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Abstract

Activation of complement is one of the earliest immune responses to exogenous threats, resulting in various cleavage
products including anaphylatoxin C3a. In addition to its contribution to host defense, C3a has been shown to mediate Th2
responses in animal models of asthma. However, the role of C3a on pulmonary Th17 responses during allergic inflammation
remains unclear. Here, we show that mice deficient in C3a receptor (C3aR) exhibited (i) higher percentages of endogenous
IL-17-producing CD4+ T cells in the lungs, (ii) higher amounts of IL-17 in the bronchoalveolar lavage fluid, and (iii) more
neutrophils in the lungs than wild-type mice when challenged with intranasal allergens. Moreover, adoptive transfer
experiments showed that the frequencies of antigen-specific IL-17-producing CD4+ T cells were significantly higher in the
lungs and bronchial lymph nodes of C3aR-deficient recipients than those of wild-types recipients. Bone-marrow
reconstitution study indicated that C3aR-deficiency on hematopoietic cells was required for the increased Th17 responses.
Furthermore, C3aR-deficient mice exhibited increased percentages of Foxp3+ regulatory T cells; however, depletion of these
cells minimally affected the induction of antigen-specific Th17 cell population in the lungs. Neutralization of IL-17
significantly reduced the number of neutrophils in bronchoalveolar lavage fluid of C3aR-deficient mice. Our findings
demonstrate that C3a signals negatively regulate antigen-specific Th17 responses during allergic lung inflammation and the
size of Foxp3+ regulatory T cell population in the periphery.
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Introduction

Allergic airway inflammation is a chronic life-threatening lung

disease. The ‘chronic’ property of lung inflammation is tightly

associated with allergen-specific adaptive immunity, especially

CD4+ helper T cell responses. The contribution of Th2 cells

during the allergic response to airway allergens via the production

of IL-4, IL-5, IL-9 and IL-13 is now well established [1,2,3]. In

addition to Th2 cells, recent advances have revealed a critical and

non-redundant role of IL-17-producing CD4+ T cells (Th17) in

lung inflammation [4,5,6].

Th17 cells have been characterized as a distinct lineage of

helper T cells that are programmed by transcription factors

RORct and RORa [7,8]. While TGF-b and IL-6 are essential for

initial Th17 lineage commitment, IL-23 and IL-1 are required for

functional maturation of Th17 cells in vivo [9,10,11,12]. Differen-

tiated Th17 cells mediate diverse pro- and anti-inflammatory

functions in vivo through the production of signature cytokines

including IL-17 (IL-17A), IL-17F, IL-22, and IL-26 [13]. For

instance, Th17 immunity has been described to be protective

against various bacterial and fungal infections [10]. On the other

hand, accumulating evidence demonstrated critical pathogenic

role of Th17 responses in chronic inflammatory disorders, such as

rheumatoid arthritis, psoriasis, and multiple sclerosis in experi-

mental animal models as well as in humans [14,15,16,17,18,19].

Of importance, treatment with anti-IL-17 antibodies has been

shown to ameliorate clinical symptoms of psoriasis, and arthritis in

clinical trials [20,21,22]. Therefore, targeting Th17 cytokines may

provide a promising therapeutic approach for the treatment of

numerous chronic inflammatory human diseases.

Increased levels of IL-17 were detected in the lung, sputum and

bronchoalveolar lavage (BAL) fluids of asthmatic patients

[23,24,25], suggesting a possible involvement of Th17 cells in

asthma. While Th2 responses promote eosinophilic inflammation

in the lungs [26,27], Th17 responses have been suggested to play a

non-redundant role in pulmonary inflammation by inducing

neutrophilic inflammation. Elevated neutrophilia is correlated to

asthma severity [28,29,30]. Supporting this notion, recent studies

have shown that the IL-17 from pulmonary T cells enhances

airway hyper-responsiveness (AHR) and neutrophilic inflamma-

tion in animal models of asthma [31,32,33,34,35]. On the other

hand, it has been shown that neutralizing IL-17 augments allergic

responses in the lung, and that administration of IL-17 ameliorates

eosinophilia and airway hypersensitivity in an animal model of
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asthma [36], suggesting that IL-17 suppresses lung inflammation.

In addition, the negative regulation of allergic lung inflammation

by IL-17-producing cd T cell has been described [37]. Thus, the

biological roles of Th17 responses in allergic lung diseases are

presently not well defined, and the overall impact of Th17 cells in

allergic asthma remains controversial. The cellular and molecular

mechanisms mediated by Th17 cells during allergic asthma are

likely complex; therefore, extensive further investigation will be

required before the overall picture of how Th17 cells influence the

allergic response to lung allergens can be fully visualized.

The complement system is primarily known for its crucial host

defense against bacterial and viral infections through opsonization

and formation of the membrane attack complex [38,39,40].

Activation of complement by invading pathogens generates

various cleavage products including the anaphylatoxins C5a and

C3a [41,42]. C3a mediates diverse functions in the immune

system upon binding to its receptor C3aR, which is expressed on

certain parenchymal cells, such as lung epithelial cells, and on

numerous myeloid cells including neutrophils, macrophages, mast

cells and basophils [43,44,45,46,47,48]. Patients with asthma

exhibit elevated levels of C3a in the sera as well as in the airway

[49,50,51]. C3aR-deficient (C3aR2/2) mice exhibit a decreased

number of eosinophils in the airway with reduced Th2 responses

[52] and less airway hyperresponsiveness [50] in experimental

asthma models. In addition, administration of C3aR antagonist

ameliorates the airway inflammation induced by allergens in mice

[53,54]. Although these previous studies have made a strong case

for C3a as a pathogenic mediator of allergic lung disease, only

recently has the impact of C3a on IL-17 in the context of allergic

asthma been investigated. For instance, it has been recently shown

that C3aR2/2 mice produce less IL-17 when challenged with

house dust mite allergens than wild-type challenged mice [5]. In

the same study, it was demonstrated that C3a promotes IL-17

production upon allergenic challenge in the lung by suppressing

IL-10 production while inducing IL-23 from dendritic cells.

However, in the inflamed lung, IL-17 can be generated by CD4+

T cells as well as innate immune cells including cd T cells, NKT

cells, and alveolar macrophages [55,56,57]. Since the C3aR has

been reported to be expressed on macrophages and other bone

marrow derived cells, the C3a-dependent IL-17 phenotype

observed in this dust mite mouse model may be due to more

extensive cellular/C3a interactions than just dendritic cells.

Accordingly, we sought in the current study to define more

comprehensively the role of C3a signaling on the generation of

allergen-specific Th17 cells by employing C3aR2/2 mice in a

well-established animal model of allergic lung inflammation

[58,59,60,61]. In contrast to a previous report [5], we observed

a significantly higher frequency of allergen-specific Th17 cells in

the lungs and lymph nodes of C3aR2/2 mice than those of wild-

type mice. The increased pulmonary Th17 responses in C3aR2/2

mice was independent of the increased regulatory T cell

population but dependent on C3aR signaling on hematopoietic

cells.

Materials and Methods

Mice
C57BL/6, B6.SJL and OT-II mice were purchased from

Jackson Laboratories (Bar Harbor, ME). CD45.1+OT-II mice

were generated by crossing B6.SJL and OT-II mice. C3aR2/2

mice were generated as described previously [62] and have been

fully backcrossed onto the C57BL/6 background. All mice were

maintained in the specific pathogen free facility at the vivarium of

the Institute of Molecular Medicine. All animal experiments were

performed using protocols approved by Institutional Animal Care

and Use Committee of the University of Texas at Houston.

Animal models of allergen-induced lung inflammation
Allergic lung inflammation was induced by repeated intranasal

challenges with model allergens by adopting an established model

of allergic asthma [58,59,60,61]. In brief, mice were anesthetized

with isoflurane and were intranasally administered with a mixture

of 7 mg of Aspergillus melleus proteinase (Sigma, St Louis, MO) and

20 mg of OVA (Grade V, Sigma) in a volume of 50 ml every other

days (day 0, 2, 4, 6) four times total. In some experiments, we

administered heat-inactivated Aspergillus proteinase prepared by

boiling the proteinase for 10 min. In some experiments, CD4+ T

cells purified from CD45.1+OT-II mice were intravenously

transferred on day 21 (4–56106 cells/mouse) to track antigen-

specific T cell responses. Twenty-four hours after the last

treatment, all mice were euthanized with CO2, and BAL fluid

and lung and bronchial lymph nodes were obtained for analysis. In

regulatory T cell depletion studies, we intraperitoneally injected

mice with 150 mg of anti-CD25 mAb (clone PC-61, BioXcell,

West Lebanon, NH) or control IgG for three times (day 22, 0, 2)

[63]. In some experiments, we intraperitoneally injected mice with

100 mg of anti-IL-17A mAb (clone TC11-18H10.1, BioLegend,

San Diego, CA) or control IgG for three times (day 0, 2, 4) into

C3aR2/2 mice to examine the role of IL-17 in vivo.

Bone marrow reconstitution study
Bone marrow reconstituted mice were generated as described

previously [64]. In brief, bone marrow cells were obtained from

C3aR2/2 or wild-type mice, and were intravenously transferred

(16107 cells/mouse) into lethally irradiated C3aR2/2 or wild-type

mice (950 rad). Six to eight weeks later, the reconstituted mice

were intravenously injected with purified CD45.1+OT-II T cells,

followed by intranasal challenges with allergen as described above.

Analysis of bronchoalveolar lavage (BAL) fluid
After the trachea was cannulated, the air lumen was washed

twice with 0.7 ml of PBS containing proteinase inhibitor cocktail

(GenDepot, Houston, TX), as described previously [65]. Collected

BAL fluid was centrifuged at 1006g for 3 min at 4uC. The

supernatant was collected and IL-17 concentration determined by

ELISA. BAL cells in the pellet were resuspended with PBS,

centrifuged onto microscope slides by cytospin, and were stained

with Diff-Quik (Siemens, Newark, DE). Differential cell counts

were performed to measure cellular infiltration into the airway by

counting at least 300 cells per slide, and absolute numbers of each

cell population were calculated based on total cell counts.

Isolation of cells from the lungs
To obtain lymphoid cells in the lungs, we surgically removed the

lungs after withdrawal of blood by heart puncture, and teased

them into small pieces by scissors and incubated them in RPMI

1640 medium containing 10% of FBS (Invitrogen, Grand Island,

NY), 0.5 mg/ml of collagenase (Roche, Switzerland), 2 mg/ml of

Dispase (Invitrogen), and 30 mg/ml of DNase I (Sigma-Aldrich) for

40 min at 37uC in a CO2 incubator. The cells were agitated every

10 min by pipetting. The cells were washed with PBS, filtered

through 120 mm nylon mesh, resuspended with PBS containing

1.5 % FBS. Lymphoid cells were separated by density separation

by using lymphocytes separation medium (MP Biomedicals, Solon,

OH). Cells in the interphase were harvested and washed twice

with 1.5% FBS in PBS.

Role of C3a on Pulmonary Th17 Responses
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Flow cytometry
Cells isolated from mice were incubated for 3–4 hours with

PMA (100 ng/ml, Sigma-Aldrich) and ionomycin (1 mM, Sigma-

Aldrich) in the presence of Brefeldin A and Monensin (all from

eBioscience, San Diego, CA) [12]. Cells were washed with PBS

containing 1.5% FBS, and incubated with anti-CD16/CD32

antibody (2.4G2). After washing, the cells were stained with

PerCp-Cy5.5-conjugated anti-CD4 mAb (clone GK1.5, BioLe-

gend, San Diego, CA) and Pacific Blue-conjugated anti-

CD45.1 mAb (clone A20, BioLegend) for surface staining. Cells

were washed and resuspended in permeabilization buffer

(eBioscience) for 30 min at 4uC, followed by staining with PE-

conjugated anti-IL-17A mAb (clone TC11-18H10.1, BioLegend),

Alexa488-conjugated anti-IFN-c mAb (clone XMG1.2,

eBioscience), Alexa647-conjugated anti-IL-4 mAb (clone 11B11,

BioLegend) and APC-conjugated anti-IL-5 mAb (clone TRFK3,

BioLegend).

For detection of CD4+Foxp3+ regulatory T cells, cells were

surface stained with PerCp-Cy5.5-conjugated anti-CD4 mAb, and

incubated in Foxp3 staining buffer (eBioscience) for 30 min. Cells

were washed and intracellular stained with Alexa488-conjugated

anti-Foxp3 mAb (clone FJK-16 S, eBioscience). The stained cells

were analyzed by FACSAria II or FACSCalibur flow cytometer

(all from BD Bioscience, San Jose, CA). Data were processed using

FlowJo software (TreeStar, Ashland, OR).

Lung histology
The lungs were dissected after inflated with 0.5 ml of 10%

buffered formalin (Sigma-Aldrich) and fixed overnight in formalin.

After embedding in paraffin, lung sections (5 mm) were stained

with hematoxylin and eosin (H&E) or with periodic acid Schiff

(PAS) reagent, and lung inflammatory infiltrates and mucus

producing cells were visualized by light microscopy (620) (Carl

Zeiss, Thornwood, NY) equipped with a SPOT-RT digital camera

(Diagnostic instruments, Sterling Heights, MI).

AHR measurements
Airway responsiveness to acetylcholine challenge was deter-

mined as previously described [52]. Briefly, 24 hours after the last

challenge, mice were anesthesized and the tracheas were surgically

exposed, cannulated with a blunt-ended, 20-gauge angiocatheter,

and were ventilated with 100% oxygen at a rate of 150 breaths per

min and a tidal volume of 9 ml/g before being placed into a rodent

plethysmograph. Following paralysis with pancuronium bromide

(4 mg/g), increasing doses of acetylcholine (0.1, 0.316, 1, 3.16 and

10 mg of solution per gram of body weight) was consecutively

injected to the tail vein, and airway responses were measured by

plethysmography (Buxco Electronics, Sharon, CT) for 1 min after

injection of the each dose of acetylcholine.

ELISA
BAL fluid and lungs from allergen challenged C3aR2/2 and

wild-type mice as described above. Lung homogenates were

obtained by using a homogenizer in the presence of proteinase

inhibitor, followed by centrifuging at 1206g for 5 min at 4uC.

Levels of cytokines and C3a in the BAL fluid and lung

homogenates were determined by ELISA. ELISA kits for TGF-b
(R&D systems, Minneapolis, MN), IL-17, IL-6 (BioLegend), and

IL-23 (eBioscience) were used according to the manufacturer’s

instructions. Anti-C3a antibodies (clone 187–1162 and 187–419,

BD Pharmingen) were used to measure C3a, as described

previously [66].

Quantitative real-time RT-PCR
Total RNA was extracted from total lung or spleen with TRIzol

(Invitrogen) and reverse transcribed using amfiRivert reverse

transcriptase (GenDepot) according to the manufacturer’s proto-

col. Gene expression was measured with iTaq-SYBR Green

Supermix (Bio-Rad Laboratories, Hercules, CA) and the ABI-

PRISM 7900 detection system (Applied Biosystems, Foster City,

CA). Data were normalized to expression of the b-actin gene. The

following primer pairs were used: C3 forward, 59-CCAGCTCCC-

CATTAGCTCTG-39; C3 reverse, 59-GCACTTGCCTCTT-

TAGGAAGTC-39; C3ar forward, 59- CCAGACACATCCACA-

GATGG-39; C3ar reverse, 59- TGTTTGCCAGTGTCTTCCT

G-39; Il23a forward, 59-AAGTTCTCTC- CTCTTCCCTGTC

GC-39; Il23a reverse, 59-TCTTGTGGAGCAGCAGATGT-

GAG-39; Il12a forward, 59-CCACCCTTGCCCTCCTAAAC-

39; Il-12a reverse, 59-GGCAGCTCCC-TCTTGTTGTG-39; Il-

12b forward, 59-CTTGCAGATGAAGCCTTTGAAGA-39; Il-

12b reverse, 59-GGAACGCACCTTTCTGGTTACA-39; Il13

forward, 59-GCTTATTGAGGAGCTGAGC-AACA-39; Il13 re-

verse, 59-GGCCAGGTCCACACTCCATA-39; Il1b forward, 59-

AAGGA-GAACCAAGCAACGACAAAA-39; Il1b reverse, 59-

TGGGGAACTCTGCAGACTCAAACT-39; Il21 forward, 59-

TCATCAT-TGACCTCGTGGCCC-39; Il21 reverse, 59-ATCG-

TACT-TCTCCACTTGCAATCCC-39; Csf2 forward, 59-ATG

CCTGTCACGTTGAATGAAG-39; Csf2 reverse, 59-GCGGG-

TCTGCACACATGTTA-39; Tnf forward, 59-GACGTG-

GAAGTGGC-AGAAGAG-39; Tnf reverse, 59-TGCCACAAG-

CAGGAATGAGA-39; Il6 forward, 59-TATGAAGTTCCTC

TCT-GCAAGAGA-39; Il6 reverse, 59-TAGGGAAGGCCGTG

GTT-39; Il10 forward, 59-ATAACTGCACCCACTTCCCAG

TC-39; Il10 reverse, 59-CCCAAGTAA-CCCTTAAAGTCCTG

C-39; Cxcl1 forward, 59- TGGCTGGGATTCACCTCAA-

GAACA-39; Cxcl1 reverse, 59- TGTGGCTATGACTTCGG

TTTGGGT-39; Ccl7 forward, 59- CTC ATA GCC GCT GCT

TTC AGC ATC-39; Ccl7 reverse, 59- GTC TAA GTA TGC TAT

AGC CTC CTC-39; ACTB forward, 59-TGGAATCCTGTGG-

CATCCATGAAAC-39; ACTB reverse, 59-TAAAACGCAGCT-

CAGT-AACAGTCCG-39.

Statistical analysis
Data were analyzed with GraphPad Prism 5 (GraphPad

Software, La Jolla, CA). Statistics were calculated with the two-

tailed Student’s t-test. p values of less than 0.05 were considered

statistically significant.

Results

Expression of C3a and C3a receptor upon allergen
challenge

Intranasal challenge with fungal-associated allergic proteinases

has been well established to induce asthma-like allergic lung

inflammation in mice [58,59,60,61]. Therefore, we used the

mixture of Aspergillus proteinase and chicken egg albumin (Asp/

OVA) as our model allergen, as to address the role of C3a on

pulmonary helper T cell responses. We first determined in naı̈ve

C57BL/6 mice changes in expression of C3, C3a, and its receptor

C3aR following intranasal challenge with the model allergen. We

observed significant increased expression of both C3 and C3ar1

transcripts in the lungs of allergen challenged mice compared to

control mice as early as 4 hours after the challenge with further

increases observed at 24 hours (Figure 1A & B). C3a protein was

analyzed by ELISA. We observed a significant induction of C3a in

the lung homogenates and BAL fluid of the challenged mice

compared to the control mice, which peaked at 4 hours after the

Role of C3a on Pulmonary Th17 Responses
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allergen challenge (Figure 1C). To test if the proteinase activity of

the used allergen is required for the induction of C3a, we

compared the production of C3a induced by intranasal injection of

either intact or boiled Aspergillus proteinase. As depicted in

Figure 1D, the amounts of C3a in the lung as well as in the

BAL fluid were significantly reduced when mice were challenged

with boiled allergen. Therefore, the proteinase activity of the

model allergen is likely critical for the induction of C3a in the lung

in this experimental setting.

C3aR2/2 mice exhibited increased Th17 responses in the
lung upon allergenic challenge

We next addressed the role of C3a on pulmonary helper T cell

responses upon allergenic challenge. To this end, we used C3aR-

deficient (C3aR2/2) mice [62] (Figure 2A). We intranasally

challenged C3aR2/2 and wild-type (C57BL/6) mice with Asp/

OVA every other days (total 4 times). Twenty-four hours after the

last challenge, the lungs, lung draining lymph nodes (dLNs), and

BAL fluid were obtained and analyzed. When CD4+ T cells from

the dLNs and the lungs were analyzed, we observed a small but

evident population of IL-17-producing CD4+ T (Th17) cells

(Figure 2B). Frequencies and absolute numbers of the IL-17-

producing CD4+ T cells were significantly higher in the lungs and

dLNs of C3aR2/2 mice than those of wild-type mice (Figure 2B &

C and Table 1). Compared with wild-type mice, challenged

C3aR2/2 mice exhibited a less cellularity in the dLNs (WT vs

C3aR2/2: 11.0761.28 vs 3.7360.58 (6106), p = 0.0064). We

observed that the frequencies of IL-4 and IL-5 producing CD4+ T

(Th2) cells were slightly higher in the dLNs of C3aR2/2 mice than

those of wild-type mice; however, the absolute numbers of the Th2

cells were significantly lower in the dLNs of C3aR2/2 mice than

wild-type mice (Table 1), due to the less cellularity in the

C3aR2/2 mice.

Consistent with the increased Th17 population in the lung and

dLNs of C3aR2/2 mice, we observed a significantly higher

concentration of IL-17 in the BAL fluid from C3aR2/2 mice than

wild-type mice (Figure 3 A). To further determine the role of the

increased Th17 population and IL-17 production in the lung of

C3aR2/2 mice, we analyzed the cellular infiltration into the

airway. The total cell number in the BAL fluid from C3aR2/2

mice was comparable to that of wild-type mice. Consistent with a

previous study [52], the numbers of eosinophils and lymphocytes

were lower in the C3aR2/2 mice than in the wild-type mice

(Figure 3 B). On the contrary, we observed a significant increase in

Figure 1. Expression of C3, C3a receptor and C3a in the lung upon allergenic challenge. C57BL/6 mice were intranasally challenged with
the mixture of Aspergillus proteinase and OVA (A-C). The lungs and BAL fluid were collected from the treated mice (n = 3) at the indicated time points.
C57BL/6 mice (n = 3) were intranasally injected with intact or boiled Aspergillus proteinase, and the lungs and BAL fluid were collected 24 hours after
the treatment (D). The mRNA transcript levels of C3 (A) and C3ar1 (B) in the lungs were measured by quantitative RT-PCR. The concentration of C3a in
the lung homogenate and BAL fluid was measured by ELISA (C & D). *, p,0.05 or **, p,0.01 in comparison with 0 hr time point.
doi:10.1371/journal.pone.0052666.g001

Role of C3a on Pulmonary Th17 Responses

PLOS ONE | www.plosone.org 4 December 2012 | Volume 7 | Issue 12 | e52666



the number of neutrophils in the BAL fluid from C3aR2/2 mice

compared with that of wild-type mice (Figure 3 B), which is well

correlated with the increased Th17 population and IL-17

production in the airway of C3aR2/2 mice (Figure 2 and

Table 1). CXCL1 is a potent chemoattractant for neutrophils and

a well-known downstream of IL-17 signaling. Quantitative real-

time PCR analysis showed that the increased expression of Il17a in

the lung of C3aR2/2 mice is tightly associated with increased

Figure 2. Increased frequency of IL-17-producing CD4+ T cells in C3aR-deficient mice upon intranasal challenges with allergen. A,
The levels of C3ar1 transcript in the splenocytes of wild-type and C3aR2/2 mice (n = 3) were analyzed by quantitative RT-PCR analysis. B and C, Groups
of C3aR2/2 and wild-type mice (n = 4–5 per group) were intranasally administered with Asp/OVA every other days for four times. One day after the
last challenge, lymphoid cells from the lung or draining LNs were obtained, restimulated with PMA and ionomycin in the presence of brefeldin A and
monensin, and the expression of IL-17 and IFN-c by CD4+ T cells was analyzed by intracellular staining. Data shown are gated on CD4 expression (B &
C). Data shown are mean 6 SE, and represent three independent experiments. *, p,0.05 or **, p,0.01 or ***, p,0.001 in comparison with control
(WT).
doi:10.1371/journal.pone.0052666.g002

Table 1. Analysis of IL-17-, IFNc- or IL-4/5-producing CD4+ T cells in the draining LNs after intranasal allergen challenge.

Frequency (%) Absolute cells number (6104)

IL-17+ IFNc+ IL-4/5+ IL-17+ IFNc+ IL-4/5+

Wild-type 0.57460.12 0.35860.07 0.41160.06 6.30160.72 3.95560.46 4.55160.52

C3aR2/2 5.98860.77** 0.66560.06* 0.73560.19* 22.3563.48** 2.4760.39 2.7160.39*

Groups of C3aR2/2 and wild-type mice (n = 4–5 per group) were intranasally administered with allergen every other days for four times. One day after the last challenge,
lymphoid cells from the lung or draining LNs were obtained, and the expression of IL-17, IFN-c, and IL-4/5 by CD4+ T cells was analyzed by intracellular staining. Data
shown are mean 6 SE after gated on CD4 expression, and represent two independent experiments. *, p,0.05 or **, p,0.01 in comparison with wild-type.
doi:10.1371/journal.pone.0052666.t001

Role of C3a on Pulmonary Th17 Responses
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Cxcl1 transcript, while the levels of Il4 and Ccl7 transcripts were

significantly lower in the same mice (Figure 3C). To further

characterize lung inflammation, we analyzed lung histology by

hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS)

staining, and found similar infiltration of inflammatory cells and

mucus-producing cells (Figure 3D) in our experimental setting.

Taken together, these results demonstrate that C3aR2/2 mice

exhibited an increased pulmonary Th17 response upon allergen

challenge, associated with increased neutrophil infiltration into the

airway.

Allergen-specific Th17 responses in C3aR-deficient mice
Although we observed an increased Th17 population in the

lungs of the challenged C3aR2/2 mice, it was not clear if C3a

signaling affects the generation of ‘allergen-specific’ Th17

responses. To address this point, we employed ovalbumin-specific

TcR-transgenic (OT-II) T cells that express CD45.1 as a congenic

marker. We adoptively transferred CD45.1+ OT-II T cells into

C3aR2/2 and wild-type mice (CD45.2+), and the recipients were

intranasally challenged with Asp/OVA. This system allowed us to

specifically track allergen-specific CD4+ T cell responses by

analyzing the CD45.1+ donor cells (Figure 4 A, left panels). As

shown in Figure 4 A & B and Figure S1, we observed a significant

increase in the IL-17+ population among the donor T cells in the

lungs of the C3aR2/2 mice compared to the wild-type mice (WT

vs C3aR2/2: 3.54460.686 vs 14.7761.076, p,0.0001). We also

observed a slight increase in IFN-c+ Th1 cell population in the

C3aR2/2 mice (WT vs C3aR2/2: 3.8660.557 vs 8.16661.352,

p = 0.0148), while Th2 cell number appeared to be comparable

(WT vs C3aR2/2: 1.00760.308 vs 0.80960.272, p = 0.4894).

Moreover, the increased allergen-specific Th17 cell population

was also evident in the dLNs of the C3aR2/2 mice (WT vs

C3aR2/2: 2.161 0.425 vs 15.53 2.411, p,0.0001) (Figure 4 C).

As depicted in Figure 4B, Th1 and Th17 populations from the

allergen-specific donor cells were comparable to the wild-type

recipients (Th1 vs Th17: 3.8660.557 vs 3.54460.686, p = 0.7303).

However, in the C3aR2/2 recipients, the frequency of Th17 cells

was significantly higher than that of Th1 cells (Th1 vs Th17:

8.16661.352 vs 14.7761.076, p = 0.0015). This difference in the

Th1-Th17 ratio was even more dramatic in the dLNs (Th1 vs

Th17: 2.65660.467 vs 15.5362.411, p,0.0001). In addition, we

also observed a significantly increased Th17 cell population

among CD45.2+CD4+ host T cells in the lungs of the C3aR2/2

mice compared with wild-type mice (Figure S2). These results

collectively demonstrate that signaling through the C3aR

suppressed the generation of antigen-specific Th17 cells in the

lung and draining lymph nodes after allergen challenge.

C3aR signal on hematopoietic cells inhibit pulmonary
Th17 responses

C3aR is expressed on certain parenchymal cells, including

epithelial and endothelial cells [43,44], as well as on hematopoietic

cells, including macrophages, dendritic cells, and eosinophils

[45,46,47,48]. During lung inflammation, C3a/C3aR mediated

signaling in lung epithelial cells induces the expression of Muc5ac

[67]. In addition, C3a induces the expression of IL-8 from an

epithelial cell line [68]. Reports have also shown that C3a

regulates helper T cell responses by modulating the function of

antigen presenting cells [5,69]. To further characterize the

mechanism of C3a-mediated suppression of pulmonary Th17

responses, we sought to determine whether C3aR expression on

hematopoietic or parenchymal cells is required to suppress the

allergen-specific Th17 responses in the lung. To this end, we

generated bone marrow reconstituted mice by transferring bone

marrow cells from wild-type or C3aR2/2 mice into lethally

irradiated wild-type or C3aR2/2 recipients. This system allowed

us to establish in vivo models where C3aR is solely expressed either

on hematopoietic cells (BMWTRKO) or on parenchymal cells

(BMKORWT). Six to eight weeks after the reconstitution, the

recipient mice were additionally injected with CD4+ T cells from

CD45.1+ OT-II mice, followed by intranasal challenges with Asp/

OVA.

As shown in Figure 5, we observed that the percentage of Th17

cells in the lung among the CD45.1+ population in wild-type mice

reconstituted with C3aR2/2 bone marrow (BMKORWT) was

comparable to that of C3aR2/2 mice receiving C3aR2/2 bone

marrow (BMKORKO) but was significantly higher than that of

wild-type mice receiving wild-type bone marrow (BMWTRWT)

(Figure 5A & B). On the other hand, the Th17 population in the

‘BMWTRKO’ mice was significantly lower than that of both

‘BMKORWT’ and ‘BMKORKO’ mice. We observed very similar

results in the CD45.1+ population from draining LNs (Figure 5A &

B). When we analyzed the endogenous CD4+ T cells (CD45.12),

we observed higher frequencies of IL-17+ cells in the recipients of

C3aR2/2 bone marrow regardless of the recipient background

(data not shown). We repeatedly observed that the percentages of

IL-17+ CD4+ T cells in the lung were higher in the bone-marrow

reconstituted mice compared with those in non-irradiated mice as

shown in Figure 4. Collectively, these data strongly suggest that

C3aR expression on hematopoietic cells is critical for the C3a-

mediated suppression of pulmonary Th17 responses against

allergens in this animal model.

Foxp3+ regulatory T cells are increased in C3aR2/2 mice
but not required for pulmonary Th17 responses

Two recent studies showed an important role of Foxp3+

regulatory T (Treg) cells on Th17 differentiation through

consumption of IL-2 [70] or by providing TGF-b [71]. The

possibility that C3a signals impact Treg cells response has not been

examined. During the course of our analysis, we found that the

percentages of CD4+Foxp3+ regulatory T cells in C3aR2/2 mice

was significantly higher than those of wild-type mice in all

secondary lymphoid organs and the lung but not in the thymus

(Fig. 6 A), indicating that C3a signaling regulates the size of Treg

cells in the periphery or the induction of induced Treg cells. This

inhibition of peripheral Treg population by C3a appeared to be

dependent on the expression of C3aR on hematopoietic cells, since

wild-type mice reconstituted with C3aR2/2 bone marrow also

showed an increased percentage of Treg cells in the spleens

(Figure 6 B).

To test whether the increased Treg population accounted for

the observed increased pulmonary Th17 responses in the C3aR2/

2 mice, we injected anti-CD25 Ab that has been known to deplete

the majority of Treg cells [63], or control Ab into C3aR2/2 mice

before adoptive transfer of CD45.1+OT-II T cells and subsequent

intranasal challenges with Asp/OVA. As shown in Figure 6 C, we

observed little difference in the frequency of Th17 cells between

control Ab- and anti-CD25-treated C3aR2/2 mice.

To evaluate the mechanisms of how a lack of C3aR expression

mediates enhancement of IL-17-producing CD4+ T cells in the

lung after allergen challenge, we determined the levels of cytokines

that are known to promote Th17 cell differentiation and

maintenance [9,10,11,12]. Il23a (encoding IL-23p19) expression

was significantly increased in the lungs of challenged C3aR2/2

mice compared to challenged wild-type mice, while the expression

of Il12a (encoding IL-12p35), Il12b (encoding IL-12/IL-23p40),

Il1b, Il6, Il10, and Csf2 (encoding GM-CSF) in the lungs were not

significantly different between C3aR2/2 and wild-type mice
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Figure 3. Increased IL-17 and neutrophils in the BAL fluid of C3aR-deficient mice after allergenic challenges. Groups of C3aR2/2 and
wild-type mice (n = 4) were intranasally administered with allergen every other days for four times. One day after the last challenge, the lungs and BAL
fluid were obtained. The concentration of IL-17 (A) and the numbers of macrophages, lymphocytes, eosinophils and neutrophils were evaluated (B).
The levels of mRNA transcript of the indicated genes were determined by quantitative RT-PCR and were normalized with expression levels of Actb (C).
Histology of the lungs were examined by H&E and periodic acid-Schiff (PAS) staining (620 magnification) and visualized by light microscope (D). Data
shown are mean 6 SE, and represent two independent experiments. *, p,0.05 in comparison with WT control.
doi:10.1371/journal.pone.0052666.g003
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Figure 4. Antigen-specific pulmonary Th17 responses in C3aR-deficient mice. A–C, Groups of C3aR2/2 and wild-type mice (n = 7–9) were
i.v. injected with CD45.1+ OT-II T cells (56106 cells/transfer; day -1), and were intranasally injected with the mixture of Aspergillus proteinase plus OVA
on day 0, 2, 4, 6. On day 7, lymphoid cells from the lung (B) and draining LNs (C) were restimulated with PMA and ionomycin in the presence of
brefeldin A and monensin, stained with anti-CD45.1 and CD4, and the expression of IL-17, IFN-c, or IL-4 + IL-5 by CD45.1+CD4+ donor T cells was
analyzed by intracellular staining. Left panels in A illustrate gating strategy. Bars in B and C show the mean values. Data shown represent at least three
independent experiments. *, p,0.05 or ***, p,0.001 in comparison with wild-type recipients.
doi:10.1371/journal.pone.0052666.g004
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(Figure S3A). Compared to wild-type mice, the concentration of

TGF-b and IL-23 were slightly but significantly increased in

C3aR2/2 mouse lung homogenates after allergen challenge

(Figure S3B), while IL-6 protein level was not significantly

different. To test the possible involvement of IL-23 in the

enhanced pulmonary Th17 responses in the C3aR2/2 mice, we

intraperitoneally injected anti-p19 neutralizing antibody or control

IgG into the C3aR2/2 mice during intranasal allergenic

challenges, and found no significant difference in the frequency

of the Th17 population in the lungs and dLNs between the two

treatments (data not shown). Overall, these data demonstrate that,

despite a higher Treg population and increased IL-23, the

increased pulmonary Th17 responses in the C3aR2/2 mice were

likely through a Treg- and IL-23-independent manner.

Neutralization of IL-17 reduces the infiltration of
neutrophils into airway in C3aR-deficient mice

To directly determine the role of increased IL-17/Th17

responses in the lung of C3aR2/2 mice, we intraperitoneally

injected anti-IL-17 neutralizing antibody or control IgG into the

C3aR2/2 mice during intranasal challenges. Twenty-four hours

after the last challenge, the mice were subjected to measure airway

Figure 5. C3aR-deficiency on hematopoietic cells induces the increased pulmonary Th17 responses. Bone marrow cells from wild-type
or C3aR2/2 mice were adoptively transferred into wild-type or C3aR2/2 mice (n = 3–4 per group; 5–106106 cells/transfer). Six to eight weeks later, the
reconstituted mice were injected i.v. with CD45.1+OT-II T cells, and were further challenged with intranasal allergen every other day for a total of four
times. One day after the final challenge, the expression of IL-17 and IFN-c by CD45.1+ donor CD4+ T cells in the lungs and draining lymph nodes was
analyzed by flow cytometry. Bars in B are mean values. Data shown represent two independent experiments. *, p,0.05 in comparison with WT bone
marrow reconstituted mice.
doi:10.1371/journal.pone.0052666.g005
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hyperresponsiveness (AHR) to increasing doses of intravenous

acetylcholine (ACh) [52]. As expected, anti-IL-17 treatment

decreased the amounts of IL-17 in BAL fluid (Figure 7A).

C3aR2/2 mice have been reported to be resistant to allergen-

induced AHR [52]. Although the C3aR2/2 mice treated with

anti-IL-17 showed slightly lower AHR compared with isotype-

treated mice, it did not reach statistical significance (Figure 7B),

suggesting little role of IL-17 in regulating airway reactivity in

C3aR2/2 mice. Notably, however, anti-IL-17 treatment signifi-

cantly decreased the total number of cells in BAL fluid, mainly due

to the significant decreased number of neutrophils (Figure 7C).

Histologic examination of the lungs also showed a mild decrease of

inflammatory cell infiltration in mice treated with anti-IL-17

(Figure 7D, upper panels). We observed comparable PAS staining

between anti-IL-17- and isotype-treated C3aR2/2 mice, indicat-

ing little role of IL-17 in mucus production. These results together

demonstrate that the increased IL-17/Th17 responses in the

C3aR2/2 directly contributed to the neutrophil infiltration into

airway, and thus suggest that C3a suppresses neutrophilic lung

inflammation against the Aspergillus proteinase allergen by inhib-

iting pulmonary Th17 responses in vivo.

Discussion

In the present study, we examined the role of C3a on shaping

pulmonary helper T cell responses in an animal model of allergic

lung inflammation. We observed that C3aR-deficient mice

exhibited a higher frequency of Th17 cells in the lung compared

to wild-type mice upon intranasal allergenic challenges. Similarly,

adoptive transfer studies showed that C3aR-deficiency facilitated

the differentiation of antigen-specific naı̈ve CD4+ T cells into

Th17 cells in the lung and draining lymph nodes. Bone-marrow

transfer studies revealed that C3aR-deficiency on hematopoietic

cells was required for the increased pulmonary Th17 responses in

the C3aR-deficient mice. Although C3aR-deficient mice had an

increased Foxp3+ Treg population, depletion of Treg cells in the

Figure 6. Foxp3+ regulatory T cells in C3aR2/2 mice. A and B, Lymphoid cells from the indicated organs were obtained from wild-type and
C3aR2/2 mice (A), or the spleens from bone-marrow reconstituted mice (B) generated as described in Figure 5. The percentage of Foxp3+ cells among
CD4+ (spleen, lung, inguinal lymph node (iLN)) or CD4+CD82 (thymus) cells was analyzed by flow cytometry. C, Groups of C3aR2/2 mice were
intraperitoneally injected with control IgG or anti-CD25 (PC-61) (n = 3–4) on day 22, day 0, and day 2. The mice were intravenously injected with
CD45.1+ OT-II T cells on day -1, followed by subsequent intranasal injection with Asp/OVA on day 0, 2, 4, and 6. On day 7, lymphoid cells from the
lung or draining lymph nodes were obtained, and the expression of IL-17 by CD4+ T cells was analyzed by intracellular staining. Data shown represent
three (A) or two (B & C) independent experiments. *, p,0.05 or **, p,0.01 in comparison with WT (A), or isotype control IgG treatment (C).
doi:10.1371/journal.pone.0052666.g006
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C3aR-deficient mice minimally affected the generation of

pulmonary Th17 cells. Histologic examination and BAL fluid

analysis showed that C3aR-deficient mice exhibited increased

neutrophils in the airway, and that anti-IL-17 treatment specifi-

cally reduced the number of neutrophils in BAL fluid with little

effects on airway reactivity and mucus production. Our results

thus demonstrate that C3aR signaling on hematopoietic cells

suppresses the generation of allergen-specific Th17 cells in the

lung and neutrophilia in the airway via a Treg independent

mechanism.

Contribution of Th2 cells and their cytokines to allergic asthma

has been well described [1,2]. In addition, growing evidence has

demonstrated the non-redundant role of Th17 cells and their

cytokines in allergic lung inflammation. In particular, Th17 cells

have been proposed to mediate neutrophilic lung inflammation

[4,6] as well as steroid resistant severe form of asthma [32].

Moreover, the clinical severity of asthma is tightly associated with

the amount of IL-17 in sputum and circulation in humans

[23,24,25]. Therefore it is likely that Th2 and Th17 responses

mediate different forms of allergic lung inflammation (eosinophilic

vs neutrophilic), or are important regulators at different stages

during lung inflammation. Although fungal-associated allergic

proteinases has been shown to induce neutrophil recruitment into

the airway independently of T cells and C3 signal [72], the

increased Th17 population and elevated neutrophils in C3aR2/2

mice in the present study strongly suggest that C3a signal inhibits

allergen-induced neutrophilia in the airway, probably via inhibi-

tion of pulmonary Th17 responses. Our study provides experi-

mental evidence that blockade of C3aR signal may induce

increased Th17 responses and neutrophilia in the airway. A

recent study has attempted to use C3aR antagonist for the

treatment of allergic lung inflammation in mice [73]. However,

based on the present study, the use of C3aR antagonist may

induce neutrophilic lung inflammation, and thus more cautious

Figure 7. Effect of IL-17 neutralization on the lung inflammation of C3aR2/2 mice. Groups of C3aR2/2 mice were (n = 3–4) intranasally
challenge with Asp/OVA every other days four times (day 0, 2, 4, 6), and i.p. injected with isotype control antibody or with IL-17 neutralizing antibody
on day 0, 2, 4. Twenty-four hours after the last challenge, mice were anesthetized, mechanically ventilated, and airway responses to increasing doses
of intravenous acetylcholine were measured. AHR is expressed as the percentage of changes from baseline (B). The BAL fluid and lungs were
collected, and the amounts of IL-17 (A) and number of the indicated cell population (C) in the BAL fluid were measured. Histology of the lungs was
examined by H&E and PAS staining (620 magnification) and visualized by light microscope (D). Data shown are mean 6 SE. *, p,0.05 in comparison
with control antibody treated C3aR2/2 mice.
doi:10.1371/journal.pone.0052666.g007
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consideration will be needed for the use of C3a/C3aR antagonist

in clinical setting. A recent study by Wang et al has elegantly

shown the existence of Th2/Th17 cells expressing both GATA3

and RORct in inflamed lung [74]. However, the IL-17-producing

CD4+ T cells in the lung of C3aR2/2 mice in the present study

did not co-express IL-4 or IL-5, indicating that they are Th17

rather than Th2/Th17 cells (Figure 4 A).

In addition to its well-known functions in host defense, the role

of the complement system in adaptive immunity is only in the past

several years been fully appreciated. For instance, complement

C5a has been shown to promote Th17-mediated autoimmune

arthritis in SKG mice and experimental autoimmune encephalo-

myelitis by inducing IL-6 from antigen-presenting cells [75,76,77].

On the other hand, it has been shown that C5aR-deficient DCs

produce higher amounts of TGF-b and facilitate the generation of

Th17 cells, indicating an inhibitory role of C5a on Th17 responses

[78]. More recently, C5a has also been reported to suppress the

production IL-17 and IL-23 from macrophages in an animal

model of septic shock by inducing IL-10 [79]. In addition, Lajoie

et al have recently described the opposing role of C3a and C5a in

regulating Th17 responses in an animal model of allergic asthma

induced by house dust mite extract [5]. They showed that C3a

stimulates IL-23 production from dendritic cells, and that C3aR-

deficient mice had fewer Th17 cells in the airway in their asthma

model. By sharp contrast, we observed an increased Th17

population in the lungs of C3aR-deficient mice upon intranasal

challenge with Aspergillus allergen. By using CD45.1+OT-II CD4+

T cells adoptive transfer studies, we convincingly showed that

C3aR signal suppresses the generation of ‘antigen-specific’ Th17

cells in the lung. Although it is unclear how C3a exerts these

contradictory functions at this stage, it is possible that the function

of C3a depends on or the duration of inflammation (acute vs.

chronic). In this aspect, it is notable that prostaglandin E2 can

suppress IL-17 production during early Th17 differentiation, but

enhance IL-17 production by mature Th17 cells [80]. Since C3a

have been shown to induce the production of prostaglandin E2 by

macrophage [81,82], it is feasible to surmise that C3a-prostaglan-

din E2 pathway differently affects Th17 cells depending on their

differentiation stages. Further studies are needed to clearly define

the role of C3a in regulating pulmonary Th17 responses. It is also

possible that the discrepancy between the two studies is due to

different nature of allergen used. We used the mixture of Aspergillus

proteinase and OVA as our model allergen whereas the prior

study by Lajoie et al used house dust mite extract containing

containing about 20 % weight of protein including Der p1 as well

as non-protein components such as endotoxin [5]. Therefore, we

speculate that the mechanism of C3a induction by these two

allergens might be different. For instance, while proteinase activity

seems crucial for C3a production by allergen challenge in the

present study (Figure 1D), it is less clear how house dust mite

extract induced C3a in vivo. Another possible explanation is that, in

addition to C3a, these two allergens might induce different innate

cytokines which overall could lead to different outcome in helper

T cell responses in vivo.

Our bone-marrow reconstitution study clearly demonstrates

that C3aR expression on hematopoietic cells is responsible for the

increased pulmonary Th17 responses. It is not likely that the C3a

signal on CD4+ T cells suppresses Th17 polarization, since we also

observed the increased Th17 population among the wild-type

donor T cell population as well as the host CD4+ T cells in the

C3aR2/2 recipients (Figure 4). Several recent studies demon-

strated that C3a and C5a indirectly affect helper T cell responses

by modulating the function of antigen-presenting cells

[5,69,77,78]. When we compared dendritic cells (DCs) obtained

from wild-type and C3aR-deficient mice in a T cell-DC co-culture

system in the presence of allergen or LPS plus TGF-b [12,83], we

observed that C3aR-deficient DCs induced a lower percentage of

Th17 cells than wild-type DCs (data not shown), suggesting that

this in vitro T cell-DC co-culture system did not account for the in

vivo phenotype of C3aR-deficient mice. The type(s) of C3aR-

expressing immune cells responsible for the increased Th17

responses in C3aR2/2 mice is not clear at this stage. It is possible

that C3a suppresses Th17 responses by stimulating innate immune

cells other than antigen-presenting cells, such as neutrophils, mast

cells, or eosinophils as they also express C3aR [43,44,45,46,47,48].

Another novel finding in this study is that the C3aR-deficient

mice had an increased percentage of Foxp3+ Treg cells in the

secondary lymphoid organs, but not in the thymus, suggesting a

crucial function of C3aR signaling in regulating the size of the

Treg population in the periphery. Since Treg cells have been

reported to promote Th17 differentiation [70,71], we tested if the

increased Treg cells could account for the enhanced pulmonary

Th17 responses in the C3aR-deficient mice but found little effect

of Treg depletion on the generation of Th17 cells in the lung.

Therefore, C3a inhibited pulmonary Th17 responses in a Treg

independent manner in our experimental setting. We also

observed higher amounts of TGF-b in the lung of C3aR2/2;

however, the exact role of the increased TGF-b in pulmonary

Th17 and Treg is not clear at this stage. In summary, our study

demonstrates that C3aR signaling on hematopoietic cells nega-

tively regulates the generation of allergen-specific Th17 cells in the

lung, and that it down-regulates the size of the Foxp3+ Treg

population in the periphery. These findings unveil a critical role of

C3a in balancing adaptive T cell responses during pulmonary

inflammation in vivo.

Supporting Information

Figure S1 Allergen-specific Th1, Th2, and Th17 responses
in the lung after allergenic challenge. C3aR2/2 mice were i.v.

injected with CD45.1+OT-II T cells (day 21), and were intranasally

injected with Asp/OVA allergen on day 0, 2, 4, 6. On day 7, lymphoid

cells obtained from the lung, and the expression of IL-17A, IFN-c or

IL-4/5 by donor CD4+ T cells was analyzed by intracellular staining.

Data shown are gated on CD45.1+ CD4+ cells.

(TIF)

Figure S2 Host CD4+ T cell responses in C3aR-deficient
mice. Groups of C3aR2/2 and wild-type mice (n = 7–9) were i.v.

injected with CD45.1+ OT-II T cells (day 21), and were

intranasally injected with Aspergillus allergen plus OVA (Asp/

OVA) on day 0, 2, 4, 6. On day 7, lymphoid cells from the lung (A)

and draining LNs (B) were stained with anti-CD45.1 and CD4,

and the expression of IL-17, IFNc, or IL-4 + IL-5 by

CD45.12CD4+ host T cells was analyzed by intracellular staining.

Bars in A and B show the mean 6 SE values. *, p,0.05 or ***,

p,0.001 in comparison with wild-type recipients.

(TIF)

Figure S3 Expression of cytokines in the lung of C3aR-
deficient mice upon allergenic challenge. C3aR2/2 and

wild-type mice were intranasal Injected with Aspergillus proteinase

allergen one time, and obtained lung cells and homogenate after

24 hours. The mRNA expression of indicated genes were analyzed

by quantitative RT-PCR (A) and protein levels in lung homog-

enates were evaluated by ELISA (B). Data shown represent at least

two independent experiments. *, p,0.05 or **, p,0.01 in

comparison with wild-type mice.

(TIF)

Role of C3a on Pulmonary Th17 Responses

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e52666



Acknowledgments

We thank Dr. Amy L. Hazen for helping cell sorting, and the entire

immunology group of the Institute of Molecular Medicine for their help

and discussion.

Author Contributions

Conceived and designed the experiments: HL RAW YC. Performed the

experiments: HL YUK KY YC. Analyzed the data: HL YC. Contributed

reagents/materials/analysis tools: SD SMO RAW EM. Wrote the paper:

HL RAW YC.

References

1. Lloyd CM, Hessel EM (2010) Functions of T cells in asthma: more than just

T(H)2 cells. Nat Rev Immunol 10: 838–848.

2. Grunig G, Warnock M, Wakil AE, Venkayya R, Brombacher F, et al. (1998)

Requirement for IL-13 independently of IL-4 in experimental asthma. Science

282: 2261–2263.

3. Corry DB, Kheradmand F (2002) Biology and therapeutic potential of the

interleukin-4/interleukin-13 signaling pathway in asthma. Am J Respir Med 1:

185–193.

4. Alcorn JF, Crowe CR, Kolls JK (2010) TH17 cells in asthma and COPD. Annu

Rev Physiol 72: 495–516.

5. Lajoie S, Lewkowich IP, Suzuki Y, Clark JR, Sproles AA, et al. (2010)

Complement-mediated regulation of the IL-17A axis is a central genetic

determinant of the severity of experimental allergic asthma. Nat Immunol 11:

928–935.

6. Souwer Y, Szegedi K, Kapsenberg ML, de Jong EC (2010) IL-17 and IL-22 in

atopic allergic disease. Curr Opin Immunol 22: 821–826.

7. Ivanov, II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, et al. (2006) The

orphan nuclear receptor RORgammat directs the differentiation program of

proinflammatory IL-17+ T helper cells. Cell 126: 1121–1133.

8. Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, et al. (2008) T

helper 17 lineage differentiation is programmed by orphan nuclear receptors

ROR alpha and ROR gamma. Immunity 28: 29–39.

9. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. (2006) Reciprocal

developmental pathways for the generation of pathogenic effector TH17 and

regulatory T cells. Nature 441: 235–238.

10. Korn T, Bettelli E, Oukka M, Kuchroo VK (2009) IL-17 and Th17 Cells. Annu

Rev Immunol 27: 485–517.

11. McGeachy MJ, Chen Y, Tato CM, Laurence A, Joyce-Shaikh B, et al. (2009)

The interleukin 23 receptor is essential for the terminal differentiation of

interleukin 17-producing effector T helper cells in vivo. Nat Immunol 10: 314–

324.

12. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, et al. (2009) Critical

regulation of early Th17 cell differentiation by interleukin-1 signaling. Immunity

30: 576–587.

13. Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM, et al.

(2007) Development, cytokine profile and function of human interleukin 17-

producing helper T cells. Nat Immunol 8: 950–957.

14. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, et al. (2005)

IL-23 drives a pathogenic T cell population that induces autoimmune

inflammation. J Exp Med 201: 233–240.

15. Hirota K, Yoshitomi H, Hashimoto M, Maeda S, Teradaira S, et al. (2007)

Preferential recruitment of CCR6-expressing Th17 cells to inflamed joints via

CCL20 in rheumatoid arthritis and its animal model. J Exp Med 204: 2803–

2812.

16. Molet S, Hamid Q, Davoine F, Nutku E, Taha R, et al. (2001) IL-17 is increased

in asthmatic airways and induces human bronchial fibroblasts to produce

cytokines. J Allergy Clin Immunol 108: 430–438.

17. Krueger GG, Langley RG, Leonardi C, Yeilding N, Guzzo C, et al. (2007) A

human interleukin-12/23 monoclonal antibody for the treatment of psoriasis.

N Engl J Med 356: 580–592.

18. Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, et al. (2006) A

genome-wide association study identifies IL23R as an inflammatory bowel

disease gene. Science 314: 1461–1463.

19. Ishizu T, Osoegawa M, Mei FJ, Kikuchi H, Tanaka M, et al. (2005) Intrathecal

activation of the IL-17/IL-8 axis in opticospinal multiple sclerosis. Brain 128:

988–1002.

20. Leonardi C, Matheson R, Zachariae C, Cameron G, Li L, et al. (2012) Anti-

interleukin-17 monoclonal antibody ixekizumab in chronic plaque psoriasis.

N Engl J Med 366: 1190–1199.

21. Genovese MC, Van den Bosch F, Roberson SA, Bojin S, Biagini IM, et al.

(2010) LY2439821, a humanized anti-interleukin-17 monoclonal antibody, in

the treatment of patients with rheumatoid arthritis: A phase I randomized,

double-blind, placebo-controlled, proof-of-concept study. Arthritis Rheum 62:

929–939.

22. Hueber W, Patel DD, Dryja T, Wright AM, Koroleva I, et al. (2010) Effects of

AIN457, a fully human antibody to interleukin-17A, on psoriasis, rheumatoid

arthritis, and uveitis. Sci Transl Med 2: 52ra72.

23. Finkelman FD, Hogan SP, Hershey GK, Rothenberg ME, Wills-Karp M (2010)

Importance of cytokines in murine allergic airway disease and human asthma.

J Immunol 184: 1663–1674.

24. Bullens DM, Truyen E, Coteur L, Dilissen E, Hellings PW, et al. (2006) IL-17

mRNA in sputum of asthmatic patients: linking T cell driven inflammation and

granulocytic influx? Respir Res 7: 135.

25. Mucida D, Salek-Ardakani S (2009) Regulation of TH17 cells in the mucosal

surfaces. J Allergy Clin Immunol 123: 997–1003.

26. Hamid Q, Tulic M (2009) Immunobiology of asthma. Annu Rev Physiol 71:

489–507.

27. Larche M (2006) Immunoregulation by targeting T cells in the treatment of
allergy and asthma. Curr Opin Immunol 18: 745–750.

28. Douwes J, Gibson P, Pekkanen J, Pearce N (2002) Non-eosinophilic asthma:

importance and possible mechanisms. Thorax 57: 643–648.

29. Louis R, Lau LC, Bron AO, Roldaan AC, Radermecker M, et al. (2000) The

relationship between airways inflammation and asthma severity. Am J Respir
Crit Care Med 161: 9–16.

30. Woodruff PG, Khashayar R, Lazarus SC, Janson S, Avila P, et al. (2001)

Relationship between airway inflammation, hyperresponsiveness, and obstruc-
tion in asthma. J Allergy Clin Immunol 108: 753–758.

31. Kudo M, Melton AC, Chen C, Engler MB, Huang KE, et al. (2012) IL-17A
produced by alphabeta T cells drives airway hyper-responsiveness in mice and

enhances mouse and human airway smooth muscle contraction. Nat Med 18:

547–554.

32. McKinley L, Alcorn JF, Peterson A, Dupont RB, Kapadia S, et al. (2008) TH17

cells mediate steroid-resistant airway inflammation and airway hyperrespon-
siveness in mice. J Immunol 181: 4089–4097.

33. Hellings PW, Kasran A, Liu Z, Vandekerckhove P, Wuyts A, et al. (2003)

Interleukin-17 orchestrates the granulocyte influx into airways after allergen
inhalation in a mouse model of allergic asthma. Am J Respir Cell Mol Biol 28:

42–50.

34. Laan M, Cui ZH, Hoshino H, Lotvall J, Sjostrand M, et al. (1999) Neutrophil

recruitment by human IL-17 via C-X-C chemokine release in the airways.

J Immunol 162: 2347–2352.

35. Wu Q, Martin RJ, Rino JG, Breed R, Torres RM, et al. (2007) IL-23-dependent

IL-17 production is essential in neutrophil recruitment and activity in mouse
lung defense against respiratory Mycoplasma pneumoniae infection. Microbes

Infect 9: 78–86.

36. Schnyder-Candrian S, Togbe D, Couillin I, Mercier I, Brombacher F, et al.
(2006) Interleukin-17 is a negative regulator of established allergic asthma. J Exp

Med 203: 2715–2725.

37. Murdoch JR, Lloyd CM (2010) Resolution of allergic airway inflammation and

airway hyperreactivity is mediated by IL-17-producing {gamma}{delta}T cells.

Am J Respir Crit Care Med 182: 464–476.

38. Walport MJ (2001) Complement. First of two parts. N Engl J Med 344: 1058–

1066.

39. Walport MJ (2001) Complement. Second of two parts. N Engl J Med 344: 1140–
1144.

40. Ricklin D, Hajishengallis G, Yang K, Lambris JD (2010) Complement: a key
system for immune surveillance and homeostasis. Nat Immunol 11: 785–797.

41. Kohl J (2006) The role of complement in danger sensing and transmission.

Immunol Res 34: 157–176.

42. Sarma VJ, Huber-Lang M, Ward PA (2006) Complement in lung disease.

Autoimmunity 39: 387–394.

43. Drouin SM, Kildsgaard J, Haviland J, Zabner J, Jia HP, et al. (2001) Expression

of the complement anaphylatoxin C3a and C5a receptors on bronchial epithelial

and smooth muscle cells in models of sepsis and asthma. J Immunol 166: 2025–
2032.

44. Monsinjon T, Gasque P, Chan P, Ischenko A, Brady JJ, et al. (2003) Regulation
by complement C3a and C5a anaphylatoxins of cytokine production in human

umbilical vein endothelial cells. FASEB J 17: 1003–1014.

45. Reca R, Mastellos D, Majka M, Marquez L, Ratajczak J, et al. (2003) Functional
receptor for C3a anaphylatoxin is expressed by normal hematopoietic stem/

progenitor cells, and C3a enhances their homing-related responses to SDF-1.
Blood 101: 3784–3793.

46. Werfel T, Kirchhoff K, Wittmann M, Begemann G, Kapp A, et al. (2000)

Activated human T lymphocytes express a functional C3a receptor. J Immunol
165: 6599–6605.

47. Martin U, Bock D, Arseniev L, Tornetta MA, Ames RS, et al. (1997) The
human C3a receptor is expressed on neutrophils and monocytes, but not on B or

T lymphocytes. J Exp Med 186: 199–207.

48. Gutzmer R, Lisewski M, Zwirner J, Mommert S, Diesel C, et al. (2004) Human
monocyte-derived dendritic cells are chemoattracted to C3a after up-regulation

of the C3a receptor with interferons. Immunology 111: 435–443.

49. Krug N, Tschernig T, Erpenbeck VJ, Hohlfeld JM, Kohl J (2001) Complement

factors C3a and C5a are increased in bronchoalveolar lavage fluid after

segmental allergen provocation in subjects with asthma. Am J Respir Crit Care
Med 164: 1841–1843.

50. Humbles AA, Lu B, Nilsson CA, Lilly C, Israel E, et al. (2000) A role for the C3a
anaphylatoxin receptor in the effector phase of asthma. Nature 406: 998–1001.

Role of C3a on Pulmonary Th17 Responses

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e52666



51. van de Graaf EA, Jansen HM, Bakker MM, Alberts C, Eeftinck Schattenkerk

JK, et al. (1992) ELISA of complement C3a in bronchoalveolar lavage fluid.
J Immunol Methods 147: 241–250.

52. Drouin SM, Corry DB, Hollman TJ, Kildsgaard J, Wetsel RA (2002) Absence of

the complement anaphylatoxin C3a receptor suppresses Th2 effector functions
in a murine model of pulmonary allergy. J Immunol 169: 5926–5933.

53. Baelder R, Fuchs B, Bautsch W, Zwirner J, Kohl J, et al. (2005) Pharmacological
targeting of anaphylatoxin receptors during the effector phase of allergic asthma

suppresses airway hyperresponsiveness and airway inflammation. J Immunol

174: 783–789.
54. Mizutani N, Nabe T, Yoshino S (2009) Complement C3a regulates late

asthmatic response and airway hyperresponsiveness in mice. J Immunol 183:
4039–4046.

55. Lo Re S, Dumoutier L, Couillin I, Van Vyve C, Yakoub Y, et al. (2010) IL-17A-
producing gammadelta T and Th17 lymphocytes mediate lung inflammation

but not fibrosis in experimental silicosis. J Immunol 184: 6367–6377.

56. Yu S, Zhao J, Cantorna MT (2011) Invariant NKT cell defects in vitamin D
receptor knockout mice prevents experimental lung inflammation. J Immunol

187: 4907–4912.
57. Eustace A, Smyth LJ, Mitchell L, Williamson K, Plumb J, et al. (2011)

Identification of cells expressing IL-17A and IL-17F in the lungs of patients with

COPD. Chest 139: 1089–1100.
58. Kheradmand F, Kiss A, Xu J, Lee SH, Kolattukudy PE, et al. (2002) A protease-

activated pathway underlying Th cell type 2 activation and allergic lung disease.
J Immunol 169: 5904–5911.

59. Lee SH, Kiss A, Xu J, Qian Y, Bashoura L, et al. (2004) Airway glycoprotein
secretion parallels production and predicts airway obstruction in pulmonary

allergy. J Allergy Clin Immunol 113: 72–78.

60. Angkasekwinai P, Chang SH, Thapa M, Watarai H, Dong C (2010) Regulation
of IL-9 expression by IL-25 signaling. Nat Immunol 11: 250–256.

61. Angkasekwinai P, Park H, Wang YH, Chang SH, Corry DB, et al. (2007)
Interleukin 25 promotes the initiation of proallergic type 2 responses. J Exp Med

204: 1509–1517.

62. Kildsgaard J, Hollmann TJ, Matthews KW, Bian K, Murad F, et al. (2000)
Cutting edge: targeted disruption of the C3a receptor gene demonstrates a novel

protective anti-inflammatory role for C3a in endotoxin-shock. J Immunol 165:
5406–5409.

63. Chung Y, Lee SH, Kim DH, Kang CY (2005) Complementary role of
CD4+CD25+ regulatory T cells and TGF-beta in oral tolerance. J Leukoc Biol

77: 906–913.

64. Chung Y, Nurieva R, Esashi E, Wang YH, Zhou D, et al. (2008) A critical role
of costimulation during intrathymic development of invariant NK T cells.

J Immunol 180: 2276–2283.
65. Chung Y, Cho J, Chang YS, Cho SH, Kang CY (2002) Preventive and

therapeutic effects of oral tolerance in a murine model of asthma.

Immunobiology 206: 408–423.
66. Sheerin NS, Risley P, Abe K, Tang Z, Wong W, et al. (2008) Synthesis of

complement protein C3 in the kidney is an important mediator of local tissue
injury. FASEB J 22: 1065–1072.

67. Dillard P, Wetsel RA, Drouin SM (2007) Complement C3a regulates Muc5ac
expression by airway Clara cells independently of Th2 responses. Am J Respir

Crit Care Med 175: 1250–1258.

68. Monsinjon T, Gasque P, Ischenko A, Fontaine M (2001) C3A binds to the seven

transmembrane anaphylatoxin receptor expressed by epithelial cells and triggers

the production of IL-8. FEBS Lett 487: 339–346.

69. Dunkelberger JR, Song WC (2010) Role and mechanism of action of

complement in regulating T cell immunity. Mol Immunol 47: 2176–2186.

70. Chen Y, Haines CJ, Gutcher I, Hochweller K, Blumenschein WM, et al. (2011)

Foxp3(+) regulatory T cells promote T helper 17 cell development in vivo

through regulation of interleukin-2. Immunity 34: 409–421.

71. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM (2006)

Th17: an effector CD4 T cell lineage with regulatory T cell ties. Immunity 24:

677–688.

72. Kiss A, Montes M, Susarla S, Jaensson EA, Drouin SM, et al. (2007) A new

mechanism regulating the initiation of allergic airway inflammation. J Allergy

Clin Immunol 120: 334–342.

73. Mizutani N, Nabe T, Yoshino S (2009) Complement C3a regulates late

asthmatic response and airway hyperresponsiveness in mice. Journal of

immunology 183: 4039–4046.

74. Wang YH, Voo KS, Liu B, Chen CY, Uygungil B, et al. (2010) A novel subset of

CD4(+) T(H)2 memory/effector cells that produce inflammatory IL-17 cytokine

and promote the exacerbation of chronic allergic asthma. J Exp Med 207: 2479–

2491.

75. Fang C, Zhang X, Miwa T, Song WC (2009) Complement promotes the

development of inflammatory T-helper 17 cells through synergistic interaction

with Toll-like receptor signaling and interleukin-6 production. Blood 114: 1005–

1015.

76. Guo RF, Ward PA (2005) Role of C5a in inflammatory responses. Annu Rev

Immunol 23: 821–852.

77. Hashimoto M, Hirota K, Yoshitomi H, Maeda S, Teradaira S, et al. (2010)

Complement drives Th17 cell differentiation and triggers autoimmune arthritis.

J Exp Med 207: 1135–1143.

78. Weaver DJ Jr., Reis ES, Pandey MK, Kohl G, Harris N, et al. (2010) C5a

receptor-deficient dendritic cells promote induction of Treg and Th17 cells.

Eur J Immunol 40: 710–721.

79. Bosmann M, Sarma JV, Atefi G, Zetoune FS, Ward PA (2012) Evidence for

anti-inflammatory effects of C5a on the innate IL-17A/IL-23 axis. FASEB

journal: official publication of the Federation of American Societies for

Experimental Biology 26: 1640–1651.

80. Valdez PA, Vithayathil PJ, Janelsins BM, Shaffer AL, Williamson PR, et al.

(2012) Prostaglandin E2 suppresses antifungal immunity by inhibiting interferon

regulatory factor 4 function and interleukin-17 expression in T cells. Immunity

36: 668–679.

81. Hartung HP, Bitter-Suermann D, Hadding U (1983) Induction of thromboxane

release from macrophages by anaphylatoxic peptide C3a of complement and

synthetic hexapeptide C3a 72-77. J Immunol 130: 1345–1349.

82. Hansch GM, Seitz M, Martinotti G, Betz M, Rauterberg EW, et al. (1984)

Macrophages release arachidonic acid, prostaglandin E2, and thromboxane in

response to late complement components. J Immunol 133: 2145–2150.

83. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B (2006)

TGFbeta in the context of an inflammatory cytokine milieu supports de novo

differentiation of IL-17-producing T cells. Immunity 24: 179–189.

Role of C3a on Pulmonary Th17 Responses

PLOS ONE | www.plosone.org 14 December 2012 | Volume 7 | Issue 12 | e52666


