIP1 is recruited to the intracy-
toplasmic domain of human FcgammaRIIB and is
mandatory for negative regulation of B cell activa-
tion. Immunol Lett. 2006;104(1-2):156-165.

Mancardi DA, Jonsson F, lannascoli B, et al. The
murine high-affinity IgG receptor Fc(gamma)RIV
is sufficient for autoantibody-induced arthritis.

J Immunol. 2011;186(4):1899-1903.

20z aunr g0 uo 3senb Aq Jpd'€€5200Z | | L08UZ/8YE0SE L/EEST/L L/6 1 L/Pd-aJole/pPOO|qARU sUOREDgNdYsE//:d]lY WOl papeojumog



