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Abstract 

Clear-cell renal cell carcinoma (ccRCC) possesses an unmet medical need, particularly at the 

metastatic stage, when surgery is ineffective. Complement is a key factor in tissue 

inflammation, favoring cancer progression through the production of complement component 

5a (C5a). However, the activation pathways that generate C5a in tumors remain obscure. By 

data mining, we identified ccRCC as a cancer type expressing concomitantly high expression 

of the components that are part of the classical complement pathway. To understand how the 

complement cascade is activated in ccRCC and impacts patients’ clinical outcome, primary 

tumors from 3 patient cohorts (n=106, 154, and 43), ccRCC cell lines, and tumor models in 

complement-deficient mice were used. High densities of cells producing classical 

complement pathway components C1q and C4 and the presence of C4 activation fragment 

deposits in primary tumors correlated with poor prognosis. The in situ orchestrated production 

of C1q by tumor-associated macrophages (TAMs) and C1r, C1s, C4, and C3 by tumor cells 

associated with IgG deposits, led to C1 complex assembly, and complement activation. 

Accordingly, mice deficient in C1q, C4, or C3 displayed decreased tumor growth. However, 

the ccRCC tumors infiltrated with high densities of C1q-producing TAMs exhibited an 

immunosuppressed microenvironment, characterized by high expression of immune 

checkpoints (i.e., PD-1, Lag-3, PD-L1, and PD-L2). Our data has identified the classical 

complement pathway as a key inflammatory mechanism activated by the cooperation between 

tumor cells and TAMs, favoring cancer progression, and highlight potential therapeutic 

targets to restore an efficient immune reaction to cancer. 
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Introduction 

Renal cell cancer (RCC) is the cause of over 140,000 deaths per year (1). RCC encompasses 

different histological subtypes, with clear-cell RCC (ccRCC) representing 75% of the cases. 

ccRCC is still a clinical challenge, particularly at the metastatic stage when surgery has 

limited efficacy. In addition to high vascularization (due, in part, to the Von Hippel-Lindau, 

VHL mutations), many ccRCC tumors have an immune and inflammatory cell infiltrate. 

These tumors display a disorganized tumor microenvironment (TME), where a high density 

of CD8
+
 T cells, showing an exhausted phenotype, correlates with shorter survival (2). 

Tumor-associated macrophages (TAMs) exhibit M2-like functions, favoring cancer growth, 

neovascularization, and invasion (3-5). In fact, in-depth immune profiling reveals that TAMs 

represent an heterogeneous cell population in ccRCC tumors, with one population, annotated 

M5, being associated with T-cell exhaustion (6). Understanding how local inflammation 

modulates T-cell function and impacts patients’ prognosis are indispensable to define novel 

targets for immunotherapy to restore an efficient immune reaction in ccRCC (7-9). 

 

The complement system is one of the key factors in tissue inflammation (10), and animal 

models demonstrate that complement component 5a (C5a), generated within the TME, 

promotes cancer progression by activating angiogenesis and driving immunosuppression (11-

13). C5a production can be generated through: (i) the classical pathway starting with C1 

activation, (ii) the alternative pathway starting with direct activation of C3, or (iii) the lectin 

pathway  (13). A study has also demonstrated that C5a can be generated in a cascade-

independent manner in a mouse model of squamous carcinogenesis (14).  

 

Kidneys produce a large spectrum of complement proteins allowing in situ cascade activation, 

leading to a variety of inflammatory diseases due to complement activation or dysregulation 

(14-16). Therefore, we investigated the mechanisms of complement cascade activation in 

ccRCC tumors and their consequences on the TME and patients’ prognosis. Our data show 

that tumor cells produce C1r, C1s, C4, and C3 in situ, and C1r and C1s highjack TAM-

produced C1q for in situ formation of the initiating C1 complex and activation of the classical 

pathway on intratumoral immune complexes. The expression of C1q and the density of the 

C1q
+
 TAM subset correlated with an exhausted T-cell phenotype and poor clinical outcome.  

The production of C4 and C3, as well as the deposition of C4 fragments, was also associated 

with poor prognosis. Collectively, our data provide evidence for activation of the classical 
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pathway in ccRCC by cooperation between tumor cells and TAMs, causing immune 

modulation and increasing the risk of cancer progression. 

 

 

Materials and methods 

 

Transcriptomic analyses  

The gene expression for C1QA, C1QB, C1QC, C1R, C1S, C2, C3, C4, and C3AR1 were 

assessed using the average FPKM values from Human Protein Atlas in 20 different cancer 

cohorts available (17). Liver cancer was excluded from the analyses, since the liver tissue is 

the major production site for complement. The heatmap is generated using R software 3.4.2 

with heatmap.2 package. The correlation between the C1QA gene and the endothelial cell 

gene signature was evaluated in the transcriptomic data of the TCGA cohort and our Cohort 3 

using the Microenvironment Cell Populations-counter (MCP-counter) software as described 

(18). No correlation was found. Normalized RNA-sequencing (RNA-Seq) data were 

downloaded from the GDC data portal (TCGA-KIRC cohort) and log2-transformed. The 

correlations between gene expression were computed using Pearson’s coefficient and a 

subsequent non-nullity test using R software version 3.4.2. Processed RNA-Seq data from the 

study by Chevrier et al. (6) were downloaded from ArrayExpress (accession code: E-MTAB-

5640). Differential gene expression between M5 and control macrophages was estimated 

using Mann-Whitney tests with R software version 3.4.2. 

 

Patients  

Study approval - All the included patients signed an informed consent form prior to inclusion 

in the study, and the research was approved by the medical ethics board of all participating 

institutions (no. CEPAR-2014-001). The study was conducted according to the 

recommendations in the Helsinki Declaration. 

 

Cohort descriptions - Primary ccRCC tumor specimens were collected from three 

retrospective cohorts. Inclusion criteria for the study were: histology type ccRCC, all TNM 

stages (except cohort 3, which included only stage IV). Excluded were patients lacking 

clinical data and slides with poor quality tissue. Tumor specimens were included in paraffin 

and stored at 4°C. Slides with 3 µm sections were kept at 4°C until use. 
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Cohort 1 included 106 patients undergoing nephrectomy at Necker-Enfants Malades Hospital 

(Paris, France) between 1999 and 2003 (2). Cohort 2 was comprised of 154 patients operated 

on at the Institut Mutualiste Montsouris (IMM) (Paris, France) between 2002 and 2010. 

Cohort 3 included 43 metastatic patients receiving surgery at one Belgian and three French 

hospitals from 1994 to 2011 (19). A prospective cohort composed of seven randomly selected 

patients recruited in 2017 at IMM was also used. Histopathologic features, such as histologic 

subtype, tumor size, Fuhrman nuclear grade, and TNM stage were available for the majority 

of the patients (Table 1), and the duration of follow-up was calculated from the date of 

surgery to the date of cancer progression, last follow-up, or death. A TCGA-KIRC (kidney 

clear cell carcinoma) cohort composed of 537 primary ccRCC samples with clinical and 

transcriptomic data was also used in this study. All available data was used, expressed as 

average FPKM. 

 

Immunohistochemistry (IHC) and immunofluorescence (IF) for complement detection  

Human tissues: Formalin-fixed paraffin-embedded (FFPE) human tumor specimens were cut 

into 3 µm-thick sections and stained for C1q, C4d, C3d, IgG, CD163, LAG3, and PD-1 

Supplementary Table S1. Human FFPE tonsil sections were used as a positive control for 

C1q, C4d, CD163; liver sections as positive controls for C3, C4; and mannan-binding lectin 

(MBL) and sections from skin of a patients with pemphigus vulgaris (Geneticist) for C3d 

(Supplementary Fig. S1). For each stain, an isotype control was also used. The specificity of 

the anti-C1q, anti-C3d, and anti-C4d was verified by a competition test (Supplementary Fig. 

S1A-C).  

 

The antigen retrieval was carried out on a PT-link (Dako) using the EnVision FLEX Target 

Retrieval Solutions (Dako) with low or high pH for the detection of C1q, C4d, C3d, CD163, 

LAG3, and PD-1 or with Proteinase K (Dako, S3020) for IgG staining. Endogenous 

peroxidase and nonspecific staining were blocked with 3% H2O2 (Gifrer, 10603051) and 

protein block (Dako, X0909), respectively. The primary and secondary antibodies used for 

IHC and IF are summarized in Supplementary Table S3. For immunohistochemistry studies, 

staining was revealed with 3-amino-9-ethylcarbazole substrate (Vector Laboratories, SK-

4200). After mounting either with glycergel (Dako, C056330-2) for IHC or ProLong
TM

 Gold 

antifade reagent with DAPI (Thermo Fisher, P36935) for IF, the slides were scanned with 

Nanozoomer (Hamamastu) for IHC or Axio Scan (Zeiss) for IF. Stained slides were analyzed 

by Calopix software (Tribvn). For CD163, LAG3, and PD-1 markers, the density of positive 
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cells was quantified in the tumor core and in the invasive margin. The % co-localization 

between different staining patterns revealed by immunofluorescence was calculated using 

HALO Image Analysis Software (Indica Labs) in selected sections, rich of C1q-positive 

infiltrating cells or C1q deposits. 

 

The specificity of the anti-C1q and anti-C4d antibodies was verified by a competition test as 

follows. For the anti-C1q antibodies, the primary antibodies were incubated with human C1q 

(Comptech, A099) or C3b (Comptech, A114). For C4d, the primary antibody was 

preincubated with recombinant human C4d (Abcam, ab 198640) or purified human C3d 

(Comptech, A112). For C3d, the primary antibody was preincubated with purified human C3d 

(Comptech, A112) or purified human C1r (Comptech, A102). The incubation was performed 

for one hour at different molar ratios (0:1, 1:1, 1:2). The staining of the tonsil sections was 

inhibited after preincubation of the antibody with purified C1q, C4d, or C3d, respectively, but 

not with purified C3b, C3d, or C1r. 

 

For the C4a/C4d and C1q/C4d double staining, a tyramide system was used. The incubation 

with AF647 tyramide reagent (1:100 diluted in TBS 1X, H2O 0.0015%, Life Technologies, 

B40958) was performed after the secondary HRP-coupled antibody and was followed by 

antibody stripping at 97°C for 10 minutes. This protocol was repeated for the second primary 

and secondary antibody incubations and AF546 tyramide reagent diluted 1/100 (B40954).  

The detection of mRNA expression of C1r and C1s in situ in ccRCC tumors was performed 

by RNAscope technology (ACDbio) using manufacturer’s instructions.  

 

 

Classification method for C1q, C4 and C3 staining in ccRCC tumors 

C1q staining classification: Tumors were scored into 3 groups according to the percentage of 

C1q-producing cells within the tumor (at any intensity). This semi-quantification was 

performed by three independent observers as follows: score 0 (weak): cut off <1% of non-

neoplastic cells; 1 (intermediate): 1-30% of non-neoplastic cells; 2 (strong): >30% of non-

neoplastic cells. Patients with score 2 staining were found to have a shorter survival than any 

other score for both progression-free survival (PFS) and overall survival (OS)(p=0.0216 and 

p=0.0165, respectively). Therefore, all subsequent studies were performed separating tumors 

into C1q high (score 2) and C1q low (scores 0 to 1) staining. An automated quantification of 

the immune-reactive area for C1q for the whole slide scans of cohort 3 was performed using 
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HALO Image Analysis Software (Indica Labs). The training of the algorithm to distinguish 

between infiltrating cells, vessels, and deposits did not result in reliable distinction between 

the patterns. Therefore, we retained the semi-quantification as a method for analysis for this 

study.  

 

C4/C3 staining classification: Tumors were classified into 3 staining scores according to the 

percentage of C4/C3 cytoplasmic staining in tumor cells or C4d/C3d deposits on the 

membrane of tumor cells (at any intensity). The semi-quantification was performed by 3 

independent observers as follows: score 0 (weak): cut off <1% of non-neoplastic cells; 1 

(intermediate): 1-30% of non-neoplastic cells; 2 (strong): >30% of non-neoplastic cells. 

The density of C4-producing tumor cells showed a trend towards association with shorter PFS 

(p=0.09) and a significant association with OS (p=0.04). Because the survival curves 

overlapped for scores 1 and 2 tumors, these tumors were pooled into a high group. 

We found a significant negative impact of C4 activation fragment deposits on PFS (p=0.04) 

and a trend for the OS (p=0.08) in tumors of patients with staining score 2. Because the 

survival curves of staining scores 0 and 1 tumors were indistinguishable, these tumors were 

pooled into a low group. 

 

RNAscope 

Formalin-fixed, paraffin-embedded (FFPE) human tumor specimens were cut into 3 µm-thick 

sections. The detection of mRNA expression of C1r and C1s in situ in ccRCC tumors was 

performed by RNAscope technology using the kit ACDbio universal VS sample Prep 

Reagents (323220). Negative control probe (ACDbio, 312039), positive control probe 

(ACDbio, 313909) and probe targeting either human C1s (ACDbio, 508969) or human C1r 

(ACDbio, 508959) were used. 

 

Cell lines and culture conditions 

The human ccRCC cells lines Caki-1 and A498, as well as control cell lines from colorectal 

cancer (HCT116 and SW620), were purchased from the American Type Culture Collection 

(Manassas, VA). Caki-1 and HCT116 cells were cultured in McCoy’s medium (Gibco) + 10% 

FCS + 1x penicillin/streptomycin (Gibco). SW620 cells were cultured in Leibovitz medium 

(Gibco) + 10% FCS 1x penicillin/streptomycin (Gibco), and A498 cells were cultured in 

EMEM (ATCC) + 10% FCS + 1x penicillin/streptomycin (Gibco) in a humidified atmosphere 
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of 5% CO2 and 95% air at 37°C. The cells were cultured until ~70% confluence and the 

culture medium was changed to reduced serum medium Opti-MEM (Thermo Fisher 

Scientific). The supernatant was recovered 48 hours later.  

 

Mouse TC-1, MC38, B16F0 melanoma, LLC lung adenocarcinoma, and MCA205 

fibrosarcoma cell lines were tested in vitro. The cells were cultured in RPMI supplemented 

with 5 mM glutamine (Gibco), 10% FCS, 1x penicillin/streptomycin (Gibco), and 50 µM 2-

mercaptoethanol (Gibco). No specific authentication of the cell lines was performed. They 

were routinely tested for mycoplasma and used when negative.  

 

Western blot for complement 

After a 48-hour of culture in a synthetic medium without serum, the supernatants of the 

human and mouse cell lines were recovered and concentrated using Amicon Ultracel 3K units 

(UFC 900324). The samples were prepared with NuPAGE® LDS sample buffer (4X) 

(Thermofisher) with or without reducing agent (DTT) and then denatured at 80°C for 10 

minutes. Proteins were separated in NuPAGE 10% Bis-Tris gel (Thermo Fisher). The proteins 

were transferred onto a nitrocellulose membrane using iBlot (Invitrogen). The membranes 

were then stained with the SNAP i.d. Protein Detection System (Millipore) using a primary 

goat anti-human C1s antiserum (Quidel, A302; 1/5000), polyclonal rabbit anti-human C1r 

(Abcam, ab155060, 1/500), rabbit polyclonal anti-mouse C1r (Abcam ab205546, 1/500), 

rabbit polyclonal anti-mouse C1s (Abcam ab199418, 1/500), rabbit polyclonal anti-human C4 

(Siemens, OSAO, 1/500) and goat polyclonal anti-human C3 (Merck Millipore 204869, 

1/5000). Secondary antibodies were rabbit anti-goat HRP (Santa Cruz H0712, 1/10000) or a 

goat anti-rabbit HRP (Santa Cruz J512, 1/5000). After washes, the membranes were 

developed with an ECL reagent (Pierce #32106), and the chemiluminescence was detected 

with a MyECL Imager (Thermo Scientific). The purified human proteins C1s (Comptech, 

A104) or C1r (Comptech, A102) or mouse serum were used as positive controls.  

 

Functional assays for C1 complex formation and activity  

C1 complex formation: To test the formation of a C1 complex, an ELISA was used, as 

described previously (20). A polyclonal rabbit anti-human C1q (Dako, A0136; diluted 1/1000 

in PBS), was coated overnight on 96-well Nunc plates (Nunc MaxiSorp). A 1% BSA solution 

was then used for blocking for 1 hour at room temperature. The washing steps were 

performed with TBS Tween with 0.05% CaCl2 (1 mM). The supernatants of cultured human 
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cell lines, supplemented with increasing doses of human C1q (Comptech, A099, from 0.125 

µg/mL to 2 µg/mL diluted in washing buffer) were added to the plates and incubated for 1 

hour at 37°C. Increasing doses of normal human serum were added as positive controls. A 

goat anti-human C1s antiserum (Quidel, A302; 1/500 diluted in the washing buffer) was used 

and incubated for 1 hour at 37°C, and a secondary rabbit anti-goat HRP (1/2000 diluted for 

human; Santa Cruz Biotechnology, H0712) was then added. The ELISA was revealed with 

SureBlue TMB Microwell Peroxidase Substrate (KPL), and the reaction was stopped with 2 

M sulfuric acid. The optical density at 450 nm was measured by Multiskan Ex (Thermo 

Scientific).  

 

Functional activity of C1: To evaluate the functionality of this C1 complex, another ELISA-

based functional test was set up as in (21). The 96-well plates were coated with human IgG1, 

(50 µg/mL) for 1 hour at 37°C. A solution of 1% BSA was then used to block the plate for 1 

hour at room temperature. The washing steps were performed with 10 mM HEPES, 75 mM 

NaCl, 1 mM CaCl2, 1 mM MgCl, and 0.05% Tween 20. The supernatants of cultured cell 

lines and increasing doses of human C1q (from 0.125 µg/ml to 4 µg/ml, diluted in washing 

buffer) were added to the plates and incubated for 1 hour at 37°C. In the same plate, 

increasing doses of human serum (diluted from 1/1280 to 1/40) were added as a positive 

control. A solution containing human C4 protein (4 µg/mL; Comptech, A105) and C2 protein 

(5 µg/mL; Comptech, A112) were then added and incubated for 2 hours and 30 minutes at 

37°C. The supernatant from the wells was recovered, and the C2 cleavage was analyzed by 

western blotting under reducing conditions using biotinylated antihuman C2 (R&D system, 

BAF1936; diluted 1/400) and then streptavidin HRP (1/3000; Dako, P0397). The signal was 

revealed as above. The C4 fragment deposits on the plate were detected using an anti-C4 

antibody (Siemens, OSAO; diluted 1/500) and a secondary rabbit anti-goat HRP (Santa Cruz, 

H0712; diluted 1/2000).  

 

Interaction of tumor cells with C1q in vitro 

The interaction of two human ccRCC cells lines (Caki-1 and A498), as well as of the mouse 

cancer cell line TC-1 with immobilized C1q was studied by immunofluorescence. SuperFrost 

Plus slides were divided by Dakopen into 4 equivalent parts, coated either by bovine serum 

albumin (Sigma), human C1q (Comptech, A099), or fibronectin (Sigma, F1141) at 20 µg/mL; 

200,000 cells/quadrant, suspended in Opti MEM (Gibco, 31985-062) medium were placed in 

each part. After an overnight incubation at 37°C, the cells on the slides were washed and fixed 
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with 4% paraformaldehyde (PFA) for 30 minutes. After an antigen retrieval at low pH and 

blocking with protein block (Dako, X0909), goat anti-mouse antibody Na/K ATPase followed 

by anti-mouse IgG-Cy3 was used. After nuclear staining with DAPI and mounting with 

ProLong
TM

 Gold antifade reagent (Thermofisher, P36934), the slides were scanned using 

AxioScan (Zeiss). The nuclei were counted using Visiopharm software. Alternatively, 

adhesion on these surfaces was evaluated at 5, 10, and 30 minutes after seeding. Proliferation 

of the tumor cells in the presence of human C1q, albumin, or buffer was evaluated using 

staining with CFSE CellTrace (CFSE Cell Proliferation Kit Protocol, Thermo Fisher). 

 

Macrophage sorting  

After tissue dissociation, fresh human tumors were incubated for 1 hour at 4°C with 15 ml of 

Cell Recovery Solution (Fisher Scientific). Immune populations were separated using Ficoll-

Paque PLUS (GE Healthcare Life Science). Cells were then stained with CD14-APC, CD16–

APC-H7, CD3-PE, CD66b-PE, CD19-PE, CD56-PE and DAPI for viability (Supplementary 

Table S2). CD14
+
 cells were sorted using a FACS Cell Sorter BD Aria III with a purity over 

95%. These macrophages were recovered in RLT reagent (Qiagen, 79216)-β-mercaptoethanol 

solution and stored at –80°C.  

 

RT-qPCR  

The RNA was extracted from TAMs sorted from the tumors of seven consecutive ccRCC 

patients and from mouse and human tumor cell lines or mouse tumors using an RNAeasy 

micro kit (Qiagen, 74004). The quality and quantity of RNA were determined with a 2100 

Bioanalyzer (Agilent) using an Agilent RNA 6000 Pico assay kit (5067-1513) or Nano assay 

kit (5067-1511). The reverse transcription was performed with 250 ng RNA with the Applied 

Biosystem High-capacity cDNA Reverse Transcription Kit (Applied Biosystem, 4368814) for 

the cell lines and mouse tumors. For the mRNA extracted from TAMs, reverse transcription 

and pre-amplification were conducted with the Ovation Pico kit (Nugen, 3302). The 

quantitative gene expression was assessed by using custom low-density array plates with a 

TaqMan 7900HT Fast Real-Time PCR System (Applied Biosystem). Expression levels were 

determined using threshold cycle (Ct) values normalized to GAPDH (∆Ct) and expressed with 

2
–∆Ct

. The references of the primers used for human and mouse gene expression are given in 

Supplementary Tables S3-S4, respectively. The RNA was also extracted from mouse tumors 

and the expression of Vegfc (Mm00437310_m1) was assessed. Actin served as an endogenous 

control (Mm00607939).  
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Mouse models 

Study approval - C57BL/6J mice were purchased from Charles River. C1q
–/–

 mice, generated 

and provided by Prof. Marina Botto (Imperial College London) were bred in our animal 

facility as previously described  (22,23). C3
–/– 

and C4
–/–

 mice were from Jackson Laboratory. 

Complement-deficient mice were backcrossed in-house for four generations. Male and female 

8-10 week-old C1q
–/–

, C4
–/–

, and C3
–/–

 mice and paired groups of wild-type (WT) mice were 

used in this study. All experiments were conducted in accordance with the recommendations 

for the care and use of laboratory animals and with approvals APAFIS#34\0-

2016052518485390v2 and #9853–2017050211531651v5 by the French Ministry of 

Agriculture.  

Experimental procedure - The mouse TC-1 lung epithelial cell line (transformed by HPV 

(24)) was used for in vivo experiments. The cells were cultured during one week in complete 

medium. After 2-3 passages, cells were recovered at 80% confluence, and 400,000 cells were 

inoculated subcutaneously (s.c.) in the right flank with 200 µL PBS. Tumor size was 

measured with calipers every 2-3 days for 25 days or until reaching the ethical endpoint of 

tumor size approaching 3000 mm
3
. Tumors were recovered and were either frozen in liquid 

nitrogen for IF staining and gene expression analyses or used fresh for flow cytometry 

analyses.  

Flow cytometry on mouse tumors - Intracellular staining for C1q in mouse tumors: Freshly 

recovered mouse tumor tissues were dissociated with enzymatic solution: collagenase I 

(Thermo #17100-017, 200 U/mL) and DNase I (Thermo #90083), 10 U/mL) and then 

mechanically dissociated by using gentleMACS (Miltenyi). The solutions were filtrated with 

70 µm and 30 µm nylon membrane filters and washed with PBE (PBS, 0.5% BSA, 2 mM 

EDTA) to obtained single cell suspensions. The number of total cells was counted using 

Kovas slides. Two million live cells were distributed in V shaped 96-well plates and were 

incubated with Fc Block (anti-CD16/CD32, BD Biosciences) for 20 minutes at 4°C. Between 

the steps, the cells were washed with PBE. The cells were further incubated with viability 

marker (Live Dead, Thermo Fisher) following the manufacturer’s protocol and membrane 

marker antibodies (Supplementary Table S1) diluted in PBE for 30 minutes at 4°C. Then, the 

cells were washed with PBE and suspended in 4% PFA. For the detection of intracellular 

C1q, the anti-C1q antibody 7H8 was coupled with Cy5 using an Inova Lightning Link rapid 
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Cy5 kit (342-0010) according to the manufacturer’s instructions. After membrane staining, 

the cells were washed with Fix/Perm buffer (Thermo Fisher, 00-8333-56, 00-5223-56), 

permeabilized with Fix/Perm solution (Thermo Fisher, 00-5123-43, 00-5223-56) for 30 

minutes at 4°C and then stained for C1q. Finally, the cells were washed with Fix/Perm buffer. 

Human and mouse samples were acquired in a FACS Fortessa cytometer with FACSDiva 

software (BD Bioscience), and data were analyzed with FlowJo 10.0.8 software (Tree Star, 

Inc.). 

 

Staining on mouse tissue: Freshly isolated mouse tumor tissues were frozen with liquid 

nitrogen and kept at -80°C. Tissues were cut from frozen blocks with cryostat (Leica) at a 6 

µm thickness and fixed by acetone for 8 minutes. Sections were incubated with TBS, 5% 

BSA for 30 minutes in a humidity chamber at room temperature. Sections were incubated 

with primary antibody rabbit polyclonal anti-CD31 (Abcam ab124432, 10 µg/mL) or isotype 

for 45 minutes in TBS, 0.04% Tween20 (TTBS). Between each step, sections were washed 

two times for 2 minutes in TTBS. Sections were incubated with secondary antibody goat anti-

rabbit IgG AF647 (ThermoFisher, A-21245; 20µg/mL) for 45 minutes. Sections were washed 

with water and incubated for 5 minutes with DAPI, and slides were mounted. Staining of 

other tissues (spleen, kidney, heart, and liver) were performed for controls. The slides were 

scanned with Zeiss Axio Scan. 

 

Statistical analyses  

The survival analyses were performed with R software version 3.4.2 and the “survival” 

package.  The impact on survival was assessed by using Kaplan-Meier estimates and a log-

rank test or by using Cox proportional hazard models, according to what is specified in the 

text. All survival data were censored at 2500 days. The association between the distributions 

of qualitative variables was assessed by Fisher’s exact test. Relationships between 

quantitative and qualitative variables were estimated using the Mann-Whitney test. For 

quantitative variables, the cut-off was chosen according to distribution curves.  

Mouse tumor growth was analyzed using a two-way ANOVA test for the curve and 

independently each day with a nonparametric Mann-Whitney test. Data from mouse 

immunofluorescence quantifications, flow cytometry, and RT-qPCR were analyzed using 

Mann-Whitney tests. These statistical analyses were performed using GraphPad Prism 6. 
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Results 

Classical complement pathway gene expression in human cancers 

By analyzing the TCGA database, we found that the genes encoding for classical complement 

pathway proteins were heterogeneously expressed in human cancers (Supplementary Fig. 

S2). ccRCC showed overexpression of all tested classical pathway genes, supporting a 

working hypothesis that C1q and the classical pathway play a major role in this cancer.  

 

The density of C1q
+
 cells is associated with poor prognosis in advanced ccRCC  

C1q expression and its correlation with clinical outcome was analyzed in primary tumors 

from a retrospective cohort of 106 patients with stages I-IV ccRCC (Cohort 1, Table 1). We 

semi-quantified the density of intratumoral C1q-producing cells (Fig. 1A) as low and high, 

using a specific antibody (Supplementary Fig. S1A). Compared to a low density of C1q-

producing cells, a high density of intratumoral C1q-producing cells had a significant negative 

impact on PFS (p=0.008) and OS (p=0.0016) (Fig. 1B). When patients were stratified into 

early (stages I-II, Fig. 1C) and advanced (stages III-IV, Fig. 1D) cancers, the negative clinical 

impact of a high density of C1q
+
 cells was evident only in patients with advanced cancers 

(PFS: p=0.004; OS: p=0.002)(Fig. 1D).  

 

This finding was validated using two independent cohorts. Cohort 2 (Table 1) included 154 

patients: 68 with early (stages I-II) and 86 with advanced (stages III-IV) ccRCC. In this 

cohort, we had access only to PFS data and again showed the negative clinical impact of a 

high density of C1q
+
 cells in advanced-stage cancers (PFS: p=0.0109) but not in early-stage 

cancers (PFS: p=0.527)(Fig. 1E-F). In cohort 3, composed of 43 stage IV metastatic ccRCC 

patients (Table 1), we confirmed the shorter PFS (p=0.00276) and OS (p=0.0126)(Fig. 1G) of 

patients having a high density of C1q
+
 cells in their primary tumors.  

 

TAMs are the most abundant cell type producing C1q in ccRCC  

The C1q
+
 cells were characterized by double-labeling using immunofluorescence (IF)(Fig. 

2A-D). Cytoplasmic C1q staining was detected in infiltrating cells. We observed that some 

CD31
+
 vascular endothelial cells were C1q-positive (Fig. 2A), in agreement with previous 

data (25), whereas the podoplanin-positive lymphatic endothelium and the SMA-positive 

fibroblasts were negative. Macrophages were the major cell type producing C1q in ccRCC 

tumors (Fig. 2B). The majority of C1q
+
 cells expressed both CD68 and CD163 (Fig. 2B-C). 

Tumor cells stained negative for cytoplasmic C1q, but membranous deposits on their surface 
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were detected in a fraction of the tumors (Fig. 2D). The density of CD163
+
 macrophages was 

higher in the C1q-high tumors (Fig. 2E, p=3.4x10
-5

), and quantification of the co-localization 

of the staining revealed that about 80% of the C1q
+
 infiltrating cells were CD68

+
CD163

+
 

macrophages.  

 

Therefore, we further investigated the macrophage orientation and TME characteristics in 

ccRCC tumors. C1q staining showed variable intensity (by IF) among TAMs in ccRCC. A 

study reports that a subgroup of TAMs, specifically, CD14
+
HLA-DR

+
CD204

+
CD38

+
CD206

–
 

cells named M5, associates with exhausted T-cells in ccRCC tumors (6). We reanalyzed the 

RNA-Seq data published by Chevrier et al. (6) and found significantly higher expression of 

C1QA (p=3.2x10
-4

), C1QB (p=1.6x10
-4

), and C1QC (p=1.6x10
-4

) than in control TAMs (Fig. 

2F). M5 TAMs expressed significantly higher PD-L2 (PDCD1LG2, p=1.6x10
-4

), as well as 

the complement receptor for C1q LAIR1 (p=6.5x10
-4

)(Fig. 2F). We further analyzed the 

expression of several of these genes in CD14
+
 macrophages sorted from seven fresh ccRCC 

tumors (Table 1). C1QA showed a significant correlation with the mRNA expression of PD-

L2 (PDCD1LG2) (R=0.913, p=0.004) and a trend towards a correlation with the C1q receptor 

LAIR1 (R=0.75, p=0.054)(Fig. 2G).  

 

C1q expression is associated with immune checkpoint expression in ccRCC  

Tumors from 102 patients from cohort 1 were stained for PD-1 and LAG3. A positive 

correlation was found between C1q
+
 cell density and PD-1 (p=0.012)(Fig. 2H), as well as 

LAG3 (p=0.0008) (Fig. 2I). We also searched for a potential association between C1q 

expression and a T-cell signature, evaluated by CD3, CD4, and CD8 signatures expression in 

public databases (TCGA), without finding a significant correlation. However, C1q gene 

expression correlated with that of immune exhaustion markers in ccRCC tumors in publicly 

available transcriptomic data from the TCGA database (n=537). We found a correlation 

between C1QA gene expression and PD-L2 (CD273 or PDCD1LG2, p=3.1x10
-56

), as well as 

a correlation with PD-L1 (CD274, p=0.0003)(Fig. 2J). A correlation was also observed 

between C1QA and the immune checkpoint molecules PD-1 (PDCD1, p=1.5x10
-70

), LAG3 

(p=2x10
-70

), TIM-3 (HAVCR2, p=6.5x10
-23

), and CTLA4 (p=1.3x10
-39

)(Fig. 2K).  

 

The classical complement pathway is activated in situ in ccRCC 

The classical pathway can be activated by IgG-containing immune complexes. IgG staining 

by IF revealed IgG deposits on tumor cells, which co-localized with C1q deposits in about 
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30% of the cases (Fig. 3A). In the areas rich in deposits, up to 90% of the C1q deposits co-

localized with IgG. The C1q deposits on tumor cells partially co-localized with the C4d 

staining (about half, Fig. 3B), indicating activation of the classical pathway. Membranous 

C1q staining outside IgG deposits was scarce, but could be related to a direct interaction of 

C1q with the tumor cells or with other C1q ligands. Indeed, two ccRCC cell lines, A498 and 

Caki-1, interacted with a C1q-coated surface at a similar level as to fibronectin (FN, positive 

control) and contrary to an irrelevant protein (albumin) after 10 minutes of incubation 

(Supplementary Fig. S3A), and the cells adhered better on C1q-coated or fibronectin-coated 

wells than on albumin-coated wells at 12 hours (Supplementary Fig. S3B). The higher cell 

density was not due to an increased proliferation rate, as measured by carboxyfluorescein 

succinimidyl ester (CFSE) method, but to better cell adherence. 

 

Tumor cells stained positive for mRNA encoding the remaining components of the C1 

complex, namely C1R and C1S, as revealed by an RNAscope assay (Fig. 3C-D). This was 

substantiated by expression of C1R and C1S mRNA (Supplementary Fig. S4A-B) and 

protein (Fig. 3E-F) in the human ccRCC cell lines. C4 was detected in ccRCC cell lines as 

measured by mRNA expression (Supplementary Fig. S4C) and at the protein level by 

western blot (Fig. 3G). 

 

The native C4 protein was produced in situ by the tumor cells, as visualized by the co-

localization of the cytoplasmic staining of cytokeratin with the staining with an anti-C4 

antibody recognizing an epitope in the C4a region of the intact molecule (Fig. 3H, 

Supplementary Fig. S4D). Deposits of C4 activation fragments were detected on the tumor 

cell surface, as evidenced by using an antibody preferentially detecting C4d (Fig. 3G), co-

localizing with cytokeratin (Supplementary Fig. S4E). The C4d
+
 deposits were localized at 

the surface of tumor cells that could also produce C4 (Fig. 3H). Similar results were obtained 

for C3 (Supplementary Fig. S4F-H). It was produced by the ccRCC tumor cell lines at 

mRNA and protein level (Supplementary Fig. S4F-G), and C3d
+
 deposits were detected on 

the surface of tumor cells of human ccRCC (Supplementary Fig. S4H). 

 

The classical complement pathway is activated in an in vitro model of ccRCC 

We further investigated the role of tumor cells in the formation of the C1 complex and in the 

activation of the classical pathway using cancer cell lines. The two ccRCC cell lines Caki-1 

and A498 expressed mRNA for C1R, C1S, C4, and C3 and produced their encoded proteins, 
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contrary to the two colon cancer cell lines (HCT116 and SW620) used as negative controls 

(Fig. 3E-G, Supplementary Fig. S4A-C,F-G). None of these cell lines expressed detectable 

C1q mRNA and protein. Addition of C1r- and C1s-containing supernatants of Caki-1 and 

A498 to purified human C1q allowed the formation of the C1 complex (Fig. 3I), as revealed 

by ELISA. The first substrate of the activated C1s is C4, followed by C2. The low 

concentration of endogenous C4 in the supernatants precluded reliable detection of its 

cleavage by the C1 complex in this setting. The serine protease activity of C1s is activated 

when the C1 complex is assembled. To test whether the C1 complex was functionally active, 

exogenous purified human C1q (without C1r and C1s), C4, and C2 were added to the cancer 

cell line supernatants and incubated with surface-immobilized IgG, as a model of immune 

complexes. C4 activation fragment deposition (Fig. 3J) and cleavage of C2 (Fig. 3K) were 

detected in the presence of the ccRCC cell line supernatants, contrary to the control 

supernatants, demonstrating that the formed C1 complex was functionally active. The ccRCC 

cell lines had high expression of membrane complement regulators, such as CD46, CD55, and 

CD59 (Supplementary Fig. S5A-C), as well soluble ones, like Factor H and Factor I 

(Supplementary Fig. S5D-E), which can protect them from the formation of cytotoxic 

membrane attack complex C5b-9. 

 

The density of C4
+
 and C3

+
 cells and C4d+ deposits correlates with poor prognosis  

We semi-quantified the density of C4- (Fig. 4A) and C3-producing (Supplementary Fig. 

S6A) tumor cells in Cohort 1 (106 patients, Table 1). Patients with tumors having a high 

density of C4-producing tumor cells had significantly decreased PFS (Fig. 4B, left panel, 

p=0.02) and OS (Fig. 4B, right panel; p=0.03). Similarly, the density of C3-producing tumor 

cells (Supplementary Fig. S6A-B) showed a significant association with shorter PFS 

(Supplementary Fig. S6B, left panel; p=0.035) and a trend towards association with shorter 

OS (Supplementary Fig. S6B, right panel; p=0.07).  

 

Comparing low and high staining scores for C4 activation fragment deposits (Fig. 4C) 

revealed a significant association with poor prognosis for the high group for both PFS (Fig. 

4D, left panel; p=0.013) and OS (Fig. 4D, right panel; p=0.007). Combining the densities of 

C4-producing cells and C4 deposits yielded a deleterious prognosis for both PFS and OS 

(p=0.018 and p=0.0036, respectively) in the group of patients with high C4-producing cells 

and high deposits (Fig. 4E). The C3 activation fragment deposits did not correlate with 

survival (Supplementary Fig. S6C-D). 
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Correlation between local production and complement deposits in ccRCC patients  

C1q deposits correlated with the deposits of C4 activation fragments in the tumors from 

Cohort 1 (Supplementary Fig. S7A, p=0.031). Cytoplasmic staining and deposits of C3 

(Supplementary Fig. S7B-C) correlated with the C1q and C4 activation fragment deposition 

(p=0.002 and p=0.001, respectively). The local production of C4 and C3, revealed by the 

cytoplasmic staining in the tumor cells, was correlated with the local deposits 

(Supplementary Fig. S7D-E; p=0.033 for C4 and p=0.018 for C3).  

 

Complement is an independent prognostic factor in ccRCC 

Finally, univariate Cox proportional hazards models were fitted for clinicopathological 

parameters (sex, age, stage, Fuhrman grade, and presence of a sarcomatoid component), as 

well as complement-related variables for both PFS and OS (Table 2). All variables 

significantly associated with prognosis were then integrated into multivariate models 

integrating either all complement-associated variables or C1q. The prognostic impact of C1q 

on PFS and OS was found to be independent from clinical parameters (Fuhrman grade, TNM 

stage, and sarcomatoide component)(p=0.014 and p=0.007, respectively). In contrast, C1q 

was not an independent marker when the remaining complement-related parameters were 

incorporated, probably because of the correlation of complement-associated variables.  

 

Ablation of C1q, C4, and C3 in mice is associated with decreased tumor growth  

To evaluate the impact of C1q and the classical complement pathway activation in vivo, we 

analyzed tumor models in C1q
–/–

 mice on the C57BL/6 background. We searched for 

syngeneic tumor models, in which the tumor cells produce C1r, C1s, C3, and C4 and in which 

C1q could be present in the TME. In the absence of RCC models growing in C57BL/6 mice, 

we screened five tumor cell lines and found that they expressed detectable C1r and C1s at the 

mRNA level (Fig. 5A) but not C1q or Mbl2 (MBL), similarly to the human ccRCC cell lines. 

These cell lines also had a heterogeneous expression of C4, C3, and C2. We selected the TC-1 

cell line because it expressed all the genes of interest and represented a model where 

complement activation contributes to tumor growth (11).  

 

Intracellular staining for C1q from harvested tumors by flow cytometry showed that a 

minority of CD45
–
 cells were C1q

+
 (presumably endothelial cells)(Fig. 5B, left panel). 

Positivity was detected in dendritic cells (DCs; CD45
+
CD3

–
CD11b

+
CD11c

+
), but they 
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represented only approximately 5% of the CD45
+
 cells (Fig. 5B, middle panel). The major 

C1q-expressing population in the TC-1 tumors were the macrophages (CD45
+
CD3

–

CD11b
+
CD11c

–
Ly6C

low
Ly6G

–
)(Fig. 5B, right panel) representing ~60% of the CD45

+
 cells at 

an early time point (day 10). 

 

To establish whether activation of the early steps of the complement cascade could be 

involved in tumor progression, we grafted TC-1 cells into C3
–/–

, C4
–/–

, and C1q
–/–

 mice. The 

C3
–/–

 mice were nearly completely protected from tumor growth in these experimental 

settings, (Fig. 5C) and a significant reduction of the tumor size in C4
–/–

 mice was seen (Fig. 

5D) for the late time points, in agreement with previous observations (11). After day 15 in 

C1q
–/–

 mice, TC-1 tumors were significantly smaller than those grafted into WT mice (Fig. 

5E), demonstrating the implication of the early steps of complement activation in tumor 

progression.  

 

Impact of C1q on neoangiogenesis 

C1q is reported to impact neoangiogenesis in mouse tumor models (26). Indeed, we detected a 

difference in the morphology of the vasculature between tumors growing in C1q
–/–

 mice and 

those growing in WT mice in the TC-1 model (Supplementary Fig. S8A). Tumors growing 

in C1q
–/–

 mice exhibited shorter vessels with disrupted organization (data shown for day 17). 

In contrast, the staining of tumors from C4
–/–

 mice did not show a difference compared to 

tumors in WT mice (Supplementary Fig. S8B). In human ccRCC, no correlation was 

observed between C1QA gene expression and the endothelial cell signature, defined by the 

MCP-counter approach (18), in the TCGA cohort and in our Cohort 3 (Supplementary Fig. 

S8C). The presence of C1q-positive staining in vessels did not affect survival. Nevertheless, 

among the neoangiogenesis-related genes tested, VEGFC showed a positive correlation with 

C1QA gene in both cohorts (TCGA: r=0.412, p=7.10
-24

, Cohort 3: r=0.141, 

p=0.00075)(Supplementary Fig. S8D). The Vegfc gene expression was downregulated in the 

tumors of C1q
–/–

 mice compared to tumors from WT mice (Supplementary Fig. S8E). 

 

 

Discussion 

Here, we described the pro-tumoral properties of a population of TAMs expressing C1q in 

ccRCC. TAM-derived C1q is hijacked by the cancer cells, which produced C1r, C1s, C4, and 

C3 to initiate the classical pathway of the complement cascade on intratumoral IgG immune 
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complexes. Inflammation and T-cell exhaustion, promoted by C1q-expressing TAMs and 

complement activation products, fueled tumor progression.  We identified C1q-expressing 

TAMs and C4d
+
 deposits at high densities on tumor cells as markers for deleterious prognosis 

in ccRCC. 

 

C1q is a multifunctional molecule, activating the classical complement pathway and acting 

outside the cascade as a modulator of the phenotype of immune cells, as a mediator of 

immune tolerance in apoptotic cell clearance, as an angiogenic factor, and/or as a modulator 

of cell proliferation (27,28). C1q can be produced by the M2 macrophages, and it favors M2 

polarization in vitro, independently of its actions within the cascade (29,30). C1q also inhibits 

CD8
+
 T-cell activation, proliferation, and cytotoxic functions under suboptimal stimulation in 

vitro (31), a situation which may occur in the TME.  

 

We found that in ccRCC C1q is produced mainly by the TAMs and that the high density of 

C1q-producing cells is a robust marker for unfavorable prognosis in advanced stages of 

ccRCC (III and IV) in three independent cohorts. To find out the mechanism behind this 

association, we studied the main functions of C1q, namely its capacity to activate 

complement, to promote neoangiogenesis, and to modulate the phenotype of T cells.  

 

A major factor affecting tumor growth is the phenotype of TAMs and tumor-infiltrating T 

cells. M2 macrophages are considered as having a tumor-promoting phenotype in renal cancer 

(3,32). We found that C1q is produced mainly by a subset of TAMs in ccRCC, which belong 

to the large class of the M2 (CD163
+
) macrophages. Re-analyzing the transcriptomic profile 

of reported M5 macrophages (6), we noticed high expression of C1q-related genes, suggesting 

that this subtype could be the main source of C1q in ccRCC. These TAMs also had higher 

expression C1q receptors and C3aR, making them responsive to C1q and C3a. TAMs also 

overexpressed PD-L2. It is tempting to speculate that M5 macrophages exert their 

immunosuppressive activity via the action of C1q. Indeed, it was shown that C1q, in the 

context of phagocytosis of dying cells, induces a tolerogenic/immunosuppressed phenotype in 

macrophages in vitro, which is associated with the upregulation of PD-L1 and PD-L2, as well 

as reduced proliferation of T cells (33). C1q also exert direct effects on T cells by inhibiting 

their proliferation (34) and by modulation of the mitochondrial metabolism of CD8
+
 T cells, 

restraining their activation (31). Herein, ccRCC tumors with the highest C1q expression were 

enriched in PD-1
+
 and LAG3

+
 cells, suggesting immune suppression/T-cell exhaustion. This 
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was confirmed at the gene expression level in ccRCC tumors from the TCGA database. 

Altogether, these results point towards an (autocrine) mechanism by which a subtype of 

TAMs produce C1q, which contributes to PD-L1 and PD-L2 expression and subsequent T-

cell exhaustion. These data demonstrated the importance of C1q for the phenotype of TAMs 

and their interaction with the T-cell subsets. The role of complement anaphylatoxins in this 

process requires further studies.  

 

The contribution of complement to cancer progression is a complex phenomenon. Data 

support the pro-tumoral effects of C3a/C3aR and C5a/C5aR axes in experimental models and 

patients (13), but little is known about the complement activation pathways and their triggers 

(35). The most detailed characterization of the pro-tumoral effect of C5a/C5aR axis was done 

using the TC-1 mouse tumor model, but the initiation mechanisms were not described (11). 

We found that the TC-1 tumor cells express a similar set of classical pathway genes as the 

ccRCC tumor cells and that the TAMs from this model produced C1q. The TC-1 tumors had a 

slower progression in C1q
–/–

, C4
–/–

, and C3
–/–

 mice, demonstrating the pro-tumoral properties 

of C1q and the classical pathway in vivo. The protective effect of the C3 deficiency was more 

pronounced compared to C1q
–/–

 and C4
–/–

. Bonavita et al showed that C3
–/–

 mice develop 

smaller tumors in a carcinogen-induced sarcoma model, providing a genetic evidence for the 

protective role of the C3 deficiency in carcinogenesis (36). The intratumoral activation of the 

alternative pathway could play a role, as well as the intracellular, non-canonic functions of 

C3. Non-canonical intracellular tumor cell–derived C3 activation also suppresses antitumor 

immunity (37).  

 

In mice, C1q has a critical role in promoting neoangiogenesis (25,26,38,39). It is important to 

note that ccRCC is a very highly vascularized tumor, due to the dominant effect of the VHL 

mutation, (40) and therefore, the role of C1q on the angiogenesis may not be visible in this 

tumor type. Renal endothelium shows unique features, lacking in other vascular beds (41). 

However, despite the lack of correlation between the C1q genes and the endothelial cell 

signature, a link with the expression of VEGFC both in patients and in the mouse model was 

seen. The intratumoral vascular network was disorganized in the tumors from C1q
–/–

 mice. 

This pattern was not observed in C4
–/–

, suggesting a non-canonical function of C1q outside of 

the complement cascade, likely related to VEGFC. 
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ccRCC is particular in its capacity to express components of the classical complement 

pathway. We found a correlation between the local production and deposition of complement 

in this cancer. The classical complement pathway requires a trigger. Dying cells or pentraxins 

could serve as C1q-binding targets, but the most common ones are IgG- and IgM-containing 

immune complexes (41-44). We detected the presence of IgG deposits on tumor cells in 

ccRCC. IgG co-localized with C1q deposits and C1q deposits with C4d, showing that all 

elements needed for classical pathway activation coincided spatially and temporarily in 

ccRCC. C1q bound directly to the tumor cells of ccRCC in situ and in vitro, in agreement 

with observations for other cancer cell lines (26,39,45). This suggests a possible activation of 

complement, independently of immune complexes. Therefore, classical pathway initiators are 

present in ccRCC. Tumor cells and cell lines produced C1r and C1s that could assemble with 

C1q, enabling the formation of a functional C1 complex and complement activation in ccRCC 

tumors. Tumor cells were the local source of C4 and C3. C3 and C4 were cleaved, and their 

activation fragments were deposited on tumor cell membranes, reflecting complement 

activation. Indeed, our results suggest that the deleterious effect of C4 on clinical outcome 

was due to its activation and deposition, rather than only its production, similar to 

observations in lung cancer (46,47). The local production of C3 was also associated with poor 

outcome, but the C3 activation fragment deposits did not show prognostic value. We 

hypothesize that this finding could be due to the large variety of C3 activation fragments that 

may be present on the cell surface (C3b, iC3b, C3d), each having opposing functions both on 

the complement cascade and on immune cells (10). Taken together, our results in ccRCC and 

in the mouse model demonstrated that classical complement pathway activation occurs in 

cancer and has a pro-tumoral effect. Our data fit with the findings that positive C5a/C5aR 

staining is associated with a poor prognosis in ccRCC (48,49) and genetic partial C4 

deficiency is related to prolonged survival (50), hinting that complement activation could 

promote tumor growth. Our data indicate that the local production of complement 

components is mandatory for the efficient, cancer-promoting activation of the complement 

cascade. However, this complement activation does not end up in cell killing, most likely due 

to the strong expression of complement regulators. 

  

In conclusion, classical complement pathway activation occurs in human ccRCC through the 

orchestrated production of C1q by TAMs and other complement components by cancer cells. 

This unique cooperative activation process fuels inflammation and has a deleterious impact on 
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patients’ prognosis. These results open the gateway for designing novel therapeutic strategies 

in ccRCC.  
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Table 1. Demographic and clinical characteristics of the analyzed patients in the 4 

ccRCC cohorts. Cohort 1 comprises (in part) patients published in (2), and Cohort 3 is 

published in (19).  

 

ccRCC retrospective 

cohort 1 
  

 

ccRCC retrospective 

cohort 2 
  

 

ccRCC retrospective 

cohort 3 
  

 
ccRCC prospective 

cohort  

  

  Number of Patients 106 
 

Number of Patients 154 
 

Number of Patients 43  Number of Patients 7 

 

Males -No. (%) 
80 

(75%)  
Males -No. (%) 

104 

(68%)  
Males -No. (%) 

31 

(74%) 

 
Males -No. (%) NA 

 

Age (years) 63 
 

Age (years) 62 
 

Age (years) 56  Age (years) 59 

 

Overall survival time 

(days) 
2107 

 

Overall survival time 

(days) 
NA 

 

Overall survival time 

(days) 
1220 

 
Overall survival time 

(days) 
NA 

 

Progression Free 

Survival (days) 
2094 

 

Progression Free 

Survival (days) 
1179 

 

Progression Free 

Survival (days) 
877 

 
Progression Free 

Survival (days) 
NA 

 

Tumor size major axis 

(cm) 
5.25 

 

Tumor size major axis 

(cm) 
NA 

 

Tumor size major axis 

(cm) 
NA 

 
Tumor size major axis 

(cm) 
NA 

 

Sarcomatoid variant 
12 

(11%)  
Sarcomatoid variant 2 (1%) 

 
Sarcomatoid variant 

13 

(31%) 

 
Sarcomatoid variant NA 

 

    
 

    
 

     
    

 

TNM Stage   
 

TNM Stage   
 

TNM Stage    TNM Stage   

 

I 
42 

(40%)  
I 

61 

(40%)  
I 0 

 
I 

3 

(43%) 

 

II 
6 

(6%)  
II 7 (5%) 

 
II 0 

 
II 

1 

(14%) 

 

III 
43 

(41%)  
III 

83 

(54%)  
III 0 

 
III 

2 

(29%) 

 

IV 
15 

(14%)  
IV 3 (2%) 

 
IV 

43 

(100%) 

 
IV 

1 

(14%) 

 

    
 

    
 

     
    

 

Fuhrman Grade   
 

Fuhrman Grade    
Fuhrman Grade    Fuhrman Grade   

 

    I 
5 

(5%)  
    I 1 (1%) 

 
    I 0 (0%) 

 
    I 

0 

(0%) 

 

    II 
23 

(22%)  
    II 

32 

(21%)  
    II 0 (0%) 

 
    II 

4 

(57%) 

 

    III 
62 

(58%)  
    III 

102 

(66%)  
    III 

19 

(44%) 

 
    III 

2 

(29%) 

 

    IV 
15 

(14%)  
    IV 

19 

(12%)  
    IV 

23 

(53%) 

 
    IV 

1 

(14%) 

 

   NA 
1 

(1%)  
   NA 0 (0%) 

 
   NA 

  1 

(2%) 

 
   NA 

0 

(0%) 
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Table 2. Univariate and multivariate analysis of PFS and OS in ccRCC patients, Cohort 1 

 

Progression Free Survival Univariate  Multivariate Multivariate C1q vs. clinical data 

  HR 95% CI p value HR 95% CI p value HR 95% CI p value 

Sex Male vs Female 1,000 0,45-2,25 0,994             

Age 1,030 0,99-1,06 0,115             

Stage.UICC.1997 III/IV vs I/II 4,31 0,23-1,76 0,00141 2,902 1,14-7,42 0,261 2,838 1,11-7,25 0,0292 

Fuhrman Grade 3/4 vs 1/2 7,11 1,70-29,89 0,00742 4,094 0,92-18,28 0,649 4,860 1,12-21,07 0,0346 

Sarcomatoid 3,95 1,73-9,00 0,00109 1,791 0,74-4,33 0,195 2,075 0,88-4,88 0,0945 

C1q High vs Low 2,855 1,26-6,46 0,0118 2,122 0,84-5,34 0,11 2,861 1,23-6,63 0,0142 

C4 production  High vs Low 2,477 1,06-5,78 0,0359 1,230 0,50-3,02 0,652       

C4d deposit  High vs Low 2,5 1,18-5,28 0,0164 1,480 0,64-3,40 0,356       

C3 production  High vs Low 2,243 1,03-4,90 0,0428 1,356 0,59-3,13 0,476       

C3d deposit  High vs Low 0,867 0,35-2,13 0,758             

 
         

Overall Survival Univariate  Multivariate Multivariate C1q vs. clinical data 

  HR 95% CI p value HR 95% CI p value HR 95% CI p value 

Sex Male vs Female 1,156 0,46-2,89 0,757             

Age 1,023 0,99-1,06 0,193             

Stage.UICC.1997 III/IV vs I/II 7,908 2,36-26,46 0,000791 5,024 1,45-17,45 0,0111 5,034 1,45-17,48 0,0109 

Fuhrman Grade 3/4 vs 1/2 12,12 1,64-89,69 0,0146 6,805 0,87-53,30 0,068 7,345 0,96-56,12 0,0546 

Sarcomatoid 4,042 1,66-9,84 0,00208 1,579 0,32-4,03 0,339 1,870 0,75-4,65 0,1779 

C1q High vs Low 3,605 1,54-8,43 0,0031 2,791 1,04-7,49 0,041 3,333 1,39-8,03 0,0072 

C4 production  High vs Low 2,947 1,10-7,86 0,0309 1,373 0,48-3,92 0,554       

C4d deposit  High vs Low 2,859 1,28-6,39 0,0106 1,544 0,63-3,80 0,345       

C3 production  High vs Low 1,706 0,75-3,86 0,2 0,876 0,35-2,16 0,774       

C3d deposit  High vs Low 0,879 0,33-2,34 0,796             
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Figure legends 

 

Figure 1: The density of C1q
+
 cells is associated with poor prognosis in advanced 

ccRCC. A) Tumor scores for C1q staining as revealed by IHC on paraffin-embedded tumor 

sections (200 X). Low – less than 30% of non-neoplastic cells; High – over 30% of non-

neoplastic cells.  (B-D) Kaplan-Meier curves of PFS and OS according to the C1q staining for 

Cohort 1 (n=106). B) PFS and OS for the total Cohort 1. C) Prognostic value of C1q
+
 cells. 

PFS and OS according to the presence of high or low densities of C1q
+
 cells in Cohort 1 in 

localized stages I-II.  D) PFS and OS according to the presence of high or low densities of 

C1q
+
 cells in Cohort 1 in advanced stages III-IV. (E-F) Prognostic value of C1q

+
 cells on PFS 

of patients from Cohort 2 (n=154) with (E) localized stages I-II and (F) advanced stages III-

IV. (G) PFS and OS of Cohort 3  (n=43) patients with high and low C1q
+
 cell densities in 

metastatic stage IV. Number of patients per curve indicated on figure. Log rank test was used 

and p≤0.05 was significant. 

 

Figure 2: C1q expression is associated with a subtype of TAMs and T-cell exhaustion.  

A-D) Identification of C1q
+
 cells in ccRCC. ccRCC sections were double-stained for IF: C1q 

(green) and A) CD31 (endothelial cell marker, red), B) CD68 (macrophage marker, red), C) 

CD163 (M2 macrophage marker, red), and D) cytokeratin AE1/AE3 (tumoral cell marker, 

red). The double-positive cells appear in yellow. D) Double staining (upper right insert) show 

representative intracellular C1q staining in tumor-infiltrating cells, and the lower left insert 

shows C1q deposits around cytokeratin
+
 tumor cells. E) Densities of CD163

+ 
cells in the C1q-

low (classified as 0, 1, and 2) and C1q-high (classified as 3) groups, determined by IHC in 

Cohort 1. Box plots represent median (wide bar) and interquartile range (IQR). Kruskal-

Wallis test was used and p≤0.05 was significant. F) Expression of C1QA, C1QB, and C1QC 

mRNA in sorted M5 macrophages (CD14
+
HLA-DR

+
CD204

+
CD38

+
CD206

−
) compared to 

control macrophages (CD14
+
HLA-DR

+
CD204

−
CD38

−
CD206

−
) from ccRCC tumors 

according to the transcriptomic data (RNAseq) in Chevrier et al. (6). Gene expression of 

immune checkpoint PD-L2 (PDCD1LG2) and C1q receptor LAIR1 in M5 vs. control 

macrophages in the same dataset is also shown. Box plots represent median (wide bar) and 

interquartile range (IQR). Kruskal-Wallis test was used and p≤0.05 was significant. 

G) Correlation between the gene expression of C1QA and PD-L2 (PDCD1LG2) and LAIR1 in 

TAMs purified from seven ccRCC fresh tumors (CD14
+
 sorting) Pearson’s R test is used and 

p≤0.05 was significant. 
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(H-I) Densities of (H) PD-1
+
 and (I) Lag3

+
 cells in the C1q

low
 and C1q

high
 groups, determined 

by IHC in Cohort 1. Data were analyzed in the invasive margin and tumor coredone. Box 

plots represent median (wide bar) and interquartile range (IQR). Kruskal-Wallis test was used 

and p≤0.05 was significant. J) Correlation between mRNA expression of C1QA and 

PDCD1LG2 (CD274) in the TCGA cohort (n=537). Pearson’s R test was used and p≤0.05 

was significant. K) Correlation between mRNA expression levels of C1QA and immune 

checkpoint molecules (PDCD1, LAG3, HAVCR2, CTLA4) in the same TCGA cohort. 

Pearson’s R test was used and p≤0.05 was significant. 

 

Figure 3: The classical complement pathway is activated in ccRCC tumors. 

A) IgG deposits present in ccRCC on tumor cells. Double-staining for IF: C1q (green), IgG 

(red), and merged imaging (yellow). B) C1q and C4d deposits in ccRCC tumors of cohort 1. 

Double-staining with an anti-C1q (green) and an anti-C4d (red). The double-positive tumor 

cells appear in yellow.  (C-D) Detection of cells positive for (C) C1R and (D) C1S mRNA by 

an in situ hybridization RNAscope assay on paraffin-embedded ccRCC tumor sections. (E-F) 

Detection of secreted (E) C1r and (F) C1s in the culture supernatant of ccRCC cell lines 

(A498 and Caki-1) compared to control cell lines (colorectal cancer cell lines HCT116 and 

SW620) by Western blot. Human plasma-purified activated C1r and C1s were used as 

controls; representative image of three experiments. G)  Detection of secreted C4 in the 

culture supernatant of Caki-1 and A498 compared control cell lines (colorectal cancer cell 

lines HCT116 and SW620) by Western blot. H) Tumor cell C4 and  C4d deposits in ccRCC 

tumors of cohort 1. Double-staining with an anti-C4a (green) and an antibody preferentially 

recognizing C4d and activated fragments of C4 in red. The double-positive cells appear in 

yellow. I) Formation of the C1 complex in supernatants of ccRCC (A498 and Caki-1) and 

control (SW620 and HCT116) cell lines after the addition of purified human C1q, revealed by 

ELISA (mean±SD; experiments performed in triplicate; representative results of three 

independent experiments). J-K) Evaluation of the activity of the C1 complex formed (as in I); 

(mean±SD; samples tested in triplicate; representative results of two independent 

experiments). J) The preformed C1 complex (C1q
+
 cell supernatant) was allowed to interact 

with the IgG-coated surface. Purified C4 and C2 were added to the wells, and C4 activation 

fragment deposition was detected by ELISA. K) C2 cleavage by the C1q complex. 

Supernatants from the experiment in J) were recovered and resolved on gels to detect the C2 

fragment generation.  
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Figure 4. The density of C4
+
 cells and C4 activation fragment deposits are associated 

with poor prognosis in ccRCC. 

A) Tumor scores for C4 cytoplasmic staining of tumor cells (low: below 30% of the tumor 

cells, high: over 30% positive tumor cells) revealed by IHC on paraffin-embedded tumor 

sections for Cohort 1. B) Kaplan-Meier curves of PFS and OS according to C4 cytoplasmic 

staining on tumor cells for cohort 1. Log rank test was used and p≤0.05 was significant. 

C) Tumor classification for C4d deposits on tumor cells (0: <1%, 1: 1-30%, 2: >30% positive 

cells) as revealed by IHC on paraffin-embedded tumor sections. Tumors were classified as 

low or high for C4d deposits. D) Kaplan-Meier curves of PFS and OS according to C4d 

deposits on tumor cells for Cohort 1. Log rank test was used and p≤0.05 was significant. 

E) Kaplan-Meier curves according to combined intensities of cytoplasmic C4 staining and 

C4d deposits for Cohort 1. Log rank test was used and p≤0.05 was significant. 

Number of patients per curve indicated on figure.  

 

Figure 5: C1q and the classical pathway are implicated in tumor progression in a mouse 

model of tumor progression. 

A) Expression of complement genes by murine cancer cell lines TC-1, B16F0, MC38, LLC, 

and MCA205 (mean±SD, n=4 independent experiments). Data for C1r, C1s, C4, and C3 

shown. C1qA, C1qB, C1qC, and Mbl2 genes showed no expression. B) Flow cytometry 

analyses of the C1q-producing cells in the tumors after injection of the selected TC-1 cells. 

Intracellular staining for C1q in CD45
–
 cells (left panel), DCs (middle panel), and TAMs 

(right panel)(day 10). C-E) Tumor growth after s.c. injection of TC-1 tumor cells into WT and 

complement-deficient mice. At each time point the groups were compared (Mann Whitney, 

*p≤0.05; **p≤0.01, ***p≤0.001, ****p≤0.0001).  (C) WT vs. C3
–/–

 mice (mean±SEM; n=10 

WT and n=10 C3
–/–

 mice/group; representative experiment out of two performed). (D) WT vs. 

C4
–/–

 mice (mean±SEM; n=10 WT and n=9 C4
–/–

 mice/group; one out of two experiments 

performed). (E) WT vs C1q
–/–

 mice (mean±SEM; n=20 WT and n=18 C1q
–/–

 mice/group; 

representative experiment, six other experiments performed with 5-10 mice/group).  
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