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Abstract 

 

Cancer related inflammation (CRI) plays a fundamental role in fueling tumor 

appearance and development. Despite the important contribution of complement 

activation to inflammation establishment, its role in CRI still remains understudied. 

Recently, our group demonstrated the pro-malignant role of complement activation 

in models of mesenchymal [3-methycolanthrene (3-MCA)-induced] and epithelial 

[dimethylbenz-α-anthracene/terephthalic acid (DMBA/TPA)-induced)] 

carcinogenesis, showing that mice deficient for the central complement component 

C3 were protected from tumor development. The aims of this thesis were the 

investigation on the role of complement activation in the context of cancer-related 

inflammation in mouse model of sarcoma and skin carcinogenesis. 

The experiments revealed the deposition of C3-cleavage products on vessels and 

tumor cells. C3 deposition on cancer cells was also observed in 3-MCA-derived and 

MN/MCA1 sarcoma cells in vitro, and it was affected by alterations in the glycocalyx 

composition. C3-/-, MBL1/2-/- and C4-/- mice showed reduced susceptibility to 3-

MCA-induced carcinogenesis, whereas C1q deficiency had marginal effects only in 

the transplanted MN/MCA1 sarcoma model, suggesting that the lectin pathway was 

mainly responsible for complement activation. The deficiency of Complement 3a 

receptor (C3aR), but not of C5aR1 and C5aR2, mirrored the phenotype of C3-/- mice, 

suggesting that C3a/C3aR signaling was the C3 downstream mechanism supporting 

sarcoma development. Further, C3 and C3aR deficiency were associated with 

reduced accumulation and functional skewing of tumor-associated macrophages, 

increased T cell activation and response to anti-PD-1 therapy. Transcriptional profile 

analysis revealed that C3 deficiency was associated with the upregulation of several 
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genes involved in the MHC II-dependent antigen presentation process in 

macrophages. In contrast, in the DMBA/TPA model, the C5a/C5aR1 signaling was 

responsible for skin lesion development. Finally, in human undifferentiated 

pleomorphic sarcoma (UPS) the lack of C3aR expression was associated with higher 

recurrence-free and metastasis-free survival, suggesting that C3a/C3aR signaling was 

responsible for sarcoma aggressiveness and progression in humans as well as in 

mouse models.  

Our results indicate that complement activation occurs in tumor, although the effector 

mechanism/s involved are context-dependent. 
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Introduction 

 

1) Hallmarks of cancer 

 

Cancer development is a complex process leading to cell changes from the structural 

and the functional point of view [1]. Cancer represents the major worldwide health 

problem by causing morbidity and mortality in children and adults. Alterations in 

genes which regulate fundamental cell mechanisms - such as proliferation and/or cell 

death – induce profound changes in the cell physiology. These modified cells undergo 

uncontrolled growth within normal tissues and cause damage both locally and, if they 

became able to disseminate, far from the primary lesion. 

The tumor microenvironment (TME) is a complex structure composed by abnormal 

genetically modified cells surrounded by vessels, fibroblasts, immune cells, 

extracellular matrix and extracellular components (i.e. cytokines, chemokines and 

growth factors). An intricate relation and an intense crosstalk exist among all these 

components. Indeed, the TME plays a fundamental role in tumor initiation, 

promotion and dissemination and it can deeply influence the therapeutic efficacy [2]. 

In 2000, Hanahan and Weinberg elegantly described the multistep process that guides 

the transformation of normal cells into malignant counterparts and identified the 

leading alterations in cell physiology involved in malignant transformation. The first 

six “hallmarks of cancer” described included: the self-sufficiency in growth signals, 

the insensitivity to growth-inhibitory signals, the evasion of programmed cell death 

(apoptosis), the limitless replicative potential, the capability of sustaining 

angiogenesis and of invading tissue and metastasize [3]. The first four mechanisms 

represent the intrinsic modifications which affect cell growth and proliferative 
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potential, while the ability to promote angiogenesis and to metastasize represents the 

capacity of an established tumor of modifying the TME. The acquisition of these 

characteristics is mainly due to genomic instability, such as chromosomal 

rearrangement and random mutations. In the last ten years, the list of cancer 

hallmarks has been extended to newly identified mechanisms involved in the cross-

talk between TME and tumor development (Figure 1).  

The emerging hallmarks consist in deregulation of cellular metabolism and the 

evasion of immune surveillance. Among them, the alteration of neoplastic cell 

metabolism is one of the peculiar traits of tumor progression leading to enhanced 

growth rate [4]. Another pivotal and essential characteristic is the inflammatory state 

of pre-malignant lesions, in which immune cells act as promoters of a tumor 

microenvironment which favors cancer development [5]. In the past, the presence of 

cells of the immune system in tumor lesions was ascribed to their attempt to tumor 

eradication. Studies of genetically modified mice, adoptive-transfer experiments and 

analyses of human tumors have allowed to demonstrate the paradoxical effect of 

inflammatory cells which favor cancer progression and invasiveness, by supplying 

mediators such as growth factors, survival signals and pro-angiogenic factors. 



19 
 

 

Figure 1: Hallmarks of cancer: next generation 

Multistep process driven by genetic instability which leads to alteration of cell physiology and 

neoplastic transformation. The first six hallmarks of cancer have been identified by Hanahan and 

Weinberg in 2000. Then, in 2011 the list was extended and included: tumor-promoting inflammation 

and genome instability (enabling characteristics), deregulation of cell metabolism and evasion from 

immune destruction (emerging hallmarks).  

Adapted from the original wheel ideated by [4]. 

 

As a consequence of the discovery of mechanisms that orchestrate tumor growth, 

there has been an increased interest in the development of cancer hallmark-targeting 

drugs and, in some cases, their introduction in clinical trials. Subsequently, it emerged 

that in response to therapy, some tumors can develop avoiding strategies, reducing 

their dependence of one hallmark function and becoming more dependent on another. 

It has been observed that some tumors acquired resistance against antiangiogenic 
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drugs, such as bevacizumab and sorafenib, and become able to escape from this 

potential anticancer therapy. [6]. In conclusion, in the last decades it has been 

clarified that the TME contributes to an intricate and carefully regulated network of 

molecules and signaling pathways which promote tumor growth. 

 

2) Cancer-Related Inflammation (CRI)  

In the nineteenth century, the connection between cancer and inflammation has been 

proposed by Rudolf Virchow after the observations of a “lympho-reticular infiltrate” 

in tumors and that some malignancies developed in the same site of chronic 

inflammation (Virkow, 1863, verlag von august Hirschwald, Berlin, Germany). In 

1986, Dvorak described tumors as “wounds that do not heal”, underlining the 

similarities of stroma elements which supplied nutrients, allowed gas exchanges and 

waste disposal, and limited the influx of inflammatory mediators, thus providing a 

barrier to immune cell infiltration [7].  

The connection between cancer and inflammation results in the combination of two 

pathways: the intrinsic and the extrinsic pathway.  

 

2.1)  The intrinsic pathway 

 

The intrinsic pathway consists in genetic alterations that cause cancer, especially in 

key regulatory genes, such as oncogenes and oncosuppressor genes, and also sustain 

inflammation. The most frequently mutated oncogenes belong to the RAS-family and 

MYC signaling pathways, which are responsible for the production of pro-

inflammatory mediators that sustain the inflammatory state of the TME [8]. In 

particular, protein belonging to the RAS-family are small-GTPases involved in 
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several signaling pathways, especially in the regulation of cell differentiation, 

division and apoptosis – by interacting with mitogen-activated protein kinase 

(MAPK) [9] - and cell proliferation – by the association with PI3K [10]. In 1983, it 

has been observed that RAS mutations determine the initiation of tumors in mouse 

models subjected to chemical carcinogen compounds. Indeed, Balmain identified 

Hras mutations in papilloma of mouse skin treated with 7,12-

dimethylbenz[a]anthracene (DMBA) [11]. Clinical evidences demonstrate that Ras 

mutations occur in pancreatic cancer, colon cancer and lung carcinoma [12].  

Another important oncogene is the tyrosine kinase RET involved in the development 

of papillary thyroid carcinoma. Chromosome rearrangement involving this gene is 

necessary and sufficient condition to induce carcinoma development. RET activation 

induces the transcription of several inflammatory mediators, such as colony 

stimulating factors (M-CSF, G-CSF and GM-CSF), which promote leukocyte 

survival and recruitment [13], cytokines such as IL-1β, one of the most potent 

inflammatory mediator, and chemokines such as CCL2 and CXCL8, which are 

responsible for monocyte and dendritic cell recruitment and angiogenesis promotion, 

respectively [14]. 

The oncosuppressor proteins regulate pro-inflammatory molecule translation, 

limiting their production. The two most important oncosuppressor proteins are p53 

and retinoblastoma protein (pRb). Mutations in their genes are associated with cancer 

development. In particular, p53 is mutated in more than half of cancers, commonly 

by missense mutations. It can be activated by a variety of stressing stimuli, such as 

DNA damage, hypoxia and high ROS levels [15, 16]. p53 controls the DNA 

replication fidelity preventing tumor initiation, and for this reason it is known as 

“guardian of the genome” [17]. Once activated, p53 mediates the transcription of 
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downstream mediators inducing apoptosis, DNA repair, senescence and cell 

metabolic regulation [18].  

pRb is a chromatin associated-protein that regulates the cell cycle genes, interacting 

in particular with the E2F transcription factor and chromatin regulators. Its activity 

is controlled by cyclin-dependent kinases (CDKs). RB1 gene is mutated in many 

types of cancer, especially in retinoblastoma, osteosarcoma and small cell lung 

cancers [19, 20].  

Tumor-suppressor proteins can also modulate the production of inflammatory 

mediators, such as transforming growth factor β (TGFβ), phosphatase and tensin 

homologue (PTEN), which inhibits PI-3K/Akt signaling, and von Hippel-Lindau 

factor (VHL), a member of hypoxia-inducible factor 1 α (HIF1α) degradation 

complex [21]. In particular, mutations in VHL tumor suppressor gene induce von-

Hippel-Lindau disease, characterized by angiogenic tumors (i.e. hemangioblastoma) 

and kidney cancers [22]. Recently, it has been observed in a model of breast 

carcinoma, that TGFβ is often involved in the inflammatory processes that promote 

tumor [14]. Indeed, the inactivation of the type II TGFβ receptor gene has been shown 

to trigger the production of CXCL5 and CXCL12, involved in the recruitment of 

myeloid-derived suppressor cells (MDSCs), which in turn suppress the anti-tumor 

adaptive immune response and favor cancer progression [23]. 
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2.2)  The extrinsic pathway 

 

The extrinsic pathway is driven by inflammatory conditions that increase cancer risk. 

Epidemiological studies and genetic mouse models contributed to clarify the 

connection between chronic inflammation and cancer development. For example, 

epidemiological evidences demonstrated that a chronic inflammation state, caused by 

pathological immune responsiveness against commensal microbiota in inflammatory 

bowel disease (IBD), predisposes individuals to colorectal cancer (CRC) 

development [24]. The two major IBDs, ulcerative colitis (UC) and Cronh’s disease 

(CD), increase the risk of developing colitis-associated cancer (CAC), which 

represents 2% of all CRC cases [25], up to 8.7% and 33.2%, respectively [26]. It has 

also been hypothesized that intestinal inflammation could have local and systemic 

tumor promoting effects, since IBD patients are exposed to a major risk of developing 

hepatocarcinoma, leukemia, lymphoma and other tumors [27]. Next, tobacco smoke 

has also been considered a cancer promoter, since tobacco products contain 

carcinogens. Some carcinogens are intrinsic of tobacco’s plant, such as the tobacco-

specific nitrosamine (TSNA), while other carcinogens develope after burning, such 

as polycyclic aromatic hydrocarbons (PAHs) [28]. Clinical evidences show that the 

exposure to tobacco smoke increases the risk of myeloid leukemia, cervix, 

colorectum, lung, larynx, liver, esophagus, oral cavity, pancreas, ovary, stomach, 

urinary tract tumor development [29]. Moreover, obesity is a consequence of 

overgrowth of adipose tissue that is an endocrine organ responsible for energy 

homeostasis. The disequilibrium of adipose tissue induces metabolic disorders, 

steroid hormone alterations and chronic inflammation [30]. Obesity is also 
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considered a severe risk factor for cancer development in liver, pancreas [31], breast 

and visceral organs [32].  

Bacterial and viral infections also increase tumor risk [33]. Among infections-related 

tumors, stomach, liver and cervix detain the highest incidence in worldwide 

population. These cancers are consequences of persistent Helicobacter pylori 

infection (5.2% of all cancers in 2008), hepatitis B or C viruses (4.8%) and papilloma 

virus infections (4.7%), respectively. The incidence of these three infection-

dependent cancers of human worldwide tumors was 15.6% in 2002 [34] and 14.7% 

in 2008 [35]. Other important etiological viral agents are: Epstein-Barr virus (HBV, 

0.9% of all cancer), which prevalently induces Burkitt’s lymphoma and 

nasopharyngeal carcinoma, and Kaposi’s sarcoma-associated herpesvirus (KHSV) or 

human herpesvirus 8 (HHV8), associated with HIV infections (0.9% of all cancer). 

Among the bacterial infections, Salmonella typhi and Streptococcus bovis are 

associated with gallbladder carcinoma and colorectal cancer, respectively [36]. 

It has been established that chronic inflammation plays a key role in cancer 

development but many issues still need to be addressed. First, it is yet unclear whether 

inflammation is a sufficient condition to induce neoplastic transformation. The 

second issue is related to the plasticity of chronic inflammation and immune 

mediators among different tumor types. Therefore, it will be important to define 

tumor cell characteristics and to identify common mechanisms to all cancer-

promoting inflammatory response, which operate in different tumor types. Another 

problem concerns the balance between cancer-promoting inflammatory responses 

and cancer-inhibiting inflammatory responses and the necessity to induce an 

appropriate antitumor adaptive immune reaction. Myeloid derived suppressor cells 

emerged as important cells which increase the risk of cancer development. In 
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particular, MDSCs, which are responsible for T cell activity suppression, include a 

heterogeneous set of cells that constitute a distinct population. The last big open 

question is whether it is possible to translate the knowledge about CRI mechanisms 

in medical approaches to prevent, diagnose and treat cancers [14]. 

The intent in this thesis project is to investigate about the role of complement in the 

context of cancer-related inflammation. 

 

 

3) Inflammatory mediators: Cytokines and Chemokines 

 

3.1)  Cytokines  

Cytokines and chemokines are the major mediators of communication between cells 

in the inflammatory tumor microenvironment. These mediators regulate the 

proliferation, differentiation, activation and mobilization of immune cells, and their 

expression is tightly controlled. Indeed, cell alterations, which occur in cancer, often 

affect their production [37]. Taking advantage from loss- or gain-of-function 

experiments, it has been possible to understand the intricate and redundant cytokine 

and chemokine system. Among all, cytokines such as IL-1, TNFα, IL-6, IL-10 or 

TGFβ have been described as responsible for tumor development by promoting 

inflammation or by inhibiting tumor immunosurveillance [38]. Others, such as IFNγ, 

IL-12 and IL-18, are crucial players in promoting an antitumor response [39].  

IL-1 is an inflammatory cytokine which plays a pivotal role in carcinogenesis and 

tumor progression [40], by driving chronic non-resolving inflammation [14], tumor 

angiogenesis [41], induction of MDSCs and macrophage recruitment [42], invasion 

and metastasis. IL-1 includes two molecules: IL-1α and IL-1β [43]. IL-1α is a 



26 
 

component of the intrinsic pathway connecting genetic mutations (i.e. Ras gene) that 

cause cancer [44] and inflammation. It is also considered an “alarmin” [45]. 

Moreover, IL-1β deficiency protects against 3-methylcholanthrene-induced 

carcinogenesis and increases the susceptibility to skin carcinogenesis development 

[40, 46, 47]. Genetic polymorphism of IL-1 locus are strongly linked to the 

development of gastritis which drives gastric carcinoma [48] and polymorphisms in 

Il-1ra and Il-1β genes are associated with increased lung cancer risk [49, 50].  

TNFα is a poly-functional cytokine which is involved in apoptosis, cell survival and 

inflammation [51]. TNFα is mainly produced by macrophages, T and NK cells. It is 

able to induce both apoptosis and proliferation pathways [52]. In clinic, it is used for 

cancer treatment of the isolated limb perfusion (ILP), soft tissue sarcoma (STS) and 

melanoma metastasis transiting to the limb [53]. In inflammatory disorders, such as 

rheumatoid arthritis (RA), and in patients with solid cancers, anti-TNFα mAb 

(infliximab and etanercet) treatments reduce C reactive protein (CRP) and TNFα-

induced cytokines [54].  

IL-6 is produced by different cells and its levels increase in inflammatory, 

autoimmune and infectious diseases and in cancer. IL-6 is a pleiotropic molecule and 

its physiological activity induces both pro-inflammatory and anti-inflammatory 

effects [55]. Interleukin-6 has been observed particularly correlated with colorectal 

and gastric cancer [56]. High levels of IL-6 are implicated in numerous disease 

processes, (i.e. Alzherimer’s disease), autoimmune diseases (i.e. rheumatoid 

arthritis), solid tumors, (i.e. prostate cancer [57]) and in B cell lymphoma [58].  

Among the anti-inflammatory cytokines, IL-10 and TGFβ exert their protumoral 

action in different ways. IL-10 is an anti-inflammatory and immunosuppressive 

molecule which inhibits the production of proinflammatory cytokines, such as IFNγ, 
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IL-6 and TNFα. Genetically engineered IL-10-/- mice developed IBD [59], 

enterocolitis, colon cancer [60] and B cell lymphoma [61]. Like IL-10, TGFβ exerts 

anti-inflammatory activities, it is a central regulator of regulatory T (Treg) cells 

expansion and function [62] and promotes immune tolerance. 

IFNγ is the major antitumor cytokine. It is produced mainly by T, NK, NKT, γδ T 

cells and, to a lesser extent, by macrophages and dendritic cells (DCs). IFNγ mediates 

pleiotropic functions. IFNγ-/- mice spontaneously develop lung epithelial cancer and 

lymphoma [63]. It has also been observed that mice deficient for IFNγ show higher 

sensitivity to chemical carcinogen treatments [64]. Patients with ovarian cancer, adult 

T cell leukemia and malignant melanoma are treated with exogenous administration 

of IFN-γ [65].  

 

3.2)  Chemokines  

Chemokines are secreted proteins which especially mediate immune cell trafficking 

and lymphoid tissue development [66, 67]. The chemokine family is composed by 

about 50 molecules and can be divided in four groups based on the position of the 

first two cysteine residues in the protein sequence (i.e. CC-, C-, CXC- and CX3C-

chemokines). In response to specific chemokines, immune cells migrate into tumor 

microenvironment. Chemokines can also target non-immune cells, such as vascular 

endothelial cells or directly tumor cells, regulating cancer cell proliferation, 

invasiveness and metastasis [68]. In particular, CCL2/CCR2 and CCL5/CCR5 

signaling are mainly involved in the recruitment of macrophages into tumor. CCL2 

expression in TME correlates with the presence of TAMs which in many tumors are 

often associated with poor prognosis [69]. In the metastatic lesion, TAMs are 

typically skewed toward the M2-like phenotype. In different tumor types - sarcomas, 
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gliomas, cervical, ovarian, bladder, breast, lung tumors and prostate cancer bone 

metastasis [70-72] - CCL2 is one of the most abundant chemokines produced by 

macrophages, fibroblasts, epithelial and tumor cells [73]. It has been observed that 

CCL2 and IL-6 are involved in promoting the M2 polarization of macrophages 

characterized by the increased expression of CD206 on the cell surface [74]. 

Moreover, CCL2 has also been correlated to TAM accumulation and it has been 

suggested that it is involved in Th2 polarization [75].  

In breast cancer, high frequencies of TAMs and infiltrating T cells were observed 

[76]. Considering the potential role played by macrophages in breast cancer 

progression, the chemoattractant molecules responsible for monocyte recruitment 

from circulation into tumor have been investigated. In addition to several studies 

focused on CCL2 activity, high levels of CCL5 (RANTES) were observed to 

correlate with more advanced stages of breast cancer. Further, CCL5 was found to 

affect breast tumor growth by up-regulating metalloproteases (MMPs) secretion in 

monocytes and thus promoting breast metastasis dissemination [77]. Clinical 

evidence has shown that high blood or plasma levels of CCL5 are correlated with bad 

prognosis in ovarian [78], gastric [79], pancreatic [80], breast or cervical cancer 

patients [81]. CCL2, CCL3 and CCL5 promote tumor cell extravasation and 

metastasis dissemination by inducing in monocytes the production of MMP9, which 

is involved in the degradation of the extracellular matrix [82]. Further, CCL2 and 

CCL5 may also regulate breast and ovarian cancer cell proliferation, survival, 

motility, epithelial–mesenchymal transition (EMT) and stemness [83-85]. CCL18 

can directly influence ovarian [86], pancreatic [87, 88], breast and prostate [89] 

cancer cell behavior by promoting invasion, dissemination and EMT. The expression 

of chemokines and their receptors is tightly controlled and the dysregulation of this 
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system contributes to tumor escape. For example, it has been observed that high 

levels of CXCR4 and CCR7 expression on breast cancer cells are associated with 

high production of their respective ligands CXCL12 and CCL21, which promote 

cancer cell dissemination [90].  

Increased expression of mediators which play a pivotal role in chronic inflammatory 

processes, lead to genomic instability, angiogenesis, apoptosis resistance, cellular 

proliferation, invasion and metastasis, which are all mechanisms that promote cancer 

growth. As future prospective, identification of inflammatory cancer biomarkers 

would be helpful for designing new therapeutic strategies to diagnose pre-cancerous 

state and to treat early tumor phases.  

 

4) Tumor-infiltrating leukocytes: special focus on TAMs  

TAMs represent the major fraction of cancer infiltrating leukocytes, indeed they 

constitute more than 50% of tumor mass. It is well known that macrophages play a 

fundamental role in physiological processes, such as angiogenesis, tissue remodeling, 

inflammation and immunity [71], whereas the functions and the prognostic value of 

TAM frequency in solid tumor are still controversial. Indeed, based on meta-analysis 

of literature, it has been shown that high density of TAMs is associated with poor 

prognosis and worse overall survival (OS) in patients with gastric, urogenital and 

head and neck cancers. In contrast, high infiltration of TAMs is correlated with better 

prognosis in CRC patients [91].  

Circulating precursors are constituted by inflammatory monocytes and monocyte-

myeloid derived suppressor cells (Mo-MDSCs), which act as suppressors of the 

adaptive immune system, while resident macrophages can be activated and induced 

to proliferate in situ by CSF-1 or IL-34 stimulation. In order to recruit and promote 
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the migration of monocytes, chemotactic molecules are released in the TME. These 

molecules are mainly chemokines, such as CCL2 and CCL5 [92], colony stimulating 

factors and members of the VEGF family [93]. Furthermore, it is known that the 

anaphylatoxin C5a exerts chemotactic and polarization effects on TAMs [94].  

One of the characteristics of macrophages is their plasticity. Indeed, in response to 

different signals they can adapt activation and functions. In particular, based on the 

nomenclature used to indicate Th1 and Th2 lymphocytes, two main macrophage 

phenotypes have been distinguished: the M1 and M2 macrophages (Figure 2). These 

two alternative forms of macrophages constitute a general classification that does not 

recapitulate the whole spectrum of macrophage plasticity and diversity. The M1-like 

polarization phenotype is mostly induced by IFNγ, a potent inflammatory mediator 

released mainly by Th1 lymphocytes and innate lymphoid cells 1 (ILC1) during type 

1 immune response, and by bacterial proteins, which promote macrophage tumor cell 

killing activity and tissue damage. On the other hand, cytokines, such as IL-4 and IL-

13, produced during type 2 immune response, induce the activation of resistance 

against parasites and promote tissue remodeling mechanisms.  
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Figure 2: Phenotypes of TAMs in tumor progression 

General classification of macrophage polarization. The M1-like phenotype is mainly promoted by 

IFNγ stimulation, whereas M2-like phenotype is induced by IL-4 or IL-13 stimuli. The skewed 

macrophages are characterized by different expression of polarization markers, such as MHC-II in 

M1-like cells and CD206 in M2-like cells, and by production of different cytokines and chemokines 

– i. e. IL-12 and CXCL9 by M1 and IL-10 and CXCL17 by M2. The plasticity of these cells allows 

the interchange between M1 and M2 polarization state.  

 

M1-like macrophages produce pro-inflammatory cytokines and express major 

histocompatibility complex (MHC) molecules which promote the killing of cancer 

cells and sustain the immune response. In contrast, M2-like cells have a protumor 

potential, due to the deregulation of MHC class II and IL-12 release and the increased 

production of anti-inflammatory cytokines [93]. Moreover, M2-like TAMs show a 

potent proangiogenic activity, since they produce a series of angiogenic molecules 

such as VEGF, bFGF, TNF-α, IL-1β, CXCL8, cyclooxygenase 2 (COX2), 

plasminogen activator, PDGF-β, MMP7, MMP9 and MMP12 [95], and are mainly 

localized in hypoxic tumor areas [96]. The two subsets of TAMs can be discriminated 

by the expression level of MHC II. Indeed, MHC IIlo expressing macrophages are 
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characterized by high expression of M2-like markers (i.e. mannose receptors, IL-

4Rα, stabilin-1, inducible nitric oxide synthase (iNOS), Arginase-1 (Arg-1) and IL-

10) compared to MHC IIhi TAMs which expressed higher levels of IL-6, IL-12 and 

IL-1β. In the early stages of carcinogenesis, the frequency of TAM MHC IIhi is higher 

compared to MHC IIlo and the proportion reverted during tumor progression, 

indicating that there is a positive correlation between tumor promotion and the 

number of MHC IIlo TAMs [97]. 

In the recent years, a growing interest in MDSCs has also matured. The MDSC 

population is composed by cells of myeloid compartment, identified as CD11b+ Gr1+, 

which can be distinguished into the monocytic (CD11b+ Ly6G- Ly6Chi) and the 

granulocytic (CD11b+ Ly6G+ Ly6Clow) subsets. MDSCs act on four frontiers to 

inhibit T cell activity and to shut down the immune response: they sequester T cell 

nutrients such as L-cysteine and L-arginine causing the down-regulation of ζ-chain 

of TCR and the arrest of the proliferation cycle. Second, MDSCs generate oxidative 

stress, in particular by producing NOS and ROS that induce the loss of ζ-chain of 

TCR and by interfering with IL-2R signaling. The third is the limitation of T cell 

trafficking, for example, by expressing ADAM17 (a disintegrin and 

metalloproteinase domain 17) which decreases L-selectin expression on the surface 

of naïve CD4+ and CD8+ T cells, or galectin-9 which binds to TIM3 inducing T cell 

apoptosis. The fourth is the induction of Treg cell activation, by promoting the 

expansion of Treg cells or by inducing the transformation of naïve CD4+ T cells in 

induced-Treg (iTreg) cells. The mechanisms are not fully elucidated but cell-to-cell 

contact and release of inflammatory mediators could be involved [98].  

Plasticity and flexibility are two key features of macrophage phenotype. Indeed, it is 

possible to convert M2-like cells into M1 macrophages, for example through IFNγ 
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treatments. A better understanding of the mechanisms underlying macrophage 

plasticity and their activation opens a window on new potential therapeutic strategies, 

aimed at targeting the activation status and cell function of the monocyte-macrophage 

lineage in the tumor [99]. Our laboratory is particularly interested in the 

understanding of TAMs behavior and we will investigate on their role in CRI taking 

advantage from sarcoma and skin carcinogenesis models.  

 

 

5) Evolution of cancer immunosurveillance and 

immunoediting 

In the paradigm of “cancer immunosurveillance”, tumor infiltrating immune cells 

recognize and eliminate neoplastic cells before the tumor becomes clinically relevant. 

Cancer cells express antigens on the surface – defined as tumor associated antigens 

(TAAs) - that are different from those expressed by normal cells. Thus, the immune 

system can specifically target tumor cells and eliminate the malignancy before its 

establishment. The evasion of immunosurveillance is one of cancer hallmark.  

The immunosurveillance concept was revisited and the concept of immunoediting 

was introduced by Schreiber in 2001. In the cancer immunoeditig hypothesis, the 

immune system controls the quantity and also the quality of tumor. The 

immunoediting process is composed by three phases: elimination, equilibrium and 

escape. The elimination phase is characterized by the release in the TME of 

inflammatory mediators and/or by the recognition of DAMPs by immune cells. Cells 

of innate and adaptive immunity synergistically work to eradicate the malignant cells. 

The conclusion of this step consists in the elimination of cancer cells from the host. 

However, rare cancer cells may survive the elimination phase and enter the 
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equilibrium phase. The equilibrium phase represents the longest phase of cancer 

immunoediting mechanisms. Indeed, during this step, the immune system controls 

tumor cell outgrowth and maintains residual tumor cells in “functional state of 

dormancy” which can last for decades or all lifetime. The equilibrium phase may 

represent the second stable endpoint of tumor immunoediting. On the other hand, 

cancer cells that circumvent immune control, enter the escape phase. Neoplastic cell 

escape can occur in different ways: tumor cells can acquire resistance to cytotoxic 

activity or can develop defects in antigen processing or presentation [100]. The 

escape phase can also occur by the establishment of an immunosuppressive state in 

the TME, mainly due to the release of anti-inflammatory mediators (i.e. IL-10 and 

TGFβ) [101]. When tumor cells bypass the elimination and the equilibrium phases 

and enter the escape phase, they can definitively establish cancer disease. 
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Figure 3: Phases of cancer immunoediting 

The three consecutive phases of cancer immunoediting are: elimination, equilibrium and escape. 

During the elimination phase, inflammatory mediators are released in the TME and innate and adaptive 

immune cells synergistically work to eradicate tumor cells. If rare and poorly immunogenic cells 

survive, they enter the second phase in which immune cells maintain a “functional state of dormancy” 

of tumor. The cells which are able to overcome this equilibrium state enter the last phase of escape. 

The escape process can take place in different ways and the tumor cells definitively establish the 

disease. Adapted from [100]. 
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6) The Complement System  

The Complement is one of the most ancient components of the innate immune system 

and exerts several physiological activities. Indeed, the Complement is primarily 

involved in the protection of the host against microorganism invasion [102], it 

mediates the connection between innate and adaptive immunity and it is responsible 

for the clearance of apoptotic cellular debris or of immune complexes from tissues  

[103]. In 1888 George Nuttall observed that sheep blood was able to kill the bacteria 

that caused anthrax. In the last years of the nineteenth century, Bordet demonstrated 

that in the serum there were some “heat-sensitive” components which allowed 

bacteria killing and which lost their activity when blood was heated at 55°C or by 

standing for some hours (Nuttal, 1904, Blood Immunity and Blood Relationship). In 

1899 Paul Ehrlich coined the name “complement” referring to the heat-sensitive 

components that “complements” the immune system activity [104].  

The Complement participates in different processes, such as tissue homeostasis, by 

regulating numerous inflammatory and immunological processes [105], elimination 

of apoptotic cells, debris or pathogens, tissue remodeling, opsonization and 

promotion of phagocytosis, recruitment and activation of immune cells [106]. It is 

composed by more than 30 soluble and cell surface bound proteins, which constitute 

3g/L plasma proteins and represent approximately 15% of human plasma globulin 

fraction [103]. Most of complement proteins, such as C3, C4 and MBLs, are produced 

in the liver by hepatocytes [107]. Other molecules may have an extrahepatic origin. 

For example, C1q can be produced by epithelial, endothelial cells and macrophages 

and can exert important role in regulating physiological processes even outside the 

activation of the complement cascade [108, 109].  
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The initiation and activation of Complement consist in a multistep cascade of 

proteolytic processes which convert zymogenes into active enzymes. In this cascade, 

the zymogenes are cleaved into two fragments: a larger active serine-protease which 

remains on the pathogen surface and a smaller fragment that is released as a soluble 

protein, which has inflammatory properties (anaphylatoxins) [110]. Complement can 

be activated by three well established pathways: the classical (CP), the lectin (LP) 

and the alternative pathway (AP). These pathways are activated by different 

molecules and mechanisms and converge in the generation of the C3 convertase. This 

enzyme cleaves the common central molecule C3, leading to the release of functional 

and reactive fragments: C3a, an inflammatory mediator, and C3b, an opsonin that can 

bind to cell surface and trigger immune cell activation, especially of phagocytes. The 

terminal pathway consists in the cleavage of C5 by the C5 convertase and the release 

of C5a, another anaphylatoxin, and C5b which, by binding with C6-C9 components, 

forms the membrane attack complex (MAC), a membrane pore that leads to cell lysis 

[111] (Figure 4). 
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Figure 4: The complement system 

Simplified scheme of proteolytic complement cascade. The three well known activating pathways are 

the classical, the lectin and the alternative. The first is triggered by the recognition of immune 

complexes by pattern-recognition molecule C1q in the C1-complex; the lectin pathway is induced by 

the binding of MBLs, ficolins and/or collectins to terminal mannose residues expressed on the cell 

surface. The alternative pathway is characterized by the spontaneous hydrolysis of C3 in the active 

form C3(H2O). All the pathways converge in the generation of the C3-convertase (C4b2b for the CP 

and LP and C3bBb for the AP) which cleaves the central molecule C3 in C3a (an anaphylatoxin) and 

C3b. C3b binds to C3-convertase in order to generate C5-convertase, the enzyme responsible for the 

cleavage of C5 and the release of C5a (an anaphylatoxin) and C5b. C5b together with C6, C7, C8 and 

C9 forms the membrane attack complex, a membrane pore that leads to cell lysis. Extrinsic proteases, 

such as thrombin and plasmin, can cleave C5 independently of complement activation. Adapted from 

[112]. 
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6.1) Complement activating pathways  

The CP was discovered as first complement activation pathway and it is induced by 

the binding of C1q to the antibody constant region of γ chains (IgG) or µ chains (IgM) 

bound to specific antigens. C1q is the recognition part of C1 complex, resulting by 

the association of one C1q subunit with the serine protease proenzyme tetramer, 

C1r2C1s2 [113]. As mentioned before, C1q has also an extra-hepatic origin: it is 

produced by epithelial, endothelial and immune cells, such as monocytes, 

macrophages and immature DCs [114]. C1q consists of 18 polypeptide chains - six 

A, six B and six C - and heterotrimeric globular recognition domains composed by 

different charged and lipophilic residues which allow a broadening of the spectrum 

of the recognized molecules [114, 115]. When pentameric or hexameric IgM 

molecules bind to a target antigen, conformational changes occur allowing the 

exposure of C1q-binding site [116]. IgG globulin is a monomer that binds to C1q 

with low affinity. The power of complement activation is determined by the density 

of IgG and the antigen distribution [106, 117]. However, the CP can be activated even 

in absence of immune complexes since C1q is also able to recognize endogenous 

ligands such as apoptotic cells, debris, DNA and prions [118, 119].  

The LP is activated by several soluble pattern recognition molecules (PRMs), such 

as mannose-binding lectins (MBLs), collectins and H-, L- or M-ficolins. All these 

molecules are analogous to C1q and recognize repetitive carbohydrate patterns on 

pathogen or damaged cell surface, especially mannose, fucose and N-

AcetylGlucosamine residues [120]. Hence, after the sugar binding, MBL forms a 

C1q-like complex, in a Ca2+-dependent manner, with MBL-associated serine 

proteases (MASPs) [121]. Then, C1s in the CP and MASP-2 in the LP cleave the 

complement component C4 into two fragments: C4a, a small soluble molecule with 
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not well described properties, and C4b. C4b, covalently bound to the cell surface, 

binds to C2. The resultant C4bC2 complex is then cleaved by C1s or MASP2 into 

C2a and C2b. C2a is a serine protease that combines with C4b to generate C4b2a, the 

C3 convertase of CP and LP [122].  

The third well established conventional activation pathway is the alternative one. The 

AP is characterized by the constitutive and spontaneous low-level hydrolysis of 

circulating C3, C3(H2O), in a process known as C3 “tickover” [123]. The hydrolysis 

rate could increase upon interaction between C3 and pathogen proteins, lipid surfaces 

and gas bubbles [124]. After the hydrolysis, C3 undergoes to a conformational change 

that leads to the exposure of the binding site for factor B (fB). In order to generate 

the C3 convertase of the AP, the constitutively active serine protease, factor D (fD), 

cleaves fB into the N-terminal domain Ba and the C-terminal domain Bb. The Bb 

fragment binds to the hydrolyzed C3 forming the “initiation C3-convertase”, 

C3(H2O)Bb. This complex cleaves additional C3 into C3a and C3b fragments. 

Surface bound C3b binds additional fB, which is cleaved within the complex by fD, 

leading to the formation of the final AP C3 convertase, which is stabilized by the 

interaction with properdin (factor P). Properdin is a positive regulator of preactivated 

AP and can also act as an initiator of the AP. The deposited C3b generated by CP or 

LP can also serve as sites for AP activation. Thus, the AP serves as an “amplification 

loop” for all complement activity [125]. 
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6.2) C3-downstream mechanisms: the terminal pathway 

 The generation of the C5 convertases is the first phase of the terminal pathway 

activation. The binding of C3b to C3 convertases leads to the generation of C5 

convertases of the CP (C4b2aC3b) and AP (C3bBbC3b), respectively. The C5-

convertase is able to cleave C5 in C5a and C5b, but with low affinity and only when 

C3b is tightly close to the C3 convertase. The trimolecular structure of C5-convertase 

is unknown. It has been suggested that there is an interaction between C3b and C4b 

through a serine residue in the thioester (TED) domain. [126].  

Upon the cleavage, C5b interacts with C6. C6-C7-C8 and C9 are homologous 

proteins. The lipophilic complex C5b-7 is anchored to the cell membrane and binds 

to C8 [127]. C8 is a molecule composed by three chains: C8α, C8β and C8γ. C8α 

undergoes a conformational change that allows the insertion in the membrane, C8β 

binds to the opposite face of C5b-7 complex and contains one binding site for C8α 

and one for the lipid membrane layer, while C8γ is separated from C8αβ core [128, 

129]. When C9 interacts with C5b-8 complex, it changes its structure from globular 

to elongated form and this spatial structure allows the assembly of other C9 molecules 

in a process called “C9-C9 polymerization”. Basically, one or two C9 molecules are 

sufficient to allow the MAC assembly. However, at the end of the polymerization the 

MAC lysis pore could be constituted by 16-18 C9 components [130]. Complement 

activation is able to lyse an erythrocyte with the assembly of a single MAC, but to 

induce the killing of nucleated cells, it is necessary a process that requires multiple 

C5b-9 complex formation. Gram-negative bacteria are susceptible to complement 

deposition and lysis, while Gram-positive bacteria are more resistant. Nucleated cells 

require the presence of multiple MACs on the cell surface (“multi-hit 

characteristics”) in order to activate the process known as complement-mediated lysis 
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[131]. This process leads to membrane disruption, calcium influx, mitochondrial 

membrane loss and ATP degradation. All these events are followed by cell death 

induction by a not well-known signal transduction pathway [132].  In order to induce 

the cytolysis and disruption of the membrane, it is necessary to overcome a “lytic 

dose” of MAC deposition on cell surface. Indeed, the deposition of sub-lytic amount 

of MAC has different results, such as the induction of P-selectin mobilization [133] 

or of cell proliferation [134]. Furthermore, sub-lytic concentration of MAC may 

induce the release of chemokines and pro-inflammatory molecules, such as CCL2 

and CXCL18 [135], and platelet-activating factor [136]. Finally, it has been 

demonstrated that MAC assembly leads to the generation of inter-endothelial gaps 

that structurally modify the vascular conformation, promoting the release of 

vasodilator (e.g. prostaglandin I) or vasoconstrictor factors (e.g. thromboxane 

A2) produced by endothelial cells [137].  

 

6.3) Complement regulators 

In order to avoid damages to the cells of the host and the exacerbation of the 

inflammatory response, complement activation is strictly controlled at different steps. 

The regulation of complement activation can act on three levels: 1) it can control the 

proteases implicated in the activation pathways; 2) it can induce the inactivation of 

the convertases and 3) it can control the assembly of MAC formation.  

Traditionally, the complement regulators have been classified in two groups: the 

plasma soluble and the membrane-bound regulators. In the group of soluble 

regulators there are:   

a) C1 inhibitor (C1INH), a member of serine protease inhibitor family which 

inactivates C1r, C1s and MASP-2, impeding CP and LP activation, respectively. It is 
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also able to block the proteases of the contact system, of the intrinsic coagulation and 

of the fibrinolytic cascade [138]; 

b) factor I (fI), which leads to the cleavage of C4b and C3b, preventing the C3 and 

C5 convertases generation and activation. fI acts in cooperation with cofactors, such 

as C4BP and factor H (fH) (soluble), and complement receptor 1 (CR1) and 

membrane cofactor protein (surface proteins) [139]; 

c) C4b-binding protein (C4BP), a complement control protein (CCP) which can exert 

several activities. It can inhibit the CP and LP, sequestering C4b and preventing the 

assembly and activation of the C3 convertase. Alternatively, it can increase the decay 

of C3 and C5 convertases or it can be a cofactor for fI [140]; 

d) factor H (fH), which is the best characterized member of the complement fH (CFH) 

protein family and it is composed by 20 individually folding domains named short 

consensus repeats (SCRs), also known as complement control protein modules. The 

N-terminal domains (1-4) have regulatory activity that accelerate the decay of C3 

convertase and act as cofactor for factor I [141], while the C-terminal domains (18-

20) expose binding site for C3b, C3d and other “non-complement” molecules such 

as heparin, virulence factors and membrane glycosaminoglycans [142]. fH represents 

the main inhibitor of the AP [143]; 

e) Vitronectin (or S protein), which prevents the association between C5b-7 complex 

and cell membrane, inhibits C9 polymerization and leads to the generation of a 

soluble complex which is lytically inactive [144]; 

f) Clusterin, which interacts with common domains of C7, C8α and C9 in order to 

avoid the C5b-9 complex assembly on the cell membrane [145]. 

Further, the membrane-bound complement regulatory proteins (mCRPs) also 

contributed to complement activation control. The most representative are: 
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complement receptor 1 (CR1 or CD35), membrane cofactor protein (MCP or CD46), 

decay-accelerating factor (DAF or CD55) and protectin (CD59). CD35 and CD46 are 

both cofactors for fI. CR1 is a complement component molecule composed by 30 

domains and it is expressed by erythrocytes and many leukocytes, such as 

neutrophils, monocytes, some T lymphocytes, follicular dendritic cells and 

glomerular podocytes [146]. CD46 is composed by 4 extracellular CCP domains and 

it is expressed by all nucleated cells [147, 148]. Both CD35 and CD46 contain 

binding sites for C3b and C4b in order to mediate the cleavage by fI. CD55 is a GPI-

linked protein and is expressed by monocytes/macrophages, granulocytes, DCs, T 

and B cells. CD55 interacts with cell-bound C4b, interfering in the cleavage of C2, 

thereby preventing formation of the C4b2a C3-convertase. It also impedes the 

formation and activation of C3 convertase of the AP by inhibiting the conversion of 

fB by fD  [149]. CD59 is a GPI-anchored protein expressed by many cell types, such 

as epithelial, endothelial cells and all circulating cells [150]. CD59 can block the 

assembly of functional lytic MAC by interacting with C8α and by preventing the 

polymerization of several C9 molecules and the insertion in the lipid bilayer [128, 

151].  

Every step of the complement system is accurately regulated by these molecules 

which represent the best targets for the development of therapeutic drugs able to 

control complement activation. 
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6.4) Anahylatoxins 

The most important and bioactive products of the complement system are the 

anaphylatoxins C4a, C3a and C5a. C3a, C4a and C5a were referred to as 

anaphylatoxins for their ability to induce smooth muscle cell contraction, 

vasodilation, histamine release form mast cells, capillary leakage and, in some cases, 

anaphylactic shock. 

The physiological role of the human C4a has not yet been fully understood and its 

receptor has yet to be definitively identified [152].  

Immediately after the generation, C3a and C5a are converted by N- and B-

carboxypeptidases into C3a-/C5a-DesArg products, through the cleavage of their C-

terminal arginine residue [153]. The anaphylatoxins C3a and C5a exert their 

functions through the binding to their relative GPI-anchored receptors: C3a Receptor 

(C3aR) and C5a Receptor-like 1 (C5aR1 or CD88), respectively. C5a is also the 

ligand of another transmembrane protein, C5a Receptor-like 2 (C5aR2 or C5L2), 

which is un-coupled from G proteins.  

C3aR is a 54 kDa protein and it is expressed by a broad spectrum of cells, in particular 

by immune cells of myeloid origin, such as monocytes/macrophages, neutrophils, 

basophils, eosinophils, microglia and dendritic cells, but also by activated T cells and 

non-immune cells, such as astrocytes, smooth muscle cells, endothelial and epithelial 

cells [154]. The expression of C3aR in myeloid immune cells is regulated by NF-kB, 

GATA and by activating protein-1 (AP-1) [155]. C3aR shows high specificity for 

C3a and its binding determines calcium influx and the activation of different 

signaling pathways depending on cellular types. In particular, C3aR activation has 

been demonstrated to induce the phosphorylation of PI-3K, Akt and MAPKs, 

extracellular signal-regulated kinase-1 and -2 (Erk-1 and Erk-2) [156]. It has been 
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observed that C3a in chronic inflammation condition can contribute to disease 

progression [157, 158]. 

C5aR1 is a 42 kDa protein and interacts with C5a through two binding sites. C5aR1 

is expressed by immune cells of myeloid origin, such as neutrophils and 

monocytes/macrophages, and by a small percentage of subpopulation of T cells (6%) 

[159].  Some studies have also shown the expression of C5aR1 by human and mouse 

T cells [160] and reported the ability of C5a to induce their migration [161]. The 

activation of C5aR1 also induces calcium influx and activation of PI-3K/Akt and 

MAPK signaling pathways.  

C5aR2 is the second receptor of C5a and it was discovered in 2000. It is frequently 

co-expressed with C5aR1 and, in particular, it is expressed by myeloid and non-

myeloid immune cells and by a broad spectrum of tissues, such as brain, kidney, lung, 

testis, ovary and placenta [162, 163]. It has been identified as a non-signaling 

scavenger receptor, since no calcium influx is measured when C5a binds to C5L2. 

Furthermore, C5aR2 seems to not promote biological activities, it is not anchored to 

GPI proteins and it is not internalized upon activation, like C3aR and C5aR1 [164].  

It has been described that C3a and C5a can be generated even without complement 

cascade activation. Indeed, C3 and C5 can also be cleaved, leading to the release of 

the active fragments, by enzymes of the extrinsic pathways. In particular, it has been 

reported that these enzymes, belonging to the coagulation system, such as thrombin 

and plasmin, are able to induce complement cascade activation during liver 

regeneration, even in absence of C4 [165]. These enzymes can also be released by 

activated or damaged cells, such as for the pro-apoptotic aspartic acid protease, 

cathepsin D [166], the β-tryptase, secreted by mast cells [167] and the granzyme B, 

produced by many leukocytes [168]. 
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Anaphylatoxins trigger multiple pro-inflammatory processes, such as vascular 

permeability, production of chemotactic factors and inflammatory mediators (e. g. 

TNFα, IFNγ, IL-6) [154]. In the context of tumor immunology, the balance between 

innate and adaptive response and the capability of tumor cells to escape from 

leukocyte control are crucial. In this context, anaphylatoxins act as immune-

modulatory molecules influencing and polarizing the immune response. C5a and C3a 

promote vascular permeability by histamine release from mast cells, induce smooth 

muscle contraction, regulate the activation of basophils, eosinophils, granulocytes 

and macrophages, and the production of inflammatory mediators which trigger 

oxidative burst and cell metabolic changes [169]. Anaphylatoxins play also a role 

outside of the immune system, especially during embryogenesis, organ development, 

brain remodeling and EMT [134]. Complement mediators could also intervene in cell 

homing and homeostasis, vascular remodeling, bone metabolism and tissue repair 

[170].  

 

7) Complement and cancer 

Complement is involved in several processes ranging from the regulation of tumor 

infiltrating immune cells, tumor-associated angiogenesis, tumor cell proliferation and 

migration. Therefore, various aspects concerning Complement dependent regulation 

of cancer are being studied. In the last decades, it has been shown how Complement 

dysregulation influences cancer development, and has both anti- or pro-tumoral role 

[171]. 

During the cancer-immunity cycle, cancer dying cells are phagocytized by antigen 

presenting cells (APCs) that present tumor antigens to specific effector T cells in 

lymph nodes, which migrate into the stroma and eliminate cancer cells, releasing 
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other tumor antigens. Based on their nature, these antigens can induce an 

immunogenic or tolerogenic response, which is mediated by DAMPs, endogenous 

costimulatory signals that interact with PRRs. The complement system is highly 

sensitive to recognize DAMPs, especially through C1q which can directly bind to 

phospholipids on dying cells, sustaining anti-inflammatory responses and inducing 

the expression of cytokines, such as TGF-β [172]. Indeed, it has been observed that 

patients with systemic autoimmune diseases, such as lupus erythematosus or RA, 

have deficiencies in CP or LP components [173, 174].  

The complement system has always been recognized as a mechanism of immune 

surveillance. Malignant transformation is characterized by several genetic and 

epigenetic cell modifications leading to altered glycocalyx, phospholipid pattern and 

cell-surface proteins. Considering that the complement system is implicated in the 

recognition of “non-self” elements, it is possible that changes on tumor cell surface 

can influence the ability of Complement to recognize these altered cells [175]. 

Although there are no direct evidences of complement activation involvement in 

immune surveillance, several clinical studies have reported that in cancer patients 

complement activation occurred. In particular, deposits of C3, C4 and C5b-9 have 

been observed in breast [176], papillary thyroid carcinoma [177], lung [178] and 

brain tumors [179]. However, many tumor types, such as glioblastoma, breast and 

colorectal cancer [180-182], but not lung and renal cancer [183], express several 

mCRPs, such as CD46, CD55 and CD59, which have the role to protect tumor cells 

from cascade finalization and cell lysis. Further, this expression can negatively 

influence the efficacy of anti-tumor antibody immunotherapy, which is mediated by 

complement activation and results in tumor cell lysis [184, 185]. Further, the 

overexpression by cancer cells of complement regulators, such as fH, fI and C4BP, 
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has been reported to abrogate or reduce complement activity, for example in ovarian, 

glial, lung and colorectal cancer [186]. Moreover, high complement regulatory 

protein levels in serum, such as CD55 and CD59, have been associated with poor 

prognosis in colorectal [187, 188] and prostate cancer patients [189].  

Among the activating pathways, the CP was mostly involved in complement 

activation in models of cervical and lung cancer [190, 191]. The CP was also reported 

to be involved in complement activation in patients with papillary thyroid carcinoma 

[177], follicular lymphoma and mucosal-associated lymphoid tissue (MALT) 

lymphoma [192]. Alteration of CP were also described in patients with chronic 

lymphatic leukemia [193, 194]. LP activation was increased in patients with 

colorectal cancer [195] and the serum levels of MASP-2 were considered 

independent prognostic markers of poor prognosis [196]. In a recent study, 

pathogenic fungi were shown to promote pancreatic ductal adenocarcinoma (PDAC) 

by triggering MBL-dependent complement activation [197]. Further, AP 

complement activation was involved in cutaneous squamous cell carcinoma growth 

[198]. Moreover, the AP was reported to be activated in lymphoblastoid cell lines 

obtained from patients with Burkitt’s lymphoma [199] and in patients with multiple 

myeloma [200]. 

The complement system was also found to be involved in tumor cell proliferation. It 

has been demonstrated that sub-lytic doses of MAC induced activation of pro-

oncogenic pathways, such as MAPKs [201], regulated cell-cycle through PI-3K/Akt 

pathway and ERK-1 pathways [202]. It was also involved in the inhibition of 

apoptosis by blockade of FLIP, caspase8 and Bid and by phosphorylating Bad [128]. 

Moreover, Cho et al., demonstrated that complement molecules were produced by 

cancer cells with an autocrine effect on tumor cell growth mediated by 
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anaphylatoxins. In particular, anaphylatoxin receptors are G-coupled transmembrane 

proteins that signal through the PI-3K/Akt pathway inducing cell proliferation [203]. 

Ovarian cancer cells express anaphylatoxin receptors which, upon activation, induce 

proliferation and promote invasiveness [204].  

Metastasis represent the first cause of death in cancer patients [143]. This process 

consists of a series of genetic and molecular transformations which allow cancer cells 

to become able to invade adjacent tissue and to migrate, through vessels, in distant 

organs. The complement system intervenes in different processes that lead to 

metastasis formation and dissemination. These mechanisms mainly consist in the 

promotion of the EMT process and in matrix degradation by MMPs. In particular, in 

hepatocellular carcinoma cells, it has been demonstrated that the C5a/C5aR1 axis 

mediated EMT by ERK1/2 activation and the regulation of some specific EMT-

markers, such as E-cadherin [205].  

Angiogenesis is necessary for tumor growth and cancer cell dissemination. 

Complement activation is also involved in this process and C1q is one of the main 

complement molecules involved in angiogenesis. In a model of clear-cell renal cell 

carcinoma (ccRCC), which is a highly vascularized tumor, in C1q-/- mice the vessel 

organization was completely disrupted [109]. In a model of metastatic melanoma, it 

has been observed that vessel density and the number of lung metastasis were higher 

in wt mice compared C1qa-/- [206]. Moreover, anaphylatoxins also play a role in 

angiogenesis. In particular, C5a promoted in vitro formation of endothelial tubules, 

migration and proliferation [207]. It has also been observed that C5a exerts a pivotal 

role in angiogenesis. Indeed, it has been described that C5a/C5aR1 axis promoted the 

release of the antiangiogenic soluble VEGF receptor-1 in macrophages [208]. 

Moreover, the reduction of C5a or C3a levels or the blockade with an anti-C5 
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antibody decreased VEGF production and inhibited the neovascularization in age-

related macular degeneration (AMD) [209, 210]. Corrales et al., recently 

demonstrated that C5 is deposited on lung cancer cells which are more prone to 

produce active C5a rather than healthy bronchial epithelial cells. Moreover, they 

observed high C5a levels in fluids of non-small cell lung cancer patients, suggesting 

local production of C5a [211].  

The anaphylatoxin C5a has been considered the most powerful cleavage product of 

complement cascade activation and it has been intensively studied. Recently, our 

laboratory also contributed to the field demonstrating that the genetic or epigenetic 

silencing of PTX3, an essential component of the humoral arm of innate immunity, 

is associated with an enhanced complement activation, CCL2 production and 

recruitment of tumor-promoting macrophage, with an M2 phenotype, in models of 

mesenchymal- and epithelial-induced carcinogenesis. An augmented deposition of 

C3 during tumor progression and a reduced susceptibility to tumor development 

associated with a decrease of macrophage recruitment was observed in C3-/- mice 

compared to wt animals [212]. Markiewski et al. demonstrated that C5a increased 

tumor infiltration by MDSCs that affect the cytotoxic potential of CD8+ T cells, 

increasing tumor growth [190]. The induction of MDSCs has been associated with 

the production of immunomodulators, such as arginase 1, CTLA4 and PD-L1/PD-L2 

in a model of lung cancer [211]. C5a has been also reported to be involved in 

colorectal cancer development in a colitis-associated cancer model, induced by the 

administration of azoxymethane and dextran sulfate sodium (AOM/DSS). In this 

model, C5a triggered neutrophil production of IL-1β and IL-17, which is one of the 

most important inducer of intestinal disease [213]. Further, taking advantage from a 

transgenic mouse model of squamous carcinogenesis, it has been demonstrated that 
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urokinase-macrophages (uPA+) mediated the release of C5a, in a C3-independent 

manner, that induced the activation and recruitment of macrophages and mast cells 

and the suppression of cytotoxic CD8+ T cells. Indeed, the blockade of C5aR1 with 

the inhibitor PMX-53 promoted antitumor T cells and improved the efficacy of 

immunotherapy with paclitaxel [214].  

C3a/C3aR signaling has been reported to be involved in different tumor processes. It 

is mainly involved in metastasis dissemination, by regulating cell migration and the 

EMT process. In ovarian epithelial cancer cells, C3 is involved in EMT. The twist 

basic helix–loop–helix transcription factor 1 (TWIST1) induces EMT by reducing E-

cadherin expression as the overexpression of C3 does. Indeed, it has been observed 

that TWIST1 binds to the C3 promoter region increasing C3 production in ovarian 

cancer cells. The cleavage product, C3a, mediates the reduction of E-cadherin 

expression by binding to C3aR expressed on ovarian cancer cells in an autocrine 

manner [215]. In a model of spontaneous intestinal tumorigenesis, C3a/C3aR 

signaling has been demonstrated to induce the accumulation of neutrophils in tumor 

and to support tumor progression. Indeed, in this model, tumor growth correlated 

with neutrophil-extracellular trap (NET) formation and release, coagulation system 

activation and skewing of neutrophils towards a pro-tumorigenic phenotype [216]. In 

melanoma, it has been observed that the signaling of C3aR and C5aR1 in CD8+ 

infiltrating lymphocytes induces the production of IL-10 by CD8+ themselves which, 

in turn, reduce tumor growth [217]. Finally, in a syngeneic model of lung cancer it 

has been demonstrated that the lack of C5aR1 affected MDSCs recruitment and 

increased the frequency of infiltrating CD8+ T cells. Here, the synergistic effect of 

combination of anti-PD1 immunotherapy and the blockade of C5aR1 was also 
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shown, since the combination improved the antitumor activity of the immune system 

[218]. 

Anaphylatoxins intervene in many tumor establishment processes by favoring cancer 

progression. Thus, anaphylatoxins and their relative downstream signaling pathways 

are considered emerging targets for cancer treatment [214]. 

The complement system can exert different effects based on the site of activation: it 

can promote tumor killing by supporting local inflammation, but also prevent T cell 

activation, promote tumor progression and favor cancer cell dissemination, induce 

the activation of macrophages with a M2-like phenotype, sustain angiogenesis and 

mediate metastasis dissemination [112] (Figure 5). Complement molecules interact 

with a complex network of TME components, which are different for each type of 

tumor. Based on these observations, it is really important to dissect the mechanisms 

by which Complement regulates tumor development in order to design efficient target 

therapies.  

Our proposal in this project is to clarify the mechanisms by which complement 

system is involved in sarcoma and skin carcinogenesis tumor growth process and to 

understand how the anaphylatoxins are involved in orchestrating immune response 

in two different types of tumor in mice. Finally we will investigate on the translational 

potential of our knowledge in human UPSs. 
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Figure 5: Complement and cancer 

Exemplified representation of Complement effects in TME in which the main activities of 

Complement that lead to tumor progression are underlined. Local complement activation induces the 

release of inflammatory factors by both tumor cells and infiltrating-immune cells, such as dendritic 

cells (DCs) and macrophages. Complement anaphylatoxin C5a promotes the recruitment of MDSCs 

which in turn induce the suppression of activated CD8+ T cells. Moreover, complement activation is 

associated with the induction of NET formation and release, coagulation system activation and 

skewing of neutrophils towards a pro-tumorigenic phenotype. Tumor metastasis dissemination in 

distant organs, cells invasion in adjacent tissues and angiogenesis are promoted by complement 

products. Adapted from [171]. 
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8) Complement therapeutics 

Complement activation plays an important role not only in immune system triggering 

and activation, but also in tissue homeostasis and remodeling and intervenes in many 

physiological processes. In order to maintain the equilibrium between activation, 

regulation and discrimination among self and non-self surfaces, several regulators 

control the different steps of complement activation. Complement disorders affect 

the activity and/or the function of many regulators that control the complement 

cascade. Other factors, such as pH variations, local accumulation of complement 

mediators, membrane and glycocalyx disaggregation, can increase the susceptibility 

to complement-induced damage [219].  

In 2007, the Food and Drug Administration (FDA) approved Eculizumab, the first 

monoclonal antibody with anti-C5 activity, for the treatment of the orphan disease 

paroxysmal nocturnal hemoglobinuria (PNH). Then, in 2011, it was also approved 

for the treatment of the rare kidney disease atypical haemolytic uraemic syndrome 

(aHUS) [220].   

To date, the Complement is held as an important therapeutic target for several 

inflammatory diseases. The majority of these disorders are related to various gene 

mutations and polymorphisms in complement mediators. These mutations can induce 

gain-of-function in the starting factors of Complement, determining an abnormal 

complement activation, or can cause loss-of-function in regulators or inhibitors, 

impairing their capability of self-discrimination by soluble molecules, such as fH 

[220]. For example, AMD can be caused by a dysfunction of fH, which induces the 

continuous complement activation by AP, leading to retina disruption and 

macrophage activation [221].  
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Considering the complexity of complement activation and regulation, many drugs 

which target Complement at different stages of activation have been generated. In 

particular, Complement target drugs are classified in three therapeutic groups, which 

include the prevention of complement activation and cascade initiation, the dropping 

of convertase loop-amplification and the blocking of effector functions.  

One of the main features of the drugs belonging to the first group is that they have to 

exert the inhibition of one pathway of activation without influencing the others. 

Drugs as C1IHN and OMS721 belong to this group. In particular, C1IHN is a broad 

spectrum protein that blocks the activity of several serine proteases of complement 

and coagulation systems. Indeed, C1INH is indicated for the treatment of patients 

with hereditary angioedema, caused by mutations in the C1 inhibitor gene. In these 

patients, the loss of C1INH caused the release of bradykinin, which contributes to 

vasodilatation [222]. OMS721 is instead a MASP2 inhibitor which is in phase III trial 

for aHUS treatment (US National Library of Medicine. 2017, ClinicalTrials.gov 

https://clinicaltrials.gov/show/NCT02682407) and in phase II trial for the treatment 

of other renal diseases, such as C3-glomerulopathy (C3G) (US National Library of 

Medicine. 2017. ClinicalTrials.gov https://clinicaltrials.gov/show/NCT03205995). 

In 2017, its entrance in phase III trial for IgA nephropathy was also planned (Omeros. 

FDA grants orphan drug designation to Omeros' OMS721 for treatment of IgA 

nephropathy. Omeros. 2017. 

http://investor.omeros.com/phoenix.zhtml?c=219263&p=irol-

newsArticle_Print&ID=2292002). In order to inhibit complement activation via the 

AP, molecules targeting C3 activation have also been identified. The most important 

is fD, which cleaves fB and allows C3-convertase formation and activation. Some 

pharmaceutical industries are working on small factor D-inhibitors, such as ACH-

https://clinicaltrials.gov/show/NCT02682407
https://clinicaltrials.gov/show/NCT03205995
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4471, that have been tested in aHUS and PNH preclinical models [223]. Among the 

regulators, one of the most studied is fH; the mini-FH demonstrated high efficacy in 

preclinical models of PNH [224].  

In the late 1990’s, the group of Lambris worked on the identification of complement 

inhibitors, through the use of phage-displayed random peptide libraries. They found 

that a synthetic peptide, which binds to C3, was able to block its cleavage [225]. 

Starting from this result obtained in 1996, other studies were conducted up to 

Compstatin production. Compstatin is a cyclic peptide that binds to human C3 with 

high affinity, altering its binding to the C3-convertase and leading to the attenuation 

of cascade activation, independently of the activation pathway. 

Peptides which interfere in C5a/C5aR1 signaling and inhibit the assembly of MAC 

belong to the last group of complement targeting drugs. Peptides targeting 

C5a/C5aR1 signaling include antagonists of C5a, such as PMX53 or DF2593A, 

which are indicated for the treatment of inflammatory and neuropathic pain [226], 

and antagonist of C5aR1, such as Avacopan, which is in phase III trials for IgA 

nephropathy treatment. Another approach consists in the development of antibodies 

anti-C5a, such as IFX-1, which is in clinical trial for the treatment of hidradenitis 

suppurativa, a chronic inflammation condition that affects hair follicles (InflaRx 

Reports Topline Phase IIa Clinical Results of IFX-1 for the Treatment of Hidradenitis 

Suppurativa. 2017). Concerning the drugs that block MAC assembly, Regenemab, an 

anti-C6 antibody, is in preclinical phase for PNH. 

The main future goal of complement-based therapeutics will be to maximize the 

efficacy as well as the specificity of the Complement targeting drugs, considering 

both the abundance and the redundancy of complement players and the intricate 

relation between Complement and immune system. 
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9) Complement and immunotherapy 

Cancer immunotherapy is a promising tool which offers treatment protocols for 

several tumor types. Immunotherapy is a type of cancer treatment that consists in the 

stimulation of immune system by different approaches, such as monoclonal 

antibodies (mAbs), vaccines, adoptive cell transfer and checkpoint inhibitors [227]. 

In general, immunotherapeutic treatments are divided in two groups: the “active” 

ones, which stimulate the immune system to eliminate cancer, such as vaccines, and 

the “passive” ones, which refer to agents that act directly on tumor cells, such as 

adoptively-transferred cells, cytokines or antibodies [228]. It has been observed that 

the therapies of cancer patients are more effective, in terms of durable clinical 

responses, when oncogenic signaling are targeted in combination with approaches 

that block tumor escape processes [229].  

The main clinical approach used to treat tumors is the mAb-based cancer 

immunotherapy, which is particularly promising in the treatment of certain tumor 

types. Part of this success is due to the ability of mAbs to evoke antibody-dependent 

cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC) and 

antibody-dependent cellular phagocytosis (ADCPh) [230]. In particular, CDC is a 

process in which complement activation is triggered by IgG and IgM bound to 

antigen/s on cell membrane. This mechanism is induced by C1q recognition of 

immune complexes and CP activation and, subsequently, it is sustained by AP 

amplification-loop. Furthermore, tumor cell elimination by complement intervention 

can occur through MAC-dependent cell lysis or via phagocytic cell recruitment due 

to the recognition of opsonic proteins by complement receptors, such as CR1, CR3 

(CD11b/CD18) or CR4 (CD11c/CD18). The tumoricidal potential of the combination 

of mAbs and complement induction was recognized by Food and Drug administration 
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to Rituximab, a mAb used for the treatment of non-Hodgkin lymphoma that 

recognizes CD20 expressed by B cells. Other targeted surface antigens used for the 

treatment of leukemia are CD38 and CD52 expressed by lymphocytes [231].  

However, the most effective immunotherapy is to target programmed cell death-1 

(PD-1) or its ligands (PD-L1 and PD-L2). PD-1 is an immune checkpoint expressed 

on the surface of T-cells during the phases of priming and expansion and by NK cells. 

The interaction of PD-1 with its ligands, expressed by different kind of cells - in 

particular DCs and MDSCs [232] - induces mechanisms of apoptosis, anergy, and 

exhaustion, which protect tumor cells from CD8+ T cell-mediated cytolysis [233]. It 

has been proposed that Complement can improve the antitumor efficacy of inhibitors 

targeting PD-1 or PD-L1 checkpoints. Indeed, in different preclinical models of lung 

cancer, the use of antibodies anti-C5aR1 and anti-PD-L1 synergistically protect 

against tumor and metastasis development [218]. This result represented the starting 

point for the development of a clinical trial based on the combination of the anti-

C5aR1 (IPH5401) with the anti-PD-L1 (Darvalumab) antibody in patients with solid 

tumors. 

Another promising approach is represented by complement vaccines, in which 

Complement could acts as an adjuvant, improving immune responses. For example, 

it has been observed that EP67 – a human C5a agonist – induces the production and 

release of pro-inflammatory cytokines in C5aR-competent APCs [234]. It has been 

also reported that radiotherapy treatments induce anaphylatoxin release within the 

TME, potentiating APC recruitment and, as a consequence, the activation of effector 

CD8+ T cells [235]. 

In conclusion, there is promising evidence that the synergistic effect, derived from 

the combination of complement blocking drugs with the use of immune checkpoint 
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inhibitors, may represent the future frontier of immunotherapy aimed at cancer 

eradication. The Complement represents an important part of immune system and its 

dual role in controlling or fueling tumor growth has been emerged recently.  

 

10) Undifferentiated Pleiomorphic Sarcoma  

An heterogenous group of mesenchymal neoplasia is represented by sarcoma [236]. 

Sarcoma derived from the alteration and transformation of mesenchyme, a type of 

connective tissues mostly found during embryogenesis. It is composed mainly by 

amorphous gel-like substances in the extracellular space within few cells or fibers. 

Connective tissue is one of the four basic animal tissues together with the nervous, 

epithelial and muscle. Connective tissue include cartilage, fat, bone vascular and 

hematopoietic tissues. Many types of sarcomas derived from the alteration of these 

tissues and are classified mainly based on histopathologic characteristics in two 

groups: the bone and soft tissue sarcoma (STS) [237]. The first includes osteosarcoma 

and chondrosarcoma, while the STS group is more heterogeneous and includes 

tumors such as liposarcoma, fibrosarcoma, undifferentiated pleomorphic sarcoma, 

leiomyosarcoma and rhabdomyosarcoma [238].  

Undifferentiated pleiomorphic sarcoma (UPS) derives from the class firstly described 

in 1964 as malignant fibrous histiocytoma (MFH) for its probable fibrohistiocytic or 

fibroblastic lineage origin [239], but a true histiocytic origin was never proved. MFH 

represents a group of tumors that share some morphologic similarities. The term 

MFH was replaced by UPS (WHO Classification of Tumours of Soft Tissue and Bone 

(ed 4), 2013) and it represents the 10% of all STSs. UPS tumors are most common in 

the late adult life and it occurs in patients between 50 and 70 years old with a 

metastatic rate of 30-35% [240]. The pediatric UPSs are rare. UPSs represent a 
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“diagnosis of exclusion” due to the absence of specific and representative line of 

differentiation [241]. 

The common features in MFH/UPS group consists in the inactivation of the RB1 

gene or frequent loss of p53 function [242]. Petitprez et al., distinguished Sarcoma 

Immune Classes (SIC) based on the analysis of infiltrated immune cells in different 

STSs. They found differences in the level and the quality of the sarcoma infiltrated 

immune cells from the “immune desert” sarcoma belong to class A to the “immune 

and tertiary lymphoid structure high” belong to class E [243]. 

The landscape of STSs and in particular of UPSs is still under investigation and 

further studies will allow clinical and research communities to improve new 

techniques and therapies for sarcoma patients.  
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Aims of the thesis 

 

Complement activation has a dual role in cancer. The general purpose of this PhD 

thesis was the investigation on the role of complement activation in the context of 

cancer-related inflammation in mouse models of sarcoma and skin carcinogenesis.  

In particular, based on preliminary results [212] which indicated that C3-/- mice were 

protected from both mesenchymal- and epithelial-chemically induced 

carcinogenesis, we investigated whether complement activation occurs in tumor 

tissues and cells, the C3-upstream and -downstream mechanisms implicated and the 

potential combination of complement deficiency and immunotherapeutic treatments. 

In particular, in an effort to clarify the contribution of CP, LP and AP to complement 

activation, we performed a carcinogen-induced as well as a transplantable sarcoma 

model in mice deficient for molecules specifically involved in each complement 

activation pathway. Then, in order to understand the C3-downstream mechanisms 

possibly implicated, we characterized molecular and cellular processes mediated by 

the most important complement soluble mediators. To this aim, we performed both 

sarcoma and skin tumor models in mice deficient for the receptor/s of the 

anaphylatoxins C3a (C3aR-/-) and C5a (C5aR1-/- and C5L2-/-), which represent the 

main pro-inflammatory and chemoattractant mediators of the complement system. 

Moreover, a detailed analysis of sarcoma infiltrating immune cells and in vivo 

experiments with depleting or blocking antibodies were performed to understand the 

cellular mechanisms implicated in complement dependent tumor promotion. 

Finally, we tested the potential combination of complement deficiency with anti-PD1 

treatments in a mouse sarcoma model, with the aim to understand if complement 

targeting could improve immunotherapy based on the blockade of checkpoint 

molecules. 
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Methods 

1. Animals 

Mice deficient for C3, C1q, C4, MBL1/2, C5aR1, C5aR2 and C3aR (C3-/-, C1q-/-, C4-

/-, MBL1/2-/-, C5aR1-/-, C5aR2-/- and C3aR-/-) were on C57BL/6J genetic background. 

FB-deficient mice were on C57/BL/6NJ genetic background. Wt mice were 

purchased from Charles River Laboratories, Calco, Italy. C3-/-, MBL1/2-/-, fB-/- and wt 

mice in C57/BL/6NJ genetic background were purchased from The Jackson Lab, Bar 

Harbor ME, US. C1q-/-, C5aR1-/-, C5aR2-/- and C4-/- were provided by Prof. John 

Lambris, University of Pennsylvania, USA. C3aR-/- were provided by Prof. Harald 

F. Langer, University of Tübingen, Germany. All colonies were bred in Charles River 

Laboratories, Calco, Italy and used in the SPF animal facility of Humanitas Clinical 

and Research Center in individually ventilated cages.  

Procedures involving animals handling and care were conformed to protocols 

approved by the Humanitas Clinical and Research Center (Rozzano, Milan, Italy) in 

compliance with national (D.L. N.116, G.U., suppl. 40, 18-2-1992 and N. 26, G.U. 

March 4, 2014) and international law and policies (EEC Council Directive 

2010/63/EU, OJ L 276/33, 22-09-2010; National Institutes of Health Guide for the 

Care and Use of Laboratory Animals, US National Research Council, 2011). All 

efforts were made to minimize the number of animals used and their suffering. 

 

2. Tumor models 

2.1 3-MCA-induced sarcoma model 

In the 3-MCA-induced sarcoma model, 8-13 weeks old mice were injected 

subcutaneously (sc) on the dorsal back right flank with a single dose of 100 μg of 3-
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MCA (Sigma-Aldrich) dissolved in corn oil at the concentration of 1 mg/ml. Mice 

were assessed for tumor development once/week over the course of 150-180 days. 

Data are shown as tumor incidence. 

 

2.2 Transplantable MN/MCA1 sarcoma models 

In the transplantable sarcoma models, mice were injected sc on the dorsal back right 

flank or intramuscularly (im) on the left back thigh with mycoplasma-free 

MN/MCA1 cells [5x105 cells in 100µl PBS sc [244] or 1x105 cells in 100µl PBS im 

[245]. Tumor volumes were measured twice/week and mice were euthanized 21 or 

28 days after tumor cell injection, respectively. Data of primary tumors are shown as 

tumor volume and weight. Tumor volumes were measured with a caliper and 

calculated according to the formula: Volume = (Dxd2)/2, where D = larger tumor 

diameter and d = smaller tumor diameter. Data of metastasis are shown as number of 

visible metastasis in the lung. 

 

2.3 DMBA/TPA-induced skin carcinogenesis model 

Skin carcinogenesis was performed as two-step DMBA/TPA model [246]. 7 weeks 

old females were shaved on the right back side and at the age of 8 weeks treated with 

a single dose of 25µg of DMBA (Sigma Aldrich) dissolved in acetone. From the age 

of 9 weeks, mice were treated three times/week with 4µg of the pro-inflammatory 

agent TPA (Sigma Aldrich) until the end. Mice were weekly assessed for 

papilloma/carcinoma development over the course of the experiment and sacrificed 

after 25 weeks of treatment. 
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3. Depletion and blocking experiments 

In depletion and blocking experiments, mice were intraperitoneally (ip) injected with 

200 µg of specific mAbs the day before tumor cell injection and then with 100 µg 

twice/week (anti-mouse CD8, InVivoPlus, clone YTS169.4 and the relative isotype 

control rat IgG2b, InVivoPlus, clone LTF2) or three times/week (anti-mouse IFNγ,  

InVivoMab, clone: XMG1.2 and the relative isotype control rat IgG1, clone HRPN; 

anti-mouse CD115, InVivoMAb, clone AFS98 and the relative isotype control rat 

IgG2a, clone 2A3) for the entire duration of the experiment. In immunotherapy 

experiments, mice were injected ip with 200 µg of anti-mouse PD-1 antibody 

(InVivoPlus, clone RMP1-14) or the relative isotype control (Rat IgG2a, clone 2A3) 

twice/week starting from 5 days after tumor cell injection. All mAbs were purchased 

by BioxCell. 

 

4. Generation of bone marrow chimeric mice 

14 days old C5aR1-competent and –deficient mice were lethally irradiated with a 

total dose of 900 cGy. Then, 2 hours (hrs) later, mice were reconstituted with 4x106 

nucleated bone marrow-derived cells injected in the retro-orbital plexus, obtained by 

flushing of freshly collected femur and tibia of wt and C5aR1-/- donors. At the age of 

7 weeks, mice were used for the skin carcinogenesis model, as previously described. 

 

5. Cell culture 

MN/MCA1 and 3-MCA-derived sarcoma cells were cultured in RPMI 1640 

(Euroclone) supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich) and 

ultra-Glutamine (UG) (Lonza). 
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6. C3 deposition assay  

6.1 Blood collection and serum preparation 

Blood from C57Bl/6J mice was collected using a 1ml syringe with a 22G needle from 

cava vein of anesthetized mice. Blood was left on ice for at least 3 h in order to let 

the coagulation, avoiding complement activation and depletion. Then, samples were 

centrifuged at +4°C for 12 minutes (min) at 12000 rcf, the supernatant (serum) was 

collected and immediately stored at -80°C. When indicated, in order to obtain 

complement inactivation, serum was wormed at +56°C for 30 min before storage. 

 

6.2 Deposition assay  

For deposition assay, cells were resuspended at a concentration of 2 million cells/ml 

in PBS-/-, seeded (100 µl/well) into 96 well round bottom well-plate and incubated 

for 5 min at +37°C with 100 µl of Veronal Buffer 1X (Lonza,) + 10% of active/HI 

serum. Then, complement activation was immediately blocked by transferring the 

plate on ice and by adding EDTA (10 mM final concentration) to cell suspension. 

Samples were centrifuged, washed twice with PBS-/-, fixed with PFA1% for 10 min 

at RT, washed with PBS+/+ + 2% BSA and used for the staining. First, samples were 

blocked with PBS+/+ + 2% BSA + 5% Normal Donkey Serum (NDS, Sigma Aldrich) 

(blocking buffer, BB) for 30 min at RT and then stained with anti-mouse C3b-iC3b-

C3c (Hycult Biotech; clone 2/11) or the relative isotype control rat IgG1λ (BD 

Pharmingen™) at 5 µg/ml final concentration in BB for 1 h at RT. Samples were then 

post-fixed with PFA 1% for 5 min at RT and incubated with secondary antibody 

AF488-Donkey anti-rat IgG (Molecular Probes - ThermoFisher) at 2 µg/ml final 

concentration in BB for 1 h at RT. Finally, cells were washed with PBS+/+1X + 0.05% 
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TWEEN 20 (Sigma Aldrich) and resuspended in PBS-/- + 2% FBS + 2mM EDTA + 

0.05% NaN3 (FACS-buffer). Samples were acquired on Canto II (BD Bioscience) 

and analyzed with FlowJo software (Treestar). 

 

6.3 Treatment of tumor cells with tunicamycin 

In some experiments, sarcoma cells were treated with tunicamycin, a N-glycosylation 

inhibitor, before being used for the C3 deposition assay. In particular, 1 mg of 

tunicamycin (Sigma-Adlrich) was dissolved in 100 µl of DMSO (Sigma-Adlrich) in 

order to obtain a 10 mg/ml stock solution. Cells were incubated with tunicamycin at 

10 µg/ml final concentration, or DMSO (0.1%) as control, in complete medium 

overnight (O/N) at 37°C and then detached and subjected to C3 deposition assay, 

previously described. In parallel, a staining for terminal sugar residues of galactose, 

mannose, α-(2→3) sialic acid and α-(2→6) sialic acid was also performed. In 

particular, tunicamycin- or vehicle-treated cells were fixed with PFA 1% for 10 min 

at RT and incubated for 1 h at RT with digoxigenin-conjugated lectins (DSA, GNA, 

MAA and SNA) at the final concentration of 2 µg/ml (from Roche™ DIG Glycan 

Differentiation Kit) in PBS+/+. Finally, samples were incubated with anti-

digoxigenin-FITC antibody (Abcam, clone: 21H8) at the final concentration of 2 

µg/ml in PBS+/+. Samples were acquired on CantoII (BD Bioscience) and analyzed 

with FlowJo software (Treestar). 

 

7. C3a, C5a and cytokine measurement 

Tumor samples were homogenized in a solution of 50mM Tris HCl + 2mM EDTA + 

1% Triton X-100 + 1mM PMSF (all from Sigma-Aldrich) + protease inhibitors 
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EDTA-Free (Complete® -EDTA-free; Roche), using a proportion of 1 ml of solution 

for 1 g of tumor. Homogenized tissues were centrifuged at 4000 rpm, 1 h at +4°C and 

the interphases were collected. Further, samples were centrifuged at 14000 rpm for 

15 min at +4°C and the supernatants were used for murine C5a, IFNγ and CSF1 

(R&D DuoSet ELISA) or C3a (Cloud-Clone Corp) measurements according to 

manufacturer’s instructions. Total protein amounts were measured by PierceTM 

Coomassie Plus Assay Kit (Thermo Fisher) or the Bio-Rad DC Protein assay kit (Bio-

Rad), according to manufacturer’s instructions. 

 

8. Tumor single-cell suspension preparation and FACS analysis 

Sarcoma tumors were dissociated manually with forceps and scissors and digested 

for 1 hour at 37°C in PBS-/- + 0.1 mg/mL Type IV Collagenase (Sigma-Aldrich). 

Then, samples were mechanically dissociated with the help of a 10 ml syringe and 

filtered on a gauze. Complete medium was added to single-cell suspensions in order 

to block collagenase activity. Samples were then centrifuged, resuspended in PBS-/-, 

filtered on a 70 µm cell strainer and brought to a maximum final concentration of 

15*106 cells/ml in PBS-/-. Cell viability was determined by Aqua LIVE/Dead-405 nm 

staining (Invitrogen) and negative cells were considered viable. Samples were then 

incubated with Fc blocking reagent (anti-CD16/32, Clone 24G2) for 10 min at +4°C. 

An antibody mix in FACS buffer was then prepared and added to cell suspension for 

20 min at +4°C. Finally, cells were washed, fixed in formalin 1% O/N at +4°C and 

then resuspended in FACS buffer for FACS analysis. The following murine 

antibodies were used: anti-CD45-BV605 (clone 30-F11); anti-CD11b-BV786 or -

APC-Cy7 (clone M1/70); anti-CD11c-AF700 (clone HL3); anti-Ly6C-FITC or -
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BV421 (clone AL-21); anti-F4/80-PeCy7 (clone BM8); anti-Ly6G-PECF594 (clone 

1A8); anti-NK1.1-PECF594 (clone PK136); anti-CD19-APC or -eF450  (clone 1D3); 

anti-CD80-PerCP-Cy5.5 (clone 16-10A1); anti-CD86-eF450 (clone GL-1); anti-

CD206-APC (clone C068C2); anti-CD3-PerCP-Cy5.5 (clone 145-2C11); anti-CD4-

AF700 or –FITC (clone RM4-5); anti-CD8a-PE or –BV480 (clone 53-6.7); anti-

MHCII-FITC, -PE or- BV711 (clone M5/114.15.2 or 2G9); anti-TCRβ-BV711 

(clone H57-597); anti-Eomes-AF488 (clone Dan11mag); anti-CD25-PE or -BV786 

(clone PC61); anti-CD44-FITC (clone IM7); anti-CD62L-APC or –BV570 (clone 

MEL-14); anti-CD27-PeCy7 (clone LG.7F9); anti-Tbet-PE (clone O4-46); from BD 

Bioscience (San Jose, US), ThermoFisher and BioLegend (San Diego, US). 

Foxp3/Transcription Factor Staining Buffer Set (eBioscience – ThermoFisher) was 

used for intracellular staining of Eomes and Tbet. Results are reported as mean 

fluorescence intensity (MFI) normalized on isotype control or fluorescence minus 

one (FMO). Cells were analyzed on LSR Fortessa (BD Bioscience). Data were 

analyzed with FlowJo software (Treestar). 

 

9. Isolation of tumor infiltrating immune cells 

Cells from tumors were stained with CD45-BV605, CD11b-BV786, Ly6G-

PECF594, CD11c-AF700, Ly6C-BV421, F4/80-PeCy7, CD3-PerCP, CD4-AF700 

and CD8a-PE. Neutrophils (CD45+, CD11b+, Ly6G+), monocytes (CD45+, 

CD11b+, Ly6G-, CD11c-, F4/80-, Ly6C+), TAMs (CD45+, CD11b+, Ly6G-, 

CD11c-, Ly6C-, F4/80+), CD3+ (CD45+, CD11b-, CD3+), CD4+ (CD45+, CD11b-

, CD3+, CD8-, CD4+) and CD8+ cells (CD45+, CD11b-, CD3+, CD8-, CD4+) were 

sorted on a FACSAria cell sorter (BD Bioscience). Resulting cells were processed 

for mRNA extraction. 
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10. 3’-mRNA sequencing  

RNA was purified from FACS sorted MN/MCA1 TAMs (CD45+, CD11b+, Ly6G-, 

CD11c-, Ly6C-, F4/80+) deriving from wt and C3-/- mice (4 biological replicates for 

wt and for C3-/- mice) with the Single Cell RNA Purification Kit (Norgen Biotek 

Corp.). RNA quality control was performed with the Agilent 4200 Tape Station 

system using the High Sensitivity RNA ScreenTape analysis kit (Agilent, Santa 

Clara, CA, USA), only RNAs having a RIN>7.5 were used for library preparation. 

Libraries for mRNA sequencing were prepared starting from 5 ng totRNA for each 

sample by using the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech-Takara),  

this Kit incorporates Clontech’s proprietary SMART® (Switching Mechanism at 5’ 

End of RNA Template) technology which relies on the template switching activity of 

reverse transcriptases to enrich for full-length cDNAs and to add defined PCR 

adapters directly to both ends of the first-strand cDNA ensuring the final cDNA 

libraries contain the 5’ end of the mRNA and maintain a true representation of the 

original mRNA transcripts. Full-length cDNAs were processed with the Nextera XT 

DNA Library Preparation Kits (Illumina, San Diego, CA, USA). Final libraries were 

checked using the Agilent TapeStation 4200 using the High Sensitivity DNA 

ScreenTape analysis kit.  

All samples were sequenced on an Illumina NextSeq 500 at an average of 29,246,059 

bases-long, single-end reads; among these an average of 26,000,253 reads were 

uniquely mapped. 

 

11. Computational analyses 

RNA-Seq raw reads were quality controlled with FastQC, 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FastQ Screen 
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(https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/) and 

subsequently mapped on mouse genome Release M20 (GRCm38.p6) with STAR . 

Alignments were then screened for quality with the tool stats within the BamTools 

suite. Gene summarized quantifications were obtained by running STAR with the 

GENCODE annotation M20 into the file gtf. Ensembl gene identifiers were 

associated with gene symbols with the R package “org.Mm.eg.db” 

(http://bioconductor.org/packages/release/data/annotation/html/org.Mm.eg.db.html)

. Quantified read counts were then normalised with rlog method into DESeq2 R 

packages, filtering genes whose overall expression across all samples was lower than 

2. Differential expression analyses were performed with DESeq2 on read counts, 

comparing for each cellular population, transcription of wt and C3-deficient mice. 

Additionally, an analysis to uncover transcriptional changes differentiating 

monocytes and macrophages, was done by performing a differential expression 

across the two populations for wt and C3-deficient mice. Each differential expression 

analysis was done by including the option “independentFiltering = TRUE”, as first 

filtering based on averaged expression of genes.  

Several distinct geneset analysis algorithms were used to define pathways 

enrichments: preranked geneset enrichment analysis (preranked GSEA) was 

performed with “cameraPR.default” tool within Limma R package, screening 

pathways derived by the Molecular Signatures Database (MSigDB)  and Gene Set 

Knowledgebase (GSKB), comprehensive knowledgebase for pathway analysis in 

mouse (GSKB: A gene set database for pathway analysis in mouse, 

doi: https://doi.org/10.1101/082511). gProfiler and EnrichR  webtools were also used 

to compare enrichment results of each differential expression comparison. Ingenuity 

Pathway Analysis software (QIAGEN Inc., 

https://doi.org/10.1101/082511
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“https://www.qiagenbioinformatics.com/products/ingenuity- pathway-analysis”) 

was used to identify curated sets of genes overexpressed in all considered wt or C3-

deficient cells. The Core Analysis function in IPA was used. The lists of differentially 

expressed genes were ranked by adjusted p-value and used to perform the analysis, a 

filter of 0.05 was set and mouse specific identifiers have been selected. This analysis, 

based on canonical pathways enrichments and networks, allowed the visualization 

and interpretation of gene lists upregulated in C3-deficient condition, identifying 

overrepresented biological processes relationships between genes. Considered 

curated pathways are derived from literature and are grouped in Metabolic and 

signaling pathways, whereas the networks are created on the gene-gene or gene-

product interactions, based functional interactions. Statistical analyses and plots were 

created using the R environment (R Core Team (2018). R: A language and 

environment for statistical computing. R Foundation for Statistical Computing, 

Vienna, Austria. URL https://www.R-project.org/). Heatmaps were generated with 

the R package “pheatmap” version 1.0.12 (https://CRAN.R-

project.org/package=pheatmap), volcano plots took advantage from the R package 

“EnhancedVolcano” (https://github.com/kevinblighe/EnhancedVolcano).  

Scatterplots and PCA plots were created with the package “ggplot2” (https://cran.r-

project.org/web/packages/ggplot2/index.html) 

 

12. Quantitative PCR 

RNA was purified using RNeasy® plus micro kit (QIAGEN). cDNA was synthesized 

by reverse transcription using High Capacity cDNA reverse transcriptase kit (Applied 

Biosystems). Pre-amplification was performed using Sso Advanced™ PreAmp 

https://cran.r-project.org/web/packages/ggplot2/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
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Supermix (BIO-RAD, cat: 1725160) and each primer was used at 50nM final 

concentration. Quantitative real-time PCR was performed using the SybrGreen PCR 

Master Mix (Applied Biosystems, cat: 4364346) in a QuantStudio 7Flex Real-Time 

PCR System (Thermo Fisher Scientific). PCR reactions were carried out with 10 ng 

of DNA. Data were analyzed with the 2-ΔCT method. Data were normalized based on 

GAPDH and β-actin mean determined in the same samples. Primers were designed 

according to the published sequences and listed as follows: C3ar: forward 5’-ATT 

GGG ACT GCT AGG CAA TG-3’, reverse 5’-GGT GAG ATG GAG GAA CCA 

GA-3’; C5ar1: forward 5’-TTA CCA CAG AAC CCA GGA GG-3’, reverse 5’-GCC 

ATC CGC AGG TAT GTT AG-3’; C5ar2: forward 5’-GCT CAC ATC CAG GAA 

GCT GT-3’, reverse 5’-CTG GTG GTG TGG TTC ATC AT-3’; Csf1r forward 5’-

TGT CAT CGA GCC TAG TGG C-3’, reverse 5’-CGG GAG ATT CAG GGT CCA 

AG-3’; Eomes forward 5’- GGC CTA CCA AAA CAC GGA TA-3’, reverse 5’- 

GAC CTC CAG GGA CCA TCT GA-3’; Il2: forward 5’-AAC TCC CCA GGA TGC 

TCA C -3’, reverse ’5-CGC AGA GGT CCA AGT TCA TC-3’; Ifng forward 5’-

TCA AGT GGC ATA GAT GTG GAA GAA-3’, reverse 5’-TGG CTC TGC AGG 

ATT TTC ATG-3’; Stat4 forward 5’ – CTT TCC TAT GGA AAT CCG GC-3’, 

reverse 5’- TTG AAG CAG AAT TGT TGC CA-3’; Tbet forward 5’-TCA ACC 

AGC ACC AGA CAG AG-3’, reverse 5’- ATC CTG TAA TGG CTT GTG GG-3’; 

Tnfα forward 5’- CCC TCA CAC TCA GAT CAT CTT CT-3’, reverse 5’- GCT ACG 

ACG TGG GCT ACA G-3’; Gapdh forward 5’-GCA AAG TGG AGA TTG TTG 

CCA T-3’, reverse 5’-CCT TGA CTG TGC CGT TGA ATT T-3’ and β actin forward 

5’-TTC TTT GCA GCT CCT TCG TT-3’, reverse 5’-ATG GAG GGG AAT ACA 

GCC C-3’. 
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13. Immunofluorescence 

MN-MCA1- or 3-MCA-derived tumor tissues were fixed with PFA4% O/N at +4°C. 

After the incubation with a graded sucrose series (20% sucrose in PBS-/- for 4hs, 30% 

sucrose for 4hs and 40% sucrose O/N at +4°C), tissues were embedded in OCT and 

stored at -80°C. Tumor sections (7µm) were incubated for 2 h at RT with primary 

antibodies diluted in PBS1x+/+ pH 7.4 + 2% BSA + 5% normal donkey (Sigma-

Aldrich) or goat (Dako, Denmark) serum (according to secondary antibody source) 

+ 0.05% Triton® X-100 (Sigma-Aldrich). The following primary antibodies were 

used: rat IgG1 anti-mouse C3b/iC3b/C3c (Hycult Biotech, clone 2/11, final 

concentration 5µg/ml), anti-C1q (rat anti-mouse C1q, Abcam, clone 7H8, final 

concentration 5 µg/ml), anti-CD31 (Hamster anti-CD31, Millipore, final 

concentration 1µg/ml), anti-CD45 (rabbit anti-CD45, Abcam, final concentration 

5µg/ml) for 2 h in humid chamber and negative controls were obtained by using 

isotype-matched primary antibodies. Then, sections were washed and incubated with 

Alexa Fluor (488, 594, 647)-conjugated species-specific cross-adsorbed detection 

secondary antibodies (Molecular Probes) for 2 h at RT. For DNA detection 4’,6-

diamidino-2-phenylindole (DAPI) was used (300nM, Invitrogen) for 5 min at RT. 

Finally, samples were mounted with the antifade medium FluorPreserve Reagent 

(EMD Millipore). 

For immunofluorescence analysis, MN/MCA1 cells and peritoneal cells - recovered 

from peritoneal cavity of wt mice - were cultured for 1h at +37°C on cover glasses 

(VWR international) pre-coated with 0.001% of poly-lysine (Sigma-Aldrich) and 

fixed with PFA 1% for 15 min at RT. Fixed cells were stained following the protocol 

previously described using a rat anti-mouse C3aR, (Hycult Biotech, clone 14D4) or 

the relative isotype control as negative (Rat IgG2a, k Biolegend, clone: RTK2758) at 
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the final concentration of 1 µg/ml for 1h at RT. Samples were then washed and 

incubated with an AF488-Donkey anti-rat IgG secondary antibody for 1h at RT. For 

DNA detection DAPI was used as previously described. The round cover glasses 

were mounted with FluoPreserve Reagent (EMD Millipore).  

Samples were analyzed with a Leica SP8 confocal microscope system equipped with 

Leica HC PL APO 20x/0.4 NA objective at 1 AU. Line sequential acquisition was 

applied to avoid fluorescence overlap. Collected xy images were assembled and 

processed using LASX software. Density of CD31-positive blood vessels was 

quantified with a custom-written plug-in of ImageJ software. Vessel pericyte 

coverage was calculated as previously described (Magrini, J Clin Invest. 2014). 

 

14. Immunohistochemistry on human samples 

Tumor paraffin embedded tissues from human patients, were cut at 3-μm and sections 

were dewaxed with Xilol and rehydrated with decreasing concentrations of Ethanol. 

Antigen unmasking were performed in 0.25mM EDTA buffer pH 8.00 in 

thermostatic bath at 98°C for 20 min. Endogenous peroxidase were blocked using 

2% hydrogen peroxide solution for 20 min at RT. Sections were then blocked with 

2% BSA in PBS for 30 min and incubated with primary mouse monoclonal anti-

human C3aR antibody (clone 17, Santa Cruz Biotechnology, 1µg/ml final 

concentration) or with mouse isotype control (Invitrogen, 1µg/ml final concentration) 

for 1h at RT. Sections were then incubated with MACH1 HRP-polymer for 30 min 

at RT (Biocare Medical). After a 3,3′-Diaminobenzidine (DAB) reaction (Biocare 

Medical), sections were counterstained with haematoxylin solution. Tissues were 

dehydrated with ethanol and mounted with Eukitt (Sigma-Aldrich). Ten images for 

each sample (magnification 20X) were acquired with cell^F software (Olympus) on 
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Olympus BX51 microscope and analysed with Image Pro-Premiere 9.2 (Media 

Cybernetics). The percentage of immunoreactive area for C3aR in the tumors was 

determined and was employed to divide patients showing negative or positive 

staining for C3aR expression. Patients (n=19) whose biological samples were 

included in the study gave their signed consent to donate the tissue remaining after 

the diagnostic procedure. Human UPS surgical samples were collected from 

Humanitas Biobank (n=19), upon approval by the Humanitas Research Hospital 

Ethical Committee (authorization 609/17, issued on 18 December 2017). 

 

15. Statistical analysis 

For animal studies, sample size was defined on the basis of past experience on cancer 

models. Values were expressed as mean ± SE. Wilcoxon matched-pairs signed-rank 

test was used to compare two groups for tumor incidence. Two-tailed Student’s t test 

and Mann–Whitney U-test were used to compare unmatched groups with Gaussian 

and non-Gaussian distribution, respectively, and Welch’s correction was applied in 

cases of significantly different variance. A ROUT test was applied to exclude outliers. 

Ordinary one-way ANOVA and Kruskal Wallis were used to compare multiple 

groups with Gaussian and non-Gaussian distribution, respectively, and unpaired 

Student’s t test or Mann–Whitney U-test were used as post hoc tests. The Kaplan-

Meier method was used for survival curve analysis, and the log-rank (Mantel-Cox) 

test was used to determine the statistical significance. p ≤ 0.05 was considered 

significant. Statistics were calculated with GraphPad Prism version 7, GraphPad 

software. 
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Results 

1. Complement activation promotes sarcoma development and progression 

C3 is considered the central component of the complement cascade since the three 

canonical pathways of complement activation converge in its cleavage. C3 deficiency 

in mice has been reported to confer protection against tumor development in models 

of mesenchymal and epithelial carcinogenesis [212], providing evidence that 

complement activation may have a pro-tumor role. We investigated the role of 

Complement in sarcoma development by performing experiments of 3-MCA-

induced mesenchymal carcinogenesis and a sarcoma transplantable model in C3-

competent and -deficient mice. In the 3-MCA model, we confirmed that C3-/- mice 

showed reduced tumor incidence compared to wt mice (67% C3-/- mice developed 

tumor 150 days after carcinogen injection compared to 100% wt mice, p=0.0020) 

(Figure 1A). To further confirm whether complement activation could have an impact 

on sarcoma progression, we employed a transplantable model obtained by the 

subcutaneous (sc) inoculation of the 3-MCA-derived sarcoma cell line MN/MCA1 in 

C3-/- mice and wt control mice. In this model, C3-/- mice showed decrease tumor 

volume (407.4mm3 ± 120mm3 in C3-/- mice compared to 1985mm3 ± 224.6mm3 in 

wt mice 21 days after tumor cell injection, p= 0.0003) and weight (0.504g ± 0.1495g 

of C3-/- mice compared to 2.396g ± 0.323g of wt mice 21 days after tumor cell 

injection, p=0.0007) compared to wt animals (Figure 1B), although both wt and C3-

/- mice show a tumor incidence of 100%. Finally, we used a metastatic MN/MCA1 

sarcoma model, obtained by the intramuscular (im) injection of MN/MCA1 cells, and 

resulting in the development of metastasis in the lung. In the metastatic MN/MCA1 

model, C3 deficiency was also associated with reduced primary tumor growth and 

secondary metastatic dissemination (C3-deficient mice developed 6 ± 2 metastasis 
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compared to 19.3 ± 3.5 metastasis in wt mice, p= 0.0104) (Figure 1C). These results 

indicate that the Complement plays a pivotal role in regulating tumor 

development/progression and the metastatic dissemination. 

 

Figure 1: Complement activation promotes sarcoma growth and development 

(A) 3-MCA-induced sarcoma incidence curve of wt (n=15) and C3-/- mice (n=15). (B) Tumor volume 

and weight (mean ± SEM) of wt (n=5) and C3-/- mice (n=5) subjected to MN/MCA1 transplantable 

model. (C) Primary tumor volume and number of lung metastasis 27 days after im injection of 

MN/MCA1 tumor cells in wt (n=10) and C3-/- (n=7) mice. One representative experiment out of three 

(A), 15 (B) and two (C) performed is shown. *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon matched-

pairs signed rank test (A) and unpaired Student’s t test or Mann Whitney test (B-C). 
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2. Complement C3 deposition occurs on tumor tissues 

In order to verify whether complement activation occurred in tumor lesions, we 

collected sarcoma and skin tissues of wt mice subjected to 3-MCA and DMBA/TPA 

models, respectively, and we performed an immunofluorescence staining for the C3 

cleavage products (C3b, iC3b, c3c). As shown in figure 2A, C3 cleavage products 

were deposited only on sarcoma and skin papilloma and not on normal tissues, 

suggesting that complement activation occurred during tumorigenesis. 

In order to characterize C3+ cells, we performed an immunofluorescence staining for 

C3b, iC3b, C3c, CD31 (a typical vessel marker), and CD45 (a leukocyte marker), on 

tumor tissues collected from wt and C3-/- mice subjected to the MN-MCA1 

transplantable model. First, we observed that C3 cleavage products were deposited 

only on wt- and not on C3-/--derived tumor tissues, as expected (Figure 2B), 

indicating that tumor cells were not the source of C3. The quantification of C3 

cleavage products deposition confirmed the previous observation (percentage of C3+ 

area in wt tissues 3.76% ± 1.24% compared 0.02% ± 0,01% in C3-/- tissues, p< 

0.0001) (Figure 2C). Further, we found that C3 deposition mainly occurred on the 

vessels but not on immune infiltrating cells.  

Considering the presence of C3+ vessels and many studies reporting that different 

complement molecules may promote angiogenesis [169, 206], we performed a 

detailed characterization of tumor angiogenesis, analyzing the vessel density, the 

vascular area and the pericyte coverage of wt and C3-deficient tumors. As shown in 

Figure 2D, we did not observe differences in these parameters. These results 

suggested that the difference in tumor growth previously described was not due to a 

complement-dependent regulation of angiogenesis.  
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Figure 2: C3 cleavage products are deposited on vessels and tumor cells of sarcoma 

tissues  

(A) Immunofluorescence staining for C3b, iC3b, C3c (green) on normal skin and tumor tissues derived 

from 3-MCA- and DMBA/TPA-induced carcinogenesis models in wt mice. (B) Immunofluorescence 

staining for C3b, iC3b, C3c (green), CD31 (red) and CD45 (purple) on tumor tissues derived from wt 

and C3-/- mice collected 21 days after MN-MCA tumor cell injection. (C) Quantification (mean ± 

SEM) of C3 cleavage products (C3b, iC3b, C3c) deposition in wt and C3-/--derived tumor tissues (n=4 

mice). Each dot represents the mean of fluorescence intensity (MFI) of one field; two-five fields have 

been acquired for each mouse. (D) Analysis of vessel density (vessels/mm2), vascular area, calculated 

as percentage of total tissue area, and pericyte coverage area, calculated as percentage of total vascular 

area, in 3-MCA-induced tumor of wt and C3-/- mice sacrificed at 2 cm3 tumor volume. (E) C3a and 

(F) C5a levels detected by ELISA in tumor tissue lysates of wt and C3-/- mice at 14 (n=3) and 21 days 

(n=4) after MN-MCA1 tumor cell injection. Mean ± SEM is shown. Ns= not significant, *p < 0.05, 

****p < 0.0001, unpaired Student’s t test or Mann Whitney test (C-F).  

 

We confirmed that complement activation occurs in tumor by measuring the levels 

of anaphylatoxins in tumor tissue lysates. In particular, we observed that both C3a 
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(Figure 2E) and C5a (Figure 2F) were produced in situ and their levels increased 

during tumor growth in wt MN/MCA1-derived tumor tissues (e.g. C3a: 1.86 ± 0.34 

ng/mg total proteins at 14 days compared to 4.94 ± 1.06 ng/mg total proteins at 21 

days, p=0.036). In C3-deficient mice the production of C3a was completely abolished 

(p< 0.0001), as expected, while the production of C5a was lower compared to wt 

mice, but still detectable (p=0.038). Overall these results indicate that complement 

activation occurs in tumor. 

 

3. Complement C3 deposition occurs on sarcoma tumor cells in vitro 

In an effort to confirm that complement activation may target tumor cells, we set up 

an in vitro C3 deposition assay incubating murine 3-MCA-derived and MN/MCA1 

sarcoma cells with normal or heat inactivated (HI) wt mouse serum and verified C3 

cleavage products deposition by flow cytometry analysis. We observed that C3 was 

deposited both on 3-MCA-derived and MN/MCA1 sarcoma cells only in presence of 

normal serum, while the deposition was significantly reduced when serum was HI 

(e.g. percentage of C3+ were 49.39% ± 8.47% and 1.37% ± 0.33% when MN/MCA1 

cells were incubated with normal and HI serum, respectively, p< 0.0001) (Figure 3A). 

Overall these results indicated that complement activation might occur on sarcoma 

cells both in vivo and in vitro. 

Although no formal evidence support the existence of an effective immune 

surveillance mediated by Complement during carcinogenesis, changes in the 

composition of cell membrane – such as an altered glycosylation  or an aberrant 

metabolism of membrane phospholipids affecting signal transduction pathways  - 

may target tumor cells for complement recognition. To further investigate the 

mechanism of C3 activation in sarcoma, we performed a staining of C3 cleavage 
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products on 3-MCA-derived and MN/MCA1 sarcoma cells pre-incubated with 

tunicamycin, an N-glycosylation protein inhibitor. We verified that the tunicamycin 

treatment reduced the exposure of terminal residues of galactose, mannose, α-(2→3) 

and α-(2→6) sialic acid, which are recognized by lectins DSA, GNA, MAA and 

SNA, respectively (Figure 3B). Furthermore, the C3 deposition decreased on 

tunicamycin treated cells (Figure 3C) (e.g. percentage of C3+ were 13.17% ± 6.815% 

and 51.72% ± 11.67%, when 3-MCA-derived sarcoma cells were incubated with 

tunicamycin or vehicle, respectively, p= 0.0214). These results suggest that C3 

activation occurs on sarcoma cells and that the recognition of different glycosylation 

patterns on tumor cells may be implicated in complement activation. 

 

  

Figure 3: C3 deposition occurs on sarcoma cells and it is reduced upon tunicamycin 

treatment. 

(A) Representative FACS plot and quantification of C3b, iC3b, C3c deposition on 3-MCA-derived 

cells (n=10) (left panels) and MN/MCA1 sarcoma cells (n=8) (right panels), mean ± SEM is shown. 

(B) Representative FACS plot  showing the staining of 3-MCA-derived cells with the digoxigenin-
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labeled lectins DSA, GNA, MAA and SNA, respectively, or the anti-digoxigenin alone, in cells treated 

with DMSO (blu) or tunicamycin (red). (C) Representative FACS plot and quantification of C3, iC3b, 

C3c deposition, upon tunicamycin or vehicle treatment, on 3-MCA-derived cells (n=5) (left panels) 

and MN/MCA1 sarcoma cells (n=5) (right panels), mean ± SEM is shown. *p < 0.05, **p < 0.01, 

****p < 0.0001, unpaired Student’s t test or Mann Whitney test (A and C). 

 

 

4. Complement activating pathways 

To clarify the mechanism/s of C3 activation involved in tumor, we performed the 

primary 3-MCA carcinogenesis and the transplantable MN/MCA1 sarcoma model in 

mice deficient for molecules selectively necessary for the activation of each 

complement pathway (alternative, lectin and classical). We used factor B (fB)-

deficient mice (fB-/-) to determine the involvement of the alternative pathway (AP), 

since factor B is a required component of the AP C3-convertase. Considering that 

mannose-binding lectins 1 and 2 (MBL1/2) are the main molecules involved in 

activation of the lectin pathway (LP) together with ficolins, we used MBL1/2-

deficient mice (MBL1/2-/-) to evaluate the relevance of this pathway. To determine 

the possible role of the classical pathway (CP), mice deficient for C1q (C1q-/-), the 

first complement component necessary for the activation of this pathway, were used, 

while mice deficient for C4 (C4-/-), required for the generation of the CP or LP C3-

convertase, were used to evaluate the possible involvement of both the LP and the 

CP.  

As shown in Figure 4A, MBL1/2-deficient mice were protected from the 3-MCA-

induced sarcoma growth compared to wt animals (85% MBL1/2-/- mice developed 

tumor 150 days after 3-MCA injection compared to 100% wt mice, p=0.001), while 

this pathway did not affect the tumor growth in the transplantable model (Figure 4B). 

Furthermore, C1q-/- mice showed a reduced tumor growth in the MN/MCA1 model 
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(Figure 4D), but not in the 3-MCA model (Figure 4C). Further, C4-deficient mice 

showed a reduced tumor development in the 3-MCA (90% C4-/- mice developed 

tumor 170 days after 3-MCA injection compared to 100% wt mice, p= 0.0002) 

(Figure 4E) as well as in the MN/MCA1 model (100% of mice developed tumor 21 

days after MN/MCA1 cell injection, data not shown)  (Figure 4F) . Finally, fB-/- mice 

did not show any phenotype in both models (Figure 4G and H). Overall, these results 

indicated that the LP is mainly responsible for complement activation in primary 

carcinogenesis, while the CP is not involved in this process. This result is in contrast 

with other observations in which the CP is responsible for complement cascade 

activation in a model of cervical cancer [109].  Finally, however the incidence curve 

of wt and fB-deficient mice 3-MCA tumors is statistically significant, there are no 

differences in terms of tumor volume (data not shown), indicating that complement 

activation through the AP is not relevant in sarcoma growth. 
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Figure 4: Lectin and classical pathways drive complement activation in sarcoma 

3-MCA-induced sarcoma incidence curves of MBL1/2-/- mice (n=10-14) (A), C1q-/- mice (n=8-15) (C), 

C4-/- mice (n=10) (E) and fB-/- mice (n=9-12) (G). Tumor volume of MBL1/2-/- mice (n=11) (B), C1q-

/- mice (n=9) (D), C4-/- mice (n=9) and fB-/- mice (n=4) subjected to MN/MCA1 transplantable model. 

One representative experiment out of two (A, B, C, F, G and H) or one (E) is shown. D: four pooled 

experiments. ns= not significant, *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon matched-pairs signed 

rank test (A, C, E and G) and unpaired student’s t test (B, D, F and H). 

 

Since C1q-defciency played a role on MN/MCA1 sarcoma growth, we performed an 

immunofluorescence staining for C1q on MN/MCA1 tumors collected from wt, C3-

/- and C1q-/- mice. C1q was deposited only on tissues derived from wt and C3-

deficient mice and not on C1q-/--derived sarcoma, as expected (Figure 5A). Then, we 

performed an immunofluorescence staining for C1q and IgG on wt and Rag2-/- 

derived MN/MCA1 tumors (Figure 5B) and we observed that C1q partially 

colocalized with IgG (35%  5% colocalization) (Figure 5C) on wt tissues but it was 

also deposited on Rag2-deficient mice (Figure 5D), which fail to produce 

immunoglobulins. These results suggest that in MN/MCA1 model, C1q binding can 

occur in both antibody-dependent and –independent manner. 
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Figure 5: Analysis of C1q deposition on MN/MCA1 tumor tissues 

(A and B) Representative images of C1q immunofluorescence analysis in wt, C3-/- and C1q-/--derived 

tumor tissues (A) and of C1q and IgG deposition in wt and Rag2-/--derived sarcoma (B). Scale bar: 

100µm. (C, D) Quantification of the % of C1q colocalization with IgG (C) and of C1q immunostaining 

(D) in wt and Rag2-/--derived tumor tissues. Each dot represents the % (C) or the MFI (D) of one field, 

three fields have been acquired for each mouse (n=2-5). *p < 0.05, **p < 0.01, ***p < 0.001, unpaired 

Student’s t test or Mann Whitney test. 

 

5. C3-downstream mechanisms in sarcoma and skin carcinogenesis models 

Anaphylatoxins have been reported to play a crucial role in complement-mediated 

effector mechanisms that promote tumor development. In particular, C5a and C3a 

have been demonstrated to regulate angiogenesis, tumor metastasis development and 

immunomodulatory effects [247]. 

First, we characterized the expression of anaphylatoxin receptors by performing RT-

PCR analysis for C5aR1, C5aR2 and C3aR in MN/MCA1 tumor cells and in different 

tumor infiltrating immune cells - monocytes, macrophages, neutrophils, CD3+, CD4+ 

and CD8+ T cells - sorted from 3-MCA- or MN/MCA1-derived tumors. We observed 
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that C5aR1 and C3aR were mainly expressed by cells of myeloid origin, such as 

monocytes, macrophages and neutrophils (Figure 6A and 6B), while no or very low 

levels of expression were observed in MN/MCA1 sarcoma cells and in T cells, 

respectively. C5aR2 was expressed at very low levels and selectively in monocytes 

and macrophages (Figure 6C).  

Considering that C3a can directly promote tumor cell proliferation by PI-3K/AKT 

pathway activation [203], we evaluated the expression of C3aR in sarcoma cells also 

at protein level.  Immunofluorescence analysis revealed that the C3aR was expressed 

by wt macrophages, but not by MN/MCA1 sarcoma cells (Figure 6D), confirming 

the results obtained by RT-PCR. The absence of C3aR protein in MN/MCA1 sarcoma 

cells exclude a possible direct effect of C3a in sustaining tumor cells proliferation, as 

previously reported. 
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Figure 6: C3aR, C5aR1 and C5aR2 expression in infiltrating immune cells and 

MN/MCA1 tumor cells 

(A) C3aR, (B) C5aR1 and (C) C5aR2 expression at mRNA level in MN/MCA1 tumor cells and in 

leukocytes sorted from 3-MCA-induced (A and B left panels) or MN/MCA1 (A and B right panels, 

C) tumors of wt mice (n=5-6, mean ± SEM). (D) Immunofluorescence staining of C3aR expression in 

wt peritoneal macrophages, used as positive control, and MN/MCA1 tumor cells. Bar: 5µm.  

 

Then, in order to address the involvement of C5a and C3a in our tumor models, we 

performed 3-MCA and MN/MCA1 models in mice deficient for C5aR1, C5aR2 and 

C3aR. We found that C3aR-/- mice were significantly protected from tumor 

development in both primary carcinogenesis (81% C3aR-/- mice developed tumor 170 

days after 3-MCA injection compared to 100% wt animals, p<0.0001) (Figure 7A) 

and in the MN/MCA1 transplantable model (Figure 7B), while C5aR1-/- (Figure 7C 

and D) and C5aR2-/- mice (Figure 7E and F) were similar to wt mice in either sarcoma 

models, suggesting that C3a/C3aR was the C3-downstream mechanism involved in 

complement-dependent tumor promotion.  
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Figure 7: C3a/C3aR axis promotes sarcoma growth 

3-MCA-induced sarcoma incidence curves of C3aR-/- mice (n=14-16) (A), C5aR1-/- mice (n=10-19) 

(C) and C5aR2-/- mice (n=10-14) (E). Tumor volume of C3aR-/- mice (n=8-9) (B), C5aR1-/- mice (n=6-

7) and C5aR2-/-mice (n=4-7) subjected to MN/MCA1 sarcoma model. One representative experiment 

out of 8 (B), two (C and D) or one (A, E and F) is shown. Ns= not significant, ****p < 0.0001, 

Wilcoxon matched-pairs signed rank test (A, C and E) and unpaired Student’s t test (B, D and F). 

 

In order to judge the general value of the results obtained in sarcoma models, we also 

employed a model of skin carcinogenesis promoted by DMBA/TPA treatments, 

previously reported to be dependent on complement activation [212]. 

First, we verified the expression of C3aR, C5aR1 and C5aR2 at mRNA level in tumor 

infiltrating immune cells sorted from skin of wt mice subjected to DMBA/TPA 

model. C3aR was mainly expressed by monocytes and macrophages (Figure 8A) and 

C5aR1 was prevalently expressed by neutrophils (Figure 8B), while C5aR2 was 

poorly expressed by all cell types (Figure 8C).  

Then, wt and C5aR1-/- mice were subjected to DMBA/TPA model. As shown in 

figure 8B, C5aR1-/- mice showed reduced number of papilloma/mouse compared to 

wt mice (wt mice developed 3.56 ± 0.67 papilloma/mouse compared to 1.5 ± 0.63 

number of papilloma developed by C5aR1-/- mice, p=0.0017). Thus, unlike sarcoma 

models, in the skin carcinogenesis model the tumor growth was promoted by 

C5a/C5aR1 signaling, suggesting that the effector mechanism(s) underlying 

complement activation and its contribution to tumor development may be different 

in different cancer types.  

Finally, in order to characterize the mechanism responsible for the reduced 

susceptibility to papilloma development observed in the absence of C5aR1 and to 

dissect the contribution of the hematopoietic and non-hematopoietic compartments, 

we generated bone-marrow chimeric mice. C5aR1+/+ or C5aR1-/- bone marrow cells 
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were transplanted into either C5aR1+/+ or C5aR1-/- recipients.  C5aR1-competent host 

which received C5aR1-/- bone marrow derived cells acquired protection from 

papilloma development as well as C5aR1-/- mice, whereas the reconstitution of 

C5aR1-/- host with C5aR1-competent bone marrow derived cells promoted skin 

tumor development (Figure 8C). These results indicated that the presence in the 

hematopoietic compartment of C5aR1 plays a pivotal role in epithelial tumor 

development. 

 

Figure 8: C5a/C5aR1 signaling was responsible for skin lesion development, through a 

mechanism dependent on the hematopoietic compartment 

(A) C3aR, (B) C5aR1 and (C) C5aR2 mRNA expression in leukocytes sorted from DMBA/TPA-

treated skin tissues collected after 15 weeks of treatments from wt mice (n=12-13). Data are expressed 

as mean ± SEM. Number of lesion/mouse (mean ± SEM) (D) in C5aR1-deficient (n=8) and wt mice 

(n=9) subjected to DMBA/TPA-model. (E) Number of lesions/mouse (mean ± SEM) in chimeric mice 

(Donor → Recipient) (■ n=4, □ n=5, ● n=5, ○ n=5). Two pooled experiments (A, B and C) and one 

experiment performed (D and E). Ns= not significant, **p < 0.01, ****p < 0.0001, unpaired Student’s 

t test. 
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6. C3 and C3aR deficiency are associated with reduced tumor infiltrating 

macrophages and functional skewing in transplantable sarcoma model  

In an effort to characterize the mechanism/s underlying the phenotype of C3 or C3aR-

deficient mice in sarcoma models and considering C3aR expression data, we 

performed a FACS analysis of the tumor infiltrating immune cells of C3-/- and C3aR-

/- mice subjected to the MN/MCA1 model. Among the different infiltrating immune 

subpopulations analyzed, we observed that the macrophage frequency was reduced 

both in C3- and in C3aR-deficient mice compared to wt animals (34%   2.2% in C3-

/- compared to 40%  1.4% in wt mice, p=0.036; 21%  4.4% in C3aR-/- compared to 

40%  2.6% in wt mice, p=0.006) (Figure 9A) whereas the frequency of monocytes 

was increased (Figure 9B). Considering the important role of TAMs in controlling 

tumor growth and the high expression levels of C3aR in these cells, we asked whether 

C3a could modulate their polarization. Thus, we performed flow cytometry analysis 

of typical macrophage polarization markers and we observed that both C3- and C3aR-

deficient TAMs showed an M1-like phenotype, characterized by the increased 

expression of M1-like markers (CD11c, MHCII, CD80, CD86), and the decrease 

frequency of TAMs CD206+, a typical M2-like marker (Figure 9C, D, E and F). Then, 

we analyzed the infiltrating immune cells in tumors collected from wt and C3aR-/- 

mice sacrificed at the same volume (2cm3), to verify whether the difference of TAM 

frequency and skewing were correlated to the tumor volume. We observed that the 

frequency of TAMs was lower in C3aR-deficient mice and their phenotype was M1-

like compared to wt TAMs (Figure 9G, H, I and J). The phenotype skewing was also 

confirmed by analyzing typical polarization markers by RT-PCR in TAMs sorted 

from MN/MCA1-derived tumors of wt and C3-/- mice. In particular, we observed a 
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reduction in the mRNA levels of some typical M2-like genes, such as Stab1, Mrc1 

and Ccl2, in C3-deficient TAMs compared to the relative counterparts (Figure 9L).  

 

 

Figure 9: C3 and C3aR deficiency are associated with an M1-like TAM phenotype 

Flow cytometry analysis of the infiltrating macrophages (F4/80+) (A) and monocytes (Ly6C+) (B) 

among living cells (Aqua-) in wt, C3- and C3aR-deficient mice subjected to MN/MCA1 transplantable 

model sacrificed 21 days after tumor cell injection. (C-F) Analysis by FACS of M2 macrophage 

frequency (F4/80+/CD206+) (C, E) and of the expression of selected M1 markers (CD11c, MHCII, 

CD80 and CD86) gated on total macrophages (F4/80+) in wt, C3-/- (C and D) and C3aR-/- mice (E and 

F). (G-J) Frequency of macrophages (F4/80+) (G), monocytes (Ly6C+) (H), M2 macrophages 

(F4/80+/CD206+) (I) and expression of M1 markers (CD11c, MHCII, CD80 and CD86) gated on total 
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macrophages (F4/80+) (J) in MN/MCA1 tumors in wt and C3aR-/- mice sacrificed at similar tumor 

volume (2cm3). (L) RT-PCR of selected M1- and M2-like polarization markers performed in 

infiltrating macrophages sorted from tumor of wt (n=5) and C3-/- (n=5) mice subjected to MN/MCA1 

transplantable model. Data are expressed as mean ± SEM. One representative experiment out of three 

(A and B right panel, E and F), two (A and B left panel, C and D) or one (G-L) is shown. Ns= not 

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired Student’s t test. 

 

In order to address the importance of M1-like macrophage skewing in C3-deficient 

mice phenotype, we treated wt and C3-/- mice subjected to MN/MCA1 model with 

anti-CD115 antibody. Colony stimulating factor-1 receptor (CSF-1R or CD115) is a 

tyrosine kinase receptor which is mainly expressed on the surface of monocytes, 

macrophages, plasmacytoid and conventional dendritic cells, osteoclasts and 

trophoblasts, and is responsible for mediating the growth, differentiation and survival 

effects of colony stimulating factor-1 (CSF-1). It has been demonstrated that the 

blockade of CSF-1R may reduce the frequency of tumor infiltrating macrophages or 

inhibit the skewing toward an M2-like phenotype [248]. The treatment with anti-

CD115 antibody reduced tumor growth in wt mice at comparable tumor volume of 

C3-/- mice (Figure 10A). Furthermore, we observed that the treatment with anti-

CD115 in wt mice did not reduce macrophage frequency (data not shown) but 

induced the skewing of wt macrophage towards an M1-like phenotype by increasing 

the expression of M1-typical markers, such as CD11c and CD80 (Figure 10B), to the 

level expressed by C3-/- TAMs. In C3-/--derived macrophages, M1-like polarization 

was not affected by the treatment, although Csf1r expression in these cells and CSF1 

protein levels detected in tumors were comparable between wt and C3-deficient mice 

(Figure 10C and D). These results suggested that CSF1R blockade and C3-deficiency 

induced comparable M1-like skewing and revealed a primary role of the monocyte-

macrophage lineage in the protumoral role of C3a.  
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Figure 10: CSF-1R blockade and C3 deficiency induce an M1-like TAM phenotype 

(A) MN/MCA1 primary tumor volume and expression of selected M1 markers (CD11c and CD80) 

(B) gated on total macrophages (F4/80+) in wt and C3-/- mice treated with anti-CD115 or isotype ctrl 

IgG (n=6–7). (C) RT-PCR performed on wt and C3-/--infiltrating macrophages sorted from MN/MCA1 

tumors in wt and C3-/- mice (n=5). (D) CSF1 levels detected by ELISA in tumor tissue lysates of wt 

(n=15), C3-/- (n=7) and C3aR-/- mice (n=4) 21 day after MN-MCA cell injection. ns= not significant, 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired Student’s t test and Mann-Whitney 

test. 

 

7. Transcriptional profile of C3-deficient sarcoma infiltrating macrophages 

In order to deeply characterize the effects of C3-deficiency on macrophage 

polarization and activation, we performed RNA sequencing (RNA seq) of 

macrophages sorted from MN/MCA1 tumors of wt and C3-/- mice. The top 1000 most 

variable genes, analyzed by clustering and principal component analysis (PCA), were 

sufficient to distinguish the monocyte and macrophage populations (Figure 11A) and 

to separate the samples based on their genotype (Figure 11B and 11C).  

In an effort to understand the effect of C3 deficiency on the transcriptional profile of 

macrophages, we performed an analysis of the differential expressed genes. Among 

the significantly differentially expressed genes, many genes up-regulated in C3-

deficient compared to wt macrophages were involved in T cell recruitment and 

activation, such as Cxcl11 and Cxcl13, and in the MHC class II-dependent antigen 

presenting process, such as H2-DMa, H2-DMb and H2-OA (Figure 11D).  
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These data were also confirmed by Ingenuity Pathway Analysis software (IPA), 

which highlighted the centrality of antigen presentation in C3-/- vs wt macrophages 

(Figure 11E), revealing the increased expression of different MHC class II-related 

genes and of the Class II transactivator (CIITA), a master control factor for the 

expression of MHC II genes [249].  

Then, we investigated on the differentiation process from monocyte to macrophage 

based on the differential gene expression between wt and C3-deficient cells. We 

compared the expression of CIITA and MHC II-related genes of monocytes and 

macrophages of wt and C3-deficient mice and we observed that these genes were 

significantly upregulated in wt macrophages compared to wt monocytes (Figure 

11F). Further, these genes were upregulated in both C3-/- populations compared to wt 

counterparts and their expression was similar between C3-/- monocytes and 

macrophages. These data showed that C3-deficient monocytes were more activated 

compared to wt monocytes and their phenotype was similar to C3-deficient 

macrophages. These results indicate that C3-deficient monocytes endure a 

transcriptional adjustment which activates their antigen presenting machinery 

likewise mature macrophages. 
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Figure 11: Transcriptional profile analysis of sarcoma infiltrating macrophages and 

monocytes 

(A) Tree diagram for cluster analysis of macrophages and monocytes of wt (blue) and C3-/- (red) 

samples. (B) Heatmap showing the first 1000 more differentially expressed genes in wt vs C3-/- 

macrophages. (C) Principal component (PC) analysis of RNA expression of macrophages. X and Y 

axes represent the first and the second PC, respectively. (D) Volcano plot showing differentially 
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expressed genes (absolute log2FC > 1, adjusted p-value < 0.05) up-regulated (right) or down-regulated 

(left) in wt vs C3-/- macrophages. (E) Enrichment Functional Analysis using Ingenuity Pathway 

Analysis of differentially expressed genes (red: up-regulated, green: down-regulated) in wt vs C3-/- 

macrophages showing modulation of MHC class II complex. The intensity of the color indicates the 

degree of up- or down-regulation. Solid or broken lines indicate direct or indirect relationship, 

respectively. (F) Heatmap representing the expression level of genes involved in the MHC class II 

complex pathway in wt (blue) versus C3-/- (red) macrophages and monocytes. 

 

8. Effects of C3 and C3aR on T cell recruitment and activation 

Then, we investigated the effect of C3- and C3aR-deficiency on the recruitment and 

activation of tumor infiltrating T cells. We observed that the frequency of MN/MCA1 

tumor infiltrating CD4+ T cells was higher in C3-/- mice and significantly increased 

in C3aR-/- mice (1.3% ± 0.4% in C3-/- compared to 0.6% ± 0.07% in wt mice, p=0.050) 

(Figure 12A). Furthermore, the RT-PCR analysis of CD4+ cells sorted from 

MN/MCA1 sarcoma, revealed that C3-/- tumor infiltrating CD4+ T cells expressed 

significantly increased levels of typical Th1 genes, such as Eomes, Tbet and IFNγ 

(Figure 12B). In particular, the higher expression of Tbet and Eomes was also 

confirmed by FACS analysis (Figure 12C).  

Moreover, the deficiency of C3 and C3aR was also associated with increased 

frequency of tumor infiltrating CD8+ T cells (2.1%  0.3% in C3-/- compared to 0.9% 

 0.1% in wt mice, p=0.001; 4%  1% in C3aR-/- compared to 1.5%  0.1% in wt 

mice, p=0.039) (Figure 12D). Then, we characterized the subpopulation of CD8+ T 

cells by flow cytometry, evaluating the expression of CD44 and CD62L markers. 

CD44 is a type I transmembrane glycoprotein that binds to glycosaminoglycans of 

the extracellular matrix and it is upregulated in activated and memory T cells 

regulating tethering and rolling interactions with vascular endothelial cells [250, 

251]. CD62L is an L-selectin cell adhesion molecule and is a member of 
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adhesion/homing receptor family. This “homing receptor” allows lymphocytes to 

enter secondary lymphoid tissues; it is lost upon activation and during the 

differentiation of T cells [252]. Our results indicated that in C3-/- and C3aR-/- tumors 

there was an increased frequency of CD44+ CD62L- CD8+ T cells, which constituted 

the activated effector/effector memory subtype, compared to wt sarcomas (1.5%  

0.3% in C3-/- compared to 0.6%  0.08% in wt mice, p=0.015; 1.9% in C3aR-/- 

compared to 0.9% in wt mice, p=0.009) (Figure 12E). Increased frequency of CD4+, 

CD8+ and CD44+CD62L- CD8+ T cells in C3aR-/- compared to wt mice were also 

observed in tumors collected at the same volume (2 cm3) (Figure 12F), suggesting 

that the differences in the tumor immune populations were not dependent on tumor 

volume.  

Next, we analyzed IFNγ levels in tumors collected from wt, C3- and C3aR-deficient 

mice by ELISA. IFNγ plays a key role in macrophage activation, enhancing pro-

inflammatory cytokine production and their phagocytic ability, and regulates Th1 cell 

response and cytolytic activity of CD8+ T cells [253, 254]. It is mainly produced by 

macrophages, activated CD8+ T cells, NK/NKT cells and CD4+ Th1 cells [254-256]. 

We observed that IFNγ levels were increased in tumors derived from C3- (4.3  0.47 

pg/mg total proteins, p=0.003) and C3aR-deficient mice (4.8  0.64 pg/mg total 

proteins, p=0.001) compared to wt tumor tissues (2.7  0.25 pg/mg total proteins) 

(Figure 12G).  

In order to understand the importance of CD8+ T cells in the regulation of tumor 

development in C3-/- mice, we depleted them in vivo by treating wt and C3-/- mice 

subjected to MN/MCA1 transplantable model with anti-CD8 antibody. We observed 

that the tumor growth in C3-/- mice increased at comparable level of wt mice upon 

depletion of CD8+ T cells (Figure 12H), while the depletion in wt mice did not affect 
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tumor growth, suggesting that CD8+ T cells played anti-tumor activity in C3-deficient 

animals, while in wt mice their activity was suppressed.  

Finally, in an effort to clarify the involvement of IFNγ in sarcoma development upon 

C3-deficiency, we treated wt and C3-/- tumor bearing mice with anti-IFNγ antibody 

(Figure 12I). We observed that, upon anti-IFNγ treatment, the tumor growth of C3-

deficient mice increased at level similar to wt animals treated with the relative 

isotype. 

All together these results indicate that the reduced tumor growth in C3-deficient mice 

is associated with increased frequency of Th1 cells and activated effector CD8+ T 

cells. 
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Figure 12: Effects of C3 and C3aR deficiency on T cell recruitment and activation 

(A) Flow cytometry analysis of the infiltrating CD4+ T cells in MN/MCA1-derived sarcoma tissues of 

wt (n=7), C3-/- (n=8) and C3aR-/- mice (n=7). (B) Analysis by RT-PCR of selected Th1 (left panel) 

and Th2 (right panel) markers of CD4+ T cells sorted from MN/MCA1 tumors of wt (n=7) and C3-/- 

(n=7) mice. Data are expressed as mean ± SEM and are normalized on β-actin and GAPDH mean. (C) 

FACS analysis of CD4+Tbet+ and CD4+Eomes+ frequency in wt and C3-/- mice in MN/MCA1 tumors. 

(D) FACS frequency of CD3+CD8+ and (E) activated effector/effector memory cytotoxic T cells 

(CD8+CD44+CD62L-) in MN/MCA1 tumors of wt and C3-/- and C3aR1-/- mice. (F) Frequency of 

CD3+CD4+ (left panel), CD3+CD8+ (central panel) and activated effector/effector memory cytotoxic 

T cell (CD8+/CD44+/CD62L-) (right panel) in MN/MCA1 tumors of wt and C3aR1-/- mice sacrificed 

at similar tumor volume (2cm3). (G) Local IFNγ levels in MN-MCA1 tumors of wt (n=28), C3-/- 

(n=16) and C3aR1-/- mice (n= 9). Data represent the mean ± SEM of 4 pooled experiments. (H, I) 

Primary tumor volume of MN/MCA1 tumors in wt and C3-/- mice treated with anti-CD8 (n=9-12) (H), 

anti-IFNγ (n=9-10) (I) or the relative isotype ctrl IgG. One experiment out of four (A, D and E right 

panel), three (A, D and E left panel), two (C) or one (B, F and I) is shown. (H): two pooled experiments. 

Ns= not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired Student’s t test or 

Mann Whitney test. 

 

9. Potential combination of immunotherapy and complement deficiency  

Next, we investigated the potential combination of complement deficiency with 

immunotherapy based on blockade of checkpoint inhibitors, such as PD-1, in 

controlling sarcoma growth. Thus, we treated wt, C3- and C3aR-deficient mice, 

subjected to MN/MCA transplantable model, with anti-PD-1 antibody. We observed 

that anti-PD1 antibody had a minimal effect on MN/MCA1 tumors of wt mice, while 

the combination of C3 (Figure 13A) or C3aR deficiency (Figure 13B) with anti-PD1 

treatment significantly reduced sarcoma growth, both in terms of tumor volume and 

weight.  

Then, we evaluated the potential combination of C3 deficiency with immunotherapy 

in the metastatic MN/MCA1 model. In C3-/- mice the anti-PD1 treatment reduced 

primary tumor volume and the number of lung metastasis compared to both wt mice 

treated with anti-PD-1 or the relative isotype control and to C3-deficiency alone (C3-
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/- mice treated with anti-PD1 developed 1 ± 0.63 metastasis compared to 17 ± 7.5 

metastasis in wt mice treated with anti-PD-1 (p=0.0065)  or 36 ± 7.9 metastasis in wt 

mice treated with isotype control (P=0.0022) and to 13.8 ± 4.9 metastasis in C3-/- 

mice treated with isotype control (p=0.022)) (Figure 13C). 

These results indicate that complement deficiency increased the efficacy of 

immunotherapy both in primary tumor growth and secondary metastases.  

 

 

Figure 13: Potential combination of C3 deficiency with immunotherapy 

Primary tumor volume after sc injection of MN/MCA1 tumor cells in wt and C3-/- (n=9) (A) and C3aR-

/- (n=11-13) (B) mice treated with anti-PD1 or the relative isotype ctrl IgG. (C) Primary tumor volume 

and number of lung metastasis 27 days after im injection of MN/MCA1 tumor cells in wt and C3-/- 

(n=6) mice treated with anti-PD1 or the relative isotype ctrl IgG. One representative experiment is 

shown (A, B and C). ns= not significant, *p < 0.05, **p < 0.01, ****p < 0.0001, Anova with unpaired 

Student’s t test or Mann Whitney test.  

 

10. C3aR expression is associated with reduced survival of human sarcoma 

patients 

In an effort to obtain indications of the relevance in humans of results obtained in 

mouse models, we analyzed C3aR expression by immunohistochemistry in human 

sarcoma in a separate cohort of 19 undifferentiated pleomorphic sarcoma (UPS) 

patients followed at Humanitas Clinical and Research Institute. C3aR 
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immunoreactivity was detected in 14/19 samples and was mostly confined to 

infiltrating macrophages (Figure 14A). Recurrence-free survival and metastasis-free 

survival were higher in C3aRneg (Mean immunoreactive area – IRA - per patient: 0%) 

compared to C3aRpos (Mean IRA per patient: 0.64% - 20.95%) UPS patients (Figure 

14B), indicating that in UPS C3aR-activation contributed to sarcoma aggressiveness 

and spreading, mirroring findings observed in mouse sarcomagenesis. 

 

 

Figure 14: 1. C3-signature is associated with reduced survival of human sarcoma 

patients 

(A) Representative magnification images of immunostaining analysis for C3aR in UPS tissue sections. 

Bar: 100µm. (B and C) Kaplan-Meier survival curves representing the DFS (B) and metastasis-free 

survival (C) for patients showing negative or positive staining for C3aR expression. Exact p value and 

hazard ratio (HR) are indicated in the figure, Log-rank (Mantel-Cox) test. 
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Discussion 

 

CRI is considered a pivotal component of the tumor microenvironment. The 

complement system is a component of the humoral arm of innate immunity that has 

developed as the first defense against microbes, non-self molecules and damaged host 

elements. Experimental evidences in chemically-induced carcinogenesis models in 

mice showed that the humoral innate immunity contributes to CRI. In particular, our 

laboratory contributed to the field demonstrating that PTX3-deficiency was 

associated with augmented complement activation leading to increased macrophage 

recruitment and M2-like skewing [212].  

In this project, through the use of several complement-deficient animals, we observed 

that complement activation occurred in different sarcoma models and that the LP was 

the most relevant mechanism leading to C3 activation. Using FACS analysis, 

blocking and depletion experimental proaches, we also demonstrated that C3a/C3aR 

affected macrophage recruitment and functional activation leading to 

immunosuppression in sarcoma. Finally, we showed the involvement of C5a/C5aR1 

axis in skin carcinogenesis, underlining that complement activation mechanisms are 

context-dependent.  

In the recent years, it has been demonstrated that Complement plays an important 

role in tumor promotion both in mouse tumor models and in human cancer patients. 

In particular, it has been observed that C3-deficiency is associated with an 

impairment of tumor growth in mouse models of cervical [190] and ovarian cancer 

[204]. It has also been demonstrated that local complement production by cancer cells 

enhanced tumor growth by an autocrine effect in a mouse model of ovarian cancer 

[203]. In humans, high levels of complement C3a-des-Arg products have been 
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reported in sera of colorectal adenoma and carcinoma patients compared to healthy 

individuals [257] and high levels of C3 have been reported in the ascitic fluid of 

ovarian cancer patients [258].  

Different mechanisms can contribute to complement activation in cancer, including 

exposure of DAMPS as a consequence of hypoxia or necrosis, and changes in the 

composition of the plasma membrane, such as an altered glycosylation [4, 171]. 

Using mice deficient of MBL1/2, C1q, C4 or FB to dissect the pathways and 

mechanisms of complement activation in sarcoma, we observed that the LP mainly 

contributed to complement activation in chemically induced sarcoma models. In 

particular, MBL1/2- and C4-deficiency recapitulated the protective phenotype of C3-

deficient mice in this model. In contrast with previous observations reporting that the 

CP was mainly responsible of complement activation in models of cervical cancer 

[109, 190] and in human clear-cell renal cell carcinoma [109], C1q-deficiency 

minimally protected mice only in the MN/MCA1 model. Since C4-deficiency 

conferred higher protection compared to C1q-deficiency in the MN/MCA1 model, 

the contribution of collectins and ficolins other than MBLs cannot be excluded, as 

also proposed in a cervical tumor model [109]. Considering that changes in the 

composition of glycocalyx alters the capability of complement to recognize tumor 

cells, we supposed that the LP plays a pivotal role in the recognition of the first sugar 

alteration on the surface of premalignant cells in a 3-MCA-induced sarcoma model 

compared to a transplantable model. The chemically-induced models recapitulated 

the entire process of tumor transformation and growth in a more physiological way 

compared to the transplantable model in which, probably, LP is not able to block the 

expansion of malignant modified cells. In contrast, the CP activation, mediated by 
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the recognition of immunocomplexes and tumor antigens, is more efficient in 

presence of malignant cells instead of in the early stage of carcinogenesis.  

Concerning the role of AP in sarcoma models, it was not involved in the protection 

of C3-/- mice, in agreement with other results in TC-1 syngeneic model of cervical 

cancer [190]. IF analysis indicated that C3 deposition did not occur homogeneously 

in tumor tissues, suggesting an association with ischemia or necrosis of the tumor 

tissue. Moreover, complement activation was shown to occur through the deposition 

of C3 cleavage products both on 3-MCA-derived and MN/MCA1 sarcoma cells. The 

deposition was also influenced by the altered glycosylation status of the cell 

membrane, as showed in C3 deposition assays upon tunicamycin treatment. In human 

cancer, MBL2 polymorphisms leading to low MBL serum levels have been 

associated with higher or lower risk of cancer, depending on the tumor type, and on 

the infectious origin of the tumor (e.g.  by human papillomavirus (HPV) and BK 

virus) [259]. For example, elevated serum activity of MBL and ficolin-2 have been 

recognized as biomarkers for progression to hepatocellular carcinoma in chronic 

HCV infection [260]. Collectively, these results suggest that complement activation 

in tumor occurs through different and potentially multiple mechanisms, whose 

relevance depends on the model analyzed. Furthermore, the results reported here 

underline the involvement of the LP in sarcoma growth. Considering the poor 

literature data available on the role and involvement of LP in murine and human 

pathological conditions, these data can be considered original and they can be further 

investigated. 

It has been proposed that cancer cells secrete complement proteins which can 

promote tumor growth via a direct autocrine effect and partially independent of 

immune responses [203]. Our results indicated that C3aR is not expressed by 
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MN/MCA1 tumor cells and this excluded a direct effect of C3a in promoting tumor 

growth.  

C5a has been shown to be a key mediator of the protumor role of Complement and 

to act on cancer cells favoring tumor cell growth, or on myeloid cells inducing 

immunosuppression, or by promoting angiogenesis [169]. The results of this project 

show that the phenotype observed in C3-deficient mice was comparable to the 

phenotype of C3aR-deficient mice, whereas C5aR1- and C5aR2-deficient mice did 

not recapitulate the protective phenotype of C3-/- mice.  

C3a was previously reported to affect neutrophil recruitment and CD4+ T cell 

activation in a melanoma model [261], to promote leptomeningeal metastasis by 

disrupting the blood- cerebrospinal fluid barrier [262] or to directly induce 

PI3K/AKT-dependent tumor cell proliferation and EMT [203, 215]. In a model of 

spontaneous intestinal tumorigenesis, tumor growth was dependent on C3aR 

signaling and correlated with the accumulation of low density neutrophils with a 

protumorigenic N2 phenotype and the formation of neutrophil-extracellular traps 

(NETs) [216].  

In line with previous observations in PTX3-deficient mice [212], complement 

activation in sarcoma was associated with macrophage recruitment in tumor and 

skewing toward a M2-like phenotype. In particular, we observed higher expression 

of typical M1 markers (CD11c, MHC II, CD80, and CD86) and decreased frequency 

of CD206+ TAMs in C3- and C3aR-deficient mice compared to wt mice. Many 

studies show the plasticity of TAMs and the possibility to re-educate them to an anti-

tumor phenotype [93]. The treatment with an anti-CD115 blocking antibody reduced 

tumor growth in wt mice and determined the macrophage skewing to a M1-like 

phenotype, similarly to what observed in C3-deficient mice.  
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These data were supported by RNAseq analysis of monocytes and macrophages 

sorted from MN/MCA1 transplantable tumors from wt and C3-/- mice. These results 

indicate that several genes involved in MHC II-related antigen presentation were 

upregulated in C3-deficient macrophages compared to wt counterpart. We reported a 

novel mechanism of complement-dependent induction of a protumor TAM 

phenotype in sarcoma, promoted by the C3a/C3aR axis in monocytes and 

macrophages, and completely independent of the signaling induced by C5aR1.  

Recently, high levels of C5aR1 have been found in lesion of psoriatic patients and in 

IL-23-induced psoriatic mice [263]. In addition, the accumulation of C5a has been 

observed in synovial fluids (SF) of patients affected by autoimmune disease, such as 

rheumatoid arthritis (RA). In a model of pemphigoid disease (PD), a subepidermal 

autoimmune blistering skin disease, C5a promoted neutrophil recruitment and 

migration from the blood into the interstitial skin tissue. The blocking of C5a/C5aR1 

axis has been shown to be crucial and promising for therapeutic treatment of both RA 

and PD [264]. In the skin carcinogenesis model investigated here, we observed that 

the C5a/C5aR1 axis promoted skin carcinogenesis and the data obtained from 

chimeric mice demonstrated that the expression of C5aR1 by the hematopoietic 

compartment determined the susceptibility to papilloma development. These results 

support the hypothesis that complement effector processes could be mediated by 

different mechanisms depending on the type of pathology and cancer. 

The results in sarcoma showed that C3- and C3aR-deficiency are associated with type 

1 skewing of CD4+ T cells, which were shown to express very low levels of C3aR. 

C3-deficiency is also associated with higher Tbet, Eomes and Ifng mRNA expression 

in CD4+ cells, together with increased frequency of CD8+ T cells, in particular of 

activated effector/effector memory subtypes, and higher IFN levels in tumor 



110 
 

homogenate. CD8+ T cell or IFN depletion inhibited the protection observed in C3-

deficient mice, thus indicating that the final anti-tumor effector mechanism was 

mediated by cytotoxic CD8+ T cells. Finally, C3-deficiency potentiated the effect of 

anti-PD1-dependent immunotherapy, thus indicating that the functional activation of 

cytotoxic leukocytes was amplified in the absence of Complement. The combination 

of anti–PD-1 and anti-C5a drugs has been proposed as a novel therapeutic strategy 

for lung cancer [218]. Our data further support the efficacy of potential combination 

of immunotherapeutic treatments with drugs targeting complement activation in 

sarcoma. 

Our results underlined the protumor role of Complement in mouse and human 

sarcomagenesis. The major role of complement activation in sarcoma is played by 

the LP, although in other transplanted or genetic tumor models complement 

activation proceeds through the CP [190]. The reported data also suggest that the LP 

activation is mediated by aberrant glycosylation occurring on cancer cells. Thus, 

Complement leads to the establishment of a C3a- and macrophage-dependent 

immunosuppressive microenvironment in sarcoma, whereas in skin carcinogenesis 

tumor growth is sustained by the C5a/C5aR1 axis. Our data confirm that complement 

activation could occur in different way depending on the tissue and tumor type. 

Although several anti-complement drugs are in preclinical or clinical development 

[220], C3aR targeting is overlooked. The results obtained by analyzing C3aR 

expression on UPS sarcoma patients indicated that C3aR activation contributes to 

sarcoma aggressiveness and progression, mirroring the findings observed in mouse 

models.  

All together our results highlight the importance to develop C3aR-targeting 

approaches and support the clinical evaluation of their combination with anti-PD1 as 
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therapy for sarcoma. In particular, considering all our results, we would like to 

address some issues and to investigate more on the interaction between 

monocytes/macrophages and the lymphoid cells, especially T cytotoxic CD8 cells. 

We will also investigate on the mechanisms that allow this interaction mediated by 

complement activation and driven by C3a/C3aR axis. Then we will characterize 

deeply the infiltrated immune cells in human UPSs and we will verify whether 

complement role in human is recapitulated by our mouse models of sarcoma. 
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