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C5aR1 blockade reshapes immunosuppressive tumor microenvironment and 
synergizes with immune checkpoint blockade therapy in high-grade serous ovarian 
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ABSTRACT
High-grade serous ovarian cancer (HGSC), with a modest response to immune checkpoint blockade (ICB) 
targeting PD-1/PD-L1 monotherapy, is densely infiltrated by M2-polarized tumor-associated macrophages 
(TAMs) and regulatory T (Treg) cells. The complement C5a/C5aR1 axis contributes to the programming of the 
immunosuppressive phenotype of TAMs in solid tumors and represents a promising immunomodulatory target 
for treating HGSCs. Here, we aimed to identify the relevance of C5aR1 in prognosis, immune microenvironment, 
and immunotherapy response in HGSCs. The expression and relationship of C5aR1 with tumor-infiltrating 
immune cells were assessed by immunohistochemistry and flow cytometry in the training cohort (n = 120) and 
fresh HGSC tissues (n = 36). Transcriptomic analyses of the xenografts delineated the mechanisms driving the 
immunomodulatory activity of PMX53, an orally bioavailable C5aR1 inhibitor. Therapeutic relevance was 
confirmed in ex vivo tumor cultures and The Cancer Genome Atlas (TCGA) datasets. C5aR1 expression 
independently predicted dismal prognosis and was linked to the immunoevasive subtype of HGSC, character
ized by increased infiltration of pro-tumor cells (Treg cells, M2-polarized macrophages, and neutrophils) and 
impaired CD8+T functions. PMX53 antagonized subcutaneous tumor growth, modulated immunosuppressive 
mechanisms and synergized with aPD-1 in several tumor types. Single-cell RNA-seq analysis revealed predo
minant C5aR1 expression in TAMs, with an immunosuppressive-related expression signature in C5aR1+TAMs. 
Furthermore, the combination of C5aR1 and PD-L1 was associated with specific molecular characteristics and 
matched clinical response annotations. Therefore, the abundance of C5aR1 could predict an inferior prognosis 
in HGSCs, and incorporating PD-L1 may serve as a novel predictive biomarker to guide therapeutic options.
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Introduction

Immunotherapy has revolutionized cancer treatment; 
however, its efficacy remains limited in the clinical setting 
of ovarian cancer. Results from the phase Ib JAVELIN 
study and phase II KEYNOTE-100 study indicated that 
the objective response rate of immune monotherapy in 
the treatment of ovarian cancer is only approximately 
10%, far lower than that of melanoma and lymphoma.1,2 

The dismal efficacy may be due to tumor heterogeneity, 
presence of immunosuppressive signals that prevent T cell 
reactivation, and accumulation of immunosuppressive 
myeloid cells.3 Accordingly, combination therapies that 
reverse immunosuppressive pressure against effector cells 
are under intense investigation.4 In addition, there is 
a need to identify molecular markers that can predict the 
efficacy of immunotherapy in ovarian cancer to screen 
appropriate immunotherapeutic populations.

Complement C5a exerts immunomodulatory functions 
through the activation of C5a receptor 1(C5aR1) in myeloid 
cells, such as macrophages, monocytes, DCs, and neutrophils.5 

C5a-C5aR1 signaling frequently reshapes the immunosuppressive 
tumor microenvironment and increases the potential for cancer 
progression via molecular and cellular events.6 Recent studies have 
identified the contribution of C5a-C5aR1 signaling to tumor- 
associated immune responses through the induction of bioactive 
molecules, including IL-1β, IL-6, and TNF-α.7,8 Furthermore, 
crosstalk between C5aR1 and toll-like receptors (TLR) enhances 
the production of TNF-α and IFN-γ from natural killer and 
natural killer T cells.9 C5aR1 blockade also impairs tumor growth 
and diminishes the recruitment of myeloid-derived suppressor 
cells (MDSC) into tumors in lung cancer-bearing mice.8 

Although the effect of C5aR1 on the anti-tumor immune response 
has been reported in several human solid cancers, few studies have 
addressed its implications in ovarian cancer.
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Activation of C5a-C5aR1 signaling has also been shown 
to have prognostic effects. Overexpression of C5aR1 in 
non-small cell lung cancer predicts poor prognosis.10 In 
breast cancer, C5aR1 expression is associated with larger 
tumor size, higher proliferation rate, presence of lymph 
node metastasis, and advanced clinical stages.11 

Correspondingly, patients with C5aR1-positive breast can
cer had lower survival rates than those with C5aR1-negative 
breast cancer. C5aR1 expression has also been associated 
with prognosis in patients with gastric cancer,12 hepatocel
lular carcinoma,13 urothelial and renal cell carcinoma,14,15 

with lower overall survival rates in patients with high 
tumor C5aR1 expression. However, the prognostic value 
of C5aR1 in ovarian cancer has not been fully elucidated.

Here, we established the prognostic value of C5aR1 
expression in patients with high-grade serous ovarian cancer 
(HGSC). In preclinical models, C5aR1 blockade results in 
a more permissive environment for immune-mediated 
tumor rejection, and as a result, its combination with anti- 
PD-1 antibodies synergistically initiates cytotoxic activity. 
Furthermore, scRNA-seq analysis revealed features and 
tracked intercellular communication signals in C5aR1+mac 
rophages. Finally, we integrated genomic and transcriptomic 
data to propose potential therapeutic options through the 
C5aR1 and PD-L1 panel subgroups. Our findings have led to 
the development of a classification of HGSC based on C5aR1 
and PD-L1 expression and its potential to predict responses 
to immune checkpoint blockade and molecular-targeted 
therapy.

Materials and methods

Ethics approval and consent to participates

The study was approved by the Ethics Committee of the 
Obstetrics and Gynecology Hospital of Fudan University 
(Kyy2016–49, Kyy2017–27) and the Ethics Committee of 
Shanghai Cancer Center (050432-4-2108*). The study was per
formed in accordance with the Declaration of Helsinki and all 
patients provided written informed consent for sample collec
tion and data analyses.

Patients and specimens

Tissue specimens from 120 patients with HGSC in Discovery 
cohort who underwent surgery between March 2013 and 
November 2015 were obtained from the Gynecology and 
Obstetrics Hospital of Fudan University. None of the patients 
had severe disease and received chemotherapy, radiation, or 
any other anti-tumor medicine treatment before surgery. 
Overall survival (OS) was defined as the period from the date 
of surgery to the date of death or last follow-up until 
March 2019. Fresh tumor tissue samples were obtained from 
36 patients with HGSC during surgery at the Gynecology and 
Obstetrics Hospital and Shanghai Cancer Center of Fudan 
University, including 36 HGSC tissues used for fresh tumor 
explant cultures. The characteristics of all patients are listed in 
Supplementary Table S1.

Immunohistochemistry and evaluation

All specimens were examined using hematoxylin and eosin 
staining, and two 2.0-mm diameter tissue cores representing 
the tumor area were selected from each sample to construct 
tissue microarrays (TMAs). For immunohistochemistry, TMA 
sections were placed in an oven at 60°C overnight before 
deparaffinization and rehydration. Antigen retrieval was per
formed with citrate buffer(pH = 6) for 10 min in a water bath, 
and endogenous peroxidase blocking was subsequently deliv
ered for 20 min. Sections were incubated with normal goat 
serum for 30 min to avoid nonspecific staining and then dec
anted without washing. Sections were incubated with primary 
antibodies (Supplementary Table S2) at 4°C overnight, and 
biotin-labeled anti-mouse/rabbit IgG was added for 20 min. 
After biotin amplification of biotin and horseradish peroxidase 
signals, the sections were visualized using freshly prepared 
DAB. The staining results of TMAs were independently 
assessed by two investigators (M.Y. and Y.W.) who were 
blinded to the clinicopathological characteristics. The positive 
cells were enumerated from the two tissue cores and an average 
density (number of positive cells per mm2 was adopted. PD-L1 
was scored as positive or negative using a threshold of ≥ 1 
positive cells in any representative field. The optimal cutoff 
value of C5aR1 was obtained using the quartile value.

Peptide blocking experiment

The C5aR1 antibody (Sigma, #HPA014520) was gently mixed 
with an excess of the corresponding recombinant peptide 
(Novus, #NBP1-88258PEP), typically at a concentration ten
fold that of the antibody. This antibody-peptide mixture was 
allowed to incubate at room temperature for 1 h. Tissue sec
tions, prepared on slides in accordance with established immu
nohistochemistry (IHC) protocols as described above, were 
subsequently subjected to an overnight incubation at 4°C 
with the pre-incubated antibody solution, both with and with
out the blocking peptide. Negative controls were treated with 
PBS. Following this step, the standard staining protocol was 
uniformly applied to identical sample sets. Staining patterns in 
sections treated with the C5aR1 antibody alone were system
atically compared to those subjected to pre-incubation with the 
blocking peptide to assess the impact of peptide blocking on 
the staining outcome.

Preparation of single cell suspension

Fresh HGSC tissues were collected directly from a patient 
undergoing surgery or biopsy. The collected tumor tissue is 
typically transported to the laboratory in a sterile manner on 
ice to ensure its viability. HGSC tissues were washed with PBS 
three times, followed by mechanical dissection into small frag
ments of 1–2 mm3 size and enzymatic digestion in RPMI-1640 
medium containing 1 mg/mL collagenase IV. The dissociated 
cell suspensions were further incubated for 1 h at 37°C under 
continuous rotation. The cell suspensions were then filtered 
through a 100 μm cell strainer, washed once with PBS, and 
resuspended in cell staining buffer.
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Fresh tumor explant cultures

Fresh HGSC tissue (n = 36) were promptly processed by manual 
dissection, yielding human patient-derived tumor fragments 
(PDTFs) measuring 1–2 mm3 in size on ice.16 Subsequently, they 
were suspended in DMEM (containing 10% FBS, 1% Pen/Strep, 
and 30 ng/mL of human rIL-2 (Biolegend, #589102)) and then 
appropriately diluted to achieve a concentration of 8–10 frag
ments/mL. To facilitate their adherence and growth, these sus
pended fragments were mixed with 15% Matrigel (Corning, 
#356234). This suspension, consisting of tumor fragments 
embedded in Matrigel, was evenly distributed into the wells of 48- 
well plates at a volume of 40 μL per well. Subsequently, the plates 
were incubated at 37°C to enable proper settling. Following this, 1  
mL DMEM containing the respective drugs was introduced into 
each well. The drugs utilized in the study comprised 10 μg/mL 
anti-PD-1 (Biolegend, #329957) and 1 µg/mL PMX53 (R&D 
Systems, #5473/1). Furthermore, protein transport inhibitor cock
tail (eBioscience, #00-4980-93) was introduced during the final 4– 
6 hours of cell culture. After a culture period of 96 hours from the 
initial plating, co-cultures were harvested for subsequent analysis 
via flow cytometry.

Flow cytometry

Single-cell suspensions were immunostained using a panel of 
fluorochrome-conjugated monoclonal antibodies 
(Supplementary Table S3). Samples were blocked with Fc- 
receptor blocking reagent and incubated with the Zombie Aqua™ 
Fixable Viability Kit before staining. Samples stained with isotype- 
matched antibodies were used as negative controls. A Beckman 
Coulter CytoFLEX flow cytometer was used for sample acquisi
tion, and FlowJo software (version 10.8.1) was used for the 
analyses.

Animal experiments

Female B6C3F1 mice (4–5 weeks old) were obtained from 
Charles River Laboratories. All experiments were performed 
in accordance with the guidelines for experimental animals 
at Fudan University of China. OV2944-HM1 cells (1 × 106) 
were subcutaneously injected into the right flank of mice 
after depilation. The tumor volume (mm3 was measured 
every second day and calculated as (length×width2)/2. 
PMX53 (1 mg/kg) was injected intraperitoneally beginning 
2 days after implantation every two days thereafter until the 
end of the experiment. On the indicated days, tumors were 
harvested and digested into a single-cell suspension for flow 
cytometry analysis.

Single-cell RNA-seq analysis

Single-cell RNA sequencing (scRNA-seq) profiles and clinical 
information from five independent OV specimens were obtained 
from Gene Expression Omnibus (GEO, GSE154600). Genes that 
were expressed in less than three cells and cells that expressed less 
than 200 genes were excluded. Furthermore, the data were filtered 

to include cells that expressed no more than 6000 genes and less 
than 10% of mitochondrial transcripts. After quality control, 
40218 cells were obtained. After data normalization, principal 
component analysis, and Uniform Manifold Approximation and 
Projection (UMAP), eight clusters were identified and defined 
using canonical cell markers. The R package ‘CellChat’ was used 
to infer intercellular communication networks using a database of 
interactions among ligands, receptors, and their cofactors.

External data source and computational analysis

Transcriptomic, mutation, and clinical data from TCGA-OV 
were downloaded from the GDC Data Portal in Dec 2019. 
RNA-seq data were normalized to transcripts per million 
(TPM). The expression data and clinical information of the 
three ICB-treatment cohorts were downloaded from GEO or 
public papers. The HPA RNA-Seq data was obtained from 
Array Express Archive (www.ebi.ac.uk/arrayexpress/) with 
the accession number: E-MTAB-1733.17 CAGE peaks expres
sion was obtained from http://fantom.gsc.riken.jp/5/data.18 

Gene Set Enrichment Analysis (GSEA) was conducted using 
the GSEA software (http://software.broadinstitute.org/gsea/). 
The R package ‘limma’ was used to identify differentially 
expressed genes between the patients with high and low 
C5aR1 expression. The indicated gene signatures are listed in 
Supplementary Table S4.

Statistical analyses

Significant differences between two groups were determined 
using either the Mann-Whitney U test, unpaired t-test, or 
paired t-test. Significant differences between three or more 
groups were determined by one-way ANOVA or two-way 
ANOVA followed by multiple comparisons using the 
Bonferroni post hoc test. Simple correlations were summarized 
using Spearman’s correlation coefficients. Kaplan-Meier ana
lysis and log-rank test were used to analyze the OS of patients 
with HGSC. Pearson’s chi-square test and Fisher’s exact test 
were used to compare the variables. Univariate and multivari
ate analyses were performed using Cox regression survival 
analyses. All statistical analyses were performed using 
GraphPad Prism software (version 8.0) and MedCalc software 
(version 15.2.2). Asterisks indicate the significance level of 
P value: *P < .05, **P < .01, and ***P < .001.Data are shown as 
mean ± SD.

Results

C5aR1 expression associates with unfavorable outcome in 
HGSC

To investigate the clinical significance of C5aR1 in HGSC, 
we applied Kaplan-Meier curves and log-rank tests to com
pare overall survival (OS) between the high and low C5aR1 
subgroups. In both Discovery and TCGA cohorts, higher 
expression of C5aR1 was associated with dismal prognosis 
(hazard ratio [HR] = 2.790, 95% confidence interval [CI], 
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1.029–3.709, P = .012, and HR = 1.642, 95%CI,1.150–2.344, P  
= .002, respectively) (Figure 1a,b). Multivariate Cox regres
sion analysis indicated that C5aR1 could be a potential inde
pendent prognostic factor for OS in both Discovery and 

TCGA cohorts. Consistently, the expression of PD-L1 was 
associated with favorable prognosis in multivariate analysis 
(Figure 1c). For a systematic comprehensive evaluation and 
quantitative analysis, we leveraged the fixed-effects model to 

Figure 1. C5aR1 expression associates with unfavorable outcome in HGSC. (a,b) Kaplan-Meier curves of overall survival from HGSC patients in the Discovery cohort 
(A, n = 120) and TCGA cohort (B, n = 316) that was stratified by high versus low C5aR1 level. (c) Univariate and multivariate cox regression for C5aR1 and clinic- 
pathological variables in Discovery cohort and TCGA cohort. HR, hazard ratio; CI, confidence interval; LN metastasis, lymph nodes metastasis; Pos., positive; Neg., 
negative; Significant P value (P < .05) are bolded. (d) Forest plot of meta-analysis evaluating the associations between the C5aR1 expression levels and prognostic 
indicators in 15 HGSC cohorts.
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pool multiple independent studies of HGSC. The pooled 
results indicated that higher C5aR1 expression was asso
ciated with poorer prognosis (HR = 1.73, 95% CI:1.50–2.00, 
P < 0.001) (Figure 1d, Supplementary Table S5). In conclu
sion, higher expression of C5aR1 maybe associated with 
unfavorable outcomes.

C5aR1 expression correlate with immunosuppressive 
tumor microenvironment in HGSC

We investigated the role of C5aR1 in the tumor microen
vironment, which plays an important role in clinical out
comes and immunotherapy response. Tumor-associated 
immune cells and effector molecules were evaluated using 
IHC in the Discovery cohort. First, we used peptide block
ing experiment to confirm the specificity of commercial 
C5aR1 antibody and showed that reduced staining intensity 
on the peptide-blocked slide compared to anti-C5aR1 anti
body-only slide (Supplementary Figure S3A). Furthermore, 
we explored the data from Human Protein Atlas to validate 
the correlation between mRNA and protein (staining with 
the same commercial C5aR1 antibody). There was a strong 
positive correlation between mRNA and protein levels, it 
suggested that changes in mRNA expression are likely 
reflected in protein abundance and further confirmed the 
specificity of the commercially available anti-C5aR1 anti
body (Supplementary Figure S3B-C). As expected, high 
C5aR1 expression was associated with increased expression 
of Treg cells, M2-polarized macrophages, neutrophils, IL- 
10, and TGF-β (Figure 2a). Meanwhile, we observed that 
C5aR1 expression was positively correlated with score of 
T cell dysfunction signature in the TCGA cohort19 

(Figure 2b). Similarly, tumors with high C5aR1 expression 
upregulated the expression of signaling pathways involved 
in the TGF-β and IL-10 pathways (Figure 2c). In addition, 
we investigated the functional phenotype of CD8+ T cells in 
the high and low C5aR1 subgroups. Notably, the expression 
of the effector molecule GZMB was increased, while the 
immune checkpoints PD-1 and CTLA-4 in CD8+ T cells 
were marginally decreased in tumors with high C5aR1 
expression. Consistently, tumors with high C5aR1 expres
sion upregulated the expression of TGF-β and IL-10, which 
are immunosuppressive cytokines that promote tumor 
immune escape and drive immunotherapy resistance.20,21 

Flow cytometry analysis also illustrated that more Tregs 
and CD206+macrophages were present in tumors with 
high C5aR1 expression, whereas more HLA-DR+ macro
phages were present in counterparts with low C5aR1 
expression (Figure 2d). Consistently, we also found 
a positive correlation between high C5aR1 expression and 
immune cells, including memory B cells, CD8+ T cells, 
follicular helper T cells (Tfhs), activated NK cells, M2- 
polarized macrophages, activated mast cells and neutrophils 
by using the CIBERSORT algorithm (Figure 2e). 
Altogether, these results suggest that C5aR1 may be asso
ciated with the establishment of an immunosuppressive 
tumor microenvironment.

Inhibition of C5aR1 retard tumor growth and reactivate 
anti-tumor immunity

To investigate the therapeutic effects of C5aR1 inhibition 
in vivo, HM1 cells were implanted subcutaneously into syn
geneic B6C3F1 mice, and PMX53 (a C5aR1 antagonist) was 
administered beginning 2 days after implantation every two 
days (Figure 3a). PMX53 significantly altered the tumor 
growth kinetics and inhibited tumor growth (Figure 3b,c). 
Treatment with PMX53 led to an increase in the percentage 
of granzyme B+CD8+T cells, M1-polarized macrophages, while 
reduced IL-10+Tregs, and PD-1+CTLA-4+CD8+T cells 
(Figure 3d). Differential expression analysis of PMX53- 
treated and untreated mice identified 457 significant genes 
(Benjamini and Hochberg adjusted P value < 0.05, log2(fold 
change) >0.5) (Supplementary Table S6). A number of 
immune-related genes downregulated in PMX53-treated mice 
including chemokines (Cxcl2 and Cxcl13) and critical nodes of 
the TCR signaling pathway (Lck, Lat and Zap70),22,23 while 
apoptotic genes (Deptor, Perp and Sfn) were upregulated in 
PMX53-treated mice (Figure 3e). Furthermore, we observed 
decreased expression of mRNAs associated with epithelial- 
mesenchymal transition, extracellular matrix organization, 
negative regulation of inflammatory response, and vasculature 
development in PMX53-treated mice (Figure 3f). To further 
decipher the effect of PMX53 on the tumor immune micro
environment of HGSC specimens, HGSC fresh tumor explant 
cultures were generated. The same results were observed after 
PMX53 treatment in ex vivo HGSC models, with elevated 
percentages of granzyme B+CD8+T cells and M1-polarized 
macrophages, and a reduced percentage of PD-1+CTLA-4+
CD8+T cells and IL-10+ Treg cells (Figure 3g). Overall, these 
data suggest that C5aR1 may be a potential target for reinvi
gorating anti-tumor immunity by reshaping the immunosup
pressive tumor microenvironment of HGSC.

Inhibition of C5aR1 enhances the anti-tumor efficacy of 
anti-PD-1 immunotherapy

Given that C5aR1 confers to an immunosuppressive tumor 
microenvironment, we hypothesized that elevated C5aR1 
expression might be related to resistance to immune check
point blockade therapy (ICB). In line with this hypothesis, 
C5aR1 expression was positively correlated with two sets of 
genes, including the tumor immune dysfunction and exclusion 
(TIDE) framework and the innate anti-PD-1 resistance 
(IPRES) framework19,24(Figure 4a). We further evaluated the 
clinical significance of C5aR1 expression in immunotherapy in 
HGSC fresh tumor explant cultures. Compared with HGSC 
with high C5aR1 expression, anti-PD-1 antibody treatment 
increased the proportion of granzyme B+, IFN-γ+ and double 
positive (granzyme B+IFN-γ+) CD8+T cells in tumors with low 
C5aR1 expression (Figure 4b). Interestingly, PMX53 syner
gized with anti-PD-1 antibody therapy by augmenting the 
cytotoxic activity of CD8+ T-cells (Figure 4c). Furthermore, 
we investigated the ability of C5aR1 to predict clinical out
comes in response to ICB therapy in three publicly available 
ICB-treated cohorts.25–27 We classified the patients into two 
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Figure 2. C5aR1 expression correlates with immunosuppressive tumor microenvironment in HGSC. (a) Comparison of the indicated immune cells and immune 
molecules between high (n = 30) and low (n = 90) C5aR1 groups. Mø, macrophages; M2 Mø, M2-polarized macrophages; Neut, neutrophils; Mast, mast cells. (b) 
Correlation dot plot between C5aR1 expression and score of T cell dysfunction signature in HGSC specimens of TCGA cohort. Lines with colored field represent the 
regression line with 95% confidence interval, including histogram and kernel density estimates. (c) Enrichments for the indicated gene signatures IL-10 pathway and 
TGF-β pathway in samples with low C5aR1 expression versus samples with high C5aR1 expression (low, n = 237; high, n = 79). (d) Proportion of immune cells and 
immune molecules of HGSC patients with low (n = 7) and high (n = 7) C5aR1 level. (e) Heatmap displaying normalized immune cell compositions calculated by 
CIBERSORT and clinicopathologic features (response, platinum status, HRD, immune subtype and TCGA subtype) in C5aR1-stratified clusters in TCGA cohort. CR, 
complete remission; PR, partial remission; SD, stable disease; PD, progressive disease; HRD, homologous recombination deficiency.
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Figure 3. Inhibition of C5aR1 retards tumor growth and reactivate anti-tumor immunity. (a) Comparison of the indicated immune cells and immune molecules between 
high (n = 30) and low (n = 90) C5aR1 groups. Mø, macrophages; M2 Mø, M2-polarized macrophages; Neut, neutrophils; Mast, mast cells. (b) Correlation dot plot 
between C5aR1 expression and score of T cell dysfunction signature in HGSC specimens of TCGA cohort. Lines with colored field represent the regression line with 95% 
confidence interval, including histogram and kernel density estimates. (c) Enrichments for the indicated gene signatures IL-10 pathway and TGF-β pathway in samples 
with low C5aR1 expression versus samples with high C5aR1 expression (low, n = 237; high, n = 79). (d) Proportion of immune cells and immune molecules of HGSC 
patients with low (n = 7) and high (n = 7) C5aR1 level. (e) Heatmap displaying normalized immune cell compositions calculated by CIBERSORT and clinicopathologic 
features (response, platinum status, HRD, immune subtype and TCGA subtype) in C5aR1-stratified clusters in TCGA cohort. CR, complete remission; PR, partial remission; 
SD, stable disease; PD, progressive disease; HRD, homologous recombination deficiency.
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groups based on the median expression of C5aR1. Patients with 
MIBC failed to respond to anti-PD-1 therapy in tumors with 
high C5aR1 (Figure 4d). Patients with low C5aR1 expression 
exhibited favorable survival outcomes to ICB therapy com
pared with counterparts with high C5aR1 expression, regard
less of the tumor type or ICB-containing regimen (HR = 0.71, 
P = .007 for pooled cohort) (Figure 4w,f). C5aR1 may be useful 
as a marker of the clinical benefit of ICB therapy and as 
a potential therapeutic target for enhanced ICB sensitivity.

C5aR1 is mainly expressed on macrophages and 
contributes to immunosuppressive phenotype

To examine the cellular source of C5aR1, we analyzed publicly 
available scRNA-seq data from five biopsies from HGSC.28 

After quality control and exclusion of batch effects, 40218 
single cells were analyzed and clustered into eight populations 
(Figure 5a). Using cell-specific markers, we identified five 
immune cell types, namely T cells, myeloid cells, plasma cells, 
B cells, and plasmacytoid dendritic cells (pDC), as well as three 
nonimmune cell types (epithelial cells, fibroblasts, and 
endothelial cells) (Figure 5b). Myeloid cells were analyzed 
separately and further grouped into four sub-clusters (macro
phages, monocytes, cycling, and dendritic cells). Remarkably, 
C5aR1 expression was specifically confined to myeloid cells, 
especially in macrophages and monocytes (Figure 5c), which 
was consistent with the co-expression of C5aR1 and CD68 
observed by immunofluorescence (Supplementary Figure 
S4A-B). C5aR1 was barely or rarely expressed in tumor cells 
which belongs to clusters of epithelial cells. By creating 

Figure 4. Inhibition of C5aR1 enhances the anti-tumor efficacy of anti-PD-1 immunotherapy. (a) Enrichments for IL-10 pathway and TGF-β pathway signatures in 
patients with low and high C5aR1 expression from TCGA cohort. (b) Proportion of GZMB, and IFN-γ in CD8+ T cells of 14 HGSC fresh tumor explant cultures (low, n = 7; 
high, n = 7) across control group and anti-PD-1 group. (c) Proportion of GZMB, and IFN-γ in CD8+ T cells of 20 HGSC fresh tumor explant cultures (low, n = 10; high, n =  
10) across anti-PD-1 group and anti-PD-1+PMX53 group. (d) Clinical response to PD-L1 blockade by C5aR1 expression in IMvigor210 cohort. (e and f) The expression of 
C5aR1 in predicting survival of patients receiving ICB treatment is shown for individual datasets(E) and pooled data (f).
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Figure 5. C5aR1 is mainly expressed on macrophages and contributes to immunosuppressive phenotype. (a) The UMAP plot visualizes cell clusters (n = 8) in HGSC 
profiled by scRNA-seq. (b)Heatmap of Z-score expression of canonical cell markers of each immune cell population. (c) Violin plots showing C5AR1 mRNA expression 
across all clusters(left) and myeloid cell sub-clusters (right). (d) Volcano plot showing differentially expressed genes (log2(fold change) > 0.5, P value < .05) upregulated 
(right) or downregulated (left) in C5aR1+ macrophages versus C5aR1− macrophages. (e) Gene set enrichment analysis based on differentially expressed genes (blue: 
downregulated pathways; red: upregulated pathways in C5aR1+ macrophages). The bar chart represents the significance of the gene enrichment for any given pathway. 
The orange lines indicate the ratio or percentage coverage of a pathway subject to pathway size bias. (f) Gene set enrichment analysis (GSEA) plot showing the 
enrichment scores for the IL-10, TGF-β, M2 polarization, and phagocytosis pathways in C5aR1+ macrophages. (g) Bubble plot showing inferred ligand-receptor pairs 
between C5aR1+ macrophages or C5aR1− macrophages and T cells from scRNA-seq using CellChat. The depth of color from blue to red represents the low to high 
communication probability. The sizes of the bubbles represent the corresponding P value. Commun. Prob: Communication probability.
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Figure 6. C5aR1 and PD-L1 expression panel correlates with oncogenic pathway activity, therapeutic signatures and molecular alterations. (a,b) Kaplan-Meier curves of 
OS in HGSC patients with high PD-L1 levels (A, n = 158) or low PD-L1 levels (B, n = 158) from TCGA. (c) Kaplan-Meier analyses of OS in TCGA patients stratified according 
to the combination of C5aR1 and PD-L1. (d) Oncogenic pathway activity across the C5aR1 and PD-L1 expression panels. Pathway activity was estimated as the mean 
expression of downstream genes targeted by each pathway. (e) Heatmap displaying the scores of therapy-related signatures (calculated using GSVA). Samples were 
ordered by unsupervised hierarchical clustering, and the scale represented Z-score normalization. (f) The genomic landscape of 202 high-grade serous ovarian cancers 
stratified according to the combination of C5aR1 and PD-L1. The genomic features are displayed from top to bottom as follows: subtype, genome-wide tumor 
mutational burden (TMB), relative contribution of mutational signatures via COSMIC ver2 and ver3, immune phenotype, TCGA phenotype, platinum status, and an 
overview of significantly mutated genes. (g) Summary of molecular characteristics found in the present study and potential therapeutic implications for the treatment of 
high-grade serous ovarian cancer per C5aR1 and PD-L1 expression panel subtype.
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histograms to visualize the distribution of C5aR1 expression on 
different cell types, calculating mean fluorescence intensity 
(MFI) and analyzing the data statistically, we confirmed the 
predominant expression on macrophages, neutrophils and 
monocytes, rather than T cells and tumor cells 
(Supplementary Figure S4C). Analysis of differentially 
expressed genes indicated that Il10, CD163 and Ccl20 were 
upregulated in C5aR1+ macrophages (Figure 5d). Gene 
Ontology (GO) term enrichment analysis of DEGs revealed 
that in addition to the negative regulation of lymphocyte pro
liferation, immune response, and cytokine production to 
reshape the immune microenvironment, C5aR1+ macrophages 
also have the potential to positively regulate VEGF production 
and angiogenesis (Figure 5e). Consistently, gene set enrich
ment analysis (GSEA) demonstrated that upregulated genes 
in C5aR1+ macrophages were enriched in the IL-10 pathway, 
TGF-β signaling, M2 polarization, and phagocytosis, indicat
ing an immunosuppressive phenotype (Figure 5f). In addition, 
C5aR1+ macrophages were predicted to interact with cytotoxic 
CD8+ T cells and naïve CD8+T cells via the MIF−(CD74 
+CXCR4) and MIF−(CD74+CD44) axes, suggesting that 
C5aR1+ macrophages could regulate the proliferation and 
effector function of CD8+ T cells.29,30 C5aR1+ macrophages 
were inferred to interact with Treg cells via the NECTIN2- 
TIGIT axis, which is reported to promote the immunosuppres
sive function of Treg cells in HGSC.31,32 These data suggest 
that tumor-associated macrophages (TAMs) are the main cel
lular source of C5aR1 and contribute to the immunosuppres
sive microenvironment of HGSC.

C5aR1 and PD-L1 expression panel correlates with 
oncogenic pathway activity, therapeutic signatures and 
molecular alterations

Since both C5aR1 and PD-L1 expression are independent 
prognostic factors of OS in HGSC (Figure 1c), we hypothesized 
that the combination of C5aR1 and PD-L1 could improve the 
predictability of OS and response to targeted treatment in 
HGSC. We observed a positive correlation between C5aR1 
and PD-L1 expression at the mRNA level (Figure 6a). In addi
tion, the analysis of hazard curves for C5aR1 according to PD- 
L1 expression status showed a negative correlation between 
high C5aR1 expression and OS in subgroups with PD-L1 
expression levels above the median (Figure 6b). Survival ana
lysis confirmed prolonged survival outcomes in the 
C5aR1lowPD-L1high subgroup (Figure 6c). To characterize the 
activity of the oncogenic pathway at the expression level, we 
evaluated pathway activities by calculating the expression value 
of genes involved in the pathway for each tumor (Figure 6d). 
Oncogenic pathways, including RTK-RAS, cell cycle, WNT, 
Hippo, PI3K, p53, JAK-STAT, and TGF-β signaling, were 
increased in the C5aR1highPD-L1high subgroup, while Notch 
signaling was increased in the C5aR1highPD-L1low subgroup33 

(Figure 6d). Next, we dissected the therapeutic signatures 
composed of the genes most frequently used to infer treatment 
(Figure 6e). The C5aR1lowPD-L1low subgroup was enriched for 
ATRBRCA pathway signaling, while the C5aR1highPD-L1low 

subgroup was enriched for EGF, EGFR, VEGF, and VEGFR 
signaling. A high signature score of IFN-γ indicated that short- 

term IFN-γ stimulation can further upregulate antigen presen
tation activity,34,35 which may explain the possible mechanism 
of favorable prognosis in the C5aR1lowPD-L1high subgroup 
(Figure 6e). To elucidate the molecular landscape, we con
ducted a comprehensive transcriptomic and genomic analysis 
of HGSC (Figure 6f). The C5aR1highPD-L1high subgroup dis
plays a mesenchymal phenotype related to migration and inva
sion. In contrast, the C5aR1lowPD-L1high subgroup exhibited 
an immunoreactive phenotype, with better clinical outcomes.36 

The C5aR1lowPD-L1high subgroup was enriched in patients 
previously identified as platinum-sensitive. The C5aR1highPD- 
L1low subgroup showed a higher rate of RICTOR DNA altera
tions than the other subtypes, which would confer aberrant 
activity to the mTORC2 pathway.37 Finally, we assessed the 
clinical relevance of the transcriptomic characteristics and 
genomic alterations and described the rationale for therapeutic 
options for patients with HGSC (Figure 6g). Tumors of the 
C5aR1lowPD-L1low subtype could benefit from immunother
apy or PARP inhibitors, whereas the C5aR1lowPD-L1high sub
type might be susceptible to immunotherapy or chemotherapy. 
Subtype C5aR1highPD-L1low may be sensitive to anti- 
angiogenic targeted therapies. The C5aR1highPD-L1high sub
type could benefit from RAS pathway inhibitors or TGF-β 
inhibitors. Overall, the HGSC classification based on C5aR1 
and PD-L1 panels deserves further evaluation for precision 
targeted therapy.

Discussion

The emerging use of complement inhibitors, specifically C3 
blockers, in combination with checkpoint inhibitors, has gar
nered significant interest in the field of ovarian cancer treat
ment. Ovarian cancer is notorious for its ability to evade the 
immune system through various mechanisms, including the 
dysregulation of the complement system and immune check
point pathways. Recent research suggests that combining com
plement blockers with checkpoint inhibitors could offer 
a promising strategy to enhance the immune response against 
ovarian cancer cells.38

Complement inhibitors targeting the C3 protein have 
shown potential in modulating the tumor microenvironment 
by disrupting the complement cascade, which is often exploited 
by cancer cells to establish an immunosuppressive milieu.39 

One ongoing clinical trial that pertains to this combination 
therapy is NCT04919629.40 This trial likely seeks to investigate 
the safety, efficacy, and overall potential of combining a C3 
blocker with checkpoint inhibitors in treating ovarian cancer. 
The trial’s results could provide valuable insights into the 
feasibility of this novel therapeutic approach, shedding light 
on its effectiveness, potential side effects, and patient out
comes. It’s important to note that the success of such 
a combination therapy could revolutionize ovarian cancer 
treatment and offer new hope for patients facing this challen
ging disease.

Accumulating evidence suggests that the complement sys
tem is a major regulator of the tumor microenvironment. 
Complement seems to mediate evasion of the immune system 
to remodel the tumor microenvironment and facilitate tumor 
progression.41,42 In this study, we provide a framework for the 
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evaluation of C5aR1. First, high-level expression in HGSC 
predicts unsatisfactory overall survival. Second, it implies an 
immunosuppressive tumor microenvironment. Third, we 
delivered marked anti-tumor immune responses and an inno
vative combination strategy in which anti-PD-1 antibodies are 
administered in combination with a C5aR1 inhibitor, and 
finally, guide individualized targeted therapy and optimize 
patient selection based on C5aR1 and PD-L1 expression panels.

We identified that C5aR1 contributes to the immunosup
pressive tumor microenvironment characterized by high infil
tration of Tregs and M2-polarized macrophages. Our data 
indicate that C5aR1 stabilizes Foxp3 expression and upregu
lates immunosuppressive Treg activity with elevated IL-10 
levels. Moreover, C5aR1 activation allows TGF-β to drive the 
differentiation of CD4+T cells toward a Treg phenotype, simi
lar to the effect of high-concentration stimulation of C5a.43 

However, it has also been reported that C5aR1 activation 
downregulates the levels of Foxp3,44 suggesting that the role 
of C5aR1 in stability of Treg may be context-dependent. Based 
on gene expression abundance at single-cell resolution and 
protein localization by immunofluorescence, C5aR1 was 
found to be preferentially expressed in macrophages. C5aR1+ 

macrophages exhibit a phenotype similar to that of M2- 
polarized macrophages, which facilitates immunosuppressive 
effects through interactions with CD8+ T cells and Tregs. 
Furthermore, C5aR1 expression on non-macrophage cells 
extends its role beyond macrophage-mediated immune 
responses. Its presence on neutrophils, monocytes and even 
tumor cells underscore its significance in inflammation, immu
nity, and disease.45–47 Understanding the diverse roles of 
C5aR1 in different cell types is a dynamic area of research 
with the potential to yield novel therapeutic interventions. 
Therefore, a comprehensive understanding of the effects of 
C5aR1 on the tumor microenvironment could help develop 
novel targeting strategies and combine existing therapies to 
improve patient survival outcomes.

Experimental data also indicated a regulatory effect of 
C5aR1 on CD8+T cell biology. Patients with ovarian cancer 
with high C5aR1 expression acquire an immunosuppressive 
phenotype by restraining CD8+ T cell proliferation and 
impairing granzyme B production. As expected, the ther
apeutic effect of C5aR1 blockade was accompanied by an 
increase in the expression of effector molecules and 
a decrease in the expression of exhaustion markers by 
CD8+ T cells. Interestingly, a decreased frequency of 
CD8+ T cells was observed in PMX53-treated mice, sug
gesting that CD8+ T cell quality, rather than quantity, 
determined anti-tumor immunity efficacy. The clinical suc
cess of immune checkpoint blockade therapy is primarily 
attributed to the reinvigoration of tumor antigen – specific 
T cells,48 highlighting the importance of T cell functional
ity. The results obtained in fresh tumor explant cultures 
suggest that blocking C5aR1 enhances the clinical efficacy 
of anti-PD-1 therapy. The most plausible explanation for 
this synergism is that C5aR1 signaling hampers the anti- 
tumor activity of anti-PD-1 antibodies. In agreement with 
this hypothesis, our data showed that the combined treat
ment led to increased expression of granzyme B and IFN-γ 
in CD8+ T cells, which suggests a more complete 

restoration of CD8+ T cell effector functions. These studies 
suggest that C5aR1 blockade, in combination with other 
immunotherapies, may provide substantial benefits for 
patients who do not respond adequately to a single ICB 
agent. Manipulating C5aR1 regulation in HGSC is 
a prospect that, to our knowledge, is yet to be pursued 
and could represent a new immunotherapeutic to be used 
in tandem with ICB to improve patient outcomes.

Another scenario in which C5aR1 may be of clinical 
relevance is to guide the identification of potential thera
peutic targets in combination with PD-L1. The manage
ment of ovarian cancer has evolved from a one-size-fits- 
all approach to a more precise approach that integrates 
optimal surgery and systemic therapy with subtype specifi
city. Standard practice now takes histology, stage, residual 
status, and genomic profile into account.49 In the present 
study, we demonstrated considerable molecular heteroge
neity at both the transcriptional and genomic levels in 
C5aR1 and PD-L1 panel subgroups. Most oncogenic path
ways involved in HGSC are activated in the C5aR1highPD- 
L1high subgroup, suggesting the substantial potential of 
clinical trials for associated pathway inhibitor treatment. 
Bevacizumab and PARP inhibitors have demonstrated sig
nificant improvements in some patients undergoing first- 
line therapy and can be selected for the management of the 
C5aR1highPD-L1low and C5aR1lowPD-L1low subgroups, 
respectively.50,51 WGS analyses confirmed that mutations 
in TP53 are a nearly universal characteristic of HGSC 
among subgroups,52 while RICTOR alternation identifies 
the C5aR1highPD-L1high subgroup and predicts response to 
drugs targeting mTOR. Therefore, the integrated analysis 
refines the treatment of HGSC precision tailored to indivi
dual predictive factors.

However, it’s crucial to interpret these developments within 
the broader context of clinical research. While the preliminary 
evidence and rationale for combining complement blockers with 
checkpoint inhibitors in ovarian cancer are promising, the 
results of ongoing clinical trials like NCT04919629 will deter
mine the true clinical value of this approach. Additionally, fac
tors such as patient selection, dosing regimens, and potential 
interactions between the two classes of inhibitors will need to be 
carefully considered to optimize therapeutic outcomes.

Taken together, the results presented herein provide evi
dence that C5aR1 is a regulator of ovarian carcinogenesis by 
promoting an immunosuppressive tumor microenvironment. 
Our preclinical data demonstrated that therapeutic inhibition 
of C5aR1 results in the reprogramming of macrophages and 
reinvigoration of CD8+ T cells that offset resistance to anti-PD 
-1 treatment. By identifying particular features based on dis
ease biology and genomic landscape and proposing corre
sponding potential therapies, novel therapeutic opportunities 
could be conferred to patients with HGSC.
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