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Abstract

Background: Food‐induced anaphylaxis is a serious allergic reaction caused by Fcε‐
receptor activation on mast cells (MCs). The exact mechanisms breaking oral toler-

ance and the effector pathways driving food allergy remain elusive. As complement

is activated in food‐induced anaphylaxis, we aimed to assess the role of C5a in dis-

ease pathogenesis.

Methods: Oral antigen‐induced food‐induced anaphylaxis was induced in BALB/c

wild‐type (wt) and C5ar1−/− mice. Readouts included diarrhea development, changes

in rectal temperature, hematocrit, antigen‐specific serum IgE, MCPT‐1, and intestinal

MC numbers, as well as FcεR1‐mediated MC functions including C5a receptor 1

(C5aR1) regulation. Further, histamine‐mediated hypothermia and regulation of

endothelial tight junctions were determined.

Results: Repeated oral OVA challenge resulted in diarrhea, hypothermia, increased

hematocrit, high OVA‐specific serum IgE, and MCPT‐1 levels in wt mice. Male

C5ar1−/− mice were completely whereas female C5ar1−/− mice were partially pro-

tected from anaphylaxis development. Serum MCPT‐1 levels were reduced gender‐
independent, whereas IgE levels were reduced in male but not in female C5ar1−/−

mice. Mechanistically, IgE‐mediated degranulation and IL‐6 production from C5ar1−/−

BMMCs of both sexes were significantly reduced. Importantly, FcεR1 cross‐linking
strongly upregulated C5aR1 MC expression in vitro and in vivo. Finally, C5ar1−/−

male mice were largely protected from histamine‐induced hypovolemic shock, which

was associated with protection from histamine‐induced barrier dysfunction in vitro

following C5aR targeting.

Conclusions: Our findings identify C5aR1 activation as an important driver of IgE‐
mediated food allergy through regulation of allergen‐specific IgE production, FcεR1‐
mediated MC degranulation, and histamine‐driven effector functions preferentially

in male mice.
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1 | INTRODUCTION

Food allergy is an immune‐mediated adverse reaction to ingested

food and is a substantial and evolving public health issue, emerg-

ing over the past decades. Clinical symptoms of food‐triggered
anaphylaxis range from mild skin reactions to life‐threatening sys-

temic anaphylaxis. The onset of symptoms is variable, occurring

within seconds to a few hours after exposure to the food aller-

gen. The disease affects not only the gastrointestinal tract but

also the cutaneous, respiratory, and cardiovascular systems.1 Anti-

gen‐specific IgE is critical in the pathogenesis of food allergy as it

mediates specific degranulation and activation of intestinal tissue‐
resident MCs and circulating basophils through FcεR1 aggrega-

tion.1 Preformed mediators such as histamine, PAF, and cysteinyl

leukotrienes confer many of the symptoms including diarrhea and

hypovolemic shock that can lead to the severe anaphylaxis pheno-

type. However, the mechanisms underlying the break of oral toler-

ance, induction of maladaptive Th2 immunity, and production of

allergen‐specific IgE are incompletely understood. Further, our

knowledge about the pathways regulating FcεR1 expression on

MCs, downstream signaling, and the effects of MC mediators on

target cells such as the vascular endothelium is incompletely

understood.

Complement activation results in the generation of the anaphy-

latoxins C3a and C5a. Elevated levels of C3a have been observed

in patients and mice with anaphylaxis in response to food

allergens.2,3 Previously, it was shown that rodent cutaneous4 and

synovial5 as well as human MCs express receptors for C3a and/or

C5a. Further, anaphylatoxins not only induce immediate release of

MC mediators independent of IgE immune complexes,6 but also act

as potent MC chemoattractants.7 In experimental peanut‐induced
shock, peanut extract can directly activate complement leading to

C3a formation, which stimulates macrophages, basophils, and MCs

to produce PAF and histamine.3 The role of complement in experi-

mental IgE‐mediated food allergy has not been explored. Here, we

demonstrate that C5a drives the development of food allergy by

promoting allergen‐specific IgE antibody production, enhancing

FcεR1‐mediated MC degranulation and histamine‐driven effector

functions.

2 | METHODS

2.1 | Mice

BALB/c wild‐type (wt) mice were originally purchased from Charles

River Laboratories (Wilmington, Mass). C5ar1−/− mice on the

BALB/c background and floxed GFP‐C5aR1 knock‐in mice on the

C57BL/6 background8 were housed under specific pathogen‐free
conditions with a 12‐h light/dark cycle with food and water ad libi-

tum. Age‐, sex‐, and weight‐matched littermates were used as con-

trol mice in all experiments. Mice were bred and maintained in

accordance with guidelines of the National Institutes of Health

GRAPHICAL ABSTRACT

The C5a/C5aR1 axis controls the production of allergen‐specific IgE in male mice. FcεR1 aggregation upregulates C5aR1 expression in mast

cells which amplifies IgE‐driven mediator release. C5aR1 signaling controls histamine‐mediated effector functions in vivo and in vitro.
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and the legal requirements in Germany and the United States.

Experiments were approved by the Schleswig‐Holstein authorities

(Nr. V242‐7224.122‐39(11‐1/15)) and by Cincinnati Children's

Hospital (CCHMC IAUCAC #2016‐2010) and performed by

certified personnel.

2.2 | IgE‐mediated experimental food allergy

Mice were sensitized with 50 μg of OVA (grade V; A‐5503;
Sigma‐Aldrich, Munich, Germany) and 1 mg of alum (Imject Alum

Adjuvant; Thermo Scientific, Waltham, MA, USA) in sterile saline

by intraperitoneal (i.p.) injection. From day 14 onward, mice were

challenged by oral gavage with 50 mg of OVA in saline using i.g.

feeding needles (01‐290‐2B; Fisher Scientific Co., Waltham, MA,

USA) three times per week for 3 weeks as described.9 Rectal tem-

perature was measured before, 30, and 60 min after oral OVA

administration at challenges six and seven. Mice showing profuse

liquid stool within 60 min after oral OVA challenge were recorded

as diarrhea‐positive. Blood samples and intestinal tissues were col-

lected from mice killed immediately after rectal temperature mea-

surements.

2.3 | Histamine‐induced hypothermia

Mice were injected i.v. into the lateral tail vein with 5 mg histamine

(Sigma‐Aldrich, Munich, Germany) in 200 μL saline as described

before,10 and temperature change was monitored every 15 min for

2 h.

2.4 | Hematocrit

Blood was drawn from anesthetized mice from orbital veins into

heparinized capillary tubes and centrifuged for 10 min at 16 000 g.

The hematocrit was calculated as described.11

2.5 | Flow cytometry

Unless stated otherwise, all fluorochrome‐labeled antibodies were

from BioLegend (San Diego, CA, USA). Cells were analyzed on LSR

II, FACSCalibur, or BD LSRFortessa (BD Immunocytometry Systems;

San Jose, CA, USA), and data were analyzed using the FlowJo 10

software (Tree Star; Ashland, OR, USA) or Flowlogic Software 7.2.1.

(Inivai Technologies, Mentone, Australia).

2.6 | BMMC generation

Bone marrow cells were isolated and cultured as described previ-

ously.12,13 After 4‐6 weeks of culture, bone marrow‐derived MCs

(BMMCs) were examined for FcεR1α and c‐Kit (CD117) expressions

by flow cytometry using APC anti‐mouse‐FcεR1α (MAR1) and PE‐
Cy7 anti‐c‐kit antibodies. Double‐positive cells were considered

BMMCs. BMMC degranulation was measured by hexosaminidase

release as described.14

2.7 | Functional analyses of BMMCs

Degranulation was expressed as the percentage of total β‐hexosami-

nidase activity. The BMMC lysate was used to estimate total β‐-
hexosaminidase activity. To assess the activation after degranulation,

BMMCs (5 × 106/mL) were sensitized with IgE anti‐TNP mAb (IgE‐3;
0.5 μg/mL; BD, San Jose, CA, USA) for 16 h and challenged with BSA‐
TNP (10 ng/mL) for 3 h. The supernatant was analyzed for IL‐6 pro-

duction. For kinetic assessment of C5aR1 expression, cells were trans-

ferred into fresh BMMC culture medium 30 min after challenge. Three

hours, 6, 10, 24, and 48 h after challenge, expression of C5aR1 (PE

anti‐CD88 [20/70]) was measured by flow cytometry and by RT‐qPCR.
For intracellular C5 expression, cells were fixed and permeabilized

using the BD Cytofix/Cytoperm Kit (BD San Jose, CA, USA) and then

stained with anti‐C5 (BB5.1; Hycult Biotech, Uden, Netherlands) con-

jugated with AF647 (Molecular Probes, Invitrogen, CA, USA). In some

experiments (Figure 4E‐H), BMMCs were stimulated with DNP‐HSA,

20 ng/mL LPS, polyinosinic‐polycytidylic acid (pIC), or compound 48/

80 (all from Sigma‐Aldrich, Munich, Germany) for 20min by flow cyto-

metric analysis of CD107a (Lamp1) surface translocation. Cells were

stained with AF647 anti‐CD107a (1D4B), FITC anti‐CD117 (2B8), and

PE anti‐C5aR1 (20/70). PI (1 μg/mL) or LIVE/DEAD™ Fixable Blue Stain

(Thermo Fisher Scientific, Waltham, MA, USA) was used to exclude

dead cells from analysis.

2.8 | Peritoneal MC analyses

Murine peritoneal cells were isolated as described.15 Cells were

resuspended in PBS/1% BSA, incubated in Fc block (CD16/CD32)

(eBioscience, San Diego, CA, USA) for 30 min followed by incubation

with APC anti‐mouse‐FcεR1α (MAR1), PE‐Cy7 anti‐mouse CD117

(2B8), PerCP‐Cy5.5 anti‐mouse IL33R (DIH9), and PE anti‐mouse

C5aR1 (20/70) (all from BioLegend, San Diego, CA, USA).

2.9 | Intestinal MC quantification

Tissue from the jejunum tissue was collected 5 cm distal to the stom-

ach, fixed in 10% formalin, and processed by standard histological

techniques. Five‐μm‐thick paraffin‐embedded tissue sections were

stained for mucosal MCs with chloroacetate esterase (CAE) activity as

described16 and counterstained with hematoxylin. Quantification of

mucosal MCs was performed by counting CAE‐positive cells per villus

and crypt of 40 villi and crypts in 2‐3 random sections per mouse.

2.10 | Lamina propria mononuclear cell isolation
and identification

The lamina propria (LP) mononuclear cells were isolated using a Per-

coll gradient as described.17 LP cells from small intestines were first

stained with PerCP‐Cy5.5‐conjugated mAbs against lineage (Lin)

markers (CD11b [M1/70], CD11c [HL3], CD8 [53‐6.7], B220 [RA3‐
6B2], Gr‐1 [RB6‐8C5], and CD335 [NKP46, 29A.4]) FITC anti‐β7
integrin (M293), APC anti‐IL‐25R, APC‐C7 anti‐c‐Kit (2B8), PE‐Cy7
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anti‐CD3e /145‐2C11), Horizon V500 anti‐CD4 (RPA‐T4), PE anti‐
C5aR1 (20/70), and biotinylated anti‐T1/ST2 (DJ8) (MyBioSource,

San Diego, CA, USA) antibodies. Subsequently, cells were counter-

stained with BV421‐labeled streptavidin before analysis.

2.11 | RNA isolation and PCR

Total RNA from BMMCs was isolated using TRIzol reagent (Thermo

Fisher Scientific). The cells from the small intestine were isolated using

the LP dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany)

as described.8 Cell suspension of the abdominal aorta was obtained

using liberase as described.8 RNA from the cell suspensions of the

small intestine and abdominal aorta was obtained using the RNeasy

Mini Kit (Qiagen, Hilden, Germany). After DNase I (Thermo Fisher Sci-

entific) treatment of the RNA, cDNA was synthesized using a first‐
strand cDNA synthesis kit for RT‐PCR (Roche, Indianapolis, IN, USA).

qPCR for C5ar1 (F:5′‐CAGGCGGTGTAGAGGAGAAG‐3′; R:5′‐GAAG
GAAGGAAGGAGGAGAGG‐3′) was performed as described previ-

ously.18,19 The expression of Fcer1g was examined using: F:5′‐ATCTT
GTTCTTGCTCCTTTTGG‐3′; R:5′‐CATCTGCTTTCTCACGGCTG‐3′ pri-
mers. The expression of histamine receptors 1 and 2 was measured

using primers: F:5′‐CAAGATGTGTGAGGGGAACAG‐3′; R:CTACCGA

CAGGCTGACAATGT‐3′ for HR1 and F:5′‐CCCAATGGCACGGTT
CATTC‐3′ and R:5′‐GCCGACGATTCAAGCTGACA‐3′ for HR2. All

qPCR data were analyzed using the 2-ΔΔCt method with β‐actin (F:5′‐
GCACCACACCTTCTACAATGAG‐3′; R:5′‐AAATAGCACAGCCTGGA
TAGCAAC‐3′) as reference housekeeping gene. The mean ΔCt value

of wt cells was used as ΔCtcontrol to calculate ΔΔCt of each sample.

The temperature profiles were 95°C for 3 min, followed by 34 cycles

at 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s. Amplification prod-

ucts were separated on 2% agarose gel and detected by GelRed stain-

ing (Biotrend, Cologne, Germany).

2.12 | ELISA

Mouse mast cell protease‐1 (MCPT‐1) serum levels were measured

by ELISA (eBioscience Inc., San Diego, CA, USA). OVA‐specific IgE

antibodies were measured in serum of OVA‐challenged mice as

described before.20 C5a serum levels were determined as

described.21 IL‐6 in the supernatant of degranulated BMMCs was

determined using a Mouse IL‐6 Duoset ELISA (R&D Systems Inc.,

Minneapolis, MN, USA).

2.13 | In vitro permeability

The murine high endothelial venule cell line (mHEVC) was cultured in

humidified incubator (5% CO2, 37°C). Some cells were cultured in the

presence of the C5aR antagonist A8Δ71-73 (C5aRA22) at a final concen-

tration of 2 μM. After several passages, 105 cells were seeded on snap

wells (3.3 mm diameter, 0.4 μm pore; Corning, Corning, NY, USA) and

cultured for 3‐4 days. Transendothelial resistance (TER) was moni-

tored with an EVOM/Endohm (WPI Inc, Sarasota, FL, USA). Endothe-

lial monolayers with a TER≥150 Ω were used for all experiments.

Some cells were treated with C5aRA (5 μM) one hour before his-

tamine challenge. All cells were placed into the Ussing chamber and

allowed to equilibrate for 15 min. Changes in TER were measured in

response to the addition of 100 μM of histamine (Sigma‐Aldrich,
Munich, Germany) on both sides of the transwell as described.23

2.14 | Statistical analysis

Data are presented as mean ± SEM or as median. Statistically signifi-

cant differences between different sets of mice or cells were deter-

mined by one‐way analysis of variance and a Tukey's post hoc test

(multiple groups), Kruskal‐Wallis one‐way analysis of variance and

Dunn's test (multiple groups), and nonpaired Student's t test or

Mann‐Whitney U test (two groups). P < 0.05 was considered signifi-

cant. The incidence of diarrhea was analyzed using the log‐rank
(Mantel‐Cox) test. All analyses were performed using the Prism 5.0

software (GraphPad Software Inc., San Diego, CA, USA).

3 | RESULTS

3.1 | C5a drives diarrhea and hypothermia in
response to oral antigen‐induced food allergy

To induce food allergy, BALB/c wt and C5ar1−/− mice were sensi-

tized i.p. with OVA/alum. Two weeks later, mice were challenged

seven times orally with OVA over three weeks (Figure 1A). Consis-

tent with previous reports,20,24 wt mice experienced profound

F IGURE 1 Decreased symptoms of food‐induced anaphylaxis in C5aR1‐deficient mice. (A) The oral allergen‐induced food allergy model.
BALB/c mice were sensitized intraperitoneally with 50 μg OVA and 1 mg alum. From day 14 onward, 250 μl of OVA (200 mg/mL of saline) was
administered orally 3 times a week. (B) Frequency of diarrhea in C5ar1−/− male (m) (n = 33‐38/group; left panel) and female (f) (n = 29/group;
right panel) mice after repeated oral OVA challenge. (C) Change in body temperature after the 7th OVA challenge in wt and C5ar1−/− male
and female mice (n = 13‐18/group). (D) Hematocrit before oral OVA challenges (s.s.—steady state) and after the 7th OVA challenge in wt and
C5ar1−/− male and female mice (n = 4‐10/group). (E) C5a serum levels in naïve wt and C5ar1−/− mice as well as 1 h and 2 days after the final
oral OVA challenge in male (left panel) and female mice (right panel) (n = 2‐6/group). (F) OVA‐specific IgE levels in sera of wt and C5ar1−/−

male and female mice after the 7th oral OVA challenge (n = 8‐11/group). (G) Frequency of IL‐25+ T cells and ILC2 in LP of wt and C5ar1−/−

male mice after the 7th oral OVA challenge (n = 6/group). Data in B were analyzed by the log‐rank (Mantel‐Cox) test. Data in C, D, and F
represent the mean ± SEM. Data in C, D, and F were analyzed by one‐way ANOVA with Tukey's multiple comparison post hoc test. Data in E
represent the median and were analyzed by Kruskal‐Wallis test. *P < 0.05, **P < 0.01, ***P < 0.001 (C and F: wt vs C5ar1−/−; D: steady state
(s.s.) vs 7th OVA challenge). Data in G were analyzed by unpaired Student's t test. Red symbols in C, D, F, and G show mice suffering from
diarrhea after the 7th OVA challenge; black symbols reflect mice that did not develop diarrhea
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diarrhea starting with the 5th OVA challenge (Figure 1B). Strikingly,

the incidence of allergic diarrhea was markedly reduced in C5ar1−/−

mice as compared with wt mice. Following the 7th oral OVA chal-

lenge, the incidence of intestinal diarrhea was 80% in wt male and

95% in wt female mice. In sharp contrast, only 9% of male and 50%

of C5ar1−/− female mice suffered from diarrhea (Figure 1B). Further,

we observed hypothermia in wt but not in C5ar1−/− mice after the

7th OVA challenge (Figure 1C). Consistent with hypovolemic shock,

the 7th OVA challenge induced an increase in hematocrit in wt male

and female mice that remained unchanged in male C5ar1−/− mice

(Figure 1D). In female C5ar1−/− mice, we observed a significant

increase in hematocrit; however, when we compared the hematocrit

of female C5ar1−/− mice that did not develop diarrhea with that of

female C5ar1−/− control mice, we found no significant differences

(data not shown). To assess whether the intestinal inflammation

results in systemic complement activation, we compared C5a serum

levels in naïve mice with those obtained 1 h and 2 days after the

7th OVA challenge. We found at best a minor increase that was

gender‐independent (Figure 1E).

3.2 | Activation of the C5a/C5aR1 axis induces
allergen‐specific IgE production in male wt mice

Antigen‐specific IgE antibodies are crucial for the manifestations of

food allergy symptoms including allergen‐mediated anaphylaxis.1 We

found antigen‐specific IgE production in the serum of male and

female wt mice, which was significantly decreased in C5ar1−/− male

but not in female animals (Figure 1F). This finding suggests that the

C5a/C5aR1 axis is critical for B‐cell–mediated production of allergen‐
specific IgE and may explain, in part, the reduced incidence of diar-

rhea in male C5ar1−/− mice. In search for mechanisms underlying the

C5a‐mediated regulation of IgE antibody production in male mice,

we assessed the numbers of IL‐25R+ T cells (lin− CD3+ CD4+ IL‐25+)
and ILC2 (lin− CD4− CD3− c‐kit− IL‐25R+ ST2+) cells in the LP of the

small intestine after the 7th challenge.17 No significant differences

were observed in male (Figure 1G) or female mice (data not shown).

OVA‐specific IgE levels were not decreased in C5ar1−/− female mice

suggesting that the diminished anaphylaxis phenotype in C5ar1−/−

females is not attributed to reduced IgE levels.
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F IGURE 2 Impact of the C5a/C5aR1 axis on mast cell numbers and function. (A) Intestinal MC numbers in wt and of C5ar1−/− male and
female mice after the 7th OVA challenge (n = 7‐8/group). MCs were quantified from CAE‐stained paraffin sections of the small intestine. (B)
MCPT‐1 levels in sera of wt and C5ar1−/− male and female mice after the 7th OVA challenge (n = 12‐18/group). Red symbols in A and B show
mice suffering from diarrhea after the 7th OVA challenge; black symbols show mice with no signs of diarrhea. (C, D) IgE‐mediated release of
β‐hexosaminidase (n = 6‐8/group) (C) and IL‐6 production (n = 4‐5/group) (D) from BMMCs of wt and C5ar1−/− male (m) and female (f) mice. β‐
hexosaminidase activity was determined 30 min (C) and IL‐6 synthesis 3 h (D) after IgE‐mediated degranulation. BMMCs (5 × 106/mL) were
sensitized with IgE anti‐TNP (2 μg/mL) and challenged with BSA‐TNP (10 ng/mL) (n = 5‐6/group). Data in A‐E represent the mean ± SEM and
were analyzed by one‐way ANOVA with Tukey's multiple comparison post hoc test *P < 0.05, **P < 0.01
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3.3 | Mast cell functions are reduced in vivo and
in vitro in C5aR1‐deficient mice

Intestinal MCs including MC progenitors (iMCP) and IL‐9‐producing
mucosal mast cells (MMC9) drive the clinical phenotype in experimen-

tal food allergy models.1,17 Surprisingly, we found no difference in MC

(Figure 2A), iMCP, and MMC9 (data not shown) numbers between wt

and C5aR1‐deficient males after the 7th OVA challenge. Next, we

assessed whether the activation of MCs was different in wt and

C5ar1−/− mice. For this purpose, we determined serum levels of

MCPT‐1, a MC protease that is stored in the granules and released

upon IgE‐mediated MC degranulation25 and serves as a surrogate mar-

ker for in vivo MC activation and food‐induced anaphylaxis.2 Consis-

tent with the reduced anaphylaxis phenotype, the concentration of

serum mMCPT‐1 was significantly lower in C5ar1−/− than in wt mice

(Figure 2B) suggesting decreased activation and degranulation of MC

in response to FcεR1 cross‐linking in vivo in C5ar1−/− mice.

To further test this hypothesis, BMMC from wt and C5aR1‐
deficient mice were loaded with TNP‐specific IgE and subsequently

stimulated with TNP‐BSA. The supernatants were tested for β‐hexo-
saminidase release and IL‐6 production. The spontaneous degranula-

tion after IgE binding was 1%‐5% and did not differ between the

treatment groups (data not shown). In contrast, β‐hexosaminidase

release and IL‐6 production in response to FcεR1 aggregation were

significantly reduced in C5ar1−/− BMMCs as compared with wt cells

(Figure 2C,D). These data strongly suggest that the activation of the

C5a/C5aR1 axis is critical for IgE‐mediated degranulation and

activation of MCs. Differences in FcεR1α surface expression did not

account for these differences as they were comparable in wt and

C5ar1−/− mice (Figure 3A). However, we found a significant down-

regulation of FcR γ‐chain (Fcer1g) mRNA expression in cells from

C5ar1−/− mice (Figure 3B), suggesting that C5aR1 signaling may

affect FcεR1 signaling in BMMCs.

3.4 | C5aR1 expression is upregulated on BMMCs
and peritoneal MCs after FcεR1 aggregation

Next, we determined C5 and C5aR1 expression in BMMCs.

Clearly, we found C5 protein production in naive BMMCs (Fig-

ure 4A). Surprisingly, we found C5aR1 mRNA but only minor cell

surface expression on naïve BMMCs (Figure 4B). To assess

whether FcεR1 cross‐linking regulates C5aR1 expression, we

loaded BMMCs with TNP‐specific IgE, which was subsequently

cross‐linked by TNP‐OVA. Already after IgE loading, we observed

a slight increase in C5aR1 expression. Three hours after FcεR1

aggregation, we found a 100‐fold increase in C5ar1 mRNA expres-

sion (Figure 4C) resulting in strong C5aR1 surface expression 6 h

after FcεR1 activation, which further increased during the next

18 h and declined after 48 h (Figure 4D). The C5ar1 mRNA

expression was stable between 3 and 6 h after FcεR1 aggregation

and steadily declined thereafter (Figure 4C). The observed effect

was specific for IgE cross‐linking, since TLR activation or degranu-

lation with compound 48/80 had minor or no effects (Figure 4E).

Further, we found that the antigen dose required to drive strong
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F IGURE 3 FcεR1α and Fcer1g
expression in BMMCs from wt and C5aR1‐
deficient mice. (A) FcεR1α receptor
expression. Left panel: BM cells expressing
FcεR1α and c‐kit were identified as MCs.
Right panel: FcεR1α expression of
FcεR1+c‐kit+ BMMCs from wt (solid line)
and C5ar1−/− (dashed line) mice. The
dotted line depicts the FMO control. The
histogram is representative of three
independent experiments. (B) Fcer1g
expression in BMMCs. Shown is the
mRNA (left) and relative mRNA (right)
expression in cells from wt and C5ar1−/−

mice as determined by PCR or qPCR
(n = 3‐4/group). Data on the right panel
represent the mean ± SEM and were
analyzed by unpaired Student's t test.
**P < 0.01 [Colour figure can be viewed at
wileyonlinelibrary.com]

KORDOWSKI ET AL. | 773



(A)

(D)

(F)

(I)

(J)

(E)(C)

(G)

(B)

(H)

774 | KORDOWSKI ET AL.



FcεR1‐mediated degranulation (Figure 4F; Figure S1A) also resulted

in strong and similar C5aR1 expression in BMMCs of male and

female origin (Figure 4G; Figure S1B) again linking FcεR1 signaling

to upregulation of C5aR1 (Figure 4H).

Similar to BMMCs, peritoneal MCs (PEMC) from naïve GFP‐
C5aR1 reporter mice8 stained negative for C5aR1. However, IgE

loading induced a slight shift of the GFP signal, which became strong

4 h after FcεR1 activation (Figure 4I). Two days after the 7th OVA

F IGURE 4 Expression of C5 and C5aR1 on BMMCs and peritoneal MCs. (A) C5 protein expression in BMMCs from BALB/c mice.
Histogram: FMO—dashed line; FMO + isotype ctrl—gray, dotted line; C5‐specific staining—solid line. (B) mRNA (left panel) and surface C5aR1
expression (right panel) in BMMCs. Histogram: signal obtained with cell from C5ar1−/−mice—dashed line; signals obtained with cells from wt
mice—solid line. (C,D) Time course of C5ar1 mRNA (C) and C5aR1 surface expression (D) in wt BMMCs in response to FcεR1 receptor
aggregation (n = 4/group). The histogram shows the change in C5aR1 surface expression between 3 and 48 h after FcεR1 receptor cross‐
linking. Data shown in C and D represent the mean ± SEM. Statistical differences between time points were determined by one‐way ANOVA
with Tukey's multiple comparison post hoc test *,§P < 0.05, **P < 0.01, ***,§§§P < 0.001. (E) Frequency of C5aR1+ BMMCs in response to
FcεR1 aggregation, LPS, Poly (I:C), or compound 48/80 stimulation (n = 6/group). (F, G) Dose‐dependent induction of (F) MC degranulation
determined as surface translocation of CD107a or (G) C5aR1 expression in BMMCs (n = 6/group). (H) Regression analysis of C5aR1+ and
CD107a+ BMMCs in response to stimulation with increasing concentrations of antigen. Data shown in E‐G represent the median. (I) GFP‐
C5aR1 expression in naïve PEMCs and 4 h after ex vivo FcεR1 receptor aggregation. Left panel: PEMCs were identified as ST2+c‐kit+FcεR1+

cells; right panel: GFP‐C5aR1 expression was determined in PEMCs from floxed GFP‐C5aR1 knock‐in mice. Histograms: signal obtained from
PEMCs of naïve floxed GFP‐C5aR1 knock‐in mice—dashed line; signal obtained from IgE‐coated floxed GFP‐C5aR1 knock‐in mice—dotted
line; signal obtained from PEMCs of floxed GFP‐C5aR1 knock‐in mice 4 h after ex vivo FcεR1 receptor aggregation—solid line. The histogram
is representative of three independent experiments. (J) C5aR1 expression in PEMCs isolated from naive wt BALB/c or C5ar1−/− mice (upper
panel) or after the 7th oral OVA challenge (lower panel). Peritoneal cells positive for ST2 and c‐kit (dot plots; left panels) were identified as
MCs. C5aR1 surface expression on PEMCs was determined using C5aR1‐specific mAb 20/70 (middle panels; histograms: signal obtained with
PEMCs from C5aR1‐deficient mice—dashed line; signal obtained with PEMCs from wt mice—solid line). The graphs on the very right depict
differences in C5aR1 expression in PEMCs from naive wt and C5ar1−/− mice (upper graph) or mice after the 7th oral OVA challenge (lower
graph) (n = 3‐4/group). Data shown are the median. Statistical differences between the groups were determined by Mann‐Whitney U test,
**P < 0.01 [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Histamine‐induced hypothermia in wild‐type BALB/c and C5aR1‐deficient mice and histamine receptor expression in the
abdominal aorta or the small intestine. (A, B) Change of the rectal temperature between 0 and 120 min following the i.v. injection of histamine
(5 mg/200 μL of saline) in (A) male (m) and (B) female (f) wt and C5ar1−/− mice. Each data point represents the mean ± SEM of 4 mice from
one out of 4 independent experiments. The temperature changes at the indicated time points were compared using an unpaired Student's t
test (wt vs C5ar1−/−). *P < 0.05, **P < 0.01. Δtemp °C: rectal temperature at the indicated time point minus rectal temperature before
histamine administration. (C–E) Histamine 1 and 2 receptor expression in two target tissues. Shown is the mRNA (C) and relative mRNA
expression in the abdominal aorta (D) or the small intestine (E) of BALB/c wt or C5ar1−/− mice (n = 5‐8/group). Data in D and E represent the
mean ± SEM. Differences between groups were analyzed by Student's t test
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challenge, PEMCs strongly expressed C5aR1 at the cell surface (Fig-

ure 4J) demonstrating C5aR1 expression on MCs after cross‐linking
of FcεR1 in vivo. Unfortunately, direct detection of C5aR1 expres-

sion on MCs from the intestine was not possible as the C5aR1‐spe-
cific Ab did not work on paraffin sections of the intestine.

3.5 | C5aR1 signaling increases the sensitivity of
the vascular system toward the MC mediator
histamine

One important mediator released from MC upon FcεR1 aggregation

is histamine,26 which promotes hypovolemic shock observed in

experimental food‐induced anaphylaxis through activation of the G

protein‐coupled (GPCR) H1 and H2 receptors.27 We and others have

shown that C5aR1 activation regulates the function of other GPCRs

including the bradykinin B2 receptor (B2R)28 and CCR5.29,30 Thus,

we hypothesized that C5aR1 may regulate the shock response

through an impact of histamine receptor–mediated dysfunction of

the vascular endothelium. To test this hypothesis, wt and C5ar1−/−

mice were subjected to histamine‐induced hypothermia. As

expected, we found a strong drop in body temperature of approxi-

mately 4°C in wt male (Figure 5A) and female (Figure 5B) mice dur-

ing the first 20 min after histamine administration, which further

decreased during the next 20‐40 min to −5°C (male) or −6°C (fe-

male). Between 60 and 120 min, wt mice recovered slowly although

the temperature was still 3°C (male mice) or 2°C below the starting

value. In contrast, the initial temperature reduction was less pro-

nounced in male C5ar1−/− mice. Further, 120 min after histamine

administration the rectal temperature was indistinguishable from the

starting values in male C5ar1−/− mice (Figure 5A). In C5ar1−/− female

mice, the initial temperature drop was similar to wt mice but

attenuated between 40 and 60 min. Also, the mice recovered much

faster than the wt control animals (Figure 5B). These findings sug-

gest that activation of the C5a/C5aR1 axis regulates the histamine‐
induced hypovolemic shock and suggest a role for the C5a/C5aR1

axis on vascular endothelial function. In support of this view, we

found no differences in H1 and H2 mRNA receptor expression levels

in the abdominal aorta (Figure 5C,D) or the small intestine (Fig-

ure 5E) from wt and C5ar1−/− mice.

3.6 | C5aR1 activation controls histamine‐mediated
opening of tight junctions in human endothelial cells

The mechanisms underlying histamine‐mediated increase in vascular

endothelial leak are not entirely clear but involve phospholipase C

activation and increase in intracellular Ca2+, both of which are also

important downstream targets of C5aR1 signaling.31 To directly

assess the impact of C5aR1 activation on histamine‐driven regulation

of vascular endothelial barrier function, we examined histamine‐
induced vascular endothelial barrier dysfunction in mHEVC in the

presence or absence of C5aR1 blockade. Histamine induced a signifi-

cant vascular endothelial barrier dysfunction as evidenced by a

strong decrease of TER in control‐mHEVC cells (Figure 6). Notably,

one hour pretreatment with the C5aRA protected mHEVCs from his-

tamine‐induced barrier dysfunction. The protective effect was even

more pronounced when the C5aRA was present throughout the his-

tamine stimulation (Figure 6) strongly suggesting that C5aR1 signal-

ing amplifies histamine‐induced barrier dysfunction of the vascular

endothelium.

4 | DISCUSSION

Although the complement system has been intensively studied over

last decades, its role in allergy has not been well explored. Previous

work revealed a dual role for C5aR1 and a pro‐allergic role for C3aR

in allergic asthma.32 The available data support the view that C5a

protects from the development of Th2 response during allergen sen-

sitization and promotes pro‐allergic functions in the allergic effector

phase. In contrast to the results derived from allergic asthma mod-

els,32 C5aR1 deficiency resulted in decreased antigen‐specific IgE

production, at least in male mice. It is well appreciated that that sex-

ual dimorphism exists for mouse C533 and that C5 levels are consid-

erably higher in male than in female mice33 contributing, for

example, to TRALI development in male but not in female mice.34 In

several studies, male sex has been associated with an increased risk

to develop food allergy.35,36 While it is unclear at this point whether

the results from the mouse model can be transferred to human food

allergy, a recent study demonstrated that the C5a/C5aR1 axis regu-

lates adaptive immunity in human T cells.37

MCs are the dominant effector cells in food allergy reactions.

Intestinal MCs numbers positively correlate with the severity of food

allergy symptoms,16 and expression of C3aR and C5aR has been

reported in human MCs. Functionally, both anaphylatoxins are
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F IGURE 6 Impact of C5aR1 blockade on histamine‐induced
change in transendothelial resistance in mHEVC. Confluent mHEVC
were either treated with the C5aRA A8Δ71-73 1 h (5 μM) or 3 day
(2 μM) before the stimulation with histamine or without C5aRA
(n = 9‐12/group). Data represent the mean ± SEM. Differences
between groups were determined using one‐way ANOVA with
Tukey's multiple comparison post hoc test. ***P < 0.001
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potent MC chemoattractants and can induce MC degranulation inde-

pendent of IgE.7,38,39 Further, activation of C5aR1 and C3aR

enhances IgE‐mediated MC degranulation in a passive cutaneous

anaphylaxis model.4 Given that the decrease in diarrhea develop-

ment in female mice was not associated with reduced allergen‐speci-
fic IgE production, we considered differences in MC functions as

another potential mechanism accounting for the reduced incidence

in diarrhea and hypovolemic shock in female C5ar1−/− mice, in par-

ticular, as we found similar numbers of intestinal MCs, MMC9, and

iMPC in wt and C5ar1−/− male and female mice. MCPT‐1 serum

levels were markedly reduced in C5ar1−/− mice of both sexes sug-

gesting reduced IgE‐mediated degranulation of MCs. In line with this

and previous findings,4 we observed significantly attenuated FcεR1‐
mediated degranulation and cytokine production in C5ar1−/− MCs.

These results support the view that C5aR1‐deficient MCs are less

sensitive to FcεR1‐mediated degranulation. While FcεR1α expression

on wt and C5ar1−/− BMMCs was comparable, we found a significant

reduction of Fcer1g expression in C5ar1−/− MCs, which is required

for FcεR1 signaling40 and might therefore explain the reduced

degranulation and activation of C5aR1‐deficient MCs. In support of

this view, C5aR1 drives upregulation of Fcer1g in pulmonary macro-

phages.41 Fcer1g gene expression is controlled by several transcrip-

tion factors including Sp1, GABP, and Elf‐1 binding to transcriptional

enhancer elements. One of such elements is similar to a binding

motif of the C/EBP family of transcription factors,42 which can be

induced by C5aR1 signaling.43 Thus, C5aR1 may control Fcer1g

expression through this pathway. The available data support a

model, in which C5aR1 activation of neutrophils and macrophages

controls IgG Fc receptor expression44 and vice versa, and FcγRIIb

signaling controls C5aR1 signaling.45 Our findings add to this view

by showing that low C5aR1 expression in MCs is associated with

low Fcer1g expression. Alternatively, C5a may regulate the differenti-

ation of BMMCs and thereby affect FcεR1‐mediated activation. In

support of this view, the C5a/C5aR1 axis was shown to regulate

myeloid suppressor cell generation from BM cells,46 neuronal pro-

genitor cells,47 or osteoclast differentiation from mesenchymal stem

cells.48

Also, we uncovered a new mechanism, by which FcεR1 cross‐
linking drives marked enhancement of C5ar1 mRNA expression in

BMMCs and peritoneal MCs eventually resulting in strong C5aR1

surface expression. It is tempting to speculate that the induction of

diarrhea that begins only after repeated oral OVA challenge results

from the upregulation of C5aR1 expression in intestinal MCs and

that it is the combined activation of FcεR1 and C5aR1 of such MCs

that finally drives diarrhea development, temperature drop, and ana-

phylaxis.

Finally, we observed that C5ar1−/− male mice were less sensi-

tive to the histamine‐induced hypovolemic shock during the first

20 min. Also, the recovery was much faster, both in male and

female C5aR1‐deficient mice. Similar to what we observed in

C5ar1−/− female (Figure 5B), Hox et al reported that not the initial

temperature drop during the first 20 min after histamine adminis-

tration but the recovery between 20 and 120 min was faster in

estrogen receptor–targeted mice suggesting that estradiol controls

the recovery from histamine‐mediated anaphylaxis.49 It is possible

that C5aR1 impacts the recovery from histamine‐induced anaphy-

laxis via a similar mechanism to the female steroid hormone,

estradiol.

Histamine‐induced hypothermia involves the activation of H1

and H2 receptors, both of which are GPCRs. The exact cell type

and site at which histaminergic signaling drives hypothermia remains

unknown.50 Some studies reported that HR1 and HR2 signaling in

the hypothalamus is responsible for the decrease in tempera-

ture,51,52 although the exact cell type mediating this effect remains

elusive. Importantly, C5aR1 is expressed in the brain by microglia,

astrocytes, and neurons.53,54 Thus, C5aR1 signaling may act in con-

cert with H1 and H2 receptors to control central thermoregulation

by histamine. Our previous findings clearly demonstrate that C5aR1

interacts with other GPCRs such as B2R28 on dendritic cells and

CCR229,30 on monocyte‐derived macrophages and regulates their

functions.

On the other hand, it was reported that activation of HR1 and

HR2 induces various cellular responses in vascular endothelial cells

including changes in vascular permeability55 which leads to hypov-

olemia and finally hypothermia.56 The data derived from in vitro

experiments on mHEVC show that C5aR1 targeting reduced his-

tamine‐induced barrier dysfunction. The potential mechanism could

involve the formation of heterodimers comprising H1/H2R and

C5aR1. Such heterodimerization of C5aR1 with another GPCR has

been already reported. CCR5 forms dimers with C5aR1, which is

critical for the entrance of HIV into the macrophages.30 Interestingly,

blockade of C5aR signaling decreased the CCR5 expression. HR1

and HR2 are expressed on murine and human vascular smooth mus-

cle and endothelial cells.53 The same cells were reported to express

C5aR1.57 Thus, C5aR1 signaling may enhance the responsiveness of

endothelial cells toward histamine and increase hypothermia in vivo

through a direct cross talk with histamine receptors, the expression

of which was similar in target cells/tissues of wt and C5ar1−/− mice.

It will be important to assess the exact mechanisms of such cross

talk in future studies.

In summary, our findings demonstrate that complement drives

the development of allergic responses in a model of experimental

food allergy by several mechanisms that act in concert and operate

in a gender‐dependent way. C5aR1 signaling promotes allergen‐spe-
cific IgE antibody production in male mice, enhances IgE‐mediated

MC degranulation in male and female mice, and controls important

effector functions of the MC mediator histamine with some differ-

ences between male and female mice. Altogether, the data suggest

that C5aR1 may serve as potential new therapeutic target in this

emerging disease.
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Fig.S1

Suppl. Fig. 1 FceRI-mediated stimulation induces dose-dependent C5aR1 upregulation in BMMCs.
BMMCs of male (upper rows in A and B) or female (lower rows in A and B) origin were loaded with
IgE (200ng/ml, clone SP-7) for 18h and stimulated with indicated concentrations of DNP-HSA.
(A,) FcεRI-mediated degranulation was measured after 20 min by CD107a translocation to the cell
surface. CD107a+ cells are indicated. (B) C5aR1 expression was measured 24h later. C5aR1+ cells
are indicated. Data shown are from one representative BMMC culture of male or female mice
out of six.
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