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Background: Stimulatory IgG receptors (FcgRs) on bone
marrow-derived cells contribute to the pathogenesis of several
autoimmune and inflammatory disorders. Monoclonal
antibodies that block FcgRs might suppress these diseases, but
they can induce anaphylaxis.
Objective: We wanted to determine whether a rapid
desensitization approach can safely suppress IgG/FcgR-
mediated anaphylaxis.
Methods: Mice were injected with serially increasing doses of
2.4G2, a rat mAb that blocks the inhibitory FcgR, FcgRIIb, and
the stimulatory receptor, FcgRIII. Rectal temperature was used
to detect the development of anaphylaxis. Passive and active
IgG-mediated anaphylaxis were evaluated in mice that had been
rapidly desensitized with 2.4G2 or mock-desensitized in mice in
which monocyte/macrophages, basophils, or neutrophils had
been depleted or desensitized and in mice in which FcgRI,
FcgRIII, and/or FcgRIV had been deleted or blocked.
Results: Rapid desensitization with 2.4G2 prevented 2.4G2-
induced shock and completely suppressed IgG-mediated
anaphylaxis. Rapid desensitization of ovalbumin-sensitized mice
with 2.4G2 was safer and more effective than rapid
desensitization with ovalbumin. 2.4G2 treatment completely
blocked FcgRIII and removed most FcgRI and FcgRIV from
nucleated peripheral blood cells. Because IgG2a-mediated
anaphylaxis was partially FcgRI and FcgRIV dependent, the
effects of 2.4G2 on FcgRI and FcgRIV were probably crucial
for its complete inhibition of IgG2a-mediated anaphylaxis.
IgG2a-mediated anaphylaxis was partially inhibited by depletion
or desensitization of monocyte/macrophages, basophils, or
neutrophils.
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Conclusion: IgG-mediated anaphylaxis can be induced by
ligation of FcgRI, FcgRIII, or FcgRIV on monocycte/
macrophages, basophils, or neutrophils and can be safely
suppressed by rapid desensitization with anti-FcgRII/RIII mAb.
A similar approach may safely suppress other FcgR-dependent
immunopathology. (J Allergy Clin Immunol 2013;nnn:nnn-
nnn.)
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Antibody-dependent effector functions are mediated, to a large
extent, by receptors for antibody Fc domains that are expressed
by multiple bone marrow-derived cell types. In the mouse, these
include 3 tyrosine kinase-associated receptors that stimulate
receptor-expressing cells when they are ligated by IgG/antigen
complexes (FcgRI, FcgRIII, and FcgRIV) and 1 tyrosine
phosphatase-associated receptor (FcgRIIb) that transmits inhib-
itory signals.1,2 Human bone marrow-derived cells express
similar receptors, although some differences exist.1,2 Although
stimulatory FcgRs can contribute to host protection against
microbial pathogens,3,4 these receptors are also important in
the pathogenesis of autoimmune and inflammatory diseases,
including mouse models of rheumatoid arthritis,5 systemic lupus
erythematosus,6 antibody-mediated hemolytic anemia,7 glomer-
ulonephritis,8,9 myasthenia gravis,10 blistering skin diseases,11

and IgG-mediated anaphylaxis.2,12 Indeed, the therapeutic
efficacy of intravenous IgG in a large number of inflammatory
diseases is thought to depend, in part, on its interaction with
FcgRs.13

These considerations have suggested that an agent that blocks
FcgRs might be a useful therapeutic for antibody-dependent,
FcgR-dependent disorders. Consistent with this, a rat IgG2b

mAb, 2.4G2, that blocks IgG immune complex binding to
mouse FcgRIIb and FcgRIII and may also interact with FcgRI
and FcgRIV14,15 has been shown to suppress IgG-mediated
anaphylaxis12 and immune thrombocytopenic purpura.16 Unfor-
tunately, the potential use of this mAb is limited by its ability
to activate FcgR-expressing cells. The resulting activation
stimulates the production of the potent vasoactive mediator,
platelet-activating factor (PAF), which causes an anaphylactic
response.12

Recently, we found that the anaphylactic response caused by
a mAb specific for the high-affinity IgE receptor, FcεRI, could
be prevented by administering that mAb through a protocol that
resembles the rapid desensitization approach used by allergists
to suppress the induction of anaphylaxis by a specific
allergen.17 That is, treatment of mice with anti-FcεRI mAb,
starting with a dose too small to induce detectable disease
and doubling that dose every hour, allowed safe administration
of a dose of that mAb that would induce anaphylaxis in
1
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Abbreviations used
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EW: E
gg white
HN: H
anks balanced salt solution plus 10% newborn bovine serum
HNA: H
N plus 0.2% NaN3
mAb: M
onoclonal antibody
OVA: O
valbumin
PAF: P
latelet-activating factor
TNP: T
rinitrophenyl
WT: W
ild-type
previously untreated mice and, in fact, blocked all IgE-mediated
anaphylaxis. Desensitization resulted from both the induction of
mast cell anergy and, eventually, the removal of all FcεRI and IgE
from mast cells.17 These observations suggested that a similar
approach with anti-FcgRII/RIII mAb (2.4G2) might avoid the
induction of shock but still block IgG-mediated anaphylaxis.
The studies described here indicate that this is indeed the
case and increase understanding of the mechanisms involved in
IgG-mediated anaphylaxis by showing the importance of 3
different FcgR-expressing cell types, monocyte/macrophages,
basophils, and neutrophils and each of the 3 stimulatory FcgRs
in this disorder.

METHODS

Mice
Female BALB/c and C57BL/6 mice were purchased from Taconic

(Hudson, NY) and were used at 7 to 12 weeks of age. FcgRIII-deficient

and FcgRI-deficient mice on a BALB/c background1,18 were a gift of

Dr Jeffrey Ravetch (Rockefeller University, New York, NY); these mice

were bred to each other to generate mice deficient in both FcgRI and FcgRIII.

F2 offspring were typed by PCR to identify double-deficient offspring.

FcgRIIb-deficient mice on a C57BL/6 background were purchased from

the Jackson Laboratory (Bar Harbor, Me). FcεRIa-deficient mice on a

BALB/c background were a gift of Jean-Pierre Kinet (Harvard University,

Cambridge, Mass).19
Antibodies
Monoclonal antibodies or the hybridomas that produce them were

obtained from the following sources: 2.4G2 (rat IgG2b anti-mouse FcgRII/

RIII mAb; American Type Culture Collection [ATCC], Rockville, Md),

GK1.520 (rat IgG2b anti-mouse CD4; ATCC), MAR-1 (hamster anti-mouse

FcεRIa mAb; eBioscience, San Diego, Calif), 5B11 (rat IgG2a anti-mouse

IL-3R mAb; eBioscience), M1/7021 (rat IgG2b anti-mouse CD11b mAb;

ATCC), 1A8 (rat IgG2a anti-mouse Ly6G mAb; BD Pharmingen, San Diego,

Calif), DX5 (rat IgM anti-mouse CD49b; BD Pharmingen), ACK-2 (rat IgG

anti-mouse c-kit mAb22; Richard Grencis, University of Manchester,

Manchester, United Kingdom), 1B7.11 (mouse IgG1 anti-trinitrophenyl

[TNP] mAb; ATCC), HY1.2 (mouse IgG2a anti-TNP mAb; Shozo Izui,

University of Geneva, Geneva, Switzerland), J1.2 (rat IgG2b anti-4-

hydroxy-3-nitrophenylacetyl, used as a control mAb; John Abrams,

DNAX Research Institute, Palo Alto, Calif), x54-5/7.1 (rat IgG

anti-mouse FcgRI mAb; eBioscience), K9.36123 (anti-Ly17.2, a mouse

IgG anti-mouse FcgRIIb mAb, a gift of Ulrich Hammerling, Sloan-

Kettering, New York, NY), clone 275003 (rat IgG2a anti-mouse FcgRIII;

R&D Systems, Minneapolis, Minn), and 9F924 (hamster IgG anti-mouse

FcgRIV mAb; a gift of Jeffrey Ravetch, Rockefeller University, New

York, NY). mAbs produced as ascites in Pristane-primed athymic nude

mice were purified as described.25 A goat antiserum to mouse IgD was

produced as described.25
Antigens, pharmaceuticals, and chemicals
Ovalbumin (OVA) and BSA were purchased from Sigma (St Louis, Mo).

OVA and BSA were labeled with 2,4,6-trinitrophenyl-ε-aminocaproyl-

O-succinamide (Biosearch Technologies, Novato, Calif).
Immunization of mice
BALB/c and C57BL/6 female mice 8 to 12 weeks old were immunized

intraperitoneally with 50 mg of chicken egg white (EW) mixed with 1 mg of

alum on days 0 and 12. Mice were challenged intravenously with 200 mg of

EW on day 19.
IL-4C
A long-acting complex of IL-4 that dissociates in vivo to release free,

biologically active IL-4 was produced by mixing recombinant mouse IL-4

(PeproTech, RockyHill, NJ) with anti–IL-4mAb (BVD4-1D11) at a 2:1molar

(1:5 weight) ratio for at least 5 minutes before injection.26
Detection of systemic anaphylaxis
Mice were challenged intravenously with the appropriate antigen, after

which body temperature was determined every 5 to 15 minutes with a rectal

probe to detect and quantify hypothermia, a sign of shock.27
Preparation of peritoneal mast cells
Peritoneal lavage was collected by intraperitoneal injection of 10 mL of

sterile Hanks balanced salt solutionwith 5% newborn bovine serum and plated

on 25-cm2 cell culture flasks (Corning, Corning, NY) for 2 hours at 378C with

5% CO2. Nonadherent cells were collected and washed with Hanks balanced

salt solution plus 10% newborn bovine serum (HN).
Preparation of nucleated blood cells
Blood obtained by tail vein incision was collected in microtainers

with K2EDTA (BD Biosciences, San Jose, Calif). Red blood cells were

lysed with ammonium-chloride-potassium lysis buffer; cells were washed

twice with Hanks balanced salt solution and resuspended in HN plus 0.2%

NaN3 (HNA).
Immunofluorescence staining
Cells (13 106) in 0.1mLofHNAwere incubatedwith 2.4G2 for 15minutes

on ice and then stained with 1 mg each of mAbs to CD49b, IgE, and IL-3R to

identify basophils; with mAbs to IgE, c-kit, and IL-3R to identify mast cells;

with M1/70, 1A8 (anti-Ly6G), and F4/80 to identify neutrophils and mono-

cytes; with 6B2 (anti-B220) to identify B cells; and with GK1.5 (anti-CD4)

and 2.43 (anti-CD8) to identify these T-cell populations. Cells were washed

twice, fixed with 2% paraformaldehyde, and analyzed with a FACScalibur

(BD Biosciences). Basophils were also distinguished as having relatively

low forward and side scatter, whereas mast cells have high forward and side

scatter, and neutrophils have high side scatter and intermediate forward scatter.

Dendritic cell subpopulations were identified as previously described.17
Cellular depletion
To deplete neutrophils, mice were injected intraperitoneally daily for 7 days

with 20mg of hydroxyurea. Mice were also injected intraperitoneally on days 6

and 7with 0.1mgofRB6-8C5 anti–Gr-1mAb. This treatment caused a decrease

in blood neutrophil count of >95%.28 Basophil depletion29 and monocyte/

macrophage desensitization and depletion28 were performed as described.
Preparation of F(ab’)2 fragment of 2.4G2
2.4G2 was dialyzed into a 20 mmol/L acetate buffer, pH 4.5, and

digested for 30 hours at 378C with immobilized pepsin (Thermo
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FIG 1. Anaphylaxis and rapid desensitization with anti-FcgR mAb.

A, BALB/c mice were injected intravenously with the doses of anti-

FcgRIIb/RIII mAb (2.4G2) shown. Rectal temperatures were determined.

Mean maximum temperature decrease is shown. B, Mice were rapidly
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Fisher Scientific, Waltham, Mass) while being rotated, then dialyzed

against 0.15 mol/L NaCl and concentrated by pressure filtration.

An aliquot was reduced with 2-mercaptoethanol and compared with

reduced undigested 2.4G2 by SDS-PAGE with a 10% polyacrylamide gel

(Fig 4, D).
Statistics
A 2-tailedMann-Whitney t test and a Fischer exact x2 test were used, when

appropriate, to test for statistical significance. A P value less than .05 was

considered significant.
RESULTS

Rapid desensitization with anti-FcgRII/RIII mAb

(2.4G2) avoids direct toxicity and prevents IgG-

mediated anaphylaxis
To determine whether a rapid desensitization approach could

prevent the development of anaphylaxis in mice injected with
2.4G2, we first determined the dose of 2.4G2 required to induce
shock (hypothermia) in BALB/c mice (Fig 1, A). A significant
and substantial decrease in temperature was observed in mice
injected with 63 mg or more of this mAb but not in mice injected
with 31 mg. In contrast, serial, hourly injections of mice with
doubling doses of 2.4G2, starting with a dose of 15 mg and
culminating in a dose of 500 mg, failed to induce shock (Fig 1,
B). Challenge of these mice intravenously the next day with
500 mg induced shock in the mock-desensitized mice but not
in the 2.4G2-desensitized mice (Fig 1, C). Rapid desensitization
with 2.4G2 failed to induce hypothermia even when mice
were first treated with a long-acting preparation of IL-4
(IL-4C),26 to increase their sensitivity to mediators such as
PAF30 (Fig 1, D).

To determine whether 2.4G2 could prevent IgG-mediated
anaphylaxis in a passive immunization system, we first
primed immunologically naive mice with mouse IgG1 or
IgG2a mAb to TNP, then rapidly desensitized them with
2.4G2 or mock-desensitized them with an isotype-matched
control rat mAb and challenged them with TNP-BSA. Results
(Fig 2, A) indicated that rapid desensitization with 2.4G2
completely blocked the anaphylactic responses in mice
primed with either isotype of anti-TNP mAb. To determine
whether 2.4G2 could safely and effectively desensitize mice
that had been actively immunized with OVA, we compared
the abilities of OVA and 2.4G2 to rapidly desensitize these
mice and to inhibit anaphylaxis after subsequent challenge
with OVA. In an initial experiment, no EW-immune mice
developed temperature drops during desensitization with
either EW or 2.4G2 (not shown). We then repeated this
desensitized by intraperitoneal injection hourly for 6 hours with doubling

doses of anti-FcgRIIb/RIII mAb or mock-desensitized with an isotype control

mAb, starting with a dose of 15 mg. Mean maximum rectal temperature de-

creases for the 60 minutes after each injection. C, Anti-FcgRII/RIII mAb-

desensitized and mock-desensitized mice were challenged the next day

with 500 mg of anti-FcgRII/RIII mAb. Rectal temperatures were followed

for the next 60 minutes. D, Mice were first pretreated with IL-4C to increase

their sensitivity to vasoactive mediators, then rapidly desensitized the next

day with anti-FcgRII/RIII mAb as in panel B. Total of 8 mice per group,

pooled from 2 experiments, for each panel, except 4 mice per group for

panel C. Asterisks in panel A indicate significantly greater temperature

drop than with a dose of 30 mg (P < .05).



FIG 2. 2.4G2 suppression of IgG-mediated anaphylaxis in mice sensitized by active or passive immuniza-

tion. A, BALB/c mice were pretreated with 500 mg of IgG1 or IgG2a anti-TNP mAb, then rapidly desensitized

as in Fig 1, B, with anti-FcgRII/RIII or control mAb (J1.2). Mice were challenged by intravenous injection of

100 mg of TNP-BSA 2 hours after desensitization. Rectal temperatures were determined. Four mice per

group; representative of 2 experiments performed. B, BALB/c mice were immunized intraperitoneally
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procedure in mice that had been made more sensitive to vaso-
active mediators (and perhaps better resemble persons with
allergy who produce increased quantities of TH2 cytokines)
by pretreating them with IL-4C.26 Rapid desensitization
with 2.4G2 or mock desensitization with a control antigen
(BSA) failed to cause shock in any of these mice (Fig 2,
B). By contrast, rapid desensitization with EW caused shock
in several of these mice (Fig 2, B). Thus, rapid desensitization
with anti-FcgRII/RIII mAb appears to be safer than rapid
desensitization with antigen. This may be because the dose
of 2.4G2 that binds to FcgR-expressing cells is more predict-
able than the dose of OVA/IgG anti-OVA antibody complex
that interacts with these cells.

Rapid desensitization with either EW or 2.4G2 effectively
prevented anaphylaxis when EW-sensitized mice, in which
IgE-mediated anaphylaxis had been blocked, were challenged
with EW 2 hours after the completion of rapid desensiti-
zation (Fig 2, C). However, rapid desensitization with 2.4G2
was still completely effective 48 hours after the completion
of rapid desensitization, whereas the effectiveness of rapid
desensitization with EW was lost within 24 hours. In
addition, rapid desensitization with EW actually increased
the severity of anaphylaxis in mice challenged at 48 hours
(Fig 2, C) (this may be because of increased IgG anti-OVA
antibody secretion and/or basophil or T-cell secretion of
IL-4 in OVA-desensitized mice). To confirm this result in
another model in which anaphylaxis can be mediated by
IgG, but not IgE, we immunized FcεRIa-deficient BALB/c
background mice intraperitoneally with EW/alum, rapidly
desensitized them with EW or 2.4G2, and challenged
them intravenously with EW 2 hours, 1 day, or 2 days later.
Results of this experiment again showed less severe
anaphylaxis in mice desensitized with 2.4G2 than in mice
desensitized with EW (Fig 2, D) (even the 2.4G2-
desensitized mice developed some temperature drop in this
experiment, possibly because the absence of FcεRIa is
associated with increased signaling by FcgRs31). Taken
together, our observations indicate that rapid desensiti-
zation with anti-FcgR mAb is safer and prevents IgG-
mediated anaphylaxis longer than rapid desensitization with
antigen.
with egg white/alum on days 0 and 12, then treated intra

after IL-4C treatment, mice were rapidly desensitized wi

at 6 mg), egg white (6 doubling doses, starting at 6 mg),

were challenged intravenously with egg white on day 1

during rapid desensitization is shown, along with the m

group. Data were pooled from 2 experiments except 1

mice/group. Total of 8 mice/group, except 4 mice fo
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IgE-mediated anaphylaxis. These mice were then rapi
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white as in panel B. These mice were then rapidly des

desensitized with BSA on day 17, 18, or 19 and chall

day 19, 2 hours, 1 day, or 2 days after rapid desensitiza

as for panel C, with identical results.
FcgR involvement in rapid desensitization with

2.4G2
Differences of opinion exist about the FcgRs that are involved

inmurine IgG-mediated anaphylaxis2,12,32,33 and about the ability
of 2.4G2 to bind to the intermediate-affinity FcgR, FcgRIV, and
the high-affinity FcgR, FcgRI.15,34 We investigated these issues
because they should affect the ability of 2.4G2 to prevent
FcgR-mediated disease. To do this, we first used mice deficient
in specific FcgRs andmAbs specific for particular FcgRs to deter-
mine the relative roles of the 3 activating FcgRs in IgG-mediated
anaphylaxis. The severity of anaphylaxis induced by challenging
IgG2a anti-TNP mAb–primed mice with TNP-OVA was greatly
decreased in FcgRIII-deficient mice and further decreased in
mice deficient in both FcgRI and FcgRIII (Fig 3, A).
A blocking anti-FcgRIV mAb did not induce anaphylaxis and
did not, by itself, affect anaphylaxis severity in wild-type (WT)
mice, but it further decreased the severity of anaphylaxis in
both FcgRIII-deficient and FcgRI/FcgRIII dual-deficient mice
(Fig 3, A). Thus, although FcgRIII is predominantly responsible
for IgG2a-mediated anaphylaxis, IgG immune complex interac-
tions with FcgRI and FcgRIV also contribute. This is consistent
with the ability of IgG2a to interact with all 3 of these
receptors.2,18 In contrast, IgG1-dependent anaphylaxis depends
solely on FcgRIII,12,35 the only stimulatory FcgR with which it
interacts.2,18

These observations raised questions about how 2.4G2 can
completely suppress IgG2a-mediated anaphylaxis when
incubation of neutrophils and monocytes with 2.4G2 under
noncapping (in vitro, 48C) condition fails to block the binding
of mAbs specific for FcgRI or FcgRIV, although it
completely blocks the binding of anti-FcgRIIb and anti-
FcgRIII mAbs to these cells (Fig 3, B, left panels). This issue
may be explained by the ability of 2.4G2 to substantially
decrease expression of FcgRI and FcgRIV when injected
into mice; in fact, the extent of suppression of these receptors
by 2.4G2 was similar to the extent to which 2.4G2 binding to
blood mononuclear cells and neutrophils decreased in 2.4G2-
treated mice (Fig 3, C). Thus, 2.4G2 directly blocks binding
to FcgRIIb and FcgRIII and indirectly blocks binding to
FcgRI and FcgRIV by decreasing the expression of these
receptors.
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FIG 3. Effects of 2.4G2 on FcgR expression and contributions to anaphylaxis. A, WT and FcgRIII–C57BL/6

mice and FcgRI/RIII–B10. D2 mice were primed by intravenous injection of 500 mg of IgG2a anti-TNP mAb,

then treated intraperitoneally with 200 mg of anti-FcgRIV or control mAb and challenged the next day

intravenously with 100 mg of TNP-OVA. Rectal temperatures were determined for the next 60 minutes;

mean maximal decrease in rectal temperature and percentage of survival for >2 hours is shown for each

group of mice (pooled from 2 experiments, total of 8 mice/group). Statistical significance box compares

values for temperature decrease and mortality for groups above box with each group to right of box.

*Greater temperature drop; **greater temperature drop and mortality; �smaller temperature drop;

��smaller temperature drop and less mortality. B, Left panels: Blood leukocytes (106) were incubated for

30minutes at 48C in the presence of NaN3 with 1 mg of anti-FcgRII/RIII or control mAb, then stained for FcgRI,

FcgRIIb, FcgRIII, or FcgRIV and analyzed by flow cytometry. Right panels: BALB/ c mice were injected with
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2.4G2 might modulate FcgRI and FcgRIV expression by
interacting with these receptors through its antibody binding
site or through its own Fc domain. To determine whether the
second putative mechanism was possible, we evaluated the
ability of mice injected with another rat IgG2b mAb that binds
to monocytes and neutrophils, M1/70 (anti-CD11b mAb), to
decrease the expression of each of the stimulatory FcgRs
(Fig 4, A). M1/70 injection decreased FcgRI, FcgRIII, and
FcgRIV expression on monocytes and neutrophils to almost
the same extent as expression of these receptors was
reduced by 2.4G2 (44% to 73%). This suggests that 2.4G2
interferes with FcgRI and FcgRIV expression primarily by
interacting with them through its own Fc domain, rather
than through its antigen binding site. However, M1/70 was
much less effective than 2.4G2 at blocking IgG2a-mediated
anaphylaxis in passively immunized mice (Fig 4, B and C),
possibly because M1/70 was much less effective than 2.4G2
at blocking binding to FcgRIII (compare Fig 3, B, with
Fig 4, A).

To further evaluate the requirement for an interaction between
the Fc domains of 2.4G2 and stimulatory FcgRs other than
FcgRIII to completely suppress IgG2a-mediated anaphylaxis, we
generated 2.4G2 F(ab’)2 that contained undetectable intact 2.4G2
(>0.5%; Fig 4,D). Because F(ab’)2 fragments of IgG have a much
shorter in vivo half-life than intact IgG,36 it was necessary to use
much more 2.4G2 F(ab’)2 than intact 2.4G2 to saturate FcgRIIb
and FcgRIII 1 hour after injection; even 2 mg of the F(ab’)2 frag-
ment was less effective than 100 mg of the intact molecule at
blocking fluorochrome-labeled 2.4G2 binding and staining with
anti-FcgRIII mAb (Fig 4, E). Although the F(ab’)2 fragment
significantly suppressed neutrophil FcgRIV expression at this
time, suppression was modest and much less than was seen
with intact 2.4G2 (Fig 4, E); this suggests that FcgRIVexpression
is suppressed both by FcgRIIb/FcgRIII cross-linking and by an
interaction between the Fc domains of 2.4G2 and FcgRIV. We
were unable to compare the effects of intact 2.4G2 versus
2.4G2 F(ab’)2 on FcgRI expression because injection of either
form of this mAb temporarily depletes nearly all FcgRI-express-
ing cells from peripheral blood (data not shown).

IgG2a-mediated anaphylaxis was completely blocked 24
hours after the completion of rapid desensitization with intact
2.4G2 (maximum dose, 500 mg) and was blocked by approxi-
mately 90% by rapid desensitization with 2.4G2 F(ab’)2
(maximum dose, 2 mg) (Fig 4, F). Although we cannot tell
whether the somewhat decreased ability of the F(ab’)2 frag-
ment to suppress anaphylaxis resulted from decreased modula-
tion of FcgRIV (and possibly FcgRI) or from the less complete
saturation of FcgRIIb and FcgRIII by the F(ab’)2 fragment
(Fig 4, G), our observations indicate that IgG2a-mediated
anaphylaxis is strongly inhibited by the cross-linking of
FcgRIIb and FcgRIII, even in the absence of direct binding
to FcgRI and FcgRIV.
500 mg of anti-FcgRII/RIII or control mAb. Blood cells ob

FcgRIII, or FcgRIV and analyzed by flow cytometry; 4mic

WT mice were rapidly desensitized with 500 mg of bio

obtained the next day were incubated on ice with

with fluorochrome-labeled streptavidin, as well as w

4 mice/group, representative of 2 experiments. B and

control mAb-treated mice. Percentages to right of ba

fluorescent intensity.
This raised the alternative possibility that the greater
effectiveness of 2.4G2 than M1/70 at blocking IgG2a-mediated
anaphylaxis might be the ability of the former mAb to interact
directly with the inhibitory FcgR, FcgRIIb, which might allow
it to give a direct inhibitory signal to FcgRIIb-expressing
cells through that receptor. This possibility is eliminated by
evidence that 2.4G2 completely blocks IgG2a-mediated
anaphylaxis in FcgRIIb-deficient mice (Fig 5). Surprisingly,
the severity of anaphylaxis in mice passively immunized
with IgG2a anti-TNP mAb was less in FcgRIIb-deficient
mice than in WT mice on the same genetic background
(Fig 5), whereas elimination of an inhibitory receptor might
have been expected to increase the severity of anaphylaxis.
One possible explanation for this phenomenon is the
spontaneous development of autoantibodies and, thus, IgG
immune complexes, in FcgRIIb-deficient mice37; these
putative immune complexes might partially desensitize mice
to IgG-mediated anaphylaxis. Regardless of the explanation,
our results show that FcgRIIb was not required for rapid
desensitization with 2.4G2.
Roles of different cell types in IgG2a-mediated

anaphylaxis
Disagreement exists about the importance of different FcgR-

expressing cell types, particularly monocyte/macrophages,
basophils, and neutrophils in murine IgG-mediated anaphy-
laxis.12,32,33 We evaluated the possible roles of these 3 cell
types in anaphylaxis in BALB/c and C57BL/6 mice that had
been passively immunized with IgG2a anti-TNP mAb by
depleting neutrophils with hydroxyurea plus a low dose of
anti-Ly6C/6G mAb (RB6-8C5), by depleting or desensitizing
monocytes and macrophages with gadolinium, or by depleting
basophils with anti-CD200R3 mAb. Results of these experi-
ments indicated that (1) IgG2a-mediated anaphylaxis was
more severe in C57BL/6 mice than in BALB/c mice and (2)
depletion of any of these 3 cell types significantly decreased
the severity of anaphylaxis in both mouse strains (Fig 6). The
importance of monocyte/macrophages in IgG2a-mediated
anaphylaxis is also supported by our evidence that FcgRI
contributes to this disorder, inasmuch as FcgRI is expressed
by monocytes and macrophages but not by either basophils
or neutrophils.2,24

Because 2.4G2 could have decreased the contribution of
these cell types to IgG2a-mediated anaphylaxis either by
killing these cells or by blocking or modulating their stimula-
tory FcgRs, we looked at the effects of 2.4G2 on the numbers
of several different cell types in different organs. Results of
this study (Fig 7) show that 2.4G2 treatment had no effect
on numbers of monocytes, macrophages, T cells, dendritic
cells, or mast cells; may have caused a partial redistribution
of basophils from blood to spleen; and somewhat decreased
tained 24 hours later were stained for FcgRI, FcgRIIb,

e/group, representative of 2 experiments. C, BALB/c

tin-labeled 2.4G2 or control mAb. Blood leukocytes

biotin-2.4G2 or biotin-control mAb, then stained

ith mAbs to identify neutrophils and monocytes;

C, �Decreased receptor expression compared with

rs are mean decreases in expression. MFI, Mean
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FIG 4. Effects of rat IgG2b anti-mouse CD11b mAb on FcgR expression and

IgG-mediated anaphylaxis. A,WT BALB/c mice were injected with 500 mg of

anti-CD11b mAb (M1/70) or control mAb. Blood leukocytes obtained the

next day were stained with mAbs to FcgRI, FcgRIIb, FcgRIII, FcgRIV, and
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the number of neutrophils in blood but not in spleen. Thus, the
predominant suppressive effect of 2.4G2 on IgG2a-mediated
anaphylaxis appears to result more from the blocking or
modulation of stimulatory FcgRs than from the elimination of
cells that contribute to anaphylaxis. An alternative possibility,
that FcgR expression and/or severity of anaphylaxis is
decreased nonspecifically by cell death, is unlikely because
administration of GK1.5 (rat IgG2b anti-CD4 mAb), which
kills CD41 T cells,20 had no effect on either parameter
(Fig 8).
DISCUSSION
The results of our studies indicate that rapid desensitization

with an IgG mAb specific for FcgRIIb and FcgRIII safely
allows complete inhibition of IgG-mediated anaphylaxis.
Although shock is induced in mice given a single injection
of 63 mg of 2.4G2, mice injected hourly with doubling doses
of that mAb, starting with a dose of 15 mg, failed to anaphylax
in response to 500 mg of 2.4G2, even if pretreated with a
long-acting formulation of IL-4 that considerably increases
sensitivity to this mAb.30 Rapid desensitization with 2.4G2
prevented IgG-mediated anaphylaxis in both passively and
actively immunized mice and was both safer and longer lasting
in actively immunized mice than rapid desensitization with
antigen. The completeness of suppression of IgG2a-mediated
anaphylaxis was somewhat surprising, because this isotype
can mediate anaphylaxis to some extent through FcgRI and
FcgRIV, as well as through FcgRIII (Fig 3, A), and 2.4G2
has never convincingly been shown to bind to FcgRI or
FcgRIV.2,34 Our observation that 2.4G2 and another rat
IgG2b mAb that binds to monocyte/macrophages, M1/70
(anti-CD11b), both decrease FcgRI and FcgRIV expression
by >50% when injected in vivo suggests that inhibition of
with fluorochrome-labeled streptavidin, as well as with mAbs to identify

neutrophils andmonocytes; 8 mice/group, pooled from 2 experiments. Per-

centages to right of bars are mean decreases in expression. B, WT BALB/c

mice were primed by intravenous injection of 500 mg of IgG2a anti-TNPmAb

and treated intraperitoneally with 500 mg of M1/70 or control mAb. Mice

were challenged intravenously with 100 mg of TNP-OVA 1 day after M1/70

treatment. Rectal temperatures were obtained during the subsequent 60

minutes; pooled from 3 experiments, total 12 mice/group. C, BALB/c mice

were injected intravenously with 500 mg of IgG2a anti-TNP mAb, then

rapidly desensitized with 2.4G2, M1/70, or control mAb. Mice were

challenged intravenously the next day with 100 mg of TNP-OVA. Rectal

temperatures were obtained during the subsequent 60 minutes; 1 experi-

ment, 4 mice/group. D, Intact 2.4G2 and 2.4G2 that had been digested

with immobilized pepsin were reduced with 2-mercaptoethanol and

analyzed by SDS-10% PAGE. E, BALB/c mice (3/group) were injected

intravenously with saline, 100 mg of 2.4G2, or 2 mg of 2.4G2 F(ab’)2. One

hour later, blood neutrophils were analyzed by flow cytometry for binding

of fluorochrome-labeled 2.4G2 and mAbs specific for FcgRIIb, FcgRIII, and

FcgRIV. F, BALB/c mice (4/group) were initially left untreated or were

injected intravenously with 500 mg of IgG2a anti-TNP mAb, then rapidly

desensitized intraperitoneally with doubling doses of intact 2.4G2 (initial

dose, 15 mg; final dose, 480 mg) or 2.4G2 F(ab’)2 (initial dose, 62.5 mg; final

dose, 2mg). One day later, mice were challenged intravenously with 100 mg

of TNP-OVA. G, Blood neutrophils obtained 4 hours after TNP-OVA chal-

lenge were analyzed for staining with fluorochrome-labeled 2.4G2.

�Significantly decreased staining or less severe anaphylaxis than saline-

treated mice (panel E) or control mAb mock-desensitized mice (panels F
and G). **Significantly decreased staining or less severe anaphylaxis

than mice treated with 2.4G2 F(ab’)2. MFI, Mean fluorescent intensity.
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the expression of these 2 FcgRs may result mostly from the
interaction of the Fc domains of these mAbs with these FcgRs
after they have been focused onto cells by binding to their
primary targets. This ‘‘nonspecific’’ FcgR modulation may
need to be considered in interpreting the results of any studies
in which animals are injected with an IgG antibody that
binds to a cell member antigen. However, our studies with
2.4G2 F(ab’)2 indicate that the cross-linking of the 2 FcgRs
bound by this mAb also somewhat suppresses FcgRIV
expression.

It is unlikely that 2.4G2 inhibits IgG-mediated anaphylaxis
primarily by sending an inhibitory signal to targeted cells
through FcgRIIb, because rapid desensitization with 2.4G2
still inhibits IgG-mediated anaphylaxis in FcgRIIb-deficient
mice. In contrast, 2.4G2 inhibition of FcgRI- and FcgRIV-
mediated anaphylaxis might involve FcgRIII-mediated induc-
tion of cellular hyporesponsiveness (anergy) in addition to
partial modulation of FcgRI and FcgRIV. Induction of anergy
may also be involved in the rapid desensitization process itself,
inasmuch as it is not clear how the rapid desensitization
process allows the administration of large doses of 2.4G2
without the induction of anaphylaxis. It is possible that
anaphylaxis is avoided by ligating so little FcgR on mono-
cyte/macrophages, basophils, and neutrophils at any one time
that the PAF released by these cells is never sufficient to
induce shock (because PAF has an in vivo half-life of approx-
imately 5 minutes,38 successive waves of PAF production
would not cause a cumulative increase in concentration). How-
ever, we favor the possibility that slow increases in 2.4G2 con-
centration also lead to monocyte/macrophage, basophil, and
neutrophil anergy (partial suppression of FcgR-activated
signaling pathways), because this effect was observed in our
previous studies of rapid desensitization of mast cells with
an anti-FcεRI mAb.17

Although we have focused on inhibition of IgG-mediated
anaphylaxis, it is likely that rapid desensitization with 2.4G2
would also inhibit or ameliorate other disorders that have been
shown by 2.4G2 administration studies or studies performed
with FcgR-deficient mice to be primarily mediated by these
receptors. We also suspect that our observations in mice apply
to humans. Even though human IgG-mediated anaphylaxis has
never been proven to exist, the likelihood that this occurs in
humans is supported by several descriptions of anaphylaxis in
patients repeatedly infused with large quantities of a foreign
protein who had high serum concentrations of IgG antibodies
but no detectable IgE antibodies to the infused antigen and who
failed to develop an increased serum tryptase.39-45 In addition,
human macrophages, neutrophils, and basophils express stimu-
latory FcgRs1,18 and can be induced to secrete PAF,46-48 which
has been associated with human anaphylaxis.49,50 Human and
mouse FcgRI, FcgRIIb, and FcgRIII (FcgRIIIa and FcgRIIIb
in humans) are homologous and murine FcgRIV is thought to
be homologous to human FcgRIIIa.1,2 Humans have additional
activating FcgRs (FcgRIIa and FcgRIIc) that lack mouse
homologs1,2; however, the ability of anti-FcgRIIb/RIII mAb
(2.4G2) to block all activating signaling through murine FcgRs,
including those to which it does not bind directly through its
antigen binding site, suggests that an antibody to human
FcgRIIIa will have a similar effect. In vitro studies are planned
to determine whether mAbs to human FcgRIIIa and/or
FcgRIIIb will modulate other FcgRs on human macrophages.
In addition, we plan in vivo experiments with immunodeficient
mice reconstituted with human myeloid cells to determine
whether any anti-human FcgR mAbs can (1) induce anaphy-
laxis in this model, and (2) if so, whether it is possible to
rapidly desensitize mice to prevent anaphylaxis mediated in
this model by human IgG antibodies. If successful, clinical
studies could be performed to determine whether desensitiza-
tion with appropriately humanized anti-FcgR mAbs could
be used to treat any of the inflammatory or autoimmune
disorders, mentioned in the Introduction, in which FcgRs
have a pathogenic role.

Any consideration of using rapid desensitization-facilitated
FcgR blockade to suppress putative IgG-mediated anaphylaxis
or FcgR-associated disorders in humans will need to take into
account potential side effects that are unrelated to direct
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FIG 6. Contributions of myeloid cell types to IgG-mediated anaphylaxis. A, BALB/c mice were depleted

of neutrophils by treatment with hydroxyurea and anti-Gr-1 mAb (RB6-8C5), subjected to gadolinium

depletion/desensitization of monocytes and macrophages, or depleted of basophils with anti-CD200R3

mAb. Mice were then primed by intravenous injection of 500 mg of IgG2a anti-TNP mAb, followed by

intravenous challenge 2 hours later with 100 mg of TNP-OVA. Rectal temperature was determined

during the next 60 minutes. Mean maximum temperature drops and survival for >2 hours for each

group are shown (pooled from 2 experiments, total of 8 mice/group). Depletion of monocytes and mac-

rophages with clodronate liposomes had a similar effect to treatment with gadolinium (not shown).

Statistical significance box compares survival and temperature drop in groups that had neutrophil,

macrophage, or basophil depletion with the group with no cellular depletion. *Less mortality; �lower

temperature drop. B, An experiment similar to that shown in panel A was performed with C57BL/6

mice.
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mAb-mediated toxicity. Stimulatory FcgRs would be expected
to promote antibody-mediated host protection against infec-
tious agents, although the results of murine and human studies
indicate that these receptors enhance protection against some
bacteria, viruses, and protozoa but have no effect against
others and, in some cases, actually increase invasiveness and
pathogenicity.3,4,51-59 Blockade of the inhibitory receptor,
FcgRIIb, might enhance autoimmunity and increase responses
of inflammatory cells.1,37,60 although this problem may be less
serious when stimulatory FcgRs are blocked as well, and the
problem might be eliminated by using a reagent that selec-
tively blocked stimulatory receptors. Further murine studies
should help to determine whether it is feasible to reduce
potential risks while maintaining beneficial effects and
whether trials in human disorders that are currently treated
with dangerous and incompletely effective medications would
be worth the potential risk.

We thank Jeffrey Ravetch for his gift of a monoclonal anti-mouse FcgRIV

mAb and FcgRI- and FcgRIII-deficient mice.



FIG 7. Effects of 2.4G2 on cell number. BALB/c mice (2 experiments, total of 8 mice/group) were rapidly

desensitized with 2.4G2 or isotype control mAbs. The percentages or numbers of the cell populations

shown in peritoneal lavage, spleen, and peripheral blood were determined 3 days after rapid desensitiza-

tion. Cell types were identified and enumerated by flow cytometry, using the strategies described in

Methods. In addition, tonguemast cell numbers per 10 high-powered fields were determined. No significant

effects were found on any cell population when data are corrected for multiple comparisons. DC, Dendritic
cell; HPF, high-power field; PBNC, peripheral blood nuclear cell.
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Key messages

d Rapid desensitization with 2.4G2, an anti-FcgRII/RIII
mAb, can safely inhibit IgG-mediated anaphylaxis.

d IgG2a-mediated anaphylaxis is predominantly FcgRIII
dependent but partially FcgRI and FcgRIV dependent.

d Treatment of mice with 2.4G2 blocks FcgRIIb and
FcgRIII and removes most FcgRI and FcgRIV from
monocyte/macrophages and dendritic cells and FcgRIV
from neutrophils.

d Monocyte/macrophages, basophils, and neutrophils all
contribute to IgG2a-mediated anaphylaxis.
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FIG 8. Neither FcgR expression nor severity of IgG2a-mediated anaphylaxis

is decreased in mice treated with a cytotoxic anti-CD4 mAb. BALB/c WT

mice were injected intravenously with 0.5 mg of GK1.5 anti-CD4 mAb or

an isotype control mAb. One day later, one cohort of mice (4/group) was in-

jected with IgG2a anti-TNP mAb and challenged intravenously 2 hours after
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