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RESUME 

Le système du complément fait partie intégrante du système immunitaire et permet via ses 

capacités d’opsonisation, de chimiotactisme et de lyse, de protéger l’hôte contre les 

pathogènes. Compte tenu de ces propriétés, le système du complément a longtemps été 

considéré comme un élément anti-tumoral. Ainsi, des anticorps monoclonaux ont été 

développés afin de permettre la mort de la cellule cancéreuse par des mécanismes dépendent 

de la cytotoxicité du complément. Cependant de récentes études ont permis de repositionner 

ce système en montrant des effets pro-tumoraux associés au complément dans certains types 

de cancer et notamment à travers une modulation de la prolifération tumorale, l’angiogenèse 

ou le microenvironnement immunitaire. Ces effets résultent d’un mode d’action 

extracellulaire des protéines du complément mais également d’une action non conventionnelle 

en intracellulaire.  

Ainsi, le but de mon projet de thèse est de déterminer l’impact pronostique du complément 

dans la progression tumorale et de comprendre les mécanismes sous-jacents avec pour 

objectif l’identification de nouveaux marqueurs pronostiques et de nouvelles cibles 

thérapeutiques. Pour répondre à cette question, j’ai utilisé des outils bioinformatiques, des 

modèles in vitro, in vivo ainsi que différentes cohortes de patients.  

Une analyse transcriptomique pan-cancer a permis de mettre en évidence une hétérogénéité de 

l’expression des gènes du complément dans plus de 30 types de cancers différents. De façon 

intéressante, on observe une forte expression des gènes de la voie classique et alterne ainsi 

qu’une forte expression des régulateurs de la voie terminale. Ces données suggèrent une 

adaptation de la tumeur lui permettant de profiter des effets inflammatoires liés à la 

génération des anaphylatoxines tout en s’affranchissant des effets cytotoxiques du 

complément. Selon le type de cancer, les protéines du système du complément peuvent 

exercer des effets pro ou anti-tumoraux se traduisant par un effet agressif ou protecteur sur le 

pronostique des patients. De plus, j’ai identifié que le niveau de C4d plasmatique représente 

un nouveau biomarqueur non invasif permettant de prédire la survie des patients atteints de 

carcinome rénale à cellules claires (ccRCC).  

Le ccRCC fait partie des tumeurs présentant une surexpression des gènes du complément 

associée à un mauvais pronostic. Dans différentes cohortes de patients atteints de ccRCC, j’ai 

pu mettre en évidence surexpression locale de C1q, C4 et C3 ainsi qu’une activation locale de 

la voie classique associée à une diminution de la survie des patients. Cette activation résulte 

d’une interaction dynamique entre les cellules tumorales et le microenvironnement 

immunitaire en présence de complexes immuns. De plus, certaines protéines du complément 

peuvent également avoir une action indépendante de la cascade. Mes études ont montré que le 

Facteur H et le C1s pouvaient exercer des fonctions intrinsèques non canoniques en modifiant 

les caractéristiques cellulaires clés de la cellule tumorale telles que ; la prolifération, la survie 

ou encore la migration. Dans le ccRCC, l’expression de FH et de C1s confère un pronostic 

péjoratif. Cet effet sur la survie des patients résulte d’une action intracellulaire du FH 

spécifique des cellules tumorales. L’ensemble de ces données révèle le potentiel du système 

du complément en tant que marqueur pronostique mais également en tant que cible 

thérapeutique.   
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ABSTRACT 
The complement cascade is a component of the innate immune system and is involved in cell 

homeostasis and defense against pathogens through its opsonization, chemotaxis and lysis 

actions. Due to these properties, it has been for long considered as an anti-tumoral effector. 

Thus, anti-cancer monoclonal antibodies were developed to allow tumor cell death though 

complement-dependent toxicity. However, recent studies have highlighted that complement 

has pro-tumoral effects by promoting tumor cell proliferation, angiogenesis and 

immunosuppressive microenvironment. These may be linked to a classical, extracellular 

activation of the complement cascade. Nevertheless, I have hypothesized that complement 

components may exert pro-tumoral effects via unconventional, intracellular mode of action. 

The objective of my PhD project was to characterize the prognostic impact of complement in 

tumor progression and to understand the mechanisms that governs it. The ultimate goal was to 

uncover novel mechanisms, explaining the tumor growth and to identify reliable prognostic 

biomarkers or therapeutic targets. To answer these questions, bioinformatic, in vitro, in vivo 

tools and cohorts of patients were used.  

A pan-cancer transcriptomic analysis revealed an important heterogeneity of the expression of 

complement genes among 30 different tumor types. Interestingly, a high expression of genes 

belonging to the classical and the alternative complement pathways, together with a high 

expression of regulators, and low levels of terminal pathway components was observed. This 

finding suggests that a fraction of the tumors developed an adaptation in order to benefit from 

complement activation through the generation of the anaphylatoxins, while escaping from 

complement attack. On the contrary, in another group of cancers, overexpression of 

complement proteins confers favorable prognosis. This context-dependent impact of 

complement effects, ranging from pro- to anti-tumoral depending on cancer type, allowed to 

classify the tumors either with protective or aggressive complement.   

The clear cell renal cell carcinoma (ccRCC) belongs to the tumors with high expression of 

complement genes that are associated with poor prognosis, falling into the “aggressive 

complement” group. In different cohorts of ccRCC patients, I showed that the local 

overexpression of C1q, C1s, C4 and C3 as well as the C4 activation fragments deposits by the 

classical pathway occurs and it is associated with a decreased survival. This activation 

resulted from a dynamic interaction between tumor cells and immune microenvironment in 

presence of immune complexes. Moreover, I identified the plasmatic C4d as a novel non-

invasive prognostic biomarker for the survival of ccRCC patients.   

Complement proteins may play a role outside of the cascade. I found that Factor H and C1s 

exert non canonical, intracellular functions, modulating key characteristics of the tumor cell 

such as its transcriptional program, its morphology, proliferation, survival or migration. This 

could explain the poor prognosis of FH and C1s overexpression in ccRCC. The intracellular 

action of FH was cancer cells-specific, detected in ccRCC and lung adenocarcinoma cells, but 

not in normal tubular and endothelial cells.  

Taken together, these data suggest that the complement system and its individual components 

can be useful prognostic biomarkers and therapeutic targets with a great potential.  



 

10 

 

GLOSSARY 

 

ABOi: ABO incompatible 

aHUS: Atypical hemolytic uremic syndrome  

Akt: protein kinase B 

AM:  Adrenomedullin 

AMD: Age-related macular degeneration  

AMI: Acute lyocardial infarction 

ANCA: Antineutrophil cytoplasmic-antibody-associated vasculitis 

APC: Antigen-presenting cell 

APS: Antiphospholipid syndrome 

ATG16L1: Autophagy related 16 like 1 

ATP: Adenosine triphosphate  

BCR: B cell receptor  

BSP: Sialoprotein  

BTLA: B and T lymphocyte associated 

C1inh: C1 inhibitor 

C1qR: C1q receptor 

C3aR: C3a receptor 

C3G: C3 glomerulopathy 

C4BP: C4 binding protein 

C5aR: C5a receptor 

CAD: Cold Agglutinin disease 

CAFs: Cancer associated fibroblasts  

CAGB: Coronary artery bypass grafting 

CCP: Complement control protein 

ccRCC: Clear cell renal cell carcinoma  

CDC: Complement-dependent cytotoxicity 

CDCC: Complement dependent cell-mediated cytotoxicity 

CL: Collectin 

CNV: Choroidal neovascularization 

COPD: Chronic obstructive pulmonary disease 

CR: Complement receptor 

CRP : C-reactive protein 

CRP: Complement regulatory protein 

crRCC: Chromophobe renal cell carcinoma  

CSC: Cancer stem cells 

CSF: Cerebrospinal fluid barrier 

CTLA-4:  Cytotoxic T-lymphocyte-associated protein 4 

CTSL: cathepsin-L 

DAF: Decay-accelerating factor 

DCs: Dendritic cells 

DDD:  Dense deposit disease 

DDIT3: DNA Damage Inducible Transcript 3 

DDR1: Discoidin domain receptor 1 

DFS: Disease free survival 



 

11 

 

DMP1 : Dentin matrix 1  

DNA : Deoxyribonucleic acid 

ECM: Extracellular matrix 

EMT: Epithelial to mesenchymal transition  

Erk: Extracellular signal-regulated kinases 

Ext-C: Extracellular complement 

Ext-FH: Extracellular FH 

FACS: Fluorescence-activated cell sorting 

FB: Factor B 

Fc: Fragment crystallizable 

FCN: Ficolin 

FD: Factor D 

FGF: Fibroblast growth factor 

FH: Factor H 

FHL-1: FH like protein 1 

FHR: FH related protein 

FI: Factor I 

FOXO1: Forkhead box protein O1 

FP: Properdin 

GA: Geographic atrophy 

GAG: Glycoaminoglycans 

GAPDH: Glyceraldehydes-3-phosphate dehydrogenase 

gC1qR: Receptor for the globular heads of C1q 

GPCR: G protein-coupled receptors  

GVHD: Graft versus host disease 

HA: Hyaluronic acid 

HAE: Hereditary angiodema 
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I. Cancer 

 

I.1 Epidemiology  

 

Cancer is a worldwide big scourge responsible for 18 078 957 new cases of cancers and 9 555 

027 deaths worldwide in 2018 and that continues to grow despite important efforts in 

prevention and treatment. Indeed, taking into account population growth and ageing, 

epidemiologists project a rise in the annual number of new cancer cases from 18.1 million in 

2018 to 29.4 million in 2040
1
. 

 

Lung, breast, colorectum, prostate and stomach constituted the top 5 of the most frequent 

cancers.  In terms of mortality, the lung cancer reaches the first place with 1 761 007 deaths 

worldwide, followed by stomach, liver, breast and colon cancers
2
 (Figure 1).  

 

Figure 1: Prevalence and mortality of cancer (available on http://gco.iarc.fr/today/home.) 

 

I.2 Carcinogenesis  

 

Cancer is not just one disease but a group of more than 100 diseases. Each cancer type is 

named according to its organ of origin. Importantly, cancer types share some principal 

features but they can be very different in a biological point of view and also in terms of 

aggressiveness and response to treatment.  

Cancer is a complex disease that affects the genome, in which an accumulation of successive 

mutations leads to a formation of a mass of abnormal cells called tumor
3
. Every cells 
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experience up to 10
5
 lesions per day. Fortunately, the occurrence of sporadic mutations is a 

process that is tightly regulated by a DNA repair system. However, in some cases, this system 

is surpassed and the mutation is not eliminated. The maintenance of this mutation in the 

genome follows Darwinian selection. If the mutation confers a selective advantage for the 

cell, like inactivation of tumor suppressors or abnormal activation of oncogenes, this mutation 

is considered as “driver” and will be fixed and transmitted to its progenity
4
. The accumulation 

of driver mutations allows the transformation of a normal cell to a cancerous cell (Figure 2).   

 

 

Figure 2: Carcinogenesis steps. Carcinogenesis is a multistep process where mutations 

accumulate in order to transform a normal cell to a malignant tumor.  

 

The multistep evolution is not a linear process. When a cell acquires a driver mutation, a 

process of clonal selection occurs and the clone becomes dominant within the tumor.  

However, this step takes time and if the mutation rate is high, successive driver mutations can 

occur before the end of the selection, leading to an intratumoral heretogeneity
5
 (Figure 3).  
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Figure 3: Clonal evolution of cancer. Depending on the mutation rate, the tumor can evolve 

through a linear or a branched evolution model that leads to different level of tumor 

heterogeneity.  

 

I.3 Tumor microenvironment (TME) 

 

Beyond the mass of proliferating cells, the tumor is a complex tissue growing into a 

microenvironment composed by many different other cells types, forming tumor-associated 

stroma, which are active participants in tumorigenesis (Figure 4)
6,7

. These stromal cells can 

comprise more than 50% of the mass of primary tumors and their metastases
8
. The TME is a 

very dynamic site in which tumor cells, extracellular matrix, stromal cells and soluble factors 

interact with each other to positively or negatively regulate tumor growth
7
. Except tumor 

cells, the TME is composed by cancer stem cells, lymphatic/vascular endothelial cells, 

pericytes, fibroblasts, adipocytes and immune cells
9
. Nevertheless, the proportion and 

activation state of each cell can be very different according to cancer types and among 

patients.   
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Figure 4: Tumor microenvironment. The TME is composed by many cell types which act 

together to suppress or support tumor growth.  

 

Cancer stem cells  

Cancer stem cells (CSC) are a rare population within the TME. CSCs display some particular 

features such as self-renewal capacity, long-term quiescence and resistance to conventional 

therapy (e.g chemotherapy) that targets proliferating cells. Thus, CSC can regenerate tumor 

after treatment and may be responsible for relapse
10

.  

 

Endothelial cells 

Vascular endothelial cells. Tumor-associated endothelial cells form vessels and are the key 

effector of angiogenesis to provide nutrient and oxygen for tumor growth
11

. Tumor cells 

secrete growth factors such as vascular endothelial growth factor A (VEGFA) to induce the 

formation of new vessels that are often leaky and have chaotic branching. The interaction 

between tumor cells and endothelial cells is bidirectional, endothelial cells can also interact 

with tumor cells through the release of angiocrine factors to stimulate tumor progression but 

also with immune cells to control their local recruitment
12

.  
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Lymphatic vessels are also an important player in tumor growth and dissemination of 

malignant cells in the draining lymph nodes. 

 

Pericytes 

Pericytes provide structural support for blood vessels
11,13

. A low pericyte coverage of the 

vasculature can induces cancer cell intravasation into the circulation and dissemination and 

correlates with poor prognosis and metastases.   

 

Fibroblasts  

Cancer associated fibroblasts (CAFs) exert a key role in supporting and fueling tumor growth 

and dissemination by providing growth factors (HGF, FGF and IGF1) , chemokines 

(CXCL12), cytokines (TGF-β) and extracellular matrix components (ECM). Fibroblasts are 

also implicated in the promotion of immunosuppressive microenvironment
14

.  

 

Adipocytes  

In some cancers, adipocytes help tumor growth by providing fatty acids as fuel for cancer 

cells and participate in the recruitment of malignant cells through adipokines secretion
15

.  

 

Immune cells 

While acute inflammation helps to control tumor growth on a first place, the induction of a 

chronic inflammation can sustain tumor development. This duality of immune cells effects 

operates within the TME with the presence of both tumor-antagonizing and tumor-promoting 

leukocytes.  

 

T lymphocytes. T cells represent a major population within the TME that infiltrate tumor core 

and the invasive margin. T cells can have pro- or anti-tumor phenotypes depending on disease 

type and stage. CD8+ cytotoxic T cells, CD4+ Th1 helper and γδ T cells are usually 

associated with a good prognosis whereas T regulatory cells (Tregs), CD4+ Th2 helper and 

Th17 cells are usually associated with poor prognosis
9,16

.  

 

B lymphocytes. The majority of B cells are found in tertiary lymphoid structure (TLS) 

adjacent to the tumor. B cell infiltration is associated with good prognosis in some cancers
17

. 

An immunosuppressive population of B cells that produced IL-10 and TGFβ called Bregs is 

also detected within tumors 
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NK and NKT cells. NK and NKT cells are usually detected outside the tumor area and exert 

anti-tumoral effects through their cytotoxic properties. However, the presence of TGFβ in the 

TME is responsible for anergic phenotype of NK cells.  

 

Tumor associated macrophages (TAMs). TAM constitute the most abundant immune 

population and are usually associated with a pro-tumoral
18

 effect by promoting tumor growth, 

immunosuppresion and angiogenesis. The macrophages are classically separated into M1 and 

M2 macrophages
19,20

. While M1 are pro-inflammatory cells which promote an anti tumor Th1 

response, M2 macrophages display anti-inflammatory properties. These anti-inflammatory 

properties are linked to secretion of cytokines such as Il-10, TGF-β or arginase-1 which 

enhance Th2 response. M2 also promote angiogenesis through secretion of VEGF and 

metastasis via production of MMPs.   

 

Myeloid derived suppressor cells (MDSCs). MDSCs are a heterogeneous population of 

immature myeloid cells that are not present at steady state and appear in pathological 

conditions with chronic inflammation like cancer. MDSCs can be divided into two groups 

granulocytic (PMN-MDSC) or monocytic (M-MDSC) according to phenotypically and 

morphologically resemblance to neutrophils or monocytes respectively
21

. Both populations 

display immunosuppressive properties mainly by modulating T cell response. While PMN-

MDSCs mainly use ROS production to induce T cell tolerance, M-MDSC modulate T cell 

response by utilizing iNOS, arginase and Il-10
22–24

.  

 

Tumor associated neutrophils (TANs). Two types of TAN can infiltrate the tumor; N1 and N2. 

N1 display anti-tumoral effects and in the opposite, N2 exert pro-tumoral effects through 

arginase-1 secretion and growth factor production (VEGF and HGF).  

 

Dendritic cells (DCs). DCs in the TME are often immature and unable to stimulate immune 

response to tumor-associated antigens through downregulation of MHC II, co-stimulatory 

signals and decrease production of IL-12.  

 

Mast cells. In cancer, mast cells are found to exert pro-tumoral effect t by supporting tumor 

growth and dissemination as well as angiogenesis and immunosuppressive immune 

environment.  
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I.4 Hallmarks of cancer 

 

Carcinogenesis is a multistep process in which a normal cell accumulates some genetic or 

epigenetic “driver” alterations (single nucleotide errors, deletions and insertions) that confer a 

selective advantage for its growth, survival and dissemination. This selective process referred 

to Darwinian principle and 5 to 15 mutations are needed to progressively convert a normal 

cell into cancer cell. The main processes affected during this multistep development of human 

tumor are called hallmarks of cancer and include proliferative signaling, evading growth 

suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, 

reprogramming of cellular energy,  evading immune destruction and activating invasion and 

metastasis
11,25

 (Figure 5).   

 

Figure 5: Hallmarks of cancer (Hanahan et al., Cell, 2011) 

 

I.4.1 Sustaining proliferative signaling  

Tumor cells acquire the ability to deregulate growth-promoting signals in their favor in order 

to sustain chronic proliferation.  

This capacity results from different mechanisms: 

- Tumor cells produce growth factors that act in an autocrine manner to stimulate 

proliferation.  
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- Tumor-associated stroma produces growth factors that stimulate tumor cells 

proliferation in a paracrine way.  

- Tumor cells can upregulate level of receptors at cell surface or facilitate ligand-

receptor interactions  

- Tumor cells can become totally independent from growth factor by constitutively 

activate downstream component of signaling pathway.  

 

I.4.2 Evading growth suppressors  

Tumor cells circumvent processes that negatively regulate cell proliferation. The regulation of 

cell proliferation is controlled by different genes, named tumor suppressor genes such as 

TP53. TP53, also called “guardian of the genome”, responses to genetic alteration by inducing 

cell cycle arrest and apoptosis in order to preserve genome integrity
26

. Thus, it is not a 

surprise that TP53 gene is one of the most frequently mutated gene in human cancer with 36% 

of cancer patients that display a mutation
27

.  

 

I.4.3 Resisting cell death  

Tumor develops different strategies to limit cell death. On one hand, tumor cells block 

multiple apoptosis-inducing signals such as TP53 or the pro-apoptotic (Bax, Bim, Puma). On 

the other hand, tumors also circumvent apoptosis through increase expression of anti-

apoptotic regulators (Bcl-2, Bcl-xl).  

 

I.4.4 Enabling replicative immortality 

The tumor cells acquire the ability to growth and divide in an unlimited way through 

breakdown of senescence and crisis. This immortality behavior comes from a protection of 

telomeres from erosion that governs the number of growth-division cycles.  

 

I.4.5 Inducing angiogenesis  

According to its high proliferation rate, tumor needs a lot of energy in order to fuel their 

nutrient and oxygen consumption and evacuate metabolic wastes. This particular need is 

achieved with the development of new vessels from existing ones, called angiogenesis. This 

process occurring early in the tumor progression is governed pro-angiogenic signals such as 

vascular endothelial growth factor A (VEGF-A) or fibroblast growth factor (FGF). Moreover, 
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angiogenesis can be supported by innate immune cells like macrophages, neutrophils or mast 

cells. 

 

I.4.6 Activating invasion and metastasis 

The majority of cancer-associated deaths (about 90%) are caused by metastatic disease rather 

than primary tumors. Invasion is a multistep process in which tumor cells can invade first 

local tissue then passed through blood or lymphatic vessel (intravasation) and transit to a 

distant site where tumor cells traverse through the vascular wall (extravasation) and invade 

and colonize a distant tissue to form metastasis
11,28

.  

In order to propagate, tumor cells can acquire an invasive phenotype and disseminate from 

tissue of origin to local invasion and distant metastasis. The invasion phenotype is 

characterized by a modification in their shape and their attachment to other cells and to the 

extracellular matrix (ECM). This change called epithelial to mesenchymal transition (EMT) is 

controlling by different transcriptional factors such as Snail, Slug, Twist and Zeb1/2 and is 

associated with a loss protein implicated in cell-to-cell adhesion or cell-to ECM adhesion like 

E cadherin and acquired expression of cell migration molecules like N-cadherin. 

EMT is a reversible process. In absence of EMT inducing signals, tumor cells revert their 

phenotype to a non-invasive one. This plasticity allows the invasion of tumor cells from their 

initial site to a distant one and then the reverse process (mesenchymal-to epithelial transition) 

result in the formation of new tumor colonies. 

EMT program is linked to the “mesenchymal” invasion. However, there are other modes of 

invasion such as “collective invasion” which referred to the invasion of masses of cancer cells 

and “amoeboid” in which tumor cells slither though existing interstice in the ECM rather than 

clearing a path for themselves like in “mesenchymal” or “collective” invasion. 

 

I.4.7 Reprogramming cellular energy  

Tumor cells adapt their metabolism in order to support cell growth and proliferation. This 

adaptation goes through a switch from mitochondrial oxidative phosphorylation to glycolysis 

to produce energy. This metabolic switch called “Warburg effect” enable less ATP production 

(18 fold lower) but allows more biosynthesis of nucleosides and amino-acids that are essential 

for active cells proliferation
11,29

. 
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I.4.8 Avoiding immune destruction  

The interaction between tumor cells and the immune system is complex and can be view as a 

balance between a protective immune system that provide an anti-tumor response and an 

immunosuppressive microenvironment that fuel tumor growth. This balance is subject to 

many variations over time and follows the 3E rule, elimination, equilibrium and escape
30–32

 

(Figure 6).  

 

I.4.8.1 Elimination  

Tumor cells express at their surface signals of danger that can be recognized locally by 

dendritic cells, macrophages and NK cells and lead to chemokines secretion and recruitment 

of new innate immune cells. Tumor cells killing by innate immune cells generate a source of 

tumor antigens that drive the development of tumor-specific adaptive immune response by T 

and B lymphocytes. This immunosurveillance allows a complete elimination of tumor cells.  

 

I.4.8.2 Equilibrium  

Sometimes, tumor cells survive from the elimination phase and enter into an equilibrium in 

which the immune system exert a sufficient pressure to contain tumor development but not 

fully extinguish tumor cells leading to a quiescent phase. Equilibrium is the longest of the 

three phases and can last for many years. Gradually, the constant immune pressure leads to 

selection of tumor clones with reduced immunogenicity.  

 

I.4.8.3 Escape 

Tumor cell clones selected in the equilibrium phase develop multiple mechanisms to escape 

from the innate and adaptive immune system that allow them to grow and become clinically 

detectable. These immunoevasive strategies occur at different levels: the tumor cells and the 

immune microenvironment. In tumor cells, different mechanisms are developed to become 

immune silent such as loss of tumor antigen expression, loss of MHCI, expression of immune 

checkpoint), resistance to apoptosis, immunosuppressive cytokines secretion (VEGF, TGF-β, 

IDO). Within the tumor microenvironment, a switch toward an anti-inflammatory immune 

response occurs with recruitment of tumor associated macrophages, MDSC, Tregs or 

fibroblasts. 
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Figure 6 : Cancer immunoediting (adapted from Schreiber et al., Science 2011). After 

transformation from normal to tumor cell, the immune system is required and act by three 

sequential phases : elimination, equilibrium and escape 

 

I.4.8.4 Immune checkpoint 

In response to antigen presentation, the engagement of TCR results in T cell activation. 

However, to avoid an overactivation of T cell response, this system is tightly regulated by 

inhibitory signals provided immune checkpoints
33,38

. Within the TME, tumor cells can escape 

from immune response by stimulation of an overexpression of immune-checkpoint proteins 

such as PD-1, TIM-3, CTLA-4, LAG-3 or BTLA that regulate CD8+ T cells expansion. These 

proteins interact with their receptors presents at the surface of myeloid or cancer cells (Figure 

7).  
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Figure 7: Immune checkpoints that negatively regulate T cell response (adapted from Pardoll 

et al., Nat Rev Cancer, 2012). APC: antigen-presenting cell, BTLA: B and T lymphocyte 

associated, CTLA-4:  cytotoxic T-lymphocyte-associated protein 4, HVEM: Herpesvirus entry 

mediator, LAG-3: lymphocyte-activation gene 3, MHC : Major histocompatibility complex, 

PD-1: Programmed cell death 1, PD-L1: Programmed death ligand 1, TIM3: T-cell 

immunoglobulin and mucin-domain containing-3 

 

I.5 Risk factors for cancer 

 

Every factor that increases the mutation rate or modulation of key cancer modulating genes 

increases the susceptibility to develop cancer. Thus, an impaired DNA repair system, 

exposure to genotoxic agents (e.g cigarettes, alcohol, drugs, virus, UV 
4
) or endogenous 

factors (e.g age, hormones, inflammation) are considered as risk factor for cancer
35

 (Table 1).  

The prevalence of risk factor is not uniform worldwide and changes over time. For example, 

chronic infections are associated with one in three cancers in sub-saharan Africa whereas it 

represent only one in thirty in North America
1
.  
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Risk factor  Impact  

Age  Most important risk factor for cancer overall. The median age of cancer diagnosis is 

66 years 

Alcohol  Alcohol is associated with increased risk of cancer of mouth, throat, esophagus, 

larynx, liver and breast 

Chronic 

inflammation  

Chronic inflammation can cause DNA damage and cancer. Chronic inflammatory 

bowel diseases (ulcerative colitis, Crohn disease) increase the risk of colon cancer 

Hormones Estrogen and progesterone increase the risk of breast and endometrial cancers 

Immuno-

suppresion 

Drugs or HIV can induce immunosuppresion and increase the risk of certain cancers  

Infection 

agents 

Viruses 

Epstein-Barr virus: lymphoma, nose and throat cancer 

Hepatitis B and C virus: liver cancer 

HIV: kaposi sarcoma, lymphoma, cervix, anus, lung, liver and throat cancer 

Human papillomaviruses: cervical, anal, oropharyngeal, vaginal, vulvar and penile 

cancers 

Human T-Cell Leukemia/Lymphoma Virus Type 1: non-hodgkin lymphoma 

Kaposi sarcoma associated herpesvirus: Kaposi sarcoma 

Merkel cell polyomavirus: merkel cell carcinoma 

Bacteria 

Helicobacter pylori: stomach cancer, lymphoma 

Parasites  

Opisthorchis viverrini: cholangiocarcinoma 

Shistosoma hematobium: bladder cancer 

Obesity  Obesity is a risk factor of several types of cancer including breast, colon, rectum, 

endometrium, esophagus, kidney, pancreas and gallbladder 

Radiation  Radon increases the risk of lung cancer 

Sunlight  UV exposure increases the risk of skin cancer 

Tobacco  Leading cause of cancer and of death from cancer. Tobacco increase the risk of lung, 

larynx, mouth, esophagus, throat, bladder, kidney, liver, stomach, pancreas, colon, 

rectum, cervix cancers and acute myeloid leukemia 

Table 1: Risk factors of cancer. Intrinsic or extrinsic risk factors for cancer development.  
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I.6 Cancer treatment  

 

The landscape of cancer therapy has evolved dramatically over the last four decades with the 

development of new drugs and biomarkers. In advanced or metastatic stages, where surgery is 

not sufficient, others therapeutic strategies are needed. A large arsenal of drugs targeting all 

cancer hallmarks are currently available or under development. However, primary or acquired 

resistance limited the effectiveness to cancer therapy and lead to clinical relapse
36,37

. To 

overcome this resistance and improve efficacy, the use of biomarkers that predict response to 

treatment and combination of drugs represent an effective strategy.  

 

I.6.1 Chemotherapy 

Chemotherapy is classically used to treat cancer and targets proliferative cells in a non-

specific manner. This leads to numerous severe adverse effects. Depending on cancer types, 

the proliferation level is not equal and the efficacy of chemotherapy can vary considerably. 

Moreover, cancer stem cells have a very low level of proliferation making them resistant to 

chemotherapy and responsible for relapse. Taking into account the complexity of the tumor 

and its microenvironment and the close and dynamic relationship between both, it is not 

surprising that the targeting of one population can impact the others populations within the 

TME. For example, chemotherapy can induce immunogenic cell death that stimulate an anti-

tumor response
38

.  

 

I.6.2 Radiotherapy  

Radiotherapy is an important component of cancer treatment with around 50% of all cancer 

patients receiving radiation therapy
39

.  Radiotherapy is a loco-regional strategy inducing 

damages on genetic material and leading to cell death.  

 

I.6.3 Hormonotherapy  

Some cancers such as prostate cancer and breast cancer use hormonal receptors to sustain 

tumor growth.  In these cases, removing of hormones or blocking their effect by 

hormonotherapy can be useful to treat cancer
40

.  

 

I.6.4 Anti-angiogenic  

Anti-angiogenic inhibitors that block VEGF (bevacizumab) or its receptor (sunitinib, 

sorafenib) have been developed and approved in different cancers such as colorectal cancer, 
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non-small cell lung cancer (NSCLC), glioblastoma or renal cell carcinoma. However, anti-

angiogenic agents can induce hypoxia and a switch of malignant cells toward a more invasive 

phenotype leading to resistance to treatment.  

 

I.6.5 Targeted therapies  

Contrary to chemotherapy, targeted therapy attacks a specific alteration of cancer cells
41

. 

Considering that every tumor is unique in its genetic characteristics, the choice of the 

treatment must be adapted to the patients. This concept referred to personalized medicine
42

. 

Taking into account the large spectrum of molecular alterations in cancer, many targeting 

therapies have been developed in the past decades. These targeted therapies belong to 3 

categories; tyrosine kinase inhibitors (e.g imatinib), serine-threonine kinase inhibitors (e.g. 

vemurafenib) and monoclonal antibodies (e.g trastuzumab). Tumor cells can adapt to targeted 

therapy by using redundant signaling pathway leading to clinical relapse. The development of 

this adaptive resistance occurs through mutation, epigenetic reprogramming or remodeling of 

the TME. Moreover, the intra-tumoral heterogeneity leads to a non-homogeneous response to 

therapy and a selection of resisting clones that can also induce relapse after treatment
43

.  

 

I.6.6 Immunotherapy  

Another key actor of the TME that can be target is the immune microenvironment. A 

successful immunotherapy results in a long term modification of the immune infiltrate toward 

a pro-inflammatory phenotype that promotes an anti-tumor response allowing tumor cells 

destruction. Unfortunately, a minority of the patients respond to immunotherapy. Thus, a 

characterization of the immune environment before treatment is necessary to predict the 

response and adapt the treatment. Tumors can be classified into 3 categories according to the 

immune infiltrate; tumors without pre-existing antitumor immunity  (immune desert), tumors 

with T cells accumulated at the periphery of the tumor (immune-excluded) and tumors with 

high infiltration of T cells that display an exhausted phenotype (inflamed)
44–47

. According to 

the immune class, the treatment needs to be adapted. In immune desert tumor, a T cells 

response must be generated through vaccine or immunogenic cell death. In immune-excluded 

tumor, an enhancement of T cell infiltration is required. Finally, in inflamed tumors, a 

reversion of the exhausted phenotype toward an active one is needed and can be achieve by 

immune-checkpoint blockade. Among the multiple immune checkpoint that can be targeted, 

monoclonal antibodies acting on PD-1/PD-L1 or CTLA4 are approved for the treatment of 

some cancer
48

 (Table 2).   
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Target  Drug name  Indications  

PD-1 Nivolumab Metastatic melanoma, metastatic squamous NSCLC, non-squamous 

NSCLC, advanced RCC, Hodgkin lymphoma, urothelial carcinoma, 

colorectal cancer with microsatellite instability, HCC 

Pembrolizumab Hodgkin lymphoma, metastatic non squamous NSCLC, urothelial 

carcinoma, colorectal cancer with microsatellite instability, gastric 

adenocarcinoma 

PD-L1 Avelumab, Metastatic Merkel cell carcinoma, urothelial carcinoma 

Atezolizumab  Urothelial carcinoma, metastatic NSCLC 

Durvalumab Urothelial carcinoma, NSCLC 

CTLA-4 Ipilimumab  Metastatic melanoma 

Table 2: List of immune-checkpoint inhibitors approved in cancer therapy. HCC: 

Hepatocellular carcinoma; NSCLC: Non-small cell lung cancer, RCC: renal cell carcinoma 

 

I.7 Focus on clear cell renal cell carcinoma  

 

In 2018, kidney cancer (RCC) was responsible for 403262 new cases and 175098 deaths 

worldwide. It affects preferentially men with 2 fold increase incidence in comparison to 

women
2
. Recognized risk factor for RCC cancer include cigarette smoking, obesity, 

hypertension and environmental exposures to carcinogenic agents
49

.  

Kidney cancers are divided into 3 major histologic subtypes depending on the cell of origin; 

clear cell renal cell carcinoma (ccRCC, KIRC) which represents more than 75% of all kidney 

cancer cases, chromophobe renal cell carcinoma (5%) (crRCC, KICH) and papillary renal cell 

carcinoma (10%) (pRCC, KIRP)
50

. The origin of ccRCC is proximal tubular epithelial cells
51

, 

pRCC is distal tubular epithelial cells and crRCC is intercalated cells of the distal tubules. At 

the cellular level, ccRCC tumor cells present a big clear cytoplasm due to a high content in 

lipid and glycogen.  

Most ccRCC are sporadic (95%) and the remaining 5% have hereditary genetic background 

such as von Hippel-Lindau disease characterized by a mutation in VHL gene, a tumor 

suppressor implicated in VEGF regulation through HIF transcription factor
52

. Moreover, VHL 

is mutated not only in inherited ccRCC but also in most sporadic ccRCC with 86% of patients 

with both copies lost
53

. This ubiquitous genetic alteration, that affects the regulation of 

angiogenic process, leads to highly vascularized tumor. Besides VHL, other driver mutations 

such as the tumor suppressors; polybromo-1 (PBRM1), SET domain-containing 2 (SETD2), 

and BRCA1-associated protein-1 (BAP1) as well as gene alteration of the PI3K/Akt/mTOR 

pathway participate in the ccRCC carcinogenesis
54

. 
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TNM stages and Fuhrman grade are commonly use to classify the tumor and predict their 

aggressiveness.  TNM classification consists of analysis the spreading of the tumor by 

determining tumor size and location (T), lymph node spreading (N) and presence of 

metastases (M). Fuhrman grade is another staging method based on nuclei and nucleoli size 

and morphology. In a general manner, ccRCC tumors grow relatively slowly. However, 

survival can vary a lot between patients according to TNM stage and Fuhrman grade. For 

instance, the five-year survival rate for localized ccRCC is 73.2% whereas it reaches 10.5% 

for non-localized ccRCC patients
55

.   

In addition to the anatomopathological parameters, molecular classification can also represent 

a useful prognostic biomarker. Molecular analyses indicates a correlation between worsened 

prognosis and metabolic shift with reprogramming of glucose and fatty acid metabolism as 

well as modifications in tricarboxylic acid cycle
56,57

 

Moreover, immune parameters may also provide key information on ccRCC aggressiveness. 

Surprisingly in ccRCC, a high level of CD8+ T cells in the invasive margin is associated with 

a shorter PFS and OS
58

. This negative impact can be linked to an ineffective CD8+ T 

response due to a low density of TLS and immature DCs presents in the TME that is 

responsible for an defective education of T cells
58,59

.  

Partial or complete nephrectomy is the standard of care for local ccRCC. In metastatic 

ccRCC, the choice of the therapy depends on the risk score that takes into account TNM 

stage, Fuhrman grade and necrosis. In low risk patients, the first line treatment is targeted 

therapy (sunitinib, pazopanib, tivozanib) and anti-VEGF monoclonal antibody (bevacizumab). 

On contrary, for patients with intermediate or high risk, the use of immunotherapy is 

recommended (nivolumab, ipilimumab)
60,61

.  
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II. Complement system  

 

The complement system is an evolutionarily ancient component of the immunity that is well 

conserved among species
62

. Complement system refers to a set of more than 50 membrane or 

plasmatic proteins. It was first described in the late 19
th

 century by Jules Bordet as a heat-

labile component of plasma that causes the killing of bacteria and was called “alexin”. Paul 

Ehrlich renamed it “complement” because of its ability to support/complement the functions 

of antibodies to kill pathogens. In early 20
th

 century, Ferrata recognized complement to be a 

multi-component system, present in the sera of many species
63

.  

The vision for the complement system has evolved during the past decades and it is no more 

confined to the notion of a supportive part for antibody-mediated bacterial killing, but as a 

major effector of the immune system. Indeed, it is now appreciated that complement is 

involved in many processes to protect host against foreign or damaged elements such as 

pathogens but also apoptotic cells. To exert these functions, the complement system works as 

a sentinel system operating in the circulation and in tissues. In presence of pathogens or 

stressed cells, the complement system is activated and a rapid sequential cleavage of 

complement proteins occurs to allow the generation of bioactive fragments that play a key 

role in pathogen elimination and host homeostasis by inducing inflammation, 

opsonization/phagocytosis and lysis
64

 (canonical functions). Nevertheless, there is now 

growing evidence that complement activity goes well beyond “classical” functions and that 

this system is also required for multiple other processes including adaptive immune response, 

development, cell metabolism or coagulation (non-canonical functions)
65

.   

In order to avoid host cells damage, this system is tightly controlled by an army of soluble or 

plasmatic regulators
66

. Indeed, an imbalance in complement system towards either an 

excessive or a defective activation can cause adverse effects for host cells and may be 

involved in the development of various severe pathologies such as; autoimmune diseases, 

renal diseases, infections, neurodegenerative diseases or cancer
64

. This implication in the 

physiopathology of many diseases, whose number continues to grow, leads to the 

development of new drugs targeting the complement system
67

.  

 

II.1  Source of complement proteins 

 

In the whole body, the main producer of complement proteins is the liver and especially the 

hepatocytes. Hepatocytes produce most of the proteins of the complement system except C1q, 
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Factor D (FD) and Factor P (FP)
68

 and contribute up to 90% of the plasmatic concentration of 

complement proteins
69

. The remaining 10% come from immune cells, epithelial cells and 

endothelial cells or specialized cells within different organs. The transcription of complement 

genes can be modulated by various stimuli including cytokines (e.g Il-6, Il-1, IFNγ)
70

 or 

hormones
71

.  

In contrast to the systemic compartment, in tissues, the contribution of local complement 

production by a large panel of immune or non-immune cells (Table 3)
68,72

 is not negligible 

and plays a major role in local processes
73

. Indeed, the complement proteins produced locally 

can be secreted and act in an autocrine manner but surprisingly the complement proteins can 

also remain within the cells to act intracellularly. This pool of intracellular complement 

proteins is called “complosome”
72,74

 (Figure 1).  

 

 

Figure 8: Source of complement proteins. In the systemic compartment, the complement 

proteins mostly come from the liver. In the local compartment, the complement proteins are 

produced by various cell types and can act through autocrine or intracellular ways.  
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Cell types Complement components 
Complement 

regulators 
Complement receptors 

Hepatocytes 

C1r, C1s, C2-C9, FB, MBL, 

Ficolin- 2, Ficolin-3, CL-10, 

CL-11, MASP-1, MASP-2, 

MASP-3 

C1INH, C4BP, FH, FI C1qR, C3aR, C5aR1/2 

T cells C3, C5, FB, FD, FP CD46, CD55, CD59 
CR1, CR2, CR4, C3aR, 

C5aR1/2 

B cells C3, C5 
FH, FI, CD46, CD55, 

CD59 

C1qR, CR1, CR2, CR4, 

C3aR, C5aR1 

Monocytes 

C1q, C1r, C1s, C2-C9, FB, 

FD, FP, MBL, Ficolin-1, CL-

11, MASP-1, MASP-2, 

MASP-3 

C1INH, C4BP, FH, FI, 

CD46, CD55, CD59 

C1qR, CR1, CR3, CR4, 

C3aR, C5aR1/2 

Macrophages 
C1q, C1r, C1s, C2-C9, FB, 

FD, FP, CL-11 
C1INH, FH, FI 

C1qR, CR1, CR3, CR4, 

CRIg, C3aR, C5aR1/2 

PMN Ficolin-1, C3, FB, FP, C6, C7 CD46, CD55, CD59 
CR1, CR3, CR4, C3aR, 

C5aR1 

Mast cell C1q, C3, C5, CD46, CD55, CD59 CR1, CR4, C3aR, C5aR1 

Dendritic cell 
C1q, C1r, C1s, C2-C9, FB, 

FD, FP 

C4BP, FH, FI, CD46, 

CD55, CD59 

CR1, CR3, CR4, CRIg, 

C3aR, C5aR1 

NK  CD46, CD55, CD59 
CR3, CR4, C3aR, 

C5aR1/2 

Platelet C5-C9 C1INH, FH 
C1qR, CR1, CR4, C3aR, 

C5aR1/2 

Fibroblasts 
C1q, C1r, C1s, C2-C9, FB, 

MASP1 
FH, CD46 C1qR 

Endothelial 

cells 

C1q, C1s, C2, C3, C4, FB, 

CL-11, CL-12 
C1INH, FH, FI, CD46 C1qR, CR1, C5aR1/2 

Epithelial cells 
C1q, C1r, C1s, C2-C5, FB, 

Ficolin-1, Ficolin-3 
C1INH, FH, CD46 C1qR, CR3, C5aR1/2 

Keratinocytes C3, FB C1INH, FH CR1, CR2, C5aR1/2 

Adipocytes 
C1q, C1r, C1s, C3, FB, FD, 

FP 
FH, FI CR1, CR2, C5aR1/2 

Astrocytes 
C1q, C1r, C1s, C2-C9, FB, 

FD 
C1INH, FH, FI 

C1qR, CR1, CR2, C3aR, 

C5aR1/2 

Pancreatic 

islets 
C1q, C1s, C3-C7, FB C4BP, FH, FI 

 

 

 

Retinal cells 
C1q, C1r, C1s, C2-C5, FB, 

MBL, MASP1, MASP2 
FH, FI, CD46 CR1 

Chondrocytes C1q, C1r, C1s, C2-C4 C1INH  

Myocytes C3-C5 FH, FI, CD46  

Table 3: Cell types involved in local complement production (adapted from Reichhardt et al., 

2018 and Lubbers et al., 2017). C1inh: C1 inhibitor, C1qR: C1q receptor, C3aR: C3a 
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receptor, C4BP: C4 binding protein, C5aR: C5a receptor, CL: collectin, CR: complement 

receptor, FB: Factor B, FCN: Ficolin, FD: Factor D, FH: Factor H, FI: Factor I, FP: 

Properdin, MAC: Membrane Attack Complex, MASP: Mannan-Associated Serine, MBL: 

Mannan-Binding Lectin, NK: natural killer, PMN: polymorphonuclear 

 

 

II.2  Pathways of activation  

 

The activation of the complement system consists of a cascade processes, driven by 

conformational modifications and inducing a rapid and local reaction. The complement 

system can be activated by two different ways: an intrinsic or extrinsic activation. The 

intrinsic activation consists of proteolytic cascade through three different pathways; the 

classical pathway, the lectin pathway and the alternative pathway. In contrast, the extrinsic 

activation refers to an unconventional direct cleavage of C3 or C5 generating bioactive 

fragments that bypass the three established pathways. Surprisingly, the extrinsic activation 

occurs in both extracellular and intracellular levels.  

 

II.2.1 Intrinsic complement activation 

The complement system can be activated by 3 different pathways; the classical pathway, the 

lectin pathway and the alternative pathway (Figure 9). All of these pathways converge to the 

cleavage of the central component, C3, and the activation of a common terminal pathway.  

 

II.2.1.1 Classical pathway activation 

The activation of the classical pathway occurs after the fixation of the C1 complex to an 

activator. C1 is a large complex of 790kDa composed by a recognition molecule C1q that 

associate to a heterotetramer of four serine proteases; two C1r and two C1s molecules (C1s-

C1r-C1r-C1s), in a Ca2+ dependent manner
75

,
76

. In physiological conditions, C1q is 

associated with proenzymes C1r and C1s to form an inactive C1 complex in the plasma. 

However, in the presence of an activator, the binding of C1 induce a major conformational 

change and an autoactivation of C1r occurs. C1r is able to cleave and activate C1s and the 

active C1s cleaves is canonical substrates C4 and C2
76

. The cleavage of C4 generates a 

bioactive fragment C4b and a small fragment C4a. C4b binds covalently to the surface of 

adjacent cells and interacts with C2 which is cleaved by active C1s and allow the generation 

of the C2a and C2b
77

. C2b is released in the circulation and C2a stays bound to C4b to form 

the central enzyme; the classical C3 convertase (C4b2a). Of note, to standardize complement 
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nomenclature the usual denomination of C2a and C2b has to be changed in order that the 

smaller fragment retains the earlier letter than larger fragments. In this case, the classical C3 

convertase is renamed C4b2b
78

.  

Besides immune complexes, C1q can recognize a variety of others ligands including pathogen 

structures or apoptotic cells (Table 4).  

 

Immunoglobulins  Fc fragment of IgG (IgG3> IgG1>IgG2), IgM 

Apoptotic cells 
Phosphatidyl serine, double stranded DNA, glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH), annexins A2 and A5 and calreticulin 

Virus HIV-1 

Bacteria Lipopolysaccharide (LPS), bacterial porins 

Pentraxins  C-reactive protein (CRP), pentraxin 3 

Table 4: Ligands of C1q 

 

The efficiency of classical pathway activation is very dependent of the nature and the density 

of the C1 ligands. For example, IgM are more efficient to activate complement than IgG. 

Moreover, a cluster of IgG leads to a stronger activation of complement than an isolated 

IgG
79

. Indeed, the affinity of C1q for single-IgG-molecule is very low and IgG clustering or 

aggregation are required to form a recognition pattern and activate complement like in case of 

IgM that are already multivalent
80

.  

 

II.2.1.2 Lectin pathway activation  

The ficolins (H, L and M), collectins and MBL are the recognition molecules that trigger the 

activation of the lectin pathway. C1q and MBL display similar structure and analogy in the 

activation pathway. MBL associate to MBL-associated serine proteases (MASP-1 and MASP-

2) in a calcium dependent manner. This complex allows the cleavage of C4 and C2 after the 

fixation to mannose residues and enables the formation of the C3 convertase C4b2b 

(previously C4b2a) as it occurs for classical pathway.  

 

II.2.1.3 Alternative pathway activation  

Under normal physiological conditions, the alternative pathway is constitutively activated at a 

low level in order to maintain a surveillance level for pathogen invasion. This constitutive 

activation occurs by the spontaneous hydrolysis of C3 into bioactive C3(H2O) in the fluid 

phase, called tick-over. C3(H2O) can bind to Factor B (FB) which is cleaved by the serine 

protease Factor D (FD) into Ba (released) and Bb fragments and form to a fluid phase C3 
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convertase complex C3(H2O)Bb. This convertase is able to cleave small amount of C3 into 

C3a and C3b. The opsonin C3b can bind to cell surface though thioester bond or surface 

molecule that serve as platforms but it is rapidly degraded by complement regulators. In case 

of infections, C3b binds to pathogen surfaces that lack complement regulators to inactivate it. 

FB interact with C3b and FD cleaves C3b-boud FB to form a surface bound C3 convertase 

(C3bBb) which cleaves large amount of C3 into C3a and C3b which can form new 

convertases (amplification loop).  The C3bBb is a short-lived complex but can be stabilized 

by properdin (FP)
81

.  

 

II.2.1.4 Common terminal pathway  

Each pathway leads to the formation of the central C3 convertase which cleaves C3 into C3a 

and C3b. The C3 convertase is a very short-lived complex (around 90s) but the half-life can 

be increased 5- to 10- fold by association with properdin
82

. Increasing concentration of 

generated C3b provokes binding of C3b to a C3 convertase and modifies the specificity of the 

enzyme that starts to cleave C5
83–85

. This new enzymatic complex is called C5 convertase. C5 

convertase cleaves C5 into C5a, a powerful anaphylatoxin and C5b which can initiate the 

terminal part of the cascade. However, the structure of C5 convertase is still not well 

understood and the exact mechanism of cleavage is still under debate. C5b interact with C6, 

C7, C8, insert into the membrane and C9 polymerize to form the membrane-attack-complex 

(MAC). The alternative pathway is mainly responsible of the terminal complement activity 

thanks to the presence of the amplification loop
66

.  
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Figure 9: Complement cascade. MBL: Mannan-Binding Lectin, FCN: Ficolin; MASP: 

Mannan-Associated Serine Protease; FB: Factor B, FD: Factor D, FP: Properdin, MAC: 

Membrane Attack Complex  
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II.2.2 Extrinsic complement activation  

Extrinsic activation consists of an unconventional activation of the complement system 

independently of the three established pathway. Indeed, the cleavage of C3 and C5 can occur 

outside the cascade though actions of different proteins such thrombin
86

, plasmin
87

, 

coagulation factors IXa, Xa, XIa
87

, kallikrein
88

, or cathepsin-L
89

 (Table 5). The generated 

fragments are for the majority biologically active and sometimes even more than those 

generated through the convertases. For instance, thrombin can induce the cleavage of C5 and 

allows the generation of an alternative C5b9 with more powerful lytic capacity than its 

analog, C5b-9. However, the functionality of these fragments is controversial. In another 

study, C5aT fragment generated by thrombin does not exhibit C5a-like chemotactic/migration 

properties in vitro
90,91

. In the case of plasmin, besides C3, it can also cleaves C3b and 

generate iC3b that differ in size from those generated by FI and thus lose their capacity to 

induce phagocytosis through CR3/4 
92,93,88

 

Another limitation is that the majority of the studies are performed in vitro with purified 

protein or ex vivo with plasma samples and don’t reflect the physiological conditions
87

. 

Indeed, in normal conditions, proteases are tightly regulated and their residual activity is not 

sufficient to activate complement. In this context, ex vivo incubation of baboon serum with 

thrombin, plasmin, or FXa did not show noticeable complement cleavage unless 

supraphysiologic amounts of enzymes were used
94

.  Nevertheless, in some pathological 

context where the regulation processes are circumvented, like in sepsis or disseminated 

intravascular coagulopathy, extrinsic activation could represent an important player for 

complement activation
91

.  

In vivo, the exact contribution of intrinsic activation in the generation of C3 bioactive 

fragments remains unclear. For example, while thrombin is able to cleave C5 in vitro into 

bioactive C5a fragment, it has limited function in vivo. In C3 deficient mice, thrombin 

actively participates in the generation of C5a in injured lungs whereas in wild type mice it 

exert only minor effect suggesting that thrombin act as a compensatory mechanism to produce 

C5a in case of C3 deficiency
95

. Another problem with these studies is that they are often 

reported in isolated papers and no validation studies by independent groups are available.  
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 Substrate  Fragments  

Thrombin  C5 Different cleavage site than C5 convertase.  

Biologically active intermediate, C5bT-9 MAC is more lytic than its 

analog, C5b-9 

Plasmin  C3, C5 Different cleavage site than C3/C5 convertase.  

The cleavage of C3 by plasmin is 100 times less efficient that C3- 

convertase cleavage. 

Urokinase can activate plasmin and its cleavage of C5 into C5a96 

caFIXa, FXa, 

FXIa 

C3, C5 Identical bioactive fragments than those generated with convertases 

FXa has the most potent proteolytic effectiveness 

Kallikrein C3, FB Same cleavage site than C3/C5 convertase 

Bioactive C3a and C3b 

Cathepsin-L C3 Intracellular cleave of C3 

Table 5: List of proteins responsible for C3/C5 cleavage independently of complement 

activation  

 

II.3 Effector functions of complement  

 

The activation of the complement system leads to the generation of bioactive fragments that 

play a key role in pathogen elimination and host homeostasis. These functions are linked to 

complement activation and are called canonical functions. They refer to inflammation, 

opsonization/phagocytosis and lysis. Moreover, complement proteins can also have other, 

unconventional functions that are linked to adaptive immune response, development, cell 

metabolism or coagulation (Figure 11).  

 

II.3.1 Canonical functions of complement  

The host cells express high levels of regulators in order to escape from complement attack. 

However, any pathogen, cell or debris that lack these “don’t attack me” molecules are 

susceptible to complement attack. This complement attack is characterized by 3 effector 

pathways working in concert: the releasing of pro-inflammatory signals, the opsonization of 

the target and the induction of lysis (Figure 10).  

 

 

II.3.1.1 Inflammation  

C3a and C5a, also called anaphylatoxins, are small peptides (10-14kDa) that are released 

during complement activation. In plasma, these two fragments are rapidly converted into 
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C3adesArg and C5a desArg by C-terminal cleavage mediated by carboxypeptidase N
97

. 

C3adesArg cannot bind to C3aR and C5adesArg presents a 90% decrease of its pro-

inflammatory activity
98

 unlike in mice, where C5adesArg retains some functional activity
99

.  

The anaphylatoxins support inflammation by acting as chemokines and allow the recruitment 

of C3aR- and C5aR-positive immune cells (monocytes/macrophages, eosinophils, neutrophils, 

basophils, mast cells, dendritic cells, T cells, B cells) and the modulation of the activity of 

these cells. They are also involved in the increase of vascular permeability
100

.  

C3aR, C5aR1 and C5aR2 are G protein-coupled receptors (GPCR) which induce intracellular 

signaling pathway after ligand binding. Depending on the context, the anaphylatoxins have 

either a pro or anti-inflammatory roles
101

.  

On one hand, C3a acts in an anti-inflammatory way by decreasing cytokine release from B 

cells
102,103

, regulates polyclonal immune response and inhibits recruitment and degranulation 

of neutrophils
104

. On the other hand, C3a displays pro-inflammatory properties by increasing 

cytokine release by macrophages
105,106

, inducing degranulation in eosinophils
107

 and mast 

cells
108

 and induces Th1-polarized response
109

. 

C5a acts as a chemoattractant molecule for C5aR1 expressing cells and stimulates the release 

of histamine from mast cells
110

, facilitates leucocytes extravasation, stimulates 

angiogenesis
111

 or degranulation of neutrophils, induces Th1 phenotype expansion
112,113

 and 

promotes B cells trafficking in secondary lymphoid organs
114

. But in some cases like tumors, 

C5a can also exhibit anti-inflammatory effects by a decrease in T cell recruitment and 

response
115–117

. At the opposite, C5aR2 exert more anti-inflammatory actions and may serve 

as a decoy receptor sequestering C5a/C5a des Arg from C5aR1 or block C5aR1 signaling
118

. 

 

II.3.1.2 Opsonization  

The second major effector arm of the complement system is to protect the host from infection 

or damaged cells by phagocytosis of cells coated with opsonins, generated as a result of 

complement activation.  

Fragments of C3 (C3b, iC3b, C3d) can opsonize target structures such as immunes 

complexes, pathogens or dying cells which will be recognize by phagocytes through different 

receptors such as CR1, CR2, CR3, CR4 and CRIg. Depending on the type of C3 fragments, 

the phagocyte can generate either a pro or anti-inflammatory response.  

The binding of C3b to CR1, expressed on monocytes, macrophages, neutrophils, erythrocytes 

and renal podocytes serves in the phagocytosis, clearance of immune complexes and 

promotion of proinflammatory molecules secretion
119,120

.  
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The binding of iC3b/C3d/C3dg to CR2, expressed on B cells lowers the activation threshold 

of B cells and influences the generation of memory B cells
121

. Thus, complement may be 

considered as a natural adjuvant of the humoral immune response. Despite many in vivo 

evidences of B cell response modulation after interaction between CR2 and C3 fragments
122

, 

the relevance of this effect in human remains is not clear. Nonetheless, CR2 deficiency in 

patients is associated with immunodeficiency, reduced B cell memory and 

hypogammaglobulinemia suggesting that the effects on B cells reported in mice may 

potentially be translate in humans
123,124

.  

CR3 (CD11b/CD18) and CR4 (CD11c/CD18) are receptors for iC3b and are expressed by 

macrophages, monocytes, dendritic cells, neutrophils and NK cells. Upon ligand binding, they 

play a role in phagocytosis, leucocytes trafficking, degranulation, adhesion, migration and 

costimulation
125,126

. The binding of iC3b to CR3 results in TGF-β2 and Il-10 production and 

induction of tolerogenic response and silent clearance of apoptotic cells
127

.  

 C3b and iC3b can bind to CRIg, expressed on restricted subset of tissue-resident 

macrophages, including Kupffer cells, and induce phagocytosis.  

 

II.3.1.3  Lytic/sublytic MAC  

MAC consists of a pore of 10nm that induce calcium flux and pathogen lysis by colloid 

osmosis
128

. MAC can induce the lysis of gram negative bacteria such as Neisseria meningitis 

but not gram positive bacteria because of their extremely thick wall that MAC cannot 

penetrate. Nevertheless, pathogens can escape from complement attack by recruiting host 

soluble regulators to their membrane or by producing proteases that degrade complement 

proteins and inhibitors of C3 convertase
66,129

.  

Moreover, nucleated cells are also resistant to complement attack due to a rapid MAC 

recovery from cell surface. Thus, multiple MACs must be inserted in the cell membrane to 

have a lytic activity
128

. Nevertheless, pore formation is not the only action of MAC. Indeed, a 

sublytic MAC at the surface of nucleated cell can induce different effects depending on cell 

types such as  increase/decrease proliferation, induction/inhibition of apoptosis, change in cell 

motility, inflammation.
130
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 Figure 10: Canonical functions of the complement system. To protect host from pathogens 

and stressed cells, the complement system is activated and act by three major ways: induction 

of inflammation, lysis and opsonization.  

 

II.3.2 Non canonical functions  

Accumulated evidences show that complement proteins can have other functions that the 

classic inflammation, opsonization and lysis that protect against pathogens or stressed cells. 

Indeed, the complement turns out to be a key effector of adaptive immune response, 

inflammation, metabolism, coagulation and development. Surprisingly, these functions are 

mediated by complement proteins extracellularly or intracellularly but outside of the 

complement cascade. These novel exciting functions lead to repositioning of the role of 

complement in diseases.  

 

II.3.2.1 Immune related functions  

Recent work has revealed a crosstalk between complement and the inflammasome
131

. 

Extracellular engagement of C3aR
132

, C5aR1
133

 and sublytic MAC
134

 activate NLRP3 

inflammasome. On the contrary, C1q suppresses NLRP3 activation during phagocytosis of 

apoptotic cells by macrophages
135

 

Moreover, complement proteins can interfere with T cell immunity in both extracellular and 

intracellular manner.  
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In the extracellular space, CD46 regulates the expression of Il-7R that enhances Th1 and Th17 

cell response
74

 and regulate amino-acid influx and fatty-acid metabolism
136

. A dysregulation 

of CD46-mediated signals on T cells have been shown to be associated with multiple sclerosis 

progression
137

. Moreover, CD46 regulates Notch receptors and ligands expression and 

modulate T cell activation though interaction with Jagged1
138

. In patients, CD55 deficiency 

has been associated with gastrointestinal diseases through an induction of intestinal 

inflammation linked to an increase production of pro-inflammatory cytokines by CD55 

deficient CD4+ T cells
139

. Furthermore, CD59 downregulates T cell activity independently of 

complement activation
140

.  

In the intracellular space, cathepsin-L (CTSL) can cleave intracellular C3 into C3b and C3a 

that can bind to intracellular C3aR at the surface of lysosomes and induced survival 

mechanism through mTOR
112

. However, the results of this study is based on only one C3 

deficient patient thus other patients must be included to have an idea of the exact reliability of 

C3 deficiency involvement in T cell modulation. Furthermore, intracellular C5 activation and 

C5aR1 stimulation in human T cells allow ROS generation and NLRP3-inflammasome 

assembly, a key effector of T cell inflammatory response
141

.  

Emerging evidences indicates that complement may interplay with Toll-like receptors (TLRs) 

in order to coordinate host defense. For example, CR3 suppress TLR2, TLR4, TLR7 and 

TLR8 response
142

.  C1q, MBL
143

, CD46, C3aR and C5aR1 are also implicated in this 

crosstalk
144

.  

Finally, some proteins of the complement system can act outside the cascade to allow 

tolerogenic clearance of apoptotic cells. C1q plays a major in the silent clearance of apoptotic 

cells. Indeed, when a cell dies, it exposes many “eat-me” signals such as phosphatidylserine, 

double stranded DNA, GAPDH or calreticulin that can be recognized by C1q. The 

opsonization by C1q modulates the immune response towards a tolerogenic one with silent 

phagocytosis and anti-inflammatory response
135,145,146

.  Moreover, a recent work shows that 

FH can bind to histone and induces nucleosome release from apoptotic cells that facilitate 

their phagocytosis
147

.  

 

II.3.2.2 Non-immune related functions 

Some complement proteins can also have a role in tissue development and homeostasis. For 

example, CD46 play a role in human epidermal progenitor cell proliferation and self-

renewal
148

. C1q is required for neuron maturation. C3a and C5a are implicated in multiple 

development processes such as maintenance of the pluripotent state of human embryonic stem 

cells
149

, mobilization of hematopoietic stem cells from the bone marrow
150

, migration and 
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proliferation of cardiac pluripotent progenitor cells
151

, osteoclast differentiation and bone 

formation
152

.  

There are also some interconnections between individual complement proteins and 

coagulation. In one hand, MASP2 can convert prothrombin to thombin
153

 and C5a/C5aR1 

pathway is involved in the initiation of coagulation cascade through an upregulation of tissue 

factor expression in endothelial cells. On the other hand, some coagulation proteins can 

activate the complement cascade through the cleavage of C3 and C5 (kallikrein, thrombin, 

plasmin)
154

.   

Complement is also involved in the regulation of cell metabolism in an extracellular and 

intracellular manner. C3adesArg and C5adesArg interact with C3aR and C5aR2 at cell 

surface to stimulate triglyceride accumulation and glucose transport and increase insulin 

resistance in adipocytes
155

 and pancreatic β-cells and may play a role in obesity and type II 

diabetes
65

. Complement can also can on T cell metabolism and thus interfere with T cell 

activity. Engagement of extracellular CD46 by C3b increases expression of glucose 

transporters and amino acid channel and induces glycolysis and OXPHOS
65

. In an 

intracellular way, C5a activate NLPR3 inflammasome and C3a promote T cell survival 

though mTOR signaling
112

. Moreover, C3 in the cytosol of pancreatic beta cells can interact 

with ATG16L1 and induces autophagy
156

. 

Some complement proteins can also interfere with kinin system that play a role in 

inflammation and vasodilatation. In particular, gC1qR can induces bradykinin release and 

C1inh can control the activation of this pathway
157

. Interestingly, C1-inh deficiency is 

associated with hereditary  angioedema
158

.  

These recent studies opened a new avenue for research and led to the conclusion that the 

complement proteins are multitasking agents, whose functions are not limited to the 

complement cascade. Nevertheless, the evidences come from few laboratories and validation 

of the data by independent studies are necessary in order to confirm the conclusions.  
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Figure 11: Complement activation in extracellular and intracellular spaces. The presence of 

complement proteins in a tissue can come from a local production or recruitment from the 

systemic compartment. In the extracellular space, complement can be activated by three 

pathways (classical, lectin and alternative) but also in an extrinsic manner by protease 

cleavage. Complement activation fragments exert classical functions referring to pathogen 

elimination and cell homeostasis called canonical functions. However, complement protein 

can also have unconventional functions called non canonical functions. In the intracellular 

space, the presence of complement proteins is called complosome and can be associated with 

various function impacted cello physiology. The generation of complement bioactive 

fragments locally can occur through protease actions. 

 

II.4  Regulation of complement system 

 

To avoid any damage on host cells, the complement system is tightly regulated by a large 

panel of soluble or membranous regulators that act at different levels of the cascade (Figure 

12). The initiation of the classical and the lectin pathway can be inhibited by C1-inh. Factor I, 

Factor H, MCP, CR1, C4BP and DAF regulated the complement activation at the level of C3 

convertase. Finally, CD59, clusterin and vitronectin blocked the formation of the membrane 

attack complex (Table 6).  

 

 

 



 

52 

 

Initiation of classical and lectin pathway 

C1-inh 

(SERPING1) 

C1 inhibitor binds to the active sites of C1r and C1s, MASP-1 and MASP-2 and 

blocks their enzymatic activity. Moreover, C1-inh also dissociates the 

heterotetramer (C1s-C1r-C1r-C1s) from C1 and release free C1q.  

C3 convertase  

Factor I (FI) 

Soluble serine protease that cleaves C4b and C3b into inactive fragments.  

The cleavage of C4b by FI into inactive fragments C4c and C4d occurs in presence 

of cofactors (CR1, MCP (=CD46), C4BP). The inactive fragments C4c is released 

and C4d stays covalently bound to the membrane.   

The cleavage of C3b by FI into inactive C3 (iC3b) occurs in presence of cofactor 

(FH, MCP, CR1). The generated iC3b is unable to find to FB and to form a C3 

convertase. In presence of the cofactor CR1, FI can induce second cleavage of 

iC3b into C3c which is released and C3dg which remains bound to the surface. 

C3dg is then rapidly converted to C3d by tissue proteases.  

Factor H (FH) 
Soluble regulator that compete with FB for the binding to C3b, cofactor of FI and 

induces alternative C3/C5 convertase dissociation. 

DAF (CD55) 
Membrane regulator that prevents the assembly and accelerates the dissociation of 

the C3/C5 convertase (AP, CP) 

Terminal pathway  

CD59 
Membrane regulator that prevents the insertion of MAC to the membrane  by 

blocking the uptake and incorporation of multiple C9 into the complex. 

Clusterin and 

vitronectin 

Soluble regulators that prevent the insertion in the membrane by rendering it 

water-soluble 

Table 6: List of complement regulators and their functions 
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Figure 12: Regulation of the complement system. Soluble regulators: C1inh: C1 inhibitor, 

FH: Factor H, FI: Factor I, C4BP: C4 Binding Protein, Membrane regulators: CR1: 

Complement Receptor 1, MCP: Membrane Cofactor Protein, DAF: Decay Accelerating 

Factor 
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II.5  Focus on selected complement proteins 

 

II.5.1 C1q 

 

C1q is the first subcomponent of the classical pathway and acts as a recognition molecule for 

the classical pathway. C1q is a 460kDa constituted by 6 subunits composed by three types of 

chains (A-chain, B-chain and C-chain). Each subunit has a triple helical collagen like region 

in N-terminal (cC1q) linked to a globular head in C-terminal (gC1q) to form a bouquet-like 

architecture
66,76,77,159

. The gC1q part allows the recognition of the Fc part immune complexes.  

Contrary to most of complement proteins, C1q has an extra-hepatic origin and it is mainly 

produced by innate immune cells including dendritic cells, monocytes, macrophages and mast 

cells and in a less extend by endothelial cells, epithelial cells, mesenchymal cells, trophoblast, 

microglial cells, fibroblasts
160,161

. The production of C1q is regulated by factors of microbial 

and host origin. Toll-like receptor (TLR) ligands, lipopolysaccharide (LPS), some cytokines 

(Il-1, Il-6, IFN-γ) and drugs can regulate C1q expression
162

.  

C1q recognizes a large panel of molecules, which continues to grow over the years. Among 

them, immune complexes, pentraxins, molecules at the surface of bacteria or apoptotic cells 

are the best described ligands of C1q
163,164

 (Table 4). The binding of C1q to a ligand on 

pathogens or apoptotic cells surface triggers its canonical role as an initiator of the classical 

complement pathway. Moreover, C1q also have non-canonical role by acting independently 

of the cascade to modulate immune response (DC, T cells and B cells regulation), wound 

repair
165

, chemotaxis
166

, angiogeneisis
165,167

, autoimmunity
162

, preeclampsia
168

, 

carcinogenesis
160,167,169,170

 and neurodegenerative diseases.  

In autoimmunity, C1q is a tolerogenic mediator that allows silent clearance of apoptotic 

cells
162

. Indeed, C1q can bind to apoptotic molecules at the surface of apoptotic cells such as 

phosphatidyl serine, double stranded DNA, glyceraldehydes-3-phosphate dehydrogenase 

(GAPDH), annexins A2 and A5 and calreticulin and enable a rapid silent phagocytosis 

without the release of inflammatory molecules
171

. A deficit in C1q has been associated with 

more than 90% risk of developing systemic lupus erythematous (SLE). Indeed, in absence of 

C1q, the clearance of apoptotic bodies is impaired and apoptotic neo-antigens accumulate that 

induce autoimmune response. Recently, an alternative mechanism explaining the role of C1q 

in autoimmunity has emerged. Indeed, in a mouse model of SLE, C1q restrains the response 

to self-antigens by modulating the mitochondrial metabolism of CD8
+
 T cells

172
,  
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In neurodegenerative diseases, C1q has a neuroprotective role by inducing phagocytosis by 

microglial cells of apoptotic neurons and amyloid peptides and by suppressing pro-

inflammatory cytokines production
173

.  

On immune response, C1q interacts with LAIR1 and stops the differentiation of monocyte to 

DC and blocks the activation of plasmatocytoid DC
174

. On T cell, C1q can exert a direct 

antiproliferative effects though gC1qR
175

. On B cells, C1q negatively influences BCR 

signaling and promotes a tolerogenic phenotype though its binding to gC1qR. Moreover, C1q 

promotes IgG production via its collagen domain
176

. 

In wound healing, C1q promotes permeability, proliferation and migration of endothelial 

cells
165

.  

In human prostate cancer cells, C1q can activates the tumor suppressor WWOX which is 

required for the blockade of cancer cells proliferation and induction of apoptosis
177

. In a 

melanoma mice model, C1q promote cancer cell adhesion, migration, proliferation and 

angiogenesis
167

. In human ccRCC, C1q have pro-tumoral effects by promoting 

angiogenesis
170

.  

In aging, C1 complex can bind to Frizzled receptors and C1s induce the cleavage of low 

density lipoprotein receptor related protein (LRP6) resulting in stabilization of β-catenin and 

activation of Wnt pathway
178

. 

 

 

II.5.2 C1s 

 

C1s is a plasmatic glycoprotein of 79.9kDa that is encoded by 12 exon gene on chromosome 

12. C1s are mainly produced by hepatocytes but in a less extend by other cell types including  

endothelial cells, fibroblasts (skin and synovial membrane), chondrocytes
179

, 

monocytes/macrophages
180

, dendritic cells
181

. The C1s synthesis is upregulated by different 

cytokines stimulation like IFN-γ, IFN-β1 and TNF
182

.  In mouse, C1s gene is duplicated and 

codes for two variants; C1sA, the homolog of human C1s that is expressed by hepatocytes 

and C1sB, expressed in male reproductive tissues
183

. 

In circulation, C1s is a proenzyme that exist as a tetrameric structure, C1s–C1r–C1r–C1s, 

which assembles in the presence of Ca
2+

 with C1q to form the multi-molecular C1 complex.   

In a structural point of view, C1s is composed by two distinct functional regions with 6 

domains; CUB1-EGF-CUB2-CCP1-CCP2-SP. At the N-terminal part, the three first domains 

CUB1-EGF-CUB2 mediate the interaction between C1r and C1s and also the interaction of 

the heterotetramer with C1q collagen arms
184–186

. The C-terminal part composed by CCP1-
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CCP2-SP domains correspond to the catalytic regions in which the SP domain is the active 

site consists of the catalytic regions
77

. C1s is a serine protease that is known to mediate the C1 

complex proteolytic activity towards its substrates C4 and C2. It cleaves a single Arg–Ala 

bond in C4 to yield C4a and C4b and a single Arg–Lys bond in C2 to yield C2a and C2b
183

. 

Interestingly, C1s can cleave other proteins outside the complement cascade and the number 

of C1s substrates is currently expanding (Table 7).  

 

Substrate  Effect  Ref  

High-mobility group box 1 

(HMGB1) 

C1s  cleaves HMGB1 and diminishes its ability to enhance 

pro-inflammatory cytokines production from monocytes, 

macrophages and dendritic cells thus resulting in a reduction 

of the immunogenicity of apoptotic tissue debris and 

decreases the likelihood of autoimmunity187. 

 

187 

Lipoprotein receptor-related 

protein 6 (LRP6) 

C1q can bind to Frizzled receptors and activate C1s which 

cleaves LRP6 to trigger aging-associated Wnt receptor 

signaling 

178 

Basic fibroblast growth factor 

(bFGF) 

C1s cleaves bFGF and inhibits its activity 188 

Insulin-like growth factor 

binding protein-5 (IGFBP-5) 

C1s cleaves IGFBP-5 and allows the release of IGF-I to cell 

surface receptors.  

189 

Metalloproteinase 9 (MMP9) C1s cleaves MMP9 and activates its protease activity 190 

GP120  C1s cleaves recombinant gp120, the HIV envelope proteins  191 

Heavy chain of MHC class I 

molecule (MHCI) 

C1s cleaves the heavy chain of MHCI and generates soluble 

form of MHCI able to bind to antigen fragments and interact 

with T cell receptor and regulate immune response 

192 

Beta 2-microglobulin (β2M) C1s cleaves β2M in the C-terminal domain and this cleavage 

can be block by C1inh 

 

193 

Decorin, type I gelatin and 

type II collagen  

C1s can directly degrade component of the extracellular 

matrix such as decorin, type 1 gelatin and type 2 collagens 

194 

Nucleophosmin (NMP1), 

nucleolin (NCL) 

On apoptotic cells, C1s within C1 complex cleaves nucleolar  

NMP1 and NCL and thus reduces autoimmunity 

195 

Table 7: C1s substratome 

 

C1s has been reported to be associated with several pathologies.  Rare cases of C1s deficiency 

have been associated with increased susceptibility to infections (bacterial, viral, fungical), 

renal diseases (glomerulonephritis), systemic lupus erythematous and severe cutaneous 

lesions196. Heterozygote mutation in  C1s can cause Periodontal Ehlers-Danlos syndrome197. 

Moreover, C1s overexpression have been found in some cancers198 and neurodegenerative 

diseases such as Alzheimer’s disease183.  



 

57 

 

II.5.3 FH  

FH is a 155kDa plasmatic glycoprotein produced mostly by the liver, reaching a plasmatic 

concentration that varies from 110-615µg/mL
199,200

. Moreover, FH can be locally expressed 

by other cell types including dendritic cells
201

, monocytes
202

, fibrobalsts
203

, retinal pigment 

epithelial cells, endothelial cells, epithelial cells, platelets, and mesenchymal stem cells
204

. Its 

expression is upregulated by various cytokines and growth factor including IL-27
205

, IFN-γ
206

, 

IL-1, TNF
207

 and VEGF
208

 and also the transcription factor STAT4209. In contrast, miRNA-

125b, miRNA-146a
210

 and miR-155
211

 downregulate CFH expression.     

FH is the master regulator of the alternative pathway that control complement activation in 

blood and on cell surface in order to protect tissues from complement mediated-injury
66

. It is 

a soluble regulator that exerts its regulatory function by preventing alternative C3 convertase 

formation and accelerating its decay and acts as a cofactor for FI inactivation of C3b. The 

ability of FH to discriminate self vs non-self or altered-self comes from its capacity to bind 

glycoaminoglycans (GAG)
212

 and sialic acids
213

 that are highly expressed proteins on cell 

surface that are not expressed on pathogens. FH can also bind to a variety of other ligands 

present at the surface of host cells under specific conditions like oxidative modification, 

apoptotic cells and extracellular matrix protein that are summarized in Table 8.  

FH is composed by 20 CCP (complement control protein) domains (Figure 13). The 

regulatory domain of FH is provided by CPP1-4 and allows the interaction with C3b or 

C3(H2O) to control alternative pathway activation. The other CCPs and especially CCP7 and 

CCP19-20 play a major role in the recognition of host cell by interacting with two targets 

types; C3b or C3d and cell surface molecules like GAG or sialic acid
214,215

. 

 

Ligands  Effect  Ref  

C3(H2O), C3b, C3d FH interact C3b through CCP1-4 and CCP19-20 and 

with C3d through CCP19-20 

66
 

GAG, Heparin  FH interact GAG or heparin through CCP7 and CCP20 66,214,216 

Sialic acid FH interacts with sialic acid through CCP20 212 

Pentraxin 3 (PTX3) FH interact with PTX3 though CCP 7 and CCP 19-20 

and enhances iC3b deposition.  

217 

Adrenomedullin (AM) FH enhances AM-mediated induction of cAMP in 

fibroblasts, augments the AM-mediated growth of a 

cancer cell line, and suppresses the bactericidal 

capability of AM on Escherichia coli. Reciprocally, AM 

influences the complement regulatory function of factor 

H by enhancing the cleavage of C3b via factor I. 

218 
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Thrombospondin-1 (THBS1) FH can bind to platelets though interaction with THBS1 219 

Complement receptor 3 

(CR3)/CD11b 

The interaction between FH and CR3 enhanced 

neutrophil activation with an increase generation of 

hydrogen peroxide.  

FH interacts  with CR3 on macrophages and prevent 

their elimination through thrombospondin-1/CD47 axis 

resulting in a pathogenic accumulation and inflammation 

in a model of AMD 

220,221 

 

C-reactive protein (CRP) FH binds to CRP through CCP7, CCP8-11and CCP19-

20 

222 

SIBLINGs : Sialoprotein 

(BSP), osteopontin (OPN) 

and dentin matrix 1 (DMP1) 

SIBLINGs bind to cell surface can interact with FH 

which regulates complement lytic activity 

223,224 

 

Siglec-9  FH can directly bind to Siglec-9 on human monocytes 

and promotes an anti-inflammatory response after 

phagocytosis 

147 

Annexin A2 (A2) A2 binds to FH CCP6-8 resulting in a decrease binding 

of FH to cell surface leading to increase alternative 

pathway activation on cells.  

225,226 

DNA FH binds to DNA through CCP 6-8 and 19-20 on the 

surface of apoptotic cells 

226 

Histones FH binds to histone through CCP 1-4, 6-8 and 19-20 on 

the surface of apoptotic cells 

226 

Table 8: FH ligands 

 

Among the FH protein family, FHL-1 (FH like protein 1) and FHRs (FH related proteins) 

share a high homology with FH. FHL-1 is a splicing product of FH composed by the first 

seven N-terminal domains plus four specific amino-acids in C-terminal and displays the same 

functions than FH
227

. CFHRs belong to the FH family and comprise five members (CFHR1-5) 

that present a high sequence homology with FH. Their roles in the complement system is 

controversial but it appears that CFHRs support complement activation by competing with FH 

for the binding to C3b, C3d and GAG and thus prevent FH action and enhance complement 

activation
227

.  Indeed, CFHRs proteins share homology with FH with homologous CCP6-9 

and CCP18-20, the key domains implicated in recognition and regulation, and thus could 

interfere with FH functions through competition
228

.  
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Figure 13: FH family proteins. The schematic representation of CCP domain structure of FH, 

FHL-1, and the FHR proteins.  CCPs aligned vertically are homologous to FH domains. 

CCPs 1–4 of FH and FHL-1 mediate the complement regulatory functions (shown in orange). 

CCPs 7 and 19–20 (shown in green) constitute the main host surface-recognition sites; 

selected ligand binding sites are indicated by horizontal lines (adapted from Sanchez-Corral, 

2018)
229

 

 

In addition to its complement regulatory functions, FH binds to immune cells and modulates 

their activity and inflammatory state
230

. In the early stages of monocyte to dendritic cell (DC) 

differentiation, FH promotes a distinctive tolerogenic and anti-inflammatory profile
231

.  

Moreover, FH production by DCs is upregulated by IFN-γ and results in a decrease of T cell 

proliferation
201

.  On neutrophils, FH supports migration and spreading and enhances Il-8 

release and inhibits NET formation and ROS production
232

. On B cell, FH blocks 

immunoglobulin secretion
233

 and supports their proliferation
234

.   

Given its central role in the regulation of complement activation, an impaired in FH functions 

due to polymorphism, mutations or auto-antibodies has been described in association with 

several diseases such as typical and atypical hemolytic uremic syndrome (HUS
235

 and 

aHUS
236

, respectively), age-related macular degeneration (AMD)
237

 and dense deposit disease 

(DDD)
228

. Conversely, pathogens and altered self-cells such as cancer cells can used FH to 

induce an unwanted protection and thus an immune evasion strategy
204

.  
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II.6  Complement and therapeutics 

 

Both inefficient and enhanced stimulation of complement can have detrimental effects on host 

cells and can be responsible for severe infectious or non-infectious diseases
238

. A defective 

complement activation can increase susceptibility to infections like meningitis or to 

autoimmune disease such as systemic lupus erythematous (SLE). In the other hand, excessive 

complement activation is found in several diseases such as renal diseases (aHUS, C3 

glomerulopathies), age-related macular degeneration (AMD) or cancer.  

According to its implication in multiple pathologies, complement system represents a very 

promising therapeutics targets. However, in order to avoid potential adverse effect such as 

severe infections (Neisseria meningitides), the modulation of complement system must be 

performed very carefully
67

. 
239–241

.  Eculizumab is, for the moment, the only approved drug 

that targets specifically complement. However, according to the increasing number of studies 

underlying the role of complement system in physiopathology, the number of clinical trials 

regarding complement targeting drugs is largely expanding
67

 (Table 9). These drugs target 

different level of the cascade (initiation, amplification, effector function) depending on the 

clinical used and thus present various safety profile (Figure 14). 

 

 Target Drug Mechanism of action Indications 

1 C1q ANX005 Humanized anti-C1q 

monoclonal antibody 

Guillain Barré Syndrome (Phase I) 

2 ANX007 Fragmented humanized anti-

C1q monoclonal antibody 

Primary Open-angle Glaucoma (Phase I) 

3 C1s C1-inh 

(Cinryse, 

Berinert, 

Cetor, 

Ruconest) 

Purified or recombinant 

protein that targets C1r, C1s, 

MASP1, MASP2 

AMI, CABG, kidney transplantation 

(Phase I), trauma (Phase III), HAE 

(Approved) 

4 BIVV009 Humanized antibody anti 

C1s 

CAD, bullous pemphigoid, wAIHA, end-

stage renal disease (Phase I) 

5 MASP2 Narsoplimab Human antibody anti 

MASP2 

LN, MN, C3G (Phase II), IgA 

nepthropathy, TM, aHUS (Phase III) 

6 FP CLG561 Human antibody anti 

properdin 

AMD (Phase I), geographic atrophy (GA) 

(Phase II) 

7 C3 Compstatin  Peptide C3 inhibitor, no 

generation of C3a/C3b 

AMD (Phase I) 

8 APL-1 Second generation of 

compstatin analog 

 

Asthma, COPD (Phase I) 
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9 APL-2 Pegylated form of APL-1 AMD, GA, IgA nephropathy, LN, MN, 

wAIHA, CAD (Phase II), PNH (Phase III) 

10 APL-9 Analog  of compstatin with 

tridecapeptide linked to PEG 

PNH (Phase I) 

11 AMY-

101/Cp40 

Second generation of 

compstatin analog with 

increased half-life 

C3G, PNH, kidney transplantation, 

periodontis (Phase II) 

12 C3 

Conver-

tase 

Mirococept Recombinant soluble CR1 

that inhibits classical, lectin 

and alternative pathway 

Shock (Phase I), inflammation (Phase II), 

Transplantation (Phase III) 

13 TT30 Fusion protein between CR2 

and FH 

PNH (Phase I) 

14 FB IONIS-FB-

LRx 

Long lasting FB silencing AMD, GA, IgA nephropathy (Phase II) 

15 LNP-023 Small molecule inhibitor of 

FB 

C3G, PNH, IgA nephropathy (Phase II) 

16 FD Lampalizum

ab 

Humanized antibody anti FD AMD, GA (Phase III) 

17 ACH-4471 Small molecule inhibitor of 

FD 

PNH, C3G (Phase II) 

18 C5 Eculizumab Humanized long-acting 

antibody against C5 that 

binds to C5 and prevents C5 

convertase proteolytic 

cleavage.  

Kidney transplantation (Phase I), CAD, 

Guillian Barre Syndrome, ANCA, 

Thrombocytopenia (Phase II), PNH, 

aHUS (Approved) 

19 Pexelizumab  Humanized short-acting 

antibody against C5 

AMI, CABG (Phase II) 

20 Ravulizumab Second generation anti-C5 

antibody with long half-life 

aHUS, PNH, generalized myasthenia 

gravis (Phase III) 

21 Tesidolumab Fully human anti-C5 

antibody (different epitope 

than eculizumab) 

Transplantation (Phase I), AMD, GA, 

PNH, uveitis (Phase II) 

22 SKY59 Anti c5 antibody with 

increased half-ilfe 

PNH (Phase II) 

23 Pozelimab  Fully human anti-C5 

antibody 

PNH (Phase II) 

24 ABP959 Biosimilar of eculizumab PNH, aSHU (Phase I) 

25 Coversin Protein with dual activity 

against C5 and leukotriene 

B4 

aHUS, PNH (Phase II) 

26 RA101495 Peptide that binds C5 and 

allosterically inhibits C5 

convertase cleavage 

PNH (Phase II) 

27 Zimura Aptamer based C5 inhibitor Stargardt disease, IPCV (Phase II), AMD 

(Phase III) 

28 Cemdisiran  RNAi that impaired C5 PNH, aHUS (Phase II) 
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synthesis  

29 SOBI002  AMD (Phase I) 

 

30 C5a ALXN1007 Antibody GVHD, APS (Phase II) 

31 IFX-I Antibody  Sepsis, SIRS, complex cardiac surgery, 

hidradenitis suppurativa (Phase II) 

32 C5aR1 Avacopan Small molecule aHUS, C3G, Hidradenitis suppurativa, 

Acne inversa, IgA nephropathy (Phase II), 

ANCA (Phase III) 

33 PMX-53 Peptide  RA, osteoarthritis, psoriasis (Phase II) 

34 IPH-5401 Antibody  Advanced solid tumors (Phase I) 

Table 9: Complement targeting drugs approved or in development. ANCA, antineutrophil 

cytoplasmic-antibody-associated vasculitis; aHUS, atypical haemolytic uraemic syndrome; 

ABOi, ABO incompatible; AMD, age-related macular degeneration; AMI, acute lyocardial 

infarction; APS, antiphospholipid syndrome; C3G, C3 glomerulopathy; CAD, Cold 

Agglutinin disease; CAGB, coronary artery bypass grafting; CNV, choroidal 

neovascularization; COPD, chronic obstructive pulmonary disease; GA, geographic atrophy; 

GVHD, graft versus host disease; HAE, hereditary angiodema; IPCV, idiopathic polypoidal 

choroidal vasculopathy; LN, lupus nephritis; MN, membranous nephropathy; RA, rheumatoid 

arthritis; PNH, paroxysmal nocturnal haemoglobinuria; SIRS, systemic inflammatory 

response syndrome; TM: Thrombotic microangiopath;, wAIHA, warm autoimmune 

haemolytic anaemia. (adapted from Ricklin, Nat. Rev. Nephrol. 2018). 
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Figure 14: Complement and therapeutics.  Numbers referred to Table 1. 1,2: drugs targeting 

C1q, 3,4: drugs targeting C1s, 5; drug targeting MASPs, 6: drug targeting properdin, 7-11: 

C3 inhibitors, 12-13: drugs targeting C3 convertase, 14-15: drugs targeting FB, 16-17: drugs 

targeting FD, 18-29: drugs targeting C5, 30-31: drugs targeting C5a, 32-34: drugs targeting 

C5aR1. (adapted from Ricklin, J Immunol., 2013). 
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III. Complement in cancer  

 

III.1 Complement status in tumors 

 

The role of the immune system in tumor progression is an expanding field and many study 

focus on its characterization in different tumor types and its effect as therapeutic target. 

However, the role of the complement system, an important player of the innate immune 

system, is frequently forgotten.  

Tumors are complement rich environment in which many cell types participate to the local 

production of complement component
242

 (Figure 15). More specifically, protein of the 

classical and alternative pathway as well as complement receptor and regulators are 

commonly found in the TME suggesting a potential in situ activation. The high expression of 

C3aR and C5aR1 in most of the cell types within the TME (e.g immune cells, endothelial 

cells, fibroblasts and tumor cells) suggests that C3a and C5a can modulate the functionality of 

these cells. Tumor cells also expressed a high level of complement regulators that block the 

terminal pathway
243,244

. These findings suggest that tumor cells can benefit from complement 

activation through the generation of anaphylatoxins but escape from complement cytotoxic 

effect by overexpression of regulators.  
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Figure 15: The complement tumor microenvironment. Tumor is a complement rich 

environment where different cell types participate in the local production of complement 

proteins. Blue: alternative pathway protein, green: classical pathway proteins, red: lectin 

pathway protein, orange: terminal pathway protein 

 

III.2 Complement as a biomarker  

 

III.2.1 Diagnostic biomarker  

 

Tumor can induce an upregulation of complement component within the tissue but also in the 

systemic compartment. Intriguingly, an opposite effect can be observed depending of the 

nature of the complement proteins and the type of cancer (Table 10).  

Overexpression   

 Type of cancer Mechanism of action  Ref  

C1q Glioblastoma Plasma: increased C1q in the sera of patients in comparison 

with healthy controls.  

245 

C1s Lung cancer Plasma: increased level of C1s in plasma of lung cancer 

patient  in comparison with controls 

246 

Prostate cancer Tumor: Upregulation of C1s expression in  prostate tumors 

compared to matched normal prostate tissues 

247 
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C4 Lung cancer Plasma: elevated C4 level in cancer patients in comparison to 

control group 

248 

C4a Papillary thyroid 

cancer 

Plasma: increase C4a in the sera of patients in comparison 

with healthy controls. 

249 

C4d Lung cancer  Bronchial fluid: Higher levels of C4d in cancer patients than 

patients with control group. 

250 

Lung cancer  Plasma: Higher levels of C4d in cancer patients than patients 

with benign nodules. 

251 

C3 Lung cancer Plasma: elevated C3 level in cancer patients in comparison to 

control group 

248 

Neuroblastoma  Plasma: elevated C3 level in cancer patients in comparison to 

healthy donors 

252 

Pancreatic ductal 

adenocarcinoma 

Tumor: Higher level of C3 protein in cancerous tissues than 

in adjacent normal pancreatic tissues 

253 

Pancreatic cancer Tumor: Higher level of C3 protein in cancerous tissues than 

in normal pancreatic tissues 

254 

C3a Esophageal cancer Plasma: Higher C3a level in patients than healthy donors 255 

C3a 

desArg  

Breast cancer Plasma: Higher C3a desArg level in patients than healthy 

donors 

256 

C5a Non-small cell lung 

cancer  

Plasma: Higher C3a level in patients than healthy donors 257 

C5aR1 Gastric cancer Tumor: higher expression of C5aR1 in gastric tumoral 

tissues than in adjacent non-tumoral tissues 

258 

FH Squamous lung cancer  Plasma: Upregulation of FH in uranium exposed miners in 

comparison with exposed miners without lung disease 

259 

Lung cancer  Bronchoalveolar lavage: Higher concentration of factor H in 

lung cancer patients than controls 

260 

Cutaneous squamous 

cell carcinoma 

Tumor: FH is more expressed in invasive cSCC than normal 

skin or in situ CSCC. 

261 

Bladder cancer Urines: FH and FH related protein are marker for bladder 

cancer 

262,
 

263 

C9 Squamous cell lung 

cancer 

Plasma: C9 and its fucosylated form are significantly higher 

in SQLC patients, as compared to healthy control 

264 

CD46 Colon cancer Tumor: CD46 is higher in colon cancer tissues compared 

with normal adjacent colon tissues 

244 

CD55 Colon cancer Tumor: CD55 is higher in colon cancer tissues compared 

with normal adjacent colon tissues 

244 

CD59 Colon cancer Tumor: CD59 is higher in colon cancer tissues compared 

with normal adjacent colon tissues 

244 

MASP

2 

Ovarian tumor  Tumor: MASP2 gene expression is higher with ovarian 

cancer compared with controls 

265 

MBL Colon tumor  Plasma:  MBL2 level increases in patients compared to 

healthy blood donors.  

266 

Ovarian tumor  Tumor: MBL2 gene expression is higher with ovarian cancer 

compared with controls 

265 
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Underexpression 

C1s Ovarian cancer Tumor: Downregulation of C1s mRNA in ovarian tumor vs 

healthy control 

267 

Ovarian cancer Tumor: Downregulation of C1s expression in stage III serous 

ovarian carcinoma compared to normal tissue 

268 

Lung cancer Tumor: decrease expression in lung tumor tissues in 

comparison with paratumor tissues 

246 

C4BP Ovarian cancer Tumor: Downregulation of C4BPA mRNA in ovarian tumor 

vs healthy control 

267 

C7 Ovarian cancer Tumor: Downregulation of C7 mRNA in ovarian tumor vs 

healthy control 

267 

FB Glioblastoma Plasma : decreased level of FB in GBM 245 

FI Gastric cancer Plasma: FI is significantly under-expressed in gastric cancer 

sera compared to normal sera. Declining expression with the 

advanced pTNM stage from stage I to IV of gastric cancer 

patients 

269 

 Cutaneous squamous 

cell carcinoma 

Tumor: FI is more expressed in invasive cSCC than normal 

skin or in situ CSCC. 

270 

FH Colon cancer Plasma: Decrease FH protein level in the serum of colorectal 

cancer patients vs. normal control 

271 

Ovarian cancer Tumor: Downregulation of FH mRNA in ovarian tumor vs 

healthy control 

267 

CD55 Ovarian cancer Tumor: Higher expression of CD55 in ovarian cancer than in 

control 

272 

Table 10: Modulation of complement component in tumor vs. normal tissue/plasma. 

 

Besides the protein level, the existence of complement auto-antibodies can also be used as a 

diagnostic biomarker. In lung cancer patients, the presence of auto-antibodies against a 

specific reduced form of FH has been reported. Interestingly, such antibodies are present in 

the sera of early-stage lung cancer patient but less in late-stage patient or undetectable in 

control patient without cancer
273

.  

 

III.2.2 Prognostic biomarker  

 

The potential of complement protein as prognostic biomarker has been shown in various 

cancer types. Indeed, the presence of complement protein in the tumor or the plasma of the 

patients correlates with an impact on survival in numerous cancers (Table 11). 
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Pro-tumoral  

 Type of cancer Mechanism of action Ref 

C1q Clear cell renal 

cell carcinoma 

Tumor: C1q within the stroma is associated with decrease OS and 

PFS 

170 

Non-small cell 

lung cancer  

Tumor: High level of C1q predicts poor DFS and OS in NSCLC 

patients 

274 

C1s Urothelial 

carcinoma 

Tumor : C1s expression predicted poor disease-specific and 

metastasis-free survival rates 

275 

MASP

1 

Cervical cancer Plasma : High level of MASP-1 is associated with poor prognosis 276 

MASP

2 

Cervical cancer Plasma : High level of MASP-2 is associated with poor prognosis 276 

C4 Metastatic renal 

cell carcinoma 

Solitary copy of either C4 isoform patients have a longer survival 

in comparison with the control group 

277 

C4a Pancreatic 

adenocarcinoma 

Plasma : C4a plasmatic level correlate with OS 278 

C4d Mesothelioma Plasma : High level of C4d at diagnosis is associated with 

decrease OS 

279 

Clear cell renal 

cell carcinoma 

Tumor : C4 produced by tumor cells or deposits at the surface of 

tumor cells is associated with decrease OS and PFS 

170 

Astrocytoma  Tumor : C4d staining is associated with worsened patient 

outcome 

280 

Lung cancer  Tumor: Higher C4d deposition is associated with decrease 

survival 

281 

Non-small cell 

lung cancer  

Tumor: High level of C4d predicts poor DFS and OS in NSCLC 

patients. C4d level is associated with low level of PDL1 in tumor 

cells 

274 

C3 Non‑small cell 

lung cancer 

Tumor : C3 within the tumor is related to poor prognosis  282 

Ovarian cancer Tumor : high level of C3 mRNA is associated with decrease OS 283 

Lung cancer Tumor : high level of C3 mRNA is associated with decrease OS 283 

C3a Pancreatic 

adenocarcinoma 

Plasma : C3a plasmatic level correlate with OS 278 

C5a Pancreatic 

adenocarcinoma 

Plasma : C5a plasmatic level correlate with OS 278 

Clear cell renal 

cell carcinoma 

Tumor : high tumoral C5a level was associated with poor overall 

survival in ccRCC patients after nephectomy 

284 

C5aR1 Ovarian cancer Tumor : high level of C5aR1 mRNA is associated with decrease 

OS 

283 

Lung cancer Tumor : high level of C5aR1 mRNA is associated with decrease 

OS 

283 

Urothelial cell 

carcinoma 

Tumor: C5aR1-positivepatients exhibited significantly lower 

overall survival and DFS compared with C5aR1-negative UCC 

patients 

 

285 
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Lung cancer  Tumor : High levels of C5aR1 in human lung tumors were 

significantly associated with shorter recurrence-free survival, 

overall survival, and bone metastasis 

286 

Non-small cell 

lung cancer  

Tumor: High level of C5aR1 predicts poor DFS and OS in 

NSCLC patients 

274 

Gastric cancer Tumor: High level of C5aR1 predicts poor OS  287 

Clear cell renal 

cell carcinoma 

Tumor: High level of C5a/C5aR1 predicts poor OS and RFS 288 

Breast cancer Tumor: High level of C5aR1 predicts poor survival 289 

FB  Pancreatic cancer Plasma: High CFB plasmatic correlates with a decreased OS and 

DFS 

290 

FI Breast cancer Tumor: High expression of FI protein in tumor cells was 

correlated with significantly shorter cancer-specific survival and 

recurrence-free survival.  

291 

FH Lung cancer FH variants Y402H and H402H are associated with increased risk 

of lung cancer among smokers. 

292,2

93 

CD46 Ovarian cancer Tumor : high expression of CD46 is associated with reduced 

shorter revival-free time at primary laparotomy 

294 

CD59 Breast cancer Tumor : patients with CD59 overexpression have a worse 

prognosis 

295 

Table 11: Impact of complement protein on patient survival 

 

Taken together, these data highlight the complexity of the complement system and its effect in 

the context of cancer, ranging from protective to aggressive, depending on tumor type. In this 

respect, further studies are required to clearly establish the role and mechanism of action of 

complement proteins in order to consider it as a potential therapeutic target.  

 

 

III.3 Local activation of the complement system  

 

The existence of complement fragment deposition on tumor cells such as C3, C4
280,296–303

 are 

consistent with local complement activation. However, the way complement is initiated 

within the tumor is not clearly elucidated and can result from an intrinsic activation by the 

three conventional pathways but also through an extrinsic activation via proteases.  

 

 

III.3.1 Intrinsic activation  

Emerging evidences are in favor of an activation of the complement system mediated by the 

classical pathway.  
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In cervical mouse model, C3 and C5 deficient mice have a slower tumor growth. This 

retardation is also observed in C4 deficient mice but not in FB deficient mice suggesting an 

involvement of the classical or/and the lectin pathway. Moreover, the presence of C1q in the 

tumor together with the absence of MBL point the implication of the classical pathway
304

. 

Interestingly, in the same mouse model, the activation of the classical pathway inside the 

tumor is linked to the presence of immunoglobulins
170

.   

Furthermore, similar observations have been made in human cancer patients. In NSCLC, an 

activation of the classical pathway mediated by C1q binding is observed and leads to C4d 

deposits on tumor cells
281

. In ccRCC patients, we showed that C4d deposits as well as C1q 

but not MBL are present in tumor. The complement deposition are associated with the 

presence immunoglobulins within the tumor and with poor prognosis
170

.  In papillary thyroid 

carcinoma, complement depositions of C3d, C4d and C5 as well as cellular deposits of IgG1 

and IgG4 were shown in 80% of the cases
296,305

. The activation of the classical complement 

pathway through immunoglobulins may result from a local generation of specific anti-tumor 

antibodies that can fix complement
306

.  

Even if the alternative pathway is not necessarily implicated, it can amplify and perpetuate 

intratumoral complement activation. However, very few evidences of an implication of the 

lectin pathway are available
266,307

 

 

III.3.2 Extrinsic activation 

The presence of C3a and C5a in the supernatant of tumor cells cultured under serum free 

conditions257,308 and its release inhibition after treatment with protease inhibitors257 suggest 

that C3/C5 cleavage can occur through proteases that do not contribute to the three 

conventional activation pathways309. In prostatic fluid from cancer patients, an 

uncharacterized C3 fragment has been detected and potentially come from a cleavage by 

prostate-specific antigen (PSA)310. Moreover, in human colon adenocarcinoma and melanoma 

cell lines, cathepsin-L is responsible for intracellular C3 cleavage conferring high tumorigenic 

and metastatic properties89,311,312. Regarding C5, a macrophage-derived urokinase can induce 

its cleavage by plasmin in mouse models of squamous carcinogenesis96. In addition, tumor 

cell promote the generation of thrombin313, a protease involved in C5 cleavage.  

III.4 Complement effects on tumor growth  

 

The complement system has been for long considered as an anti-tumoral element according to 

its classic properties of opsonization, inflammation and lysis. However recent discoveries, 
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especially from in vitro and mouse data, provide new perspectives for the role of complement 

in cancer (Table 12, 13). Indeed, new findings highlight the effects of complement proteins 

and especially C3a and C5a which provide the tumor a growth advantage by modulating 

different key characteristics of the tumor such as tumor cell behavior, angiogenesis and 

immune microenvironment
314

. Nevertheless, the complement system exerts ambivalent effect 

depending on cancer types ranging from anti-tumor defense to potent tumor promotion. This 

difference in mode of action could reflect the heterogeneity of TME composition between 

cancer types.  

 

 

III.4.1 Effect on immune response  

The anaphylatoxins C3a and C5a can modulate the functionality of the cells that expressed 

their receptors; C3aR and C5aR1 and notably immune cells. The pro-tumoral effects of C3a 

and C5a are linked to an alteration of T cell response through a direct modulation of their 

cytotoxic functions or by an indirect manner through the recruitment of immunosuppressive 

cells. This T-cell-dependent action of C5a is underlined in a mouse model of cervical cancer 

by the abrogation of the impact of C5aR1 deficiency when T cell are depleted304 (Table12). In 

the same line, the depletion of CD4+ but not CD8+ reverses the inhibitory effects of C3 

deficiency in a lung model115(Table12).   

The best characterized effect of the anaphylatoxins is the recruitment of immunosuppressive 

cells in the TME and especially macrophages315 and MDSCs304. C3 deficient mice were 

protected from sarcoma carcinogenesis through a mechanism involving PTX3 (Table12). 

Indeed, PTX3 promotes the regulatory action of FH resulting in a decrease production of C3a 

and less recruitment of M2 macrophages315. In cervical mouse models, C5a acts as a 

chemoattractant for MDSCs that expressed C5aR and enhances their infiltration (Table 12). 

C5a also modulates the functionally of MDSC by promoting ROS an RNS production as well 

as integrin expression leading to an altered CD8+ T cell response304 (Table 12). Moreover, 

the blockade of C5aR1 in a mouse model of lung cancer is associated with the expression of 

immunomodulators such as arginase-1, CTLA4, Il-6, IL-10, LAG3 and PD-L1257 (Table 12). 

Besides C5a, C5aR1 expressed on MDSCs can bind to other ligands such as ribosomal 

protein S19 (RSPS19) which is released from apoptotic cells in a model of breast cancer 

(Table 12). The binding of RSP19 can indirectly affect T cell response though an increase 

release of TGF-β that promotes a Th2 phenotype316.  

Complement also interferes with other innate immune cells to promote an immunosuppressive 

environment such as neutrophils, DCs or NK cells. In a mouse model of melanoma, C3 

depletion induced by cobra venom factor treatment resulted in an enhancement of antitumor 
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response through a cytotoxic actions of NK cells317 (Table 12). In melanoma, C3aR deficient 

mice display an increase of tumor neutrophils. The depletion of these cells is associated with a 

reversion of the antitumor effect of C3aR deficiency underlying its central role in the pro-

tumoral effect of C3aR116 (Table 12). In ovarian cancer mouse model, C3b and CR3 are 

involved in neutrophils suppressor phenotype318 (Table 12). In a model of spontaneous 

intestinal tumorigenesis, C3aR triggers neutrophils extracellular traps (NETs) release and 

polarization of neutrophils towards a pro-tumorigenic phenotype319 (Table 12). Opsonization 

of tumor cells by iC3b can induce a tolerogenic immune response that allows tumor growth in 

melanoma and pancreatic carcinoma through engagement of CR3 on NK320 cells and 

dendritic cells respectively321 (Table 12).  

Moreover, CD8+ T cells produce C3 which can act through an autocrine manner on C3aR 

resulting in IL-10 inhibition, a cytokine mandatory for maintaining their antitumor 

phenotype117.  

In discordance with previous studies, C3 deficient Her2/neu transgenic mice spontaneously 

develop more tumors and have an accelerated tumor onset and metastasis (Table 12). This 

effect results from an enhance immunosuppression and an increase blood permeability in C3 

deficient mice322. Moreover, C3a and C5a can reverse the endothelial quiescence allowing T-

cell homing to tumor associated with an effective tumor control in a cervical mouse model 

(Table 12)323. Finally, C3d by binding to CR2 can specifically modulate the immune 

microenvironment of the lymphoma tumors by increasing CD8+ T cells, suppressing 

expression of PD-1 and depleting Tregs324(Table 12).  
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Figure 16: Effect of complement system in immune microenvironment. Depending on cancer 

types and local concentration, the complement system can exert both pro (A) and anti-tumoral 

effects (B).   

 

C1s is also a potential modulator of tumor immune microenvironment. In colorectal cancer 

and melanoma, C1s is expressed by a specific subtype of fibroblast and its expression 

correlates with T cell infiltration325
,326 

. In breast cancer, C1s is highly expressed by a subtype 

of fibroblasts associated with an immunosuppressive environment327.  

The apparent discrepancy of complement effects can be linked to some specific characteristics 

of the TME. For example, the local concentration of C5a is a key factor that controls C5a 

effects on immune microenvironment. Indeed, in mouse lymphoma, while high level of C5a 

promote tumor growth and an immunosuppressive phenotype, a low level of C5a slower 

tumor growth through the induction of an anti-tumoral T cell response328 (Table 12). This 

dose-dependent effect of C5a is also observed in vitro on T cell polarization; high level of 

C5a (500ng/mL) promotes Treg differentiation whereas low level of C5a favors Th1 

phenotype328. Hypoxia can also modulate the expression of complement proteins329 and 

susceptibility330 or resistance331 to complement attack depending to the model. Furthermore, 

specific mutations also affect local complement activation. For example, isocitrate 

dehydrogenase mutation in glioma is associated with a significant reduced complement 

activation332. Moreover, in mouse model for neuroendocrine tumors of the pancreas, a 
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significant difference in plasmatic and intratumoral level of C5 is observed between sex with 

a higher level in males that correlates with the frequency of liver metastasis333.  

 

III.4.2 Effect on angiogenesis  

In different mouse model, complement activation is associated with a modulation of the tumor 

vasculature334,335. C3a and C5a can affect angiogenesis by a direct or indirect manner. By 

modulating the functionality of macrophages, C3a and C5a favor immunosuppression and 

pro-angiogenic properties309,336. C5a also interacts directly with in vitro endothelial cells and 

promotes their migration, proliferation and vessel formation capacity111. In a mice model of 

ovarian cancer, C3 and C5aR deficient mice have a significant impairment of angiogenesis 

resulting in a decrease tumor growth334(Table 12). This effect results from an alteration of 

endothelial cell function possibly though interaction with VEGF.  

C1q can also promote tumor growth by acting on angiogenesis independently of complement 

activation and anaphylatoxins generation. In cervical and melanoma mouse cancer models 

C1q exert non-canonical effects by promoting tumor growth through modulation of 

neoangiogenesis167,170(Table 12). Indeed, we found that C1q deficient mice display an 

alteration in vascular density and organization associated with a decrease expression of VEGF 

and VEGFR. These effects of C1q are independent of classical pathway activation since the 

lack of C4 doesn’t alter vascular functions. However, this pro-angiogenic action is tumor-type 

dependent since C1q has the opposite effects in Her2/neu breast cancer model337(Table 12).  

Recent data show that C1s can also be implicated angiogenic process since its knockdown 

significantly suppress vascularization of human cSCC xenograft tumors in vivo198(Table 12).  
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Figure 17: Effect of complement system on angiogenesis. Depending on cancer types, the 

complement system can exert both pro and anti-tumoral effects 

 

 

III.4.3 Effect on tumor cells  

In addition to fueling inflammation, C3a and C5a axis can affect tumor cell behavior by 

modulating proliferation, migration, survival, stemness
258,338–340

 (Figure 18). For example, in 

cutaneous squamous cell carcinoma, C3a promote proliferation, migration and stemness as 

well as activation of the Wnt and β‐catenin pathway
338

. The effects of C3a and C5a can be 

related to an autocrine stimulation of C3aR/C5aR1 on tumor cell surface which induces PI3K 

signaling pathway and promotes tumor cell proliferation, migration and invasion
283,309

 as 

reported in bile duct, colon and ovarian cancer cells. On the contrary, the expression of C5a 

by murine mammary sarcoma induces a reduced tumor growth by blocking cell cycle 

progression and high level of apoptosis
341

(Table 12).  

Besides its effect as classical pathway activator, C1q exerts non-canonical functions by acting 

directly on tumor cell behavior167. In malignant pleural mesothelioma, C1q promote tumor 

proliferation by interacting with hyaluronic acid in the TME342 without activating the 

complement cascade. The proliferative effect of C1q occurs after enhancement of Erk1/2, 

SAPK/JNK and p38 phosphorylation. In HCC, C1q stimulates migration and invasion of 
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tumor cells through activation of discoidin domain receptor 1 and promotion of MAPK and 

PI3K/Akt signaling pathway as well as expression of matrix metalloproteinases (MMP2 and 

MMP9)169. A potential implication of gC1qR in this invasive process is feasible because of 

the properties of gC1qR to regulate lamellipodia formation and metastasis in human lung 

carcinoma cells343.  

In addition to C1q, C3a and C5a, various complement proteins produced by tumor cells can 

support their proliferation. C1r, C1s, FB, FH and FI promote squamous cell tumor 

proliferation upon the activation of Erk1/2198,261,339,344. C7, FH and CD59 are also required 

for stemness295,345,346. Moreover, a sublytic level of C5b9 can induce cell cycle progression 

by activating PI3K/Akt/FOXO1 and ERK1 signaling pathways347 and protection from cell 

death348,349.  

A potential role of C1s in carcinogenesis has been described. Transfection of mouse 

fibroblasts with C1s give them tumorigenic properties since they were able to form invasive 

tumor when they were injected in immunodeficient mice350. This effect on tumor growth is 

supporting by other studies showing C1s is associated with increase tumor proliferation198 

and invasion351 and may results from its enzymatic activity352.  

On the contrary, complement proteins can also exert anti-tumoral effects in some cancers. By 

activating the tumor suppressor WWOX, C1q promotes the apoptosis of prostate and breast 

cancer cells177,337. C1q also induces apoptosis of ovarian cancer cells through activation of 

TNF-α and upregulation of the pro-apoptotic Bax and Fas353.  In Her2/neu mouse model, C1q 

deficient mice have an accelerated tumor progression as well as a spontaneous increase of 

lung metastases occurrence (Table 12). In this model, the anti-tumoral effect of C1q is 

independent from complement activation and results from an increase number of intratumoral 

blood vessels and a decrease activation of WWOX. Properdin also displays some antitumor 

effects by promoting intracellular upregulation of the pro-apoptotic factor DDIT3 which is 

associated with endoplasmic reticulum-stress response in breast cancer354(Table 12). 
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Figure 18: Effect of complement system on tumor cell behavior. Depending on cancer types, 

the complement system can exert both pro (top) and anti-tumoral (bottom) effects by acting 

through an extra- or intracellular manner. Akt: protein kinase B, HA: hyaluronic acid, 

DDIT3: DNA Damage Inducible Transcript 3, DDR1: discoidin domain receptor 1, Erk: 

extracellular signal-regulated kinases, FOXO1: Forkhead box protein O1, gC1qR: receptor 

for the globular heads of C1q, JNK: Jun amino-terminal kinase, MAPK: mitogen-activated 

protein kinase, MMP: matrix metalloproteinase, PI3K: phosphoinositide 3-kinase, SAPK: 

Stress-activated protein kinases, WWOX: WW Domain Containing Oxidoreductase. 

 

III.4.4 Effect on metastasis 

Besides promoting primary tumor growth, the complement system also enhances metastasis 

formation
355

 (Figure 19). In a mouse melanoma model, C1q promotes lung metastasis
167

 

(Table 12). In ovarian cancer, C3 is upregulated by the transcription factor TWIST1 and is 

involved in EMT and associated with a decrease of E-cadherin via Krüppel-like factor 5–

dependent mechanism
356

. Moreover, the activation of C3a/C3aR axis on the choroid plexus 

epithelium can disrupt the blood-cerebrospinal fluid barrier and permit dissemination in the 

nervous system
357

 (Table 12).  

C5a is a multifaceted effector that can also promote metastasis. Indeed, a reduced number of 

lung metastasis occurs after C5aR blocking due to a decrease production of IL-10 and TGF-β 

by MDSCs which are implicated in Tregs generation and Th2 response in the premetastatic 
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niche
358

 in mouse breast model (Table 12). Equivalent findings have been shown in hepatic 

metastases of colon cancer
308

 (Table 12). In this model, C5a induces the expression of 

chemokines monocytes chemoattractant protein-1 that allows an immunosuppressive 

microenvironment which supports hepatic metastasis through NF-κB signaling. 

Pharmacological blockade of C5aR impairs lung and liver metastasis associated with an 

increase infiltration of CD8+ T cells in metastatic nodules
358

 in mouse breast model (Table 

12). C5a also acts directly on tumor cells to promote metastasis by enhancing their 

invasiveness. In lung mouse cancer model, the blockade of C5aR1 abrogates the tumor-

associated osteoclastogenic activity and impaired bone metastasis through a CXCL16-

mediated effects
286

 (Table 12). In HCC and renal cancer cells, C5aR1 mediates EMT, 

migration and invasion of tumor cells by activating the Erk1/2 signaling pathway
359,360

. In 

addition, C5a enhances invasiveness through secretion of metalloproteinase and degradation 

of extracellular matrix
309

. C5a also promotes the invasive ability of gastric cancer cell lines 

via RhoA activation and causes morphological changes such as expression of stress fibers and 

filopodia
287

. C3a and C5a in leukemic cells enhances the motility of tumor cells and their 

dissemination through upregulation of p38 MAPK and downregulation of heme oxygenase 

1
361

.  

 

 

Figure 18: Pro-metastatic effect of complement system. CSF: blood-cerebrospinal fluid 

barrier, ECM: extracellular matrix, EMT: epithelial to mesenchymal transition, Erk: 

extracellular signal-regulated kinases, MAPK: mitogen-activated protein kinase, MCP-1: 

monocytes chemoattractant protein-1, MMP: metalloproteinase, NF-κB: nuclear 

factor kappa-light-chain-enhancer of activated B cells, RhoA: Ras homolog gene family, 

member, Th: T lymphocyte helper, Tregs: Regulatory T lymphocyte. 
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Emerging studies allow the repositioning of the complement system as a key effector that acts 

at different levels to support or inhibit tumor progression depending on tumor types and thus, 

can be consider as a powerful prognostic biomarker. In order to explain this context-

dependent effect of complement, many mouse and in vitro studies have focused on its 

mechanism of action and highlight that complement is a multimodal effector that modulates 

tumor progression by acting on tumor cells, angiogenesis as well as immune 

microenvironment. This effects are either linked to complement activation and especially to 

the generation of anaphylatoxins or to cascade-independent functions of complement proteins. 

Interestingly, these non-canonical complement functions related or not to immune system are 

described for a large amount of complement proteins. To make the situation more complex, 

complement proteins exert their functions through an extracellular action but also to an 

unexpected intracellular mode of action. Unfortunately, analyses of human cancer are scarce 

and considering that substantial differences exist between mouse and human complement 

system, mouse data should be interpreted with caution. Taking together, these novel findings 

sustain the scientific attractiveness of the complement system and additional investigation 

especially in humans are needed to gain a holistic view of the role and mode of action of all 

complement proteins next to new features and re-evaluate its potential as therapeutic target in 

a context-dependent manner.  

 

 Cancer model Target 

protein 

Effects on tumor growth Mechanism 

 

Ref 

Cervical (Lung): 

syngeneic model (TC-1 

cells) 

C4, 

C3, 

FB, 

C5aR1 

C4-/-, C3-/- and C5aR-/- 

mice but not FB-/-have 

impaired tumor growth. 

C5aR1 blockade slower 

tumor growth  

Modulation of migration and 

production of ROS and RNS 

by MDSC.  

304 

Cervical (Lung): 

Syngeneic model (TC-1) 

C1q, 

C3, C4 

C1q-/-, C4-/- and C3-/- 

mice have an impaired 

tumor growth.  

Classical complement 

activation promotes 

angiogenesis 

immunosuppressive 

environment.   

170 

Lung: Syngeneic (LLC) C1q C1q-/- but not C5-/- mice 

have an impaired tumor 

growth. 

C1q induced angiogenesis 

independently of complement 

activation 

167 

Lung: Syngeneic, 

Orthotopic,  

CMT167-luc, EML4-

ALK, LLC-luc 

C3 C3-/- mice have impaired 

tumor growth and a 

decreased number of lung 

metastases. Blockade of 

C3aR or C5aR results in an 

inhibition of tumor growth.  

C3 signaling inhibits the 

production of multiple 

cytokine by CD4+ T cells  

115 

Lung: syngeneic model 

(393P or LLC cells) 

C5aR1 

 

Combination of C5a/C5aR 

inhibition and PD1 

Increase frequency of CD8 T 

cells and decrease frequency of 

362 
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in Kras
LSL−G12D/+

mice blockade results in a 

decrease tumor growth and 

number of metastasis.  

myeloid-derived suppressor 

cells within tumors 

Lung metastasis: 

Xenograft model, 

A549M1, H460M5 

C5aR1 Decrease tumor burden 

when mice are injected 

with A549 silenced for 

C5aR1. 

Decreased number of bone 

metastasis  

C5aR1 silenced tumor cell 

have a decreased motility and 

a lower metalloproteolytic 

activity. 

286 

Lung: Syngeneic (3LL) C5aR Pharmacological blockade 

of C5aR results in an 

inhibition of tumor growth.  

Decreased expression of bFGF 

and number of MDSCs in 

tumor treated with C5aR 

antagonist 

257 

Lung : Xenograft model 

(A549) in athymic nude 

mice 

FH  Tumor cells silenced for 

FH have a slower tumor 

growth in vivo 

FH deficiency sensitizes tumor 

cells to complement mediated 

attack 

363 

Lymphoma : syngeneic 

(RMA) 

C5a Accelerated tumor growth 

when mice are injected  

with high C5a producing 

lymphoma cells 

C5a decrease CD4 and CD8 T 

cells infiltration in tumor 

328
 

Ovarian: syngeneic model 

(ID8-VEGF) 

C3 Mice injected with C3 

shRNA have a slower 

tumor growth 

C3 enhances EMT  356 

Ovarian: syngeneic model 

(ID8-VEGF) Ovarian: 

xenograft model 

(SKOV3ip1 cells) 

 

C3, 

C5aR1 

C5aR-/- mice have 

impaired tumor growth.  

 

Autocrine effect of C3a, C5a 

on their receptors on cancer 

cells and induced proliferation 

through PI3K/AKT pathway 

283 

Ovarian: xenograft model 

(RMA-3CF4 cells) 

Lymphoma: syngeneic 

model (RMA-1474 cells) 

C5aR1 Correlation between tumor 

burden and expression of 

C5a.  

Correlation between C5a and 

decreased number of effector T 

cells  

328 

Ovarian: genetic model 

(TgMISIIR-Tag) 

C3, 

C5aR1 

 

Deficiency of C3 or C5aR1 

attenuate tumorigenesis.  

Pharmacological inhibition 

of C5aR1 impaired tumor 

growth  

C3 induced production of pro-

inflammatory cytokines. 

C5a induced the production of 

pro-angiogenic factors.  

334 

Breast: syngeneic, 

metastatic (4T1 cells) 

C5aR1 C5aR1-/- mice or 

pharmacological inhibition 

of C5aR1 decreased 

metastasis 

C5aR1 facilitates metastasis by 

suppressing effector T cells 

through recruitment of 

immature dendritic cells that 

produced TGFb and IL10.  

358 

Breast: Syngeneic model 

(4T1) 

C5aR1 C5aR1 deficiency or 

C5aR1 blockade decreased 

lung metastasis 

 

Reduced recruitment of 

MDSCs 

364 
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Colon: syngeneic model 

(MC38 cells) 

C3 C3 depleted mice (using 

CVF) have an impaired 

tumor growth. 

Increased expression of CCL5, 

CXCL10 and CXCL11 and 

migration of CD8
+
 T cells. 

365 

Intestine: genetic model 

(Apc
Min/+

) 

C3aR C3aR-/- mice have 

impaired tumor growth.  

 

C3a induced polarization of 

neutrophils toward a pro-

tumorigenic phenotype 

319 

Colon: syngeneic, 

metastatic (SL4, CT26 

cells)  

Colon: xenograft model 

(HCT116, SW116 cells) 

 

C5aR1 C5aR1-/- mice have a 

decreased number of 

metastasis in the liver 

 

Infiltration of inflammatory 

cells and production of CCL2 

by macrophages via AKT 

pathway 

308 

Colon metastasis: SL4-luc C5aR C5aR -/- mice have a 

decreased number of 

hepatic metastasis 

C5a/C5aR regulates the M2 

phenotype of TAMs in tumor 

metastases through NF-κB 

signaling 

366 

Colitis-induced colorectal 

cancer (azoxymethane 

plus dextran sulfate 

sodium) 

C3, 

C5, 

C5aR1 

C3, C5 and C5aR-/- mice 

have impaired tumor 

growth.  

 

C5a promotes production of 

IL-1b on neutrophils.  

367 

Bile duct: Xenograft 

model (HuCCT1) 

C5aR C5a-treated HuCCT1/C5aR 

cells spread more broadly 

than C5a-treated 

HuCCT1/mock cells in 

nude mice skin tissue 

C5a enhances invasion of 

C5aR-expressing cancer cells 

368 

Sarcoma: induced by 

carcinogen (3-MCA) 

PTX3, 

FH, 

C5a 

PTX3 -/- mice  have an 

increased susceptibility to 

carcinogenesis 

Factor H is recruited by PTX3 

and controls C5a levels and 

recruitment of M2 

macrophages 

 

315 

Melanoma: syngeneic 

model (B16F10 cells) 

C1q C1q -/- (but not C5-/-) mice 

have impaired tumor 

growth and a decreased 

number of metastasis 

C1q induced angiogenesis, cell 

adhesion and proliferation 

independently of complement 

activation 

167 

Melanoma: syngeneic 

model (B16F10 cells 

transfected with gp33) 

C3 C3 depleted mice (using 

CVF) have an impaired 

tumor growth.  

NK-mediated cytotoxic T-cell-

dependent antitumoral immune 

responses 

317 

Melanoma: syngeneic 

model (B16F10 cells, 

SM1WT1) 

Colon: Syngeneic model 

(MC38 cells) 

C3aR C3aR-/- mice have 

impaired tumor growth.  

 

C3aR -/- mice have an 

increased neutrophils, CD4 T 

infiltration and a decreased 

numbers of macrophages 

116 

Melanoma: syngeneic 

model (B16F10 cells) 

Breast: syngeneic model 

(E0771 cells) 

C3, 

C3aR, 

C5aR1 

C3, C5 and C5aR-/- mice 

have impaired tumor 

growth.  

 

C5a induces IL-10 secretion 

by effector CD8 T cells.  

Enhanced antitumor response 

by combination of C3aR or 

117 
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C5aR antagonism and anti PD-

L1 

Leptomeningeal 

metastasis: 

Breast cancer cell lines 

(MDA231-LeptoM, 

HCC1954-LeptoM) and 

lung cancer cell lines 

(PC9-LeptoM LLC-

LeptoM) 

C3 

C3aR 

MDA231-LeptoM cells 

silenced for C3 injected in 

mice have a slower tumor 

growth 

C3aR-/- mice injected with 

LLC-LeptoM in the 

leptomeningeal space have 

impaired tumor growth.  

Pharmacological inhibition 

of C3aR decreased 

metastasis 

Leptomeningeal metastatic 

cells produce C3 that disrupts 

the choroidal blood-CSF 

barrier to adapt the CSF for 

cancer cell growth 

357 

Gastric: Syngeneic, MFC 

in nude mice 

C5aR Pharmacological blockade 

of C5aR induces inhibition 

of tumor growth.  

C5aR blockade inhibits p-

PI3K/p-Akt and increased 

level of p21/p-p21 

258 

Leukemia: Xenograft 

model (U937) in SCID 

mice  

C3a, 

C5a 

Tumor cell treated before 

inoculation with C3a or 

C5a have an enhance 

spread to murine organs 

C3a and C5a activates p38 

MAPK which downregulates 

HO-1 expression and enhance 

motility. 

361 

Pancreas neuroendocrine : 

Genetic model (BT2 B6) 

C5aR Pharmacological blockade 

of C5aR induces inhibition 

of tumor growth.  

C5a/C5aR increases 

invasiveness and macrophage 

recruitment  

333 

Cutaneous squamous cell 

carcinoma: Xenograft 

model (UT-SCC-7) in 

SCID mice 

FI Tumor cells silenced for FI 

have a slower tumor growth 

in vivo 

FI promotes proliferation and 

migration 

270 

Squamous cells:  Genetic 

(K14-HPV16) 

 

C5aR1 C5aR-/- mice have 

impaired tumor growth.  

Synergic effect of the 

combination of C5aR1 

blockade and chemotherapy 

C5aR1 deficient tumors have 

an impaired angiogenesis and 

a decreased number of mast 

cells and macrophages. C5 is 

cleaved by uPA 

96 

Squamous cells: xenograft 

model (cSCCIS cells) 

FB, 

C3 

Silencing of FB or C3 in 

tumor cells inhibited 

growth of human xenograft 

tumors in vivo.   

Silencing of FB or C3 in tumor 

cells decreases their migration 

and proliferation and resulted 

in Erk1/2 inhibition.  

339 

Squamous cells: xenograft 

model (UT‐SCC‐91cells) 

in SCID mice 

C1r, 

C1s 

Silencing of C1r or C1s in 

tumor cells inhibited 

growth of human xenograft 

tumors in vivo.   

Silencing of C1r or C1s in 

tumor cells decreases their 

proliferation capacity and 

increase apoptosis associated 

with a decrease of Akt and 

Erk1/2 phosphorylation. A 

lower density of blood vessels 

was also observed in C1r and 

C1s deficient tumors.   

 

Table 12: Pro-tumoral effects of complement in mouse models.  
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Cancer model Target 

protein 

Effects on tumor growth Mechanism 

 

Ref 

Breast: 

Xenograft 

model (MCF7) 

In NOD-SCID 

mice 

CFP CFP overexpressing tumor 

cells have an impaired tumor 

growth.  

CFP induces ER stress, TES 

transcription and increase of 

DDIT3  

354
 

Breast: 

Syngeneic 

neuT-C3-/- 

mice 

C3 NeuT-C3−/− mice have an 

accelerated tumor growth 

and lung metastases number 

NeuT-C3−/− mice have an 

increase in Treg frequency and a 

modification of vascular 

architecture 

322
 

Breast: genetic, 

neuT-C1q-/- 

mice 

C1q NeuT-C1q−/− mice have an 

accelerated tumor growth 

and lung metastases number 

Higher number of intratumor 

blood vessels and a decrease in 

the activation of the tumor 

supressor WWOX.  

No difference in the tumor 

infiltrating immune cell or local 

complement activation.  

337
 

Lymphoma : 

syngeneic 

(RMA) 

C5a Decrease tumor growth 

when mice are injected  with 

low C5a producing 

lymphoma cells 

Low C5a stimulate antitumor 

immune response 

328
 

Melanoma: 

Syngeneic 

(B16F10-OVA) 

C3 

C3aR, 

C5aR1 

Tumors in C3-/- mice grow 

slower but are resistant to 

radiotherapy.  

C3aR and C5aR1 inhibition 

results in resistance to 

radiotherapy  

The local production of C3a and 

C5a was necessary for the tumor 

response to radiotherapy and for 

the stimulation of tumor-specific 

immunity. 

369
 

Colon: 

Syngeneic 

(CT26) 

C3aR, 

C5aR1 

C3aR-/- and C5aR1-/- 

results in resistance to 

radiotherapy  

The local production of C3a and 

C5a was necessary for the tumor 

response to radiotherapy and for 

the stimulation of tumor-specific 

immunity. 

369
 

Cervical 

(Lung): 

Syngeneic 

model (TC-1), 

adoptive T cell 

therapy 

C3, 

C5aR1 

C3-/- or C5aR1-/-, and 

pharmacological blockade of 

C5aR1, impaired the ability 

of T cells to overcome the 

endothelial barrier, infiltrate 

tumors, and control tumor 

progression. 

C3 and C5aR1 expression by 

tumor stroma, and not leukocytes, 

governs T cell homing, acting on 

the local endothelium. 

 

323
 

Table 13: Anti-tumoral effects of complement in mouse models. 
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III.5  Complement in the anti-cancer therapy  

 

From a therapeutic point of view, the complement system has been used as an adjunctive 

component that promotes the effects of anti-cancer monoclonal antibodies. However, taking 

into account the emerging pro-tumoral actions of the complement system, complement 

inhibitors might have a place in the therapeutic armamentarium against cancer.  

III.5.1 Complement inhibitors in cancer 

 

Despite some contradictory data depending on cancer types, accumulating evidences are in 

favor of a pro-tumoral role of C3a and C5a in cancer. Thus, C3a/C3aR and C5a/C5aR axis are 

considered as a novel class of immune checkpoint that can be targeted.  

In mouse models, the treatment with an antagonist of C3aR called SB290157 is associated 

with an impaired tumor growth116. Moreover, the treatment with a C5aR1 antagonist alone or 

in combination with a checkpoint inhibitor (anti PD-L1 and anti-PD-1) is associated with a 

reduce tumor growth and metastasis117,304,334,362,370. In addition, clinical phase I testing the 

combination of an anti-PD-L1, durvalumab, with an anti-C5aR1 monoclonal antibody 

(IPH5401) is currently on-going in patient with advanced solid tumors (STELLAR-001, 

NCT03665129)371.  

The advantage of targeting C5aR1 instead of C5a is the intact capacity of the complement to 

opsonize pathogens and thus limit adverse effects like infections. Indeed, the major side effect 

of eculizumab, an anti-C5 antibody is the development of severe infections such as 

meningococcal meningitis.  

Moreover, the targeting of C5a/C5aR1 axis can improve the efficacy of other anti-cancer 

therapy suggesting the interest of drug combinations. Indeed, C5aR1 blockade improve the 

efficacy of paclitaxel chemotherapy by promoting antitumor T cell response96. The rational of 

drug combinations with complement inhibitors must be clearly evaluated. Indeed, even if the 

combination can bring synergic effects in some cases it can also have no interest or even 

detrimental effects. For example, radiotherapy induces a release of C3a and C5a in the TME 

associated with an anti-tumor response through DC stimulation and CD8+ T cell response369. 

In this case, complement blockade can reverse the anti-tumor effects of radiotherapy. 

However, the relation between complement and radiotherapy seems to be controversial since 

other studies show that co-treatment of radiotherapy with C3 inhibition enhance antitumor 

response372. Moreover, in vitro, the treatment of tumor cells with paclitaxel induces a 

downregulation of complement gene expression such as C3, C1r, C1s and FB373. In addition 

to C5a blockade, recent studies have highlighted a non-canonical role of many complement 
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proteins that can represent good therapeutic targets. Thus, many complement-targeting 

molecules that are in the pipeline for variety of disease indications and can be adapted for 

cancer therapy, acting at different steps of the cascade
67

. Nonetheless, considering the 

context-dependent effect of complement, a better understanding of the mechanisms that 

govern its effects on tumor progression is required in order to design the most efficient 

complement targeted therapeutics. In this way, a personalized approach with either activation 

or neutralization of complement could be made to tilt the finely-tuned balance of complement 

reaction towards tumor rejection. Besides its role as therapeutic targets, the complement 

system can be also used as a predictive biomarker for response to anti-cancer therapy. In 

malignant pleural mesothelioma patients, the plasmatic level of C4d can help to follow 

chemotherapy efficacy. Indeed, plasma C4d level after chemotherapy is significantly higher in 

patients stable/progressive disease compared to those with partial/major response279. 

 

III.5.2 Complement activators in cancer  

 

III.5.2.1 Complement dependent cytotoxicity 

Complement activation by monoclonal antibody can be detrimental for cancer cells through 

different mechanisms: opsonization of cancer cells which will be then phagocytes 

(complement dependent cell-mediated cytotoxicity, CDCC) and a direct induction of cell lysis 

due to MAC accumulation (complement-dependent cytotoxicity, CDC)374
,375 (Figure 19).  

 

Figure 20: Complement cytotoxicity mediated by monoclonal antibody (adapted from Imai et 

al., Nat Rev Can, 2006) 

CDCC. Complement activation leads to the generation of C3 fragments (C3b, iC3b) that can 

opsonize tumor cells. These fragments are recognized by immune cells (macrophages, NK) 

and phagocyte through the expression complement receptors (CRs) at cell surface.  



 

86 

 

CDC. The effect of MAC in tumor progression can be versatile depending on MAC 

concentration. While sublytic MAC can promote cancer cell proliferation and accumulation of 

enough MAC at the surface of tumor cells can lead to cancer cells lysis.  

 

III.5.2.2 Monoclonal antibody  

This cytotoxic effect of complement is exploited in the context of monoclonal antibody 

therapy. Indeed, some antibodies are designed to activate complement in order to induce 

tumor cell death (Table 14).   

 

Drug Antigen CDC 

Rituximab (IgG1) CD20 Yes (weak) 

Ofatumumab (IgG1) CD20 Yes (strong) 

Obinutuzumab (IgG1)  CD20 No 
90

Y-labeled ibritumomab tiuxetan (IgG1) CD20 No 

Trastuzumab (IgG1) HER2 Yes (weak) 

Pertuzumab (IgG1) HER2 Yes (weak) 

Trastuzumab emtansine (IgG1) HER2 Yes (weak) 

Cetuximab  (IgG1) EGFR Yes (weak) 

Panitumumab (IgG2) EGFR No 

Bevacizumab (IgG1) VEGF No 

Alemtuzumab (IgG1) CD52 Yes (strong) 

Brentuximab vedotin (IgG1) CD30 No 

Nivolumab (IgG4) PD-1 No 

Pembrolizumab (IgG4) PD-1 No 

Atezolizumab (IgG1)  PD-L1 No 

Durvalumab (IgG1) PD-L1 No 

Avelumab (IgG1) PD-L1 No 

Ipilimumab (IgG1) CTLA4 No 

Elotuzumab (IgG1) SLAMF7 No 

Daratumumab (IgG1) CD38 Yes (strong) 

Table 14: Anti-cancer monoclonal antibodies used in clinic 

 

However, cancer cells expressed high level of regulators such as CD46, CD55 and CD59 

(CRPs) that allow their escape from complement attack376,377. This resistance mechanism is 

responsible for inconclusive data in patients and questions the effectiveness of using 

complement cytotoxicity to induce cell death. To overcome this resistance, big efforts are 

made to design anti-cancer monoclonal antibodies that can efficiently kill tumor cells. Two 

strategies can be used to optimize the CDC: antibody engineering and modulation of 

complement regulators (Figure 20). 
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Figure 21: Optimization strategies to enhance complement cytotoxicity mediated by 

monoclonal antibodies 

 

The activation of complement is very dependent of the antigen density. Thus, a resistance to 

CDC is observed in patients treated by rituximab that expressed low level of CD20 on tumor 

cell surface. The choice of isotype is very important because it conditions the efficacy of 

complement activation. Indeed, to allow C1 binding is necessary to have at least two Fc 

fragments in close proximity. Thus, IgM will be more efficient to activate complement than 

IgG. Moreover, heterogeneity of the ability to induce complement activation is observed 

between IgG subclasses. IgG3 can activate complement more efficiently than IgG1 or IgG2. 

On contrary, IgG4, IgA, IgD or IgE are not able to induce complement activation. In this 

context, an IgG3 variant of rituximab has been developed and shows a better induction of 

CDC
378

. In the same line, IgG hexamerization increases C1q binding and CDC
379

. Finally, the 

introduction of mutation in the Fc domain can promote C1q binding and increase complement 

activation
380

. For example, aa modification K326W into IgG1 lead to 2-fold increase of CDC. 

Moreover, a triple mutant S267E-H268T-S324T has a 47-time superior C1q affinity and a 7-

fold increase in CDC induction.  

Another strategy to increase CDC efficacy is to neutralize or decrease complement regulators. 

The development of a strategy based on CD46 internalization on tumor cells is associated 

with an increase efficacy of rituximab, alemtuzumab and trastuzumab in mouse models and 

primates
381

. The use of siRNA against CRPs in combination with trastuzumab also increase 

CDC and CDCC on human breast, ovarian and lung cancer cell lines
382–384

. Moreover, 
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neutralizing CRP antibodies are able to increase CDC of rituximab in vitro and in vivo
385,386

. 

To avoid adverse effects linked to complement overactivation, the modulation of CRPs on 

tumor cells needs to be specific. To address this issue, bi-specific antibodies against CD55 

and the tumor antigen EpCAM are in development
387,388

.  

Unfortunately, there are some limitations in using CDC to induce tumor cell death.  Despite 

complement activation can induce tumor cell lysis, concomitant studies have shown that C3b 

opsonization results in decrease antibody dependent cell cytotoxicity (ADCC) by inhibiting 

rituximab interaction with Fc receptors on NK cells
389,390

. In addition, considering that 

complement activation can exert pro-tumoral effect, the potential benefit of using monoclonal 

antibody has to be evaluated. Indeed, the complement activation needs to be intense to 

overcome tumor cell resistance to complement attack and induce cell death otherwise, 

complement can induce a potential enhancement of tumor growth
391

.  
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Tumors are a complement rich environment resulting from a systemic and a local production 

of the complement proteins by various cell types. Recent studies have highlighted a new role 

of these complement proteins on tumor progression. Indeed, besides the well establish 

cytotoxic effect of the complement system through opsonization and MAC formation, 

complement proteins can also modulate key features of the tumors such as tumor cell 

behavior, angiogenesis and immune microenvironment. Nevertheless, the analyses of the 

literature clearly demonstrate a duality in the effect of complement in tumor growth ranging 

from anti-tumor defense to potent tumor promotion. Moreover, the majority of these studies 

are performed in vitro or by using mouse models but very few data are available in patients. 

Thus, additional studies are needed to elucidate the role of complement system as well as its 

mechanism of action especially in human in the different tumor types in order to further 

consider its use as therapeutic targets.  

To shed light on complement effects on tumor progression, we set up following objectives:  

- The first objective of this work was to establish an overview of complement landscape 

in different tumor types.  

- The second objective was to understand how complement can be activated within the 

tumor in clear cell renal cell carcinoma, a tumor type where complement is highly 

expressed and associated with poor prognosis.  

- The third objective was to study the role of the complement molecules independently 

from complement activation with a specific focus on factor H (FH) and C1s.   

In order to respond to these objectives, bioinformatic studies, in vitro and in vivo experiments 

as well as different cohorts of patients were exploiting.  

To address the first objective, a deep analysis of the transcriptomic data of cancer patients was 

performed to determine the expression as well as the prognostic impact of 46 complement 

proteins in more than 30 cancer types (article 1).  

To answer the second objective, we combine data from in vitro, in vivo experiment and in situ 

analysis of ccRCC human tumors to understand the impact of complement classical pathway 

and how it is initiated locally. Human ccRCC tumors were used to identify the local 

complement producing cells and to investigate prognostic impact on patient survival. 

Moreover, plasma from ccRCC patients was used to search for novel biomarkers, capable to 

predict patients’ survival. Human cancer cell lines as well as C1q, C4 and C3 deficient mice 

provide essential source of data to understand the functional consequences of classical 

complement proteins on tumor growth, angiogenesis and immune microenvironment (article 2 

and 3).  

To address the third objective, cohorts of ccRCC and non small cell lung cancer (NSCLC) 

patients were used to establish the specific role of FH and C1s in tumor progression as well as 
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the correlation with immune or other complement marker. In vitro experiments with purified 

proteins and generation of RCC and NSCLC cell lines silenced for either FH or C1s were 

used to study the mechanism of action of these two proteins. The modulation of key 

characteristics of tumor cells was assessed by using RNAseq as well as functional experiment 

on proliferation, migration, survival and metabolism. To decipher the role of local production 

vs. plasmatic FH, a mouse model specifically deficient for hepatic FH production resulting in 

80% FH decrease in the plasma was used (article 4 and 5).   
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Summary and novelty: Despite a protective role of the complement system to control 

pathogens infections and maintain homeostasis, it has been reported that either a deficient or 

excessive activation of this system can be involved in the physiopatholgy of many diseases 

including cancer. Indeed, a growing number of studies especially in mice have reported that 

complement proteins and activation can modulate hallmarks of cancer such as tumor cell 

proliferation and survival, angiogenesis or immune microenvironment. However, the results 

are controversial depending on the model used. In this context, the goal of this analysis type 

of review article is to reposition the pro and anti-tumoral effect of the complement system in a 

context dependent manner. We have performed an original bioinformatic analysis of the 

complement transcriptome in human tumors to give an overview of complement genes 

expression landscape and prognostic value in 30 different tumor types. This allowed me to 

distinguish a group of cancers, in which complement classical and alternative pathways could 

be implicated in the progression and to stratify the impact of complement as “protective” or 

“aggressive”. Upon validation, this classification could gudie the therapeutic strategies, 

tackling complement in cancer.  

  



 

96 

 

 



 

97 

 

  



 

98 

 

  



 

99 

 

 



 

100 

 

  



 

101 

 

 



 

102 

 

  



 

103 

 

  



 

104 

 

  



 

105 

 

 



 

106 

 

  



 

107 

 

  



 

108 

 



 

109 

 

  



 

110 

 

 



 

111 

 

  



 

112 

 

  



 

113 

 

 



 

114 

 

 

  



 

115 

 

 

ARTICLE 2: Marie V. Daugan, Laetitia Lacroix, Catherine Sautès-Fridman, 

Wolf H. Fridman, Lubka T. Roumenina, Complement detection in human 

tumors by immunohistochemistry and immunofluorescence, Book Chapter, "The 

complement system - innovative diagnostic and research protocols" – Accepted 

 

 

Summary and novelty: The complement cascade consists of a succession of proteolytic 

cleavage allowing the generation of bioactive fragments. While transcriptomic analysis gives 

some information on complement gene expression, it does not offer the possibility to study 

the activation/inactivation status of complement proteins. In this context, techniques that 

detect specifically bioactive fragments at the protein level are of critical importance. 

Moreover, contrary to other protein detection methods, immunohistochemistry (IHC) and 

immunofluorescence (IF) have the advantages to keep the curcial information of complement 

proteins localoization. This methodological book chapter described the IHC/IF procedures 

that we have developed and validated to detect complement proteins in their full-lenght forms 

or bioactive fragments in situ in tumors of patients.  
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Oudard, S.M., Mejean, A., Cathelineau, X., Sautès-Fridman, C., Fridman, W.H., 

2019. Tumor Cells Hijack Macrophage-Produced Complement C1q to 

Promote Tumor Growth. Cancer Immunol. Res. 2018 

https://doi.org/10.1158/2326-6066.CIR-18-0891 - Accepted 

* contributed equally to this article 

 

 

Summary and novelty: It is now considered that the anaphylatoxins C3a and C5a play a 

major role in the establishement of chronic inflammation that support tumor growth in many 

cancer types. Indeed, in many mouse models, C3a/C5a and their respective receptors are 

involved in the induction of an immunosuppressive microenvironment, an enhancement of 

angiogenesis and a promotion of tumor cells growth. However, very few studies have been 

performed in human context and the way these analphylatoxins are generated remains unclear. 

In this article, we described that in human clear cell renal cell carcinoma; an activation of the 

classical pathway occurred and was associated with poor prognosis for the patients. 

Interestingly, we have discovered that local classical pathway activation resulted from a 

dynamic interaction between macrophages that produce C1q and tumor cells that produced 

the other complement proteins (C1r, C1s, C4, C2, C3) in presence of IgG deposition at the 

surface of tumor cells. 
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MANUSCRIPT 4: Marie V. Daugan, Margot Revel, Romane Thouenon, Tania 

Rybkine, Carine Torset, Nicolas S. Merle, Rémi Noé, Virginie Verkarre, 

Stephane Marie Oudard, Arnaud Mejean, Pierre Validire, Xavier Cathelineau, 

Raphael Sanchez-Salas, Mathew Pickering, Marie-Agnès Dragon-Durey, 

Isabelle Cremer, Audrey Lupo, Marco Alifano, Catherine Sautés-Fridman, 

Diane Damotte, Wolf H. Fridman, Lubka T. Roumenina, " Implication of 

intracellular FH as a novel modulator of tumor cell biology" – In preparation 

 

Summary and novelty: Evidences from the literature suggested that complement factor H 

(FH) can support tumor growth. This pro-tumoral effect was mainly attributed to the role of 

FH as complement regulator of the alternative pathway, limiting C3b opsonization and MAC 

formation. In this manuscript, we show that in clear cell renal cell carcinoma (ccRCC) 

patients, FH is localized at the surface and within the tumor cells. Intesrestingly, FH at the 

membrane play its role as complement regulator, but had no impact in vitro on tumor cells as 

well as in patients, on survival. However, we described for the first time that intracellular FH 

localized in the vesicles of tumor cells strongly modulate tumor cell phenotype in ccRCC and 

lung adenocarcinoma by acting on proliferation, cell cycle, cell morphology, adhesion and 

migration. These effects were tumor cells-specific, since no modifications occurred in normal 

FH-expressing cells. The discovery of these unexpected intracellular functions redefines the 

role of FH in tumor progression and its use as a prognosis biomarker or potential therapeutic 

target.   
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Summary 

Factor H (FH) is an essential plasmatic regulator of the innate immune complement system. 

We discovered that in clear cell renal cell carcinoma (ccRCC), FH is present in two distinct 

compartments; extracellular (ext-FH) and intracellular (int-FH). The ext-FH, localized at 

tumor cell surface, comes from local production by tumor cells and recruitment from 

circulation. Ext-FH is implicated in the regulation of complement activation but had no 

impact on tumor cell phenotype or patient survival. In contrast, int-FH, exerts specific pro-

tumoral functions, altering tumor cells phenotype and promoting a negative impact on ccRCC 

patient clinical outcome. Moreover, the pro-tumoral effects of int-FH are not restricted to 

ccRCC but are shared with other cancers like lung adenocarcinoma.  

Keyword: complement system, Factor H, intracellular complement, complosome, non-

canonical functions of complement, clear cell renal cell carcinoma, lung adenocarcinoma 
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Significance  

Complement FH is expressed by a multitude of cancers and is part of the tumor 

microenvironment (ext-FH) or located within cancer cells (int-FH). Ext-FH controls 

complement attack on tumor cells. Nevertheless, ext-FH has no impact on ccRCC patient 

survival or on the phenotype of renal and lung cancer cells in vitro. We found that in ccRCC 

and lung adenocarcinoma, FH exerts pro-tumoral action through an intracellular, non-

canonical mechanism, acting on proliferation, cell cycle, cell morphology, adhesion and 

migration. These effects were tumor cells-specific, since no modifications occurred in normal 

FH-expressing cells. The discovery of these unexpected intracellular functions redefines the 

role of FH in tumor progression and its use as a prognosis biomarker or potential therapeutic 

target.  

 

Introduction  

The complement cascade is a part of the innate immunity
1
. It kills pathogens and helps to 

maintain host homeostasis
2
. However, its actions within cancers are context-dependent

3
. 

Tumors are a complement rich environment where numerous cell types contribute to the local 

production of complement component such as immune cells
4
, endothelial cells

5,6
, fibroblasts

7
 

or malignant cells themselves
3,6

. It is well described that to turn complement activation in 

their favor, tumor cells develop mechanisms to escape from the canonical functions of the 

complement cascade. Due to overexpression of complement regulators, such as FH, they 

block the opsonization with C3b and the lytic membrane attack complex (MAC) formation
8–

10
, while still benefiting from the chronic inflammation due to generation of anaphylatoxins

11–

15
. It is now clear that cancer cells produce complement proteins, which are not all secreted, 

but partially remain within the cell
16

. The role of these intracellular complement proteins in 

cancer is unknown, but in T-cells, C3 and C5 have intracellular functions outside of the 

complement cascade, termed thus non-canonical
17,18

. Intracellular staining of FH is reported 

for ovarian cancer cells
19

, glioma cells
20,21

, cutaneous squamous cell carcinoma (cSCC)
22

 and 

lung cancer cells
9
, but the function and relevance for tumor progression of this FH are poorly 

understood. FH is produced mainly by the liver (up to 80%
23

), but endothelial cells, 

fibroblasts, renal proximal tubular epithelial cells, etc contribute to the local production of 

FH. However, the role of the intracellular FH within these natural FH-producing cells is 

unknown.  

FH is the master regulator of the central enzyme of the complement alternative pathway (AP): 

the C3 convertase. It blocks its formation, enhances its dissociation and exerts a cofactor 

activity for FI, an enzyme cleaving C3b to inactive fragment iC3b
1
. The presence of FH in a 

tumor can come from the circulation or the in situ production by tumor cells. Within the 
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tumor microenvironment (TME), FH could have an anti-tumoral effect by regulating the 

generation of the anaphylatoxins, which promoted an immunosuppressive environment as in a 

mouse model of sarcoma
15

. If the tumor cells act as a strong complement-activating surface, 

FH would allow them to escape from complement attack. Indeed, in a mouse model of lung 

cancer, the injection of tumor cells deficient for FH resulted in a decreased tumor growth, 

associated with an enhanced complement cascade activation and leading to tumor cell death
24

. 

Injection of a blocking FH antibody also reduced lung cancer growth in mice
25

. However, 

recent studies showed that FH can have an intrinsic role, independent from the complement 

cascade
26

. In liver cancer, FH is required for the maintenance of stemness
27

. Moreover, in 

cSCC, silencing of FH production in tumor cells decreased the proliferation, migration and 

altered cell signaling
22

.  

The kidney is one of the major extrahepatic sources of FH and is an organ particularly 

susceptible to complement attack
23,28

. Here we show that FH is overexpressed by the tumor 

cells in a subset of patients with clear cell renal cell carcinoma (ccRCC) but also with lung 

adenocarcinoma and is associated with poor prognosis. The pro-tumoral effect of FH results 

from an unexpected tumor cells-specific intracellular mode of action, promoting their 

proliferation, survival and migration, independently of the complement activation.  

 

Material and methods 

 

Bioinformatic analysis  

The Kaplan-Meier curves for CFH in KIRC (n= 516) are generated with GEPIA by using 

disease free survival and overall survival data with a median cutoff. The boxplot is generated 

by GEPIA tool and represents the expression of CFH using log2 (1+TPM) in KIRC (ccRCC) 

tumors vs normal kidney from TCGA normal and GTEx normal database (n=100Correlation 

between expression of CFH and CFHL-1 (log2TPM) isoform in KIRC and the Kaplan-meier 

for CFHL-1 in KIRC are assessed by GEPIA. Overall survival (OS) analysis based on gene 

expression with a median cut-off is used to calculate hazards ratio based on Cox PH Model 

and Log-rank p-value. The heatmap is generated using R software 3.4.2 with heatmap.2 

package with the clustering method “complete” and represents the log2 Hazard ratio in each 

cancer type with a scale centered in 0. The surrounded boxes represent a log-rank p-value 

<0.05. 
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Patients  

The patients included in this study have signed an informed consent form prior to inclusion. 

The research is approved (N° CEPAR 2014-001) by the medical ethics board and conducted 

according to the recommendations in the Helsinki declaration. Primary ccRCC tumor 

specimens were collected from two retrospective studies (Supplementary Table 1). The 

inclusion criteria are; histology type ccRCC, all TNM stages, tissue with good quality for 

analysis and presence of the clinical data. Cohort 1 is composed of 133 ccRCC patients 

operated at Institut Mutualiste Montsouris (Paris, France) between 2002 and 2010. Cohort 2 is 

composed of 91 ccRCC patients that undergone nephrectomy at Necker-Enfants Malades 

Hospital (Paris, France) between 1999 and 2003
29

. Histopathologic features such as Fuhrman 

grade, TNM stages and size and histologic subtypes are available for the majority of the 

patients.  

For NSCLC, one retrospective cohort is used in this study (Cohort 3)
30

. Cohort 3 includes 212 

untreated patients seen between 2001 and 2005 at the Department of Thoracic Surgery of 

Hôtel-Dieu Hospital (Paris, France). The inclusion criteria are histology type squamous cell 

carcinoma (n= 100) or lung adenocarcinoma (n=112), all TNM stages, tissue with good 

quality for analysis and presence of the clinical data.  Histopathologic features such as 

histologic subtypes, ADK grade, TNM stages are available for the majority of the patients. 

Plasma samples of 69 patients with ccRCC were collected prospectively at time of surgery at 

Institut Mutualiste Montsouris (Paris, France) since 2014 until now. Thirty-one plasma 

samples from healthy donors were used as a control for FH quantification.  

 

Immunofluorescence(IF)/immunohistochemistry(IHC) 

Formalin-fixed paraffin-embedded (FFPE) human tumors specimens of RCC or NSCLC were 

cut into 3µm tick sections and stained for FH, C3d, Cytokeratin, αSMA, CD31, CD163, 

CD20, CD3, N-cadherin, E-cadherin, vimentin, lamp-1, calnexin or tom20 (Supplementary 

table 2). Human liver sections were used as positive control for FH. Pemphius vulgaris 

(geneticist) is used as positive control for C3d. Tonsil (Geneticist) is used as positive control 

for cytokeratin, αSMA, CD31, CD163, CD20, CD3. Tissues were deparaffinized and 

rehydrated by successive baths of Clearene and ethanol gradient (100%, 90%, 70%, 50%). 

The antigen retrieval was performed with PT-link (Dako) using the EnVision FLEX Retrieval 

Solutions (Dako) with pH High or Low depending of the antibody. The endogenous 

peroxydase are then block by using 3% H2O2 (Gifrer) solution and follow by a blocking of 

non-specific staining with protein block (Dako).  
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The conditions for each staining are summarized in Supplementary Table 2. For IHC, FH 

primary antibody is used at 11.3µg/mL. The staining was revealed by 3-amino-9-

ethylcarbazole substrate (Vector Laboratories). The slides are then counterstained with 

hematoxylin (dako), mounted with glycergel (Dako) and scanned with Nanozommer 

(Hamamastu). For double staining by IF, a tyramid system is used in order to avoid species 

compatibility problems and increase the fluorescence signal. This system needs a 

supplementary step after the secondary HRP antibody that consists of incubation with AF647 

tyramid reagent (diluted 1:100 in TBS 1X, H2O2 0.0015%, Life technologies). The entire 

staining protocol is then repeated for the second primary antibody but this time with AF546 

tyramid reagent (Life technologies). The nucleus is stained with DAPI. The slides are then 

mounted with Prolong Glass antifade reagent and scanned with AxioScan (Zeiss). The 

colocalization between FH and CK is analyzed by using HALO Image Analysis software 

(Indica Labs).  

Staining specificity. The specificity of FH staining is assessed by a competition test on liver 

sections (Supplementary Figure 1). In this test, anti-FH antibody clone Ox24 and FH purified 

(Comptech) protein are pre-incubated at different molecular ratios during 1 hour at 37°C 

before putting it on liver tissue sections.  

Patient stratification. For patient stratification, the tumors are classified into 2 groups High or 

Low by a semi-quantification method in order to distinguish the different types of FH 

staining; intracellular (int-FH) or extracellular (ext-FH). For FH int-FH or ext-FH staining, 

the high group corresponds to a number of FH positive cells > 30% and the low group < 30%. 

Three independent observers performed the analysis in order to avoid any bias. Automated 

quantification was unfeasible, since it was not possible to train the algorithm to distinguish 

reliably intracellular staining from membrane deposits. 

Mouse tumor staining. Freshly isolated mouse tumor tissues were frozen with liquid nitrogen 

and cut into 6µm section with cryostat (Leica). Tissues were then fixer with cold acetone for 8 

minutes and blocked with TBS BSA 5% for 30 minutes. To stain the vessels, a rabbit 

polyclonal anti-CD31 (abcam, ab124432) or a goat antiserum polyclonal anti-FH (Quidel, 

A312) as primary antibodies and a goat anti rabbit coupled with AF647 (Thermofisher 

scientific, A-21245) or donkey anti-goat coupled with AF647 (Thermofisher scientific, A-

21447) s secondary antibodies. The nuclei were stained with DAPI and the slides were 

mounted with Prolong glass. The entire tissues were scanned with AxioScan (Zeiss) and 

analyzed with HALO Image Analysis software (Indica Labs). 
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Cell lines 

Human ccRCC cell lines (Caki-1 and A498), human lung adenocarcinoma cell line (A549), 

human umbilical vein endothelial cells (HUVEC) and renal proximal tubule cells (RPTEC) 

were used in this study. Cells were cultured with the appropriate medium in humidified 

atmosphere of 5% CO2 at 37°C until 90% confluence. Caki-1 was cultured in McCoy’s 

medium (Gibco) +10% FCS +1X penicillin/streptomycin (Gibco). A498 was cultured in 

Eagle minimum essential medium (ATCC) +10% FCS +1X penicillin/streptomycin (Gibco). 

A549 was cultured in Dulbecco’s modified eagle medium nutrient mixture F12 (Gibco) +10% 

FCS +1X penicillin/streptomycin (Gibco) +1X L-glutamine (Gibco) +1X HEPES (Gibco) 

+1X Non-essential amino-acids solution (Gibco). HUVEC was cultured in M199 (Gibco) 

+20% FCS +1X penicillin/streptomycin (Gibco) +20% EG2-MV (Lonza). RPTEC is cultured 

in RGEM medium (Lonza). All cell lines are routinely tested for mycoplasma.  

Mouse lung cancer TC-1 cell lines was cultured in RPMI supplemented with 10% FCS, 1X 

penicillin/streptomycin (Gibco), 5mmol/L glutamine (Gibco) and 50µmol/L of 2-

mercaptoethanol.  

 

Silencing of CFH  

On day before transfection, the cells were plated in a 6-well plate at 50% confluence in their 

specific medium without antibiotics. The cells were then tranfected with a pre-prepared 

mixture of two siRNAs against CFH/CFHL-1 at the concentration of 50nM (Qiagen 

Hs_CFH_3_Flexitube siRNA SI00003983 and Hs_CFH_4_Flexitube siRNA SI00003990) or 

siRNA control 50nM (Qiagen AllStars negative control siRNA, SI03650318), 5µL of 

lipofectamine RNAiMAX Transfection reagent (Thermofisher, 13778030) in an OptiMEM 

medium (Gibco). After 24h, the transfection is stopped by changing the OptiMEM medium 

for appropriate medium without antibiotics. The cells were ready to use for the functional 

experiments 72h post-transfection. Photos under microscope were taken 72h post transfection 

to attest the difference in cell number and morphology. The efficiency of the silencing was 

attested by qRTPCR and ELISA for cell lysates and supernatants.  

 

Protein extraction 

Cell lines are lysated by RIPA buffer to obtain a total cell lysate. A specific cell fractionation 

kit (Abcam, ab109719) was also used to allow preparation of organelle, cytoplasmic and 

nuclear fractions from cultured cells according to manufacturer’s instructions.  
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ELISA 

FH or C3 concentrations in cell supernatants and cell lysates were measured by a sandwich 

ELISA method. FH concentration in the supernatant was measured under non stimulated 

conditions or after treatment with different cytokines (IFNγ, TNFα and TGFβ) at 10 or 

100ng/mL for 72 hours. Briefly, a polyclonal antibody against FH was purified from goat 

anti-serum using protein G and left native or was biotinylated to generate a home-made 

ELISA kit
31

. The native anti-FH or anti-C3c (Calbiochem, 201869) was coated on a Nunc 

Maxisorb ELISA 96-well plate overnight 4°C. After washing with PBS Tween 0.1% and 

blocking the free reactive sites with PBS BSA 1% during 1 hour at room temperature (RT), 

the supernatant and cell lysate were added to the plate and incubated during one hour at RT. 

After washing, plate was incubated with an in-house biotinylated antibody anti-FH or anti-C3 

(purified from antiserum from Calbiochem) for 1 hour at RT. After additional washings, 

streptavidine coupled with horseradish peroxydase (HRP) (Dako, P039701-2) was added for 1 

hour at RT. FH concentration was revealed by SureBlue TMB microwell peroxidase substrate 

(KPL) and the reaction was stopped by sulfuric acid 2mol/L. Multiskan Ex (Thermofisher 

Scientific) was used to read the optical density at 450nm. Results are expressed in µg/mL 

according to the standard curve, made using commercial purified FH and C3 (Comptech).  

 

Western blot 

The supernatants of cells cultured without serum for 48h were recovered and concentrated 

using Amicon Ultracel 3K units (UFC, 900324). NuPAGE LDS sample buffer (4X, 

Thermofisher Scientific) with or without reducing reagent DTT is added to the concentrated 

supernatants and then denatured at 80°C for 10 minutes. A NuPAGE 10% Bis-Tris gel 

(Thermofisher Scientific) is used to separate protein before transfer onto a nitrocellulose 

membrane. After 1 hour of blocking using TBS BSA 5%, the membrane is incubated 

overnight at 4°C under a rocking chair platform with the primary antibodies; goat polyclonal 

antiserum human FH (Quidel, A312), goat polyclonal antiserum human FI (Quidel, A313), 

anti-human C3 (Calbiochem,) diluted 1:1000 in PBS BSA 5%. Purified C3 (Calbiochem, 

204885), purified C3b (Calbiochem, 204860) or purified iC3b (Calbiochem, 204863) was 

used as control. Secondary antibodies were rabbit anti goat HRP 1:1000 (Covalab, lab0048) 

or goat anti-mouse HRP 1:1000 (Covalab, lab0365) or goat anti-rabbit HRP 1:1000 (Covalab, 

lab0363). After washing with TBS Tween 0.1%, the membranes were developed with ECL 

reagent (Pierce, 32106) and the chemiluminescence was read with iBright CL100 

(Thermofisher).  
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qRT-PCR 

The cell lines RNA was extracted using Maxwell cell 16LEV simplyRNA purification kit 

(Promega, AS1270). The quality and quantity of RNA were determined by 2100 Bioanalyzer 

(Agilent) using an Agilent RNA 6000 Nano Assay kit (5067-1511). Applied Biosystem High-

capacity cDNA reverse transcription kit (Applied Biosystem, 4368814) was used for reverse 

transcription. The gene expression is determined by Taqman using primers of human CFH 

(Thermofisher, Hs0092373_m1), mouse Vegfa (Thermofisher, Mm00437306_m1), mouse 

Vegfb (Thermofisher, Mm00442102_m1) mouse Vegfc (Thermofisher, Mm00437310_m1), 

mouse Pecam-1 (Thermofisher, Mm01242576_m1), mouse Flt4 (Thermofisher, 

Mm01292604_m1) mouse Kdr (Thermofisher, Mm01222421_m1), mouse Prokr1 

(Thermofisher, Mm00517546_m1) mouse Vwf (Thermofisher, Mm00550376_m1).  

 

Analysis of differentially expressed genes 

The RNA of 3 independent biological replicate for each conditions (siFH vs siC) are used for 

the RNAseq study. The preparation of libraries with NEBNext Ultra II Directional RNA 

Library Prep Kit follows the successive steps; purification of PolyA containing RNA 

molecules using poly-T oligo attached magnetic beads from 1µg total RNA, fragmentation 

using divalent cations under elevated temperature to obtain approximately 300bp pieces, 

double strand cDNA synthesis adapters ligation and cDNA libray amplification by PCR for 

sequencing. Sequencing is then carried out on paired-end 75b of llumina HiSeq 4000 

instrument. The quality of FASTQ files are verified by using FASTQC and then aligned to a 

reference genome using STAR tool. Once the data are mapped on the genome, HTSeqCount 

is used to count and assign reads to a given exon and generate a count table.  Before 

proceeding to differential analysis, non-expressed genes with a count equal to 0 are removed 

from the analysis. The differential expression analysis between siFH and siC is then 

performed by using R software and DESeq2 package
32

. DESeq2 uses the tables of counts to 

determine differentially expressed genes between siFH and siC cells. Results were considered 

statistically significant at an adjusted p < 0.05. The top 50 most significant genes were sorted 

by adjusted p-value. This was plotted in volcano plots and heatmap using heatmap.2 and 

EnhancedVolcano packages in R. Gene ontology enrichment analysis was performed with 

WEV-based Gene SeT AnaLysis Toolkit (WebGestalt) by using the GO bio:logical process 

category.  
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Flow cytometry 

C3 deposits. The cells are detached by trypsin and washed two times with PBS. Human 

normal serum diluted to 33% in PBS is then added to the cells for 30min at 37°C with or 

without anti-FH blocking antibody (hybridoma, Ox-24). Staining was performed with mouse 

monoclonal anti-C3c (Quidel, A205) or isotype control IgG1 follow by a secondary goat anti 

mouse AF700 (Invitrogen, A-21036). C3 deposits were quantified by flow cytometry (BD 

Fortessa) and further analyzed by FlowJo X.  

Proliferation and mortality. Cell are detached by trypsin and washed two times with PBS 

before adding CFSE reagent 1:1000 (Invitrogen, C34554) for 20 minutes at 37°C. Complete 

culture medium was added to stop CFSE staining and incubated 5minutes at 37°C. After two 

washing steps, the cells were seeded on a 6-well plate and cultured for 72h in presence of 

complete medium. Supernatants containing dead cells and adherent cells were recovered and 

stained for DAPI before analysis by flow cytometry (BD Fortessa).  

Cell cycle. Cell are detached by trypsin and washed two times with PBS before fixation in 

cold ethanol 70% and storage for 24h in -20°C. After two washes in PBS, 3µM of propidium 

iodide (PI, Invitrogen, P1304MP) was added in presence of RNAse for 15minutes at room 

temperature. PI nuclear staining was then quantified by flow cytometry (BD Fortessa) and 

further analyzed by FlowJo X with the cell cycle tool.  

FH staining.  For intracellular FH staining, after blocking with BSA 5%, cells were stained 

with DAPI 1:1000 for 10min at RT. The cells were then permeabilized with BD 

cytofix/cytoperm kit (BD, 554714). Anti-FH antibody 1:100 (Quidel, A224) or isotype 

control were added to cells for 30min at RT. After two washing steps, cells were incubated 

with goat anti mouse AF488 (Thermofisher, A28175) diluted 1:100 in PBE buffer. After two 

supplementary washes, intracellular FH on A498 cell was quantified by flow cytometry (BD 

Fortessa) and further analyzed by FlowJo X. 

For evaluation of complement deposition, normal human serum diluted to 33% in PBS is 

added to the cells for 30min at 37°C with or without anti-FH blocking antibody (hybridoma, 

Ox-24). Staining was performed with mouse monoclonal anti-C3c (Quidel, A205) or isotype 

control IgG1 follow by a secondary goat anti mouse AF700 (Invitrogen, A-21036). C3 

deposits were quantified by flow cytometry (BD Fortessa) and further analyzed by FlowJo X.  
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Immunocytofluorescence 

Cells were seeded on a round cover glass in the bottom on a 24-well plate in presence of their 

specific medium. After one day of adherence, cells were fixed with PFA 4% for 30min at RT. 

Cells are stained for their actin cytoskeleton with Phalloidin-IFluor 488 reagent (Abcam, 

ab176753) and the nucleus is stained with DAPI. The cover glass was recovered and mounted 

on a microscope slide with Prolong Glass antifade reagent and scanned with AxioScan 

(Zeiss). 

 

Migration  

A scratch test is used to study migration capacity of the cells. When 90% cell confluence was 

reached, a wound on the cell monolayer was realized with a tip. Photos of the scratch with a 

microscope were taken just after the scratch and 12hours later. The scratch area was 

determined with ImageJ using the macro Wound healing tool 

(http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool) in order to 

calculate the percentage of recovery.  

 

Mouse model 

Animals - Animal experimentation was approved by Charles Darwin ethical committee (Paris, 

France) and by the French Ministry of Agriculture (Paris, France) number 

APAFIS#201904111223718. All procedures were conducted in accordance with their 

recommendations for care and use of laboratory animals. Male and female wild type C57Bl/6 

mice (WT) were purchased from Charles River Laboratories (L’Arbresle, France). The 

hepatocyte-CFH-/- C57BL/6 mice (hepatoFH-/-) were previously described by Vernon et al
23

. 

HepatoFH-/- mice have been generated by crossing alb-Cre (Jackson Laboratories, 003574) 

with FH–loxP mice (CFHloxP/loxP) (a gift from M.C Pickering (Imperial College London, 

London, United Kingdom).  

Experimental procedure - The mouse TC-1 tumor cell line corresponds to lung epithelial cells 

transformed by HPV Cells were recovered at 80% confluence and 400 000 cells were 

inoculated 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 of 3000 mm
3
. 

Tumors were snap-frozen in liquid nitrogen and kept in -80°C for further analyses. Two 

independent experiments were performed with 8-10 weeks old 5 WT and 5 hepatoFH-/- 

(experiment 1) and with 10 WT and 5 hepatoFH-/- (experiment 2). 
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Statistical analysis 

The Kaplan-Meier curves were realized with R software 3.4.2 and the package “survival”. 

The survival data were censored at 2500 days and the impact on survival was assessed by a 

log-rank test. Correlation between the distributions of two semi-quantitative variables was 

assessed by a Chi2 test and correlation between one semi-quantitative variable and one 

quantitative variable by a Kruskal-Wallis test. A paired T-test was used for analysis of FH 

concentration in cell supernatant or lysate determined by ELISA. The difference between 

siFH and siC cells for proliferation, cell cycle and survival was assessed by a paired T-test 

and unpaired T test is used for cell migration. Mouse tumor growth was analyzed by a two-

way ANOVA test. Data from mouse IF quantification were analyzed by Mann-Whitney test. * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  
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Results  

FH is locally produced by tumor and stromal cells and upregulated by IFNγ 

To identify the FH producing cells in the context of ccRCC tumors, double staining using IF 

were performed (Figure 1A-F). The colocalization between FH and cytokeratin revealed that 

tumor cells are the main local source of FH with ~85% of the FH staining localized in tumor 

cells after automatic quantification (Figure 1A). To a less extend, stromal cells and especially 

fibroblasts, endothelial cells and a fraction of the macrophages were also able to produced FH 

locally as attested by the colocalization between FH and αSMA, CD31 or some CD163+ cells 

(Figure 1B-D), whereas CD3+ T cells and CD20+ B cells were negative (Figure 1E-F). 

Plasmatic concentration of FH was not different between ccRCC patients and healthy donors 

(Figure 1G), suggesting that FH production by the tumor itself contributes little if any to the 

plasmatic pool. As an in vitro model, human ccRCC cell lines A498 and Caki-1 were choose 

for their expression of FH at gene and protein level (Supplementary Figure 2A-F). Moreover, 

in both cell lines FH is present both intracellularly in the lysate and is secreted in the 

supernatant (Figure 1H, Supplementary Figure 2). IFNγ increases the FH production by 

healthy cells, as hepatocytes, endothelial cells or fibroblasts
33

.  Similarly, the production of 

FH by A498 is upregulated when cells are treated with IFNγ with an 8-fold increased 

expression after treatment with IFNγ 100ng/mL (Figure 1I) but not by TNFα or TGFβ.  

 

FH modifies the phenotype of ccRCC tumor cells 

We next exanimated the role of FH on key characteristics of tumor cells such as proliferation, 

survival, morphology and migration capacity. After silencing the secretion of FH is reduced 

by 90-96% in ccRCC cell lines and 85-90% in the tumor cell lysate (Supplementary Figure 

2A-B and D-E). The silencing of FH by a siRNA revealed a high impact on ccRCC tumor cell 

phenotype (Figure 2A and Supplementary figure 3A). To identify the biological processes 

impacted by FH silencing, RNAseq was performed on 3 biological replicates for each 

condition for the two ccRCC cell lines A498 and Caki-1 (siFH cells or siC cells). We used p < 

0.05 and log2 fold change >1 to select the differentially expressed genes. With these criteria, 

in A498 cells, 235 were differentially regulated after FH silencing (Figure 2B). Among these 

genes, 139 were upregulated and 96 were downregulated. For Caki-1 cells, 251 genes were 

downregulated and 192 were upregulated after FH silencing (Supplementary Figure 3B). The 

50 most differentially expressed genes based on adjusted p-value (padj) for ccRCC cell lines 

siFH vs. siC were represented in the heatmap (Figure 2C and Supplementary figure 3C). The 

functional classification analyses of up and down-regulated genes using gene ontology 

“Biological Pathway” category reveals that these genes were implicated in different biological 
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processes (Figure 2D and Supplementary 3D). First, we observed an enrichment of genes 

implicated in cell proliferation in siFH cells and in parallel a downregulation of genes 

implicated in G1/S transition of mitotic cycle. We further confirmed these pathways were 

considerably altered in FH silenced cells with a significantly reduced cell proliferation 

capacity of ccRCC cells (Figure 2E-F and Supplementary figure 3E-F) and blocked the cells 

in the G0-G1 phase (Figure 2G and Supplementary figure 3G). The cell viability is also 

affected with an increase in the number of dead cells when tumor cells were deficient for FH 

(Figure 2H and Supplementary figure 3H). Moreover, some modifications of genes involved 

in cell adhesion, extracellular matrix organization and cell morphogenesis were also detected 

with RNASeq analysis. Importantly, these transcriptional changes had functional 

repercussions with a strong modification of the actin cytoskeleton. Indeed, FH silenced cells 

were more rounds with less actin filament and stress fibers (Figure 2I and Supplementary 

figure 3I). Finally, there were also some differentially expressed genes that were involved in 

cell location and cellular movement. In vitro, we confirmed that migration capacity was also 

decreased with only 5% of scratch recovery at 12h for A498 siFH in comparison with 40% of 

scratch area recovery for A498 siC (Figure 2J-K). Interestingly, the study of the signaling 

pathway revealed a higher p53 expression in A498 siFH which is phosphorylated in S46 and 

S15 position (Figure 2L). The observed effects of FH silencing on tumor cell phenotype could 

be due to autocrine effect upon secretion in the supernatant or due to intracellular impact.  

 

Extracellular FH comes from local production by tumor cells and from plasma 

First we sought to explore the possibility that FH acts extracellularly. By 

immunohistochemistry on ccRCC sections, we found FH deposits (ext-FH) on the membrane 

of tumor cells (Figure 3A). This staining is very heterogeneous between patients with some 

tumors with high level of FH deposits and others with low or no ext-FH positive staining. 

This ext-FH could come from two main sources: a local production by tumor cells and a 

plasmatic origin. The existence of a positive correlation between FH staining (reflecting FH 

production) and the presence of FH deposits at tumor cells surface suggest a local origin 

(Figure 3B). Nevertheless, this local production only partially explains the ext-FH since some 

tumors presented ext-FH without local production by tumor cells. In a mouse model with an 

absence of a hepatic production of FH, the presence of FH within the plasma is largely 

decreased. Only 20% of FH, produced by extrahepatic sources, remained in the circulation
23

 

(Supplementary figure 4A). In order to study the impact of plasmatic FH in tumor growth, we 

injected subcutaneously TC-1 cell lines that expressed very low level of FH (Supplementary 

figure 4B). When, TC-1 cells were inoculated in hepato-/- mice, the level of FH inside the 

tumor is largely decreased (Figure 3C-D) meaning that plasmatic FH is an important source of 

FH for the tumor. However, the tumor growth was not modified in FH hepato-/- mice 
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compared to WT mice (Figure 3E). FH was suggested to inhibit neoangiogenesis
34

. 

Nevertheless, no modification in vascular density or architecture (Supplementary figure 4C) 

as well as angiogenic genes expression was observed in tumors from hepato FH -/- compared 

to WT mice (Supplementary figure 4D).  

 

Ext-FH is responsible of complement regulation  

We next focused on the FH deposits at the surface of tumor cells. Indeed, previous studies 

indicated that tumor cells produce FH, which can be used as a potential mechanism to escape 

from complement attack
24

. Interestingly, ext-FH colocalized and correlated with the presence 

of C3d-deposits at the surface of tumor cells, suggesting that FH plays its role as complement 

regulator (Figure 4A-B). When A498 or Caki-1 cells were silenced for FH and exposed to 

serum, an increased amount of C3 fragments deposits was observed, when compared to siC 

cells (Figure 4C and Supplementary Figure 5A). Moreover, in the supernatant of A498 and 

Caki-1 siFH cells, the α43 band corresponding to the inactive fragment of C3b and C3(H2O) 

(iC3b, iC3(H2O)), was largely reduced due to a loss of factor I (FI) cofactor activity (Figure 

4D and Supplementary Figure 5B). Indeed, factor I was secreted in the supernatants of ccRCC 

tumor cells (Supplementary Figure 5C). Of note, the presence of C3b fragment was only 

detected on Caki-1 supernatant. This indicated that the silencing of FH results in a 

deregulation of the complement system and an increased level of C3 activation. In order to 

decipher if this over-activation of complement can impact tumor cell phenotype, we treated 

A498 cells with a FH blocking antibody in excess comparing to the amount of FH secreted, 

Ox-24, at 20µg/mL. The level of C3 deposits increased when cells are treated with this 

blocking antibody, reflecting its capacity to prevent FH binding to C3b and its regulatory 

function (Figure 4E). However, the tumor cells phenotype was not modified, contrary to the 

condition when cells are silenced for FH (Figure 4F) suggesting that complement regulatory 

functions had no impact in ccRCC.   

 

Extracellular FH does not reverse the tumor cell phenotype after FH silencing 

A498 cells silenced for FH displayed reduced proliferation capacity. The addition of 2µg/mL 

of exogenous FH to A498-siC cells did not modify their ability to proliferate. Furthermore, 

the addition of exogenous FH to A498-siFHdid not restore their basal proliferation level 

suggesting that intracellular but not plasma-derived/extracellular FH is essential for tumor cell 

phenotype (Figure 5A). Moreover, ccRCC cell linesstained for FH by flow cytometry only 

after a permeabilization step (Figure 5B and Supplementary figure 6A).  
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FH positivity is associated with mesenchymal phenotype in ccRCC tumors 

In situ on ccRCC sections, FH colocalized with tumor cells and especially those with low 

level of the epithelial marker cytokeratin (CK) (Figure 5C). An increased intensity of CK 

staining was associated with a decreased positivity for FH: cells with low intensity for CK 

represented 65% of FH+ cells whereas tumor cells with medium and high intensity of CK 

represented only 15% and 5% for the FH+ cells respectively (Figure 5D). In addition, in 

ccRCC, FH expressing cells also expressed mesenchymal markers N-cadherin and vimentin 

(Figure 5E-F).  

 

FH is localized in intracellular vesicles 

FH presented punctiform staining in ccRCC tumors. By using successive detergent and 

centrifugations steps, we were able to fractionate the different cell compartments from ccRCC 

as well as from lung ADK cell lines. In the tumor cell lines, the majority of FH protein was 

detected in a compartment, containing organelle fraction 

(mitochondria/lysosomes/endoplasmic reticulum/vesicles) and no FH was found in the 

cytosolic or nuclear compartment (Figure 5G and Supplementary figure 6B). Visually FH 

staining was localized in a vesicular pattern but did not colocalized with endoplasmic 

reticulum (FH/calnexin), lysosome (FH/Lamp1) or mitochondria (FH/Tom20) (Figure 5H). In 

contrast, C3 - the main plasmatic partner of FH, was localized principally in the cytosolic and 

nuclei compartment of tumor cells for all tested cell lines (Supplementary figure 7A-B).  

 

Intracellular FH but not extracellular FH is associated with a negative impact on ccRCC 

patient survival 

In TCGA KIRC cohort, there was no significant difference in CFH expression between 

tumors and normal kidney tissue (Supplementary 8A). Nevertheless, a high expression of 

CFH, above the median, was associated with a decrease disease free survival (DFS) and 

overall survival (OS) (Figure Supplementary 8B-C) for ccRCC patients (TCGA KIRC 

cohort). In order to have access to the specific impact of Ext-FH and Int-FH we stained 2 

cohorts of ccRCC patients by immunohistochemistry. Extracellular FH staining localized at 

the surface of tumor cells was very heterogeneous between patients and inside the same tumor 

with positive and negative areas. This variability allowed to classify the patients into two 

groups according to the number of FH deposits (Figure 6A). In ccRCC cohort 1, the presence 

of such deposits did not have any impact on DFS (p=0.14) (Figure 6B). This absence of 

prognostic value was confirmed in the second cohort, with no effect on PFS (p=0.226) and 

OS (p=0.627) (Figure 6C-D). The same staining heterogeneity was observed for intracellular 
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FH and two groups of patients were constituted depending on the number of FH producing 

cells (Figure 6E). Compared to low density of int-FH-positive cells, a high density of int-FH-

positive cells had a negative impact on the DFS of the cohort 1 (p= 0.00432) (Figure 6F). This 

finding was validated in another independent cohort of ccRCC patients (PFS: p=0.0274, OS: 

p=0.0727) (Figure 6G-H). The presence of FH within the tumor cells correlated with tumor 

size and Fuhrman grade and also with the other complement staining, especially for 

intracellular C4 and C3. On the other hand, no association between int-FH and the immune 

infiltrate were found (Supplementary table 4). 

 

The alternative splice variant FHL1 did not affect ccRCC progression 

FH presents an alternative splice variant called FHL1, sharing the first seven domains of FH. 

The A498 and Caki cell lines expressed a lower amount of FHL-1 detectable by WB, without 

any evidence for FHR1, FHR2 and FHR5. After the treatment with siRNA against CFH, an 

extinction of FHL-1 was also observed (Supplementary figure 2C and 2F). A CFH-specific 

siRNA affecting exclusively FH expression and not FHL-1 was tested but silencing was not 

efficient, which precluded its use for this study and all experiments were performed with 

concominant downregulation of FH and to a less extend, FHL1. Nevertheless, a stable 

extinction using shRNA, targeting specifically CFH, was developed in A498 and Caki-1 cell 

lines, showing modification of cell morphology and survival (data not shown), pointing to a 

specific effect of FH.  

Moreover, the splicing form of CFH called CFHL-1, was also expressed in ccRCC and 

represents around 20% of total CFH expression. The production of FH in ccRCC tumors was 

confirmed by a staning with an antibody, which does not recognize FHL1 (clone L20, binding 

to the C-terminal part, not shown). The expression of CFHL-1 was correlated with CFH 

(Supplementary figure 8D). However, CFHL-1 had no impact on DFS and OS 

(Supplementary figure 8E-F). These results suggest that the main actor on tumor cell 

phenptype is FH, although a contribution of FHL1 cannot be excluded.  

 

The biological effect of FH is specific for tumor cells 

Since ccRCC derived from proximal tubules, we tested whether the results for the cancer cells 

could be extrapolated to this cell type. First, we clearly see that proximal tubules can produce 

FH in the peri-tumoral tissue (Figure 7A). In primary human renal proximal tubule epithelial 

cells (RPTEC), we detect FH in the lysate and the supernatant (Figure 7B). Within these cells, 

FH was localized in the same fractions  as for the tumor counterpart (Figure 7C) but contrary 

to tumor cells the majority of FH staining colocalized with lysosomes (FH/lamp1) and not 
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with endoplasmic reticulum (FH/calnexin) or mitochondria (FH/tom20) (Figure 7D). 

Interestingly, despite the efficient FH silencing (validated by ELISA and Western blot on cell 

lysate on supernatant, Supplementary figure 9A-B), no modification of the transcriptomic 

program of the cells were observed with only 11 differentially expressed genes including CFH 

between RPTEC siFH and siC (Figure 7E) against 228 for A498. Moreover, only 2 changes 

were commonly differentially expressed in A498 and RPTEC; CFH and NCKAP5. Moreover, 

from a functional point of view, there were no effect on cell phenotype in terms of viability, 

number of cells and morphology (Figure 7F). The actin cytoskeleton of the cells remains the 

same whether FH is silenced or not (Figure 7G) and the migration capacity did not change 

(Figure 7H). Thus, the effect of FH seems to be specific of tumor cells. Within the tumor, 

endothelial cells can also produce FH (Supplementary figure 10A). In vitro, endothelial cells 

(HUVEC) also produce and secrete FH (Supplementary figure 10B). After efficient silencing 

(Supplementary figure 10C-D), again, no alterations of phenotype was found in terms of cell 

number, morphology, actin cytoskeleton and migration capacity (Supplementary figure 10F-

G).  

 

Pro-tumoral effect of FH in lung adenocarcinoma.  

In non-small cell lung cancer (NSCLC), we also detected int-FH. The pattern of FH staining 

was the same as for ccRCC. A high production of FH was found by tumor cells expressing 

CK (Figure 8A) and especially by mesenchymal tumor cells that expressed high level of N-

cadherin and low level of E-cadherin (Figure 8B-C). Moreover, stromal cells such as αSMA-

positive fibroblasts and CD31-positive endothelial cells can also contribute to the local 

production of FH (Figure 8E-F). On the other hand, CD163+ macrophages (Figure 8D), 

CD20+ B cells (Figure 8G) and CD3+ T cells (Figure 8H) did not produce FH locally. 

However, very rare FH deposits were found in NSCLC patients (data not shown). In order to 

know if the pro-tumoral effect of int-FH could be relevant in NSCLC, the lung 

adenocarcinoma (ADK) cell line, A549 was selected to perform the in vitro experiments. 

A549 produce and secrete equivalent amounts of FH to ccRCC cell lines (Figure 8I). 

Moreover, intracellularly, FH is localized mainly on the same compartment as in ccRCC 

(Figure 8J) that was distinct from the cellular compartment for C3 (Supplementary figure 

11F). After efficient silencing (Supplementary figure 11A-C), an increased complement 

activation was detected (Supplementary figure 11D-E). The silencing of FH modified strongly 

the cell phenotype (Figure 8K) with difference in morphology and proliferation capacity 

(Figure 8L). On the contrary, in a squamous cell lung carcinoma (SSC) cell line (SK-MES) no 

effects of FH silencing was detected (Supplementary figure 12). NSCLC patients with either 

lung ADK or SCC from cohort 3 were classified into two groups according to the number of 

int-FH positive cells (Figure 8M). Contrary to lung ADK where of int-FH-positive cells was 
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associated with a negative impact on OS (p=0.0156) (Figure 8N), in lung SCC, int-FH had no 

impact on OS (p=0.798) (Figure 8O). The negative impact on lung ADK was independent 

from clinical or histological features and did not correlate with the immune infiltrate 

(Supplementary table 3). These findings suggested that the pro-tumoral effect of FH is 

context-dependent but can be extended to other cancer types. Indeed, the study of prognostic 

value of CFH gene expression in 28 cancer types from the TCGA database revealed that in 

some cancer CFH gene expression was protective like in melanoma (SKCM) or aggressive in 

low grade glioma (LGG) or stomach cancer (STAD) (Supplementary Figure 13). 
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Discussion  

Complement components form a plasmatic innate immune cascade, but could serve also as 

multitasking proteins, having functions outside of this system. Here we show that the master 

regulator of the alternative complement pathway FH is locally expressed by multiple types of 

human tumors. Although FH exerts its role as a complement regulator in the TME of ccRCC 

and lung ADK, we could not find a functional or prognostic impact of this ext-FH. Here we 

provide a paradigm shift for the impact of FH in cancer progression, showing a previously 

unrecognized, likely tumor cells-specific, intracellular function of FH outside the complement 

cascade. Int-FH served as a driver of proliferation and migration of ccRCC and lung ADK 

cells but not of normal cells or lung SCC. The presence of int-FH staining on tumor cells 

conferred poor prognosis in ccRCC and lung ADK.  

In ccRCC, we described that tumor cells and to a lesser extend endothelial cells, fibroblast 

and macrophages participate to the local production of FH. Intratumoral FH synthesis is not 

responsible for an enrichment of the systemic compartment but rather accumulates locally. 

We distinguished two locations of FH within the ccRCC tumors: intracellular and 

extracellular. We found that ext-FH exerted canonical functions as complement regulator, 

binding to C3 activation fragments in tissues, protecting the tumor cells in vitro from 

complement deposition and transforming cell-derived C3(H2O)/C3b into iC3(H2O)/iC3b. 

This act of regulation happens likely in the extracellular space, since within the cell FH and 

C3 are not localized in the same compartment. The C3 cleavage is assured by FI, which is 

also secreted by the ccRCC cells. A fraction of the ext-FH within the tumor could come from 

the circulation, as evident from the mouse model of hepatic FH deficiency. Despite its clear 

cut regulatory functions, the ext-FH had no impact on patient survival. Moreover, in ccRCC 

patients the presence of deposits of C3b/iC3b/C3d were not associated with survival, despite 

the clear prognostic impact of the classical pathway activation
6
. Outside cancer, FH can also 

act as an immune regulator by modulating the recruitment and functionality of various 

immune cell types, such as B cells, monocytes, neutrophils or dendritic cells
39–44

.  However, 

in our cohorts, no associations between int-FH or ext-FH and immune infiltrate have been 

observed. These observations forced the conclusion that the function of FH as a complement 

regulator is not a major driver of tumor progression, at least in ccRCC.  

In contrast to ext-FH, the int-FH showed a major impact on patient survival both at gene 

expression and protein staining level. This association with poor prognosis is not a mere 

biomarker but reflects a novel function of FH, acting outside of the complement cascade.  

Indeed, the silencing of FH in ccRCC cell lines induced a strong modulation of tumor cell 

phenotype, including proliferation, cell cycle, morphology, viability and migration. This can 

be explained by the profound modification of the transcriptional program of the siFH tumor 
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cells lines, marked by alteration of the expression of genes, governing the biological processes 

of adhesion and locomotion. Moreover, within the tumors int-FH-positive cells were 

frequently also positive for mesenchymal markers, suggesting a more motile phenotype. FH is 

localized within intracellular vesicles corresponding to the organelle subcellular fraction and 

not in the nucleus. Therefore, it is less likely that it serves directly as a transcription factor or 

regulator of genes expression. It rather participates in a complex network of biomolecular 

interactions, which has to be further elucidated.  

The reduced proliferation and mortality of siFH cells could be explained by cell arrest at 

G0/G1. At molecular level, these biological functions could be a consequence of the siFH-

mediated up-regulation at protein level and phosphorylation of p53, which is a powerful 

tumor suppressor. P53 is well known to arrest the cells in G0/G1, to reduce survival and 

control the proliferation
45

. How the down-regulation of FH results in up-regulation of p53 

requires further investigations. The CFH gene encodes for two alternative splice forms: FH 

and FHL-1. In our study FH silencing also affected the expression FHL-1, as previously 

observed in lung cancer and cSCC. We cannot completely rule out the hypothesis that FHL-1 

play a role in the pro-tumoral effect that we observed. Nevertheless, we found much higher 

expression of CFH within the tumor, an absence of effect of CFHL-1 on ccRCC patient 

survival and the use of a shRNA against the C-terminal part of FH, that does not affect FHL-

1, induced the same phenotypic modifications (data not shown).  These data supported the 

conclusion that FH is the main actor responsible for the biological functions, altered after 

CFH/CFHL-1 silencing and that it is FH and not FHR1 that drives tumor progression in 

ccRCC. Moreover, the absence of FH effects in normal cells suggested an oncogenic role and 

raised questions about its mechanism of action in tumor vs. normal cells. In situ, FH was 

found intracellularly in vesicles in both tumor and peritumoral tissues.  While FH was mainly 

localized in lysosomes in normal cells, it was not the case in cancer cells. This difference of 

cellular compartment could impact FH action on its microenvironment and interactome. They 

may explain why FH silencing affects tumor but not healthy cells. Experiments by mass 

spectrometry are currently on going to determine the intracellular partner of FH in tumor 

lysate.  

The pro-tumoral effects of int-FH are not exclusive of ccRCC. We replicated our findings in 

lung adenocarcinoma. However, FH can be pro- or anti-tumoral according to tumor types. In 

hepatocellular carcinoma, a high expression of CFH is associated with a lower risk of 

recurrence
46

. Pan-cancer transcriptomic analysis confirmed this duality of FH effects with 

either a protective or an aggressive effect depending on cancer types. Moreover, besides the 

cancer types, our data indicates that the histologic subtype is also important to take into 

account. Indeed, while FH exert pro-tumoral effect on lung adenocarcinoma, no effects of FH 

were detected in the case of squamous cell lung cancer.  
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Further studies are needed to understand the heterogeneity of FH effect between cancer types 

/subtypes. Indeed, FH functionality can be modulated by different parameters that modify its 

effects on cancer. In lung cancer, the FH variant Y402H is overrepresented among patients 

compared to control and associated with increased risk of lung cancer among smokers
47,48

. 

Moreover, the glycosylation level of FH is modulated in the context of cancer. In ovarian 

cancer, the sialylation level of FH in sera is lower in advanced stage patients than in healthy 

donors
49

. In hepatocellular carcinoma, an enhanced fucosylation of FH is an indicator of 

premalignant liver disease
50

. The reduced form of FH is also a potential parameter that can 

affect its functions in cancer progression. In lung cancer, FH is present under a reduced 

form
25,51

 that display a decrease C3b binding capacity and a loss of FI cofactor activity
36

. 

Finally, the intracellular partners of FH are not yet identified and can be a potential 

explanation for this discrepancy.  

Based on these data we hypothesize that FH could be not only a potential biomarker but also a 

therapeutic target for personalized medicine at least for a fraction of ccRCC and lung ADK 

patients.  Interestingly, in a lung cancer model, targeting the reduced FH by a specific 

antibody delayed tumor growth in mice
25

. In our study, modulating the extracellular/systemic 

FH levels in vitro and in mice failed to suppress tumor growth. This could be explained by the 

lack of production of reduced FH by the tested cell lines. Moreover, in our model any 

antibody targeting C3b/FH interaction may not be efficient, since the int-FH effects are likely 

independent of C3. Therefore, for such cases where the int-FH produced by tumor cells is 

pathogenic, FH targeted therapy which can enter to tumor cells has to be developed.  

A particular care should be taken in such an approach to avoid potential side effects, such as 

renal thrombotic microangiopathy (atypical hemolytic uremic syndrome) or C3 

glomerulopathy, which are characteristic for patients with FH deficiency, mutations or auto-

antibodies
28

. In addition, deficiency of FH in mice leads not only to renal injury but also to 

altered splenic B cell development and autoimmunity via C3 over-activation.  Interestingly, 

the biological functions of int-FH are complement-independent and seem to be restricted to 

tumor cells. Indeed, renal proximal tubule cells, the cells from which ccRCC is derived, are 

not affected by FH silencing. Moreover, the downregulation of FH expression in endothelial 

cells does not alter their phenotype. Finally, the hepatic FH deficient mice do not show any 

apparent liver abnormality. The FH genetic abnormalities in patients are a predisposing factor 

renal injury but the disease penetrance is incomplete, requiring a primary and a secondary hit 

for disease manifestation
28,52,53

. This relative specificity of int-FH to function in tumor cells is 

favorable argument to consider for the potential development of an int-FH targeting inhibitor 

for cancer. Nevertheless, particular effort should be made to target the therapeutic molecule to 

the right type of cells to avoid potential renal side effects.  
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Legend 

 

Figure 1: Tumor cells are the main producer of FH in ccRCC tumor  

A-F Identification of FH+ cells in ccRCC by IF double staining. A) FH (green) and CK 

(epithelial tumor cell marker, red). B) FH (green) and αSMA (fibroblast marker, red). C) FH 

(green) and CD31 (endothelial cell marker, red). D) FH (green) and CD163 (macrophages 

marker, red). E) FH (green) and CD20 (B cell marker, red). F) FH (green) and CD3 (T cell 

marker, red). G) Optical density of FH is the plasma of ccRCC patients from cohort 4 (n=69) 

or healthy donors (n=31) determined by ELISA. H) FH concentration in the lysate and the 

supernatant of A498 cell lines determined by ELISA. I) Fold change of FH concentration in 

the supernatant of A498 cell lines determined by ELISA after 72h of stimulation with 

cytokines (TNFα, IFNγ and TGFβ) at 10ng/mL or 100ng/mL. 

 

Figure 2: FH modifies ccRCC A498 tumor cell phenotype 

A) Images (x100) of A498 cells 72h post-transfection with siFH or siC. B) Volcanoplot 

depicting the results of differential expression obtained with DESeq2 analysis between A498 

siFH (n=3) and A498 siC (n=3). The volcano plot was generated with R software and 

EnhancedVolcano package. Red points represented genes with a log2 fold change >1 and 

Padj< 0.05. C)  Heatmap of log2 counts for top 50 differentially expressed genes after 

silencing of with siFH compared with siC in A498. The most differentially expressed genes 

are selected on adjusted p-value. Expression across each gene have been row scaled with 

relatively high expression of a given gene are marked in red and samples with relatively low 

expression are marked in blue. Lighter shades and white represent genes with intermediate 

expression levels.  D) Gene ontology analysis of functional annotations (biological process) 

up- or downregulated by FH silencing vs. A498 siC E) Histogram representing CFSE 

intensity on A498 siFH or A498 siC after 72h of proliferation (green = unstained A498 cells, 
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orange = A498 taken at the time of CFSE staining T0, red = A498 siC after 72h of 

proliferation, blue = A498 siFH after 72h of proliferation). F) Fold change of CFSE geometric 

means in A498 siFH vs. A498 siC on 4 independent experiments. G) Percentage of cells in 

each cell cycle phase (G0-G1/S/G2-M) determined by flow cytometry analysis of PI staining 

on A498 siFH or siC cells on four independent experiments.  H) Percentage of DAPI positive 

dead cells determined by flow cytometry after 72h of culture in A498 siFH or A498 siC in 

five independent experiments. I) Immunofluorescence staining of phalloïdin (red) in A498 

siFH (right) or siC (left). J) Analysis of migration capacity of A498 siFH cells and A498 siC 

cells. A scratch on A498 monolayer was realized at T0 and photo of the scratch area were 

taken. After 12h, a photo of the same area was taken to compare the migration capacity. K) 

ImageJ Wound healing macro was used to determine the area of the scratch at each time 

point. The percentage of closing of the scratch area was calculated with the following 

calculation; 100-(scratch area T0/scratch area t+12h). L) Western blot analysis on A498 siFH 

or siC lysate for p53, p53 S15 and p53 S46.  

 

Figure 3: Extracellular FH comes from the circulation and the local production by 

tumor cells.  

A) FH staining on ccRCC paraffin sections representing FH deposits. B) Histogram 

representing the correlation between int-FH staining within tumor cells (FH IC) and ext-FH 

from cohort 2. The association was calculated by using a Chi2 test. C) FH 

immunofluorescence staining (green) on frozen sections of TC-1 tumors from WT or FH 

hepato-/- mice at day 24. Nuclei were stained with DAPI. D) The quantification of FH 

staining surface was determined by HALO software for 4 WT mice and 4 hepato -/- mice. The 

boxplot represents the ratio between FH staining area and total tissue area for each mouse. E) 

Tumor growth after subcutaneous injection of TC-1 tumor cells into WT (n=9) or FH hepato -

/- mice (n=5) on two independent experiments.  

 

Figure 4: Extracellular FH acts as complement regulator  

A) Double staining by IF of FH (green) and C3d (red) on paraffin-embedded ccRCC sections. 

B) Histogram representing the correlation between FH deposits (ext-FH) on tumor cell and 

C3d deposits (C3d D) from cohort 2. The association was calculated by using a Chi2 test. C) 

C3 deposits on A498 cell surface after incubation with NHS determined by flow cytometry 

(red: isotype control, blue: A498 siC, orange: A498 siFH). D) Western blot for C3 and its 

fragments in reducing conditions in the supernatant of A498 siFH and A498 siC. E) C3 

deposits on A498 cell surface after incubation with NHS in presence or not of anti-FH 

blocking antibody (Ox-24) 20µg/mL determined by flow cytometry (red: isotype control, 
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green: A498 treated with ox-24, orange: A498 ST). F) Images (x100) of A498 cells 72h post-

transfection with siFH or siC or after treatment with Ox-24.  

 

Figure 5: Intracellular FH produced by specific vesicles within tumor cells  

A) Histogram representing CFSE intensity on A498 siFH or A498 siC with or without 

purified FH 2µg/mL after 72h of proliferation (purple = unstained A498 cells, blue = A498 

taken at the time of CFSE staining T0, darkgreen = A498 siC + purified FH, lightgreen = 

A498 siC + purified FH, red= a498 siFH, orange = A498 siFH + purified FH). B) Histogram 

representing intracellular FH staining on A498 cells (with permeabilization step) (red= 

isotype, blue = FH staining). C) Double staining by IF of FH (green) and CK (red) on 

paraffin-embedded ccRCC sections. Merged (left), FH (middle), CK (right). D) 

Quantification by HALO software of the percentage of FH positive cells according to the 

intensity of CK staining (low, medium and high). E) Double staining by IF of FH (green) and 

Ncad (red) on paraffin-embedded ccRCC sections. F) Double staining by IF of FH (green) 

and Vimentin (red) on paraffin-embedded ccRCC sections. G) FH quantification by ELISA 

on the subcellular fraction of A498 cells (cytoplasmic, organelle and nucleus). H) Double 

staining by IF of FH (green) and calnexin/lamp1/tom20 (red) on paraffin-embedded ccRCC 

sections.  

 

Figure 6: Intracellular FH produced by tumor cells but not extracellular FH is 

associated with poor prognosis 

A) Presence of FH deposits (ext-FH) at the surface of tumor cells by IHC on paraffin-

embedded ccRCC sections. The tumors were classified into 2 groups High or Low. High – 

over 30% of FH+ cells and Low – less than 30% of FH+ cells. B) Kaplan-Meier curve of DFS 

according to the High/Low classification for FH deposits (ext-FH) on ccRCC cohort 1. Log-

rank test was used and p<0.05 was considered as significant. C-D) Kaplan-Meier curves of 

PFS and OS according to the High/Low classification for FH deposits (ext-FH) on ccRCC 

cohort 2. Log-rank test was used and p<0.05 was considered as significant. Log-rank test was 

used and p<0.05 was considered as significant. E) Presence of FH within the cytoplasm of 

tumor cells by IHC on paraffin-embedded ccRCC sections. The tumors were classified into 2 

groups High or Low. High – over 30% of FH+ cells and Low – less than 30% of FH+ cells. F) 

Kaplan-Meier curve of DFS according to the High/Low classification for int-FH on ccRCC 

cohort 1. Log-rank test was used and p<0.05 was considered as significant. G-H) Kaplan-

Meier curves of PFS and OS according to the High/Low classification for int-FH on ccRCC 

cohort 2. Log-rank test was used and p<0.05 was considered as significant. Log-rank test was 

used and p<0.05 was considered as significant. 
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Figure 7: No effect of FH produced by renal proximal tubule cells (RPTEC)  

A) FH staining on tubular cells in peritumoral tissue by IHC. B) FH concentration in the 

lysate and the supernatant of RPTEC determined by ELISA. C) FH quantification by ELISA 

on the subcellular fraction of RPTEC (cytoplasmic, organelle and nucleus). D) Double 

staining by IF of FH (green) and calnexin/lamp1/tom20 (red) on paraffin-embedded ccRCC 

sections in the peritumoral part. E) Heatmap of log2 counts for differentially expressed genes 

after silencing of with siFH compared with siC in RPTEC. Expression across each gene have 

been row scaled with relatively high expression of a given gene are marked in red and 

samples with relatively low expression are marked in blue. Lighter shades and white represent 

genes with intermediate expression levels. F) Images (x100) of RPTEC cells 72h post-

transfection with siFH or siC. G) Immunofluorescence staining of phalloïdin (red) in RPTEC 

siFH (right) or siC (left). H) Analysis of migration capacity of RPTEC siFH cells and RPTEC 

siC cells. A scratch on RPTEC monolayer was realized at T0 and photo of the scratch area 

were taken. After 12h, a photo of the same area was taken to compare the migration capacity. 

ImageJ Wound healing macro was used to determine the area of the scratch at each time 

point. The percentage of closing of the scratch area was calculated with the following 

calculation; 100-(scratch area T0/scratch area t+12h). 

 

Figure 8: FH exerts pro-tumoral effect in lung adenocarcinoma  

A-H Identification of FH+ cells in ccRCC by IF double staining. A) FH (green) and CK 

(epithelial tumor cell marker, red). B) FH (green) and E-cadherin (epithelial cell marker, red). 

C) FH (green) and N-cadherin (mesenchymal cell marker, red). D) FH (green) and CD163 

(macrophages marker, red). E) FH (green) and αSMA (fibroblast marker, red). F) FH (green) 

and CD31 (endothelial cell marker, red). G) FH (green) and CD20 (B cell marker, red). H) 

FH (green) and CD3 (T cell marker, red). I) FH concentration in the lysate and the 

supernatant of A549 determined by ELISA. J) FH quantification by ELISA on the subcellular 

fraction of A549 (cytoplasmic, organelle and nucleus). K) Images (x100) of A549 cells 72h 

post-transfection with siFH or siC. L) Histogram representing CFSE intensity on A549 siFH 

or A549siC after 72h of proliferation (green = unstained A549 cells, orange = A549 taken at 

the time of CFSE staining T0, red = A549 siC after 72h of proliferation, blue = A549 siFH 

after 72h of proliferation). M) Presence of FH within the cytoplasm of tumor cells by IHC on 

paraffin-embedded NSCLC sections. The tumors were classified into 2 groups High or Low. 

High – over 30% of FH+ cells and Low – less than 30% of FH+ cells. N-O) Kaplan-Meier 

curves on OS according to the High/Low classification for int-FH on NSCLC cohort 3. N) 

Lung adenocarcinoma. O) Lung squamous cell carcinoma. Log-rank test was used and p<0.05 
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was considered as significant. Log-rank test was used and p<0.05 was considered as 

significant. 

 

Supplementary  

Supplementary table 1: Cohort description  

Supplementary table 2: List of antibodies for immunofluoresence  

Supplementary table 3: Correlation between FH staining High low and clinical, 

histological features and immune infiltrate 

 

Supplementary figure 1: Staining specificity of FH.  

Paraffin–embedded liver sections was stained with an anti-FH antibody, clone Ox-24 or 

isotype control. The inhibition of FH staining by pre-incubation of anti-FH antibody with 10 

molar equivalent of purified FH (Comptech, A137) reflects the specificity.  

 

Supplementary figure 2: Efficiency of FH silencing  

A) FH concentration in the supernatant of A498 cells (siFH, siC or WT) determined by 

ELISA. B) FH concentration in the lysate of A498 cells (siFH, siC) determined by ELISA. C) 

Western blot of FH in the supernatant of A498 cells (siFH, siC) under non reducing 

conditions. D) FH concentration in the supernatant of Caki-1 cells (siFH, siC or WT) 

determined by ELISA. E) FH concentration in the lysate of Caki-1 cells (siFH, siC) 

determined by ELISA. F) Western blot of FH in the supernatant of Caki-1 cells (siFH, siC) 

under non reducing conditions.  

 

Supplementary Figure 3: FH modifies ccRCC Caki-1 tumor cell phenotype 

A) Images (x100) of Caki-1 cells 72h post-transfection with siFH or siC. B) Volcanoplot 

depicting the results of differential expression obtained with DESeq2 analysis between Caki-1 

siFH (n=3) and Caki-1 siC (n=3). The volcano plot was generated with R software and 

EnhancedVolcano package. Red points represented genes with a log2 fold change >1 and 

Padj< 0.05. C)  Heatmap of log2 counts for top 50 differentially expressed genes after 

silencing of with siFH compared with siC in Caki-1. The most differentially expressed genes 

are selected on adjusted p-value. Expression across each gene have been row scaled with 

relatively high expression of a given gene are marked in red and samples with relatively low 

expression are marked in blue. Lighter shades and white represent genes with intermediate 

expression levels.  D) Gene ontology analysis of functional annotations (biological process) 
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up- or downregulated by FH silencing vs. Caki-1 siC. E) Histogram representing CFSE 

intensity on Caki-1 siFH or Caki-1  siC after 72h of proliferation (green = unstained Caki-1 

cells, orange = Caki-1  taken at the time of CFSE staining T0, red = Caki-1 siC after 72h of 

proliferation, blue = Caki-1 siFH after 72h of proliferation). F) Fold change of CFSE 

geometric means in Caki-1 siFH vs. Caki-1 siC on 6 independent experiments. G) Percentage 

of cells in each cell cycle phase (G0-G1/S/G2-M) determined by flow cytometry analysis of 

PI staining on Caki-1 siFH or siC cells on three independent experiments.  H) Percentage of 

DAPI positive dead cells determined by flow cytometry after 72h of culture in Caki-1 siFH or 

Caki-1 siC in eight independent experiments. I) Immunofluorescence staining of phalloïdin 

(red) in Caki-1 siFH (right) or siC (left).  

 

Supplementary Figure 4: Reduction of plasmatic FH in hepato -/- mice doesn’t alter 

angiogenesis 

A) Western blot for FH on plasma from WT (n=3) or hepato -/- mice (n=4). B) Western blot 

for FH on TC-1 supernatant. Mice plasma is used as positive control. C) Staining for CD31 

(green) on frozen sections of TC-1 tumors at day 24 from WT mice (left) or hepato -/- mice 

(right). D) Expression of angiogenic genes in Tcv-1 tumors from WT (n=4) or FH hepato -/- 

mice (n=4). Measured by RTqPCR and represented by using 2
-ΔCt

.  

 

Supplementary Figure 5: Increase complement activation after FH silencing  

A) C3 deposits on Caki-1 cell surface after incubation with NHS determined by flow 

cytometry (green: isotype control, red: Caki-1 siC, blue: Caki-1 siFH). B) Western blot for C3 

and its fragments in reducing conditions in the supernatant of Caki-1 siFH and Caki-1 siC. C) 

Western blot for FI in reducing conditions in the supernatant of Caki-1 and A498.  

 

Supplementary Figure 6: Intracellular FH is localized on the organelle fraction of Caki-

1 cells 

A) Histogram representing intracellular FH staining on Caki-1 cells (with permeabilization 

step) (red= isotype, blue = FH staining). B) FH quantification by ELISA on the subcellular 

fraction of Caki-1 cells (cytoplasmic, organelle and nucleus). 

 

Supplementary Figure 7: Intracellular C3 is mainly localized on the cytoplasmic and 

nuclei fractions of A498 and Caki-1  

C3 dosage by ELISA on the subcellular fractions (cytoplasmic, organelle and nucleus) of 

A498 (A) and Caki-1 (B).  
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Supplementary figure 8: Prognostic value of CFH and CFHL-1 gene expression in 

TCGA KIRC cohort 

A) CFH expression (log2TPM) in patients with ccRCC (TCGA KIRC) compared to normal 

kidney tissues from TCGA normal and GTEx database. B-C) Kaplan-meier curves of DFS 

and OS according to CFH gene expression level using median cut-off on KIRC TCGA cohort. 

Log-rank test was used and p<0.05 was considered as significant. D) Correlation between 

gene expression (TPM) of CFH and CFHL-1 determined by calculating Pearson correlation 

coefficient. Generated with GEPIA http://gepia.cancer-pku.cn/detail.php E-F) Kaplan-meier 

curves of DFS and OS according to CFHL-1 gene expression level using median cut-off on 

KIRC TCGA cohort. Log-rank test was used and p<0.05 was considered as significant. 

 

Supplementary Figure 9: Efficiency of FH silencing on RPTEC 

A) FH concentration in the supernatant of RPTEC cells (siFH, siC) determined by ELISA. B) 

FH concentration in the lysate of RPTEC cells (siFH, siC) determined by ELISA. 

 

Supplementary Figure 10: No effect of FH produced by HUVEC on their phenotype 

A) FH staining on endothelial cells inside ccRCC tumors. B) FH concentration in the lysate 

and the supernatant of HUVEC determined by ELISA. C) FH concentration in the supernatant 

of HUVEC cells (siFH, siC) determined by ELISA. D) FH concentration in the lysate of 

HUVEC cells (siFH, siC) determined by ELISA. E) Western blot of FH in the supernatant of 

HUVEC cells (siFH, siC) under non reducing conditions. F) Immunofluorescence staining of 

phalloïdin (red) in HUVEC siFH (right) or siC (left). G) Analysis of migration capacity of 

HUVEC siFH cells and RPTEC siC cells. A scratch on RPTEC monolayer was realized at T0 

and photo of the scratch area were taken. After 12h, a photo of the same area was taken to 

compare the migration capacity. ImageJ Wound healing macro was used to determine the area 

of the scratch at each time point. The percentage of closing of the scratch area was calculated 

with the following calculation; 100-(scratch area T0/scratch area t+12h). 

 

Supplementary Figure 11: Increase complement activation after FH silencing on A549  

A) FH concentration in the supernatant of A549 cells (siFH, siC) determined by ELISA. B) 

FH concentration in the lysate of A549 cells (siFH, siC) determined by ELISA. C) Western 

blot of FH in the supernatant of A549 cells (siFH, siC) under non reducing conditions. D) C3 

deposits on A549 cell surface after incubation with NHS determined by flow cytometry 

(green: isotype control, red: A549 siC, blue: A549 siFH). E) Western blot for C3 and its 
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fragments in reducing conditions in the supernatant of A549 siFH and A549 siC. F) C3 

dosage by ELISA on the subcellular fractions (cytoplasmic, organelles and nucleus) of A549 

 

Supplementary Figure 12: No effects of FH silencing on SK-MES cells  

A) FH concentration in the supernatant of SK-MES cells (siFH, siC) determined by ELISA. 

B) FH concentration in the lysate of SK-MES cells (siFH, siC) determined by ELISA. C) 

Images (x100) of SK-MES cells 72h post-transfection with siFH or siC and stained with 

crystal violet. D) Histogram representing CFSE intensity on SK-MES  siFH or SK-MES siC 

after 72h of proliferation (green = unstained SK-MES cells, orange = SK-MES taken at the 

time of CFSE staining T0, red = SK-MES siC after 72h of proliferation, blue = SK-MES siFH 

after 72h of proliferation). E) Fold change of CFSE geometric means in SK-MES siFH vs. 

SK-MES siC on 2 independent experiments. F) Percentage of cells in each cell cycle phase 

(G0-G1/S/G2-M) determined by flow cytometry analysis of PI staining on SK-MES siFH or 

siC cells on three independent experiments.  G) Percentage of DAPI positive dead cells 

determined by flow cytometry after 72h of culture in SK-MES siFH or SK-MES siC in four 

independent experiments. H) Immunofluorescence staining of phalloïdin (red) in SK-MES 

siFH (right) or siC (left). I) C3 deposits on SK-MES cell surface after incubation with NHS 

determined by flow cytometry (green: isotype control, red: SK-MES siC, blue: SK-MES 

siFH).  

 

Supplementary Figure 13: Pan cancer prognostic impact of FH gene expression  

Survival map representing CFH hazard ratio in 29 cancer types from the TCGA PanCancer 

atlas. The survival analysis was performed by using Gene Expression Profiling Interactive 

Analysis (GEPIA) tool
54

. Overall survival (OS) analysis based on gene expression with a 

median cut-off was used to calculate hazards ratio based on Cox PH Model and Log-rank p-

value. The heatmap representing the log2 HR with a scale centered in 0 was generated by 

using the R package “pheatmap” and cancer types were sorted in ascending order. The 

surrounded boxes correspond to a log-rank p-value <0.05. . ACC, adenocortical carcinoma; 

BLCA, bladder carcinoma; BRCA, breast carcinoma; CESC, cervical squamous carcinoma; 

CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, diffuse large B-cell 

lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and 

neck carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; 

KIRP, kidney renal papillary cell carcinoma; LGG, lower grade glioma; LUAD, lung 

adenocarcinoma; LUSC, lung squamous carcinoma; MESO, mesothelioma; OV, ovarian 

serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate 

adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous 

melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, 
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thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, 

uterine carcinosarcoma; UVM, uveal melanoma. 
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Cathelineau, Raphael Sanchez-Salas, Diane Damotte, Isabelle Cremer, Catherine Sautès-

Fridman, Wolf H. Fridman, Lubka T. Roumenina
, 

" Complement C1s promotes clear cell 

renal cell cancer progression through classical pathway and non-canonical action on tumor 

cells " – In preparation
 

 

 

Summary and novelty: In the 90’s, the role of C1s in malignant transformation was firsly 

evoked, when C1s knock-in fibroblasts gained tumorigenic capacity. Since then, only few 

studies have been made to understand the role of C1s in tumor progression. In this 

manuscript, we show that C1s is mainly produced by tumor cells and fibroblasts in ccRCC 

and associated with a poor prognosis for patients. The production of C1s enters into a 

particular, complement-rich phenotype, of the tumor cells, since they express simultaneously 

other complement components, such as C1r, C3 and C4. This local complement production 

allows the activation of classical pathway but C1s also exerts non-canonical action by 

modulating tumor cell phenotype (proliferation, survival). C1s deficient cell lines resulted in 

decreased tumor growth in a syngeneic mouse model, compared to their partental, C1s-

producing counterparts. Thereofre, C1s appears as a key player in the tumor progression, 

acting both within and outside of the complement cascade.   
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Introduction 

 

Human C1s is a glycoprotein with enzymatic activity mostly found in plasma that allows the 

initiation of the classical pathway of the innate immune complement cascade. It interacts with 

C1q and C1r to form the C1 complement-initiating complex
1
. Hepatocytes constitute the main 

source of C1s, but within tissues many other cells types participate in C1s production, such as 

fibroblasts, chondrocytes, dendritic cells
2
, monocytes/macrophages

3,4
 as well as some 

epithelial cells
5
. This local synthesis can be stimulated by inflammatory cytokines like IFNγ, 

IFNβ1, TNFα
6
 or by cell density 

7
.  

The canonical role of C1s (i.e. its functioning within the cascade) as a complement activator 

allows an effective control of pathogen invasion
8
. Activation is triggered by the recognition of 

immune complexes, surface-bound pentraxins or specific ligands on the pathogen surface by 

C1q and subsequent C1s-mediated cleavage of the substrate components C4 and C2
9–12

. 

Nonetheless, with accumulating evidences of the last 10 years it becomes evident that the 

functions of the complement system extend far beyond pathogen clearance
13

 and that it plays 

a prominent role in tumor progression
14

.  

Pan-cancer transcriptomic analysis of complement genes revealed that C1s is heterogeneously 

expressed in many tumor types
14

. Like in normal tissues, it has been described that C1s can be 

produced by fibroblasts in different tumor types such as prostate
15

 and colorectal cancer
16

. 

However, the contribution of tumor cells in C1s local concentration is unclear. In urothelial 

cancer (UC) as well as cutaneous squamous cell carcinoma (cSCC) and melanoma
7
, C1s can 

be synthesis by tumor cells, especially in advanced stages. Intriguingly, in UC this 

overexpression predicted poor disease-specific and metastasis-free survival rates but the exact 

mechanism behind this effect remains to be elucidated.  

Classical pathway activation, measured by deposits of C4 activation fragments in tumor 

sections, is a poor prognostic marker in non-small cell lung cancer (NSCLC)
17

 and clear cell 

renal cell carcinoma
18

 (ccRCC, KIRC), implying a canonical role of C1s in this process. 

Indeed, in RCC, tumor cells that produced C1s and C1r can hijack C1q produced by 

macrophages to initiate locally classical complement pathway in presence of IgG deposition 

on tumor cell surface. 

Considering that C1s has many substrates exceeding the borders of the classical pathway, a 

potential action outside the cascade could participate to its effect on tumor progression. 

Indeed, C1s may cleave components of the extracellular matrix (decorin, type 1 gelatin and 

type 2 collagens
19,20

 as well as MMP9 in cartilage) and nuclear antigens released in the 

extracellular space in the context of autoimmunity (HMGB1, nucleophosmin, nucleolin
21

). 

Moreover, upon C1q binding to Frizzled receptors and C1s activation, the latter cleaves 

lipoprotein receptor-related protein 6 to trigger aging-associated Wnt receptor signaling. C1s 

can also cleave MHC class I
2,

, the basic fibroblast growth factor
22

, insulin-like growth factor 
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binding protein-5
23

, etc. Therefore if C1s is available within a tumor, it may exert non-

canonical functions in the tumor microenvironment, which are unrelated to the complement 

cascade. In support of this hypothesis, a recent study has shown that C1s was overexpressed 

in cSSC tumors, compared to normal skin and its knockdown in cSCC cell lines inhibited the 

phosphorylation of ERK1/2 and Akt, promoted apoptosis and significantly suppressed growth 

and vascularization of human cSCC xenograft tumors in vivo. This finding relates to a study 

form the 90s, showing that mouse fibroblast A31 cells, which do not produce C1s and do not 

form tumors when injected in vivo, gain tumorigenic capacity when transfected with C1s
24

. 

This tumorigenic potential was dependent on the enzymatic activity of C1s
25

. 

Here we show that C1s is strongly expressed by cancer cells in a subset of ccRCC tumors and 

its high expression confers a negative prognostic impact in patient cohorts. C1s 

-infiltrating CD8 T cells. C1s 

is produced by tumor cells with a particular, complement-rich phenotype, and it directly 

affects the cell’s transcription and its proliferation capacity. In addition to its canonical 

functions, related to the classical pathway, we describe a novel mechanism, relying on non-

canonical modes of action of C1s.  Transcriptomic analysis together with our data on lung 

cancer suggests that the pro-tumoral effect of C1s in ccRCC is not an isolated finding and can 

be extend to other tumor types.  

 

 

Material and methods 

 

Bioinformatic analysis  

C1s gene expression, measured as transcripts per million (TPM) was determined by using 

RNAseq data from 28 TCGA cohorts of patients with different cancer types available on 

cBioPortal
26,27

.  In this database, TPM values were generated with the RSEM method (RNA-

Seq by Expectation Maximization). Tumor types were ranged according to the median 

expression values. Hepatocellular carcinoma (LIHC) was excluded from the analysis to avoid 

hiding the potential differences between tumor types linked to the very high expression of 

complement genes by the liver. The survival analysis was realized with Gene Expression 

Profiling Interactive Analysis (GEPIA) tool (http://gepia.cancer-pku.cn/) and represented the 

log2 Hazard ratio of C1s on overall survival with a median cut off calculating with Cox pH 

Model. A log-rank test was applied to test the difference between the curves; surrounded 

boxes represented a log-rank p-value < 0.05. Because of the low number of survival events, 

testicular germ cell tumors cohort (TGCT) was also excluded from the survival study. The 

heatmaps were generated with R software 3.4.2 and heatmap.2 package. Differential 

http://gepia.cancer-pku.cn/
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expression of C1s between tumors versus paired normal tissue from TCGA normal and GTEx 

normal database (n=100) were investigated with GEPIA. According to the absence of normal 

tissue for uveal melanoma (UVM), this cancer type was not included in the analysis. The 

Kaplan-Meier curves showed the overall survival of patients with high (>median) or low 

(<median) expression of C1s in different TCGA cohort were realized with GEPIA. C1s level 

expressed in log2(1+TPM) in the different TNM stages of clear cell renal cell carcinoma 

(KIRC = ccRCC) patients were represented by violin plot generated with GEPIA. The 

Pearson coefficient of correlation between C1s expression (TPM) and the expression of other 

complement genes in KIRC were represented as heatmap and realized using R software.  

 

Patients  

The patients included in this study have signed an informed consent form prior to inclusion. 

The research was approved (N° CEPAR 2014-001) by the medical ethics board and 

conducted according to the recommendations in the Helsinki declaration. Two cohort of 

primary ccRCC patients undergoing nephrectomy were used in this study. The first cohort 

(cohort 1) is a retrospective cohort of 82 patients operated at Necker-Enfants Malades 

Hospital (Paris, France) between 1999 and 2003
28

 and the second cohort (cohort 2) included 

38 patients whose tumors were collected at Institut Mutualiste Montsouris (IMM, Paris, 

France) since 2014. Histologic subtype ccRCC, all TNM stages and tissue with good quality 

for the analysis constituted the inclusion criteria. Histopathologic features such as Fuhrman 

grade, TNM stages and size are available for the majority of the patients (Supplementary table 

1).  

 

Immunofluorescence(IF)/immunohistochemistry(IHC) 

Formalin-fixed paraffin-embedded (FFPE) human ccRCC or NSCLC tumors were cut into 

3µm tick sections and stained for C1s, C1q, C4, C3, Cytokeratin, αSMA, CD31, CD68, 

CD163, CD20, CD3, CD8 (Supplementary table 2). Human liver sections were used as 

positive control for C1s, C4 and C3. Tonsil (Geneticist) is used as positive control for C1q, 

cytokeratin, αSMA, CD31, CD163, CD20, CD3. First, tissues were deparaffinized with three 

baths of clearene and rehydrated with ethanol gradient (100%, 90%, 70%, 50%). Second, PT-

link (dako) was used for antigen retrival with heat for 30min at 97°c in an EnVision FLEX 

Retrieval Solutions (Dako) pH High or Low depending of the antibody. The use of a solution 

H2O2 3% (Gifrer) allowed the blocking of endogenous peroxydase and non-specific fixation 

was inhibited by protein block (Dako). The staining conditions were summarized in 

Supplementary table 2. For IHC, 3-amino-9-ethylcarbazole substrate (Vector Laboratories) 

was used for the revelation. The slides were then counterstained with hematoxylin (Dako), 
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mounted with glycergel (Dako) and scanned with Nanozommer (Hamamastu). For IF, the 

nucleus was stained with DAPI, slides were mounted with Prolong Glass antifade reagent and 

scanned with AxioScan (Zeiss). Calopix software was used to quantify PD-1, CD8, CD163.  

Staining specificity. A competition test on liver sections was performed to verify the 

specificity of C1s staining (Supplementary Figure 2). In this test, a pre-incubation at different 

molecular ratios between anti-C1s antibody and purified C1s protein (Comptech) during 1 

hour at 37°C was performed before putting it on the tissues. Purified C1r (Comptech) served 

as a negative control.  

Patient stratification. The tumors were classified into 3 groups in a semi-quantitative manner 

according to the number of C1s positive cells; 0 (<5%), 1 (5-30%), 2(>30%). To avoid errors, 

the stratification was realized by three independent observers. According to their similar 

effect on survival, group 0 and 1 was combined to form the “Low” group. The method of C4 

and C3 classification was previously described by Roumenina et al
18

.   

 

Cell lines 

Human lung adenocarcinoma cell line (A549) and human ccRCC cell lines (Caki-1 and A498) 

were cultured with the appropriate medium in humidified atmosphere of 5% CO2 at 37°C 

until 90% confluence. Caki-1 was cultured in McCoy’s medium (Gibco) +10% FCS +1X 

penicillin/streptomycin (Gibco). A498 was cultured in Eagle minimum essential medium 

(ATCC) +10% FCS +1X penicillin/streptomycin (Gibco). A549 was cultured in Dulbecco’s 

modified eagle medium nutrient mixture F12 (Gibco) +10% FCS +1X penicillin/streptomycin 

(Gibco) +1X L-glutamine (Gibco) +1X HEPES (Gibco) +1X Non essential amino-acids 

solution (Gibco). Murine TC-1 cells were cultured in RPMI medium + 10% FCS +1X 

penicillin/streptomycin (Gibco). All cell lines were routinely tested for mycoplasma.  

 

Silencing of C1s 

A 30 minutes pre-incubation of 4 siRNAs against C1s (Qiagen Hs_C1S_1_Flexitube siRNA 

SI00027356, Qiagen Hs_C1S_2_Flexitube siRNA SI00027363, Qiagen Hs_C1S_3_Flexitube 

siRNA SI00027370 and Hs_C1s_5_Flexitube siRNA SI030322873) or siRNA control 

(Qiagen AllStars negative control siRNA, SI03650318) at the concentration 50nM with 

lipofectamine RNAimax (Thermofisher, 13778030) in OptiMEM medium (Gibco) was 

performed before adding this mixture on cells plated in 6-well plate at 50% confluence. The 

transfection was stopped after 24h by replacing the medium containing siRNA by appropriate 

medium without antibiotics. Photos and functional assays on silenced cells were performed 
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72h post-transfection. The cells and supernatants were collected to attest the efficacy of 

silencing by qRTPCR and Western blot.  

 

Generation of CRSIPR-cas9 stably deficient tumor cell 

 

To generate stably C1s deficient murine tumor cell line, 3 CRISPR-CAS9 plasmids targeting 

different region of mouse C1s1 from Sigma Aldrich were used. After amplification in E.Coli, 

plasmids were isolated with ZymoPURE plasmid kit. TC-1 cell were then transfected with the 

plasmid and a positive selection of cells that have integrated the plasmid had been made with 

the presence of fluorescent RFP.  Each positive cell was isolated with clonal dilution and 

finally different clones by plasmids were generated. 

 

Experimental procedure 

 

C57BL/6J WT mice were purchased from Charles River. All experiments were conducted in 

accordance with the recommendations for the care and use of laboratory animals and with 

approvals APAFIS by the French Ministry of Agriculture. The mouse TC-1 cells were 

recovered at 80% confluence, and 400 000 cells for each selected clones were inoculated 

subcutaneously in the right flank with 200 µl PBS. Tumor size was measured with calipers 

every 2-3 days for 20. 

 

Western blot 

Western blot experiment on silenced cells and Crispr-Cas9 clones supernatant cultured in a 

serum-free medium for 48h (Opti-MEM, Gibco, 31985070) and previously concentrated with 

Amicon Ultracel 3K units (UFC, 900324) was performed. NuPAGE LDS sample buffer (4X, 

Thermofisher Scientific) was added to the concentrated supernatants and then denatured at 

80°C for 10 minutes. Proteins were separated with a NuPAGE 10% Bis-Tris gel 

(Thermofisher Scientific) and transferred to a nitrocellulose membrane. The membrane were 

blocked with PBS BSA 5% and incubated overnight under a rocking chair platform with the 

goat polyclonal antiserum human C1s (Quidel, A302) diluted 1:500 in TBS BSA 5%. After 

washing with TBS Tween 0.1%, a secondary antibody rabbit anti goat HRP 1:1000 (Covalab, 

lab0048) was added for 1h at RT under agitation. The cheminuminescent signal was read with 

iBright CL100 (Thermofisher) after incubation with ECL reagent (Pierce, 32106).  
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qRT-PCR 

RNA extraction on silenced cells or cells treated for 48h in medium-free serum with IFNγ 

(100 or 1000ng/mL) and RNA of CRISPR-Cas9 clones was performed with Maxwell cell 

16LEV simplyRNA purification kit (Promega, AS1270). 2100 Bioanalyzer (Agilent) using a 

Agilent RNA 6000 Nano Assay kit (5067-1511) was used to determine the quality and 

quantity of RNA. The reverse transcription was realized with Applied Biosystem High-

capacity cDBNA reverse transcription kit (Applied Biosystem, 4368814). Gene expression of 

C1s was assessed by Taqman using primers of human C1s (Thermofisher, Hs00156159_m1) 

or mouse C1s1 (Thermofisher, Mm00663210_mH). 

 

Analysis of differentially expressed genes 

For RNASeq analysis, three biological replicate for each conditions (siC1s vs siC) were used. 

The libraries were prepared with NEBNext Ultra II Directional RNA Library Prep Kit with 

the following steps; PolyA purification using poly-T oligo attached magnetic beads, 300bp 

fragmentation with divalent cations under elevated temperature, synthesis of double strand 

cDNA and amplification by PCR. Sequencing was then carried out on paired-end 75b of 

llumina HiSeq 4000 instrument. The quality of FASTQ files was verified by using FASTQC 

and then aligned to a reference genome using STAR tool. Once the data are mapped on the 

genome, HTSeqCount was used to count and assign reads to a given exon and generate a 

count table. Before proceeding to differential analysis, non expressed genes with a count 

equal to 0 were removed from the analysis. R software and DESeq2 package
29

 was used for 

the differential expression analysis between siC1s and siC. Results were considered 

statistically significant if adjusted p < 0.05. The top 50 most significant genes were sorted by 

adjusted p-value and plotted in volcano plots and heatmap using heatmap.2 and 

EnhancedVolcano packages in R. Gene ontology enrichment analysis was performed with 

WEV-based Gene SeT AnaLysis Toolkit (WebGestalt) by using the GO biological process 

category.  

 

Flow cytometry 

Proliferation and mortality. Cells were washed with PBS before the addition of CFSE reagent 

1:1000 (Invitrogen, C34554) for 20 minutes at 37°C. The staining was stopper with the 

addition of complete culture medium. Cells were then washed and cultured on 6-well plate for 

72h in presence of complete medium. Supernatants containing dead cells and adherent cells 

were recovered and stained for DAPI before analysis by flow cytometry (BD Fortessa).  
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Immunocytofluorescence 

Silenced or control cells were cultured for 24h on a round cover glass in the bottom on a 24-

well plate in presence of their specific medium. After fixation with PFA 4% for 30min at RT, 

the cells were stained for their actin cytoskeleton with Phalloidin-IFluor 488 reagent (Abcam, 

ab176753) and for nuclei with DAPI. The cover glass was recovered and mounted on a 

microscope slide with Prolong Glass antifade reagent and scanned with AxioScan (Zeiss). 

 

Migration  

A wound healing assay was performed on cell monolayer to evaluate their migration capacity. 

To do this, a scratch was realized with a tip and photos were taken under microscope 

immediately or after 12h. Wound healing tool (http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/Wound_Healing_Tool) in ImageJ was used to calculate the percentage of 

recovery.  

 

Statistical analysis 

The package “survival” on R software was used to generate Kaplan-Meier curves censored at 

2500 days. Log-rank test was applied to test the difference between curves. Correlation 

between the distributions of two semi-quantitative variables was assessed by a Chi2 test, 

correlation between one semi-quantitative variable and one quantitative variable by a Kruskal-

Wallis test and correlation between two quantitative variables by Pearson test. The difference 

between siC1s and siC cells for proliferation and survival was assessed by a paired T-test and 

unpaired T test is used for cell migration. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  

  

http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool
http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool
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Results  

 

C1s is a poor prognosis biomarker in ccRCC 

We previously showed that RCC tumors are particularly sensitive to complement with a 

negative impact of classical pathway activation
18

. Interestingly, C1s expression was increased 

in ccRCC tumors in comparison to normal kidney (Figure 1D) and especially in advanced 

stages patients (Stage III and IV) (Figure 1E). We further confirmed this effect on survival at 

the protein level by immunohistochemistry on two cohorts of ccRCC patients. The specificity 

of C1s antibody used in this study was verified by a competition test (Supplementary figure 

1A) and a western blot with human plasma (Supplementary figure 3C). The patients were 

classified into three groups according to the number of C1s positive cells within the tumor 

(Figure 1F). Similarly to gene expression, a correlation between the TNM stage and C1s level 

was observed as well as with the presence of metastasis or advanced Fuhrman grade 

(Supplementary figure 1C-E). However, in multivariate Cox model, C1s kept an independent 

prognostic value from TNM stage and metastasis status but not from Fuhrman grade (data not 

shown). Importantly, a high expression of C1s (group 2) was associated with a decrease 

progression free survival and overall survival for ccRCC patients (Figure 1G). This poor 

prognosis value was further confirmed in a second cohort of ccRCC patients (Figure 1H). The 

similarity between effect of group 0 and 1 led to combine this two groups to form “low” 

group (Supplementary figure 1B and 1F).   

 

Tumor cells are the main local producer of C1s in ccRCC 

C1s staining of ccRCC tumor sections revealed a intracellular pattern that formed a patchy 

staining inside the tumor. This staining is localized  in tumor cells and in stromal cells (Figure 

2A) with either a diffuse staining or more granular one (Figure 2B). Indeed, double staining 

by immunofluorescence in ccRCC tumors revealed a strong colocalization between C1s and 

low-cytokeratin (CK) cells (Figure 2C), an epithelial marker that stained tumor cells. 

Moreover, some stromal cells also expressed C1s within the TME such as some endothelial 

cells (CD31+), some rare macrophages (CD68+) and some fibroblasts (αSMA) (Figure 2D).  

Interestingly, the presence of C1s staining in tumor cells correlated with T cells and 

macrophages infiltration (Figure 2E and 2F) as well as the activation status of T cells with 

more density of PD-1 (Figure 2G). 
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Tumor cells that produce C1s also produce other complement proteins 

In KIRC, the gene expression of C1s was strongly correlated with the expression of other 

genes of the complement system and especially C1r, C3, CFB, CFH, SERGING1, C2 and 

C1QA. At the opposite, the expression of C1s was negatively correlated with expression of 

the lectin pathway genes (FCN3, MASP1, MASP2, FCN2 and the regulators CD59 and 

CD46) (Figure 3A). The same observations have been made by immunohistochemistry with a 

correlation between a high density of C1s staining in tumor cells and the staining for C4 and 

C3 (Figure 3B-C). Moreover, the cells that produce C1s were the same that produce C4 and 

C3 suggesting a global complement-rich phenotype of these tumor cells (Figure 3D-G). This 

global complement production was associated with a poor prognosis value since the 

simultaneous presence of complement C1s and C4 production was associated with a negative 

impact on PFS and OS that was less important in the case of an isolated C1s or C4 production 

(Figure 3H-I).  

 

C1s acts as an initiator of the classical complement pathway locally 

The colocalization of C1s and C1q/C4d deposits at the surface of tumor cells (Figure 3J-K) 

that reflected complement activation suggested that C1s can act as a complement activator 

locally. Indeed, the majority of the tumors with C4d deposits also display a local production 

of C1s (Figure 3L). Interestingly, a non-negligible proportion of the tumor present C1s 

production without C4d deposits suggesting a potential non-canonical role of C1s. To 

emphasize this hypothesis, Cox multivariate analysis highlighted that the prognostic value of 

C1s was independent of complement activation markers (C1q, C4 and C3 activation 

fragments deposits) (Figure 3M).  

 

C1s modulates the phenotype of tumor cells  

Considering that the prognostic value of C1s was independent of the complement activation, 

we investigated its direct effects on tumor cells. After validation of the efficacy of C1s 

silencing by RTqPCR and Western blot on ccRCC cell lines Caki-1 and A498 

(Supplementary figure 2A-B, 2D-E), we performed a RNASeq analysis to compare the 

differential expression between cells transfected with an siRNA against C1s (siC1s) or an 

siRNA control against an irrelevant sequence (siC) for Caki-1 and A498 (Figure 4A and 

Supplementary figure 3A). Among all genes, we identified 56 downregulated genes and 119 

upregulated genes in Caki-1 siC1s vs. siC  and 41 downregualted genes and 112 upregulated 

genes in A498 siC1s vs. siC by taking a fold change >2 in absolute values and an adjusted p-

value <0.05 (Figure 4B and Supplementary figure 3B). The enrichment analysis with 
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GO:biological process highlighted that these genes were involved in different key pathways 

(Figure 4C and Supplementary figure 3C). First, in siC1s cells we observed an upregulation of 

genes involved in development and negative regulation of growth (Caki-1) and motility 

(A498) as well as cellular response to erythropoietin and extracellular matrix organization 

(A498). On the other hand, a downregulation of genes implicated angiogenesis and positive 

regulation of VEGFR (A498 and Caki-1), endocytosis (A498), negative regulation of cAMP 

dependent protein kinase activity (A498), chondrocyte differentiation (Caki-1), dopamine 

metabolic process and bone resorption (Caki-1). Functionally, the silencing of C1s in Caki-1 

cells induced an increase of mortality (Figure 4E) and a decrease in proliferation capacity 

(Figure 4F-5G) but no effect on tumor cell morphology (Figure 4D). These observations were 

valid for the two ccRCC cell lines Caki-1 and A498 (Supplementary figure 3D-G). Moreover, 

in vitro this C1s production by tumor cells was enhanced by the addition of IFNγ 

(Supplementary figure 3H). Futhermore, the expression of C1s by tumor cells was not limited 

to ccRCC and was also detected on lung tumors (Figure 5A-B) and functionally affects lung 

cancer cell lines, A549, phenotype (Figure 5C-D). In order to study the effect of C1s silencing 

in vivo, we generated C1s1 stably deficient murine TC-1 tumor cells through CRISPR-CAS9 

technology. C1s expression in the 12 clones obtained were analysed by RTqPCR (Figure 5E) 

and western blot (Figure 5F). Importantly, some clones presented normal expression level of 

C1s and other undetectable expression of C1s. For the in vivo experiment, we have selected 

three clones with low expression of C1s1 (1.16, 2.21 and 3.11). All clones had a slower tumor 

growth in comparison to WT TC-1 (Figure 5G). For the other clones were C1s protein is 

physically present, a long PCR is on going to detect the presence of in frame deletions of one 

or few amino acids which could affect protein functionality.  

 

Pan-cancer analysis of C1s expression and its prognostic value 

We found that C1s was involved in the modulation of tumor cell phenotype in two in vitro 

models of ccRCC and lung tumors and impact the survival of ccRCC patients. To have a 

global view of the impact of C1s expression in different tumor types, an analysis of C1s 

expression in 28 cohorts of the TCGA PanCancer study was performed and revealed a 

heterogeneous expression according to tumor types (Supplementary figure 4A) with almost 

100-fold higher expression of C1s in sarcoma (SARC) than in kidney chromophobe (KICH), 

representing the two extremes. This expression was either down-or upregulated in tumors, in 

comparison to normal paired tissues (Supplementary figure 4B). Interestingly, the expression 

of C1s was associated with a dual role as a protective or aggressive factor for patient survival 

in a context-dependent manner (Supplementary figure 4C-E). Indeed, while in sarcoma 

(SARC), breast (BRCA) or cutaneous skin melanoma (SKCM) a high C1s gene expression 
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increased patient survival, in glioblastoma (GBM), papillary renal cancer (KIRP), low grade 

glioma (LGG), clear cell renal cell carcinoma (KIRC or ccRCC) and uveal melanoma (UVM), 

the inverse effect was observed, with a poor prognosis value of C1s.  

 

Discussion 

 

Here we describe that complement C1s is a cancer-promoting factor in ccRCC, contributing 

to chronic complement-mediated inflammation and tumor cell proliferation. The synergy 

between canonical (cascade-dependent), and local/intracellular effects of C1s described here, 

could explain its negative prognostic impact in ccRCC. Although ccRCC appears to be a 

prototypical complement-associated cancer, the non-canonical functions of C1s are not 

limited to ccRCC. Indeed,  we replicated the impact on the proliferation in a lung 

adenocarcinoma cells.   

   

The overexpression of C1s in the ccRCC tumor tissue, particularly due to production by the 

tumor cells, is associated with decreased patients’ survival. We have recently demonstrated 

that the classical complement pathway activation, measured by C4 activation fragments 

deposits on tumor cells and presence of C1q-producing macrophages, occurs in ccRCC and 

confers poor prognosis
18

. Here we provide further evidence for the implication of the classical 

pathway, through the colocalization of C1q and C1s on the tumor cell surface and the 

correlation between C1s staining and the presence of deposits of activation fragments of C4. 

This study supports the notion that in a subset of ccRCC tumors the components of the 

classical pathway are highly expressed locally, allowing generation of C5a and tumor-

promoting signaling through C5aR1
14,18,30,31

.  

In ccRCC, C1s is produced nearly entirely by the tumor cells and to a minimal extend by 

fibroblasts, while T-cells, B-cells and the large majority of the macrophages and endothelial 

cells remain negative for C1s at protein level, with the detection limits of the 

immunofluorescence. The presence of the protein was due to production by the tumoral cells 

and was less likely to be internalized by the cells from the circulation, since we detected C1s 

(as well as C1r) mRNA by RNAscope
18

. C1s staining in tumor cells was mainly intracellular 

and strongly correlated with the intracellular staining for C4 and C3. Indeed, the same cells 

were frequently (but not exclusively) positive for the three proteins. One could hypothesize, 

that the concomitant presence of these proteins within the same cell may allow the 

functioning of the complosome i.e. intracellular complement proteins activation steps, 

resembling the plasmatic cascade
32

. This hypothesis requires further validation. Nevertheless, 

combining the data for C1s and C4 positivity allowed us to distinguish a subgroup of patients 

C1s-high/C4-high, which had a particularly poor outcome, contrary to the double negative 
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cancers. Besides C4 and C3, the gene expression of C1s also correlated with a large set of 

complement genes especially from the classical and alternative pathway. We have indeed, 

detected previously concomitant production of some of these proteins by ccRCC cell lines
18

. 

The ensemble of the gene expression and staining data for the patients’ cohort and in vitro 

genes and protein expression suggest that when the tumor cells acquire complement-rich 

phenotype, it becomes more aggressive, with higher risk for cancer progression and patient 

death. These complement-rich cells stain also low for CK, suggesting a loss of epithelial and 

acquisition of a mesenchymal, more aggressive phenotype.  

 

We found that C1s silencing altered the transcriptomic program of the ccRCC cell lines and 

reduced cell proliferation and survival. This phenotype was independent from the VHL 

mutation, since it was present both tested cell lines: VHL-wild type (Caki-1) and VHL-

mutated (A498). Similar complement-rich phenotype was reported for sSCC
33–36

, although the 

differentially expressed genes after C1s silencing  were different
36

. Moreover, the reduced 

proliferation and increased mortality were shared also by the lung adenocarcinoma cell line 

A549, suggesting the general relevance of C1s as a proliferation and cell survival promoting 

gene. Indeed, in a knock-in experiment, introduction of C1s to non-expressing fibroblasts 

conferred stronger proliferation and tumor-forming capacity
24

. To study the impact of C1s in 

vivo, we have generated a C1s1-deficient murine lung tumor cancer cell lines (TC-1). In this 

experiment we revealed the role of tumor derived C1s with a slower tumor growth in mice 

injected with C1s deficient cells.  Therefore, C1s is not just a biomarker for the complement-

rich ccRCC phenotype, but an active player in the acquisition of an aggressive phenotype by 

the tumor cells. Considering the effect of C1s silencing in human tumor cell, a mirror 

experience in a C1s knock-in model on HCT116 tumor cells lines that expressed very low 

level of endogeneous C1s is currently on going.  

 

However, the stimulus responsible for the induction of C1s expression by tumor cells remains 

unclear. The generation of pro-inflammatory cytokines such as IFN

and other complement genes expression in a large variety of cells
6,37,3

 and also for the ccRCC 

cell line. In the tumor microenvironment, immune cells and particularly T cells and NK cells 

produced IFNγ. In ccRCC we observed a correlation between the level of C1s produced by 

tumor cells and the density of CD8 that could reflect the capacity of CD8 through 

inflammatory cytokines secretion to induce the production of C1s by tumor cells as an escape 

mechanism. Moreover, one of the described substrate of C1s is MHC class I
2
 suggesting a 

possible interrelation between C1s and the modulation of the immune infiltrate.  

 

These findings make the fraction of complement-overactivating ccRCC patients potential 

candidates for complement-blocking therapy. Nowadays there is an ever-increasing number of 
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therapeutic complement inhibitors, targeting different level of the cascade, in clinical trials for 

various indications
38

. Considering tumor-complement status, these inhibitors could be adapted 

for personalized therapy in cancer. Interestingly, a C1s-blocking therapeutic antibody 

Sutimlimab (=TNT009, BIVV009) showed positive results in a trial with patients suffering 

from cold agglutinin disease as well as a good safety profile
39,40

. Therefore, this antibody, as 

well as the different forms of the already clinically available C1 Inhibitor preparations 

(Cinryse, Berinert, Cetor, Ruconest), could represent therapeutic options, deserving 

experimental evaluation. However, to have the most favorable benefit-risk balance, potential 

unwanted effect of C1s blocking must be evaluated carefully. It has to be noted though, that 

such therapy will block in part the cell opsonization with C3 activation fragments and 

complement activation in the tertiary lymphoid structures (TLS) that may affect B cell 

functionality. Indeed, it has been reported an in vitro reduction of proliferation of primary 

human B cells from patients with rheumatoid arthritis
41

 following C1s blockade. Thus, further 

studies are needed to find out whether complement deposits contribute to the long-term 

activation of anti-tumoral B cells and the production of tumor cells-recognizing antibodies. 

Nevertheless, at least in ccRCC, IgG deposited on the tumor cells were the main trigger of the 

classical pathway, associated with cancer progression. Therefore, in ccRCC C1s blockade 

may have dual beneficial effect, inhibiting complement and B-cells activation/IgG production. 

Inhibition of the enzymatic activity of C1s will block not only the complement cascade and 

will prevent cleavage of the complement-unrelated C1s substrates. The enzymatic activity of 

C1s is also likely associated with its non-canonical functions, acting on the cell 

proliferation
25

. Indeed, the Caki-1 cell line produces an active C1s enzyme in absence of 

C1q
18

. Nevertheless, for A498 we detected only the pro-enzyme form and still the silencing of 

C1s reduced cell proliferation and increased mortality. Therefore, alternative model of action 

of C1s could be envisioned, unrelated to its enzymatic activity.  

In conclusion, we discovered a tumor-promoting role of C1s in ccRCC, which was dependent 

on two modes of action: local secretion and canonical classical pathway activation as well as a 

non-canonical mechanism, resulting in enhancement of tumor cell proliferation. These 

mechanisms synergize to confer poor prognosis to the patients with C1s-positive tumors. C1s 

enters into a broader, complement-rich phenotype of a fraction of ccRCC cancers, which are 

more aggressive. These patients could be potential candidates for C1s-blocking therapy. 

Further validated in appropriate animal models is necessary in order to select the most 

appropriate mode of C1s inhibition, having an anti-tumoral efficacy.   
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Legends  

 

Figure 1: C1s is associated with poor prognosis in ccRCC patients 

A) Kaplan-meier curves of OS according to C1s gene expression level using median cut-off 

on KIRC TCGA cohort Log-rank test was used and p<0.05 was considered as significant. B) 

C1s expression (log2TPM) in KIRC tumors versus normal kidney from TCGA normal and 

GTEx database. C) C1s expression (log2TPM) in different TNM stages of KIRC tumors 

generated by GEPIA. D) Classification of C1s cytoplasmic staining into three groups 

according to the number of C1s positive cells. Group 1: very low number of cells (<5%), 

group 1: intermediate number of cells (5-30%), group 3: high number of cells (>30%). E) 

Kaplan-Meier curves of PFS and OS according to the C1s classification in three groups in 

cohort 1. F)  Kaplan-Meier curves of PFS according to the C1s classification in three groups 

in cohort 2. 

 

Figure 2: C1s is expressed mainly by the tumor cells in ccRCC.   

A) C1s staining on paraffin–embedded sections of ccRCC tumor. Two types of cells were 

stained inside the tumor core and in the stroma. B) C1s intracellular staining can be diffuse or 

in spots in ccRCC tumor cells. C-D) Identification of C1s+ cells in ccRCC by IF double 

staining. C) C1s (green) and CK (epithelial tumor cell marker, red). D) FH (green) and CD68 

(macrophages marker, red), CD3 (T cell marker, red), CD31 (endothelial cell marker, red), 

CD20 (B cell marker, red), αSMA (fibroblast marker, red).  E) Density of CD163+ cells in 

each groups of C1s classification determined by IHC. F) Density of CD8+ cells in each 

groups of C1s classification determined by IHC. G) Density of PD-1+ cells in each groups of 

C1s classification determined by IHC. 
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Figure 3: C1s has both canonical (complement cascade-related) and non-canonical 

(cascade-independent) functions in ccRCC tumors 

A) Correlation between CFH gene expression and other complement genes. Colors represents 

the Pearson coefficient correlation. Red: positive correlation, Blue: negative correlation, 

White: no correlation. B) Correlation between C1s and the presence of C4 production by 

tumors cells determined by IHC. C) Correlation between C1s and the presence of C4 

production by tumors cells determined by IHC. D-F) C1s, C4 and C3 staining in the same 

ccRCC tumor area. G) Double staining by IF of C1s (green) and C4 (red). H-I) Kaplan-Meier 

curves of PFS and OS according to the combination of C1s and C4 High/Low classification in 

cohort 1. J) Double staining of C1q (green) and C1s staining (red). K) Correlation between 

C1s and the presence of C4 deposits at the surface of tumors cells determined by IHC. L) 

Summary of Cox multivariate analysis between C1s and other complement activation markers 

 

Figure 4: C1s silencing decreases Caki-1 proliferation and survival without affecting 

morphology and migration  

A) Top 50 differentially expressed genes after silencing of with siC1s compared with siC in 

Caki-1. The most differentially expressed genes (log2 counts) are selected on adjusted p-

value. Expression across each gene have been row scaled with relatively high expression of a 

given gene are marked in red and samples with relatively low expression are marked in blue. 

Lighter shades and white represent genes with intermediate expression levels. B) Volcanoplot 

depicting the results of differential expression obtained with DESeq2 analysis between Caki-1 

siC1s (n=3) and Caki-1 siC (n=3). The volcano plot was generated with R software and 

EnhancedVolcano package. Red points represented genes with a log2 fold change >1 and p-

value adjusted < 0.05. C)  Gene ontology analysis of functional annotations (biological 

process) up- or downregulated by C1s silencing vs. Caki-1 siC. D) Immunofluorescence 

staining of phalloïdin (red) in Caki-1 siC1s (right) or siC (left). E) Percentage of DAPI 

positive dead cells determined by flow cytometry after 72h of culture in Caki-1 siFH or Caki-

1 siC in 5 independent experiments. F) Histogram representing CFSE intensity on Caki-1 

siC1s or Caki-1 siC after 72h of proliferation (green = unstained Caki-1 cells, orange = Caki-

1, taken at the time of CFSE staining T0, red = Caki-1 siC after 72h of proliferation, blue = 

Caki-1 siC1s after 72h of proliferation). G) Fold change of CFSE geometric means in Caki-1 

siC1s vs. Caki-1 siC on 4 independent experiments.  
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Figure 5: Effect of C1s on lung cancer  

A) C1s staining on paraffin–embedded sections of NSCLC tumor. Two types of cells were 

stained inside the tumor core and in the stroma. B) Identification of C1s+ cells in ccRCC by 

IF double staining. C) C1s (green) and CK (epithelial tumor cell marker, red). C) Fold change 

of CFSE geometric means in A549 siC1s vs. A549 siC on 3 independent experiments. D) 

Percentage of DAPI positive dead cells determined by flow cytometry after 72h of culture in 

A549 siFH or A549 siC in 4 or 5 independent experiments. E) RTqPCR of C1s1 gene in 12 

Crispr-Cas9 TC-1 clones. F) Western blot for C1s in TC-1 Crispr-Cas9 clones. G) In vivo 

tumor growth of 3 selected Crispr-Cas9 TC-1 clones and TC-1 WT cells in C57Bl/6 mice 

injected with 400 000 cells subcutaneously.  

 

Supplementary data 

 

Supplementary tables  

Supplementary Table 1: Cohort description  

Supplementary Table 2: List of antibodies and staining protocols 

 

Supplemental Figure 1: C1s-positive staining is associated with poor prognosis in 

ccRCC (binary classification: high vs low) 

A) C1s staining specificity validation by competition test on paraffin–embedded liver 

sections. The tissue were stained with an anti-C1s antibody, isotype control or with a pre-

incubated solution of anti-C1s antibody with purified C1s (Comptech, A104) or C1r 

(Comptech, A102) (1:10 molecular ratio). B) Kaplan-Meier curves of PFS and OS according 

to the C1s classification High/Low in cohort 1. C) Correlation between C1s three groups (left) 

or High/Low classification (right) with clinical and anatomapathological features in cohort 1. 

D) Correlation between TNM stage and C1s High/Low in cohort 1. E) Correlation between 

Fuhrman grade and C1s High/Low in cohort 1. F) Kaplan-Meier curves of PFS according to 

the C1s classification High/Low in cohort 2.  G) Correlation between TNM stage and C1s 

High/Low in cohort 2.  

 

Supplemental Figure 2: Validation of the C1s silencing  

A) C1s gene expression was determined by RTqPCR after silencing with siRNA against C1s 

(siC1s) or control (siC) or wild type cells (WT) in A498 cells. B) C1s gene expression was 

determined by RTqPCR after silencing with siRNA against C1s (siC1s) or control (siC) or 
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wild type cells (WT) in Caki-1 cells. C) Western blot of C1s in the supernatant of A498 cells 

(WT, siC1s, siC, lipofectamine alone) under non reducing conditions at 24h, 48h or 7 days 

post-transfection. Purified C1s (Comptech, A104) was used as positive control. D) Western 

blot of C1s in the supernatant of Caki-1 cells (WT, siC1s, siC, lipofectamine alone) under non 

reducing conditions at 24h or 48h post-transfection. Purified C1s (Comptech, A104) was used 

as positive control. 

 

Supplemental Figure 3: C1s silencing decreases A498 proliferation and survival without 

affecting morphology and migration  

A) Top 50 differentially expressed genes after silencing of with siC1s compared with siC in 

A498. The most differentially expressed genes (log2 counts) are selected on adjusted p-value. 

Expression across each gene have been row scaled with relatively high expression of a given 

gene are marked in red and samples with relatively low expression are marked in blue. 

Lighter shades and white represent genes with intermediate expression levels. B) Volcanoplot 

depicting the results of differential expression obtained with DESeq2 analysis between A498 

siC1s (n=3) and Caki-1 siC (n=3). The volcano plot was generated with R software and 

EnhancedVolcano package. Red points represented genes with a log2 fold change >1 and p-

value adjusted < 0.05. C)  Gene ontology analysis of functional annotations (biological 

process) up- or downregulated by C1s silencing vs. A498 siC. D) Immunofluorescence 

staining of phalloïdin (red) in A498 siC1s (right) or siC (left). E) Histogram representing 

CFSE intensity on A498 siC1s or A498 siC after 72h of proliferation (green = unstained A498 

cells, orange = A498 taken at the time of CFSE staining T0, red = A498 siC after 72h of 

proliferation, blue = A498 siC1s after 72h of proliferation). Fold change of CFSE geometric 

means in A498 siC1s vs. A498 siC on 3 independent experiments. F) Percentage of DAPI 

positive dead cells determined by flow cytometry after 72h of culture in A498 siFH or A498 

siC in 4 independent experiments. G) A scratch on A498 monolayer was performed at T0 and 

photo of the scratch area were taken. After 12h, a photo of the same area was taken to 

compare the migration capacity. ImageJ Wound healing macro was used to determine the area 

of the scratch at each time point. The percentage of closing of the scratch area was calculated 

with the following calculation; 100-(scratch area T0/scratch area t+12h). H) C1s gene 

expression determined by RTqPCR after treatment with IFNγ (0,100 and 1000 ng/mL) in 

A498 cells.  

 

Supplemental Figure 4: Pan cancer analysis of C1s gene expression and prognostic  

A) Analysis of C1s expression in 25 cancer types of the TCGA Pancancer atlas study. C1s is 

expressed in log2(1+TPM). Tumor types are classified according to the median expression of 

C1s. ACC, adenocortical carcinoma; BLCA, bladder carcinoma; BRCA, breast carcinoma; 
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CESC, cervical squamous carcinoma; CHOL, cholangiocarcinoma; COAD, colon 

adenocarcinoma; DLBC, diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; 

GBM, glioblastoma multiforme; HNSC, head and neck carcinoma; KICH, kidney 

chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell 

carcinoma; LGG, lower grade glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous 

carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, 

pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; READ, rectum 

adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach 

adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, 

thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; 

UVM, uveal melanoma. B) Gene expression (median TPM) in tumor vs. paired normal tissue 

in 28 cohorts of the TCGA PanCancer study C) Survival analysis representing the hazard 

ratio of C1s in 28 cancer types from the TCGA PanCancer atlas. Gene Expression Profiling 

Interactive Analysis (GEPIA) tool
42

 was used to performed the analysis. The hazard ratios are 

calculated by using overall survival (OS) data and median gene expression cut-off based on 

Cox PH Model and Log-rank p-value. The heatmap representing the log2 HR with a scale 

centered in 0 was generated by using the R package “pheatmap” and cancer types were sorted 

in ascending order. The surrounded boxes correspond to a log-rank p-value <0.05. D) Tumors 

where C1S gene expression is associated with favorable prognosis. E) Tumors where C1S 

gene expression is associated with poor prognosis   
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The International Cancer Immunotherapy Conference (CICON) (Paris, 2019) : poster, 

«Canonical and non canonical functions of C1q in cancer progression » 

12th International Conference on Complement Therapeutics (Rhodes, Greece, 2019): oral 

presentation,    «Canonical and non canonical functions of C1q in cancer progression », travel 

award for best oral presentation 

AACR Congress (Atlanta, United States of America, 2019): poster « Role of the classical 

complement pathway in tumor progression » 

French Society of Immunology (SFI) Congress (Reims, France, 2017): oral presentation « 

Implication of the classical complement pathway in the tumor progression of clear cell renal 

cell carcinoma » 

Cordeliers research center Day (Paris, France, 2017): oral presentation « Implication of the 

classical complement pathway in the tumor progression of clear cell renal cell carcinoma », 

first prize for oral presentation 
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 WO2019043138 (A1) -  METHOD FOR PREDICTING THE OUTCOME OF A 

CANCER (2017) 

 

 REF EB19289 – ROLE OF FH IN CANCER PROGRESSION (2019) 

 

  

https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20190307&DB=EPODOC&locale=en_EP&CC=WO&NR=2019043138A1&KC=A1&ND=4
https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20190307&DB=EPODOC&locale=en_EP&CC=WO&NR=2019043138A1&KC=A1&ND=4
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ANNEXES 

 

ANNEX 1: Supplemental informartions on bioinformatic methodology 

 

ANNEX 2: Comparison of plasma level of C4d in patients vs. healthy donors 

 

ANNEX 3: Comparison of plasma level of different complement proteins in patients vs. 

healthy donors by Luminex technology 

 

ANNEX 4: Comparison of angiogenesis and microenvironment in C1q -/- and    C4 -/- mice 

injected with MCA205 cells 

 

ANNEX 5: Study of the effect of PD-1 treatment in C1q -/- mice 
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Annex 1: Supplemental informartions on bioinformatic methodology 

 

Source of transcriptomic data: All the transcriptomic data come from the TCGA (The 

Cancer Genome Atlas) Pan Cancer Atlas study, a landmark cancer genomic programs that 

characterized over 11,000 primary cancer from 33 cancer types
392

. Specific inclusion criteria 

were applied such as untreated tumor or sample with at least 80% of tumor nuclei.  The 

transcriptomic data are obtanined through RNA sequencing that can be downloaded via 

cBioPortal
393

, an open access resource that provide molecular and clinical informations. 

RSEM algorithm (RNA-Seq by Expectation Maximization) have been used to generate TPM 

(Transcript Per Million) 

 

Expression analysis: To analyse expression of each gene in each cancer type I have 

calculated the mean of TPM value for each patients in every cohorts. This method allowed to 

have a global idea of gene expression but had the inconvenient to hide individual vartiability 

that can be very important depending on cancer type. For example, we can see that in 

mesothelioma or liver cancer the expression of C1s can vary a lot from near 0 TPM to 

120 000 TPM whereas in diffuse B cell lymphoma (DLBC) the expression of C1s is quite 

homogeneous (see below).  

 

Because liver is the main producer of almost all complement proteins, we decided to exclude 

it from the analysis in order to avoid any biais. 
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Data visualization: To easily compare gene expression level between cancer types, I have 

represented the level of gene expression by heatmap. In order to facilitate data visualization, a 

log2 transformation of TPM data has been applied to limit skewness of the data. In the 

heatmap, different strategies of normalization can be applied to represent the data. The 

absence of normalization allows the free comparison of gene and cancer types. At the 

opposite, the application of normalization by gene or cancer type limits the possibility of 

comparison but can highlight some little difference that can be hidden.  

 

Tumor versus normal analysis: Median TPM expression for each gene in every cohort for 

tumor and matched paired sample were downloaded from the GEPIA platform
394

. To 

represent the up or downregulation of each gene in tumor vs. normal pairted tissue, I have 

calculated the fold change (medianTPM (tumor)/ medianTPM (normal). A log2 

transformation was applied for heatmap representation.  

 

Prognostic analysis: Kaplan-Meier curves and log-rank p-value are commonly used to 

visualize the survival during time. For quantitative variables, a cut off had to be determined to 

make at least two groups of patients. Different strategies exist to determine a cut off:  arbitrary 

cut-off that is independent of the data or calculation of optimal cut off. Each method has 

advantages and inconvenients. The use of optimal cut-off allows the maximization of survival 

the different between groups but can introduce some articifical statistical biais whereas the 

use of an arbitrary cut-off (e.g median, mean, first quartile…) is more stringent but can hide 

some statistic difference. To establish the survival map representing the hazard ratio of each 

gene in the different cancer types, I have calculated the Hazard ratio on overall survival by 

taking a median cut off. The statistical different between high and low group for one gene in 

one cancer was assessed with log rank test and a p-value < 0.05 was represented by a black 

box.  

  



 

268 

 

Annex 2: Comparison of plasma level of C4d in patients vs. healthy donors 

 

Background: 

In lung cancer, C4d can be used as a diagnostic biomarker since its level increase in the 

plasma
251

 and bronchial fluid
250

 of patients in comparison with control group without cancer. 

In ccRCC patients, I detected that a classical pathway activation can occurred and I sought to 

investigate if this activation can translate into a modification of the plasmatic compartment.  

 

Goal:  

The aim of this study is to compare the plasmatic level of C4d from ccRCC patients with 

healthy donors. The second objective is to decipher if local complement activation within the 

tumor can result in a modification of the systemic concentration.  

 

Methods: 

Plasma samples of 29 patients with ccRCC were collecting at time of surgery at Hopital 

Européen Geoges Pompidou (Paris, France) since 2017 (cohort 1). Another cohort of 77 

patients with ccRCC were collected at time of surgery at Institut Mutualiste Montsouris 

(cohort 2) (Paris, France). Thirty-one plasma samples from healthy donors were used as a 

control for C4d quantification by Elisa.  

ELISA C4d – A commercial kit was used to measure specifically C4d in the plasma (Svar, ref 

COMPL, C4d RUO). Preliminary test was performed to compare 1:50 and 1:100 dilutions. A 

better signal/noise ratio was obtained for 1:50 and this dilution was retained for further 

experiments. Plasma samples were diluted 1:50 and transferred to the pre-coated microtitter 

wells with an anti-C4d neoepitope monoclonal antibody for 1hour. After washing, incubation 

with a secondary antibody labeled with HRP was performed for 30minutes. After washing, 

the substrate was added for 30minutes and the color was measured by a spectrophotometer.   

Nephelometry – Plasma concentrations of the complement components C4 and C3 antigens 

were measured by nephelometry (Dade Behring, Paris La Defense, France). 

Statistical analysis – A Mann-Whitney test was used to test the difference of C4d level 

between ccRCC patients and healthy donors as well as patients with high or low level of C4d 

deposits inside the tumor core.  
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Figure 1: Plasmatic C4d a strong diagnostic and prognostic biomarker. A: Plasmatic C4d 

concentration determined by ELISA in cohort 1, mean+2SD represents the cut off to 

determine a High vs. low expression. B: Progression free survival of ccRCC patients 

according to C4d plasmatic level with mean+2SD cut-of for cohort 1. C: Plasmatic C4d 

concentration determined by ELISA in cohort 2 first experiment , D: Progression free survival 

of ccRCC patients according to C4d plasmatic level with mean+2SD cut-of for cohort2 first 

experiment, E: Plasmatic C4d concentration determined by ELISA in cohort 2 first 

experiment , F: Progression free survival of ccRCC patients according to C4d plasmatic level 

with mean+2SD cut-of for cohort2 first experiment, G:Correlation between C4d plasmatic 

level of common patients of experiment 1 and 2 
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Figure 2: A: Progression free survival of ccRCC patients according to C4d deposition level 

within the tumor,B: Corrleation between C4d plasmatic level and C4d deposits within the 

tumor, Mann-Whitney test is applied to test the difference between two groups, C: 

Progression free survival of ccRCC patients according to C4d deposition level within the 

tumor and the plasmatic level of C4d (cut off = mean + 2SD), D: Correlation between C4 

production by tumor cells (C4 cyto) and the number of C4d deposits in situ (C4d deposits), E: 

Corrleation between C4d plasmartic level and C4 production by tumor cells, Mann-Whitney 

test is applied to test the difference between two groups, F: Corrleation between plasmatic 

C4d and C4, Pearson test is applied to test the difference between two groups, dotted line 

indicated the upper limit of normal range of C4. F: Corrleation between plasmatic C3 and 

C4, Pearson test is applied to test the difference between two groups, dotted line indicated the 

upper limit of normal range of C3 
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Kruskal Wallis p value 
 

Pearson p value 

 
C4d plasma 

 
  C4d plasma 

Sex 0,26 
 

CD163 TC 0,377 

Fuhrman  0,31 
 

CD163 IM 0,1389 

TNM stage  0,52 
 

CD163 TOT 0,1037 

   
CD20 TC 0,3386 

Mann-Whitney p value 
 

CD20 IM 0,6138 

  C4d plasma 
 

CD20 TOT 0, 2061 

C4 depot 0,004 
 

CD8 TC 0,3822 

C4 cyto 0,87 
 

CD8 IM 0,6992 

FH depot 0,6 
 

CD8 TOT 0,4644 

FH cyto 0,46 
 

CD3 TC 0,951 

C1q infiltrate 0,15 
 

CD3 IM 0,8715 

   
CD3 TOT 0,9973 

   
PD-1 TC 0,2836 

   
PD-1 IM 0,1278 

   
PD-1 TOT 0,1318 

   
LAG3 TC 0,9021 

   
LAG3 IM 0,1604 

   
LAG3 TOT 0,9027 

Table 15: Correlation between C4d plasmatic level and clinical, immune and complement 

markers. TC: tumor core, IM: invasive margin, TOT: total 
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Results: 

In the first cohort, the level of plasmatic C4d was significantly higher in ccRCC patients than 

healthy controls (1A). Moreover, we observed a trend on patient survival with progression 

events only in the group of ccRCC patients where the level of plasmatic C4d is high 

(>mean+2SD) (1B). This cohort has a very short follow-up (starting 2017). To confirm this 

observation, we took a second cohort of 58 ccRCC patients for which we had a longer follow 

up (starting 2014) and 31 healthy controls. We confirmed the difference of C4d plasmatic 

level between patients and healthy controls (1C) and validated the negative prognostic impact 

on PFS, testing part of the samples after first thawing (1D). The repetition of this experiment 

with all patients included, but on once freeze-thawed samples, showed the same results (1E,F) 

with a good correlation between the two experiments (1G). However, the cut-off 

corresponding to the mean + 2SD varied probably due to on effect of freezing or pre-analaytic 

conditions for the treatment of control samples.  

The patients with high number of C4d-deposits positive tumor cells have a decrease PFS 

comparing to patients with low C4d deposits (2A). Interestingly, the patients that displayed 

local complement activation inside the tumor revelaed by high level of C4d deposition, had a 

significant increase in plasmatic level of C4d (2B). Moreover, the patients with both high 

level of C4d in the tumor and the plasma had the worst prognosis. The effect of C4d deposits 

in the tumor and in the plasma were confirmed by Cox univariate analysis (data not shown) 

and multivariate Cox analysis with these two variables highlighted that the prognostic value 

of plasmatic C4d was not independent of C4d deposition in the tumor (data not shown).  

We found a correlation between the presence of local production of C4 by tumor cells 

determined by IHC and the presence of C4d deposition suggesting that the local production 

was in part responsible for C4d deposits (2D). However, this local production had no impact 

on the level of plasmatic C4d (2E). Interstingly, we observed that the plasmatic concentration 

of C4d was directly correlated with C4 plasmatic level (2F) meaning that the systemic 

compartement also played a role in the elevation of C4d in the plasma. Finally, a strong 

correlation between the plasmatic level of C4 and C3 was detected (2G). One out of the 29 

tested patients had a C4 plasma concentrations above the normal range, while 11/29 (38%) 

had adnormaly high C3.  

Interestingly, the increased C4d did not correlate with the available clinical parameters (sex, 

Furman grade or TNM stage), the immune infiltration and the activation status of the 

infiltrating immune cells or other complement staining in the tumor. These findings revealed 

that C4d is independent prognostic marker for poor clinical outcome in ccRCC. Analysis with 

more patients will be made to confirm this effect.  
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Conclusion:  

Plasmatic c4d was significantly increased in the plasma of ccRCC patients in comparison to 

healthy donors and, plasmatic C4d and associated with poor prognsosis. This result, together 

with the data for lung cancer
251

 place plasmatic C4d as a novel promising parameter to 

evaluate the prognosis of cancer patients. However, considering the variability of plasmatic 

C4d dosage according to freeze/thawing, an increase number of healthy donors with a known 

status of freezing procedure and standardized pre-analytic conditions are needed to establish a 

good quality standard, normal range and cut-off.  

C4d is also elevated in systemic lupus erythematosus and C4d levels alone could forecast 

recurrence of future lupus nephritis
395

. This is a rapid screening test which, upon further 

validation, could be introduced into the routine screening of complement laboratories.  

The elevation of plasmatic C4d correlated with the level of plasmatic C4 but the C4 plasma 

levels remained in the normal range, although towards the upper limit. Interestingly, the C3 

palsma concentration was above the normal range in 38% of the cases, suggesting overall 

inflammatory context. Thus, the increase of plasmatic C4 could be responsible in part for a 

higher amount of native C4 available in the tumor microenvironment, which could be cleaved 

localy to generate C4d. Moreover, the local production of C4 by tumor cells could constitute a 

second source of local C4 since I found a correlation between C4 produciton and the presence 

of C4d deposition.  

The origin of the plasma C4d requires further investigation. There is no hypocomplementemia 

in any of the patients, suggesting that there is no consumption of C4 in the circulation. C4d 

can be generated via the classical or the lectin pathways, but both require a multivalent ligand 

(surface) for the activation. Upon C4b generation, it binds covalently to any adjacent surface 

or remains in the fluid phase with inactivated tioester bond. Therefore, the plasma C4d likely 

comes from the tumor. Indeed, I detected a correlation between the C4d deposits in the tumor 

and in the plasma. In addition, the prognostic value of plasmatic C4d was not independent 

from C4d within the tumor. The plasma C4d could arise due to unsuccessful binding of C4b 

to the tumor cells and subsequent inactivation in the fluid phase by C4BP and FI, or due to 

release of a part of membrane-bound C4d through microvesicles. Such process of C4d 

elimination via tumor microvesicles is described in the context of renal transplantation
396

, but 

remains to be proven in cancer.  
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Annex 3: Comparison of plasma level of different complement proteins in 

patients vs. healthy donors by Luminex technology  

 

Background: 

The concentration of some complement proteins can be modulated in the plasma of cancer 

patients vs. healthy donors. For example, C1q level was found increased in the sera of 

glioblastoma patients while FB was decreased245. Many others protein can be up or 

downregulated in the plasma of cancer patients in a context-dependant manner such as C1s246, 

C4248, C3248
,252, C3a255,  C5a desArg256, C5a257, FH259,271, C9264, MBL266, FI269. Thus, we 

screened the plasma concentrations of a panel of complement proteins in ccRCC using a high 

throughput method – the multiplex technology. 

 

Goal:  

The aim of this study is to compare the plasmatic level of differtent complement protein from 

ccRCC patients with healthy donors in a high throughput manner by using the Luminex kit.   

 

Methods: 

Plasma samples of 40 patients with ccRCC were collected at time of surgery at Institut 

Mutualiste Montsouris (part of cohort 2 from Annex 2) (Paris, France) and were used for 

Luminex. 29 plasma samples from healthy donors were also used as a control.  

Multiplex Assay for evaluation of the concentration of complement proteins in plasma - The 

Human Complement Panel 1 Bead-Based Multiplex Assay kit (MILLIPLEX MAP Human 

Complement Panel 1), using the Luminex xMAP technology, enables the simultaneous 

analysis of complement proteins and factors in human plasma. Having in mind the minimal 

amount of plasma from ccRCC patients available (500 µl/patient), we opted for a high 

throughput evaluation rather than classical routine approaches by nephelometry and ELISA, 

which require 1 ml of plasma.  The same plasma samples as above were tested as indicated in 

the manufacturer’s protocol.  

ELISA assay for FH dosage - FH plasma levels were measured by a sandwich ELISA method. 

Briefly, a polyclonal antibody against FH was purified from goat anti-serum using protein G 

and left native or was biotinylated to generate a home-made ELISA kit. The native anti-FH 

was coated on a Nunc Maxisorb ELISA 96-well plate overnight 4°C. After washing with PBS 

Tween 0.1% and blocking the free reactive sites with PBS BSA 1% during 1 hour at room 

temperature (RT), the plasma were added to the plate and incubated during one hour at RT. 
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After washing, plate was incubated with an in-house biotinylated antibody anti-FH (purified 

from antiserum from Calbiochem) for 1 hour at RT. After additional washings, streptavidine 

coupled with horseradish peroxydase (HRP) (Dako, P039701-2) was added for 1 hour at RT. 

After revelation, multiskan Ex (Thermofisher Scientific) was used to read the optical density 

at 450nm.  

Statistical analysis – A Mann-Whitney test was used to test the difference of complement 

protein level between ccRCC patients and healthy donors.  
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Plasmatic level of C1q, C3, C3b/iC3b, C4, FB, FH and FP in ccRCC patients vs healthy 

donors.  
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Results: 

The evaluation of the plasma concentrations of complement proteins using the MILLIPLEX 

MAP Human Complement Panel 2 kit appeared to be challenging. Indicated dilutions often 

gave out of standard values, which were for some cases impossible to calculate especially for 

C3b/iC3b, FH and FP. Moreover, calculated concentrations were far from the expected ones, 

based on routine approaches. Indeed, while C3 and C4 were little bit more elevated than the 

normal range determined by nephelometry (C3: 660-1250µg/mL, C4: 93-380 µg/m, the 

calculated concentrations for FB and FH were very elevated than the normal range (normal 

range for FB: 90-320µg/mL, FH: 65-140µg/mL). However, even if the calculated 

concentrations were not correct, we found a correlation between FH concentration determined 

by Luminex and FH Optical density determined by ELISA, the standard technique. 

Nevertheless, comparison of the concentration of the healthy controls and ccRCC patients 

revealed that there is no difference in the amount of C4 C3, C3b/iC3b, FB FH and FP. The 

only detected difference was for C1q with a decrease plasmatic concentration in patients in 

comparison with healthy donors  

 

Conclusion:  

It has to be noted that the use of the MILLIPLEX MAP Human Complement Panel 2 kit was 

challenging due to the inadequate dilutions. Similar problems were encountered by other 

groups using the same assay
397

. Although the comparison between the complement 

concentration in the plasma of the healthy donors and the ccRCC patients allowed us to 

conclude that there are no differences for C4, C3, C3b/iC3b, FB, FH and FP protein levels. 

The lack of difference between controls and patients was also confirmed by ELISA for FH 

(see manuscript 4). Therefore, we agree with the conclusion of Sandholm et al that the 

MILLIPEX assay less reliable and implies that the company should reconstruct their assay 

since the results are not on pair with the standard of other techniques used today. 
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Annex 4: Comparison of angiogenesis and microenvironment in C1q -/- and    

C4  -/- mice injected with MCA205 cells 

 

Background: 

C1q deficiency is associated with an impaired vascularization and a remodeling of the 

immune microenvironment, that results from either decrease classical complement pathway 

activation or a C1q cascade-independent effect.  

 

Goal:  

In order to study to what extend this effects are C1q specific, I compared the angiogenesis and 

the immune environment with C4 deficient mice inoculated with MCA205 cancer cells.  

 

Methods: 

Study approval - Male and female C1q-/- mice and paired groups of C57BL/6J WT mice were 

used in this study. C57BL/6J and C4-/- mice were purchased from Charles River, C1qa-/- 

mice were generated and provided by Pr. Marina Botto (Imperial College, London). 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 MCA205 cells were recovered at 80% confluence, and 

160 000 cells were inoculated subcutaneously 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 mm3. Tumors were used fresh for flow cytometry analyses or 

frozen with liquid nitrogen for immunofluorescence experiments.  

Flow cytometry - Freshly recovered mouse tumor tissues were dissociated with enzymatic 

solution (Collagenase I, 200 U/mL and DNase I, 10 U/mL) and 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. Isolated cells were distributed in V 

shaped 96-well plates and were incubated with FcBlock (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) and membrane marker 

antibodies (Supplementary Table 8) diluted in PBE for 30 minutes at 4°C. Then, the cells 



 

279 

 

were washed with PBE and suspended in 4% paraformaldehyde (PFA). The gating strategy is 

presented below.  

Antibody Reference Clone Fluorochrome Supplier 
Concentration 

(µg/ml) 

CD11b 553310 M1/70 FITC BD Biosciences 5 

CD11c 563735 HL3 BV786 BD Biosciences 2 

CD19 557399 1D3 PE BD Biosciences 2 

CD3 47-0032-82 17A2 APC-eF780 eBioscience 2 

CD4 MCD0417 RM4-5 PE Texas Red Invitrogen 2 

CD45 552848 30-F11 PE-Cy7 BD Biosciences 0,5 

CD8 56-0081-82 53-6.7 AF700 eBioscience 2 

F4/80 MCA497 A3-1 AF700 Bio-Rad 10 

Ly6C 553104 AL-21 FITC BD Biosciences 5 

Ly6G 551461 1A8 PE BD Biosciences 2 

NK1.1 563220 PK136 BV605 BD Biosciences 2 

IA/IE 563415 M5/114 BV650 BD Biosciences 5 

 

Immunofluorescence staining - Frozen mouse tumors were cut at 6 µm with cryostat (Leica), 

fixed in acetone and stained for CD31 by using a rabbit polyclonal anti-mouse CD31 at 

10µg/mL (Abcam, ab124422) followed by an incubation with the secondary antibody goat 

anti-rabbit IgG AF647 at 20µg/mL (ThermoFisher, A-21245). Nucleus were stained with 

DAPI. Slides were mounted with Prolong Glass and scanned with Zeiss Axio Scan.  
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Gating strategy to define immune populations in the TME. Activated macrophages are defined 

as IA/IE+ population among macrophages. 
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Comparison of angiogenesis and immune population in MCA-205 tumors inoculated in C1q -

/- or C4 -/-mice. A) Tumor growth of MCA205 cells injected subcutaneously in C1q -/- or WT 

BL57BL/6 mice. B) Tumor growth of MCA205 cells injected subcutaneously in C4 -/- or WT 

C57BL/6 mice. C) Percentage of CD3+ cells among CD45+ cells in C1q -/- or WT  mice. D) 

Percentage of DC among CD45+ cells in C1q -/- or WT mice. E) Percentage of NK cells 

among CD45+ cells in C1q -/- or WT mice. F) Percentage of PMN-MDSC among CD45+ 

cells in C1q -/- or WT mice. G) Percentage of macrophages among CD45+ cells in C1q -/- or 

WT mice. H) Percentage of CD3+ cells among CD45+ cells in C4 -/- or WT mice. I) 

Percentage of DC among CD45+ cells in C4 -/- or WT mice. J) Percentage of NK cells 

among CD45+ cells in C4 -/- or WT mice. K) Percentage of PMN-MDSC among CD45+ cells 

in C4 -/- or WT mice. L) Percentage of macrophages among CD45+ cells in C4-/- or WT 

mice. M) Percentage of activated macrophages among CD45+ cells in C4-/- or WT mice. 

CD31 staining (green) in tumors of WT mice (N) or C1q -/- mice (O). CD31 staining (green) 

in tumors of WT mice (P) or C4 -/- mice (Q) 

 

Results: 

The deficiency of either C1q (A) or C4 (B) was associated with a decreased tumor growth. 

The composition of the TME was strikingly different between tumors growing in WT and 

C1q-/- mice with more dendritic cells (D) and less PMN-MDSC (F) that was also observed in 

C4 deficient mice (J,L). Moreover, macrophages were in a more activated state with more 

expression of IA/IE (MHCII) (H,N). In terms of angiogenesis, C1q deficient mice displayed 

smaller vessels with a disrupted architecture (O,P). However, this effect on angiogenesis was 

not found in C4 deficient mice, which had the same morphology as the wild type mice (Q,R). 

 

Conclusion:  

The modulation of the angiogenesis was only found in C1q deficient mice, suggesting that 

this effect is independent of the complement cascade and specific to the C1q protein. This is 

in agreement with the study of Bulla et al, showing C1q-specific angiogenesis-promoting 

effect independent of the cascade, in B16F10 melanoma mouse model167 as well as with our 

data on the TC-1 model, where similar results were observed (see Article 3).  

The alteration of the immune microenvironment is commonly found in both C1q-/- and C4-/. 

This suggests that the impact of C1q on tumor microenvironment is potentially relied to 

complement activation. This is in agreement with the data of Markiewski et al for the TC-1 

model, showing that C5a/C5aR1 axis is critical for the immune infiltrate
304

. On the other hand 

in the melanoma mouse model B16F10 described by Bulla et al, no difference in the immune 

infiltrate was detected as well as no activation of the complement cascade.  
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The ensemble of these results support the conclusion that the impact of C1q on the 

neoangiogenesis is a non-canonical function, independent on the cascade, while the immune 

infiltrate modulation depends on the cascade activation and the generation of the 

anaphylatoxins. Injection of C1 inhibitor could be used to validate that the modulation of 

immune system in the tumor can is linked to an aberrant classical pathway overactivation and 

immune infiltration.  
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Annex 5: Study of the effect of PD-1 treatment in C1q -/- mice 

 

Background: 

The concomitant treatment of mice with C5aR1- and anti PD-L1/PD-1 inhibitors showed a 

synergic effect of this combination in a mouse model of lung cancer
398

. Moreover, an ongoing 

clinical trial tests the concomitant inhibition of C5aR1 and PD-L1 solid cancers (STELLAR-

001 trial, Innate Pharma, first results to be reported at ESMO2019). We have demonstrated 

that C1q deficiency alone is associated with a slower tumor growth and we wanted to know if 

this effect could be amplified by anti PD-1 treatment.  

 

Goal:  

The goal of this study is to evaluate the potential of targeting both C1q and PD-1 by treated 

C1q deficient mice with anti PD-1 inhibitor.  

 

Methods: 

Study approval - Male and female C1q-/- mice and paired groups of C57BL/6J WT mice were 

used in this study. C57BL/6J mice were purchased from Charles River, C1qa-/- mice were 

generated and provided by Pr. Marina Botto (Imperial College, London). All experiments 

were conducted in accordance with the recommendations for the care and use of laboratory 

animals and with approval #9853–2017050211531651v5 by the French Ministry of 

Agriculture. 

Experimental procedure - The mouse MC-38 cells were recovered at 80% confluence, and 

400 000 cells were inoculated subcutaneously in the right flank with 200 µl PBS. When the 

tumor volume of 50-100mm
3
 was reached mice were randomized to homogenize groups and 

either 100µg of anti PD-1 or control isotype were administrated intraperitoneally every 2-3 

days. Tumor size was measured with calipers every 2-3 days for 25 days or until reaching the 

ethical endpoint of tumor size approaching 3000 mm3.  

The MC38 cell line was selected because of the responsiveness of the MC38 tumors to anti-

PD-1 treatment
399

.  
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Left: tumor growth in C1q or WT mice treated with anti-PD1 or control isotype. Right: tumor 

size at day 26 in C1q or WT mice treated with anti-PD1 or control isotype.  

 

Results: 

Alone anti PD-1 or C1q deficiency delayed tumor growth. Nevertheless, anti-PD1 treatment 

did not synergize with the C1q deficiency. 

 

Conclusion:  

This experiment provides evidence for one more cell line (MC38), for which the tumors 

formed after sub-cutaneous injection grow slower in C1q-/- mice. The absence of synergistic 

effect between C1q deficiency and an anti-PD1 treatment shows that this combination is not 

relevant. A plausible hypothesis is that C1q deficient mice display a less exhausted immune 

microenvironment, with a decreased expression of PD-1 on T cells, leading to an inability of 

anti-PD1 antibody to reach its target and to re-invigorate the T cells. Indeed, in human a 

strong correlation between the level of C1q and the expression of immunocheckpoints on T 

cell like PD-1 or LAG3 was detected. Further experiments, measuring PD1, LAG3 and TIM3 

on the tumor infiltrating T cells in the MC38 tumors from C1q-/- versus WT mice could test 

this hypothesis.  
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During the three years of this thesis, I aimed to find out how the complement system, known 

for its host protective ability, becomes offensive in the context of cancer. To understand the 

intricate relationship between complement and cancer, I have taken advantage of different 

resources including in silico, in vitro, in vivo as well as in situ experiments. Firstly, I depicted 

the global landscape of complement expression in human cancers, showing the context-

dependent role of the complement system on tumor progression. Indeed, pan-cancer 

transcriptomic analysis revealed a heterogeneous expression of complement genes among 

tumor types associated with either protective or aggressive impact.  Using the example of 

clear cell renal cell carcinoma (ccRCC), which classified in the group of “aggressive 

complement” cancers, I studied the impact of the canonical (cascade-dependent) and non-

canonical (cascade-independent) functions of the complement proteins on tumor progression. 

In this tumor type, both immunoglobulin-mediated classical complement activation and 

cascade independent effect of complement proteins such as C1q, C1s or FH were associated 

with pro-tumoral effect that impact patient survival. I found that C1q could act on immune 

environment and angiogenesis to promote tumor growth whereas FH and C1s proceeded 

through an unexpected intracellular way to modify tumor cell phenotype. Moreover, elevated 

plasmatic C4d appeared to be a non-invasive negative prognostic biomarker in ccRCC. The 

ensemble of these results highlighted the potential of complement proteins as powerful 

diagnostic and prognostic biomarker as well as a very promising therapeutic target.  

 

Studies from the last decade allowed to position the complement system as a key actor of the 

TME that can modulate and influence tumor progression. Besides its ability to opsonize and 

induce cell death, complement can also interfere with tumor cells proliferation, metastasis, 

angiogenesis or with the immune microenvironment. Nonetheless, the data from the literature 

regarding its impact and mechanism of action are often contradictory and do not allow a clear 

conclusion of its effect on tumor progression. The goal of the present work was to study the 

context-dependent role of the complement system in cancer. A specific focus on the impact of 

the complement system in renal cancer has been made due to the negative prognostic impact 

of complement in this type of tumors and due to the deleterious impact of the complement 

overactivation particularly within the kidney.  

 

Tumors are a complement-rich environment where the in situ presence of complement 

proteins can result from both systemic compartment and local production. While the bulk of 

complement components in the circulation comes from hepatocytes synthesis, an extrahepatic 

production by different cell types can also occur and participate to the local concentration
68,73

. 

Thus, in certain tissues such as lung
400

, brain
401

 or kidney
402

, complement proteins are highly 
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expressed. However, after malignant transformation, this local production can be largely 

affected with either a decrease or an increase synthesis depending on cancer types. For 

instance, I found that in lung cancer almost all complement genes were downregulated 

whereas in pancreatic cancer the exact inverse effect was observed. To deal with this 

heterogeneity, I have applied bioinformatic tools to redefine the complement landscape in 

tumors (Manuscript 1). By using transcriptomic data from more than 8000 cancer patients 

available on TCGA database, I was able to establish an overview of complement expression 

in more than 30 different tumor types. The expression level of complements components 

undergoes important variations depending on the nature of complement gene, the tumor types 

and also among patients. In general, I found a high expression of genes from the classical and 

the alternative pathway as well as complement receptors and regulators. In contrast, low 

expression of lectin and terminal pathway genes was observed. Nevertheless, some diversity 

among cancer types as well as tumor-specific effects could be detected. For example, while in 

the majority of tumor types C8 and C9 genes were not detected, in cholangiocarcinoma there 

was a high expression of these genes.  

The gene expression analyses allow a rapid high throughput analyses, but unfortunately the 

gene expression data does not always correlate well with the expression at protein level. 

Therefore, for my study it was critical to evaluate the in situ presence of complement 

components at the protein level using immunohistochemistry/immunofluorescence on tumor 

sections. Moreover, besides providing data on expression, these techniques give additional 

important information such as the nature of complement producing cells as well as their 

spatial distribution within the tumor. Therefore, I have set up an immunohistochemistry 

staining algorithms, validating the specificity of the antibodies and optimizing the 

experimental conditions to allow reliable staining and data interpretation (Manuscript 2).  The 

choice of antibodies and staining conditions is critical, since poor sensitivity or sub-optimal 

antigen retrieval could give false negative (or false positive if background is present) results, 

hampering the conclusion about the contribution of complement activation in cancer 

progression. Thus, I was able to identify the cell types that participated in the local production 

of complement proteins such as tumor cells, fibroblasts, macrophages and endothelial cells. 

While tumor cells were the main producer of C3, C4 or C1s, C1q was exclusively produced 

by stromal cells and especially macrophages in ccRCC tumor sections (Manuscript 3). Even 

though, this synthesis was subject to important variations among patients, ranging from a 

complete absence to a very high expression of complement proteins. Furthermore, this 

heterogeneity was also found between the different cancer types. For example, I detected C1s 

staining of tumor cells in many renal and lung cancer tumors, whereas the production of C1s 

by the colorectal tumor cells was almost inexistent (Manuscript 5). Many intrinsic and 

environmental factors are involved in the regulation of complement expression. It is well 
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known that inflammation stimulates the production of complement proteins by hepatocytes. I 

showed that in vitro IFNγ is a key regulator of complement expression responsible for an 

increase production of CFH, C1s and C4 by ccRCC tumor cells. Intriguingly, I found that the 

plasmatic level of CRP in ccRCC patients, a protein that increase sensibly in inflammatory 

conditions such as cancer, did not correlate with intra-tumoral production of C4 (data not 

shown) suggesting that others parameters than inflammation are implicated in the regulation 

of complement protein synthesis.  

 

The complement system consists of a cascade of proteolytic cleavages steps. Such activation 

of the complement cascade can be evaluated only by the presence of particular split products 

in plasma or in tissues, which cannot be assessed at transcriptomic level.  In this context, a 

study at the protein level can be very helpful. In situ on ccRCC tumors, I detected 

complement deposits at tumor cells surface such as C4d or C3d that indicated a local 

activation (Manuscript 3). According to the data from the literature such complement deposits 

are also found in other cancer types such as lung
281

 and breast cancer
297

 or astrocytoma
280

. 

Interestingly, the early classical complement activation, detected by C4d deposits, was 

associated with a poor prognosis for the patients and could be used as a powerful prognosis 

biomarker in ccRCC (Manuscript 3). It is still unclear whether C4d is only a biomarker or a 

driver of tumor progression. One study showed that C4a binds protease-activated receptor 

(PAR)1 and PAR4, stimulating thus endothelial permeability
403

. Neuropilin-1 (NRP1) is now 

emerging as a novel receptor for C4d (and for C3d and iC3b)
404

. NRP1 is expressed by tumor 

cells, dendritic cells and Treg and is implicated in tumor vascularization, progression and 

metastases, including in lung and renal cancer
405

. Therefore, it is tempting to speculate that 

C4d could exert pro-tumoural effect via NRP1. This hypothesis needs experimental 

validation. However, regarding the remarkable pro-tumoral actions of C3a and C5a described 

in the literature, I can speculate that the poor prognosis of complement activation relies, at 

least in part, on the anaphylatoxins actions generated after complement activation. Indeed, 

C3a and especially C5a are now considered as major pro-tumoral effectors, which not only 

promote immunosuppressive microenvironment but also enhance tumor cell proliferation and 

survival, angiogenesis and metastasis
314,355

. It is important to note that complement activation 

in ccRCC tumors is not complete and does not reach MAC formation, since I was unable to 

detect any C5b9 at the surface of ccRCC tumors cells. Transcriptomic data support this 

hypothesis that tumor cells escape from complement cytolytic activity with a low expression 

of terminal pathway genes associated with a high expression of regulators in tumors. This 

escape process is well described in the literature, especially in the context of resistance to 

complement cytotoxicity after treatment with monoclonal antibodies
376

. Taken together, these 

data suggest that tumors could overcome the cytotoxic effects of complement system while 
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taking advantage of chronic inflammation mediated by C3a and C5a. Nonetheless, the effect 

of complement activation on tumor progression is highly dependent on the context: if it is 

uncoupled from the cytolytic terminal pathway, it can favor tumor progression. But if it is 

followed by MAC formation and cell killing, it may protect the host.  

 

The elevated complement production as well as the presence of complement activation 

markers within the tumor could have repercussions on the systemic compartment. Indeed, I 

found an elevated concentration of C4d in the plasma of ccRCC patients in comparison with 

healthy donors (Annex 2). Interestingly, the plasmatic C4d tended to correlate with the 

presence C4d deposition within the tumor. This suggests that the local activation in the tumor 

may have consequences concerning the level of C4d in the circulation. It is still unclear how 

this C4d is generated. No C4 hypocomplementemia is detected in the circulation, indicating 

that there is less likely systemic classical pathway activation. A potential explanation could be 

that C4d is released by the tumor cells, covalently bound to the membrane of microvesicles. 

Indeed, tumor cells generate a large amount of microvesicles, including to get rid of 

complement deposits. Another possibility is that the tumor extracellular vesicles activate 

complement on their surface. The tumor-derived extracellular vesicles can be found in the 

circulation and could serve as biomarkers
406

. Further studies are needed to determine whether 

C4d in the plasma of ccRCC patients is associated with tumor-derived extracellular vesicles.    

The method for evaluation of complement components and their split products in plasma has 

to be rigorously validated, similarly to the staining in tissue sections. The C4d ELISA kit 

evaluated here for the first time in ccRCC showed that this split product could be a useful 

non-invasive predictive biomarker for cancer progression. The multiplex analyses of 

complement components were more problematic and require further optimization. 

Nevertheless, at least for ccRCC, no detectable variation of the tested components was 

detected, except for C1q (which needs independent validation). Therefore, the evaluation of 

the early split products of complement are more promising biomarkers than the native 

proteins levels, since they give an accurate snapshot of status of the complement activation. 

Numerous other studies in the literature show an increase of complement components in the 

plasma of patients compared to their normal. 

 

The results presented until now have highlighted that tumors are complement rich 

environment, where the complement system can be locally activated to generate cancer-

promoting C5a. However, the question of how complement is locally initiated was unclear. 

The complement system can be activated by three pathways; lectin, classical and alternative 

pathways. Transcriptomic data indicated a high expression of classical and alternative 
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pathways genes together with a low expression of lectin pathways genes in most of tumor 

types. Moreover, in vivo and in situ evidences from the literature suggest of an activation of 

complement system mediated by the classical pathway
304,305

. In ccRCC patients, I provided 

evidences of classical pathway activation, since C1q as well as C4d deposits but no MBL 

were present inside the tumors (Manuscript 3). Among the large amount of C1q ligands, 

immunoglobulins represent a the most likely complement activator in ccRCC. Indeed, I 

demonstrated that classical pathway can be activated locally through dynamic interactions 

between macrophages that provided C1q and tumor cells that brought the remaining 

components necessary for complement activation in presence of immunoglobulins 

(Manuscript 3). Nonetheless, the source of immunoglobulins as well as their specificity are 

not elucidated yet. To assess this question, I have already isolated B-cells from ccRCC fresh 

tumors by FACS- sorting and cultured them in order to recover antibodies.  The yield of IgG 

was poor and the culture needs further optimization. The specificity as well as the capacity of 

these antibodies to fix and activate complement will be subject to further investigations. 

Moreover, immunoglobulins were not the only ligands of C1q in the tumors since I found 

some C1q deposits at the surface of tumor cells that did not colocalize with IgG. In addition, I 

detected a direct binding of C1q to tumor cell in vitro suggesting that classical complement 

activation could take place independently of immune complex. This result corroborate this 

different studies showing that C1q can interact with tumor cells through many ligands such as 

hyaluronic acid
342

, epithelial discoidin domain-containing receptor 1 (DDR1)
169

 or gC1qR
343

. 

This mechanism of classical pathway activation is a general phenomenon, exceeding the 

borders of ccRCC. We detected very similar pattern of production of C1q by tumor-associated 

macrophages and its hijacking by the tumor cells, via the production of the remaining 

components of the classical pathway, when testing the TC1 mouse tumor model (manuscript 

3) and the MCA205 mouse fibrosarcoma model (Annex 4) both as sub-cutaneous injection. 

The mouse models are excellent tool for mechanistic studies but frequently fail to recapitulate 

the context of the human tumors. In our case the mouse sarcoma model showed protection in 

the context of C1q, C4 and C3 deficiency (Annex 4), while the transcriptomic analyses 

suggested that overexpression of these complement genes confers favorable outcome in 

human patients (manuscript 1). Similarly, the mouse MC38 colorectal cancer model showed 

decreased tumor growth in C1q-/- mice, but in human staining for C1q of colorectal cancer 

patients as well as C1q genes expression did not correlate with survival (data not shown). 

Therefore, the mouse models should be used with caution when interpreting the contribution 

of complement for a particular type of cancer. Nevertheless, they remain a useful tool for in 

vivo exploration of given biological functions, such as the mechanism of complement 

activation described here.   
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Complement can also be activated independently from the three well establish conventional 

(intrinsic) pathways via the action of proteases. This process is called extrinsic activation. In 

the literature different proteases have been described to cleave C3 or C5 in the tumor outside 

the complement cascade
89,311,312

. Even if I have no direct evidences of a protease cleavage in 

ccRCC, this hypothesis cannot not be excluded. Interestingly, I detected an active form of C1s 

and complement cleavage fragments of C4 and C3 in the serum-free supernatant of ccRCC 

tumor cells. C1s could have been cleaved by auto-activated C1r.  The capacity of activated 

tumor cells-derived C1s to cleave C4 in absence of C1q has to be proven by further 

experiments. Indeed, I detected a concomitant production of C1r, C1s, C4 and C3 by the 

ccRCC cells. This complement-rich phenotype conferred particularly poor prognosis. Further 

analyses are necessary to find out the compartment, in which the activation of C3 and C4 

takes place.  

 

To make the situation even more complex, complement proteins could also exert an 

unconventional mode of action, independent from complement cascade. These last properties 

are called non-canonical functions and can explain the sporadic prognostic impact of 

complement protein observed with the transcriptomic data. Experiments performed in C1q-/- 

mice highlighted this duality of action. In this model I observed a retardation of tumor growth 

initiated by s.c. injection of different cell line (TC-1, MCA205 and MC38). It is in agreement 

with the data of Bulla et al for B16F10 melanoma
167

. This impact can be explained by both 

canonical function of C1q as complement initiator and non-canonical functions. Indeed, in 

these mice, there was a significant decrease of C4 deposits on tumor cell surface meaning that 

local complement activation was impaired. This impairment was accompanied by a 

modulation of the immune microenvironment with more dendritic cells and activated 

macrophages and less PMN-MDSC also found in C4 deficient mice (Annex 4). In parallel, on 

human ccRCC tumors, I found a correlation between macrophages infiltration and C1q level. 

Using macrophages sorted from ccRCC fresh tumors I showed that the macrophages that 

highly expressed C1q also expressed high level of PD-L2 and LAIR1. Such phenotype could 

correspond to the M5 subtypes of macrophages described by Chevrier et al. which is 

associated with T cell exhaustion. Interestingly, C1q levels correlated with PD-1 and LAG3 at 

both transcriptomic and proteomic level. Nevertheless, other modifications found in C1q -/- 

mice seem to rely on C1q functions outside the cascade. For example, I found that C1q could 

act on the tumor vasculature independently from complement cascade. Indeed, C1q deficient 

mice but not C4 deficient mice display an alteration of vascular architecture with shorter 

vessels presenting a disrupted organization in both TC1 and MCA205 models. The 

disorganization of the vascular network in the TC1 tumors of the C1q-/- mice was associated 

with a strong modification of angiogenic genes expressions such as VEGFR2 or VEGFC. 
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This C1q effect on angiogenesis has been also described in the literature in vitro with a 

promoting effect on permeability, proliferation and migration of endothelial cells
165

 and in 

vivo with a modulation of the vasculature in melanoma tumors. Nonetheless, this effect seems 

cancer dependent since an opposite effect is found in Her2/neu breast cancer model
337

. It has 

to be noted that the 3 tumor models for which impaired neoangiogenesis was detected in C1q-

/- mice are induced by subcutaneous injection of tumor cells, while the Her2/neu breast cancer 

model is a spontaneous one.  

The role of C1q for the neoangiogenesis was demonstrated in models of skin wound 

healing
165

 and in the mouse placenta
168

. Further studies are needed to evaluate whether the 

C1q affects angiogenesis only in the skin and selected organs, or this is a more general effect. 

Observations in C1q deficient patients will be of interest here, but no evidence from the 

literature suggest that these people have impaired wound healing. They are too few (about 80 

described worldwide)
407

 to conclude on their pre-disposition to cancer. According to the very 

high level of vascularization in ccRCC tumors, it is difficult to evaluate an impact of 

complement proteins in this specific tumor type. Moreover, no correlation between VHL 

mutation status and production of complement proteins (C1q, C4) was found (data not 

shown). In this context, less vascularized tumors like NSCLC tumors could be used to 

correlate C1q with the vascularization level in human.   

These non-canonical effects of C1q are also true for other complement proteins. I 

demonstrated that FH and C1s have a direct impact on lung and ccRCC tumor cells phenotype 

with a strong modulation of their proliferative and survival capacity (Manuscript 4 and 5). In 

the literature, this mitogenic effect is also described for FB
339

, FI
344

 and sublytic MAC
347

 

through activation of Erk1/2 pathway. On the other hand, properdin exerts anti-tumoral 

effects through upregulation of the pro-apoptotic factor DDIT3
354

.  

 

Taken together, our data suggest that complement proteins are multitasking effectors exerting 

their actions on different key parameters of the tumor such as angiogenesis, immune 

microenvironment or tumor cells themselves. These actions may result from both complement 

activation and cascade independent effects. Moreover, many factors can influence the effect 

of the complement system such as the local concentration of complement components or the 

nature of the molecular partner. For example, in a mouse model of lymphoma, C5a exert a 

dose-dependent effect. While a high level of C5a promotes tumor growth through an 

immunosuppressive action, a low dose of C5a is associated with anti-tumoral T cell 

response
328

.  Important modifications of complement protein level are also detected according 

to the sex. For example, female C57BL/6 mice have lower serum level of C6 and C9 as well 

as a decrease of C9 functional activity408. These sex- difference is also observed in human 
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with a lower alternative pathway activity and reduce level of terminal components in females 

compared to males409. Furthermore, depending on the binding partner/receptor of complement 

proteins, the resulting effect can be very different. In the case of C1q, it can promote the 

proliferation and migration of tumor cells when it binds to acid hyaluronic
342

 or gC1qR
343

 but 

it can also induce cell cycle arrest and apoptosis when it interacts with the tumor suppressor 

WWOX
353

. This complexity leads to some heterogeneity of complement effects depending on 

tumor types. 

 

At the cellular level, complement proteins were detected with two localizations; in the 

intracellular compartment (Int-C) and/or the extracellular space (Ext-C). The intracellular 

detection of complement proteins reflects their local production. The presence of complement 

components in the extracellular compartment can result from both systemic recruitment and 

secretion of locally produced proteins. Indeed, even if hepatocytes are the main source of 

complement in the circulation at the tissue level, many cells types synthesize and secrete 

complement proteins. Nevertheless, it is very difficult to discriminate the proportion of each 

source on the extracellular complement content. In the model of hepato-FH-/- mice, where the 

plasmatic concentration of FH was decrease by 80%
410

, the in situ presence of FH was also 

decrease suggesting that the systemic compartment played an important role to provide FH in 

the tumor (Manuscript 4). Intriguingly, depending on the origin of complement proteins, their 

effects can be different. A recent study has demonstrated that complement and especially C3a, 

coming from the circulation or produced by the tumor, does not display the same effect since 

the activation state is different
370

. Indeed, in the systemic compartment the activation of C3 is 

tightly regulated by soluble and membrane-bound complement regulators in order to avoid 

complement attack on the host cells, whereas such regulation did not interfere with 

intracellular production and activation of C3 by proteases on tumor cells. Moreover, 

intracellular cleavage of C3 by proteases only generated C3 fragments whereas systemic 

activation by the conventional pathway lead to the generation of multiple bioactive fragments 

such as C5 cleavage products that display various effects notably on the TME. Thus, the 

origin of complement products is an important feature to take into consideration when we 

look at its effect on tumor progression. 

To address the question of the implication the intracellular vs. the extracellular compartment 

on tumor progression, I have developed a semi-quantification method by 

immunohistochemistry able to discriminate the presence of complement protein within the 

cells from the presence of complement deposition in the extracellular space (Manuscript 2). 

This method is based on visual quantification by human eyes since we failed to educate the 

machine to discriminate extra vs. intracellular complement. Intriguingly, the localization of 
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complement proteins greatly affects their prognostic value. First, I was able to detect C1s 

within tumor cells on ccRCC tumor sections (Manuscript 5). This intracellular staining may 

reflect the local production by tumor cells. In order to exclude the hypothesis of an uptake 

from the extracellular space, an RNAscope technique to detect mRNA was performed 

(Manuscript 3). I confirmed the capacity of tumor cells to produce complement by the 

detection of mRNA of C1s (and C1r) inside them. Otherwise, only limited C1s staining was 

localized in the extracellular compartment. On contrary, C4 was present in both 

compartments. While intracellular staining with C4a-positivity was mainly detected whitin 

tumor cells and may reflect the synthesis of the native C4, extracellular C4d+ staining was 

found at the surface of tumor cells and indicated complement activation (Manuscript 3). 

Interestingly, the two types of staining were associated with poor prognostic meaning that 

both local production and complement activation had a negative role on patient survival 

which can be even worse in the case of both staining are present in the same time. The same 

method was set up for C3 but in this case, the presence of C3d+ deposits at tumor cells 

surface had no prognostic value contrary to the local production by tumor cells which 

correlated with poor prognosis. Multiple hypotheses could explain these contradictory effects 

between C4d and C3d depositions. First, the antibody that we used in this study detects all 

forms of C3 (except of C3a and the C3c cleavage fragment) and the extracellular staining of 

C3d may also reveal other C3 fragments (C3b, iC3b, C3dg) which have different functions. 

Moreover, a recent study have shown that C3d can exert anti-tumoral effect by increasing T 

cell infiltration and decreasing their exhausted phenotype
324

. These specific properties of C3d 

could hide the effect of complement activation. Finally, I have also correlated the presence of 

intracellular FH with a decrease survival in ccRCC and lung adenocarcinoma patients 

(Manuscript 4). FH was also detected at the surface of tumor cells and colocalized with C3b 

suggesting that extracellular FH played its role as complement regulator. Nonetheless, this 

last property was not associated with an effect on patient survival. Thus, the pro-tumoral 

effect of FH synthesis by tumor cells that I observed in ccRCC may not result from its ability 

to protect cells from complement cytolytic effect, as suggesting in a previous study in mouse 

model of lung cancer
363

.  

Even if this local production can be followed by a secretion, complement proteins can also 

remain within the cells. However, the effects of intracellular complement (Int-C) have been 

under-estimated and poorly studied and the majority of the studies mainly focused on its 

action as extracellular effectors. Emerging data aim to redefine this intracellular complement, 

named “complosome” since a seminal study have shown that intracellular C3a is a key 

effector of T cell survival and metabolism
72,112

. Few years later, novel evidences of Int-C role 

have emerged. For example, C3 in the cytosol of pancreatic beta cells is required for efficient 

autophagic turnover and may be considered as a protective factor during diabetes
156

. Int-C is 
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also involved in the resistance of cancer immunotherapy. Indeed, the deletion of intracellular 

C3 on tumor cells enhanced efficacy of anti-PD-L1 treatment
370

. In ccRCC, I found that the 

main source of complement protein (e.g C4, C3, C1s, FH) come from tumor cells but their 

intracellular role remains to be addressed.  

Having shown that the silencing of FH modulates ccRCC and lung tumor cell phenotype by 

acting on proliferation, migration, survival and morphology, I sought to decipher the role of 

intracellular FH (Int-FH) in this process (Manuscript 4). I found that FH was present 

intracellularly in a specific subtype of cancer cells that displayed mesenchymal marker. 

Furthermore, supplementation of the supernatant of tumor cells with FH did not reverse the 

effect of FH silencing and consolidate the hypothesis of an intracellular role.  

Similar effects were also observed with C1s on tumor cells with an alteration of proliferation 

and survival. Regarding the permanent expansion of C1s substrateome
181

, a possible 

mechanism to explain C1s pro-tumoral effect is the intracellular cleavage of an essential 

target implicated in tumor growth. Further studies are needed to re-define the C1s 

substratome. These non-canonical substrates are often described in a single study in the past 

and not necessarily reproduced later by an independent team. Recently cleavage of HMGB-1 

by C1s has been described
187

. HMGB1 participates in the chromatin organization. In the 

nucleus it interacts with nucleosomes, transcription factors, and histones and regulates 

transcription
411

. C1s silencing modified the transcriptional program of the renal cancer cells. 

Further studies are needed to find out whether it is related to its interaction with HMGB1.  

Contrary to C1s which display protease activity, FH had to bind to a partner to exert its pro-

tumoral effects. In the extracellular space, FH binds to C3b in order to regulate the alternative 

pathway of complement. Nevertheless, in the intracellular space, C3 and FH are not localized 

in the same compartment suggesting that the FH bind to another protein to exert its pro-

tumoral effects. In this context, further investigations to find FH intracellular partner need to 

be addressed. Optimizations of tumor cells lysate conditions are currently on going in order to 

identify FH binding partner by mass spectrometry experiments.  

 

To evaluate the specificity of these effects toward tumor cells, FH silencing was performed on 

renal proximal tubular epithelial cells (RPTEC), the cell type from which ccRCC is derived 

(Manuscript 4). Interestingly, I reported no effect of FH on these cells suggesting that FH 

exerted tumor specific action. Moreover, while FH exerted a pro-tumoral effect on ccRCC 

and lung adenocarcinoma tumor cells, it had no effect on squamous cell lung cancer cells. 

Thus, additional studies are required to understand the source of the heterogeneity of FH 

effect in order to clearly delimitate the tumor types where FH can represent a potential 

therapeutic targets. Two hypotheses may be relevant to explain this differential effect of FH 
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between tumor and normal cells. First, Int-FH can regulate key pathway essential for tumor 

progression that are less active and relevant for normal cells. For example, the uncontrolled 

proliferation and resistance to apoptosis constitute two major hallmarks of cancer that can be 

made possible through an inhibition of tumor suppressor genes like p53. Interestingly, I found 

that the silencing of FH resulted in an increase expression of activated p53 that can explain its 

effects on tumor cells proliferation and survival without affecting normal cells that are not 

dependant towards p53 signaling pathway. The second hypothesis is based on a difference of 

FH functions between tumor and normal tissue. Unexpectedly, two studies on lung cancer 

have reported some specificity of FH in a tumoral context. First, people with FH H402 

polymorphism have more risk to developed cancer lung cancer
293

. Second, in lung tumor, a 

specific reduced form with free thiols is detected
412,413

. Intriguingly, this reduced form present 

alternative functions and has been described to lose its regulatory activity through a reduction 

of FI-cofactor activity
414

. This last finding could explain the specific role of FH on tumor cells 

phenotype that is absent in normal cells. This reduced FH migrates are higher apparent 

molecular weight
273,412

. We have not detected such band in our tumor cell lines. This protein 

was detected in the plasma of early stage lung cancer patients and was a target for anti-FH 

autoantibodies, which interacted with the reduced but not the native FH
412

. It was suggested 

that these auto-antibodies may exert protective effect, deregulating complement on the surface 

of the tumor cells and promoting their killing. In my experiments blocking of FH (by a 

blocking antibody and by silencing) indeed increased C3 activation fragments deposits, but 

this was not associated with a massive complement overactivation on the surface of renal and 

lung cancer cell lines when exposed to serum. This could be explained by the redundant 

action of the membrane regulators CD46, CD55 and CD59, which are expressed at high level 

on these cells. To gain further insight on the presence and potential function of reduced FH in 

ccRCC, I will perform a western blot on patients’ plasma to search for it and to evaluate its 

correlation with clinical data and complement activation in situ and in the circulation.  

 

During my thesis I focused mostly on ccRCC. Nevertheless, the tumor-promoting impact of 

the classical pathway activation and the non-canonical and intracellular functions of the 

complement proteins that I have described are not limited to this type of cancer. I have shown 

experimentally that lung ADK shares similar features in terms of negative impact of 

complement. These results, together with the data from the literature, suggest that in a fraction 

of ccRCC and lung ADK patients, complement inhibition may have a therapeutic effect.  

Interestingly, at least for the impact of FH, lung SCC showed no impact, contrary to lung 

ADK and ccRCC, suggesting a context-dependent action of the complement proteins. The 

fact that the overexpression of a given gene or a combination of genes, confers favorable or 

pejorative prognosis or has no impact depending on the cancer type, suggests that it is not the 
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complement protein(s) per se that drive pro-or anti-tumoral effect, but their complex 

interaction with the TME as well as the other proteins, produced by the tumor cell itself. The 

presence of the complement cascade activators within the tumor, the level of expression of the 

complement factors and regulators or the concomitant presence of the complement proteins 

and their intracellular partners in the same time in the same compartment will all affect the 

action of complement in cancer.  

To grasp the overall picture of the impact that complement may have in tumor progression, I 

have performed a bioinformatics analyses of the prognostic impact of each of the complement 

genes among 30 cancer types, for which the transcriptomic data was available in the TCGA 

database. The analyses of the prognostic impact revealed a highly context-dependent impact 

of the expression of different complement genes. Based on the prognostic impact of the 

ensemble of the genes of the classical and alternative pathway we proposed a novel 

classification of the cancer types, where complement could be either aggressive, or protective 

or of uncertain significance (manuscript 1). ccRCC classified as a “complement aggressive” 

tumor and my experimental findings fully support this classification. This classification, upon 

extensive validation by staining at protein level, may help the selection of patients for 

precision medicine targeting with anti-complement drugs.  

 

In conclusion, the work during my thesis revealed that ccRCC is a tumor type, in which the 

canonical complement activation and the non-canonical action of the complement proteins 

outside of the cascade promote tumor growth. In a fraction of patients, the ccRCC tumor-

infiltrating macrophages of a particular phenotype, associated with T cells exhaustion, 

produce C1q. The tumor cells hijack this C1q and activate complement thanks to the local 

production of C1r, C1s, C4, C3 and C5 by the tumor cells. I defined this concomitant 

expression of multiple complement proteins by the same tumor cells as a “complement-rich” 

phenotype.  Intratumoral immune complexes serve as an initiator of the classical pathway, 

thanks to the binding of in situ formed C1 complex and subsequent cleavage and deposits of 

C4 and C3 activation fragments on the surface of the tumor cells. This promotes chronic 

inflammation, driving tumor progression. Intratumoral staining for C1q, C4 production and 

deposits, C1s and FH are strong candidates for prognostic biomarkers. My data show that 

plasmatic C4d at the time of surgery could serve as a non-invasive prognostic biomarker. 

I have discovered that this complement activation in ccRCC is paralleled by novel 

“moonlighting” functions of the complement proteins within the tumor cells. FH and C1s 

control the transcriptomic program of the cell, modifying its proliferation and survival. These 

functions of FH are context-dependent, unique for a subset of cancers and not shared by the 

tested normal human cells. These findings broaden the scope of the impact of complement 
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proteins and cancer. It is not limited to the generation of the anaphylatoxins, the opsonization 

and the MAC formation. These novel functions have to be further explored and taken into 

account in the mechanistic studies and in the search of novel therapeutic agents. Our novel 

classification of the tumor types depending on the co-expression of complement genes, upon 

validation at protein level, could serve as a guide for precision medicine for targeting the right 

complement protein in the right type of cancer.  

  



 

300 

 

 

 

 

 

 

 

 

 

 

 

 

PERSPECTIVES 

  



 

301 

 

The results obtained during these three years highlighted the complexity of the complement 

system that act through a context-dependent manner. Each of the 50 components that 

compose it, displays either a protective, an aggressive or no effects depending on tumor types. 

Mechanistically, these proteins exert multifaceted actions through modulation of different 

cells in the TME ranging from tumor cells to immune or endothelial cells in an extracellular 

or an intracellular dependant manner. Moreover, these effects may result from a local 

activation of the complement or an unconventional non-canonical role, independent from 

complement cascade. This complexity raises many questions about the mechanisms by which 

the complement effectors and each protein independently of the cascade, modulate the TME. 

Tumor cells are the main local producer of many complement proteins in ccRCC and lung 

tumors. Interestingly, tumor-derived complement proteins can remain within the cells or can 

be secreted in the extracellular space. In the case of FH, I demonstrated that the Ext-FH had 

no effect on ccRCC tumor cells phenotype whereas the intracellular counterpart exerted an 

unexpected pro-tumoral effect by enhancing survival, proliferation and migration capacity 

(Manuscript 4). However, further studies are required to understand the mechanism besides 

the intracellular action of FH. Which are the molecular partners of FH within the tumor cells, 

what are the biochemical reactions, resulting in alteration of the transcriptional program, the 

cell morphology, proliferation, migration and survival? Why FH silencing has no impact on 

non-malignant in the normal cells? These questions could be answered in part by co-immuno-

precipitation of FH from cell lysates, followed by mass spectrometry. This type of analysis 

will reveal not only the state of the thiol groups and the glycosylation of the Int-FH but also 

its molecular partners. Hopefully these experiments will help me to reveal the FH interactome 

within the ccRCC cell lines and to oppose it to the RPTEC or within lung ADK cell lines and 

to oppose it to the lung SCC cells. This comparison of the affected vs non-affected cells upon 

FH silencing will potentially reveal hints to understand what is the molecular mechanism 

besides the action of FH and why it is operational only in a fraction of malignant cells.  

Similar approach will be applied to C1s. The difficulty for C1s is that it is an enzyme and at 

least part of its action may pass via its enzymatic activity. The enzymatic act is usually very 

rapid and the intermediate complex between C1s and its substrate may not be detected by co-

immunoprecipitation and mass spectrometry. To get further insignt to what extend the 

enzymatic activity is important, I am now testing the C1s knock in model, where C1s 

producing plasmid is introduced into C1s negative HCT116 colorectal cancer cell line. If a 

gain of phenotype is observed (i.e. enhanced proliferation), similar transfection will be 

performed with mutant C1s, without enzymatic activity. The tumor growth of these stably 

transfected cell lines will be tested in vivo, in immunodeficient mice. Similar knock in model 

is under optimization for FH as well.  
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Even if the ext-FH coming from the systemic compartment seems to have no effect on tumor 

growth as revealed with the FH hepato deficient mice, it is not excluded that the ext-FH 

coming from tumor cells exert a different effect. Indeed, it has been reported that depending 

on the origin of the complement proteins (systemic vs. tumor), their structure and functions 

can be modified. For instance, secreted C3a generated intracellularly inside tumor cells exert a 

different effect on immune microenvironment than C3a coming from the circulation
370

. 

Intriguingly, a distinct conformational form of FH with free thiols has been described in the 

tumor microenvironment of lung cancer patients but not in normal tissues
412

. The specific 

presence of this reduced form can be due to a more reducing environment in tumor with the 

presence of thioredoxin than in normal tissues. To this end, I will test the presence of such 

reduced FH in the plasma of ccRCC patients by western blot, as already published for lung 

cancer
412

. Moreover, the effects of tumor-derived FH on stromal cells need to be evaluated. 

To address this question, I will compare the in vivo tumor growth after subcutaneous injection 

of FH deficient or sufficient tumor cells into WT mice. To this end, I have already set up a 

lentiviral technology in order to stably silenced FH on tumor cells. The staining of Ki67 on 

tumor frozen sections, a proliferation marker, will indicate the direct intracellular effect of FH 

on tumor cells as it occurs in vitro. On the other hand, the potential modulation of immune 

infiltrate will be investigate using multicolor flow cytometry and the impact of angiogenesis 

will be study through endothelial cell staining on tumor sections. If I detect an effect of tumor 

derived FH on immune microenvironment, the same cell lines will be injected in 

immunodeficient mice in order to discriminate the contribution of each effects on tumor 

growth. Besides FH, I also demonstrated that C1s could modulate the proliferation and 

survival capacity of tumor cells. Thus, the same experiments will be made with C1s sufficient 

or deficient cells lines that I have already created with the Crispr-Cas9 technology as well as 

for the knock in cell lines described above.  

 

Moreover, the differential effect of ext-FH vs. int-FH on ccRCC tumor cells raised novel 

question about the specific intracellular action of complement proteins and to what extend this 

effect can be relevant in other cell types in the TME. Concerning C3, I found that 

independently from its production level by tumor cells, C3 deficient mice displayed a 

complete inhibition of tumor growth (Manuscript 3). Cumulating with the recent discoveries 

about intracellular C3 action on T cells
112

, this remarkable effect of C3 deficiency, much 

stronger than C4 deficiency, could be explain by an impact of C3 production in stromal cells. 

Nevertheless, further studies are needed to evaluate the impact of Int-C on these cells. In 

addition to immune environment, a modulation of angiogenesis is a common effect of 

complement proteins. However, our preliminary data tended to demonstrate that the silencing 

of FH or C1s did not modify the phenotype of endothelial cells (HUVEC). In the TME, 
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fibroblasts are another important source of complement. A recent study show that specific a 

subtype of fibroblast, associated with T cell infiltration and exhaustion, produce C1s
327,326

. 

Thus, the particular intracellular impact of C1s on fibroblasts phenotype remains to be 

addressed.  

 

The increasing number of studies regarding the role of complement in physiopathology 

together with the arrival of eculizumab on the market, the first drug that specifically target 

complement, are responsible for a major gain of notoriety of the frequently forgotten 

complement system. This expansion is associated with an increase number of clinical 

development related to complement drugs.  

The complexity of complement impact in cancer, ranging from pro- to anti-tumoral, raises 

many questions about its potential use as a therapeutic target in cancer. How the monoclonal 

antibodies that activate complement should be designed to efficiently kill the target tumor 

cells? Shall the complement be activated or inhibited? What pathway/protein must be 

targeted? Is it better to target the plasmatic components or to design agents that penetrate the 

cell and inhibit the intracellular functions of the complement components? 

In the last decades, the complement system has been used for this lysis property as an 

adjunctive component that promotes the effects of anti-cancer monoclonal antibodies. In this 

context, many improvements have been made to increase complement cytotoxic effects. 

However, the emergence of pro-tumoral effects of complement changes the game. Even if it 

remains a good therapeutic option, the use of monoclonal antibodies in cancer treatment must 

be done with more cautions. Indeed, tumor cells have a phenomenal capacity to adapt and 

develop resistance mechanism to the cytolytic effect of complement system through 

overexpression of regulators while benefiting from the inflammation generated by early 

complement activation. In this context, the activation of the complement system induced by 

monoclonal antibodies must be strong enough to overcome the effects of regulators and 

induce an efficient cell death otherwise complement activation can fuel tumor growth.  

The rationale underlying the choice of the target among protein of the complement system is 

very challenging. Both efficiency and potential adverse effect as to be take into account in 

order to have the better risk/benefit balance. Indeed, every modulation of complement system 

toward either a deficient or an overactivation can caused undesirable actions. For instance, the 

major side effect of eculizumab, an anti C5 antibody is the development of severe infections 

such as meningococcal meningitis. In the other hand, an inhibition of a complement regulator 

such as FH can induce renal toxicity.  

In the case of ccRCC, I have demonstrated that classical complement activation that occurred 

in a fraction of patients was associated with poor prognosis. In this case, the use of an 
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inhibitor can represent a promising therapeutic strategy. Nonetheless, many options exist to 

block complement activation like inhibition of complement cascade at different level or 

prevention of regulation. In one hand, considering that the major effectors are the 

anaphylatoxins C3a and C5a, an inhibition of these proteins seems to be a logical approach. 

To comfort this choice, the use of C5a or C5aR inhibitors give good results in different mouse 

models of cancer. Moreover, an anti-C5aR monoclonal antibody is currently under clinical 

development in human for the treatment of advanced solid tumors
371

.  On the other hand, 

targeting classical pathway proteins earlier in the cascade can also be a good alternative. In 

this context, the blockade of C1q could result in decrease complement activation by the 

classical pathway while leaving intact the other two pathways and thereby limit adverse 

effects like severe infections. Moreover, I found that in addition to its activity as complement 

initiator, C1q had independent pro-tumoral functions in ccRCC and thereby amplify its 

therapeutic potential (Annex 4). To investigate this strategy, we collaborate with an industrial 

partner to develop anti-C1q antibodies (Laboratoire Pierre Fabre). The evaluation of their 

ability to inhibit tumor growth is currently on going in mouse models and further studies are 

needed to investigate which parameters of the TME are modulated.  

Furthermore, I found that FH exerted a strong pro-tumoral effect in ccRCC and lung ADK, 

which questions the hypothesis that FH will block complement cascade and will hence down-

regulate the tumor-promoting anaphylatoxins generation. Considering that the impact of FH is 

due to modulation the phenotype of tumor cells in ccRCC through an intracellular mechanism 

of action, Int-FH represents a promising target. In this context the development of inhibitors, 

able to penetrate into the cell and to modulate the function of proteins that are inaccessible to 

conventional antibodies, is required. This can be achieved by the use of small molecules or 

recombinant antigen-binding proteins antibody fragments. To this end, we built collaboration 

with Pr. Andersen and Dr. Larsen in Denmark who have a strong expertise in the development 

of nanobodies and could give us access to already available library of anti-FH nanobodies. 

The advantages of these nanobodies remain on their reduced size and stability allowing 

intracellular delivery while keeping their specificity
416,417

. Nevertheless, targeting 

complement proteins can be very challenging. First, all complement proteins are present in 

high amount in the circulation. Thus, the administration of a complement inhibitor can result 

in an early neutralization in the systemic compartment even before reaching the tumor. To 

limit this process, a modulation of the pharmacokinetic parameters to redirect the 

biodistribution toward the tissular compartment can be considered as well as an intratumoral 

mode of administration. Second, complement proteins are not specific for the tumor and also 

exist in normal tissue. Thereby, off-targets effects can be a major problem. For instance, 

inhibition FH may cause renal toxicity since the presence of auto-antibodies against FH has 

been associated with renal thrombotic microangiopathy (aHUS)
418

. To overcome this adverse 
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effect, a targeted delivery to the tumors is required. To this end, the use of bispecific 

antibodies against both tumor cell and complement protein represents a pro6mising 

strategy
419

. Moreover, an antibody directed against the tumor antigen Epcam and complement 

regulator CD55 are currently under preclinical development
387,388

. In the same logic, the use 

of tumor cell penetrating peptides like CREKA can offer a promising strategy for specific 

intratumoral drug delivery
420

. Moreover, besides inhibiting the protein, the use of tumor cell–

targeted gene-editing techniques can be a powerful approach to specifically affect tumor 

intracellular FH as I have shown in vitro with siRNA or shRNA experiments. In all case, the 

potential complement overactivation that can result from FH inhibition must be evaluated 

carefully in order to avoid unwanted pro-tumoral effects linked to the anaphylatoxins actions.  

Regarding the complexity of the tumor, combination strategies between complement inhibitor 

and others anti-cancer drugs may offer synergic actions to effectively and durably affect 

tumor progression. Indeed, different mice studies have reported an enhancement of PD-L1 

efficacy when combined to anti C3aR and C5aR blockade
117,362,398

. Moreover, a phase I 

clinical trial is currently on going to evaluate the potential of anti-C5aR in combination with 

anti PD-L1 treatment. This synergistic effect is not limited to immunotherapy since C5aR 

blocking also improves the efficacy of paclitaxel chemotherapy
96

. However, the rational of 

drug combination with complement inhibitors must be clearly evaluated because it can also 

bring some detrimental effects as for instance with radiotherapy
369

. Having in mind these 

findings, I hypothesized that C1q inhibition could synergize with anti PD-1 treatment. To 

address this hypothesis, C1q deficient or WT mice were randomized and treated with an anti 

PD-1 antibody when the tumor volume reached 100mm
3
. Intriguingly, anti PD-1 treatment 

did not improve the protective effect of C1q deficiency (Annex 5). Thus, additional studies 

are necessary to understand this effect.  

In conclusion, this work opens short term and long term perspectives. The short term ones are 

related to the future experiments in which we will aim to uncover the mechanisms of action of 

intracellular complement proteins and to design nanobodies with therapeutic potential to 

target FH within the cell. Moreover, we aim to validate plasmatic C4d as a non-invasive 

prognostic biomarker. The global perspectives are related to the therapeutic targeting of 

complement cascade and its individual proteins in the clinical practice. My results may 

provide a rational for personalized medicine and stratification of the patients, who may 

benefit the most from such approach.  

 

  



 

306 

 

Bibliography 

1. Wild, C. P. The global cancer burden: necessity is the mother of prevention. Nat. Rev. 

Cancer 19, 123 (2019). 

2. Cancer today. at <http://gco.iarc.fr/today/home> 

3. Vogelstein, B. & Kinzler, K. W. The multistep nature of cancer. Trends Genet. 9, 138–

141 (1993). 

4. Wu, S., Zhu, W., Thompson, P. & Hannun, Y. A. Evaluating intrinsic and non-

intrinsic cancer risk factors. Nat. Commun. 9, 3490 (2018). 

5. Greaves, M. & Maley, C. C. Clonal evolution in cancer. Nature 481, 306–313 (2012). 

6. Maman, S. & Witz, I. P. A history of exploring cancer in context. Nat. Rev. Cancer 

18, 359 (2018). 

7. Hanahan, D. & Coussens, L. M. Accessories to the Crime: Functions of Cells 

Recruited to the Tumor Microenvironment. Cancer Cell 21, 309–322 (2012). 

8. Balkwill, F. R., Capasso, M. & Hagemann, T. The tumor microenvironment at a 

glance. J. Cell Sci. 125, 5591–5596 (2012). 

9. Fridman, W. H., Pagès, F., Sautès-Fridman, C. & Galon, J. The immune contexture in 

human tumours: impact on clinical outcome. Nat. Rev. Cancer 12, 298–306 (2012). 

10. Clevers, H. The cancer stem cell: premises, promises and challenges. Nat. Med. 17, 

313–319 (2011). 

11. Hanahan, D. & Weinberg, R. A. Hallmarks of Cancer: The Next Generation. Cell 144, 

646–674 (2011). 

12. Chouaib, S., Kieda, C., Benlalam, H., Noman, M. Z., Mami-Chouaib, F. & Rüegg, C. 

Endothelial cells as key determinants of the tumor microenvironment: interaction with tumor 

cells, extracellular matrix and immune killer cells. Crit. Rev. Immunol. 30, 529–545 (2010). 

13. Ribeiro, A. L. & Okamoto, O. K. Combined effects of pericytes in the tumor 

microenvironment. Stem Cells Int. 2015, 868475 (2015). 

14. Augsten, M. Cancer-associated fibroblasts as another polarized cell type of the tumor 

microenvironment. Front. Oncol. 4, 62 (2014). 

15. Nieman, K. M., Kenny, H. A., Penicka, C. V., Ladanyi, A., Buell-Gutbrod, R., 

Zillhardt, M. R., Romero, I. L., Carey, M. S., Mills, G. B., Hotamisligil, G. S., Yamada, S. D., 



 

307 

 

Peter, M. E., Gwin, K. & Lengyel, E. Adipocytes promote ovarian cancer metastasis and 

provide energy for rapid tumor growth. Nat. Med. 17, 1498–1503 (2011). 

16. Beyer, M. C. & Schultze, J. L. Regulatory T cells in cancer. Blood 108, 804–811 

(2006). 

17. Wouters, M. C. A. & Nelson, B. H. Prognostic Significance of Tumor-Infiltrating B 

Cells and Plasma Cells in Human Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 

24, 6125–6135 (2018). 

18. Fridman, W. H., Zitvogel, L., Sautès-Fridman, C. & Kroemer, G. The immune 

contexture in cancer prognosis and treatment. Nat. Rev. Clin. Oncol. 14, 717–734 (2017). 

19. Bronte, V. & Murray, P. J. Understanding local macrophage phenotypes in disease: 

modulating macrophage function to treat cancer. Nat. Med. 21, 117–119 (2015). 

20. Chanmee, T., Ontong, P., Konno, K. & Itano, N. Tumor-associated macrophages as 

major players in the tumor microenvironment. Cancers 6, 1670–1690 (2014). 

21. Gabrilovich, D. I. Myeloid-derived suppressor cells. Cancer Immunol. Res. 5, 3–8 

(2017). 

22. Dilek, N., Vuillefroy de Silly, R., Blancho, G. & Vanhove, B. Myeloid-derived 

suppressor cells: mechanisms of action and recent advances in their role in transplant 

tolerance. Front. Immunol. 3, 208 (2012). 

23. Condamine, T., Ramachandran, I., Youn, J.-I. & Gabrilovich, D. I. Regulation of 

tumor metastasis by myeloid-derived suppressor cells. Annu. Rev. Med. 66, 97–110 (2015). 

24. Han, S. & Yang, Y. Phenotypic and functional dissection of myeloid-derived 

suppressor cells. Appl. Biol. Chem. 59, 367–371 (2016). 

25. Hanahan, D. & Weinberg, R. A. The Hallmarks of Cancer. Cell 100, 57–70 (2000). 

26. Kastenhuber, E. R. & Lowe, S. W. Putting p53 in Context. Cell 170, 1062–1078 

(2017). 

27. cBioPortal for Cancer Genomics: TP53 in ACC (TCGA PanCan 2018) and 31 other 

studies. at <https://www.cbioportal.org/> 

28. Lambert, A. W., Pattabiraman, D. R. & Weinberg, R. A. Emerging Biological 

Principles of Metastasis. Cell 168, 670–691 (2017). 

29. Vander Heiden, M. G. & DeBerardinis, R. J. Understanding the Intersections between 

Metabolism and Cancer Biology. Cell 168, 657–669 (2017). 

30. Dunn, G. P., Old, L. J. & Schreiber, R. D. The three Es of cancer immunoediting. 

Annu. Rev. Immunol. 22, 329–360 (2004). 



 

308 

 

31. Kim, R., Emi, M. & Tanabe, K. Cancer immunoediting from immune surveillance to 

immune escape. Immunology 121, 1–14 (2007). 

32. Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer immunoediting: integrating 

immunity’s roles in cancer suppression and promotion. Science 331, 1565–1570 (2011). 

33. Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nat. 

Rev. Cancer 12, 252–264 (2012). 

34. Darvin, P., Toor, S. M., Nair, V. S. & Elkord, E. Immune checkpoint inhibitors: recent 

progress and potential biomarkers. Exp. Mol. Med. 50, 1–11 (2018). 

35. Risk Factors for Cancer. Natl. Cancer Inst. (2015). at <https://www.cancer.gov/about-

cancer/causes-prevention/risk> 

36. Szakács, G., Paterson, J. K., Ludwig, J. A., Booth-Genthe, C. & Gottesman, M. M. 

Targeting multidrug resistance in cancer. Nat. Rev. Drug Discov. 5, 219–234 (2006). 

37. Holohan, C., Van Schaeybroeck, S., Longley, D. B. & Johnston, P. G. Cancer drug 

resistance: an evolving paradigm. Nat. Rev. Cancer 13, 714–726 (2013). 

38. Galluzzi, L., Senovilla, L., Zitvogel, L. & Kroemer, G. The secret ally: 

immunostimulation by anticancer drugs. Nat. Rev. Drug Discov. 11, 215–233 (2012). 

39. Baskar, R., Lee, K. A., Yeo, R. & Yeoh, K.-W. Cancer and Radiation Therapy: 

Current Advances and Future Directions. Int. J. Med. Sci. 9, 193–199 (2012). 

40. Pronzato, P. & Rondini, M. Hormonotherapy of advanced prostate cancer. Ann. 

Oncol. Off. J. Eur. Soc. Med. Oncol. 16 Suppl 4, iv80-84 (2005). 

41. Sawyers, C. Targeted cancer therapy. Nature 432, 294–297 (2004). 

42. Schilsky, R. L. Personalized medicine in oncology: the future is now. Nat. Rev. Drug 

Discov. 9, 363–366 (2010). 

43. Fisher, R., Pusztai, L. & Swanton, C. Cancer heterogeneity: implications for targeted 

therapeutics. Br. J. Cancer 108, 479–485 (2013). 

44. Binnewies, M., Roberts, E. W., Kersten, K., Chan, V., Fearon, D. F., Merad, M., 

Coussens, L. M., Gabrilovich, D. I., Ostrand-Rosenberg, S., Hedrick, C. C., Vonderheide, R. 

H., Pittet, M. J., Jain, R. K., Zou, W., Howcroft, T. K., Woodhouse, E. C., Weinberg, R. A. & 

Krummel, M. F. Understanding the tumor immune microenvironment (TIME) for effective 

therapy. Nat. Med. 24, 541–550 (2018). 

45. Chen, D. S. & Mellman, I. Elements of cancer immunity and the cancer-immune set 

point. Nature 541, 321–330 (2017). 



 

309 

 

46. Hegde, P. S., Karanikas, V. & Evers, S. The Where, the When, and the How of 

Immune Monitoring for Cancer Immunotherapies in the Era of Checkpoint Inhibition. Clin. 

Cancer Res. Off. J. Am. Assoc. Cancer Res. 22, 1865–1874 (2016). 

47. Gajewski, T. F. The Next Hurdle in Cancer Immunotherapy: Overcoming the Non-T-

Cell-Inflamed Tumor Microenvironment. Semin. Oncol. 42, 663–671 (2015). 

48. Hargadon, K. M., Johnson, C. E. & Williams, C. J. Immune checkpoint blockade 

therapy for cancer: An overview of FDA-approved immune checkpoint inhibitors. Int. 

Immunopharmacol. 62, 29–39 (2018). 

49. Chow, W.-H., Dong, L. M. & Devesa, S. S. Epidemiology and risk factors for kidney 

cancer. Nat. Rev. Urol. 7, 245–257 (2010). 

50. Muglia, V. F. & Prando, A. Renal cell carcinoma: histological classification and 

correlation with imaging findings. Radiol. Bras. 48, 166–174 (2015). 

51. Young, M. D., Mitchell, T. J., Braga, F. A. V., Tran, M. G. B., Stewart, B. J., 

Ferdinand, J. R., Collord, G., Botting, R. A., Popescu, D.-M., Loudon, K. W., Vento-Tormo, 

R., Stephenson, E., Cagan, A., Farndon, S. J., Velasco-Herrera, M. D. C., Guzzo, C., Richoz, 

N., Mamanova, L., Aho, T., Armitage, J. N., Riddick, A. C. P., Mushtaq, I., Farrell, S., 

Rampling, D., Nicholson, J., Filby, A., Burge, J., Lisgo, S., Maxwell, P. H., Lindsay, S., 

Warren, A. Y., Stewart, G. D., Sebire, N., Coleman, N., Haniffa, M., Teichmann, S. A., 

Clatworthy, M. & Behjati, S. Single-cell transcriptomes from human kidneys reveal the 

cellular identity of renal tumors. Science 361, 594–599 (2018). 

52. Kaelin, W. G. The von Hippel-Lindau Tumor Suppressor Protein and Clear Cell Renal 

Carcinoma. Clin. Cancer Res. 13, 680s–684s (2007). 

53. Haas, N. B. & Nathanson, K. L. Hereditary Renal Cancer Syndromes. Adv. Chronic 

Kidney Dis. 21, (2014). 

54. Kim, E. & Zschiedrich, S. Renal Cell Carcinoma in von Hippel–Lindau Disease—

From Tumor Genetics to Novel Therapeutic Strategies. Front. Pediatr. 6, (2018). 

55. Patard, J.-J., Leray, E., Rioux-Leclercq, N., Cindolo, L., Ficarra, V., Zisman, A., De 

La Taille, A., Tostain, J., Artibani, W., Abbou, C. C., Lobel, B., Guillé, F., Chopin, D. K., 

Mulders, P. F. A., Wood, C. G., Swanson, D. A., Figlin, R. A., Belldegrun, A. S. & Pantuck, 

A. J. Prognostic Value of Histologic Subtypes in Renal Cell Carcinoma: A Multicenter 

Experience. J. Clin. Oncol. 23, 2763–2771 (2005). 

56. Wettersten, H. I., Aboud, O. A., Lara Jr, P. N. & Weiss, R. H. Metabolic 

reprogramming in clear cell renal cell carcinoma. Nat. Rev. Nephrol. 13, 410–419 (2017). 



 

310 

 

57. Cancer Genome Atlas Research Network. Comprehensive molecular characterization 

of clear cell renal cell carcinoma. Nature 499, 43–49 (2013). 

58. Giraldo, N. A., Becht, E., Pagès, F., Skliris, G., Verkarre, V., Vano, Y., Mejean, A., 

Saint-Aubert, N., Lacroix, L., Natario, I., Lupo, A., Alifano, M., Damotte, D., Cazes, A., 

Triebel, F., Freeman, G. J., Dieu-Nosjean, M.-C., Oudard, S., Fridman, W. H. & Sautès-

Fridman, C. Orchestration and Prognostic Significance of Immune Checkpoints in the 

Microenvironment of Primary and Metastatic Renal Cell Cancer. Clin. Cancer Res. Off. J. 

Am. Assoc. Cancer Res. 21, 3031–3040 (2015). 

59. Giraldo, N. A., Becht, E., Vano, Y., Petitprez, F., Lacroix, L., Validire, P., Sanchez-

Salas, R., Ingels, A., Oudard, S., Moatti, A., Buttard, B., Bourass, S., Germain, C., 

Cathelineau, X., Fridman, W. H. & Sautès-Fridman, C. Tumor-Infiltrating and Peripheral 

Blood T-cell Immunophenotypes Predict Early Relapse in Localized Clear Cell Renal Cell 

Carcinoma. Clin. Cancer Res. 23, 4416–4428 (2017). 

60. Atkins, M. B. & Tannir, N. M. Current and emerging therapies for first-line treatment 

of metastatic clear cell renal cell carcinoma. Cancer Treat. Rev. 70, 127–137 (2018). 

61. Escudier, B., Porta, C., Schmidinger, M., Rioux-Leclercq, N., Bex, A., Khoo, V., 

Grünwald, V., Gillessen, S. & Horwich, A. Renal cell carcinoma: ESMO Clinical Practice 

Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 30, 706–720 (2019). 

62. Nonaka, M. Evolution of the complement system. Subcell. Biochem. 80, 31–43 

(2014). 

63. Nesargikar, P. N., Spiller, B. & Chavez, R. The complement system: history, 

pathways, cascade and inhibitors. Eur. J. Microbiol. Immunol. 2, 103–111 (2012). 

64. Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V. & Roumenina, 

L. T. Complement System Part II: Role in Immunity. Front. Immunol. 6, (2015). 

65. Kolev, M. & Kemper, C. Keeping It All Going—Complement Meets Metabolism. 

Front. Immunol. 8, (2017). 

66. Merle, N. S., Church, S. E., Fremeaux-Bacchi, V. & Roumenina, L. T. Complement 

System Part I - Molecular Mechanisms of Activation and Regulation. Front. Immunol. 6, 262 

(2015). 

67. Ricklin, D., Mastellos, D. C., Reis, E. S. & Lambris, J. D. The renaissance of 

complement therapeutics. Nat. Rev. Nephrol. 14, 26–47 (2018). 

68. Lubbers, R., van Essen, M. F., van Kooten, C. & Trouw, L. A. Production of 

complement components by cells of the immune system. Clin. Exp. Immunol. 188, 183–194 

(2017). 



 

311 

 

69. Zhou, Z., Xu, M.-J. & Gao, B. Hepatocytes: a key cell type for innate immunity. Cell. 

Mol. Immunol. 13, 301–315 (2016). 

70. Volanakis, J. E. Transcriptional Regulation of Complement Genes. Annu. Rev. 

Immunol. 13, 277–305 (1995). 

71. Hasty, L. A., Lambris, J. D., Lessey, B. A., Pruksananonda, K. & Lyttle, C. R. 

Hormonal regulation of complement components and receptors throughout the menstrual 

cycle. Am. J. Obstet. Gynecol. 170, 168–175 (1994). 

72. Arbore, G., Kemper, C. & Kolev, M. Intracellular complement - the complosome - in 

immune cell regulation. Mol. Immunol. 89, 2–9 (2017). 

73. Morgan, B. P. & Gasque, P. Extrahepatic complement biosynthesis: where, when and 

why? Clin. Exp. Immunol. 107, 1–7 (1997). 

74. Kolev, M., Friec, G. L. & Kemper, C. Complement — tapping into new sites and 

effector systems. Nat. Rev. Immunol. 14, 811–820 (2014). 

75. Gál, P., Dobó, J., Závodszky, P. & Sim, R. B. M. Early complement proteases: C1r, 

C1s and MASPs. A structural insight into activation and functions. Mol. Immunol. 46, 2745–

2752 (2009). 

76. Almitairi, J. O. M., Girija, U. V., Furze, C. M., Simpson-Gray, X., Badakshi, F., 

Marshall, J. E., Schwaeble, W. J., Mitchell, D. A., Moody, P. C. E. & Wallis, R. Structure of 

the C1r–C1s interaction of the C1 complex of complement activation. Proc. Natl. Acad. Sci. 

115, 768–773 (2018). 

77. Gaboriaud, C., Rossi, V., Bally, I., Arlaud, G. J. & Fontecilla-Camps, J. C. Crystal 

structure of the catalytic domain of human complement C1s: a serine protease with a handle. 

EMBO J. 19, 1755–1765 (2000). 

78. Bohlson, S. S., Garred, P., Kemper, C. & Tenner, A. J. Complement Nomenclature—

Deconvoluted. Front. Immunol. 10, (2019). 

79. Diebolder, C. A., Beurskens, F. J., de Jong, R. N., Koning, R. I., Strumane, K., 

Lindorfer, M. A., Voorhorst, M., Ugurlar, D., Rosati, S., Heck, A. J. R., van de Winkel, J. G. 

J., Wilson, I. A., Koster, A. J., Taylor, R. P., Saphire, E. O., Burton, D. R., Schuurman, J., 

Gros, P. & Parren, P. W. H. I. Complement is activated by IgG hexamers assembled at the 

cell surface. Science 343, 1260–1263 (2014). 

80. Ugurlar, D., Howes, S. C., Kreuk, B.-J. de, Koning, R. I., Jong, R. N. de, Beurskens, 

F. J., Schuurman, J., Koster, A. J., Sharp, T. H., Parren, P. W. H. I. & Gros, P. Structures of 

C1-IgG1 provide insights into how danger pattern recognition activates complement. Science 

359, 794–797 (2018). 



 

312 

 

81. Pedersen, D. V., Gadeberg, T. A. F., Thomas, C., Wang, Y., Joram, N., Jensen, R. K., 

Mazarakis, S. M. M., Revel, M., El Sissy, C., Petersen, S. V., Lindorff-Larsen, K., Thiel, S., 

Laursen, N. S., Fremeaux-Bacchi, V. & Andersen, G. R. Structural Basis for Properdin 

Oligomerization and Convertase Stimulation in the Human Complement System. Front. 

Immunol. 10, (2019). 

82. Fearon, D. T. & Austen, K. F. Properdin: binding to C3b and stabilization of the C3b-

dependent C3 convertase. J. Exp. Med. 142, 856–863 (1975). 

83. Pangburn, M. K. & Rawal, N. Structure and function of complement C5 convertase 

enzymes. Biochem. Soc. Trans. 30, 1006–1010 (2002). 

84. Berends, E. T. M., Gorham, R. D., Ruyken, M., Soppe, J. A., Orhan, H., Aerts, P. C., 

de Haas, C. J. C., Gros, P. & Rooijakkers, S. H. M. Molecular insights into the surface-

specific arrangement of complement C5 convertase enzymes. BMC Biol. 13, 93 (2015). 

85. Jore, M. M., Johnson, S., Sheppard, D., Barber, N. M., Li, Y. I., Nunn, M. A., 

Elmlund, H. & Lea, S. M. Structural basis for therapeutic inhibition of complement C5. Nat. 

Struct. Mol. Biol. 23, 378–386 (2016). 

86. Krisinger, M. J., Goebeler, V., Lu, Z., Meixner, S. C., Myles, T., Pryzdial, E. L. G. & 

Conway, E. M. Thrombin generates previously unidentified C5 products that support the 

terminal complement activation pathway. Blood 120, 1717–1725 (2012). 

87. Amara, U., Flierl, M. A., Rittirsch, D., Klos, A., Chen, H., Acker, B., Brückner, U. B., 

Nilsson, B., Gebhard, F., Lambris, J. D. & Huber-Lang, M. Molecular Intercommunication 

between the Complement and Coagulation Systems. J. Immunol. 185, 5628–5636 (2010). 

88. Irmscher, S., Döring, N., Halder, L. D., Jo, E. A. H., Kopka, I., Dunker, C., Jacobsen, 

I. D., Luo, S., Slevogt, H., Lorkowski, S., Beyersdorf, N., Zipfel, P. F. & Skerka, C. 

Kallikrein Cleaves C3 and Activates Complement. J. Innate Immun. 10, 94–105 (2018). 

89. Satyam, A., Kannan, L., Matsumoto, N., Geha, M., Lapchak, P. H., Bosse, R., Shi, G.-

P., Lucca, J. J. D., Tsokos, M. G. & Tsokos, G. C. Intracellular Activation of Complement 3 

Is Responsible for Intestinal Tissue Damage during Mesenteric Ischemia. J. Immunol. 198, 

788–797 (2017). 

90. Foley, J. H., Walton, B. L., Aleman, M. M., O’Byrne, A. M., Lei, V., Harrasser, M., 

Foley, K. A., Wolberg, A. S. & Conway, E. M. Complement Activation in Arterial and 

Venous Thrombosis is Mediated by Plasmin. EBioMedicine 5, 175–182 (2016). 

91. Huber-Lang, M., Ekdahl, K. N., Wiegner, R., Fromell, K. & Nilsson, B. Auxiliary 

activation of the complement system and its importance for the pathophysiology of clinical 

conditions. Semin. Immunopathol. 40, 87–102 (2018). 



 

313 

 

92. Barthel, D., Schindler, S. & Zipfel, P. F. Plasminogen is a complement inhibitor. J. 

Biol. Chem. 287, 18831–18842 (2012). 

93. Foley, J. H., Krisinger, M. J. & Conway, E. Plasmin Cleaves Complement iC3b, 

Preventing CR3/4 Mediated Phagocytosis By Macrophages. Blood 122, 1105–1105 (2013). 

94. Keshari, R. S., Silasi, R., Lupu, C., Taylor, F. B. & Lupu, F. In vivo-generated 

thrombin and plasmin do not activate the complement system in baboons. Blood 130, 2678–

2681 (2017). 

95. Huber-Lang, M., Sarma, J. V., Zetoune, F. S., Rittirsch, D., Neff, T. A., McGuire, S. 

R., Lambris, J. D., Warner, R. L., Flierl, M. A., Hoesel, L. M., Gebhard, F., Younger, J. G., 

Drouin, S. M., Wetsel, R. A. & Ward, P. A. Generation of C5a in the absence of C3: a new 

complement activation pathway. Nat. Med. 12, 682–687 (2006). 

96. Medler, T. R., Murugan, D., Horton, W., Kumar, S., Cotechini, T., Forsyth, A. M., 

Leyshock, P., Leitenberger, J. J., Kulesz-Martin, M., Margolin, A. A., Werb, Z. & Coussens, 

L. M. Complement C5a Fosters Squamous Carcinogenesis and Limits T Cell Response to 

Chemotherapy. Cancer Cell 34, 561-578.e6 (2018). 

97. Matthews, K. W., Mueller-Ortiz, S. L. & Wetsel, R. A. Carboxypeptidase N: a 

pleiotropic regulator of inflammation. Mol. Immunol. 40, 785–793 (2004). 

98. Yancey, K. B., Lawley, T. J., Dersookian, M. & Harvath, L. Analysis of the 

Interaction of Human C5a and C5a des Arg with Human Monocytes and Neutrophils: Flow 

Cytometric and Chemotaxis Studies. J. Invest. Dermatol. 92, 184–189 (1989). 

99. Schatz-Jakobsen, J. A., Yatime, L., Larsen, C., Petersen, S. V., Klos, A. & Andersen, 

G. R. Structural and functional characterization of human and murine C5a anaphylatoxins. 

Acta Crystallogr. D Biol. Crystallogr. 70, 1704–1717 (2014). 

100. Schraufstatter, I. U., Trieu, K., Sikora, L., Sriramarao, P. & DiScipio, R. Complement 

C3a and C5a Induce Different Signal Transduction Cascades in Endothelial Cells. J. 

Immunol. 169, 2102–2110 (2002). 

101. Coulthard, L. G. & Woodruff, T. M. Is the Complement Activation Product C3a a 

Proinflammatory Molecule? Re-evaluating the Evidence and the Myth. J. Immunol. 194, 

3542–3548 (2015). 

102. Morgan, E. L., Weigle, W. O. & Hugli, T. E. Anaphylatoxin-mediated regulation of 

the immune response. I. C3a-mediated suppression of human and murine humoral immune 

responses. J. Exp. Med. 155, 1412–1426 (1982). 



 

314 

 

103. Fischer, W. H. & Hugli, T. E. Regulation of B cell functions by C3a and C3a(desArg): 

suppression of TNF-alpha, IL-6, and the polyclonal immune response. J. Immunol. Baltim. 

Md 1950 159, 4279–4286 (1997). 

104. Wu, M. C. L., Brennan, F. H., Lynch, J. P. L., Mantovani, S., Phipps, S., Wetsel, R. 

A., Ruitenberg, M. J., Taylor, S. M. & Woodruff, T. M. The receptor for complement 

component C3a mediates protection from intestinal ischemia-reperfusion injuries by 

inhibiting neutrophil mobilization. Proc. Natl. Acad. Sci. 110, 9439–9444 (2013). 

105. Takabayashi, T., Vannier, E., Clark, B. D., Margolis, N. H., Dinarello, C. A., Burke, J. 

F. & Gelfand, J. A. A new biologic role for C3a and C3a desArg: regulation of TNF-alpha 

and IL-1 beta synthesis. J. Immunol. 156, 3455–3460 (1996). 

106. Fischer, W. H., Jagels, M. A. & Hugli, T. E. Regulation of IL-6 Synthesis in Human 

Peripheral Blood Mononuclear Cells by C3a and C3adesArg. J. Immunol. 162, 453–459 

(1999). 

107. Rivier, A., Chanez, P., Pène, J., Michel, F. B., Godard, P., Dugas, B. & Bousquet, J. 

Modulation of phenotypic and functional properties of normal human mononuclear 

phagocytes by granulocyte-macrophage colony-stimulating factor. Int. Arch. Allergy 

Immunol. 104, 27–32 (1994). 

108. Kubota, Y. The effect of human anaphylatoxins and neutrophils on histamine release 

from isolated human skin mast cells. J. Dermatol. 19, 19–26 (1992). 

109. Strainic, M. G., Shevach, E. M., An, F., Lin, F. & Medof, M. E. Absence of signaling 

into CD4+ cells via C3aR and C5aR enables autoinductive TGF-β1 signaling and induction of 

Foxp3+ regulatory T cells. Nat. Immunol. 14, 162–171 (2013). 

110. Ali, H. Regulation of human mast cell and basophil function by anaphylatoxins C3a 

and C5a. Immunol. Lett. 128, 36 (2010). 

111. Kurihara, R., Yamaoka, K., Sawamukai, N., Shimajiri, S., Oshita, K., Yukawa, S., 

Tokunaga, M., Iwata, S., Saito, K., Chiba, K. & Tanaka, Y. C5a promotes migration, 

proliferation, and vessel formation in endothelial cells. Inflamm. Res. 59, 659–666 (2010). 

112. Liszewski, M. K., Kolev, M., Le Friec, G., Leung, M., Bertram, P. G., Fara, A. F., 

Subias, M., Pickering, M. C., Drouet, C., Meri, S., Arstila, T. P., Pekkarinen, P. T., Ma, M., 

Cope, A., Reinheckel, T., Rodriguez de Cordoba, S., Afzali, B., Atkinson, J. P. & Kemper, C. 

Intracellular Complement Activation Sustains T Cell Homeostasis and Mediates Effector 

Differentiation. Immunity 39, 1143–1157 (2013). 



 

315 

 

113. Lalli, P. N., Strainic, M. G., Yang, M., Lin, F., Medof, M. E. & Heeger, P. S. Locally 

produced C5a binds to T cell-expressed C5aR to enhance effector T-cell expansion by 

limiting antigen-induced apoptosis. Blood 112, 1759–1766 (2008). 

114. Ottonello, L., Corcione, A., Tortolina, G., Airoldi, I., Albesiano, E., Favre, A., 

D’Agostino, R., Malavasi, F., Pistoia, V. & Dallegri, F. rC5a directs the in vitro migration of 

human memory and naive tonsillar B lymphocytes: implications for B cell trafficking in 

secondary lymphoid tissues. J. Immunol. Baltim. Md 1950 162, 6510–6517 (1999). 

115. Kwak, J. W., Laskowski, J., Li, H. Y., McSharry, M. V., Sippel, T. R., Bullock, B. L., 

Johnson, A. M., Poczobutt, J. M., Neuwelt, A. J., Malkoski, S. P., Weiser-Evans, M. C., 

Lambris, J. D., Clambey, E. T., Thurman, J. M. & Nemenoff, R. A. Complement Activation 

via a C3a Receptor Pathway Alters CD4+ T Lymphocytes and Mediates Lung Cancer 

Progression. Cancer Res. 78, 143–156 (2018). 

116. Nabizadeh, J. A., Manthey, H. D., Steyn, F. J., Chen, W., Widiapradja, A., Akhir, F. 

N. M., Boyle, G. M., Taylor, S. M., Woodruff, T. M. & Rolfe, B. E. The Complement C3a 

Receptor Contributes to Melanoma Tumorigenesis by Inhibiting Neutrophil and CD4+ T Cell 

Responses. J. Immunol. 196, 4783–4792 (2016). 

117. Wang, Y., Sun, S.-N., Liu, Q., Yu, Y.-Y., Guo, J., Wang, K., Xing, B.-C., Zheng, Q.-

F., Campa, M. J., Patz, E. F., Li, S.-Y. & He, Y.-W. Autocrine Complement Inhibits IL10-

Dependent T-cell–Mediated Antitumor Immunity to Promote Tumor Progression. Cancer 

Discov. 6, 1022–1035 (2016). 

118. Zhang, T., Garstka, M. A. & Li, K. The Controversial C5a Receptor C5aR2: Its Role 

in Health and Disease. J. Immunol. Res. 2017, (2017). 

119. Krych-Goldberg, M. & Atkinson, J. P. Structure-function relationships of complement 

receptor type 1. Immunol. Rev. 180, 112–122 (2001). 

120. Bacle, F., Haeffner-Cavaillon, N., Laude, M., Couturier, C. & Kazatchkine, M. D. 

Induction of IL-1 release through stimulation of the C3b/C4b complement receptor type one 

(CR1, CD35) on human monocytes. J. Immunol. Baltim. Md 1950 144, 147–152 (1990). 

121. Ricklin, D., Reis, E. S., Mastellos, D. C., Gros, P. & Lambris, J. D. Complement 

component C3 - The “Swiss Army Knife” of innate immunity and host defense. Immunol. 

Rev. 274, 33–58 (2016). 

122. Carroll, M. C. & Isenman, D. E. Regulation of humoral immunity by Complement. 

Immunity 37, 199–207 (2012). 

123. Thiel, J., Kimmig, L., Salzer, U., Grudzien, M., Lebrecht, D., Hagena, T., Draeger, R., 

Völxen, N., Bergbreiter, A., Jennings, S., Gutenberger, S., Aichem, A., Illges, H., Hannan, J. 



 

316 

 

P., Kienzler, A.-K., Rizzi, M., Eibel, H., Peter, H.-H., Warnatz, K., Grimbacher, B., Rump, J.-

A. & Schlesier, M. Genetic CD21 deficiency is associated with hypogammaglobulinemia. J. 

Allergy Clin. Immunol. 129, 801-810.e6 (2012). 

124. Frank, M. M. CD21 deficiency, complement, and the development of common 

variable immunodeficiency. J. Allergy Clin. Immunol. 129, 811–813 (2012). 

125. van Lookeren Campagne, M., Wiesmann, C. & Brown, E. J. Macrophage complement 

receptors and pathogen clearance. Cell. Microbiol. 9, 2095–2102 (2007). 

126. Ross, G. D. Regulation of the adhesion versus cytotoxic functions of the Mac-

1/CR3/alphaMbeta2-integrin glycoprotein. Crit. Rev. Immunol. 20, 197–222 (2000). 

127. Sohn, J.-H., Bora, P. S., Suk, H.-J., Molina, H., Kaplan, H. J. & Bora, N. S. Tolerance 

is dependent on complement C3 fragment iC3b binding to antigen-presenting cells. Nat. Med. 

9, 206 (2003). 

128. Serna, M., Giles, J. L., Morgan, B. P. & Bubeck, D. Structural basis of complement 

membrane attack complex formation. Nat. Commun. 7, 10587 (2016). 

129. Lambris, J. D., Ricklin, D. & Geisbrecht, B. V. Complement evasion by human 

pathogens. Nat. Rev. Microbiol. 6, 132 (2008). 

130. Morgan, B. P., Boyd, C. & Bubeck, D. Molecular cell biology of complement 

membrane attack. Semin. Cell Dev. Biol. 72, 124–132 (2017). 

131. Arbore, G. & Kemper, C. A novel ‘complement-metabolism-inflammasome axis’ as a 

key regulator of immune cell effector function. Eur. J. Immunol. 46, 1563–1573 (2016). 

132. Asgari, E., Le Friec, G., Yamamoto, H., Perucha, E., Sacks, S. S., Köhl, J., Cook, H. 

T. & Kemper, C. C3a modulates IL-1β secretion in human monocytes by regulating ATP 

efflux and subsequent NLRP3 inflammasome activation. Blood 122, 3473–3481 (2013). 

133. Samstad, E. O., Niyonzima, N., Nymo, S., Aune, M. H., Ryan, L., Bakke, S. S., 

Lappegård, K. T., Brekke, O.-L., Lambris, J. D., Damås, J. K., Latz, E., Mollnes, T. E. & 

Espevik, T. Cholesterol crystals induce complement-dependent inflammasome activation and 

cytokine release. J. Immunol. Baltim. Md 1950 192, 2837–2845 (2014). 

134. Laudisi, F., Spreafico, R., Evrard, M., Hughes, T. R., Mandriani, B., Kandasamy, M., 

Morgan, B. P., Sivasankar, B. & Mortellaro, A. Cutting edge: the NLRP3 inflammasome 

links complement-mediated inflammation and IL-1β release. J. Immunol. Baltim. Md 1950 

191, 1006–1010 (2013). 

135. Benoit, M. E., Clarke, E. V., Morgado, P., Fraser, D. A. & Tenner, A. J. Complement 

protein C1q directs macrophage polarization and limits inflammasome activity during the 

uptake of apoptotic cells. J. Immunol. Baltim. Md 1950 188, 5682–5693 (2012). 



 

317 

 

136. Arbore, G., West, E. E., Rahman, J., Friec, G. L., Niyonzima, N., Pirooznia, M., Tunc, 

I., Pavlidis, P., Powell, N., Li, Y., Liu, P., Servais, A., Couzi, L., Fremeaux-Bacchi, V., 

Placais, L., Ferraro, A., Walsh, P. R., Kavanagh, D., Afzali, B., Lavender, P., Lachmann, H. J. 

& Kemper, C. Complement receptor CD46 co-stimulates optimal human CD8 + T cell 

effector function via fatty acid metabolism. Nat. Commun. 9, 4186 (2018). 

137. Astier, A. L., Meiffren, G., Freeman, S. & Hafler, D. A. Alterations in CD46-mediated 

Tr1 regulatory T cells in patients with multiple sclerosis. J. Clin. Invest. 116, 3252–3257 

(2006). 

138. Le Friec, G., Sheppard, D., Whiteman, P., Karsten, C. M., Shamoun, S. A.-T., Laing, 

A., Bugeon, L., Dallman, M. J., Melchionna, T., Chillakuri, C., Smith, R. A., Drouet, C., 

Couzi, L., Fremeaux-Bacchi, V., Köhl, J., Waddington, S. N., McDonnell, J. M., Baker, A., 

Handford, P. A., Lea, S. M. & Kemper, C. The CD46-Jagged1 interaction is critical for 

human TH1 immunity. Nat. Immunol. 13, 1213–1221 (2012). 

139. Ozen, A., Comrie, W. A., Ardy, R. C., Domínguez Conde, C., Dalgic, B., Beser, Ö. F., 

Morawski, A. R., Karakoc-Aydiner, E., Tutar, E., Baris, S., Ozcay, F., Serwas, N. K., Zhang, 

Y., Matthews, H. F., Pittaluga, S., Folio, L. R., Unlusoy Aksu, A., McElwee, J. J., Krolo, A., 

Kiykim, A., Baris, Z., Gulsan, M., Ogulur, I., Snapper, S. B., Houwen, R. H. J., Leavis, H. L., 

Ertem, D., Kain, R., Sari, S., Erkan, T., Su, H. C., Boztug, K. & Lenardo, M. J. CD55 

Deficiency, Early-Onset Protein-Losing Enteropathy, and Thrombosis. N. Engl. J. Med. 377, 

52–61 (2017). 

140. Longhi, M. P., Sivasankar, B., Omidvar, N., Morgan, B. P. & Gallimore, A. Cutting 

Edge: Murine CD59a Modulates Antiviral CD4+ T Cell Activity in a Complement-

Independent Manner. J. Immunol. 175, 7098–7102 (2005). 

141. Arbore, G., West, E. E., Spolski, R., Robertson, A. A. B., Klos, A., Rheinheimer, C., 

Dutow, P., Woodruff, T. M., Yu, Z. X., O’Neill, L. A., Coll, R. C., Sher, A., Leonard, W. J., 

Köhl, J., Monk, P., Cooper, M. A., Arno, M., Afzali, B., Lachmann, H. J., Cope, A. P., 

Mayer-Barber, K. D. & Kemper, C. T helper 1 immunity requires complement-driven NLRP3 

inflammasome activity in CD4+ T cells. Science 352, aad1210 (2016). 

142. Reed, J. H., Jain, M., Lee, K., Kandimalla, E. R., Faridi, M. H., Buyon, J. P., Gupta, 

V. & Clancy, R. M. Complement receptor 3 influences toll-like receptor 7/8-dependent 

inflammation: implications for autoimmune diseases characterized by antibody reactivity to 

ribonucleoproteins. J. Biol. Chem. 288, 9077–9083 (2013). 

143. Liu, H., Zhou, J., Ma, D., Lu, X., Ming, S., Shan, G., Zhang, X., Hou, J., Chen, Z. & 

Zuo, D. Mannan binding lectin attenuates double-stranded RNA-mediated TLR3 activation 

and innate immunity. FEBS Lett. 588, 866–872 (2014). 



 

318 

 

144. Hajishengallis, G. & Lambris, J. D. Crosstalk pathways between Toll-like receptors 

and the complement system. Trends Immunol. 31, 154–163 (2010). 

145. Colonna, L., Parry, G. C., Panicker, S. & Elkon, K. B. Uncoupling complement C1s 

activation from C1q binding in apoptotic cell phagocytosis and immunosuppressive capacity. 

Clin. Immunol. Orlando Fla 163, 84–90 (2016). 

146. Clarke, E. V., Weist, B. M., Walsh, C. M. & Tenner, A. J. Complement protein C1q 

bound to apoptotic cells suppresses human macrophage and dendritic cell-mediated Th17 and 

Th1 T cell subset proliferation. J. Leukoc. Biol. 97, 147–160 (2015). 

147. Martin, M., Leffler, J., Smoląg, K. I., Mytych, J., Björk, A., Chaves, L. D., Alexander, 

J. J., Quigg, R. J. & Blom, A. M. Factor H uptake regulates intracellular C3 activation during 

apoptosis and decreases the inflammatory potential of nucleosomes. Cell Death Differ. 23, 

903–911 (2016). 

148. Tan, D. W. M., Jensen, K. B., Trotter, M. W. B., Connelly, J. T., Broad, S. & Watt, F. 

M. Single-cell gene expression profiling reveals functional heterogeneity of undifferentiated 

human epidermal cells. Dev. Camb. Engl. 140, 1433–1444 (2013). 

149. Hawksworth, O. A., Coulthard, L. G., Taylor, S. M., Wolvetang, E. J. & Woodruff, T. 

M. Brief Report: Complement C5a Promotes Human Embryonic Stem Cell Pluripotency in 

the Absence of FGF2. STEM CELLS 32, 3278–3284 (2014). 

150. Borkowska, S., Suszynska, M., Wysoczynski, M. & Ratajczak, M. Z. Mobilization 

studies in C3-deficient mice unravel the involvement of a novel crosstalk between the 

coagulation and complement cascades in mobilization of hematopoietic stem/progenitor cells. 

Leukemia 27, 1928–1930 (2013). 

151. Lara-Astiaso, D., Izarra, A., Estrada, J. C., Albo, C., Moscoso, I., Samper, E., 

Moncayo, J., Solano, A., Bernad, A. & Díez-Juan, A. Complement anaphylatoxins C3a and 

C5a induce a failing regenerative program in cardiac resident cells. Evidence of a role for 

cardiac resident stem cells other than cardiomyocyte renewal. SpringerPlus 1, 63 (2012). 

152. Matsuoka, K., Park, K.-A., Ito, M., Ikeda, K. & Takeshita, S. Osteoclast-derived 

complement component 3a stimulates osteoblast differentiation. J. Bone Miner. Res. Off. J. 

Am. Soc. Bone Miner. Res. 29, 1522–1530 (2014). 

153. Krarup, A., Wallis, R., Presanis, J. S., Gál, P. & Sim, R. B. Simultaneous Activation of 

Complement and Coagulation by MBL-Associated Serine Protease 2. PLOS ONE 2, e623 

(2007). 



 

319 

 

154. Oikonomopoulou, K., Ricklin, D., Ward, P. A. & Lambris, J. D. Interactions between 

coagulation and complement—their role in inflammation. Semin. Immunopathol. 34, 151–165 

(2012). 

155. Cui, W., Paglialunga, S., Kalant, D., Lu, H., Roy, C., Laplante, M., Deshaies, Y. & 

Cianflone, K. Acylation-stimulating protein/C5L2-neutralizing antibodies alter triglyceride 

metabolism in vitro and in vivo. Am. J. Physiol. Endocrinol. Metab. 293, E1482-1491 (2007). 

156. King, B. C., Renström, E. & Blom, A. M. ---Intracellular cytosolic complement 

component C3 regulates cytoprotective autophagy in pancreatic beta cells by interaction with 

ATG16L1. Autophagy 15, 919–921 (2019). 

157. Bossi, F., Peerschke, E. I., Ghebrehiwet, B. & Tedesco, F. Cross-talk between the 

complement and the kinin system in vascular permeability. Immunol. Lett. 140, 7–13 (2011). 

158. Fragnan, N. T. M. L., Tolentino, A. L. N., Borba, G. B., Oliveira, A. C., Simões, J. A., 

Palma, S. M. U., Constantino-Silva, R. N. & Grumach, A. S. Hereditary angioedema with C1 

inhibitor (C1-INH) deficit: the strength of recognition (51 cases). Braz. J. Med. Biol. Res. 

Rev. Bras. Pesqui. Medicas E Biol. 51, e7813 (2018). 

159. Kishore, U., Thielens, N. M. & Gaboriaud, C. Editorial: State-of-the-Art Research on 

C1q and the Classical Complement Pathway. Front. Immunol. 7, (2016). 

160. Ghebrehiwet, B., Hosszu, K., Valentino, A. & Peerschke, E. I. B. The C1q Family of 

Proteins: Insights into the Emerging Non-Traditional Functions. Front. Immunol. 3, (2012). 

161. van Schaarenburg, R. A., Suurmond, J., Habets, K. L. L., Brouwer, M. C., Wouters, 

D., Kurreeman, F. A. S., Huizinga, T. W. J., Toes, R. E. M. & Trouw, L. A. The production 

and secretion of complement component C1q by human mast cells. Mol. Immunol. 78, 164–

170 (2016). 

162. Lu, J., Teh, B. K., Wang, L., Wang, Y., Tan, Y. S., Lai, M. C. & Reid, K. B. M. The 

Classical and Regulatory Functions of C1q in Immunity and Autoimmunity. Cell. Mol. 

Immunol. 5, 9–21 (2008). 

163. Thielens, N. M., Tedesco, F., Bohlson, S. S., Gaboriaud, C. & Tenner, A. J. C1q: A 

fresh look upon an old molecule. Mol. Immunol. 89, 73–83 (2017). 

164. Gaboriaud, C., Frachet, P., Thielens, N. M. & Arlaud, G. J. The human c1q globular 

domain: structure and recognition of non-immune self ligands. Front. Immunol. 2, 92 (2011). 

165. Bossi, F., Tripodo, C., Rizzi, L., Bulla, R., Agostinis, C., Guarnotta, C., Munaut, C., 

Baldassarre, G., Papa, G., Zorzet, S., Ghebrehiwet, B., Ling, G. S., Botto, M. & Tedesco, F. 

C1q as a unique player in angiogenesis with therapeutic implication in wound healing. Proc. 

Natl. Acad. Sci. U. S. A. 111, 4209–4214 (2014). 



 

320 

 

166. Vegh, Z., Kew, R. R., Gruber, B. L. & Ghebrehiwet, B. Chemotaxis of human 

monocyte-derived dendritic cells to complement component C1q is mediated by the receptors 

gC1qR and cC1qR. Mol. Immunol. 43, 1402–1407 (2006). 

167. Bulla, R., Tripodo, C., Rami, D., Ling, G. S., Agostinis, C., Guarnotta, C., Zorzet, S., 

Durigutto, P., Botto, M. & Tedesco, F. C1q acts in the tumour microenvironment as a cancer-

promoting factor independently of complement activation. Nat. Commun. 7, 10346 (2016). 

168. Singh, J., Ahmed, A. & Girardi, G. Role of complement component C1q in the onset 

of preeclampsia in mice. Hypertens. Dallas Tex 1979 58, 716–724 (2011). 

169. Lee, J.-H., Poudel, B., Ki, H.-H., Nepali, S., Lee, Y.-M., Shin, J.-S. & Kim, D.-K. 

Complement C1q stimulates the progression of hepatocellular tumor through the activation of 

discoidin domain receptor 1. Sci. Rep. 8, (2018). 

170. Roumenina, L. T., Daugan, M. V., Noé, R., Petitprez, F., Vano, Y. A., Sanchez-Salas, 

R., Becht, E., Meilleroux, J., Clec’h, B. L., Giraldo, N. A., Merle, N. S., Sun, C.-M., Verkarre, 

V., Validire, P., Selves, J., Lacroix, L., Delfour, O., Vandenberghe, I., Thuilliez, C., Keddani, 

S., Sakhi, I. B., Barret, E., Ferré, P., Corvaïa, N., Passioukov, A., Chetaille, E., Botto, M., 

Reynies, A. de, Oudard, S. M., Mejean, A., Cathelineau, X., Sautès-Fridman, C. & Fridman, 

W. H. Tumor Cells Hijack Macrophage-Produced Complement C1q to Promote Tumor 

Growth. Cancer Immunol. Res. (2019). doi:10.1158/2326-6066.CIR-18-0891 

171. Kouser, L., Madhukaran, S. P., Shastri, A., Saraon, A., Ferluga, J., Al-Mozaini, M. & 

Kishore, U. Emerging and Novel Functions of Complement Protein C1q. Front. Immunol. 6, 

(2015). 

172. Ling, G. S., Crawford, G., Buang, N., Bartok, I., Tian, K., Thielens, N. M., Bally, I., 

Harker, J. A., Ashton-Rickardt, P. G., Rutschmann, S., Strid, J. & Botto, M. C1q restrains 

autoimmunity and viral infection by regulating CD8+ T cell metabolism. Science 360, 558–

563 (2018). 

173. Nayak, A., Pednekar, L., Reid, K. B. M. & Kishore, U. Complement and non-

complement activating functions of C1q: a prototypical innate immune molecule. Innate 

Immun. 18, 350–363 (2012). 

174. Son, M., Santiago-Schwarz, F., Al-Abed, Y. & Diamond, B. C1q limits dendritic cell 

differentiation and activation by engaging LAIR-1. Proc. Natl. Acad. Sci. U. S. A. 109, 

E3160-3167 (2012). 

175. Chen, A., Gaddipati, S., Hong, Y., Volkman, D. J., Peerschke, E. I. & Ghebrehiwet, B. 

Human T cells express specific binding sites for C1q. Role in T cell activation and 

proliferation. J. Immunol. Baltim. Md 1950 153, 1430–1440 (1994). 



 

321 

 

176. Ghebrehiwet, B., Habicht, G. S. & Beck, G. Interaction of C1q with its receptor on 

cultured cell lines induces an anti-proliferative response. Clin. Immunol. Immunopathol. 54, 

148–160 (1990). 

177. Hong, Q., Sze, C.-I., Lin, S.-R., Lee, M.-H., He, R.-Y., Schultz, L., Chang, J.-Y., 

Chen, S.-J., Boackle, R. J., Hsu, L.-J. & Chang, N.-S. Complement C1q activates tumor 

suppressor WWOX to induce apoptosis in prostate cancer cells. PloS One 4, e5755 (2009). 

178. Naito, A. T., Sumida, T., Nomura, S., Liu, M.-L., Higo, T., Nakagawa, A., Okada, K., 

Sakai, T., Hashimoto, A., Hara, Y., Shimizu, I., Zhu, W., Toko, H., Katada, A., Akazawa, H., 

Oka, T., Lee, J.-K., Minamino, T., Nagai, T., Walsh, K., Kikuchi, A., Matsumoto, M., Botto, 

M., Shiojima, I. & Komuro, I. Complement C1q activates canonical Wnt signaling and 

promotes aging-related phenotypes. Cell 149, 1298–1313 (2012). 

179. Gulati, P., Lemercier, C., Guc, D., Lappin, D. & Whaley, K. Regulation of the 

synthesis of C1 subcomponents and C1-inhibitor. Behring Inst. Mitt. 196–203 (1993). 

180. Bensa, J. C., Reboul, A. & Colomb, M. G. Biosynthesis in vitro of complement 

subcomponents C1q, C1s and C1 inhibitor by resting and stimulated human monocytes. 

Biochem. J. 216, 385–392 (1983). 

181. Lu, J. & Kishore, U. C1 Complex: An Adaptable Proteolytic Module for Complement 

and Non-Complement Functions. Front. Immunol. 8, 592 (2017). 

182. Katz, Y. & Strunk, R. C. Synthesis and regulation of C1 inhibitor in human skin 

fibroblasts. J. Immunol. Baltim. Md 1950 142, 2041–2045 (1989). 

183. Complement Component C1s - an overview | ScienceDirect Topics. at 

<https://www.sciencedirect.com/topics/immunology-and-microbiology/complement-

component-c1s> 

184. Bally, I., Rossi, V., Lunardi, T., Thielens, N. M., Gaboriaud, C. & Arlaud, G. J. 

Identification of the C1q-binding Sites of Human C1r and C1s: a refined three-dimensional 

model of the C1 complex of complement. J. Biol. Chem. 284, 19340–19348 (2009). 

185. Gregory, L. A., Thielens, N. M., Arlaud, G. J., Fontecilla-Camps, J. C. & Gaboriaud, 

C. X-ray structure of the Ca2+-binding interaction domain of C1s. Insights into the assembly 

of the C1 complex of complement. J. Biol. Chem. 278, 32157–32164 (2003). 

186. Brier, S., Pflieger, D., Le Mignon, M., Bally, I., Gaboriaud, C., Arlaud, G. J. & Daniel, 

R. Mapping surface accessibility of the C1r/C1s tetramer by chemical modification and mass 

spectrometry provides new insights into assembly of the human C1 complex. J. Biol. Chem. 

285, 32251–32263 (2010). 



 

322 

 

187. Yeo, J. G., Leong, J., Arkachaisri, T., Cai, Y., Teo, B. H. D., Tan, J. H. T., Das, L. & 

Lu, J. Proteolytic inactivation of nuclear alarmin high-mobility group box 1 by complement 

protease C1s during apoptosis. Cell Death Discov. 2, 16069 (2016). 

188. Sakiyama, H., Kaji, K., Nakagawa, K. & Nagino, K. Inhibition of bFGF activity by 

complement C1s: covalent binding of C1s with bFGF. Cell Biochem. Funct. 16, 159–163 

(1998). 

189. Busby, W. H., Nam, T. J., Moralez, A., Smith, C., Jennings, M. & Clemmons, D. R. 

The complement component C1s is the protease that accounts for cleavage of insulin-like 

growth factor-binding protein-5 in fibroblast medium. J. Biol. Chem. 275, 37638–37644 

(2000). 

190. Sakiyama, H., Inaba, N., Toyoguchi, T., Okada, Y., Matsumoto, M., Moriya, H. & 

Ohtsu, H. Immunolocalization of complement C1s and matrix metalloproteinase 9 (92kDa 

gelatinase/type IV collagenase) in the primary ossification center of the human femur. Cell 

Tissue Res. 277, 239–245 (1994). 

191. Li, S. W., Yu, B., Byrne, G., Wright, M., O’Rourke, S., Mesa, K. & Berman, P. W. 

Identification and CRISPR/Cas9 Inactivation of the C1s Protease Responsible for Proteolysis 

of Recombinant Proteins Produced in CHO Cells. Biotechnol. Bioeng. 0, 

192. Eriksson, H. & Nissen, M. H. Proteolysis of the heavy chain of major 

histocompatibility complex class I antigens by complement component C1s. Biochim. 

Biophys. Acta BBA - Protein Struct. Mol. Enzymol. 1037, 209–215 (1990). 

193. Nissen, M. H., Roepstorff, P., Thim, L., Dunbar, B. & Fothergill, J. E. Limited 

proteolysis of beta 2-microglobulin at Lys-58 by complement component C1s. Eur. J. 

Biochem. 189, 423–429 (1990). 

194. Sakiyama, H., Nakagawa, K., Kuriiwa, K., Imai, K., Okada, Y., Tsuchida, T., Moriya, 

H. & Imajoh-Ohmi, S. Complement Cls, a classical enzyme with novel functions at the 

endochondral ossification center: immunohistochemical staining of activated Cls with a 

neoantigen-specific antibody. Cell Tissue Res. 288, 557–565 (1997). 

195. Cai, Y., Teo, B. H. D., Yeo, J. G. & Lu, J. C1q Protein Binds to the Apoptotic 

Nucleolus and Causes C1 Protease Degradation of Nucleolar Proteins. J. Biol. Chem. 290, 

22570–22580 (2015). 

196. Lintner, K. E., Wu, Y. L., Yang, Y., Spencer, C. H., Hauptmann, G., Hebert, L. A., 

Atkinson, J. P. & Yu, C. Y. Early Components of the Complement Classical Activation 

Pathway in Human Systemic Autoimmune Diseases. Front. Immunol. 7, (2016). 



 

323 

 

197. Kapferer-Seebacher, I., Pepin, M., Werner, R., Aitman, T. J., Nordgren, A., Stoiber, 

H., Thielens, N., Gaboriaud, C., Amberger, A., Schossig, A., Gruber, R., Giunta, C., 

Bamshad, M., Björck, E., Chen, C., Chitayat, D., Dorschner, M., Schmitt-Egenolf, M., Hale, 

C. J., Hanna, D., Hennies, H. C., Heiss-Kisielewsky, I., Lindstrand, A., Lundberg, P., 

Mitchell, A. L., Nickerson, D. A., Reinstein, E., Rohrbach, M., Romani, N., Schmuth, M., 

Silver, R., Taylan, F., Vandersteen, A., Vandrovcova, J., Weerakkody, R., Yang, M., Pope, F. 

M., Aleck, K., Banki, Z., Dudas, J., Dumfahrt, H., Haririan, H., Hartsfield, J. K., Kagen, C. 

N., Lindert, U., Meitinger, T., Posch, W., Pritz, C., Ross, D., Schroer, R. J., Wick, G., Wildin, 

R., Wilflingseder, D., Byers, P. H. & Zschocke, J. Periodontal Ehlers-Danlos Syndrome Is 

Caused by Mutations in C1R and C1S, which Encode Subcomponents C1r and C1s of 

Complement. Am. J. Hum. Genet. 99, 1005–1014 (2016). 

198. Riihilä, P., Viiklepp, K., Nissinen, L., Farshchian, M., Kallajoki, M., Kivisaari, A., 

Meri, S., Peltonen, J., Peltonen, S. & Kähäri, V.-M. Tumor cell-derived complement 

components C1r and C1s promote growth of cutaneous squamous cell carcinoma. Br. J. 

Dermatol. (2019). doi:10.1111/bjd.18095 

199. Esparza-Gordillo, J., Soria, J. M., Buil, A., Almasy, L., Blangero, J., Fontcuberta, J. & 

Rodríguez de Córdoba, S. Genetic and environmental factors influencing the human factor H 

plasma levels. Immunogenetics 56, 77–82 (2004). 

200. Rodr  guez de C rdoba, S., Esparza-Gordillo, J., Goicoechea de Jorge, E., Lopez-

Trascasa, M. & Sánchez-Corral, P. The human complement factor H: functional roles, genetic 

variations and disease associations. Mol. Immunol. 41, 355–367 (2004). 

201. Dixon, K. O., O’Flynn, J., Klar‐Mohamad, N., Daha, M. R. & van Kooten, C. 

Properdin and factor H production by human dendritic cells modulates their T‐cell stimulatory 

capacity and is regulated by IFN‐γ. Eur. J. Immunol. 47, 470–480 (2017). 

202. Whaley, K. Biosynthesis of the complement components and the regulatory proteins 

of the alternative complement pathway by human peripheral blood monocytes. J. Exp. Med. 

151, 501–516 (1980). 

203. Katz, Y. & Strunk, R. C. Synthesis and regulation of complement protein factor H in 

human skin fibroblasts. J. Immunol. Baltim. Md 1950 141, 559–563 (1988). 

204. Ferreira, V. P., Pangburn, M. K. & Cortés, C. Complement control protein factor H: 

the good, the bad, and the inadequate. Mol. Immunol. 47, 2187–2197 (2010). 

205. Amadi-Obi, A., Yu, C.-R., Dambuza, I., Kim, S.-H., Marrero, B. & Egwuagu, C. E. 

Interleukin 27 induces the expression of complement factor H (CFH) in the retina. PloS One 

7, e45801 (2012). 



 

324 

 

206. Katz, Y. & Strunk, R. C. Synovial fibroblast-like cells synthesize seven proteins of the 

complement system. Arthritis Rheum. 31, 1365–1370 (1988). 

207. Circolo, A., Pierce, G. F., Katz, Y. & Strunk, R. C. Antiinflammatory effects of 

polypeptide growth factors. Platelet-derived growth factor, epidermal growth factor, and 

fibroblast growth factor inhibit the cytokine-induced expression of the alternative complement 

pathway activator factor B in human fibroblasts. J. Biol. Chem. 265, 5066–5071 (1990). 

208. Keir, L. S., Firth, R., Aponik, L., Feitelberg, D., Sakimoto, S., Aguilar, E., Welsh, G. 

I., Richards, A., Usui, Y., Satchell, S. C., Kuzmuk, V., Coward, R. J., Goult, J., Bull, K. R., 

Sharma, R., Bharti, K., Westenskow, P. D., Michael, I. P., Saleem, M. A. & Friedlander, M. 

VEGF regulates local inhibitory complement proteins in the eye and kidney. J. Clin. Invest. 

127, 199–214 

209. Yoon, Y.-H., Hwang, H.-J., Sung, H.-J., Heo, S.-H., Kim, D.-S., Hong, S.-H., Lee, K.-

H. & Cho, J.-Y. Upregulation of Complement Factor H by SOCS-1/3−STAT4 in Lung 

Cancer. Cancers 11, (2019). 

210. Lukiw, W. J. NF-кB-regulated micro RNAs (miRNAs) in primary human brain cells. 

Exp. Neurol. 235, 484–490 (2012). 

211. Lukiw, W. J., Surjyadipta, B., Dua, P. & Alexandrov, P. N. Common micro RNAs 

(miRNAs) target complement factor H (CFH) regulation in Alzheimer’s disease (AD) and in 

age-related macular degeneration (AMD). Int. J. Biochem. Mol. Biol. 3, 105–116 (2012). 

212. Langford-Smith, A., Day, A. J., Bishop, P. N. & Clark, S. J. Complementing the Sugar 

Code: Role of GAGs and Sialic Acid in Complement Regulation. Front. Immunol. 6, 25 

(2015). 

213. Blaum, B. S., Hannan, J. P., Herbert, A. P., Kavanagh, D., Uhrín, D. & Stehle, T. 

Structural basis for sialic acid-mediated self-recognition by complement factor H. Nat. Chem. 

Biol. 11, 77–82 (2015). 

214. Perkins, S. J., Fung, K. W. & Khan, S. Molecular Interactions between Complement 

Factor H and Its Heparin and Heparan Sulfate Ligands. Front. Immunol. 5, 126 (2014). 

215. Morgan, H. P., Schmidt, C. Q., Guariento, M., Blaum, B. S., Gillespie, D., Herbert, A. 

P., Kavanagh, D., Mertens, H. D. T., Svergun, D. I., Johansson, C. M., Uhrín, D., Barlow, P. 

N. & Hannan, J. P. Structural basis for engagement by complement factor H of C3b on a self 

surface. Nat. Struct. Mol. Biol. 18, 463–470 (2011). 

216. Blackmore, T. K., Hellwage, J., Sadlon, T. A., Higgs, N., Zipfel, P. F., Ward, H. M. & 

Gordon, D. L. Identification of the second heparin-binding domain in human complement 

factor H. J. Immunol. Baltim. Md 1950 160, 3342–3348 (1998). 



 

325 

 

217. Deban, L., Jarva, H., Lehtinen, M. J., Bottazzi, B., Bastone, A., Doni, A., Jokiranta, T. 

S., Mantovani, A. & Meri, S. Binding of the long pentraxin PTX3 to factor H: interacting 

domains and function in the regulation of complement activation. J. Immunol. Baltim. Md 

1950 181, 8433–8440 (2008). 

218. Pio, R., Martinez, A., Unsworth, E. J., Kowalak, J. A., Bengoechea, J. A., Zipfel, P. F., 

Elsasser, T. H. & Cuttitta, F. Complement factor H is a serum-binding protein for 

adrenomedullin, and the resulting complex modulates the bioactivities of both partners. J. 

Biol. Chem. 276, 12292–12300 (2001). 

219. Vaziri-Sani, F., Hellwage, J., Zipfel, P. F., Sjöholm, A. G., Iancu, R. & Karpman, D. 

Factor H binds to washed human platelets. J. Thromb. Haemost. JTH 3, 154–162 (2005). 

220. DiScipio, R. G., Daffern, P. J., Schraufstätter, I. U. & Sriramarao, P. Human 

polymorphonuclear leukocytes adhere to complement factor H through an interaction that 

involves alphaMbeta2 (CD11b/CD18). J. Immunol. Baltim. Md 1950 160, 4057–4066 (1998). 

221. Calippe, B., Augustin, S., Beguier, F., Charles-Messance, H., Poupel, L., Conart, J.-B., 

Hu, S. J., Lavalette, S., Fauvet, A., Rayes, J., Levy, O., Raoul, W., Fitting, C., Denèfle, T., 

Pickering, M. C., Harris, C., Jorieux, S., Sullivan, P. M., Sahel, J.-A., Karoyan, P., Sapieha, 

P., Guillonneau, X., Gautier, E. L. & Sennlaub, F. Complement Factor H Inhibits CD47-

Mediated Resolution of Inflammation. Immunity 46, 261–272 (2017). 

222. Jarva, H., Jokiranta, T. S., Hellwage, J., Zipfel, P. F. & Meri, S. Regulation of 

complement activation by C-reactive protein: targeting the complement inhibitory activity of 

factor H by an interaction with short consensus repeat domains 7 and 8-11. J. Immunol. 

Baltim. Md 1950 163, 3957–3962 (1999). 

223. Jain, A., Karadag, A., Fohr, B., Fisher, L. W. & Fedarko, N. S. Three SIBLINGs 

(small integrin-binding ligand, N-linked glycoproteins) enhance factor H’s cofactor activity 

enabling MCP-like cellular evasion of complement-mediated attack. J. Biol. Chem. 277, 

13700–13708 (2002). 

224. Fedarko, N. S., Fohr, B., Robey, P. G., Young, M. F. & Fisher, L. W. Factor H binding 

to bone sialoprotein and osteopontin enables tumor cell evasion of complement-mediated 

attack. J. Biol. Chem. 275, 16666–16672 (2000). 

225. Renner, B., Tong, H. H., Laskowski, J., Jonscher, K., Goetz, L., Woolaver, R., 

Hannan, J., Li, Y. X., Hourcade, D., Pickering, M. C., Holers, V. M. & Thurman, J. M. 

Annexin A2 Enhances Complement Activation by Inhibiting Factor H. J. Immunol. Baltim. 

Md 1950 196, 1355–1365 (2016). 



 

326 

 

226. Leffler, J., Herbert, A. P., Norström, E., Schmidt, C. Q., Barlow, P. N., Blom, A. M. & 

Martin, M. Annexin-II, DNA, and histones serve as factor H ligands on the surface of 

apoptotic cells. J. Biol. Chem. 285, 3766–3776 (2010). 

227. Józsi, M. Factor H Family Proteins in Complement Evasion of Microorganisms. Front. 

Immunol. 8, (2017). 

228. Józsi, M. & Zipfel, P. F. Factor H family proteins and human diseases. Trends 

Immunol. 29, 380–387 (2008). 

229. Sánchez-Corral, P., Pouw, R. B., López-Trascasa, M. & Józsi, M. Self-Damage 

Caused by Dysregulation of the Complement Alternative Pathway: Relevance of the Factor H 

Protein Family. Front. Immunol. 9, (2018). 

230. Józsi, M., Schneider, A. E., Kárpáti, É. & Sándor, N. Complement factor H family 

proteins in their non-canonical role as modulators of cellular functions. Semin. Cell Dev. Biol. 

85, 122–131 (2019). 

231. Olivar, R., Luque, A., Cárdenas-Brito, S., Naranjo-Gómez, M., Blom, A. M., Borràs, 

F. E., Córdoba, S. R. de, Zipfel, P. F. & Aran, J. M. The Complement Inhibitor Factor H 

Generates an Anti-Inflammatory and Tolerogenic State in Monocyte-Derived Dendritic Cells. 

J. Immunol. 196, 4274–4290 (2016). 

232. Schneider, A. E., Sándor, N., Kárpáti, É. & Józsi, M. Complement factor H modulates 

the activation of human neutrophil granulocytes and the generation of neutrophil extracellular 

traps. Mol. Immunol. 72, 37–48 (2016). 

233. Tsokos, G. C., Inghirami, G., Tsoukas, C. D., Balow, J. E. & Lambris, J. D. 

Regulation of immunoglobulin secretion by factor H of human complement. Immunology 55, 

419–426 (1985). 

234. Hammann, K. P., Raile, A., Schmitt, M., Mussel, H. H., Peters, H., Scheiner, O. & 

Dierich, M. P. beta 1H stimulates mouse-spleen B lymphocytes as demonstrated by increased 

thymidine incorporation and formation of B cell blasts. Immunobiology 160, 289–301 (1981). 

235. Atkinson, J. P. & Goodship, T. H. J. Complement factor H and the hemolytic uremic 

syndrome. J. Exp. Med. 204, 1245–1248 (2007). 

236. Aguilar, A. Thrombotic microangiopathies: Complement factor H: beyond aHUS. Nat. 

Rev. Nephrol. 13, 136 (2017). 

237. Toomey, C. B., Kelly, U., Saban, D. R. & Bowes Rickman, C. Regulation of age-

related macular degeneration-like pathology by complement factor H. Proc. Natl. Acad. Sci. 

U. S. A. 112, E3040-3049 (2015). 



 

327 

 

238. Carroll, M. V. & Sim, R. B. Complement in health and disease. Adv. Drug Deliv. Rev. 

63, 965–975 (2011). 

239. Risitano, A. M. & Marotta, S. Toward complement inhibition 2.0: Next generation 

anticomplement agents for paroxysmal nocturnal hemoglobinuria. Am. J. Hematol. 93, 564–

577 (2018). 

240. Harris, C. L. Expanding horizons in complement drug discovery: challenges and 

emerging strategies. Semin. Immunopathol. 40, 125–140 (2018). 

241. Ricklin, D. & Lambris, J. D. Complement in immune and inflammatory disorders: 

pathophysiological mechanisms. J. Immunol. Baltim. Md 1950 190, 3831–3838 (2013). 

242. Reis, E. S., Mastellos, D. C., Ricklin, D., Mantovani, A. & Lambris, J. D. Complement 

in cancer: untangling an intricate relationship. Nat. Rev. Immunol. 18, 5–18 (2018). 

243. Wilczek, E., Rzepko, R., Nowis, D., Legat, M., Golab, J., Glab, M., Gorlewicz, A., 

Konopacki, F., Mazurkiewicz, M., Sladowski, D., Gornicka, B., Wasiutynski, A. & 

Wilczynski, G. M. The possible role of factor H in colon cancer resistance to complement 

attack. Int. J. Cancer 122, 2030–2037 (2008). 

244. Shang, Y., Chai, N., Gu, Y., Ding, L., Yang, Y., Zhou, J., Ren, G., Hao, X., Fan, D., 

Wu, K. & Nie, Y. Systematic immunohistochemical analysis of the expression of CD46, 

CD55, and CD59 in colon cancer. Arch. Pathol. Lab. Med. 138, 910–919 (2014). 

245. Bouwens, T. a. M., Trouw, L. A., Veerhuis, R., Dirven, C. M. F., Lamfers, M. L. M. & 

Al-Khawaja, H. Complement activation in Glioblastoma multiforme pathophysiology: 

evidence from serum levels and presence of complement activation products in tumor tissue. 

J. Neuroimmunol. 278, 271–276 (2015). 

246. Zhao, P., Wu, J., Lu, F., Peng, X., Liu, C., Zhou, N. & Ying, M. The imbalance in the 

complement system and its possible physiological mechanisms in patients with lung cancer. 

BMC Cancer 19, 201 (2019). 

247. Grzmil, M., Voigt, S., Thelen, P., Hemmerlein, B., Helmke, K. & Burfeind, P. Up-

regulated expression of the MAT-8 gene in prostate cancer and its siRNA-mediated inhibition 

of expression induces a decrease in proliferation of human prostate carcinoma cells. Int. J. 

Oncol. 24, 97–105 (2004). 

248. Oner, F., Savaş, I. & Numanoğlu, N. Immunoglobulins and complement components 

in patients with lung cancer. Tuberk. Ve Toraks 52, 19–23 (2004). 

249. Lu, Z., Chen, Y., Jing, X., Wang, N., Zhang, T. & Hu, C. Detection and Identification 

of Serum Peptides Biomarker in Papillary Thyroid Cancer. Med. Sci. Monit. Int. Med. J. Exp. 

Clin. Res. 24, 1581–1587 (2018). 



 

328 

 

250. Ajona, D., Razquin, C., Pastor, M. D., Pajares, M. J., Garcia, J., Cardenal, F., 

Fleischhacker, M., Lozano, M. D., Zulueta, J. J., Schmidt, B., Nadal, E., Paz-Ares, L., 

Montuenga, L. M. & Pio, R. Elevated levels of the complement activation product C4d in 

bronchial fluids for the diagnosis of lung cancer. PloS One 10, e0119878 (2015). 

251. Ajona, D., Okrój, M., Pajares, M. J., Agorreta, J., Lozano, M. D., Zulueta, J. J., Verri, 

C., Roz, L., Sozzi, G., Pastorino, U., Massion, P. P., Montuenga, L. M., Blom, A. M. & Pio, 

R. Complement C4d-specific antibodies for the diagnosis of lung cancer. Oncotarget 9, 6346–

6355 (2018). 

252. Kim, P. Y., Tan, O., Diakiw, S. M., Carter, D., Sekerye, E. O., Wasinger, V. C., Liu, 

T., Kavallaris, M., Norris, M. D., Haber, M., Chesler, L., Dolnikov, A., Trahair, T. N., 

Cheung, N.-K., Marshall, G. M. & Cheung, B. B. Identification of plasma complement C3 as 

a potential biomarker for neuroblastoma using a quantitative proteomic approach. J. 

Proteomics 96, 1–12 (2014). 

253. Chen, J., Wu, W., Chen, L., Ma, X., Zhao, Y., Zhou, H., Yang, R. & Hu, L. 

[Expression and clinical significance of AHSG and complement C3 in pancreatic ductal 

adenocarcinoma]. Zhonghua Yi Xue Za Zhi 94, 2175–2179 (2014). 

254. Chen, J., Wu, W., Zhen, C., Zhou, H., Yang, R., Chen, L. & Hu, L. Expression and 

clinical significance of complement C3, complement C4b1 and apolipoprotein E in pancreatic 

cancer. Oncol. Lett. 6, 43–48 (2013). 

255. Zhang, X. & Sun, L. Anaphylatoxin C3a: A potential biomarker for esophageal cancer 

diagnosis. Mol. Clin. Oncol. 8, 315–319 (2018). 

256. Chung, L., Moore, K., Phillips, L., Boyle, F. M., Marsh, D. J. & Baxter, R. C. Novel 

serum protein biomarker panel revealed by mass spectrometry and its prognostic value in 

breast cancer. Breast Cancer Res. BCR 16, R63 (2014). 

257. Corrales, L., Ajona, D., Rafail, S., Lasarte, J. J., Riezu-Boj, J. I., Lambris, J. D., 

Rouzaut, A., Pajares, M. J., Montuenga, L. M. & Pio, R. Anaphylatoxin C5a creates a 

favorable microenvironment for lung cancer progression. J. Immunol. Baltim. Md 1950 189, 

4674–4683 (2012). 

258. Chen, J., Li, G., Zhang, L., Tang, M., Cao, X., Xu, G. & Wu, Y.-Z. Complement 

C5a/C5aR pathway potentiates the pathogenesis of gastric cancer by down-regulating p21 

expression. Cancer Lett. 412, 30–36 (2018). 

259. Helmig, S., Lochnit, G. & Schneider, J. Comparative proteomic analysis in serum of 

former uranium miners with and without radon induced squamous lung cancer. J. Occup. 

Med. Toxicol. Lond. Engl. 14, (2019). 



 

329 

 

260. Pio, R., Garcia, J., Corrales, L., Ajona, D., Fleischhacker, M., Pajares, M. J., Cardenal, 

F., Seijo, L., Zulueta, J. J., Nadal, E., Witt, C., Lozano, M. D., Schmidt, B. & Montuenga, L. 

M. Complement factor H is elevated in bronchoalveolar lavage fluid and sputum from 

patients with lung cancer. Cancer Epidemiol. Biomark. Prev. Publ. Am. Assoc. Cancer Res. 

Cosponsored Am. Soc. Prev. Oncol. 19, 2665–2672 (2010). 

261. Riihilä, P. M., Nissinen, L. M., Ala-Aho, R., Kallajoki, M., Grénman, R., Meri, S., 

Peltonen, S., Peltonen, J. & Kähäri, V.-M. Complement factor H: a biomarker for progression 

of cutaneous squamous cell carcinoma. J. Invest. Dermatol. 134, 498–506 (2014). 

262. Cheng, Z.-Z., Corey, M. J., Pärepalo, M., Majno, S., Hellwage, J., Zipfel, P. F., 

Kinders, R. J., Raitanen, M., Meri, S. & Jokiranta, T. S. Complement factor H as a marker for 

detection of bladder cancer. Clin. Chem. 51, 856–863 (2005). 

263. Heicappell, R., Müller, M., Fimmers, R. & Miller, K. Qualitative determination of 

urinary human complement factor H-related protein (hcfHrp) in patients with bladder cancer, 

healthy controls, and patients with benign urologic disease. Urol. Int. 65, 181–184 (2000). 

264. Narayanasamy, A., Ahn, J.-M., Sung, H.-J., Kong, D.-H., Ha, K.-S., Lee, S.-Y. & Cho, 

J.-Y. Fucosylated glycoproteomic approach to identify a complement component 9 associated 

with squamous cell lung cancer (SQLC). J. Proteomics 74, 2948–2958 (2011). 

265. Swierzko, A. S., Szala, A., Sawicki, S., Szemraj, J., Sniadecki, M., Sokolowska, A., 

Kaluzynski, A., Wydra, D. & Cedzynski, M. Mannose-Binding Lectin (MBL) and MBL-

associated serine protease-2 (MASP-2) in women with malignant and benign ovarian 

tumours. Cancer Immunol. Immunother. CII 63, 1129–1140 (2014). 

266. Ytting, H., Jensenius, J. C., Christensen, I. J., Thiel, S. & Nielsen, H. J. Increased 

activity of the mannan‐binding lectin complement activation pathway in patients with 

colorectal cancer. Scand. J. Gastroenterol. 39, 674–679 (2004). 

267. Li, W., Liu, Z., Liang, B., Chen, S., Zhang, X., Tong, X., Lou, W., Le, L., Tang, X. & 

Fu, F. Identification of core genes in ovarian cancer by an integrative meta-analysis. J. 

Ovarian Res. 11, 94 (2018). 

268. Kim, Y.-S., Hwan, J. D., Bae, S., Bae, D.-H. & Shick, W. A. Identification of 

differentially expressed genes using an annealing control primer system in stage III serous 

ovarian carcinoma. BMC Cancer 10, 576 (2010). 

269. Liu, W., Liu, B., Xin, L., Zhang, Y., Chen, X., Zhu, Z. & Lin, Y. Down-regulated 

expression of complement factor I: a potential suppressive protein for gastric cancer identified 

by serum proteome analysis. Clin. Chim. Acta Int. J. Clin. Chem. 377, 119–126 (2007). 



 

330 

 

270. Riihilä, P., Nissinen, L., Farshchian, M., Kivisaari, A., Ala-aho, R., Kallajoki, M., 

Grénman, R., Meri, S., Peltonen, S., Peltonen, J. & Kähäri, V.-M. Complement Factor I 

Promotes Progression of Cutaneous Squamous Cell Carcinoma. J. Invest. Dermatol. 135, 

579–588 (2015). 

271. Lim, L. C., Looi, M. L., Zakaria, S. Z. S., Sagap, I., Rose, I. M., Chin, S.-F. & Jamal, 

R. Identification of Differentially Expressed Proteins in the Serum   of Colorectal Cancer 

Patients Using 2D-DIGE Proteomics   Analysis. Pathol. Oncol. Res. POR 22, 169–177 

(2016). 

272. Kapka-Skrzypczak, L., Wolinska, E., Szparecki, G., Wilczynski, G. M., Czajka, M. & 

Skrzypczak, M. CD55, CD59, factor H and factor H-like 1 gene expression analysis in tumors 

of the ovary and corpus uteri origin. Immunol. Lett. 167, 67–71 (2015). 

273. Amornsiripanitch, N., Hong, S., Campa, M. J., Frank, M. M., Gottlin, E. B. & Patz, E. 

F. Complement Factor H Autoantibodies Are Associated with Early Stage NSCLC. Clin. 

Cancer Res. 16, 3226–3231 (2010). 

274. Ajona, D., Pajares, M., Freire, J., Gomez-Roman, J., Martinez-Terroba, E., Ortiz-

Espinosa, S., Lledo, A., Arenas-Lazaro, E., Agorreta, J., Lecanda, F., Montuenga, L. & Pio, 

R. Prognostic Value of Complement System in NSCLC and its Association with PD-1 and 

PD-L1 Expression. J. Thorac. Oncol. 13, (2018). 

275. Chang, I.-W., Lin, V. C.-H., Wu, W.-J., Liang, P.-I., Li, W.-M., Yeh, B.-W., He, H.-

L., Liao, A. C.-H., Chan, T.-C. & Li, C.-F. Complement Component 1, s Subcomponent 

Overexpression is an Independent Poor Prognostic Indicator in Patients with Urothelial 

Carcinomas of the Upper Urinary Tract and Urinary Bladder. J. Cancer 7, 1396–1405 (2016). 

276. Maestri, C. A., Nisihara, R., Mendes, H. W., Jensenius, J., Thiel, S., Messias-Reason, 

I. & de Carvalho, N. S. MASP-1 and MASP-2 Serum Levels Are Associated With Worse 

Prognostic in Cervical Cancer Progression. Front. Immunol. 9, 2742 (2018). 

277. Zafar, G. I., Grimm, E. A., Wei, W., Johnson, M. M. & Ellerhorst, J. A. Genetic 

deficiency of complement isoforms C4A or C4B predicts improved survival of metastatic 

renal cell carcinoma. J. Urol. 181, 1028–1034; discussion 1034 (2009). 

278. Sohal, D., Lin, F., Kundu, S., McCrae, K. & Khorana, A. A. Complement levels as 

predictors of survival in pancreatic adenocarcinoma. J. Clin. Oncol. 36, 315–315 (2018). 

279. Klikovits, T., Stockhammer, P., Laszlo, V., Dong, Y., Hoda, M. A., Ghanim, B., 

Opitz, I., Frauenfelder, T., Nguyen-Kim, T. D. L., Weder, W., Berger, W., Grusch, M., 

Aigner, C., Klepetko, W., Dome, B., Renyi-Vamos, F., Oehler, R. & Hegedus, B. Circulating 

complement component 4d (C4d) correlates with tumor volume, chemotherapeutic response 

and survival in patients with malignant pleural mesothelioma. Sci. Rep. 7, 16456 (2017). 



 

331 

 

280. Mäkelä, K., Helén, P., Haapasalo, H. & Paavonen, T. Complement activation in 

astrocytomas: deposition of C4d and patient outcome. BMC Cancer 12, 565 (2012). 

281. Ajona, D., Pajares, M. J., Corrales, L., Perez-Gracia, J. L., Agorreta, J., Lozano, M. 

D., Torre, W., Massion, P. P., de-Torres, J. P., Jantus-Lewintre, E., Camps, C., Zulueta, J. J., 

Montuenga, L. M. & Pio, R. Investigation of Complement Activation Product C4d as a 

Diagnostic and Prognostic Biomarker for Lung Cancer. JNCI J. Natl. Cancer Inst. 105, 1385–

1393 (2013). 

282. Lin, K., He, S., He, L., Chen, J., Cheng, X., Zhang, G. & Zhu, B. Complement 

component 3 is a prognostic factor of non‑small cell lung cancer. Mol. Med. Rep. 10, 811–

817 (2014). 

283. Cho, M. S., Vasquez, H. G., Rupaimoole, R., Pradeep, S., Wu, S., Zand, B., Han, H.-

D., Rodriguez-Aguayo, C., Bottsford-Miller, J., Huang, J., Miyake, T., Choi, H.-J., Dalton, H. 

J., Ivan, C., Baggerly, K., Lopez-Berestein, G., Sood, A. K. & Afshar-Kharghan, V. Autocrine 

effects of tumor-derived complement. Cell Rep. 6, 1085–1095 (2014). 

284. Xi, W., Liu, L., Wang, J., Xia, Y., Bai, Q., Long, Q., Wang, Y., Xu, J. & Guo, J. High 

Level of Anaphylatoxin C5a Predicts Poor Clinical Outcome in Patients with Clear Cell Renal 

Cell Carcinoma. Sci. Rep. 6, 29177 (2016). 

285. Wada, Y., Maeda, Y., Kubo, T., Kikuchi, K., Eto, M. & Imamura, T. C5a receptor 

expression is associated with poor prognosis in urothelial cell carcinoma patients treated with 

radical cystectomy or nephroureterectomy. Oncol. Lett. 12, 3995–4000 (2016). 

286. Ajona, D., Zandueta, C., Corrales, L., Moreno, H., Pajares, M. J., Ortiz-Espinosa, S., 

Martínez-Terroba, E., Perurena, N., de Miguel, F. J., Jantus-Lewintre, E., Camps, C., Vicent, 

S., Agorreta, J., Montuenga, L. M., Pio, R. & Lecanda, F. Blockade of the Complement 

C5a/C5aR1 Axis Impairs Lung Cancer Bone Metastasis by CXCL16-mediated Effects. Am. J. 

Respir. Crit. Care Med. 197, 1164–1176 (2018). 

287. Kaida, T., Nitta, H., Kitano, Y., Yamamura, K., Arima, K., Izumi, D., Higashi, T., 

Kurashige, J., Imai, K., Hayashi, H., Iwatsuki, M., Ishimoto, T., Hashimoto, D., Yamashita, 

Y., Chikamoto, A., Imanura, T., Ishiko, T., Beppu, T. & Baba, H. C5a receptor (CD88) 

promotes motility and invasiveness of gastric cancer by activating RhoA. Oncotarget 7, 

84798–84809 (2016). 

288. Xi, W., Liu, L., Wang, J., Xia, Y., Bai, Q., Xiong, Y., Qu, Y., Long, Q., Xu, J. & Guo, 

J. Enrichment of C5a-C5aR axis predicts poor postoperative prognosis of patients with clear 

cell renal cell carcinoma. Oncotarget 7, 80925–80934 (2016). 



 

332 

 

289. Imamura, T., Yamamoto-Ibusuki, M., Sueta, A., Kubo, T., Irie, A., Kikuchi, K., Kariu, 

T. & Iwase, H. Influence of the C5a-C5a receptor system on breast cancer progression and 

patient prognosis. Breast Cancer Tokyo Jpn. 23, 876–885 (2016). 

290. Kim, S. H., Lee, M. J., Hwang, H. K., Lee, S. H., Kim, H., Paik, Y.-K. & Kang, C. M. 

Prognostic potential of the preoperative plasma complement factor B in resected pancreatic 

cancer: A pilot study. Cancer Biomark. Sect. Dis. Markers (2019). doi:10.3233/CBM-181847 

291. Okroj, M., Holmquist, E., Nilsson, E., Anagnostaki, L., Jirström, K. & Blom, A. M. 

Local expression of complement factor I in breast cancer cells correlates with poor survival 

and recurrence. Cancer Immunol. Immunother. CII 64, 467–478 (2015). 

292. Zhang, Z., Yu, D., Yuan, J., Guo, Y., Wang, H. & Zhang, X. Cigarette smoking 

strongly modifies the association of complement factor H variant and the risk of lung cancer. 

Cancer Epidemiol. 36, e111-115 (2012). 

293. Ezzeldin, N., El-Lebedy, D., Darwish, A., El-Bastawissy, A. & Shalaby, A. E. 

Complement factor H polymorphism rs1061170 and the effect of cigarette smoking on the 

risk of lung cancer. Contemp. Oncol. 19, 441–445 (2015). 

294. Surowiak, P., Materna, V., Maciejczyk, A., Kaplenko, I., Spaczynski, M., Dietel, M., 

Lage, H. & Zabel, M. CD46 expression is indicative of shorter revival-free survival for 

ovarian cancer patients. Anticancer Res. 26, 4943–4948 (2006). 

295. Ouyang, Q., Zhang, L., Jiang, Y., Ni, X., Chen, S., Ye, F., Du, Y., Huang, L., Ding, P., 

Wang, N., Yang, C., Huang, T., Sun, Y., Li, S., Xia, Y., Hu, W., Luo, R. & Shao, Z. The 

membrane complement regulatory protein CD59 promotes tumor growth and predicts poor 

prognosis in breast cancer. Int. J. Oncol. 48, 2015–2024 (2016). 

296. Lucas, S. D., Karlsson-Parra, A., Nilsson, B., Grimelius, L., Akerström, G., Rastad, J. 

& Juhlin, C. Tumor-specific deposition of immunoglobulin G and complement in papillary 

thyroid carcinoma. Hum. Pathol. 27, 1329–1335 (1996). 

297. Niculescu, F., Rus, H. G., Retegan, M. & Vlaicu, R. Persistent complement activation 

on tumor cells in breast cancer. Am. J. Pathol. 140, 1039–1043 (1992). 

298. Niehans, G. A., Cherwitz, D. L., Staley, N. A., Knapp, D. J. & Dalmasso, A. P. 

Human carcinomas variably express the complement inhibitory proteins CD46 (membrane 

cofactor protein), CD55 (decay-accelerating factor), and CD59 (protectin). Am. J. Pathol. 

149, 129–142 (1996). 

299. Guidi, L., Baroni, R., Bartoloni, C., Pellegrino, M., Tricerri, A., Marciano, M., 

Barone, C. & Gambassi, G. Immune complexes in solid tumours precipitable by 3.5% 



 

333 

 

polyethylene glycol: analysis of some nonspecific components. Diagn. Clin. Immunol. 5, 

284–288 (1988). 

300. Baatrup, G., Qvist, N., Junker, A., Larsen, K. E. & Zimmermann-Nielsen, C. Activity 

and activation of the complement system in patients being operated on for cancer of the colon. 

Eur. J. Surg. Acta Chir. 160, 503–510 (1994). 

301. Yamakawa, M., Yamada, K., Tsuge, T., Ohrui, H., Ogata, T., Dobashi, M. & Imai, Y. 

Protection of thyroid cancer cells by complement-regulatory factors. Cancer 73, 2808–2817 

(1994). 

302. Gasque, P., Julen, N., Ischenko, A. M., Picot, C., Mauger, C., Chauzy, C., Ripoche, J. 

& Fontaine, M. Expression of complement components of the alternative pathway by glioma 

cell lines. J. Immunol. Baltim. Md 1950 149, 1381–1387 (1992). 

303. Bu, X., Zheng, Z., Wang, C. & Yu, Y. Significance of C4d deposition in the follicular 

lymphoma and MALT lymphoma and their relationship with follicular dendritic cells. Pathol. 

Res. Pract. 203, 163–167 (2007). 

304. Markiewski, M. M., DeAngelis, R. A., Benencia, F., Ricklin-Lichtsteiner, S. K., 

Koutoulaki, A., Gerard, C., Coukos, G. & Lambris, J. D. Modulation of the antitumor 

immune response by complement. Nat. Immunol. 9, 1225–1235 (2008). 

305. Qiu, Y., Korteweg, C., Chen, Z., Li, J., Luo, J., Huang, G. & Gu, J. Immunoglobulin G 

expression and its colocalization with complement proteins in papillary thyroid cancer. Mod. 

Pathol. Off. J. U. S. Can. Acad. Pathol. Inc 25, 36–45 (2012). 

306. Eilber, F. R. & Morton, D. L. Demonstration in sarcoma patients of anti-tumor 

antibodies which fix only human complement. Nature 225, 1137–1138 (1970). 

307. Arshad, A., Chung, W., Isherwood, J., Steward, W., Metcalfe, M. & Dennison, A. 

Restoration of mannose-binding lectin complement activity is associated with improved 

outcome in patients with advanced pancreatic cancer treated with gemcitabine and 

intravenous ω-3 fish oil. JPEN J. Parenter. Enteral Nutr. 38, 214–219 (2014). 

308. Piao, C., Cai, L., Qiu, S., Jia, L., Song, W. & Du, J. Complement 5a Enhances Hepatic 

Metastases of Colon Cancer via Monocyte Chemoattractant Protein-1-mediated Inflammatory 

Cell Infiltration. J. Biol. Chem. 290, 10667–10676 (2015). 

309. Nitta, H., Murakami, Y., Wada, Y., Eto, M., Baba, H. & Imamura, T. Cancer cells 

release anaphylatoxin C5a from C5 by serine protease to enhance invasiveness. Oncol. Rep. 

32, 1715–1719 (2014). 

310. Manning, M. L., Williams, S. A., Jelinek, C. A., Kostova, M. B. & Denmeade, S. R. 

Proteolysis of complement factors iC3b and C5 by the serine protease prostate-specific 



 

334 

 

antigen in prostatic fluid and seminal plasma. J. Immunol. Baltim. Md 1950 190, 2567–2574 

(2013). 

311. Frade, R., Rodrigues-Lima, F., Huang, S., Xie, K., Guillaume, N. & Bar-Eli, M. 

Procathepsin-L, a proteinase that cleaves human C3 (the third component of complement), 

confers high tumorigenic and metastatic properties to human melanoma cells. Cancer Res. 58, 

2733–2736 (1998). 

312. Yang, Z. & Cox, J. L. Cathepsin L increases invasion and migration of B16 

melanoma. Cancer Cell Int. 7, 8 (2007). 

313. Reddel, C. J., Tan, C. W. & Chen, V. M. Thrombin Generation and Cancer: 

Contributors and Consequences. Cancers 11, (2019). 

314. Ajona, D., Ortiz-Espinosa, S. & Pio, R. Complement anaphylatoxins C3a and C5a: 

Emerging roles in cancer progression and treatment. Semin. Cell Dev. Biol. 85, 153–163 

(2019). 

315. Bonavita, E., Gentile, S., Rubino, M., Maina, V., Papait, R., Kunderfranco, P., Greco, 

C., Feruglio, F., Molgora, M., Laface, I., Tartari, S., Doni, A., Pasqualini, F., Barbati, E., 

Basso, G., Galdiero, M. R., Nebuloni, M., Roncalli, M., Colombo, P., Laghi, L., Lambris, J. 

D., Jaillon, S., Garlanda, C. & Mantovani, A. PTX3 is an extrinsic oncosuppressor regulating 

complement-dependent inflammation in cancer. Cell 160, 700–714 (2015). 

316. Markiewski, M. M., Vadrevu, S. K., Sharma, S. K., Chintala, N. K., Ghouse, S., Cho, 

J.-H., Fairlie, D. P., Paterson, Y., Astrinidis, A. & Karbowniczek, M. The Ribosomal Protein 

S19 Suppresses Antitumor Immune Responses via the Complement C5a Receptor 1. J. 

Immunol. Baltim. Md 1950 198, 2989–2999 (2017). 

317. Janelle, V., Langlois, M.-P., Tarrab, E., Lapierre, P., Poliquin, L. & Lamarre, A. 

Transient Complement Inhibition Promotes a Tumor-Specific Immune Response through the 

Implication of Natural Killer Cells. Cancer Immunol. Res. 2, 200–206 (2014). 

318. Singel, K. L., Emmons, T. R., Khan, A. N. H., Mayor, P. C., Shen, S., Wong, J. T., 

Morrell, K., Eng, K. H., Mark, J., Bankert, R. B., Matsuzaki, J., Koya, R. C., Blom, A. M., 

McLeish, K. R., Qu, J., Ram, S., Moysich, K. B., Abrams, S. I., Odunsi, K., Zsiros, E. & 

Segal, B. H. Mature neutrophils suppress T cell immunity in ovarian cancer 

microenvironment. JCI Insight 4, (2019). 

319. Guglietta, S., Chiavelli, A., Zagato, E., Krieg, C., Gandini, S., Ravenda, P. S., Bazolli, 

B., Lu, B., Penna, G. & Rescigno, M. Coagulation induced by C3aR-dependent NETosis 

drives protumorigenic neutrophils during small intestinal tumorigenesis. Nat. Commun. 7, 

11037 (2016). 



 

335 

 

320. Liu, C.-F., Min, X.-Y., Wang, N., Wang, J.-X., Ma, N., Dong, X., Zhang, B., Wu, W., 

Li, Z.-F., Zhou, W. & Li, K. Complement Receptor 3 Has Negative Impact on Tumor 

Surveillance through Suppression of Natural Killer Cell Function. Front. Immunol. 8, 1602 

(2017). 

321. Schmidt, J., Klempp, C., Büchler, M. W. & Märten, A. Release of iC3b from apoptotic 

tumor cells induces tolerance by binding to immature dendritic cells in vitro and in vivo. 

Cancer Immunol. Immunother. CII 55, 31–38 (2006). 

322. Bandini, S., Curcio, C., Macagno, M., Quaglino, E., Arigoni, M., Lanzardo, S., Hysi, 

A., Barutello, G., Consolino, L., Longo, D. L., Musiani, P., Forni, G., Iezzi, M. & Cavallo, F. 

Early onset and enhanced growth of autochthonous mammary carcinomas in C3-deficient 

Her2/neu transgenic mice. Oncoimmunology 2, e26137 (2013). 

323. Facciabene, A., De Sanctis, F., Pierini, S., Reis, E. S., Balint, K., Facciponte, J., 

Rueter, J., Kagabu, M., Magotti, P., Lanitis, E., DeAngelis, R. A., Buckanovich, R. J., Song, 

W. C., Lambris, J. D. & Coukos, G. Local endothelial complement activation reverses 

endothelial quiescence, enabling t-cell homing, and tumor control during t-cell 

immunotherapy. Oncoimmunology 6, e1326442 (2017). 

324. Platt, J. L., Silva, I., Balin, S. J., Lefferts, A. R., Farkash, E., Ross, T. M., Carroll, M. 

C. & Cascalho, M. C3d regulates immune checkpoint blockade and enhances antitumor 

immunity. JCI Insight 2, (2017). 

325. Li, H., Courtois, E. T., Sengupta, D., Tan, Y., Chen, K. H., Goh, J. J. L., Kong, S. L., 

Chua, C., Hon, L. K., Tan, W. S., Wong, M., Choi, P. J., Wee, L. J. K., Hillmer, A. M., Tan, I. 

B., Robson, P. & Prabhakar, S. Reference component analysis of single-cell transcriptomes 

elucidates cellular heterogeneity in human colorectal tumors. Nat. Genet. 49, 708–718 (2017). 

326. Tirosh, I., Izar, B., Prakadan, S. M., Wadsworth, M. H., Treacy, D., Trombetta, J. J., 

Rotem, A., Rodman, C., Lian, C., Murphy, G., Fallahi-Sichani, M., Dutton-Regester, K., Lin, 

J.-R., Cohen, O., Shah, P., Lu, D., Genshaft, A. S., Hughes, T. K., Ziegler, C. G. K., Kazer, S. 

W., Gaillard, A., Kolb, K. E., Villani, A.-C., Johannessen, C. M., Andreev, A. Y., Van Allen, 

E. M., Bertagnolli, M., Sorger, P. K., Sullivan, R. J., Flaherty, K. T., Frederick, D. T., Jané-

Valbuena, J., Yoon, C. H., Rozenblatt-Rosen, O., Shalek, A. K., Regev, A. & Garraway, L. A. 

Dissecting the multicellular ecosystem of metastatic melanoma by single-cell RNA-seq. 

Science 352, 189–196 (2016). 

327. Costa, A., Kieffer, Y., Scholer-Dahirel, A., Pelon, F., Bourachot, B., Cardon, M., 

Sirven, P., Magagna, I., Fuhrmann, L., Bernard, C., Bonneau, C., Kondratova, M., Kuperstein, 

I., Zinovyev, A., Givel, A.-M., Parrini, M.-C., Soumelis, V., Vincent-Salomon, A. & Mechta-



 

336 

 

Grigoriou, F. Fibroblast Heterogeneity and Immunosuppressive Environment in Human 

Breast Cancer. Cancer Cell 33, 463-479.e10 (2018). 

328. Gunn, L., Ding, C., Liu, M., Ma, Y., Qi, C., Cai, Y., Hu, X., Aggarwal, D., Zhang, H.-

G. & Yan, J. Opposing roles for complement component C5a in tumor progression and the 

tumor microenvironment. J. Immunol. Baltim. Md 1950 189, 2985–2994 (2012). 

329. Li, L., Yang, H., Li, Y., Li, X.-D., Zeng, T.-T., Lin, S.-X., Zhu, Y.-H. & Guan, X.-Y. 

Hypoxia restrains the expression of complement component 9 in tumor-associated 

macrophages promoting non-small cell lung cancer progression. Cell Death Discov. 4, 63 

(2018). 

330. Okroj, M., Corrales, L., Stokowska, A., Pio, R. & Blom, A. M. Hypoxia increases 

susceptibility of non-small cell lung cancer cells to complement attack. Cancer Immunol. 

Immunother. CII 58, 1771–1780 (2009). 

331. Olcina, M. M., Balanis, N. G., Kim, R. K., Aksoy, B. A., Kodysh, J., Thompson, M. 

J., Hammerbacher, J., Graeber, T. G. & Giaccia, A. J. Mutations in an Innate Immunity 

Pathway Are Associated with Poor Overall Survival Outcomes and Hypoxic Signaling in 

Cancer. Cell Rep. 25, 3721-3732.e6 (2018). 

332. Zhang, L., Sorensen, M. D., Kristensen, B. W., Reifenberger, G., McIntyre, T. M. & 

Lin, F. D-2-Hydroxyglutarate Is an Intercellular Mediator in IDH-Mutant Gliomas Inhibiting 

Complement and T Cells. Clin. Cancer Res. 24, 5381–5391 (2018). 

333. Contractor, T., Kobayashi, S., da Silva, E., Clausen, R., Chan, C., Vosburgh, E., Tang, 

L. H., Levine, A. J. & Harris, C. R. Sexual dimorphism of liver metastasis by murine 

pancreatic neuroendocrine tumors is affected by expression of complement C5. Oncotarget 7, 

30585–30596 (2016). 

334. Nunez-Cruz, S., Gimotty, P. A., Guerra, M. W., Connolly, D. C., Wu, Y.-Q., 

DeAngelis, R. A., Lambris, J. D., Coukos, G. & Scholler, N. Genetic and Pharmacologic 

Inhibition of Complement Impairs Endothelial Cell Function and Ablates Ovarian Cancer 

Neovascularization. Neoplasia N. Y. N 14, 994–1004 (2012). 

335. Jeon, H., Han, S. R., Lee, S., Park, S. J., Kim, J. H., Yoo, S.-M. & Lee, M.-S. 

Activation of the complement system in an osteosarcoma cell line promotes angiogenesis 

through enhanced production of growth factors. Sci. Rep. 8, 5415 (2018). 

336. Khan, M. A., Assiri, A. M. & Broering, D. C. Complement and macrophage crosstalk 

during process of angiogenesis in tumor progression. J. Biomed. Sci. 22, (2015). 

337. Bandini, S., Macagno, M., Hysi, A., Lanzardo, S., Conti, L., Bello, A., Riccardo, F., 

Ruiu, R., Merighi, I. F., Forni, G., Iezzi, M., Quaglino, E. & Cavallo, F. The non-



 

337 

 

inflammatory role of C1q during Her2/neu-driven mammary carcinogenesis. 

Oncoimmunology 5, e1253653 (2016). 

338. Fan, Z., Qin, J., Wang, D. & Geng, S. Complement C3a promotes proliferation, 

migration and stemness in cutaneous squamous cell carcinoma. J. Cell. Mol. Med. 0, (2019). 

339. Riihilä, P., Nissinen, L., Farshchian, M., Kallajoki, M., Kivisaari, A., Meri, S., 

Grénman, R., Peltonen, S., Peltonen, J., Pihlajaniemi, T., Heljasvaara, R. & Kähäri, V.-M. 

Complement Component C3 and Complement Factor B Promote Growth of Cutaneous 

Squamous Cell Carcinoma. Am. J. Pathol. 187, 1186–1197 (2017). 

340. Lu, Y. & Hu, X.-B. C5a stimulates the proliferation of breast cancer cells via Akt-

dependent RGC-32 gene activation. Oncol. Rep. 32, 2817–2823 (2014). 

341. Kim, D.-Y., Martin, C. B., Lee, S. N. & Martin, B. K. Expression of complement 

protein C5a in a murine mammary cancer model: tumor regression by interference with the 

cell cycle. Cancer Immunol. Immunother. CII 54, 1026–1037 (2005). 

342. Agostinis, C., Vidergar, R., Belmonte, B., Mangogna, A., Amadio, L., Geri, P., 

Borelli, V., Zanconati, F., Tedesco, F., Confalonieri, M., Tripodo, C., Kishore, U. & Bulla, R. 

Complement Protein C1q Binds to Hyaluronic Acid in the Malignant Pleural Mesothelioma 

Microenvironment and Promotes Tumor Growth. Front. Immunol. 8, 1559 (2017). 

343. Kim, K.-B., Yi, J.-S., Nguyen, N., Lee, J.-H., Kwon, Y.-C., Ahn, B.-Y., Cho, H., Kim, 

Y. K., Yoo, H.-J., Lee, J.-S. & Ko, Y.-G. Cell-surface receptor for complement component 

C1q (gC1qR) is a key regulator for lamellipodia formation and cancer metastasis. J. Biol. 

Chem. 286, 23093–23101 (2011). 

344. Riihilä, P., Nissinen, L., Farshchian, M., Kivisaari, A., Ala-Aho, R., Kallajoki, M., 

Grénman, R., Meri, S., Peltonen, S., Peltonen, J. & Kähäri, V.-M. Complement factor I 

promotes progression of cutaneous squamous cell carcinoma. J. Invest. Dermatol. 135, 579–

588 (2015). 

345. Chen, J., Ding, P., Li, L., Gu, H., Zhang, X., Zhang, L., Wang, N., Gan, L., Wang, Q., 

Zhang, W. & Hu, W. CD59 Regulation by SOX2 Is Required for Epithelial Cancer Stem 

Cells to Evade Complement Surveillance. Stem Cell Rep. 8, 140–151 (2017). 

346. Seol, H. S., Lee, S. E., Song, J. S., Rhee, J.-K., Singh, S. R., Chang, S. & Jang, S. J. 

Complement proteins C7 and CFH control the stemness of liver cancer cells via LSF-1. 

Cancer Lett. 372, 24–35 (2016). 

347. Vlaicu, S. I., Tegla, C. A., Cudrici, C. D., Danoff, J., Madani, H., Sugarman, A., 

Niculescu, F., Mircea, P. A., Rus, V. & Rus, H. Role of C5b-9 complement complex and 

response gene to complement-32 (RGC-32) in cancer. Immunol. Res. 56, 109–121 (2013). 



 

338 

 

348. Liu, L., Li, W., Li, Z. & Kirschfink, M. Sublytic complement protects prostate cancer 

cells from tumour necrosis factor-α-induced cell death. Clin. Exp. Immunol. 169, 100–108 

(2012). 

349. Kempshall, E., Thebault, S., Morgan, B. P., Harris, C. L. & Gallimore, A. 

Complement-induced protection: an explanation for the limitations of cell-based tumour 

immunotherapies. Immunol. Cell Biol. 90, 869–871 (2012). 

350. Sakai, N., Kusunoki, M., Nishida, M., Toyoguchi, T., Fukutomi, H. & Sakiyama, H. 

Tumorigenicity of BALB3T3 A31 cells transfected with hamster-complement-C1s cDNA. 

Int. J. Cancer 58, 309–313 (1994). 

351. van Kilsdonk, J. W. J., Takahashi, N., Weidle, U., Burtscher, H., Jarry, J., Daha, M. 

R., Swart, G. W. M. & van Kempen, L. C. L. T. Modulation of activated leukocyte cell 

adhesion molecule-mediated invasion triggers an innate immune gene response in melanoma. 

J. Invest. Dermatol. 132, 1462–1470 (2012). 

352. Sakiyama, H., Nishida, M., Sakai, N., Nagino, K., Miyatake, S., Saito, T. & 

Imajoh‐Ohmi, S. Site-directed mutagenesis of hamster complement C1S: Characterization 

with an active form-specific antibody and possible involvement of C1S in tumorigenicity. Int. 

J. Cancer 66, 768–771 (1996). 

353. Kaur, A., Sultan, S. H. A., Murugaiah, V., Pathan, A. A., Alhamlan, F. S., Karteris, E. 

& Kishore, U. Human C1q Induces Apoptosis in an Ovarian Cancer Cell Line via Tumor 

Necrosis Factor Pathway. Front. Immunol. 7, 599 (2016). 

354. Block, I., Müller, C., Sdogati, D., Pedersen, H., List, M., Jaskot, A. M., Syse, S. D., 

Lund Hansen, P., Schmidt, S., Christiansen, H., Casella, C., Bering Olsen, S., Blomstrøm, M. 

M., Riedel, A., Thomassen, M., Kruse, T. A., Karlskov Hansen, S. W., Kioschis, P. & 

Mollenhauer, J. CFP suppresses breast cancer cell growth by TES-mediated upregulation of 

the transcription factor DDIT3. Oncogene (2019). doi:10.1038/s41388-019-0739-0 

355. Ajona, D., Ortiz-Espinosa, S., Pio, R. & Lecanda, F. Complement in Metastasis: A 

Comp in the Camp. Front. Immunol. 10, (2019). 

356. Cho, M. S., Rupaimoole, R., Choi, H.-J., Noh, K., Chen, J., Hu, Q., Sood, A. K. & 

Afshar-Kharghan, V. Complement Component 3 Is Regulated by TWIST1 and Mediates 

Epithelial-Mesenchymal Transition. J. Immunol. Baltim. Md 1950 196, 1412–1418 (2016). 

357. Boire, A., Zou, Y., Shieh, J., Macalinao, D. G., Pentsova, E. & Massagué, J. 

Complement Component 3 Adapts the Cerebrospinal Fluid for Leptomeningeal Metastasis. 

Cell 168, 1101-1113.e13 (2017). 



 

339 

 

358. Vadrevu, S. K., Chintala, N. K., Sharma, S. K., Sharma, P., Cleveland, C., Riediger, 

L., Manne, S., Fairlie, D. P., Gorczyca, W., Almanza, O., Karbowniczek, M. & Markiewski, 

M. M. Complement c5a receptor facilitates cancer metastasis by altering T-cell responses in 

the metastatic niche. Cancer Res. 74, 3454–3465 (2014). 

359. Hu, W.-H., Hu, Z., Shen, X., Dong, L.-Y., Zhou, W.-Z. & Yu, X.-X. C5a receptor 

enhances hepatocellular carcinoma cell invasiveness via activating ERK1/2-mediated 

epithelial-mesenchymal transition. Exp. Mol. Pathol. 100, 101–108 (2016). 

360. Maeda, Y., Kawano, Y., Wada, Y., Yatsuda, J., Motoshima, T., Murakami, Y., 

Kikuchi, K., Imamura, T. & Eto, M. C5aR is frequently expressed in metastatic renal cell 

carcinoma and plays a crucial role in cell invasion via the ERK and PI3 kinase pathways. 

Oncol. Rep. 33, 1844–1850 (2015). 

361. Abdelbaset-Ismail, A., Borkowska-Rzeszotek, S., Kubis, E., Bujko, K., 

Brzeźniakiewicz-Janus, K., Bolkun, L., Kloczko, J., Moniuszko, M., Basak, G. W., Wiktor-

Jedrzejczak, W. & Ratajczak, M. Z. Activation of the complement cascade enhances motility 

of leukemic cells by downregulating expression of HO-1. Leukemia 31, 446–458 (2017). 

362. Ajona, D., Ortiz-Espinosa, S., Moreno, H., Lozano, T., Pajares, M. J., Agorreta, J., 

Bértolo, C., Lasarte, J. J., Vicent, S., Hoehlig, K., Vater, A., Lecanda, F., Montuenga, L. M. & 

Pio, R. A Combined PD-1/C5a Blockade Synergistically Protects against Lung Cancer 

Growth and Metastasis. Cancer Discov. 7, 694–703 (2017). 

363. Ajona, D., Hsu, Y.-F., Corrales, L., Montuenga, L. M. & Pio, R. Down-Regulation of 

Human Complement Factor H Sensitizes Non-Small Cell Lung Cancer Cells to Complement 

Attack and Reduces In Vivo Tumor Growth. J. Immunol. 178, 5991–5998 (2007). 

364. Sharma, S. K., Chintala, N. K., Vadrevu, S. K., Patel, J., Karbowniczek, M. & 

Markiewski, M. M. Pulmonary alveolar macrophages contribute to the premetastatic niche by 

suppressing antitumor T cell responses in the lungs. J. Immunol. Baltim. Md 1950 194, 5529–

5538 (2015). 

365. Downs-Canner, S., Magge, D., Ravindranathan, R., O’Malley, M. E., Francis, L., Liu, 

Z., Guo, Z. S., Obermajer, N. & Bartlett, D. L. Complement Inhibition: A Novel Form of 

Immunotherapy for Colon Cancer. Ann. Surg. Oncol. 23, 655–662 (2016). 

366. Piao, C., Zhang, W.-M., Li, T.-T., Zhang, C., Qiu, S., Liu, Y., Liu, S., Jin, M., Jia, L.-

X., Song, W.-C. & Du, J. Complement 5a stimulates macrophage polarization and contributes 

to tumor metastases of colon cancer. Exp. Cell Res. 366, 127–138 (2018). 

367. Ning, C., Li, Y.-Y., Wang, Y., Han, G.-C., Wang, R.-X., Xiao, H., Li, X.-Y., Hou, C.-

M., Ma, Y.-F., Sheng, D.-S., Shen, B.-F., Feng, J.-N., Guo, R.-F., Li, Y. & Chen, G.-J. 



 

340 

 

Complement activation promotes colitis-associated carcinogenesis through activating 

intestinal IL-1β/IL-17A axis. Mucosal Immunol. 8, 1275–1284 (2015). 

368. Nitta, H., Wada, Y., Kawano, Y., Murakami, Y., Irie, A., Taniguchi, K., Kikuchi, K., 

Yamada, G., Suzuki, K., Honda, J., Wilson-Morifuji, M., Araki, N., Eto, M., Baba, H. & 

Imamura, T. Enhancement of human cancer cell motility and invasiveness by anaphylatoxin 

C5a via aberrantly expressed C5a receptor (CD88). Clin. Cancer Res. Off. J. Am. Assoc. 

Cancer Res. 19, 2004–2013 (2013). 

369. Surace, L., Lysenko, V., Fontana, A. O., Cecconi, V., Janssen, H., Bicvic, A., 

Okoniewski, M., Pruschy, M., Dummer, R., Neefjes, J., Knuth, A., Gupta, A. & van den 

Broek, M. Complement is a central mediator of radiotherapy-induced tumor-specific 

immunity and clinical response. Immunity 42, 767–777 (2015). 

370. Zha, H., Wang, X., Zhu, Y., Chen, D., Han, X., Yang, F., Gao, J., Hu, C., Shu, C., 

Feng, Y., Tan, Y., Zhang, J., Li, Y., Wan, Y. Y., Guo, B. & Zhu, B. Intracellular Activation of 

Complement C3 Leads to PD-L1 Antibody Treatment Resistance by Modulating Tumor-

Associated Macrophages. Cancer Immunol. Res. 7, 193–207 (2019). 

371. IPH5401 (Anti-C5aR) in Combination With Durvalumab in Patients With Advanced 

Solid Tumors - Full Text View - ClinicalTrials.gov. at 

<https://clinicaltrials.gov/ct2/show/NCT03665129> 

372. Elvington, M., Scheiber, M., Yang, X., Lyons, K., Jacqmin, D., Wadsworth, C., 

Marshall, D., Vanek, K. & Tomlinson, S. Complement-dependent modulation of antitumor 

immunity following radiation therapy. Cell Rep. 8, 818–830 (2014). 

373. Xu, C.-Z., Shi, R.-J., Chen, D., Sun, Y.-Y., Wu, Q.-W., Wang, T. & Wang, P.-H. 

Potential biomarkers for paclitaxel sensitivity in hypopharynx cancer cell. Int. J. Clin. Exp. 

Pathol. 6, 2745–2756 (2013). 

374. Rogers, L. M., Veeramani, S. & Weiner, G. J. Complement in monoclonal antibody 

therapy of cancer. Immunol. Res. 59, 203–210 (2014). 

375. Imai, K. & Takaoka, A. Comparing antibody and small-molecule therapies for cancer. 

Nat. Rev. Cancer 6, 714–727 (2006). 

376. Fishelson, Z., Donin, N., Zell, S., Schultz, S. & Kirschfink, M. Obstacles to cancer 

immunotherapy: expression of membrane complement regulatory proteins (mCRPs) in 

tumors. Mol. Immunol. 40, 109–123 (2003). 

377. Gancz, D. & Fishelson, Z. Cancer resistance to complement-dependent cytotoxicity 

(CDC): Problem-oriented research and development. Mol. Immunol. 46, 2794–2800 (2009). 



 

341 

 

378. Rösner, T., Derer, S., Kellner, C., Dechant, M., Lohse, S., Vidarsson, G., Peipp, M. & 

Valerius, T. An IgG3 switch variant of rituximab mediates enhanced complement-dependent 

cytotoxicity against tumour cells with low CD20 expression levels. Br. J. Haematol. 161, 

282–286 (2013). 

379. Cook, E. M., Lindorfer, M. A., van der Horst, H., Oostindie, S., Beurskens, F. J., 

Schuurman, J., Zent, C. S., Burack, R., Parren, P. W. H. I. & Taylor, R. P. Antibodies That 

Efficiently Form Hexamers upon Antigen Binding Can Induce Complement-Dependent 

Cytotoxicity under Complement-Limiting Conditions. J. Immunol. Baltim. Md 1950 197, 

1762–1775 (2016). 

380. Derer, S., Cossham, M., Rösner, T., Kellner, C., Beurskens, F. J., Schwanbeck, R., 

Lohse, S., Sina, C., Peipp, M. & Valerius, T. A Complement-Optimized EGFR Antibody 

Improves Cytotoxic Functions of Polymorphonuclear Cells against Tumor Cells. J. Immunol. 

Baltim. Md 1950 195, 5077–5087 (2015). 

381. Beyer, I., Cao, H., Persson, J., Wang, H., Liu, Y., Yumul, R., Li, Z., Woodle, D., 

Manger, R., Gough, M., Rocha, D., Bogue, J., Baldessari, A., Berenson, R., Carter, D. & 

Lieber, A. Transient Removal of CD46 Is Safe and Increases B-cell Depletion by Rituximab 

in CD46 Transgenic Mice and Macaques. Mol. Ther. 21, 291–299 (2013). 

382. Geis, N., Zell, S., Rutz, R., Li, W., Giese, T., Mamidi, S., Schultz, S. & Kirschfink, M. 

Inhibition of membrane complement inhibitor expression (CD46, CD55, CD59) by siRNA 

sensitizes tumor cells to complement attack in vitro. Curr. Cancer Drug Targets 10, 922–931 

(2010). 

383. Terui, Y., Sakurai, T., Mishima, Y., Mishima, Y., Sugimura, N., Sasaoka, C., Kojima, 

K., Yokoyama, M., Mizunuma, N., Takahashi, S., Ito, Y. & Hatake, K. Blockade of bulky 

lymphoma-associated CD55 expression by RNA interference overcomes resistance to 

complement-dependent cytotoxicity with rituximab. Cancer Sci. 97, 72–79 (2006). 

384. Bellone, S., Roque, D., Cocco, E., Gasparrini, S., Bortolomai, I., Buza, N., Abu-

Khalaf, M., Silasi, D.-A., Ratner, E., Azodi, M., Schwartz, P. E., Rutherford, T. J., Pecorelli, 

S. & Santin, A. D. Downregulation of membrane complement inhibitors CD55 and CD59 by 

siRNA sensitises uterine serous carcinoma overexpressing Her2/neu to complement and 

antibody-dependent cell cytotoxicity in vitro: implications for trastuzumab-based 

immunotherapy. Br. J. Cancer 106, 1543–1550 (2012). 

385. Macor, P., Tripodo, C., Zorzet, S., Piovan, E., Bossi, F., Marzari, R., Amadori, A. & 

Tedesco, F. In vivo targeting of human neutralizing antibodies against CD55 and CD59 to 

lymphoma cells increases the antitumor activity of rituximab. Cancer Res. 67, 10556–10563 

(2007). 



 

342 

 

386. Ziller, F., Macor, P., Bulla, R., Sblattero, D., Marzari, R. & Tedesco, F. Controlling 

complement resistance in cancer by using human monoclonal antibodies that neutralize 

complement-regulatory proteins CD55 and CD59. Eur. J. Immunol. 35, 2175–2183 (2005). 

387. Gelderman, K. A., Blok, V. T., Fleuren, G. J. & Gorter, A. The inhibitory effect of 

CD46, CD55, and CD59 on complement activation after immunotherapeutic treatment of 

cervical carcinoma cells with monoclonal antibodies or bispecific monoclonal antibodies. 

Lab. Investig. J. Tech. Methods Pathol. 82, 483–493 (2002). 

388. Gelderman, K. A., Kuppen, P. J. K., Bruin, W., Fleuren, G. J. & Gorter, A. 

Enhancement of the complement activating capacity of 17-1A mAb to overcome the effect of 

membrane-bound complement regulatory proteins on colorectal carcinoma. Eur. J. Immunol. 

32, 128–135 (2002). 

389. Introna, M. & Golay, J. Complement in antibody therapy: friend or foe? Blood 114, 

5247–5248 (2009). 

390. Wang, S.-Y., Racila, E., Taylor, R. P. & Weiner, G. J. NK-cell activation and 

antibody-dependent cellular cytotoxicity induced by rituximab-coated target cells is inhibited 

by the C3b component of complement. Blood 111, 1456–1463 (2008). 

391. Fishelson, Z. & Kirschfink, M. Complement C5b-9 and Cancer: Mechanisms of Cell 

Damage, Cancer Counteractions, and Approaches for Intervention. Front. Immunol. 10, 752 

(2019). 

392. The Cancer Genome Atlas Program. Natl. Cancer Inst. (2018). at 

<https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga> 

393. Gao, J., Aksoy, B. A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S. O., Sun, Y., 

Jacobsen, A., Sinha, R., Larsson, E., Cerami, E., Sander, C. & Schultz, N. Integrative analysis 

of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 6, pl1 

(2013). 

394. Tang, Z., Li, C., Kang, B., Gao, G., Li, C. & Zhang, Z. GEPIA: a web server for 

cancer and normal gene expression profiling and interactive analyses. Nucleic Acids Res. 45, 

W98–W102 (2017). 

395. Martin, M., Smoląg, K. I., Björk, A., Gullstrand, B., Okrój, M., Leffler, J., Jönsen, A., 

Bengtsson, A. A. & Blom, A. M. Plasma C4d as marker for lupus nephritis in systemic lupus 

erythematosus. Arthritis Res. Ther. 19, 266 (2017). 

396. Tower, C. M., Reyes, M., Nelson, K., Leca, N., Kieran, N., Muczynski, K., Jefferson, 

J. A., Blosser, C., Kukla, A., Maurer, D., Chandler, W. & Najafian, B. Plasma C4d+ 



 

343 

 

Endothelial Microvesicles Increase in Acute Antibody-Mediated Rejection. Transplantation 

101, 2235–2243 (2017). 

397. Sandholm, K., Carlsson, H., Persson, B., Skattum, L., Tjernberg, I., Nilsson, B. & 

Ekdahl, K. N. Discrepancies in plasma levels of complement components measured by a 

newly introduced commercially available magnetic bead technique compared to presently 

available clinical reference intervals. Scand. J. Immunol. e12831 (2019). 

doi:10.1111/sji.12831 

398. Zha, H., Han, X., Zhu, Y., Yang, F., Li, Y., Li, Q., Guo, B. & Zhu, B. Blocking C5aR 

signaling promotes the anti-tumor efficacy of PD-1/PD-L1 blockade. Oncoimmunology 6, 

e1349587 (2017). 

399. Homet Moreno, B., Zaretsky, J. M., Garcia-Diaz, A., Tsoi, J., Parisi, G., Robert, L., 

Meeth, K., Ndoye, A., Bosenberg, M., Weeraratna, A. T., Graeber, T. G., Comin-Anduix, B., 

Hu-Lieskovan, S. & Ribas, A. Response to Programmed Cell Death-1 Blockade in a Murine 

Melanoma Syngeneic Model Requires Costimulation, CD4, and CD8 T Cells. Cancer 

Immunol. Res. 4, 845–857 (2016). 

400. Strunk, R. C., Eidlen, D. M. & Mason, R. J. Pulmonary alveolar type II epithelial cells 

synthesize and secrete proteins of the classical and alternative complement pathways. J. Clin. 

Invest. 81, 1419–1426 (1988). 

401. Veerhuis, R., Nielsen, H. M. & Tenner, A. J. Complement in the Brain. Mol. 

Immunol. 48, 1592–1603 (2011). 

402. Zhou, W., Marsh, J. E. & Sacks, S. H. Intrarenal synthesis of complement. Kidney Int. 

59, 1227–1235 (2001). 

403. Wang, H., Ricklin, D. & Lambris, J. D. Complement-activation fragment C4a 

mediates effector functions by binding as untethered agonist to protease-activated receptors 1 

and 4. Proc. Natl. Acad. Sci. U. S. A. 114, 10948–10953 (2017). 

404. Battin, C., De Sousa Linhares, A., Paster, W., Isenman, D. E., Wahrmann, M., Leitner, 

J., Zlabinger, G. J., Steinberger, P. & Hofer, J. Neuropilin-1 acts as a receptor for complement 

split products. Front. Immunol. 10, (2019). 

405. Prud’homme, G. J. & Glinka, Y. Neuropilins are multifunctional coreceptors involved 

in tumor initiation, growth, metastasis and immunity. Oncotarget 3, 921–939 (2012). 

406. Jaiswal, R. & Sedger, L. M. Intercellular Vesicular Transfer by Exosomes, 

Microparticles and Oncosomes - Implications for Cancer Biology and Treatments. Front. 

Oncol. 9, (2019). 



 

344 

 

407. Kamireddy, S., Wisner, E. L. & Wall, L. A. Phenotypic Variability of C1q Deficient 

Patients. J. Allergy Clin. Immunol. 139, AB113 (2017). 

408. Kotimaa, J., Klar-Mohammad, N., Gueler, F., Schilders, G., Jansen, A., Rutjes, H., 

Daha, M. R. & van Kooten, C. Sex matters: Systemic complement activity of female 

C57BL/6J and BALB/cJ mice is limited by serum terminal pathway components. Mol. 

Immunol. 76, 13–21 (2016). 

409. Gaya da Costa, M., Poppelaars, F., van Kooten, C., Mollnes, T. E., Tedesco, F., 

Würzner, R., Trouw, L. A., Truedsson, L., Daha, M. R., Roos, A. & Seelen, M. A. Age and 

Sex-Associated Changes of Complement Activity and Complement Levels in a Healthy 

Caucasian Population. Front. Immunol. 9, (2018). 

410. Vernon, K. A., Ruseva, M. M., Cook, H. T., Botto, M., Malik, T. H. & Pickering, M. 

C. Partial Complement Factor H Deficiency Associates with C3 Glomerulopathy and 

Thrombotic Microangiopathy. J. Am. Soc. Nephrol. JASN 27, 1334–1342 (2016). 

411. Bianchi, M. E. & Agresti, A. HMG proteins: dynamic players in gene regulation and 

differentiation. Curr. Opin. Genet. Dev. 15, 496–506 (2005). 

412. Campa, M. J., Gottlin, E. B., Bushey, R. T. & Patz, E. F. Complement Factor H 

Antibodies from Lung Cancer Patients Induce Complement-Dependent Lysis of Tumor Cells, 

Suggesting a Novel Immunotherapeutic Strategy. Cancer Immunol. Res. 3, 1325–1332 

(2015). 

413. Bushey, R. T., Moody, M. A., Nicely, N. L., Haynes, B. F., Alam, S. M., Keir, S. T., 

Bentley, R. C., Roy Choudhury, K., Gottlin, E. B., Campa, M. J., Liao, H.-X. & Patz, E. F. A 

Therapeutic Antibody for Cancer, Derived from Single Human B Cells. Cell Rep. 15, 1505–

1513 (2016). 

414. Krilis, M., Qi, M., Qi, J., Wong, J. W. H., Guymer, R., Liew, G., Hunyor, A. P., 

Madigan, M., McCluskey, P., Weaver, J., Krilis, S. A. & Giannakopoulos, B. Dual roles of 

different redox forms of complement factor H in protecting against age related macular 

degeneration. Free Radic. Biol. Med. 129, 237–246 (2018). 

415. Ajona, D., Ortiz-Espinosa, S., Moreno, H., Lozano, T., Pajares, M. J., Agorreta, J., 

Bértolo, C., Lasarte, J. J., Vicent, S., Hoehlig, K., Vater, A., Lecanda, F., Montuenga, L. M. & 

Pio, R. A Combined PD-1/C5a Blockade Synergistically Protects against Lung Cancer 

Growth and Metastasis. Cancer Discov. 7, 694–703 (2017). 

416. Schumacher, D., Helma, J., Schneider, A. F. L., Leonhardt, H. & Hackenberger, C. P. 

R. Nanobodies: Chemical Functionalization Strategies and Intracellular Applications. Angew. 

Chem. Int. Ed Engl. 57, 2314–2333 (2018). 



 

345 

 

417. Herce, H. D., Schumacher, D., Schneider, A. F. L., Ludwig, A. K., Mann, F. A., 

Fillies, M., Kasper, M.-A., Reinke, S., Krause, E., Leonhardt, H., Cardoso, M. C. & 

Hackenberger, C. P. R. Cell-permeable nanobodies for targeted immunolabelling and antigen 

manipulation in living cells. Nat. Chem. 9, 762–771 (2017). 

418. Hofer, J., Giner, T. & Józsi, M. Complement factor H-antibody-associated hemolytic 

uremic syndrome: pathogenesis, clinical presentation, and treatment. Semin. Thromb. 

Hemost. 40, 431–443 (2014). 

419. Kutova, O. M., Guryev, E. L., Sokolova, E. A., Alzeibak, R. & Balalaeva, I. V. 

Targeted Delivery to Tumors: Multidirectional Strategies to Improve Treatment Efficiency. 

Cancers 11, (2019). 

420. Bolhassani, A. Potential efficacy of cell-penetrating peptides for nucleic acid and drug 

delivery in cancer. Biochim. Biophys. Acta 1816, 232–246 (2011). 

 

  



 

346 

 

ATTACHEMENTS 

 

Review: Daugan, M., Noe, R., Herman Fridman, W., Sautes-Fridman, C. & Roumenina, L. T. 

[The complement system: a double edge sword in tumor progression]. Med. Sci. MS 33, 871–

877 (2017). 



 

347 

 

  



 

348 

 

  



 

349 

 

 



 

350 

 

 



 

351 

 

+  



 

352 

 

 



 

353 

 

 


