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Abstract

Background: IgE-induced mast cell degranulation can be inhibited by IgG antibodies, signaling 

via FcγRIIb, but the effects of IgG on IgE-induced mast cell transcription are unknown.

Objective: Complementary transcriptomic and functional approaches were used to assess 

inhibitory IgG:FcγRIIb effects on mast cell responses to IgE.

Methods: RNA sequencing was performed on bone marrow-derived mast cells from wildtype 

and FcγRIIb-deficient mice to identify genes activated following IgE receptor crosslinking that 

were further modulated in the presence antigen-specific IgG in an FcγRIIb-dependent fashion. 

Parallel analyses of signaling pathways and allergic responses in vivo were performed to assess the 

impact of these changes in gene expression.

Results: Rapid changes in the transcription of 879 genes occurred in mast cells activated by 

IgE, peaking at one hour. Surprisingly, only 12% of these were altered by IgG signaling via 

FcγRIIb, including numerous transcripts involved in orchestrating type 2 responses linked to 

SYK signaling. Consistent with this finding, IgG suppressed IgE-induced phospho-intermediates 

in the SYK signaling pathway. In vivo studies confirmed that the IgG-mediated suppression of 

both systemic anaphylaxis and mast cell-driven tissue recruitment of inflammatory cells following 
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allergen challenge were dependent on FcγRIIb. In contrast, genes in the Stat5a cell survival 

pathway were unaltered by IgG and Stat5a phosphorylation increased after IgE-induced mast cell 

activation but was unaffected by IgG.

Conclusions: Our findings indicate that inhibitory IgG:FcγRIIb signals block an IgE-induced 

pro-allergic program but spare a pro-survival program.

Capsule Summary

IgG signaling via FcγRIIb on mast cells blocks the release of inflammatory mediators following 

FcεRI crosslinking but spares the pro-survival program induced by IgE-mediated mast cell 

activation.
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Introduction

Mast cells (MCs) are long-lived tissue resident granulocytes thought to act as key effector 

cells in allergy. Their granules contain preformed mediators of hypersensitivity, including 

histamine, proteases and heparin (1). Antigen-induced crosslinking of IgE antibodies bound 

to the high-affinity IgE receptor, FcεRI, triggers the release of these granules together with 

rapid synthesis of pro-inflammatory eicosanoids, including prostaglandin D2 (PGD2) and 

leukotriene C4 (LTC4) (2). In addition to degranulation and eicosanoid production, MCs are 

potent sources of type 2 inflammation-linked cytokines and chemokines. While these factors 

play a critical role in immunity to certain pathogens, they also drive the pathophysiology of 

disease processes ranging from neuroinflammatory disorders to atherosclerosis (3–8).

Food allergy has emerged as a highly prevalent form of IgE-mediated hypersensitivity. 

While there are no curative treatments, oral immunotherapy (OIT) has emerged as a 

promising strategy for modulation of food allergy (9–12). A consistent feature of the 

immune response in subjects undergoing OIT is a multi-log increase in circulating food-

specific IgG antibodies (12–18). Repertoire analysis reveals that OIT both boosts and 

diversifies IgG responses and that IgG specificity within individuals exhibits overlap down 

to the amino acid level with that of the pre-existing IgE (19). Several groups have now 

shown that IgG antibodies formed in response to OIT potently suppress IgE-mediated 

activation of MCs and basophils exposed to food allergens (18, 20–22).

Suppression of IgE-mediated MC activation by IgG is known to occur via at least 

two distinct mechanisms (23): epitope masking, in which IgG binds to the antigen at 

high enough concentrations to cover all immunodominant epitopes, effectively rendering 

the allergen invisible to MC-bound IgE (18), and receptor-mediated inhibition, where 

simultaneous engagement of an allergen by FcεRI-bound IgE and FcγRIIb -bound IgG 

triggers phosphatase activation and subsequent dephosphorylation of FcεRI signaling 

intermediates such as SYK (24, 25). We previously reported that OIT-induced IgG 

antibodies primarily suppress MCs via FcγRIIb receptor-mediated inhibition acting in 

part through blocking MC-secretion of IL-4, which suppresses regulatory T cell responses 
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(18, 26). Cohort studies have demonstrated that IgG antibodies arise concurrently with 

acquisition of food tolerance in children naturally outgrowing their food allergies, while 

children with higher ratios of aeroallergen specific IgG to IgE are less likely to exhibit 

respiratory symptoms (27, 28). Thus, IgG antibodies can both suppress allergic responses 

and may restore tolerance in an FcγRIIb-dependent manner.

As IgE crosslinking, in addition to eliciting MC degranulation, promotes a well-

characterized pro-inflammatory MC transcriptional program (29, 30), we hypothesized 

that IgG engagement via FcγRIIb might suppress the gene programs induced by 

IgE. Using a multifaceted approach, we demonstrate that IgG:FcγRIIb signaling 

directly suppresses IgE:FcεRI-mediated MC degranulation, phosphorylation of SYK and 

downstream intermediate kinases such as ERK and p38, and induction of a select set of 

pro-inflammatory cytokines and chemokines. However, the vast majority of IgE-modulated 

transcripts, including pro-survival downstream targets of Stat5a signaling, are not impacted 

by IgG co-ligation, while Stat5a phosphorylation is unchanged. From these findings, we 

conclude that IgG signals selectively block the pro-inflammatory program of IgE-activated 

MCs while preserving IgE-mediated induction of Stat5aregulated genes important in MC 

homeostasis and cell survival.

Materials and Methods

Mouse strains

All animal studies were performed under protocols reviewed and approved by the Boston 

Children’s Hospital Institutional Animal Care and Use Committee. Animals used in all 

experiments were bred and maintained in rooms and conditions that are specific pathogen-

free. Animals were kept in individually ventilated cages with a maximum of five adults 

per cage. All mice were on the C57BL/6 background. Breeder pairs for C57BL/6 mice 

and FcγRIIb KO (B6;129S-FcgRIIbtm1Ttk/J) mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME), and bred in house for experimental use. MCPT5Cre+ 

and FcγRIIbfl/fl mice were generously provided by Drs. Axel Roers and Sjef Verbeek 

respectively (31, 32). MCPT5Cre+ and MCPT5Cre+ FcγRIIbfl/fl mice were generated by 

crossing MCPT5Cre+ mice with FcγRIIbfl/fl mice. Mice were genotyped and maintained in 

a homozygous state. Baseline phenotyping included measurement of immunoglobulin levels, 

immune cell counts in peripheral blood, peritoneal cavity mast cell numbers and granularity, 

and assessment of FcγR expression on peritoneal cavity mast cells.

Murine mast cell culture

Murine bone marrow derived MCs (BMMCs) were cultured as previously described (33). 

Briefly, bone marrow cells were isolated from the femurs and tibiae of the mice. Cells were 

cultured with RPMI-1640 supplemented with 10% FCS (Thermo Fisher Scientific, Waltham, 

MA), 100 U/mL penicillin (Thermo Fisher Scientific), 100 μg/mL streptomycin (Gibco), 

1% Minimum Essential Medium nonessential amino acids (Thermo Fisher Scientific), 

10mM HEPES buffer (Thermo Fisher Scientific), 55μM 2-mercaptoethanol (Thermo Fisher 

Scientific), 10 μg/mL gentamicin (Life Technologies), and 20 ng/mL each of IL-3 and stem 

cell factor (SCF) (PeproTech, Thermo Fisher Scientific). Once >90% of the cells were 

Kanagaratham et al. Page 3

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



positive for c-KIT and FcεR1α, the concentration of cytokines was reduced to 10 ng/mL. 

Medium was changed weekly, and cells used in experiments were between 5 and 16 weeks 

old since the start of culture.

Culture of hybridomas

Hybridomas TIB141 and TIB191 were purchased from ATCC (Manassas, VA) and cells 

were expanded as previously described (36). The concentrations of anti-TNP IgE and anti-

TNP IgG1 were determined by ELISA using commercially available reagents.

Murine LAMP-1 assay

105 mouse MCs in 100 uL were plated in 96 well plates. Cells were incubated overnight 

with anti-TNP IgE at 50 ng/mL. The following day anti-TNP IgG was added at varying 

concentrations (0.01–2000 μg/mL). For some experiments, non-specific IgG was used as a 

control at equal or greater concentrations to validate antigen-specific effect of IgG-mediated 

inhibition (Mouse BALB/c IgG1, clone MOPC-31C, BD Biosciences, Franklin Lakes, 

NJ). Fifteen minutes later, cells were stimulated with 50 ng/mL TNP-13-BSA (Biosearch 

Technologies, Petaluma, CA) for 10 minutes at 37°C while concurrently being stained for 

LAMP-1 (PE, Thermo Fisher Scientific), c-KIT (APC, Biolegend) and fixable viability dye 

(APC-Cy7, Thermo Fisher Scientific). Degranulation was stopped with cold FACS buffer 

(5% FBS in PBS with 0.1% sodium azide) and cells were pelleted by centrifuging at 1400 

RPM for 5 minutes at 4°C. Cells were washed with and resuspended in FACS buffer, then 

acquired on an LSR Fortessa (BD Biosciences). Degranulated cells were identified as live 

cells that were c-KIT positive and LAMP-1 positive. Unstimulated cells were used to set the 

gate to identify degranulated cells.

RNA extraction, cDNA, and RT-qPCR

5×105 cells were cultured overnight with anti-TNP IgE in 24 well plates. Cells were treated 

with 10 μg/mL anti-TNP IgG then stimulated with TNP-BSA for one hour. For some 

experiments, non-specific IgG was used as a control at equal or greater concentrations to 

validate antigen-specific effect of IgG-mediated inhibition (Mouse BALB/c IgG1, clone 

MOPC-31C, BD). Reaction was stopped with cold PBS and cells were collected and 

then pelleted. Pellets were lysed with TRI reagent and RNA extraction was conducted 

using Direct-zol RNA mini prep kits (Zymo Research, Irvine, CA). RNA concentration 

was quantified using a Nanodrop 2000 (Thermo Fisher Scientific). RNA was reverse 

transcribed to cDNA using iScript cDNA Synthesis Kit (Biorad, Hercules, CA) following 

the manufacturer’s instructions. qPCR was performed using Taqman Fast Advanced 

Mastermix (Thermo Fisher Scientific) in combination with predesigned Taqman probes 

(Thermo Fisher Scientific). Expression assays were performed using a QuantStudio 3 real-

time qPCR instrument (Thermo Fisher Scientific). Data were analyzed using either GAPDH 

or HPRT as a housekeeping gene and the 2−ΔΔCq method.

RNA-seq and Pathway analysis

Extracted RNA was processed by the Broad Institute using the low-input eukaryotic Smart-

seq2 protocol as previously described (34). Data were analyzed using Bioconductor for R. 

Kanagaratham et al. Page 4

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DESeq2 software was used for count normalization and differential analysis of count data 

(35). In comparisons between two groups, genes were considered significantly differentially 

expressed based on a false discovery rate of <0.1 using a Benjamini–Hochberg adjusted 

P value to correct for multiple comparisons. The Pheatmap software package was used to 

generate heatmaps. Pathway analysis was performed using the online tool Enrichr (36–38). 

Volcano plots were generated using the Enhanced Volcano package (42).

Flow cytometry for the detection of phosphorylated proteins

105 mouse MCs in 100 μL were plated in 96 well plates and incubated overnight with 

anti-TNP IgE. The following day, cells were treated with IgG for 15 minutes then stimulated 

for various time points. Cells were incubated with equal volume of Fixation buffer then 

permeabilized using True-Phos Permeabilization buffer (both BioLegend, San Diego, CA) 

following the manufacturer’s instructions. Cells were stained for phosphorylated SYK (PE), 

ERK 1/2 (APC or FITC), p38 (PE or APC), and Stat5a (PE) at concentrations recommended 

by the manufacturer (all Thermo Fisher Scientific).

Detection of phosphorylated proteins by cytometry by time of flight (CyTOF)

105 mouse MC (FcγRIIb WT or FcγRIIb KO) were plated per well with or without 50 

ng/mL anti-TNP IgE and incubated overnight to sensitize the cells. The following day the 

cells were washed with warm Maxpar PBS (Standard Biotools, Markham, Ontario, Canada) 

and stained for 5 minutes at 37°C with 5 μM Cell-ID Cisplatin Viability staining reagent 

according to the manufacturer’s instructions (Standard Biotools). Viability dye was diluted 

with Maxpar PBS, washed away and cells were rested in complete media for 15 minutes at 

37°C prior to proceeding. 10 ug/mL of anti-TNP IgG was added to the appropriate wells 

and incubated for 15 minutes at 37°C, after which cells were stimulated with 50 ng/mL of 

TNP-BSA for either 2 minutes or 20 minutes.

Reactions were stopped by adding equal volumes of Fixation buffer (Biolegend). Fixed cells 

were washed with Maxpar PBS and permeabilized with TruePhos Permeabilization buffer 

(Biolegend).

Permeabilized samples were incubated with palladium-based barcoding reagents according 

to the manufacturer’s instructions (Standard Biotools). Samples were incubated in a heparin 

solution at 100 U/mL PBS for 15 minutes then combined into a single sample. Conjugated 

intracellular antibodies were added into each tube to stain phosphorylated proteins and 

incubated for 30 minutes. After staining, samples were fixed with 4% formaldehyde for 10 

minutes. All antibodies were obtained from the Harvard Medical Area CyTOF Antibody 

Resource and Core (Boston, MA, USA).

The following phosphorylated proteins were measured pStat3 (Y705), pSLP-76 (S376), 

pSYK (Y525/526), pSHP-1 (Y564), pSTAT6 (Y641), pAKT (S473), pIRAK4 (T345/

S346), pp38 (Thr180/Tyr182), p4E-BP1 (T37/46), pp90RSK (S380), pIRF-3(S396), pJAK2 

(Y1008), pSTAT1 (Y701), pPLCγ1 (Tyr783), pLAT (Tyr191), and pSTAT4 (Y693). pSYK 

was only measured in samples stimulated for 2 minutes.
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To identify single cells events, samples were labelled with 31.25uM of iridium intercalator 

for 20 minutes (Standard Biotools). Samples were washed and reconstituted in Maxpar 

Cell acquisition solution in the presence of EQ Four Element Calibration beads (Standard 

Biotools) at 106 cells/mL. Samples were acquired on a Helios CyTOF Mass Cytometer 

at the Longwood Medical Area CyTOF core (Boston, MA, USA). Raw FCS files were 

normalized, and samples were de-barcoded. Mean metal intensity (MMI) of phosphorylated 

proteins was obtained for each sample after gating to remove normalization beads and 

selecting for live single cells. Fold change in MMI (FC in MMI) was calculated for each 

group in each strain relative to the sensitized unstimulated group. Unscaled heatmaps of FC 

in MMI were generated using the Pheatmap package for R.

Flow cytometry for the detection of intracellular proteins

Expression of the anti-apoptotic protein BCL-2 was determined using BD Cytofix/Cytoperm 

fixation and permeabilization kit (BD Biosciences) in combination with anti-BCL2 (PE, 

BioLegend) as previously described (33).

Human mast cell culture

Peripheral blood was obtained from human donors at Brigham and Women’s Hospital 

(Boston, MA). CD34+ hematopoietic cells were isolated using Ficoll paque density gradient 

centrifugation method and magnetic cell sorting system following the manufacturer’s 

protocol (Miltenyi Biotec, Cambridge, MA). Cells were cultured in StemSpan SFEM 

medium (StemCell Technologies, Vancouver, Canada) containing penicillin/streptomycin 

(Thermo Fisher Scientific). Differentiation of hematopoietic cells to mast cells was achieved 

using recombinant human IL-3 (for the first three weeks at 1 ng/mL), IL-6 (50 ng/mL), 

and SCF (100 μg/mL) (all PeproTech, Thermo Fisher Scientific) for 7–8 weeks with weekly 

media changes. Culture was deemed mature and ready to use when greater than 95% of the 

population was positive for c-KIT and FcεR1α.

Human LAMP-1 assay

Cells were sensitized overnight with 50 ng/mL anti-DNP IgE (SPE-7; Sigma Aldrich, St. 

Louis, MO). Degranulation was measured following stimulation with 50 ng/mL DNP-BSA 

(Bio-Techne Corporation | Tocris Biosciences, Minneapolis, MN) while simultaneously 

staining for LAMP-1 (PE, Biolegend) on the cells surface for one hour. Degranulation 

was stopped using cold FACS buffer and cells were pelleted by centrifuging for 5 minutes 

at 1400 RPM. Cells were then stained for c-KIT for 15 minutes at 4°C. For inhibition 

experiments, cells were incubated with 30 μg/mL of either anti-DNP IgG1 or IgG4 for 30 

minutes (Acros Biosystems, Newark, DE). Mouse anti-CD32 clone FUN-2 (Biolegend), an 

antibody known to block FcγRIIb function, was used for CD32 blocking experiments (26, 

39, 40). Cells were incubated with 2 μg/mL of mouse anti-CD32 for one hour prior to 

adding anti-DNP IgG. Cells were washed and acquired on LSR Fortessa to determine the 

percentage of degranulated MCs. Unstimulated cells were used to set the gate to identify 

degranulated cells.
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Cytokine secretion from human and mouse mast cells

Human and mouse MCs were cultured with IgE, IgG and stimulated as described for 

LAMP-1 assays. Supernatants were collected six hours post stimulation and assayed 

immediately for cytokine levels by ELISA.

Passive systemic anaphylaxis

Mice were intraperitoneally injected with 2 μg of anti-TNP IgE, some mice also received 

100 μg of anti-TNP IgG1. Sixteen hours post-sensitization, mice were challenged with 

200 μg of TNP-BSA or PBS. Core body temperature was recorded every 5 minutes 

for 60 minutes via sub-dermally implanted transponders and a temperature reader 

(Implantable Programmable Temperature Transponder™) (Biomedic Data Systems, Seaford, 

DE). Negative control mice were either sensitized with PBS and challenged with TNP-BSA 

or sensitized with anti-TNP IgE and challenged with PBS.

Collection of peritoneal lavage fluid and staining of peritoneal lavage cells

The peritoneal cavity of mice was washed with 5 mL of cold PBS containing 10% FBS. 

Lavage fluid was collected, and cells were pelleted and stained for various cell subtypes. 

Monocytes were identified as CD3− and CD19− (AF700, Biolegend), CD11b+ (BV421, 

Biolegend), and F4/80+ (Pe-Cy7, Biolegend) live single cells. Monocytes were characterized 

as inflammatory if they were also positive for CCR2 and CX3CR1. Peritoneal mast cells 

were identified as CD45+ (AF700, Biolegend), Cd11b− (FITC, Thermo Fisher Scientific), 

cKIT+ (BV510, Biolegend) and FcεRIα+ (Pe-Cy7, Biolegend) live single cells. Lavage fluid 

was frozen at −20°C prior to measurement of CCL2 by ELISA.

Enzyme-Linked Immunosorbent Assays (ELISAs)

MCPT1—To detect levels of MCPT1 in the serum, mice were bled one hour following the 

antigen challenge. MCPT-1 was measured using the commercially available MCPT-1 ELISA 

kit (ThermoFisher) following the manufacturer’s instructions. Cytokines in the peritoneal 

lavage and those secreted by BMMCs and human MCs were measured using Ready SET-

Go! Kits (Thermo Fisher Scientific) following the manufacturer’s instructions.

Immunoglobulin ELISAs—Immunoglobulin levels were measured by sandwich ELISAs 

using serum isolated from mouse blood collected retro-orbitally, or from hybridoma 

supernatant. ELISA plates were coated overnight with anti-mouse capture antibodies 

for each of the following immunoglobulins: IgG, IgG1, IgG2b, IgG3, IgA, IgE, and 

IgM (Southern Biotech). All capture antibodies were diluted in PBS at 2 μg/mL. The 

following day, plates were washed (1X PBS, 0.028% Tween) and blocked with 2% BSA-

PBS for 2 hours. Samples were added at varying dilutions and incubated overnight at 

4°C. Samples were detected with either HRP-conjugated detection antibodies (Southern 

Biotech) or biotinylated detection antibodies followed by incubation with streptavidin-HRP 

(R&D Systems, Minneapolis, MN). ELISAs were developed using TMB (Thermo Fisher 

Scientific) and reactions were stopped with 2N H2SO4.

Kanagaratham et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Flow cytometry for the staining of Fc receptors

BMMCs and peritoneal lavage cells were stained for surface FcγRI, FcγRIIb, FcγRIII, 

FcγRIV or matching isotype controls for each antibody. For BMMCs, 105 mouse MCs 

in 100 uL were plated in 96 well plates and pelleted by centrifuging at 1400 RPM for 

5 minutes at 4°C. Cells were resuspended in 100 uL of 2% BSA-PBS and placed at 

4°C. 15 minutes later, cells were pelleted as previously described and stained for cKIT 

(BV510, Biolegend), FcεRIα (PE/Cy7, Biolegend), FcγRIV (BV421, Biolegend), FcγRIII 

(PE, Biolegend), FcγRIIb (APC, Thermo Fisher Scientific), and FcγRI (BV605, Biolegend) 

at 4°C for 30 minutes. Viability staining was done concurrently using the eBioscience™ 

Fixable Viability Dye eFluor™ 780 (Thermo Fisher Scientific). After staining, cells were 

pelleted before being washed with and resuspended in FACS buffer (1x PBS, 10% FBS). 

Peritoneal lavage was conducted as described above, and mast cells were identified as being 

CD45+, CD11b−, cKIT+ and FcεRI1α+. Fcγ receptor staining was done using the same 

antibodies as for BMMCs. Cells were acquired on an LSR Fortessa (BD Biosciences).

Statistical analysis

Results are presented as mean ± SEM of data from at least two independent experiments. 

Student’s t test was used for pairwise comparisons, and Dunnett’s multiple comparisons 

test was used for repeated comparisons using Prism (GraphPad Software, San Diego, CA). 

Unpaired t tests or ANOVA with Bonferroni post-tests was used for comparisons between 

unlinked groups. Two-way ANOVA followed by Tukey’s multiple comparison test was 

used for statistical analysis of data from passive systemic anaphylaxis experiments. P 

values are indicated in the figures using the shorthand *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001.

Results

Antigen-specific IgG inhibits mast cell degranulation in an FcγRIIb dependent manner.

The inhibitory effects of IgG antibodies on IgE-induced activation of MCs can be exerted 

via either epitope masking or receptor-mediated inhibition (23). In order to compare 

these effects and define conditions that would allow us to focus specifically on FcγRIIb-

mediated effects of IgG on IgE responses, we first established a dose response of anti-TNP 

IgG1 inhibition of anti-TNP IgE-mediated activation of BMMC from both WT (FcγRIIb-

sufficient) and FcγRIIb KO mice (41–45). As expected, antigen exposure induced strong 

degranulation in IgE-sensitized WT and FcγRIIb KO BMMCs compared to sensitized and 

unstimulated cells, as measured by surface expression of lysosomal-associated membrane 

protein 1 (LAMP-1) (Fig. 1A–C). IgE-sensitized unstimulated cells were used as controls 

to reflect the normal physiological state in allergic subjects in whom mast cells are fully 

saturated with IgE at rest and triggered to degranulate upon allergen exposure. Neither 

WT nor FcγRIIb KO BMMCs exhibited any response to exposure to IgE alone (Fig. S1). 

We tested the inhibition of IgE-mediated mast cell degranulation over a >5-log range of 

anti-TNP IgG1 concentrations (0.01 μg/mL to 2000 μg/mL) and observed a dose-responsive 

effect (Fig. 1A – C). Nonspecific IgG did not block LAMP-1 induction, indicating that 

this suppression was antigen specific (Fig. S2A). In WT BMMC, inhibition was observed 

starting at concentrations of 10 μg/mL with 50% inhibition of activation exerted at 40.4 
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μg/mL. No IgG-mediated inhibition was observed in BMMC lacking FcγRIIb below doses 

of 100 μg/ml and 50% inhibition required 1149 μg/mL IgG, indicating a 28.4-fold higher 

IgG requirement for epitope masking relative to receptor mediated inhibition. We noted 

that, compared to WT BMMCs, KO BMMCs exhibited a greater maximal percentage of 

degranulation (Fig.1B). We speculate that, since KO BMMCs have higher levels of FcγRIII 

than the WT BMMCs (Fig. S3A and B), they might have an increased cellular pool of 

the activating protein tyrosine kinases that mediate mast cell activation by both FcεRI. In 

addition, in conditions where antigen specific IgG is present, activating Fcγ receptors may 

exert a positive effect. Our findings establish that, at 10 μg/mL, IgG-mediated inhibition 

of IgE signaling is mediated exclusively by FcγRIIb and we thus selected that dose for 

subsequent investigations of IgG:FcγRIIb effects IgE-induced responses in BMMCs.

Antigen:IgE stimulation of BMMCs induces a rapid transcriptional response that is 
partially suppressed by IgG antibodies signaling via FcγRIIb.

A time course analysis was first performed to determine the optimal time at which to 

interrogate the inhibitory effects of IgG on the MC transcriptome. RT-qPCR was used to 

analyze a panel of cytokine transcripts known to be regulated by IgE (Il4, Il6, Il13, Tnfa), 

Hdc, encoding histidine decarboxylase, a critical component of histamine biosynthesis, 

and eicosanoid biosynthetic enzymes (Alox5, Alox5ap, Ltc4s, Ptgs2). While expression 

of Alox5, Alox5ap, and Ltc4s did not change following stimulation, the remaining genes 

exhibited similar kinetics with rapid upregulation peaking at one hour (Fig. 1D). To 

compare the relative impacts of epitope masking and receptor-mediated inhibition on MC 

transcription at this dosage and timepoint, we evaluated Il13 expression in both WT and 

FcγRIIb KO BMMCs. While 10 μg/mL IgG significantly inhibited IgE-mediated Il13 
upregulation in WT BMMCs, no such effect was evident in the FcγRIIb KO BMMCs (Fig. 

1E). Inhibition of Il4 and Il13 expression by 50% was observed in the KO BMMCs at IgG 

concentrations of 674 μg/mL and 415 ug/mL, respectively (Fig. S4A and B). Interestingly, 

FcγRIIb KO BMMCs trended towards increased activation at IgG doses lower than 10 

μg/mL, a phenomenon that might relate to their increased expression of the activating IgG 

receptor, FcγRIII. In WT BMMCs, a dose of only 0.1 ug/mL of IgG was sufficient to 

observe 50% inhibition of Il4 expression (Fig. S4C), while 6 ug/mL was sufficient for Il13 
(Fig. S4D). Nonspecific IgG had no effect under these conditions (Fig. S2). Thus, in addition 

to suppressing degranulation, FcγRIIb engagement had a direct impact on MC upregulation 

of select pro-inflammatory mediators in response to IgE.

IgE crosslinking upregulates proinflammatory and survival pathways in mast cells.

To determine if FcγRIIb signaling has a global impact on the IgE induced transcriptome or 

affects only select pathways, we conducted RNA sequencing on anti-TNP IgE-sensitized 

WT and FcγRIIb KO BMMCs cells treated with or without 10 μg/mL of anti-TNP 

IgG and challenged with TNP-BSA or vehicle. Transcriptional analysis of IgE-stimulated 

WT BMMCs compared to unstimulated WT BMMCs identified 879 genes that were 

differentially expressed, with 530 genes upregulated and 349 genes downregulated one hour 

after IgE receptor crosslinking (Fig. 2A and B, Table S1). Consistent with prior reports 

(46), IgE crosslinking upregulated transcripts for numerous cytokines, chemokines, and 

growth factors including the classical MC cytokines Il4, Il13, and Tnfa, members of the 
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Il6 family (Il6, Lif and Osm) and the chemokines Ccl1, Ccl2, Ccl3, Ccl4, and Ccl9 (Fig. 

2C). We further noted upregulation of a range of growth factors and survival associated 

transcripts (Fig. 2C). Many of the induced transcripts are targets of the SYK signaling 

pathway (47). Consistent with this, we observed an increase in phosphorylation of SYK, 

ERK, and p38 signaling intermediates as measured by flow cytometry after IgE receptor 

crosslinking (Fig. 2D–F). Pathway analysis of RNAseq results indicated enrichment for 

several additional pathways following activation, including Stat5a signaling targets (Table 

S2), a category that included multiple pro-survival transcripts (Fig. 2C). Consistent with this 

finding, Stat5a phosphorylation was similarly observed following FcεRI crosslinking (Fig. 

2G). Taken together, our results establish that FcεRI crosslinking leads to rapid changes in 

gene expression.

Antigen-specific IgG signals affect only a small fraction of transcripts altered following 
IgE-mediated mast cell activation.

To assess the effects of IgG:FcγRIIb inhibition on the IgE-modulated transcriptome, we 

examined the responses of IgG-treated WT and FcγRIIb-deficient MCs. As anticipated, 

principal component analysis showed clear separation between BMMCs activated by IgE 

crosslinking and sham stimulation in both WT and KO BMMCs and suggested an additional 

effect of IgG co-ligation in IgE-activated WT BMMCs (Fig. 3A). As separation was also 

observed between FcγRIIb WT and KO BMMCs under all conditions (indicating inherent 

differences in the transcriptome of BMMCs from the two strains), analysis of FcγRIIb 

KO BMMCs was restricted to IgE-responsive genes for all subsequent comparisons. Direct 

comparison of WT cells activated through IgE crosslinking versus IgE and IgG co-ligation 

indicated that only 128 genes were differentially regulated between the two conditions, 

of which 108 were among the 879 genes differentially regulated in MCs following IgE 

crosslinking (Fig. 3B, Table S3). In FcγRIIb KO BMMCs, IgE receptor crosslinking 

induced changes in 645 genes compared to unstimulated cells (Fig. S5). While 166 

transcripts were differentially regulated between the IgE-stimulated KO BMMCs and IgE 

and IgG co-stimulated KO BMMCs, these did not overlap with the 128 genes affected in the 

WT cells (Fig. S5).

Of the 108 IgE crosslinking target genes impacted by IgG co-ligation, 88 genes were 

upregulated following IgE receptor crosslinking but diminished with IgG co-ligation while 

20 were downregulated following IgE receptor crosslinking but enhanced by IgG co-ligation 

(Fig. 3C, left panel). This cassette of 108 genes was predominantly unchanged by IgG 

ligation in FcγRIIb KO BMMCs, indicating that the IgG-mediated transcriptional effects 

were the result of receptor-mediated inhibition acting via FcγRIIb (Fig. 3C right panel). IgG 

cross-linking in the absence of IgE had minimal impact on WT BMMCs at the time point 

and concentration assessed (Fig. S5D).

Antigen-specific IgG signaling via FcγRIIb inhibits phosphorylation of SYK and its 
downstream signaling intermediates, and secretion of cytokines and chemokines.

The phosphorylation of the immunoreceptor tyrosine-based activation motifs (ITAMs) in 

FcεRI generates docking sites for SYK tyrosine kinase, and phosphorylation of SYK by Lyn 

leads to subsequent phosphorylation of downstream mediators such as ERK and p38 (47). 
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Following IgE crosslinking, SYK, ERK and p38 exhibited rapid phosphorylation that was 

quickly suppressed by IgG co-ligation, with IgG nearly abolishing phosphorylation of SYK 

by two minutes, and ERK and p38 by 20 minutes (Fig. 4A). In contrast, IgG ligation in 

the absence of IgE failed to affect phosphorylation of these kinases in KO BMMCs (Fig. 

4A). These findings indicate that the dephosphorylated state of these intermediates in WT 

BMMCs is maintained by activation of FcγRIIb. Genes, such as Ccl2, Il6, Il13 and Tnfa, 

identified as downstream of SYK and its signaling intermediates by pathway analysis, were 

inhibited by IgG co-ligation (Fig. 4B, Table S3). Consistent with our transcriptomics results, 

we found that IgG co-ligation inhibited IgE-mediated protein secretion of CCL2, IL6, 

IL13 and TNF-α from WT BMMCs (Fig. 4C). In contrast, IgG-treated FcγRIIb-deficient 

BMMCs, exhibited increased CCL2, IL-13 and TNF- α secretion but no difference in IL-6 

secretion (Fig. 4C). The increase in cytokine production induced by IgE in the FcγRIIb-

deficient BMMC may be due to their elevated levels of activating FcγRIII expression (Fig. 

S3).

To further determine the effects of IgG on IgE-driven phosphorylation of signaling 

intermediates, we utilized cytometry by time of flight (CyTOF) to evaluate 17 additional 

protein phosphorylation events. We stimulated BMMCs from each genotype for 2 and 

20 minutes to assess early and late phosphorylation following IgE receptor crosslinking 

(Fig. 4D, Fig. S7 and S8). We observed an increase in phosphorylation of members of 

the SYK pathway, including SYK, AKT, SLP-76, LAT, PLCα1, p38, and p90RSK by 2 

minutes (Fig. 4D and S7A–G). In the presence of IgG, IgE-mediated phosphorylation was 

inhibited in most of the above following 2 minutes of stimulation while inhibition of AKT 

phosphorylation was observed at 20 minutes. None of these IgE-mediated phosphorylation 

events were inhibited in the FcγRIIb KO cells in the presence of IgG.

In addition to these SYK pathway intermediates, we observed that a number of STAT 

molecules (STAT1, STAT3, STAT4, STAT6) and JAK2 were phosphorylated following IgE 

receptor crosslinking in the FcγRIIb WT cells at both 2 and 20 minutes of stimulation 

(Fig. S6, S7H–L, S8G–K). In addition, phosphorylation was observed for IRAK4, 4E-BP1, 

IRF-3 and SHP-1 at 2 minutes (Fig S6, S7M–P). While most phosphorylation events were 

reduced in the presence of IgG after 20 minutes in WT cells, phosphorylated forms of 

STAT3, JAK2, and IRAK-4, persisted (Fig. S8H, K and L, respectively). No inhibition 

in IgE-mediated phosphorylation of any of these proteins was observed in FcγRIIb KO 

cells. This is consistent with our phosphoprotein flow cytometry findings demonstrating that 

IgE-induced phosphorylation of many signaling intermediates, including members of the 

SYK pathway, is suppressed by IgG in an FcγRIIb-dependent manner. Additionally, a subset 

of proteins with persistent phosphorylation irrespective of the presence of antigen specific 

IgG was identified.

Antigen-specific IgG blocks the degranulation of human mast cells in a CD32 dependent 
manner.

In order to extend our analysis to human MCs, we used peripheral blood-derived MCs. 

After confirming expression of both FcγRIIa/b (CD32) and FcεRI on human MCs (Fig. 

5A, 5B and S9), we sensitized the cells with anti-DNP IgE and incubated the cells with 
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either anti-DNP IgG1, an isotype that has sometimes been considered to act primarily 

through receptor-mediated inhibition, or anti-DNP IgG4, thought to act primarily through 

epitope masking (48). Incubation of sensitized cells with either IgG isotype prior to 

simulation with DNP-BSA blocked degranulation (Fig. 5C) and CCL2 secretion (Fig. 5D) 

to a similar extent. Interestingly, inhibiting IgG receptor binding by pre-incubation with 

anti-CD32 fully negated the inhibitory effects of both IgG1 and IgG4 on degranulation and 

CCL2 production. This implicated FcγRIIb receptor-mediated inhibition rather than epitope 

masking as the dominant inhibitory mechanism mediating both IgG1 and IgG4 effects at 

this IgG concentration. To further explore the effects of IgG4:FcγRIIb on human MCs, 

we assessed phosphorylation of the signaling intermediate ERK following IgE receptor 

crosslinking, observing significant inhibition by IgG4 in an FcγRIIb dependent manner 

(Fig. 5E). Thus, as with IgG1: FcγRIIb in mouse, the selective impact of IgG4:FcγRIIb 

engagement on the human MC transcriptional response to IgE crosslinking appeared to be 

related in part to regulation of SYK target protein phosphorylation states.

Antigen-specific IgG blocks neither the phosphorylation of Stat5a nor changes in Stat5a-
associated transcripts in BMMCs induced by IgE receptor crosslinking.

The observation that only a subset of IgE-target transcripts was affected by IgG indicated 

that signaling pathways activated by FcεRI crosslinking may have differential sensitivity 

to suppression by IgG. Pathway analysis identified the Stat5a gene module that includes 

transcript encoding the survival factor BCL2 (Bcl2) as resistant to suppression by IgG 

(Fig. 6A). Further analysis of the BCL2 family indicated IgE-mediated downregulation 

of the pro-apoptotic factor Bid and upregulation transcripts encoding the anti-apoptotic 

factors MCL1 (Mcl1) and BCL2 (Bcl2) were all unaffected by IgG co-ligation (Fig. 6A 

and B). These findings led us to consider that Stat5a phosphorylation and subsequent 

induction of anti-apoptotic factors might be resistant to the phosphatases activated by 

FcγRIIb. Flow cytometric analysis confirmed robust Stat5a phosphorylation following IgE 

crosslinking, that was unaffected by IgG in both WT and FcγRIIb KO BMMCs (Fig. 6C). 

We observed that deprivation of the BMMC survival-sustaining cytokines IL-3 and SCF 

decreased BCL2 expression and that IgE receptor crosslinking (in the absence of survival 

cytokines) increased it (Fig. 6D), as previously described by others (49). As predicted by 

both RNASeq analysis and Stat5a phosphorylation, intracellular BCL2 induction following 

IgE crosslinking was unaffected by IgG co-ligation (Fig. 6E). Overall, our data demonstrate 

that IgG suppresses induction of inflammatory mediators by IgE but does not impair IgE-

induced activation of Stat5a and downstream pro-survival pathways.

Antigen-specific IgG blocks IgE-mediated anaphylaxis and the recruitment of inflammatory 
cells.

Our findings in both mouse and human align with the concept that, in addition to 

being effector cells of immediate hypersensitivity, MCs are a source of pro-inflammatory 

chemokines that could recruit myeloid cells to inflammatory sites and that FcγRIIb 

might inhibit these functions. To test this hypothesis in vivo, we generated a lineage 

specific deletion of FcγRIIb in MCs by crossing MCPT5Cre+ mice with FcγRIIbfl/fl 

mice (31, 32). FcγR expression was assessed on peritoneal cavity mast cells, confirming 

mast cell restricted FcγRIIb deletion but also indicating FcγRIII upregulation in 

Kanagaratham et al. Page 12

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MCPT5Cre+FcγRIIbfl/fl mice (Fig. S10A), similar to that observed in BMMCs derived 

from FcγRIIb germline KO mice (Fig. S3). We confirmed that FcγRIIb expression 

remained intact on B cells and basophils from MCPT5Cre+FcγRIIbfl/fl mice as a control 

against unintentional germline deletion of FcγRIIb (Fig. S10B). No differences were 

observed in peritoneal cavity MC numbers or granularity (Fig. S10C–D). At baseline, 

MCPT5Cre+FcγRIIbfl/fl mice had higher serum levels of total IgG1 than their MCPT5Cre+ 

counterparts.

The impact of MC-specific FcγRIIb deletion on IgE-mediated immediate hypersensitivity 

was next tested using a model of passive systemic anaphylaxis in MCPT5Cre+FcγRIIbfl/fl 

mice relative to MCPT5Cre+ littermate controls. No change in core body temperature 

was observed for mice either sensitized with anti-TNP IgE and challenged with PBS or 

sensitized with PBS and challenged with TNP-BSA (Fig. 7A), while both MCPT5Cre+ 

controls and MCPT5Cre+ FcγRIIbfl/fl animals sensitized with anti-TNP IgE and challenged 

with TNP-BSA exhibited a significant drop in core body temperature when compared 

to their respective anti-TNP IgE sensitized and PBS challenged controls, indicative of 

systemic anaphylaxis (p <0.0001 for both, detailed statistical analysis are in Table S4). 

In MCPT5Cre+ animals, co-sensitization with anti-TNP IgE and anti-TNP IgG attenuated 

anaphylaxis, while this attenuation not observed in MCPT5Cre+ FcγRIIbfl/fl animals. These 

observations confirmed a direct role for FcγRIIb in IgG inhibition of MC activation in vivo, 

consistent with prior studies using mice with germline deletion of FcγRIIb (26). Plasma 

levels of the MC granule protease MCPT-1, a marker of MC degranulation, correlated with 

the physiological responses. IgG-mediated suppression of IgE-induced MCPT-1 release was 

evident only in MCPT5Cre+ control mice (Fig. 7B).

Our transcriptomic data as well as published studies reveal that MCs are prolific producers 

of chemokine ligands following IgE crosslinking, including Ccl1, Ccl2, Ccl3, and Ccl4 (Fig. 

7C) (30). All of these were suppressed by IgG co-administration in WT but not FcγRIIb 

KO BMMCs (Fig. 3C). To determine the relevance of this anti-inflammatory IgG:FcγRIIb 

axis in vivo, CCL2 was measured in peritoneal lavage fluid six hours following antigen 

challenge of passively IgE sensitized mice. Consistent with our prior observations in 

cultured BMMC, CCL2 levels were increased in the peritoneal lavage of MCPT5Cre+ 

mice following challenge but were significantly inhibited in mice that also received IgG, 

a protective effect that was absent in IgG-treated MCPT5Cre+ FcγRIIbfl/fl mice (Fig. 7D). 

Chemokines produced by MCs following IgE crosslinking are involved in the recruitment 

of a variety of cell types, including monocytes (50). To test if peritoneal MC activation 

under these conditions would trigger leukocyte recruitment and whether IgG might modulate 

this effect, we measured peritoneal monocyte numbers following IgE (±IgG) sensitization 

and allergen challenge. IgE-sensitized and challenged animals exhibited a marked increase 

in peritoneal CCR2+CX3CR1+ inflammatory monocytes. Treatment with IgG blocked the 

recruitment of these cells in the MCPT5Cre+ mice, while the appearance of these cells 

in IgG-treated MCPT5Cre+ FcγRIIbfl/fl mice was unimpaired (Fig. 7E). Together, these 

findings identify activated MCs as a source of CCL2 in vivo, demonstrate that IgG:FcγRIIb 

engagement dampens the production of pro-inflammatory chemokines elicited upon MC 

activation by IgE, and specifically implicate the IgG:FcγRIIb signaling axis as an important 

regulator of effector cell recruitment and inflammation orchestrated by IgE-activated MCs.
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Discussion

MCs are well known inducers of rapid allergic reactions, including anaphylaxis, which 

occurs following crosslinking of allergen-specific IgE antibodies bound to FcεRI. Activation 

in this manner leads to immediate release of preformed mediators contained in granules, 

rapid eicosanoid synthesis, and de novo generation of cytokines and chemokines within 

hours. Here, we define mechanisms whereby the inhibitory IgG receptor FcγRIIb selectively 

regulates these MC responses. FcγRIIb co-ligation potently inhibits degranulation and 

pro-inflammatory protein synthesis following IgE crosslinking both in vitro and in vivo. 

Deletion of FcγRIIb in mast cells in vivo negates the protective effects of IgG in 

IgE-mediated passive systemic anaphylaxis and in mast cell driven inflammatory cell 

recruitment. Together with our observations that FcγRIIb co-ligation is nearly 30-fold 

more potent than epitope masking in inhibiting MC degranulation, these findings establish 

a dominant role for receptor-mediated inhibitory signals over a “blocking” effect of IgG 

antibodies on antigenic epitopes.

The mechanisms of FcγRIIb mediated suppression have been extensively characterized 

by others. Following ligand binding and aggregation with an activating receptor such as 

FcεRI, tyrosine residues in the immunoreceptor tyrosine-based inhibitory motif (ITIM) of 

FcγRIIb are phosphorylated by Lyn (51), providing docking sites for Src homology 2 (SH2) 

domain-containing protein tyrosine phosphatases (SHPs) as well as inositol phosphatases 

(SHIPs). SHP-1 has been shown to dephosphorylate several early molecules in FcεRI 

signal transduction pathway, including SYK, LAT, and SLP76 (52, 53), while SHIP-1 

acts to hydrolyze phosphatidylinositol (3,4,5)-trisphosphate necessary for calcium flux and 

degranulation in mast cells (54). These mechanisms may provide clues for our observation 

of enhanced cytokine secretion by IgE stimulated FcγRIIb-deficient MC (Figs. 1E, 4C). 

We find that, in the absence of FcγRIIb, transcript encoding SHP-1 (Ptpn6) is significantly 

decreased, which we speculate might result in an overall decrease in MC inhibitory tone 

(Fig. S5E). Similarly, the further increase in cytokine production by IgE-stimulated FcγRIIb 

KO BMMCs occurring following the addition of IgG to the cultures may reflect a dominant 

activating effect mediated by FcγRIII (whose expression is increased, Fig. S3) in cells 

lacking FcγRIIb.

The FcγRIIb mediated suppressive effects of allergen-specific IgG antibodies observed 

in vitro were recapitulated in our in vivo passive systemic anaphylaxis model, where we 

observed significant suppression of antigen:IgE-induced hypothermia in control MCPT5Cre+ 

mice but not in MCPT5Cre+FcγRIIbfl/fl animals (Fig 7A, Table S4). Our finding that, under 

the conditions studied, most of the suppressive effect of IgG was exerted by inhibitory 

signaling via FcγRIIb rather than epitope masking align well with prior reports showing 

increased anaphylaxis in mice with germline deletion of FcγRIIb (26, 55). However, 

Strait et al found that at high concentrations of IgG and antigen, inhibition of IgE 

mediated activation occurs predominately by epitope masking, suggesting that the inhibitory 

potential of IgG via FγRIIb might be more relevant at limiting concentrations of IgG (56). 

Observations by Strait et al regarding high dose-IgG align with our in vitro observations 

that high concentrations of IgG attenuate IgE mediated activation even in mast cells lacking 

FcγRIIb (Fig 1). Taken together, our findings along with those of other groups indicate that 
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this is a complex biological system whose signaling outcomes can be significantly affected 

by the stoichiometry of IgE:IgG:antigen and FcγR interactions.

In contrast to its pronounced effects on MC degranulation, the impact of IgG on 

transcriptional responses was more nuanced. We find that IgE cross-linking rapidly induces 

changes in 879 genes, of which only 108 are inhibited by FcγRIIb co-ligation. Many of the 

inhibited transcripts are SYK signaling targets, and consistent with this we find FcγRIIb 

co-ligation rapidly suppresses phosphorylation of SYK pathway signaling intermediates. In 
vivo, we observe that FcγRIIb co-ligation suppresses MC IgE-driven CCL2 secretion and 

resultant monocyte recruitment in addition to protecting from anaphylaxis. In contrast, IgE-

elicited Stat5a phosphorylation and the subsequent induction of survival genes previously 

identified as Stat5a targets is not inhibited by IgG:FcγRIIb.

While prior studies have demonstrated IgG-FcγRIIb receptor-mediated inhibition of 

IgE-triggered MC degranulation (18, 26), here we find that IgG:FcγRIIb additionally 

exerts a selective inhibitory effect on FcεRI induced genes. While FcγRIIb co-ligation 

impacted only 12% of FcεRI crosslinking target genes, these transcripts include potent 

immunoregulatory cytokines, chemokines, and growth factors. Our findings are consistent 

with a focused role for IgG in modulating MC-driven inflammation but not impacting MC 

homeostasis, supporting the concept of IgG acting as a humoral “off switch” for IgE-induced 

pro-inflammatory MC responses.

In contrast to cytokine and chemokine-encoding genes, BCL2 family member transcripts 

were resistant to IgG co-ligation, which pathway analysis linked to Stat5a. While our studies 

did not address the impact of epitope masking on this pro-survival pathway, we speculate 

it would block Stat5a phosphorylation, creating an interesting point of divergence between 

epitope masking and receptor-mediated inhibition. The role of Stat5a in MC biology has 

previously been extensively explored by Ryan and colleagues, who similarly observed that 

FcεRI crosslinking elicits Stat5a phosphorylation and further found that MCs cultured from 

Stat5a deficient mice exhibit decreased survival and impaired proliferation (57–60). Stat5a 

deficient BMMCs have been found to have decreased Bcl-2 expression (58, 61). Our data 

further demonstrate that, unlike SYK and its signaling intermediates, Stat5a phosphorylation 

is not inhibited by FcγRIIb. This may be because de-phosphorylation of Stat5a is not 

dependent on SHP-1 phosphatases.

These findings have potential clinical implications. IgG antibodies have recently been 

introduced into clinical practice in the care of respiratory allergy. Orengo and colleagues 

have shown that cocktails of monoclonal IgG antibodies to Fel d 1 suppress symptoms in 

cat allergic subjects, while Bet v 1 IgG4 reduced rhinitis in those with birch allergy (48, 

62). Our results additionally suggest that inhibitory IgG antibodies might offer a beneficial 

adjuvant effect for allergen immunotherapy, modulating immune responses via FcγRIIb at 

much lower doses than would be required to achieve epitope masking. Thus, it will be 

critical to assess the mechanistic effects of IgG therapies on both established and emerging 

adaptive immune responses as well as allergic inflammation in these disease settings.
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Key Messages

• IgG-mediated inhibition of mast cell activation can occur either via epitope 

masking or by negative signaling via FcγRIIb. We demonstrate that receptor-

mediated inhibition is significantly more sensitive.

• RNA sequencing reveals that IgE-dependent mast cell activation modulates 

the expression of 879 genes. Inhibitory IgG:FcγRIIb signaling impacts only 

12% of these genes, many involved in driving type 2 inflammation. In 

contrast, STAT5a phosphorylation and downstream targets involved in mast 

cell survival are induced by IgE:FcεRI but unaffected by IgG:FcγRIIb.
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Figure 1: FcγRIIb-mediated antigen-specific IgG effects on mast cell activation
A) Representative dot plots of LAMP-1 expression by WT and FcγRIIb KO BMMCs. B) 

Bar plots for LAMP-1 expression by WT and FcγRIIb KO BMMCs following sensitization 

with 50 ng/mL anti-TNP IgE, treatment with varying concentrations of anti-TNP IgG and 

challenge with 50 ng/mL TNP-BSA for 10 minutes. C) Percent inhibition of LAMP-1 by 

anti-TNP IgG in both WT and FcγRIIb KO BMMCs sensitized with anti-TNP IgE and 

activated with TNP-BSA. Statistical significance represents comparisons between WT and 

KO cells at different doses of IgG1. D) mRNA expression time course for Il4, Il6, Il13 
and TNFa in WT BMMCs sensitized with 50 ng/mL anti-TNP IgE and activated with 

50 ng/mL TNP-BSA. E) Expression of Il13 in WT and KO BMMCs sensitized with 50 

ng/mL anti-TNP IgE and degranulated with 50 ng/mL TNP-BSA in the presence or absence 
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of 10 μg/mL anti-TNP IgG. Data are shown for one experiment representative of n≥3 

independent experiments with at least n=3 per group. Values are presented as means ± SEMs 

of independent replicates. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001
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Figure 2: Effects of IgE-mediated activation on mast cell transcripts and pathways
A) Heatmap of transcripts differentially expressed between anti-TNP IgE-sensitized WT 

BMMCs that were either unchallenged or challenged with TNP-BSA (false discovery 

rate < 0.1, DeSeq2). B) Volcano plot indicating differentially expressed transcripts (false 

discovery rate < 0.1) between anti-TNP IgE-sensitized WT BMMCs that were either 

unchallenged or challenged with TNP-BSA, select genes are labelled. C) Heatmap of 

normalized counts of select genes clustering in “Cytokines”, “Chemokines”, “Survival” 

and “Growth factors” following IgE receptor crosslinking in WT BMMCs. D-G) Change 

in MFI and representative histograms depicting phosphorylation of D) SYK, E) ERK, F) 

p38 and G) Stat5a in WT BMMCs following IgE receptor crosslinking. Data are shown for 

one experiment representative of n≥3 independent experiments with at least n=3 per group. 
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Values are presented as means ± SEMs of independent replicates, scale bar indicates the 

z-score. ***P<0.001 and ****P<0.0001
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Figure 3: Identification of IgE-modulated transcripts and pathways that are altered in the 
presence of antigen-specific IgG
A) Principal component plot of WT and FcγRIIb KO BMMCs incubated with a 

combination of 50 ng/mL anti-TNP IgE and 10 μg/mL anti-TNP IgG. Reaction was stopped 

one hour after stimulation with or without 50 ng/mL TNP-BSA, and RNA was extracted. 

Percentages indicate the level of variance described by each component. Different colors 

represent different groups and n=3 per group. B) (Upper) Venn diagram representing number 

of genes changed by FcεRI crosslinking in WT cells (left circle) and number of genes 

changed by the presence of IgG during FcεRI crosslinking (right circle). (Lower) Volcano 

plot of genes significantly changed following FcεRI receptor crosslinking in the presence 

or absence of anti-TNP IgG. C) Heatmap of the 108 genes significantly changed when 
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comparing IgE-sensitized and TNP-BSA stimulated cells in the presence or absence of 

antigen-specific IgG (left). Representation of the same 108 genes in KO cells (right).
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Figure 4: Role of FcγRIIb in IgG-mediated suppression of phosphorylation of SYK, ERK and 
p38, and secretion of cytokines and chemokines induced by IgE crosslinking
A) Histograms and dot plots of the MFI of phosphorylated forms of SYK (upper), ERK 

(middle) and p38 (lower) in WT and KO BMMCs following FcεRI crosslinking with 50 

ng/mL TNP-BSA after sensitization with 50 ng/mL anti-TNP IgE in the presence or absence 

of antigen-specific IgG (10 μg/mL). B) Heatmap of cytokines and chemokines significantly 

changed by the presence of antigen-specific IgG during antigen-specific IgE receptor 

crosslinking in WT BMMCs (left) and unaffected in FcγRIIb KO BMMCs. C) Secretion 

of CCL2, IL-6, IL-13 and TNF-a by WT and KO BMMCs following FcεRI crosslinking in 

the presence or absence of antigen-specific IgG. D) Heatmap of phosphorylation intensities 

for SYK and SYK related proteins at 2 and 20 minutes following IgE receptor crosslinking. 

Data are represented as unscaled values of the fold change in mean metal intensities (FC 
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in MMI) for each group relative to the sensitized only group within each strain. Data are 

shown for one experiment representative of n≥2 independent experiments with at least n=3 

per group. For dot plots, values are presented as means ± SEMs of independent replicates. 

*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001
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Figure 5: CD32-mediated effects of antigen-specific IgG on human mast cell activation
Histograms representing the surface expression of FcεRI (A) and CD32 (B) on human 

peripheral blood derived MCs (hMCs). Bar plots representing LAMP-1+ upregulation (C) 

or CCL2 secretion (D) by hMCs sensitized with anti-DNP IgE and treated with either 30 

μg/mL anti-DNP IgG1 or anti-DNP IgG4. For some conditions, cells were pre-incubated 

with 2 μg anti-CD32 prior to the addition of IgG. Cells were stimulated with 50 ng/mL 

DNP-BSA. E) Bar plots and histograms representing the phosphorylation of ERK in 

anti-DNP IgE-sensitized hMCs stimulated with DNP-BSA in the presence or absence of 

anti-DNP IgG4 and anti CD32. Data are shown for one experiment representative of n≥3 

independent experiments with at least n=3 per group. Values are presented as means ± SEMs 

of independent replicates. ***P<0.001 and ****P<0.0001
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Figure 6: Lack of antigen-specific IgG effects on the phosphorylation of STAT5a or changes in 
STAT5a-associated transcripts in IgE-activated BMMCs
Heatmaps of change in expression of Stat5a associated transcripts (A) and survival 

associated genes (B) in WT cells. C) Time course of the phosphorylation of Stat5a in WT 

and FcγRIIb KO cells following IgE receptor crosslinking (50 ng/mL of anti-TNP IgE and 

50 ng/mL of TNP-BSA) in the presence or absence of antigen-specific IgG (10 μg/mL). D) 

Histogram representing changes in BCL-2 expression following cytokine deprivation or IgE 

receptor crosslinking. E) Change in BCL-2 expression following IgE receptor crosslinking 

in the presence or absence of allergen specific IgG. Data are shown for one experiment 

representative of n≥3 independent experiments with at least n=3 per group. Values are 

presented as means ± SEMs of independent replicates. *P<0.05
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Figure 7: Antigen-specific IgG effects on IgE-mediated anaphylaxis and the recruitment of 
inflammatory cells.
A) Change in core body temperature in Mcpt5Cre+ and Mcpt5Cre+FcγRIIbfl/fl sensitized 

with 2 μg anti-TNP IgE in the presence or absence of 100 μg anti-TNP IgG and challenged 

with 100 μg of TNP-BSA. B) Serum levels of mouse MC protease 1 (MCPT1) collected two 

hours following induction of anaphylaxis. C) Heatmap representing changes in chemokine 

transcript expression following IgE receptor crosslinking in the presence or absence of 

antigen-specific IgG. D) Concentration of CCL2 in the peritoneal lavage six hours after 

the induction of anaphylaxis. E) Recruitment of inflammatory monocytes to the peritoneal 

space six hours following the induction of anaphylaxis. Data are shown for one experiment 

representative of n≥2 independent experiments with at least n=3 per group. Values are 

presented as means ± SEMs of independent replicates. *P<0.05 and **P<0.01. Results from 
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multiple paired comparisons between individual groups by two-way ANOVA are presented 

in Table S4.
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