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Psoriasis is one of the most common chronic inflammatory skin diseases, affecting

∼2% of the population. The lack of characterization of the pathogenesis of psoriasis

has hindered efficient clinical treatment of the disease. In our study, we observed

that expression of complement component 5a receptor 1(C5aR1) was significantly

increased in skin lesions of both imiquimod (IMQ) and IL23-induced psoriatic mice and

patients with psoriasis. C5aR1 deficiency or treatment with C5a receptor 1 antagonist

(C5aR1a) in mice significantly attenuated psoriasis-like skin lesions and expression

of inflammatory cytokines and chemokines. Moreover, C5aR1 deficiency significantly

decreased IMQ-induced infiltration of plasmacytoid dendritic cells (pDCs), monocytes

and neutrophils in psoriatic skin lesions and functions of pDCs, evidenced by the

remarkable reduction in the IMQ-induced production of interferon-α (IFN-α) and tumor

necrosis factor α (TNF-α), and FMS-like tyrosine kinase 3 ligand (FLT3L)-dependent

pDCs differentiation. Accordingly, in vitro treatment with recombinant C5a accelerated

pDCs migration and the differentiation of bone marrow cells into pDCs. Furthermore,

biopsies of psoriatic patients showed a dramatic increase of C5aR1+ pDCs infiltration

in psoriatic skin lesions, compared to healthy subjects. Our results provide direct

evidence that C5a/C5aR1 signaling plays a critical role in the pathogenesis of psoriasis.

Inhibition of C5a/C5aR1 pathway is expected to be beneficial in the treatment of patients

with psoriasis.
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INTRODUCTION

Psoriasis is one of the most common chronic inflammatory skin diseases, affecting ∼2% of the
world’s population (1). Psoriatic lesions are characterized by various histological features, including
epidermal hyperplasia caused by excessive proliferation of keratinocytes, termed “acanthosis;”
parakeratosis caused by impaired differentiation of keratinocytes; hypervascularity; and immune
cell infiltration by neutrophils, dendritic cells, T cells, and macrophages (2, 3). Although the
underlying mechanism is not fully understood, increasing evidence indicates that the innate
immune system plays an essential role in the development of psoriasis (4–7).
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The complement system, one of the most important arms of
innate immunity, comprises a series of soluble and cell surface
proteins, including plasma components, specific receptors, and
diverse regulators. The complement system serves as the first line
defense against the foreign pathogens by applying complement
activation elements acting with antibodies, phagocytes, or
through the formation of the terminal membrane attack
complex (MAC) (8–10). Complement component 5a (C5a),
a powerful, pro-inflammatory anaphylatoxin synthesized after
cleavage of complement component C5, exerts its biological
action by binding to its specific receptor C5aR1, also known
as CD88, expressed on macrophages, neutrophils, monocytes,
keratinocytes, and human plasmacytoid dendritic cells (pDCs)
(11–13). A second receptor of C5a, C5-like receptor 2 (C5L2),
was identified to be a negative regulator of C5a-dependent
signaling (14).

Multiple reports indicated that excessive production of C5a
leads to deleterious exaggeration of of the innate and adaptive
immune responses, contributing to the development of several
diseases such as allograft ischemia-reperfusion injury (IRI) and
sepsis (15–17). Furthermore, high levels of cleaved C5a and
C5a des-Arg were exhibited in skin lesions and psoriatic scales
(18–21). However, the role of C5a/C5aR1 signaling in the
development and progression of psoriasis remains unclear.

Although psoriasis has not been detected in any mammalian
species other than humans, there exist several mouse models that
mimic certain features of the human skin disease. Imiquimod
(IMQ), a synthetic agonist for toll-like receptor 7 (TLR7), is a
potent immune response activator and induces psoriasis-like skin
inflammation (4). Significant increase in pDCs infiltration and
abundant expression of type I interferon are critical hallmarks of
IMQ-induced psoriasis in animal models (22, 23). However, the
role of the C5a/C5aR1 signaling pathway in pDCs function in the
pathogenesis of psoriasis is unknown.

In the present study, we explored the role of the C5a/C5aR1
complement pathway in the development of psoriasis and
the potential relationship between C5aR1 signaling and
inflammatory cells including pDCs, monocytes and neutrophils
using IMQ-induced psoriasis in mice as the model. Our results
suggest that C5a/C5aR1 signaling plays a critical role in the
pathogenesis of psoriasis.

MATERIALS AND METHODS

Mice and Treatment
C5aR1-deficient BALB/c mice were purchased from the Jackson
Laboratory. Wild-type BALB/c mice were obtained from the
animal institute of the Academy of Medical Science (Beijing,
China). Animals were bred in a specific-pathogen-free facility
(SPF), and female mice of 8–12 weeks were used for all
experiments (Although both male and female BALB/c mice
were susceptible for IMQ or IL23- induced psoriasis, the docile
character of female mice is convenient to applicate IMQ evenly
on the back skin of mice under non-anesthesia, we used female
mice in the present study, but still with a limitation that it
may not fully represent some of the behaviors of male mice
since hormonal effects). Animal experiments were conducted

according to the guidelines of the Institutional Animal Care and
Use Committee of the Third Military Medical University.

Female mice of 8–12 weeks were treated with daily topical
doses (62.5mg) of commercially available IMQ cream (5%;
Si-Chuan Med-Shine Pharmaceutical, H20030128, Chengdu,
Sichuan, China). Treatment was applied to the shaved backs
and ears of mice for the indicated periods of time. Mice within
the control group were treated with Vaseline cream. C5aR1
peptide antagonist (24) (peptide sequence: Ac-Phe-[Orn-Pro-
dCha-Trp-Arg]) (1 mg/kg, equal to 1.1 µM/kg; GL Biochem,
Shanghai, China) was injected into mice via peritoneal cavity 2 h
prior to IMQ application. Saline buffer (0.9%) was injected as a
vehicle control.

Intradermal Injection of Interleukin 23
(IL-23)
Mice were anesthetized and PBS (20 µL), either alone or
containing recombinant mouse IL-23 (500 ng; Biolegend, San
Diego, CA, USA), was injected intradermally into the ears,
using a 30 gauge needle, for five consecutive days. Ear thickness
was measured prior to injection at day 0, and thereafter, on
days following cytokine injections, using a dial thickness gauge
(Jiuliang, Shanghai, China). All tests were performed blinded.

Measuring Skin Inflammation
To assess psoriatic lesion severity, an objective scoring system
based onclinical Psoriasis Area and Severity Index (PASI) was
used. Scaling, thickness, and erythema of the back skin were
scored daily for severity on a scale from 0 to 4, where 4
represented maximum severity. Level of erythema was scored
using a table of red taints, as previously described (22). Total
modified PASI (mPASI) scores (0-12) were used as a measure of
skin lesion severity before and after IMQ application.

Human Blood and Skin Samples
Human blood samples were collected from psoriatic patients
(n = 15) and healthy subjects (n = 15). Peripheral blood
mononuclear cells (PBMCs) were separated by Ficoll density
gradient centrifugation (TBD Science, Tian Jin, China). Skin
paraffin sections were obtained from psoriatic patients after
histological confirmation (n = 8) and biopsies sections were
only collected from patients with no exposure to topical or
systemic treatment for at least 2 weeks. Healthy control skin
paraffin sections were obtained from individuals undergoing
plastic surgery (n = 5). Patient studies were approved by the
Institutional Ethical Board of the Armymedical university (Third
Military Medical University) and written informed consent was
obtained from all subjects.

Histopathological Analysis
Back or ear skin samples were collected from mice. Then, skin
samples were either fixed in 4% paraformaldehyde and embedded
in paraffin for hematoxylin and eosin (H&E) staining, or
immersed in Tissue Tek (Leica Microsystem,Wetzlar, Germany),
snap frozen in liquid nitrogen, and stored at −80◦C. For
immunohistochemistry assay, paraffin sections (4µm) were
incubated with rabbit anti-mouse/human C5aR1 polyclonal
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antibody (1:100, Abcam, Cambridge, UK) and rat anti-mouse
Ki67 (1:100, SolA15, eBioscience, San Diego, CA, USA) overnight
at 4◦C and then incubated with horse radish peroxidase
(HRP)-labeled anti-rabbit and anti-rat secondary antibodies,
respectively (1:1000, Beyotime, Shanghai, China) for 60min at
room temperature. After washing in PBS, 3,3′-diaminobenzidine
chromogen solution (Beyotime, Shanghai, China) was added
for 2min at room temperature. Slides were counterstained with
hematoxylin and then examined via light microscope (Olympus,
Tokyo, Japan). For immunofluorescence assay, cryosections were
cut into 6µm slices using a cryostat (LeicaMicrosystem,Wetzlar,
Germany) and fixed in cold acetone for 15min on ice (IF), slides
were blocked with PBS containing 5% BSA for 60min. Slides
were incubated with antibodies for Alexa Fluor 488 labeled rat
anti-mouse PDCA-1 (1:200, eBio927, eBioscience, San Diego,
CA, USA) overnight at 4◦C. Human skin samples paraffin
sections (4µm) were stained with rabbit anti-human/mouse
C5aR1 polyclonal antibody (1:100, Abcam, Cambridge, UK)
and mouse anti-human CD123 (1:100, 6H6, eBioscience, San
Diego, CA, USA) at 4 ◦C overnight. Horse radish peroxidase
(HRP) labeled secondary antibodies (1:1000, Beyotime Shanghai,
China) or DylightTM 488 donkey anti-mouse IgG and Cy3TM

goat anti-rabbit IgG (1:200, BioLegend, San Diego, CA, USA)
were incubated for 60min at room temperature. Sections were
incubated with an antibody of the same isotype as a control.
Slides were counterstained with hematoxylin and then examined
via light microscope (Olympus, Tokyo, Japan) or slides were
stained with Hoechst 33258 (5µg/mL; Sigma-Aldrich, St. Louis,
MO, USA) for nucleus staining and visualized via confocal laser
microscope (Leica Microsystem, Wetzlar, Germany).

Ki67+, PDCA-1+ and C5aR1+CD123+ cells were quantified
by counting the number of positively stained cells. 5–8 viewing
fields randomly selected for each skin sections were examined
and expressed as a number of cells per filed (0.04 mm2). The
mentioned quantitative analysis were conducted in a bind fashion
by 2 experienced persons.

Quantitative Reverse
Transcription-Polymerase Chain Reaction
(qRT-PCR) Analysis
Total RNA was obtained from back or ear skin samples of
mice, using TRIzol reagent (Biomed, Beijing, China). cDNA was
synthesized via PrimeScriptTM RT reagent kit (Takara, Shiga,
Japan). Real-time PCR was conducted with an MxPro3000P
(Agilent StrataGene, America) and SYBR R© Premix Ex TaqTM

reagent kit (Takara, Shiga, Japan). PCR mix (25 µL) included
cDNA (2 µL) and primer pairs (0.5 µmol) for the target genes
or GAPDH (listed in Table 1). Amplification was performed
according to the manufacturer’s protocol, and experiments were
conducted in triplicate. Gene expression was quantified by11Ct
method (25). Samples were normalized to GAPDH.

Bone Marrow pDCs Induction and
Differentiation
Bone marrow (BM) pDCs were generated from C5aR1+/+ and
C5aR1−/− mice using a modified protocol previously described

TABLE 1 | PCR primer sequences.

Gene Primer sequence

C5aR1 Forward 5-ATGGACCCCATAGATAACAGCA-3

C5aR1 Reverse 5-GAGTAGATGATAAGGGCTGCAAC-3

PDCA-1 Forward 5-TGTTCGGGGTTACCTTAGTCA-3

PDCA-1 Reverse 5-GCAGGAGTTTGCCTGTGTCT-3

GAPDH Forward 5-ACCACAGTCCATGCCATCAC-3

GAPDH Reverse 5-TCCACCACCCTGTTGCTGTA-3

IFN-α Forward 5-CCAAGTGCTGCCGTCATTTTC-3

IFN-α Reverse 5-GGCTCGCAGGGATGATTTCAA-3

IFN-γ Forward 5-ATGAACGCTACACACTGCATC-3

IFN-γ Reverse 5-CCATCCTTTTGCCAGTTCCTC-3

Krt10 Forward 5-TTTGGTGGCGGTACTATGGAG-3

Krt10 Reverse 5-CTCTCGCTGGCTTGAGTTG-3

MIP-1α Forward 5-TTCTCTGTACCATGACACTCTGC-3

MIP-lα Reverse 5-CGTGGAATCTTCCGGCTGTAG-3

MIP-2 Forward 5-CCAACCACCAGGCTACAGG-3

MIP-2 Reverse 5-GCGTCACACTCAAGCTCTG-3

TNF-α Forward 5-TCTTCTCATTCCTGCTTGTGG-3

TNF-α Reverse 5-GGTCTGGGCCATAGAACTGA-3

IL-22 Forward 5-ATGAGTTTTTCCCTTATGGGGAC-3

IL-22 Reverse 5-GCTGGAAGTTGGACACCTCAA-3

IL-l7A Forward 5-TTTAACTCCCTTGGCGCAAAA-3

IL-l7A Reverse 5-CTTTCCCTCCGCATTGACAC-3

IL-23A Forward 5-ATGCTGGATTGCAGAGCAGTA-3

IL-23A Reverse 5-ACGGGGCACATTATTTTTAGTCT-3

(26, 27). Briefly, BM cells were harvested from mouse femurs
and tibias. BM cells (2 × 106) from C5aR1+/+ and C5aR1−/−

mice were seeded in 6-well plates and cultured with RPMI
1640 medium containing 10% fetal calf serum, streptomycin
(100µg/mL), penicillin (100 U/mL), 2µM glutamine, 50µM β-
mercaptoethanol, and recombinant mouse FLT3L (200 ng/mL;
eBioscience, San Diego, CA, USA). Half culture medium was
replaced every 5 days. In the another experiment, BM cells
from C5aR1+/+ mice were simulated with FLT3L alone or the
combination of FLT3L and recombinant mouse C5a (42 nM;
Peprotech, Rocky Hill, NJ, USA), and medium group was used
as the negative control. At day 10, detached cells were collected
and analyzed the percentage of pDCs by FCM.

ELISA
pDCs were isolated from mouse splenocytes with EasysepTM
Mouse Plasmacytoid DC Isolation Kit (Stem cell Technologies,
London, UK). The purity of pDCs was routinely at least 80%
(Figure S9). Sorted pDCs from C5aR1+/+ and C5aR1−/− mice
were cultured (1 × 105 cells) in a 96-well round-bottom plate
for 24 h in the presence of IMQ (10µg/mL) or resiquimod R848
(10µg/mL; Sigma-Aldrich, St. Louis, MO, USA), and medium
group was used as the negative control. The levels of interferon
α (IFN-α) and tumor necrosis factor α (TNF-α) in culture
supernatants were measured using mouse IFN-α and TNF-α
ELISA kits (BioLegend, San Diego, CA, USA). C5a levels in
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FIGURE 1 | Increased C5aR1 expression in psoriatic skin lesions in mice. To induce a psoriatic animal model, IMQ was topically applied to the shaved back of

wild-type (C5aR1+/+) mice for 6 days (A–C), or the ears of wild-type (C5aR1+/+) mice were intradermally injected with IL-23 for 5 days (D–F). Samples were

collected and tested for C5aR1 expression (n = 5/group). (A,D) C5aR1 expression in local skin tissues was detected by IHC. (B,E) C5aR1 mRNA levels in skin tissues

were analyzed. (C,F) C5aR1 expression in infiltrated cells from skin lesions was measured by FCM. Values are presented as mean ± SEM (n = 5/group). Gating

strategy for (C,F), isotype control for (A,D), and negative control of C5aR1 expression was shown in Figure S1. Data are representative of two independent

experiments. ***p < 0.001.

FIGURE 2 | Increased C5aR1 expression in psoriatic skin lesions in patients with psoriasis. (A) Isotype control and (B) C5aR1 expression by Immunohistochemistry.

Healthy volunteer was used as healthy control (n = 8 for psoriasis patient; n = 5 for healthy volunteer). White dotted line: the location of the basal membrane.
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FIGURE 3 | C5aR1 deficiency reduced psoriatic skin inflammation. Wild-type (C5aR1+/+) and C5aR1-deficient (C5aR1−/−) mice were treated with IMQ for six

consecutive days or intradermally injected with IL-23 for 5 days, skin samples were collected 24 h after the final IMQ application (A–D) or IL-23 injection (E,F).

(A) Macroscopic phenotype of psoriatic lesions in C5aR1+/+ and C5aR1−/− mice treated with IMQ or Vaseline cream (control). (B) Disease severity was scored by a

modified clinical Psoriasis Area and Severity Index (mPASI). The cumulative mPASI scores after 6 days treatment with IMQ were presented. (C) H&E staining of mice

skin lesion sections. Epidermal thickness of the skin was measured. Scale bar = 20µm. (D) IHC staining for Ki67 in skin lesion sections. Right: Ki67-positive cells

quantification. (E) Ear thickness was measured following IL-23 injection. (F) H&E staining of ear skin lesion sections. Epidermal thickness of the ears was measured.

White dotted line: the location of the basal membrane. Scale bar = 5µm. Values are presented as mean ± SEM. Data are representative of three independent

experiments and each group consisted of more than five mice. *p < 0.05; **p < 0.01; ***p < 0.001.

culture supernatants of the medium group and in serum of naïve
C5aR1+/+ and C5aR1−/− mice were measured with commercial
ELISA kit from USCN (SEA388Mu, Wuhan, China), according
to the manufacturer’s instruction.

Flow Cytometry
The shaved back of C5aR1+/+ and C5aR1−/− mice were topically
applied with IMQ for indicated times or the ears of C5aR1+/+

mice were intradermally injected with IL-23 for 5 days. Cells were
isolated from psoriatic skin lesion samples. Briefly, skin samples
were minced and digested in collagenase type IV (2 mg/mL;
Sigma-Aldrich, St. Louis, MO, USA) and DNase I (200 U/mL;
Sigma-Aldrich, St. Louis, MO, USA) for 60min at 37◦C. Cells
at 1 × 106 cells/ml were incubated with Fc blocking for 20min
on ice and then stained with PE-labeled rat anti-mouse C5aR1 (1
µl/test, 20/70, BioLegend, San Diego, CA, USA), PerCP-Cy5.5-
labeled rat anti-mouse Gr-1 (1 µl/test, RB6-8C5, Biolegend, San
Diego, CA, USA), PE-Cy7-labeled rat anti- mouse CD11b (1

µl/test, CBRM1/5, BioLegend, San Diego, CA, USA), or FITC-
labeled rat anti-mouse PDCA-1 (1 µl/test, eBio927, eBioscience,
San Diego, CA, USA) antibodies for 25min on ice in the dark.
For bone marrow derived pDCs, cells were stained with FITC-

labeled rat anti-mouse PDCA-1. For pDCs purified from mouse
splenocytes, the purity was measured by FITC-labeled rat anti-

mouse PDCA-1 and PE-labeled rat anti-mouse B220 (1 µl/test,
RA3-6B2, Biolegend, San Diego, CA, USA). Sorted pDCs from
C5aR1+/+ mice were cultured (1 × 105 cells) in a 96-well
round-bottom plate for 24 h in the presence of IMQ, and was
stained with PE-labeled rat anti-mouse C5aR1 antibody. For
human PBMCs from psoriatic patients and healthy subjects,
cells were stained with PE-labeled mouse anti-human C5aR1
(1 µl/test, S5/1, BioLegend, San Diego, CA, USA) and FITC-
labeled rat anti-human CD123 (1 µl/test, 6H6, eBioscience, San
Diego, CA, USA). Corresponding rat or mouse isotype IgG
was used as the negative control. Stained cells were assessed
by flow cytometry (BD FACS Canto II, Franklin Lakes, NJ,
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FIGURE 4 | Blockage of C5aR1 signaling with C5a receptor antagonist (C5aR1a) attenuated IMQ-induced psoriatic skin inflammation. C5aR1+/+ mice were

pre-treated with C5aRa (1 mg/kg) or 0.9% saline for 2 h prior to treatment with IMQ. After IMQ treatment for six consecutive days, digital pictures were obtained and

skin samples were collected. (A) Phenotype of IMQ-induced psoriatic skin lesions. The left three mice were pre-treated with saline, while the right four mice were

pre-treated with C5aRa. (B) Disease severity was scored as described (n = 5–6/group). (C) H&E staining of psoriatic skin lesions. Scale bar = 20µm. (D) IHC staining

for Ki67 in psoriatic skin lesions. Scale bar = 5µm. Arrows indicate positively stained cells. Data are representative of at least three independent experiments and

each group consisted of more than five mice. *p < 0.05; **p < 0.01.

USA) and data were analyzed using Flow Jo software (Tree
Star, Ashland, OR, USA). The acquired cells number for each
sample keeps in the range of 2 × 105∼1 × 106 depending on
different situations.

Chemotaxis Assay
Chemotaxis migration assays were performed using 24-well
transwell plates (5µm pore size; Corning, NY 14831, USA).
pDCs were purified from mouse splenocytes and seeded (1
× 106 cells) in the upper chamber and chemoattractant
medium (600 µL) containing C5a (42 nM; PeproTech, Rocky
Hill, NJ, USA) was added to the lower chamber. Transwell
plates were incubated for 90min at 37◦C in the presence
of 5% CO2. Migrated cells in the lower chamber were
collected and counted by FCM. Experiments were performed
in triplicate and results were calculated as mean values of
three experiments.

Statistical Analysis
Results were presented as mean ± standard error of the mean
(SEM). GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA) was used for statistical analysis. The student’s t-test
or two-way ANOVAwere used to compare samples, and p< 0.05
was considered statistically significant.

RESULTS

Increased C5aR1 Expression in Psoriatic
Mouse Skin Lesions
Abundant levels of C5a des-Arg were extracted from psoriatic
scales (19, 21). As shown in Figures 1A–C, C5aR1 expression
was significantly increased in the local skin lesions tissues
and in cells isolated from skin lesions in IMQ-induced

psoriatic mice, compared to the control mice, according
to immunohistochemistry (IHC), qRT-PCR, and FCM
analyses. Moreover, C5aR1 expression of IMQ-treated back
skin tissues in mice was predominantly on keratinocytes
including the epidermis and hair follicles as wells as skin
tissues infiltrating cells. Similar results were observed
when mice were treated with recombinant IL-23 in ears
(Figures 1D–F), which is another well-defined mouse
model of psoriatic skin inflammation (28, 29). Consistent
with the results in psoriatic mice, C5aR expression in
psoriatic skin tissues from patients with psoriasis was also
significantly increased, compared with that from healthy
controls (Figure 2).

All these results suggest that C5aR1 signaling pathway is
closely related to the pathogenesis of psoriasis.

C5aR1 Deficiency Reduces Severity of
Psoriasis
To determine the importance of the C5aR1 signaling pathway
in psoriasis, we used C5aR1-deficient mice. As shown in
Figures 3A,B, topical application of IMQ on the shaved
back of wild-type C5aR1+/+ mice for six consecutive days
induced psoriatic lesions, including erythema, scales, and
crust formation, as previously reported (22). Interestingly,
IMQ-induced psoriasis-like skin inflammation and total
mPASI scores of C5aR1−/− mice were significantly less than
those of C5aR1+/+ mice (Figures 3A,B). Furthermore, we
observed a significant decrease in the epidermal thicknesses
(Figure 3C) and the occurrence of parakeratosis (Figure S2)
in C5aR1−/− mice, compared to C5aR1+/+ mice. Expression
levels of Ki67, a marker for cells proliferation, was significantly
reduced in the local skin tissues of IMQ-treated C5aR1−/−
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FIGURE 5 | C5aR1 deficiency attenuated inflammatory cytokines and chemokines expression of psoriatic skin lesions. IMQ was topically applied to the shaved back

of C5aR1+/+ and C5aR1−/− mice for six consecutive days, and back skin samples were obtained on day 7. Expression levels of the indicated genes in psoriatic skin

lesions were measured by qRT-PCR (n = 5–6/group). Values are presented as mean ± SEM and data were obtained from at least three independent experiments.

*p < 0.05; **p < 0.01, ***p < 0.001.

mice (Figure 3D). Similar attenuation effects in psoriatic
development were observed in the ear skin samples of
IMQ-treated and IL-23-treated C5aR1−/− mice (Figure S3
and Figures 3E,F).

To validate the function of C5aR1 signaling in the
pathogenesis of psoriasis, we inhibited the C5aR1 signaling
pathway using a C5aR1 peptide antagonist (C5aR1a).
As shown in Figure 4, C5aR1a-treated mice exhibited a
significant attenuation in IMQ-induced psoriasiform skin
inflammation (Figure 4A), total mPASI scores (Figure 4B),
epidermal thicknesses (Figure 4C), and keratinocyte
proliferation (Figure 4D).

These results clearly indicate that C5a/C5aR1 signaling is
essential for the development of psoriasis.

C5aR1 Deficiency Attenuates Inflammatory
Cytokines and Chemokines Expression in
Psoriatic Skin Lesions
Increased expression of inflammatory cytokines and chemokines
plays a critical role in the progression of IMQ-induced skin
inflammation (30–34). The expression levels of keratinocyte-
specific factors and inflammatory cytokines were analyzed
by qRT-PCR. Compared to C5aR1+/+ mice, skin tissues
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FIGURE 6 | C5aR1 deficiency reduced pDCs infiltration in psoriatic lesions. C5aR1+/+ and C5aR1−/− mice were treated with IMQ (Vaseline cream treatment as a

control) on the shaved ear or back skin for indicated days, and then skin samples were obtained and infiltrated cells of skin lesions were isolated. (A) Frequencies of

pDCs (PDCA-1+ cells) in the infiltrated cells of psoriatic ear and back skin lesions and (B) C5aR1 expression on these pDCs in C5aR1+/+ mice following 3 days IMQ

application. (C) Frequencies of pDCs (PDCA-1+) in IMQ-treated back skin of C5aR1+/+ and C5aR1−/− mice were compared at indicated times. Percentages of

PDCA-1+ pDCs is shown (n = 5–6). (D) Infiltration of pDCs (PDCA-1+) on day 3 in IMQ-treated back skin tissues of C5aR1+/+ and C5aR1−/− mice was measured

by immunofluorescence. Arrows indicate positively stained cells. Scale bar = 5µm. (E) PDCA-1 expression in IMQ-treated back skin tissues of C5aR1+/+ and

C5aR1−/− mice was analyzed by qRT-PCR following 3 days IMQ treatment. (n = 5–6/group). Gating strategy is shown in Figure S5. Values are presented as mean

± SEM and data were obtained from three independent experiments. *p < 0.05; **p < 0.01.

of C5aR1−/− mice exhibited a significant reduction in
mRNA levels of keratin 10 (Krt10), TNF-α, IFN-α/γ, IL-
17A, IL-22, IL-23A, and the chemokines of T cells and
neutrophils, macrophage inflammatory protein 1α (MIP-1α)
and macrophage inflammatory protein 2 (MIP-2) (Figure 5).
Similar results were observed in mice with C5aR1 signaling
blockage (Figure S4).

Collectively, these results demonstrate that C5aR1 deficiency
impairs production of inflammatory cytokines and chemokines
in IMQ-induced skin lesions.

C5aR1 Is Critical for pDCs Infiltration in
Psoriatic Skin Lesions
It has been reported that IMQ induces rapid pDCs accumulation
and pDCs play a crucial role in the initiation of psoriatic
lesions (23, 35, 36). Consistent with previous reports, we
demonstrated that IMQ treatment significantly increased
infiltration of pDCs (plasmacytoid dendritic cell antigen-
1 positive, PDCA-1+ cells) in ear and back skin lesions
(Figure 6A). Similar results were observed in monocytes and
neutrophils (Figure S6). Moreover, C5aR1 expression was
clearly enhanced in these infiltrated skin cells (Figure 6B and
Figure S7). Accordingly, C5aR1 deficiency significantly reduced
these inflammatory cells accumulation and local infiltration
in IMQ-treated back skin lesions at day 3 or 6 (Figures 6C–E
and Figure S6).

Similar results were observed in patients with psoriasis, as
the frequency of C5aR1+ pDCs (CD123+ cells) substantially
increased in both local skin tissues (Figure 7A) and PBMCs
(Figures 7B,C), compared to healthy individuals.

All these results indicating that C5a/C5aR1 signaling pathway
is essential for early pDCs accumulation in local skin during the
development of psoriasis.

C5aR1 Signaling Pathway Potentiates
pDCs Function and Differentiation
To further investigate the role of C5aR1 signaling in pDCs
functions, we isolated pDCs from splenocytes of C5aR1+/+ and
C5aR1−/− mice. It was found that C5aR1 deficiency led to a
significant decrease in the IMQ and R848-induced IFN-α and
TNF-α secretion (Figure 8A) and in the chemoattractive capacity
of pDCs, as assessed by transwell migration assay (Figure 8B).
FLT3L has been reported to induce pDCs differentiation from
bone marrow cells (BMs) (26, 27). To explore the effect of C5aR1
on pDCs differentiation, BMs from C5aR1+/+ and C5aR1−/−

were primed with FLT3L for 10 days, and then the percentage
of pDCs was determined. It was showed that the proportion of
pDCs was dramatically lower in FLT3L-stimulated BMs derived
from C5aR1−/− mice than those derived from C5aR1+/+ mice
(Figure 8C). In accordance, treatment of BMs with recombinant
mouse C5a further increased FLT3L-dependent differentiation of
pDCs in vitro (Figure 8D).

Altogether, our data demonstrate the vital role of C5a/C5aR1
signaling in pDCs differentiation and functions.

DISCUSSION

Activation of the complement system was reported during
the development of psoriasis and skin lesions exhibited high
levels of activated C5a fragments (18–21). In agreement with
these findings, our results showed that C5aR1 expression was
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FIGURE 7 | Increased C5aR1 expression on pDCs from psoriasis patients. Skin tissues and PBMCs of psoriatic patients and healthy individuals were collected.

(A) Immunofluorescence staining for C5aR1 expression (red) on pDCs (stained with anti-CD123) (green) in skin tissues. Nuclei (blue) were stained with Hoechst

33258. Arrows indicate cells positively stained for both C5aR1 and CD123. Scale bar = 5µm. Right: Quantification of C5aR1+ CD123+ cells is shown. (B) C5aR1

expression on pDCs (CD123+ cells) of PBMCs from psoriatic patients and healthy individuals (n = 15/group). Representative FCM analyses of C5aR1+CD123+ cells

are illustrated. Gating strategy is shown in Figure S8. (C) Percentage of C5aR1+CD123+ cells and MFI of C5aR1 expression on pDCs (CD123+ cells). Values are

presented as mean ± SEM and data were obtained from at least two independent experiments. *p < 0.05; ***p < 0.001.

clearly increased in keratinocytes (epidermis and hair follicles)
as well as skin infiltrating cells from both psoriatic mice
and patients with psoriasis. However, the role and underlying
mechanisms of the complement C5a/C5aR1 signaling pathway in
the pathogenesis of psoriasis remain unclear. In the present study,
we reported that C5aR1 deficiency or inhibition with C5aR1a
significantly reduced psoriasis-like skin inflammation, validating
the importance of the C5a/C5aR1 pathway in IMQ-induced
mouse psoriatic skin lesions. Furthermore, C5a/C5aR1 signaling
potentiated pDCs, monocytes and neutrophils recruitment,
and pDCs differentiation and functions, which suggest a
possible mechanistic contribution of C5a/C5aR1 signaling in the
pathogenesis of psoriasis, that requires further investigation in
the future.

Multiple studies have demonstrated that IMQ-induced
expression of pro-inflammatory cytokines and chemokines,
specifically TNF-α, IFN-α/γ,IL-17A, IL-22, IL-23A, MIP-1α,
and MIP-2, is essential for the development of psoriatic
skin lesions (2, 3, 30). Our results provided evidence that
C5a/C5aR1 signaling mediated development of psoriatic skin
lesions, as C5aR1-deficient mice exhibited impaired expression
of these genes.

Psoriasis is a chronic skin disease mediated by IFN-α- driven
T cells, characterized by local accumulation of pDCs (23).

pDCs are considered to be key in the development of psoriasis
because of the significant production IFN-α (23). Moreover, it
was previously demonstrated that TLR7 expression of pDCs
was targeted by IMQ, representing an important upstream
event that initiates the psoriatic skin inflammation (35, 36).
However, the mechanism of regulation of pDC accumulation in
psoriatic lesions is currently unknown. In our study, we showed
that C5aR1 deficiency significantly reduced IMQ-induced pDCs
infiltration, implicating the C5aR1 signaling pathway in pDCs
infiltration in psoriasiform inflammation. Consistent with a
previous study (13), we observed significantly increased C5aR1
expression in pDCs derived from PBMCs of psoriatic patients.
There was a significant reduction in the production of IFN-α
and TNF-α, a cytokine critical for the initiation of psoriasis,
in cells treated with IMQ and R848. In addition, the chemo-
attractive capacity of pDCs derived from C5aR1-deficient mice
was significantly decreased. Altogether, we demonstrate that the
C5a/C5aR1 pathway is critical for pDCs functions during the
development of psoriasis in mice.

FLT3Lhas been shown to be an essential physiological factor
for pDCs differentiation (26, 27). In the present study, C5aR1
deficiency clearly impaired FLT3L-dependent differentiation
of pDCs from BMs, whereas exogenous recombinant C5a
enhanced pDCs differentiation. These results suggest an
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FIGURE 8 | C5aR1 deficiency impaired pDCs function and differentiation in vitro. (A,B) pDCs were isolated from splenocytes of C5aR1+/+ and C5aR1−/− mice.

Culture medium was used as a control. (A) Purified pDCs (1 × 106/ml) were stimulated with IMQ or R848 (10µg/mL) in vitro for 24 hr. The levels of IFN-α and TNF-α

in the culture supernatants were measured by ELISA. (B) pDCs (1 × 106/ml) in transwell plates were exposed to C5a (42 nM) for 90min. Cells that migrated to the

lower chamber were measured. The purity of isolated pDCs and IMQ-induced C5aR1 expression of isolated pDCs are shown in Figure S9. C5a levels in cultural

supernatant of purified pDCs and in serum of naïve C5aR1+/+ or C5aR1−/− mice are shown in Figure S10. (C) BM cells from C5aR1+/+ and C5aR1−/− mice

were stimulated with recombinant mouse FLT3L (200 ng/ml for 10 days and the frequency of pDCs was measured by FCM. Left, a representative FCM graph. Right,

average percentages and MFIs of PDCA-1+ cells. (D) BM cells from C5aR1+/+ mice were stimulated with recombinant mouse FLT3L (200 ng/mL) alone or with C5a

(42 nM) for 10 days, culture medium was used as a control. The frequency of pDCs was analyzed by FCM. Values are presented as mean ± SEM and data were

obtained from at least three independent experiments. **p < 0.01; ***p < 0.001.

essential role for C5aR1 signaling in FLT3L-dependent pDCs
development. However, additional studies are necessary to
investigate the underlying mechanisms by which C5a/C5aR1
signaling potentiates pDCs differentiation.

In conclusion, our study defined and characterized the
role of C5a/C5aR1 signaling in the pathogenesis of IMQ-
induced psoriatic lesions. Moreover, we demonstrated for
the first time the dependency of C5a/C5aR1 signaling in
pDCs differentiation and function, specifically in IMQ-induced
psoriatic skin inflammation. Therefore, targeting C5a/C5aR1
interaction may prove to be a novel therapeutic approach
for psoriasis.
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Figure S1 | Isotype control and gating strategy of C5aR1 staining. After IMQ or

IL-23 treatment, lesions skin sample of mice was collected and skin cells were

isolated. (A) Skin single cell suspensions were stained with isotype IgG or

anti-mouse C5aR1. The gating strategy is shown. (B) Skin paraffin sections were

stained with rabbit IgG isotype antibody. (C) Skin paraffin sections from

IMQ-treated C5aR1−/− were stained with rabbit isotype IgG or rabbit anti-mouse

C5aR1 antibody.

Figure S2 | C5aR1 deficiency attenuated the parakeratosis of psoriatic skin in

mice. The shaved back skin of C5aR1+/+ and C5aR1−/− mice were topically

applied with IMQ for 6 days. H&E staining of mice skin sections and one

representative image analysis for parakeratosis are shown. White dotted line: the

location of the basal membrane. The length of parakeratosis was measured per

high-power field (HPF, 200×) from 5 to 6 mice per group. Values are presented as

mean ± SEM and data were obtained from at least two independent

experiments. ∗∗p < 0.01.

Figure S3 | C5aR1 deficiency alleviated IMQ-induced psoriatic skin inflammation

in ears. C5aR1+/+ and C5aR1−/− ears were topically treated with IMQ (Vaseline

cream treatment as a control) for six consecutive days (n = 5–6 per group). Ear

skin tissues were collected. (A) Macroscopic phenotype of psoriasiform lesions in
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C5aR1+/+ and C5aR1−/− mice. (B) H&E staining of ear skin sections. Data

represent three independent experiments.

Figure S4 | C5aR1 antagonist treatment led to a reduction in the levels of

inflammatory response genes in psoriatic skin lesions. Mouse C5aR1 antagonist

(1 mg/kg) or 0.9% saline was injected via intraperitoneal cavity 2 h prior to IMQ

application in C5aR1+/+ wild type mice. After six consecutive days of IMQ

application, skin samples were collected and expression of inflammatory response

genes were analyzed by qRT-PCR (n = 4–8). Values are presented as mean ±

SEM and data were obtained from at least three independent experiments.
∗p < 0.05; ∗∗p < 0.01.

Figure S5 | Gating strategy of pDCs staining. After IMQ treatment for indicated

days, whole-skin cells were isolated from psoriatic skin lesions samples and

stained with isotype IgG or anti-mouse PDCA-1 antibody.

Figure S6 | C5aR1 deficiency led to decrease in neutrophils and monocytes

infiltration of psoriatic skin lesions in mice. C5aR1+/+ and C5aR1−/− mice were

topically treated with IMQ for indicated days. Back skin samples were obtained.

Infiltrated cells of skin lesions were isolated and the percentage of neutrophils and

monocytes in the infiltrated cells was measured by FCM. (A) Gating strategy.

(B) Monocytes (CD11b+ cells). (C) Neutrophils (Gr-1+ cells). (n = 5–6/group).

Data were obtained from at least two independent experiments. ns, no significant,
∗p < 0.05; ∗∗p < 0.01.

Figure S7 | Increased C5aR1 expression in infiltrated skin cells in psoriatic skin

lesions in mice. To induce a psoriatic animal model, IMQ was topically applied to

the shaved back of wild-type (C5aR1+/+) mice for six days. Samples were

collected and cells were isolated from the skin lesions. (A) Gating strategy.

(B) C5aR1 expression on pDCs (PDCA-1+), monocytes (CD11b+) and

neutrophils (Gr-1+) was assayed by FCM. (n = 5/group). ∗∗ p < 0.01.

Figure S8 | Gating strategy of CD123 and C5aR1 staining in human PBMCs.

Human PBMCs were prepared as described in methods (n = 15/group), and then

stained with isotype IgG or anti-human CD123 and C5aR1 antibodies, followed by

flow cytometric analysis.

Figure S9 | The purity of isolated pDCs and IMQ-induced C5aR1 expression of

isolated pDCs. pDCs were isolated from splenocytes of C5aR1+/+ mice. (A) The

purity of isolated pDCs (PDCA-1 positive cells) was measured by FCM. (B) C5aR1

expression on pDCs after IMQ stimulation for 24 h was measured by FCM.

Figure S10 | C5a levels in cultural supernatant of purified pDCs and in serum of

naïve C5aR1+/+ or C5aR1−/− mice. (A) pDCs were isolated from splenocytes of

C5aR1+/+ or C5aR1−/− mice and cultured in medium for 24 h. C5a levels in

cell-free culture supernatant was measured by ELISA (n = 6/group). (B) C5a levels

in serum from naïve C5aR1+/+ and C5aR1−/− mice measured by ELISA (n =

5/group). Values are presented as mean ± SEM and data were obtained from at

least two independent experiments.
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