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Abstract

Complement was initially discovered as an assembly of plasma proteins “complementing” the 

cytolytic activity of antibodies. However, our current knowledge places this complex system of 

several plasma proteins, receptors, and regulators in the center of innate immunity as a bridge 

between the initial innate responses and adaptive immune reactions. Consequently, complement 

appears to be pivotal for elimination of pathogens, not only as an early response defense, but by 

directing the subsequent adaptive immune response. The discovery of functional intracellular 

complement and its roles in cellular metabolism opened novel avenues for research and potential 

therapeutic implications. The recent studies demonstrating immunoregulatory functions of 

complement in the tumor microenvironment and the premetastatic niche shifted the paradigm on 

our understanding of functions of the complement system in regulating immunity. Several 

complement proteins, through their interaction with cells in the tumor microenvironment and in 

metastasis-targeted organs, contribute to modulating tumor growth, antitumor immunity, 

angiogenesis, and therefore, the overall progression of malignancy and, perhaps, responsiveness of 

cancer to different therapies. Here, we focus on recent progress in our understanding of 

immunostimulatory vs. immunoregulatory functions of complement and potential applications of 

these findings to the design of novel therapies for cancer patients.

Introduction

The presence of cellular infiltrates composed of CD8+ (cytotoxic) effector T cells within 

malignant tissue, in several types of cancer (T-cell inflamed tumors), suggests efficient 

spontaneous priming of naïve CD8+ T cells against tumor-associated antigens [1, 2]. The 

type I interferon pathway seems to be pivotal for T cell priming in tumors [2]. In addition, in 

some patients, there are antibodies against tumor antigens [3]. Therefore, it appears that the 
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human immune system can generate spontaneous adaptive immune responses against 

malignancy [2]. However, these responses are unable to eliminate tumors, likely, because of 

the intrinsic immunosuppressive properties of the tumor microenvironment [4]. This notion 

is further supported by the recent clinical success of the checkpoint inhibitors targeting T 

cell immunoregulatory mechanisms [5]. Therapeutic targeting of immunosuppressive 

mechanisms, operating in cancer patients, is more efficient in reducing or reversing cancer 

progression than attempts to induce de novo antitumor responses (cancer vaccines) [5]. 

Therefore, it is critical to understand immunoregulatory mechanisms, operating in primary 

cancer sites and metastasis-targeted organs to advance discovery of novel therapeutic targets 

or improve already existing forms of cancer immunotherapy. The improvement of 

checkpoint inhibitors’ efficacy is of the highest significance, given that only a fraction of 

cancer patients responds to this treatment and, in some patients, the clinical benefits are 

limited [5]. There is growing understanding and appreciation for the concept that only 

targeting several immunoregulatory mechanisms simultaneously can bring substantial 

clinical benefits for cancer patients.

The complement system has recently emerged as an important regulator of 

immunosuppressive mechanisms operating in primary tumor sites [6, 7] and metastasis-

targeted organs [8, 9]. Although the role of complement in cancer remains understudied, 

several reports point to complement as a recruiter, inducer, and regulator of 

immunosuppressive cells in the tumor microenvironment and the premetastatic niche [7]. 

Recent work also demonstrated synergism between programmed cell-death 1 (PD-1) 

blockade and complement inhibition in reducing progression of tumors in a model of lung 

cancer [10]. These findings reveal a more practical avenue for ventures exploring the 

complement system as a target in a combined immunotherapy approach in concert with 

checkpoint inhibitors.

In contrast to T-cell inflamed tumors, in a subset of cancers, tumor tissue commonly lacks 

infiltrating T cells, suggesting immune exclusion. In these tumors, spontaneous priming of T 

cells does not occur, therefore, targeting T-cell checkpoints is unlikely to offer substantial 

clinical benefits [2]. Designing new immunotherapy for these patients seems to be especially 

challenging [11]. Given a key role of the complement system in regulating innate immunity 

in infection [12] and possible interconnections of early complement deficiencies with 

triggering the type I interferon pathway in systemic lupus erythematous (SLE) [13], it is 

tempting to speculate for a possible role for complement in preventing efficient priming of T 

cells in non-T cell inflamed tumors.

The complement proteins are abundant throughout the body and are produced in cells 

involved in immunity. In addition, complement regulates inflammation [14] and antitumor 

immunity [6, 7]. Therefore, it is conceivable that complement may play a central role in 

orchestrating immunosuppressive mechanisms that overwhelm antitumor immunity in 

cancer patients.

However, in the absence of malignancy, complement bridges initial innate immune 

responses with subsequent adaptive immunity by shaping and directing B and CD4+ T cells 

[15, 16], and is pivotal for induction of efficient immunity against pathogens [12, 17]. These 
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seemingly contradictory functions of complement in regulating adaptive immunity require 

further studies and explaining the conflicting results will perhaps remain a challenge for 

some time in the field of complement biology. Here, we discuss essential functions of the 

complement system and its dichotomous role in regulating immunity in infection vs. cancer 

because this dichotomy needs to be cautiously considered when designing cancer 

immunotherapies targeting complement.

Components of the complement system

The complement system is composed of over 50 blood and lymph circulating, membrane-

bound, and intracellular proteins [17]. The functions of some key complement components 

are summarized in the table 1. It is an integral part of innate immunity and constitutes the 

first line of immediate immune defense against invading pathogens. The complement 

proteins found in serum are mostly secreted by the liver and are comprised of pattern 

recognition receptors (PRR), involved in detection of pathogens, enzymes that are activated 

in a cascade like fashion, similar to the coagulation system, and effector molecules. 

However, the list of immune and non-immune cells that can produce complement proteins 

has been growing since the discovery of extrahepatic synthesis of complement proteins over 

three decades ago. For example, bone marrow C3 production accounts for over 9% of all C3 

in circulation [18, 19]. Other components, such as factor D, are almost exclusively produced 

by adipocytes [20]. In fact, the majority of cells in the human body can produce at least one 

or more complement proteins [21]. The importance of this extrahepatic production is 

underlined by the observation that C4 produced by monocytes can rescue the humoral 

response against tumor-derived antigens in the absence of serum C4 [22].

Serum-derived complement can be activated via three pathways [17]. The alternative 

pathway is, evolutionarily, the oldest and is triggered either by bacterial surfaces or 

spontaneous fluid phase hydrolysis of the complement C3 thioester [23]. The lectin pathway 

is activated upon engagement of mannose binding lectin (MBL) or the ficolins (termed 

ficolin-1, ficolin-2, ficolin-3) to specific carbohydrates or N-acteyl residues respectively [24, 

25]. The classical pathway, which was discovered first, is, evolutionarily, the youngest 

because it is initiated upon binding of C1q to the clusters of at least two IgG molecules (or 

one IgM), forming a complex with antigen [26]. All three activation pathways result in 

generation of complement C3 cleaving enzymes, termed C3 convertases (see [16] for more 

details). The C3 convertases cleave C3 to a small 10 kDa fragment - C3a and a large 

fragment - C3b. The C3b can attach to bacterial or other nearby surfaces and mark them for 

phagocytosis in a process known as opsonization [27, 28]. Upon the cleavage of 

approximately ten thousand C3 molecules, another C3b molecule associates with the C3 

convertase to give rise of the C5 convertase. The C5 convertase cleaves C5 into a small 

fragment (C5a) and a large fragment (C5b). Complement proteins C3, C4 and C5 belong to 

the, evolutionarily, very old α2-macroglobulin family [17] and, as such, they have conserved 

sequences and structures in different species. The C3 and C5 contain active thioester 

moieties, which enable them to attach covalently to other molecules. While C4 does not 

contain active thioester moieties, it is also cleaved into a small fragment (C4a) and a large 

fragment (C4b), similar to C3 and C5.
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The generation of the large fragments C3b and also C4b leads to opsonization of pathogens 

or cells and phagocytosis by monocytes or macrophages, via engagement of the receptors 

specific for C3 activation fragments. C3b bound to the cell surface is further processed via 

action of the soluble and membrane-bound complement regulators (see Table 1 for more 

details). The large fragment produced from C5 cleavage, C5b, attaches to a target surface 

(such as bacterial cell wall, or host cell) and forms the backbone for binding of C6, C7, C8 

and finally C9 (Membrane Attack Complex-MAC). The C9 polymerizes to form a pore in 

the cell membrane, which can lead to cell lysis or cell activation, as it is in a case of cancer 

[29]. Due to the potential deleterious consequences of its cytolytic properties, complement 

activation is a highly controlled process through many soluble and membrane-bound 

complement regulatory proteins (CRPs) to avoid self-harm [30].

Elevated levels of C3a and C5a (anaphylatoxins) in serum have been reported in a number of 

diseases, including sepsis [31], SLE, age-related macular degeneration (AMD) [32], and 

rheumatoid arthritis [33]. The activity of anaphylatoxins is regulated by carboxypeptidases, 

including carboxypeptidase N [34], which cleaves a C-terminal arginine of C3a or C5a. The 

resulting peptides, termed C3a-desArg and C5-desArg, have different conformations and 

functions than C3a and C5a [35]. C3a-desArg (also known as acylation stimulating protein) 

loses its pro-inflammatory role but has reported roles in triglyceride metabolism and glucose 

uptake [36–38]. The C5a-desArg still retains approximately 1% of C5a anaphylactic and 

chemotactic activity, while the pro-inflammatory activity is reduced 10-fold [35]. The 

anaphylatoxins and C3 degradation products (C3b, iC3b) generally signal distress and/or 

danger and, thus, all immune and many non-immune cells in the body have receptors for 

them [39, 40]. It is, therefore, not surprising that in the last twenty years complement was 

found to play an important role in regulating adaptive immune responses.

The significance of the serum-derived complement system as a sentinel for pathogen 

invasion is underscored by recurrent severe infections in key complement component 

deficiencies [41, 42]. Similar to Toll like receptors (TLR) and the inflammasomes, serum 

complement PRRs not only recognize pathogen-associated molecular patterns (PAMPs) but 

also damage-associated molecular patterns (DAMPs). For example, the C1 complex 

(comprised of C1q, C1r, C1s) can bind to the surface blebs on apoptotic cells and mediate 

their clearance. Therefore, it is not surprising that C1 deficiencies or dysfunctions are 

associated with a high risk of SLE as a result of exposure of self-intracellular antigens, to 

immune recognition [43, 44]. C1q also prevents autoimmunity by skewing macrophage 

polarization and inhibiting Th1 and Th17 proliferation, as demonstrated in a mixed 

lymphocyte reaction [45]. Alternatively, DAMPs can also modulate the expression of 

complement proteins. For example, factor B (activator of the alternative pathway) was 

upregulated by exogenous DNA in mouse macrophages [46].

Complement in the interface between innate and adaptive immunity

Aside from its critical role in innate immunity, complement has well-established roles in 

regulating adaptive immunity. In fact, the receptors that recognize the fragments produced 

from complement activation transmit signals to B and T cells [39, 40]. The classical example 

for this is stimulation of CR2 through C3d-coated antigen, which reduces the threshold for B 
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cell receptor (BCR) activation, thereby, providing important costimulation for optimal 

antibody production [47, 48]. This is consistent with the observation that serum C3-

deficiency often causes common variable immunodeficiency [49]. In addition, CR1 and CR2 

signaling in B cells and follicular dendritic cells contributes to induction of B cell memory 

and maintenance of B cell tolerance [50]. Furthermore, activation of the complement 

regulator CD46 on T cells is required for induction of T cell effector functions [12, 16].

In further support of a role of complement in adaptive immunity, C3 production in epithelial 

and endothelial cells was shown to be important in transplant rejection via regulation of T 

cell responses in vitro and in vivo [51]. The local (extrahepatic) complement production can 

be stimulated by various cytokines, which suggests that the complement system evolved to 

respond to local environmental signals [52, 53]. Interestingly, cytokine production can also 

be modulated by the proteins of the complement system [54, 55], suggesting a bidirectional 

feedback loop.

In the past nine years our understanding of the role of complement, produced and secreted 

by antigen presenting cells (APC), in T cell activation, has greatly increased. In particular, 

functions of C3aR and C5aR1 during activation and survival of CD4+ T cells have been well 

investigated [56–59]. The earlier studies attributed production of complement components to 

activated APCs and T cells that synthesize and secrete C3, C5, factor B, and factor D leading 

to alternative complement pathway activation. The C3 and C5 cleavage products, then, 

interact with their cognate receptors to induce Th1 responses manifested by IFN-γ 
production [56, 58, 60]. More recent studies specifically highlight the role of autocrine 

complement signaling in CD4+ T cell activation. In vitro experiments revealed that T cells 

can generate complement components, such as C3a and C3b that bind to their receptors 

C3aR and CD46, respectively, on the surface of the same cell, to costimulate the induction 

of Th1 responses and initiate the self-regulatory phase [61]. CD46, which is also known as 

membrane cofactor protein (MCP) and binds to C3b, seems to be particularly important in 

this process [62]. The important role of locally-produced complement was also recently 

documented in other cell types. For example, C3aR stimulation leads to inflammasome 

activation in monocytes and IL-1β secretion, which enhances generation of Th17 cells [63]. 

Inversely, complement also has immunoregulatory functions. For example, C3 degradation 

product iC3b promotes the development of myeloid-derived suppressor cells (MDSC) in 
vitro [64].

Recent discoveries demonstrated that complement activation fragments, generated by T 

cells, can also function inside these cells and are required for T cell-mediated immunity and 

cell survival. In resting human CD4+ T cells, activation of C3 occurs continuously within the 

cell through cleavage via the protease cathepsin L (CTSL), into bioactive C3a and C3b 

fragments. C3a activates C3aR located on the lysosomal surface that is required for survival 

of T cells via activation of the mechanistic target of rapamycin (mTOR) [65]. Activation of 

the T cell receptor (TCR) induces rapid translocation of intracellular C3a and C3b to the cell 

surface, where they both engage the surface C3aR and CD46, respectively. These regulatory 

events are crucial for IFN-γ production and human Th1 induction (of note, serum-derived 

C3 cannot drive this response). Indeed, individuals lacking CD46 expression or C3 secretion 

by T cells have diminished Th1 immunity (but normal Th2 and Th17 responses) and suffer 

Kolev and Markiewski Page 5

Semin Immunol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from recurrent infections. Conversely, uncontrolled intracellular C3 activation leads to 

dysregulation of CD46-mediated co-activation of human T cells and contributes to 

pathologically hyperactive Th1 responses in rheumatoid arthritis [17, 61]. Human CD4+ T 

cells also contain the intracellular C5 activation system, although the C5 activating enzyme 

is still unknown. The engagement of intracellular C5aR1, upon TCR stimulation, is required 

for production of reactive oxygen species and NLRP3 inflammasome-driven IL-1β secretion 

by the T cell, which support sustained Th1 induction during T cell migration into tissues 

[66]. In mice, which do not express CD46 in the somatic tissue [67], activation of C3aR and 

C5aR1, expressed in T cells, seem to be critical for induction of Th1, Th17, and regulatory T 

cells (Tregs) [54]. However, a role for intracellular complement activation in mice has not 

yet been investigated.

After successful CD46 costimulation-driven Th1 expansion, CD46 engages in a, still 

undefined, crosstalk with the IL-2 receptor, and induces IL-10 production in Th1 cells, 

which drives these cells into a self-regulatory contraction phase [59, 61]. The deregulation of 

this crosstalk prevents normal IL-10 expression and contraction of the Th1 cell population, 

contributing to chronic diseases such as multiple sclerosis [68, 69] and rheumatoid arthritis 

[61]. Ni Choileain and colleagues recently proposed that CD46 recruitment to the 

immunological synapse was driven by O-glycosylation of the CD46 serine- threonine- 

proline-rich region, which appeared to be impaired in multiple sclerosis patients. Therefore, 

these patients cannot downregulate CD46 expression in their T cells, which is required for 

IL-10 expression and T cell contraction [69]. In addition, autocrine surface engagement of 

C5aR2 via, intracellularly generated, and then surface-shuttled C5a/C5a-desArg, negatively 

regulates intracellular C5aR1 stimulation and, thus, also aids in Th1 contraction [66]. 

Although a role of intracellular complement activation is currently best studied in human 

CD4+ T cells, it has been observed in many cell types suggesting broad biological relevance 

[65].

Intracellular C3 in CD4+ T cell metabolism

The discovery of intracellular complement C3 substantiated the idea that complement may 

also play important roles in regulating basic cellular processes. It is well appreciated that 

differentiation of immune cells in response to danger requires cell-specific reprogramming 

of metabolic pathways. The distinct metabolic signatures are key features of the different 

phases of the immune response, starting from a resting state, and progressing through an 

effector response, and, then, a memory phase [70–72]. The resting T cells are postulated to 

maintain a status of low glycolytic activity and reduced nutrient intake, using oxidative 

phosphorylation (OXPHOS) and fatty acid oxidation as an energy source, while activated T 

cells increase both glycolysis and OXPHOS as well as nutrient influx and, upon contraction, 

reduce levels of glycolysis and return to a state of low-level OXPHOS [70]. Intracellular 

complement activity was associated with T cell metabolic reprogramming of two of the 

metabolic states. First, intracellular C3a generated by CTSL-mediated processing of C3, 

within resting T cells, drives C3aR signaling on the lysosomal surface and via the low-level 

of mTOR activity needed for T cell survival [65]. Second, during CD4+ T cell activation, 

C3b, generated by CTSL on the cell surface, engages CD46. The CD46 costimulation is 

critically required for heightened expression of the glucose transporter GLUT1 (SLC2A1) 
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and the amino acid (AA) transporter LAT1 (SLC7A5), which results in an increased influx 

of glucose and AAs, ‘fueling’ T cell activation and Th1 induction [73]. In addition to active 

regulation of nutrient transport, CD46 also regulates expression of the Late Endosomal-

Lysosomal Adaptor, MAPK and mTOR Activator 5 (LAMTOR5). LAMTOR5 is a 

component of the Ragulator complex, which is essential for AA sensing by mTORC1[73]. 

In agreement with these observations, T cells from CD46-deficient patients failed to up-

regulate GLUT1, LAT1 and LAMTOR5 expression upon activation and showed decreased 

mTORC1 activity and, thus, impaired Th1 responses [73]. Conversely, highly elevated 

intracellular C3 processing by CSTL and increased CD46 signaling occurring in CD4+ T 

cells, isolated from the inflamed joints of patients with juvenile idiopathic arthritis, leads to 

exaggerated mTOR activity and IFN-γ secretion [65]. For more details on recent advances 

in intracellular roles of complement in metabolic processes please refer to the 

comprehensive reviews [17, 71]. The role of intracellular complement in cancers has not 

been yet studied, however, a recent report showed the cleavage of tumor cell-derived C3 by 

CTSL (and Cathepsin B) [74] in CaCO2 cell line suggesting that it might be operative in 

some capacity in cancers as well.

Sources of Complement Proteins in Tumors and Metastasis Targeted 

Organs

The complement proteins are abundant in plasma and body fluids (https://

emedicine.medscape.com/article/2086931-overview) [21]. Therefore, complement inactive 

proteins are readily available for activating enzymatic cleavages everywhere in the body 

without the need for upregulating complement genes. However, in cancer patients and mice 

with experimental tumors, increased production of complement proteins, reflected by 

increased concentrations of complement components in plasma and other body fluids, was 

observed [8, 75, 76]. These increased concentrations of complement components may result 

from increased production of complement by the liver, however, local upregulation of 

complement genes in primary tumor sites and metastasis-targeted organs is expected, given 

the well-established extrahepatic production of complement proteins, mainly by endothelial 

cells and cells participating in immune responses [21, 77]. These cells constitute an integral 

component of the tumor microenvironment [4, 78] and the premetastatic niche [79], thus, 

they are a potential source of various complement components within tumors and metastatic 

sites. For example, in a syngeneic mouse model of metastatic breast cancer, which 

spontaneously metastasizes to the lungs, concentrations of C3 in plasma increase over time 

[8]. Interestingly, in the same study increasing concentrations of C3 were also found in 

bronchoalvolar lavage and these increases were associated with upregulation of C3 and C5 

genes in the lungs [8, 9]. Cytotoxic CD8+T cells were reported to produce C3, which 

regulated, after cleavage to C3a, IL-10 expression in these cells in tumors [80]. In contrast, 

some studies showed decrease in serum C3 levels. For example, in patients with squamous 

cell carcinomas [81] and colorectal cancer [82] downregulated C3 (or C3a) expression was 

observed.

Importantly, in addition to host cells, tumor cells can also produce complement proteins. In a 

syngeneic model of ovarian carcinoma (ID-8VEGF) and human ovarian carcinoma cell lines 
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tumor cells were shown to produce C3 and complement activation was demonstrated in 

mouse cancer model even when tumor cells were implanted to C3-deficient mice [83]. 

Riihila and colleagues showed the expression of C3, factor B and factor I in squamous cell 

carcinoma cells, which supported growth and expansion of tumors [84, 85]. Very recently, 

Boire and colleagues, using four different human cancer cell lines, showed that C3 produced 

and secreted by cancer cells might aid their survival and leptomeningeal metastasis [86].

The local production and activation of complement may have significant implications for 

regulating tumor microenvironment, as complement effectors such as C3a and C5a are 

readily available for interactions with their reciprocal receptors on tumor or host cells, 

perhaps, avoiding rapid inactivation by carboxypeptidases.

Complement Activation in Cancer

It has long been known that complement activation occurs in cancers (Fig. 1) because 

deposition of activated complement fragments within tumor tissue can be detected [87]. The 

deposition of complement proteins including the C5b-9 terminal complement complex was 

demonstrated in breast cancer [88] and in papillary carcinoma of thyroid gland [89, 90]. 

Complement activation through the lectin pathway was shown in colorectal carcinoma [91, 

92]. In ovarian cancer patients, complement fragments were detected in ascites [93]. The 

activation of complement in cancer patients was also confirmed by the presence of C5a in 

plasma of patients with non-small cell lung carcinoma [76]. In addition, the significance of 

plasma C4 cleavage fragment C4d as a prognostic biomarker was demonstrated for lung 

cancer [94] and malignant pleural mesothelioma [95]. The evidence for complement 

activation was shown for several other human malignancies [6], however, the particular 

complement activation pathway that plays a pivotal role in human tumors remains unclear.

The studies in mouse models point to the classical pathway of complement activation 

because the deposition of C3 cleavage fragments and C1q but not MBL was shown within or 

in the vicinity of tumor blood vessels in a syngeneic model of Human Papilloma Virus 

(HPV)-induced cancer [96]. In addition, mice deficient in C4, which is required for both the 

classical and lectin pathways, had smaller tumors when compared to the littermate wild-type 

controls. In contrast, deficiency in factor B, participating in the alternative complement 

pathway, did not impact tumor growth in the same mouse model, indicating that the 

alternative pathway is not essential for tumor growth in this experimental setting [96]. In a 

transgenic ovarian cancer model, C3 cleavage products were found on the surface of tumor 

cells [97]. Importantly, in a syngeneic mouse model of aggressive metastatic breast cancer 

(4T1), in which tumor cells are injected into the mammary fat pad, and breast tumors 

subsequently metastasize to distant sites, similar to human breast cancer [98], complement 

C3 cleavage fragments were deposited in the lungs prior to metastasis, indicating 

participation of the complement system in the lung premetastatic niche [8]. The deposition 

of C3 cleavage fragments in the lung parenchyma was associated with increasing 

concentrations of C5a in mouse plasma over time [8].

Interestingly, inactive complement fragments can be cleaved and activated through various 

proteolytic enzymes that do not contribute to the three well-characterized (traditional) 
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complement activation pathways. Collectively, this mechanism was termed the extrinsic 

complement pathway [14] and, in the context of the tumor microenvironment, includes 

cleavage of C5 by tumor cell membrane-bound serine proteases [99]. Perhaps one of the best 

documented examples of C5 cleavage outside the three traditional complement pathways is 

the cleavage by thrombin in the absence of C3 [100]. The ability of coagulation factors to 

interfere with complement activation points to the interconnections between complement 

and coagulation cascade that are well-document in several disease models [101], and may 

have significant implications in cancer, given multidirectional links between coagulation and 

tumor progression [102]. In addition, hypoxia present in virtually all solid tumors and 

subsequent cell death appear to be significant contributors to complement activation, at least, 

in mouse models [103].

Thus, it appears that complement is activated through different mechanisms and complement 

effectors are generated in several human malignancies and mouse models of cancer. These 

processes lead to increased concentrations of complement activation fragments within 

tumors, the premetastatic niche, and plasma. Therefore, in patients and mice with tumors, 

complement effector molecules are widely accessible to their receptors on tumor and host 

cells, virtually in every anatomical site of the body (Fig. 1). The mechanisms that drive 

complement activation or cleavage of individual complement components likely depend on 

the type of malignancy and composition of the tumor microenvironment. Given high 

complexity and heterogeneity of malignant tissues, it is conceivable that several modes of 

activation, via traditional and non-traditional mechanisms, contribute to generation of 

complement effector molecules in cancer patients.

Interactions of complement with components of the tumor 

microenvironment

Growing evidence demonstrates that tumor growth and progression of malignancy is highly 

dependent on the support of several components of the tumor microenvironment including 

resident and infiltrating host cells. The work in the last decade demonstrated critical 

contributions of complement to regulating this microenvironment (Fig. 2 for summary).

Tumor associated macrophages

Tumor-associated macrophages (TAMs) are perhaps one of the best studied components of 

the tumor microenvironment that, since the late seventies, are known to promote tumor 

growth [104]. The presence of tumor infiltrates composed of TAMs is associated with poor 

prognosis in several cancers [104]. The tumor promoting properties of TAMs are very 

diverse and include: regulation of tumor cells motility and invasiveness, remodeling of 

extracellular matrix, promotion of angiogenesis, and immunoregulatory functions that 

contribute to inhibition of antitumor immunity [105]. Interestingly functionality of TAMs in 

tumors is reflected by the localization of these cells at the invasive tumor edge, where they 

significantly contribute to increased invasiveness of tumors [106]. The immunoregulatory 

function of TAMs seems to be less clear because of phenotypic and functional plasticity of 

these cells in regards to regulation of antitumor immunity [107]. It appears that several 

phenotypically and functionally different subtypes of these cells can be present in tumors, 
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ranging from immunosuppressive cells, traditionally described as alternatively activated 

macrophages (M2), to antitumor, classically activated (M1) macrophages [105]. The 

macrophage plasticity is critically important because reversing immunosuppressive and 

protumor M2 to antitumor M1 macrophages is a promising therapeutic option [4, 108].

The studies on complement regulating TAMs are surprisingly scarce, given the importance 

of the complement anaphylatoxins for regulating macrophages in inflammation [14]. 

However, C5a-mediated regulation of macrophage plasticity was demonstrated in vitro and 

in vivo in a model of Leishmania infection [109]. According to this work, C5a inhibits TLR4 

(LPS)-induced production of IL-12 in macrophages, a hallmark of classically-activated M1 

macrophage [107]. Importantly, macrophage polarization skewed toward the M2 phenotype 

via C5aR1 signaling corresponded to inhibition of Th1 responses that are essential for 

triggering efficient antitumor cytotoxic immunity [110]. It is, therefore, likely that similar 

regulation of TAMs by C5aR1 in the tumor microenvironment may contribute to tumor 

promoting and immunoregulatory properties of these cells. In addition, C1q, coating 

apoptotic cells, was demonstrated to sequentially induce expression of type I IFNs, IL-27, 

and IL-10 in LPS stimulated human monocyte-derived macrophages [111], suggesting that 

C1q induces regulatory macrophages independent from the M1/M2 dichotomy [107]. Recent 

work from the same group showed that these C1q-induced changes in macrophage activation 

were also associated with upregulation of PD-L1 and PD-L2 in these cells. These functional 

macrophage changes led to reduced proliferation of allogenic or autologous Th1 and Th17 

cells in a mixed lymphocyte reaction and showed a trend toward increasing Tregs 

proliferation [45].

The role of complement in recruiting TAMs and regulating their proangiogenic properties 

was demonstrated in the recent work exploring antitumor properties of pentraxin 3 (PTX3) 

[112]. The PTX3-deficiency increased incidence and growth of tumors in two mouse models 

of chemically induced carcinogenesis. The enhanced tumor growth was associated with 

increased activation of complement, demonstrated by deposition of C3 cleavage fragments 

in the tumor stroma and increased concentrations of C5a in tumor tissue homogenates. The 

enhanced complement activity led to increased infiltration of tumors by CD11b+F4/80+ 

macrophages and CD11b+Ly6Chigh monocytic myeloid cells that were likely a source for 

increased concentrations of vascular endothelial growth factor (VEGF). Backcrossing 

PTX3-deficient to C3-deficienct mice annulled this phenotype and reduced TAMs, proving 

complement-dependent actions of PTX3 in the tumor microenvironment. The effect of 

PTX3 on complement activation was factor H-dependent [112]. The specific contributions of 

C3aR to recruitment of F4/80 macrophages to tumors was also recently observed in a mouse 

model of melanoma through use of C3aR-deficient mice [113].

Myeloid-derived suppressor cells

MDSC initially described in in the peripheral blood of cancer patients [114] are potent 

suppressors of antitumor immunity [115] that affect antigen presenting capacity of dendritic 

cells [116], T cell responses [116–118], macrophage polarization [119], and NK cell 

cytotoxicity [120]. Similar to TAMs, they also promote tumor angiogenesis [121]. The link 

between MDSC and complement was first described in the original report on the tumor 
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promoting functions of the complement system [96]. This work demonstrated that 

deficiencies in several complement components were associated with impaired tumor growth 

in a model of HPV-induced cancer. Importantly, C5aR1-deficiency and pharmacological 

blockade of C5aR1 by selective C5aR1 antagonist (PMX53) [122] impaired tumor growth, 

pointing to the C5a/C5aR1 signaling axis as an effector mechanism of complement-

mediated tumor-promoting functions. Of note, tumor cells used for these studies did not 

express C5aR1, suggesting involvement of host cells in the complement-mediated effect. 

The reduced tumor growth in the absence of C5aR1 signaling correlated with increased 

infiltration of tumors by cytotoxic CD8+ T cells that are pivotal for immune responses to 

tumors [78]. The depletion of these T cells abrogated impact of C5aR1 deficiency on tumor 

growth, clearly indicating immunoregulatory properties of C5aR1. The mechanisms 

responsible for C5a/C5aR1 mediated suppression of antitumor T cell responses included 

activation of monocytic and recruitment of granulocytic MDSC, which expressed C5aR1, to 

tumors. Attracting MDSC to tumors was, perhaps, linked to the well-established chemotactic 

properties of C5a. However, it also involved changes in the expression of integrins of the 

surface of granulocytic MDSC. It was also shown that C5a/C5aR1 signaling regulates 

synthesis of reactive oxygen (ROS) and nitrate species (RNS) in monocytic MDSC. Since 

both ROS and RNS are known to inhibit antigen-specific responses of CD8+ T cells [123], 

this C5aR1-mediated effect appear to be crucial in impairing T cell ability to recognize 

tumor antigens. In addition, C5aR1 increased expression of arginase-1 in tumors, which 

regulates L-arginine metabolism, contributing to ROS and RNS generation, and seems to be 

pivotal for MDSC immunosuppressive functions in tumors [124]. These original 

observations [96] were corroborated by follow-up studies demonstrating involvement of C5a 

in regulating MDSC in a model of lung cancer [76]. In addition, blockade of C5aR1 resulted 

in reduced tumor expression of genes involved in regulating antitumor immunity including 

Arg1, Il-6, Il-10, Ctla4, Lag3 and Cd234 (PDL1) [76].

Regulatory T cells

At homeostasis, Tregs are essential for maintaining tolerance to self-antigens. Deficiency or 

alterations in their function leads to severe autoimmune reactions [125]. However, in cancer, 

Tregs are hijacked by tumors to inhibit antitumor T cell responses [126]. Tregs suppress 

tumor antigen presentation and impair CD8+ T cell-mediated cytotoxicity by inhibiting 

release of cytolytic granules [127]. Consistent with these findings, increased numbers of 

Tregs in human tumors correlated with reduced survival [128, 129]. In contrast, in some 

malignancies, the presence of Tregs is associated with improved prognosis [130]. 

Importantly, MDSC were implicated in generation of Tregs in tumors [131], therefore, given 

the connection between C5aR1 and MDSC, enhancement of Treg generation by complement 

would be expected.

Surprisingly, in contrast to this notion, recent work demonstrated that C3a and C5a via their 

reciprocal receptors expressed on naïve T cells, inhibit generation of induced Tregs via a 

TGF-β1-dependent mechanism [59]. However, the conclusions included in this work were 

based mostly on ex vivo mechanistic studies that were performed in a tumor-independent 

context.
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Conversely, in vivo experiments demonstrated reduced numbers of Tregs in blood and the 

lungs of C5aR1-deficient mice in a model of metastatic breast cancer [8]. The impaired 

generation of Tregs in these mice was linked to reduced expression of TGF-β1 and IL-10 in 

myeloid cells infiltrating lungs [8]. Both of these cytokines have diverse immunosuppressive 

functions and were implicated in generation of Tregs in tumors [131]. The reduced numbers 

of Tregs in lungs correlated with the reduced lung metastatic burden [8]. In a transgenic 

model of breast cancer driven by Her2/neu overexpression blockade of C5aR1 with a 

specific C5aR1 inhibitor (PMX53) led to reduction of CD4+CD25+FoxP3+ Tregs in tumors 

and spleens. The reduced generation of Tregs in the absence of C5aR1 signaling was 

associated with reduced production of TGF-β1 and increased expression of IL-6 in myeloid 

cells in tumor infiltrating lymph nodes and remarkably reduced levels of TGF-β1 in mouse 

plasma [103]. Given the importance of TGF-β1 and IL-6 in controlling generation of various 

T cell effectors [132], it appears that C5aR1 signaling impacts generation of Tregs in tumor-

bearing host by controlling the cytokine milieu in tumor draining lymph nodes and 

metastasis-targeted organs.

Given that complement is activated in several types of tumors [87] and this activation leads 

to generation of multiple C3 cleavage fragments that may interact with CD46 on T cells, it is 

possible the tumor-microenvironment might be ‘tipping the balance towards’ IL-10 

production and limiting immune responses.

Dendritic cells

The dendritic cells (DCs) are pivotal in regulating spontaneous T cell responses to tumor 

antigens. DCs are traditionally divided into two major categories plasmacytoid DCs (pDCs) 

and conventional DCs (cDCs) [133]. pDCs present in tumors have beneficial effects as 

demonstrated by their efficacy in priming of T cells in vitro [134] and capacity to generate 

effective immune responses to tumors in vivo [135]. However, some studies have 

demonstrated the tolerogenic properties of these cells [136] and linked pDCs presence in 

tumors to poor clinical outcomes [137]. The regulatory properties of DCs are likely the 

result of immunosuppressive factors present in the tumor microenvironment that lead to 

reduced production of type I IFNs, decreased expression of costimulatory molecules and 

upregulation of indoleamine 2,3-dioxygenase (IDO) and PD-L1 [138–140].

Within cDCs, the CD8α+Baft3-dependent subtype seems to be most efficient in 

phagocytizing dead cells and in cross presenting class I MHC-restricted antigens to CD8+ T 

cells [141]. The particular efficacy of this subtype of cDCs in generating antitumor T cell 

responses is associated with the expression of the receptors recognizing dying or dead cells 

or fragments derived from these cells (DAMPs) and production of type I IFNs by DCs upon 

stimulation with DAMPs [78]. The cytosolic-DNA sensing pathway seems to be pivotal for 

upregulating type I IFNs by DCs in response to release of ligands from dying cells [142]. In 

brief, necrotic or apoptotic cells release free DNA or DNA in a vesicle-protected form that 

stimulates innate immunity and leads to subsequent activation of antitumor T cell responses 

[143].

Interestingly, similar mechanisms including upregulation of type I IFNs are involved in 

stimulation of immunity in inflammatory and autoimmune disorders [143] that are tightly 
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linked to complement deficiencies. In fact, the homozygous deficiencies of early 

components of the classical pathway, including C1q, C1r, C1s, C4, and C2, are the strongest 

susceptibility factors for the development of SLE that have been identified in humans thus 

far [14]. Several hypotheses were proposed to explain the particular susceptibility of these 

individuals to SLE including a role of complement in clearing necrotic or apoptotic cells. 

Under physiological conditions complement plays a critical function in removal of waste 

material from dying cells including DNA [14]. Therefore, it is tempting to speculate that in 

tumors with intense complement activation, accessibility of material derived from dying 

cells for recognition by DCs can be limited as a result of complement activity, and, 

therefore, DCs cannot be properly activated to stimulate antitumor T cell responses.

T cells

The infiltration of human tumors by CD8+ T cells is an important prognostic factor in 

several malignancies and perhaps the most important predictive biomarker for success of 

immunotherapy targeting T-cell checkpoints [78]. The cytotoxic CD8+ T cells appear to be 

the most efficient immune effector, which is capable of recognizing and destroying tumor 

cells, when immunosuppressive mechanisms operating in tumors are alleviated [4]. Tumors 

lacking infiltrating CD8+ T cells are unlikely to respond to the currently-approved 

immunotherapies [11]. Therefore, it is perhaps of the highest priority to discover strategies 

that will “bring” T cells to tumors.

In regard to these efforts, a pharmacological blockade of C5aR1 significantly increased 

infiltration of tumors by CD8+ T cells in a syngeneic HPV-induced cancer model [96]. The 

significance of these T cells for controlling tumor growth was demonstrated by a positive 

correlation between the number of these cells and the tumor volume. Furthermore, depletion 

of these cells by neutralizing antibody entirely eliminated the beneficial effect of C5aR1-

deficiency on tumor growth [96]. A similar effect was observed in a Her2/neu-induced 

transgenic model of breast cancer [103]. The pharmacological blockade of C5aR1 increased 

infiltration of tumors by tumor specific CD8+ T cells that expressed high levels of perforin, 

critical for these cells’ cytotoxic activity, and produced high amounts of IFN-γ [103]. These 

results were obtained in a model, in which mouse T cells are tolerant to rat Her2/neu, which 

is a self-antigen in this mouse. Thus, this model is suitable for testing a role of tolerance in 

antitumor immunity [144]. The C5aR1-controlled inhibition of the lung infiltration by CD8+ 

T cells was also demonstrated to be important for facilitating lung metastasis in a model of 

metastatic breast cancer [8], and, similar to primary tumors, the lack of C5aR1 improved 

antitumor function of T cells infiltrating the lungs, as demonstrated by increased IFN-γ 
production in these cells [8]. In a model of ovarian carcinoma (ID8-VEGF), inhibiting 

synthesis of C3 in tumor cells increased up to ten-fold infiltration of tumors by cytotoxic T 

cells, however, in contrast to other studies, these T cells appeared not to be critical for 

controlling tumor growth [83].

A recent study demonstrated the significant impact of C3aR and C5aR1 signaling on the 

IL-10-mediated antitumor properties of tumor infiltrating CD8+ T cells in melanoma (B16) 

and breast cancer (E0771) models [80]. According to this work, autocrine-signaling by C3 

produced in CD8+ T cells inhibits IL-10 expression, an essential cytokine for the cytotoxic 
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properties of these cells. The mechanisms regulating IL-10 seem to be associated with C3aR 

and C5aR1 signaling in CD8+ T cells. Despite the well-established immunosuppressive 

properties of IL-10 in the tumor microenvironment [145], there are early studies suggesting 

a role for this cytokine in T cell expansion and enhancing the cytolytic activity of CD8+ T 

cells [146]. In a recent study, it was suggested that the pleotropic effects of IL-10 on 

antitumor immunity are context/cell-dependent. It appears that IL-10 produced by tumor-

infiltrating lymphocytes through autocrine regulation of these cells is mandatory for 

maintaining their antitumor properties [80].

CD4+ T cells have more complex functions in shaping antitumor immunity than CD8+ T 

cells. CD4+ can be divided into several subsets, including the Th1 and Th2 lineages that 

have different functions in antitumor immunity. Th1 cells, which secrete IFN-γ, are known 

to have antitumor properties, whereas IL-4 secreting Th2 cells have immunoregulatory and 

protumor properties. Therefore, the ratio of Th1/Th2 cells is a prognostic factor that 

correlates with tumor grade and stage in some malignancies [4]. The impact of complement 

on T cell polarization (Th1 vs. Th2) was demonstrated in two models of breast cancer [8, 

103]. In both studies, the effect on T cell fate was dependent on C5aR1 signaling in MDSC. 

The mechanisms behind this effect involved regulation of the cytokine milieu in the lungs 

[8] and tumor-draining lymph nodes [103]. The protumor effect of the C3a-C3aR signaling 

axis has also been demonstrated in mouse lung cancer models. Kwak and colleagues showed 

that C3a, via C3aR expressed on the surface of CD4+T cells, down modulated their 

antitumor responses [147].

Endothelial cells

The paradigm shifting hypothesis by Judah Folkman that all tumors are angiogenesis-

dependent [148] was perhaps one of the most important concepts emphasizing the high-

dependence of, seemingly autonomous, malignancies on the host microenvironment. It is 

currently broadly accepted that angiogenesis and proliferating endothelial cells are 

hallmarks of cancer [149]. The role of complement in tumor associated angiogenesis has not 

yet thoroughly been investigated. However, indirect evidence supporting the possible impact 

of complement on regulation of angiogenesis in tumors exists. MDSC and TAMs, which are 

recruited to tumors through C5aR1 and C3aR signaling, secrete a multitude of 

proangiogenic factors [4]. Therefore, the complement anaphylatoxins may indirectly 

contribute to angiogenesis via regulating these components in the tumor microenvironment. 

In fact, a study in a transgenic model of ovarian carcinoma demonstrated that complement 

C3 and C5aR1 deficiencies were associated with impaired development of poorly 

vascularized tumors [97]. In addition, complement is implicated in angiogenesis in disease 

states and models other than cancer [150, 151].

Importantly, complement and, in particular, complement anaphylatoxins are potent 

inflammatory mediators responsible for orchestrating changes in vascular permeability and 

leukocyte extravasation during acute inflammation [14]. Increased vascular permeability is 

typical for tumor vasculature and likely facilitates both metastasis and infiltration of 

leukocytes into the tumor. Therefore, the contributions of complement to regulating vascular 

permeability in tumors are predictable. Although increased vascular permeability in tumors 
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may be perceived as a factor facilitating metastasis and infiltration of the tumor by tumor-

promoting leukocytes, increasing vascular permeability for infiltrating T cells may have 

beneficial therapeutic effects in the context of adoptive T cell therapies. Recent work by 

Facciabene and colleagues supports this notion, as they identified C5a/C5aR1 signaling as 

an important contributor to increased vascular permeability and homing of adoptively 

transfer T cells to tumors. Genetic deletion of C3 or C5aR1, and pharmacological blockade 

of C5aR1, impaired the ability of adoptively transfer T cells to cross the endothelial barrier, 

infiltrate tumors, and control tumor progression in vivo. Further, genetic chimera mice 

demonstrated that C3 and C5aR1 expression in the endothelium, but not in leukocytes, 

governs T cell homing [152].

Novel complement ligands at the interface between tumor and host cells

C5aR1 is the most studied complement receptor in the context of complement contributions 

to tumor growth. There are several papers convincingly demonstrating tumor promoting 

functions of this receptor either through signaling in tumor cells or regulating the 

immunosuppressive tumor microenvironment [6]. All these studies link functions of C5aR1 

to its well-established ligand C5a, however, in addition to C5a, other proteins interact with 

C5aR1. The ribosomal protein S19 (RPS19) is the only additional endogenous ligand of 

C5aR1 identified in eukaryotes [153, 154]. Although RPS19 is an intracellular protein 

involved in ribosome biogenesis, it also has extracellular functions. RPS19, released from 

apoptotic cells, acts as a chemoattractant for leukocytes during inflammation through its 

interaction with C5aR1 [155]. It selectively enhances recruitment of monocytes that give rise 

to macrophages, involved in clearance of dying cells, and, simultaneously, halts migration of 

neutrophils to sites of inflammation [156]. Because cell death resulting from hypoxia is 

present in virtually all malignancies, even during the early stages of tumor growth [157], 

RPS19 is likely to be present outside cells in tumors and interact the ubiquitously-expressed 

C5aR1. Indeed, this notion was confirmed by a recent work demonstrating upregulation of 

RPS19 in human breast and ovarian cancer cell lines and presence of large quantities of 

extracellular RPS19 in malignant tissue from breast cancer patients and in murine models of 

breast cancer [103]. RPS19, released from apoptotic tumor cells, interacted with C5aR1 

within the tumor microenvironment in both human and mice and competed for binding with 

C5a in vitro. RPS19 appeared to be critical for recruitment of MDSC to tumors and reducing 

tumor infiltrating CD8+ T cells. In addition, RPS19 regulated the production of TGF-β1 and 

IL-10 in myeloid cells within tumor-draining lymph nodes, promoting generation of Tregs 

and Th2 effectors. Reducing RPS19 in tumor cells, through a shRNA approach or blocking 

the C5aR1-RPS19 interaction, decreased RPS19-mediated immunosuppression, impaired 

tumor growth, and delayed development of tumors in a transgenic model of breast cancer 

[103]. These findings identified RPS19 as a novel player in tumor-associated 

immunoregulation, which acts at the interface between tumor and immune cells. The 

delayed development of tumors in a transgenic model of breast cancer, resulting from 

interruption of RPS19-C5aR1 signaling [103], suggests contributions of this regulatory axis 

to immune escape that occurs in a preclinical phase of tumor growth. Thus, the findings 

point to these mechanisms as early events initiating immunosuppression. Importantly, this 

work demonstrates that engagement of complement receptors for tumor progression does not 
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require complement activation, further emphasizing high redundancy of mechanisms fueling 

tumor growth. This recent work provides initial preclinical evidence for targeting RPS19 for 

anticancer therapy enhancing antitumor T cell responses.

Complement in regulating metastasis

In the last decade, research on the contribution of complement to cancer development and 

progression focused on immunoregulation or tumor cell signaling in primary tumor sites. 

However, recent developments indicate a significant role of complement in controlling 

cancer metastasis, specifically, the premetastatic niche [8, 9]. This niche can be defined as a 

set of alterations that occur in metastasis-targeted organs, preceding arrival of tumor cells 

and facilitating seeding of these organs by tumor cells [79]. Although this concept was 

introduced more than a century ago by Stephen Paget, experimental evidence supporting this 

theory was lacking, until seminal papers by Hiratsuka and colleagues [158] and Kaplan and 

colleagues [159]. They demonstrated contributions of VEGFR1 and bone marrow derived 

cells to this step of metastatic progression. Less than a decade later MDSC, known for their 

immunoregulatory roles in primary tumors, were implicated in the premetastatic niche [160, 

161]. Surprisingly, in these initial studies, their functions in the premetastatic niche were not 

firmly linked to their immunoregulatory potential.

Since the C5aR1 contributions to recruitment of MDSC to primary tumors were firmly 

established [76, 96], it was hypothesized that similar mechanisms operate in the 

premetastatic niches, and C5aR1 expressed in MDSCs provide the signaling necessary to 

attract these cells to different metastasis-targeted organs, prior to arrival of tumor cells. This 

hypothesis was confirmed by studies utilizing a syngeneic mouse model of metastatic breast 

cancer [8]. C5aR1-deficient or wild-type mice treated with a specific C5aR1 antagonist 

(PMX-53) had less metastases in their lungs and livers comparing to control mice. It 

appeared that C5aR1 regulated specifically metastatic process in this model because C5aR1-

deficiency did not impact growth of primary breast tumors, thus, differences in metastasis 

were likely independent from processes occurring in a primary site. The differences in 

metastatic burden correlated with infiltration of the lungs and livers by MDSC. These 

MDSC were likely to be attracted to these premetastatic sites by C5a because circulating 

blood MDSC expressed C5aR1 and complement activation, demonstrated by deposition of 

C3 cleavage fragments, was observed in the premetastatic niche. In accordance with the 

mouse model, C3 cleavage fragments and MDSC were found in tumor-draining lymph 

nodes from breast cancer patients and C3 fragments’ deposition and local C3 production 

appeared to be increased in lymph nodes with metastases [8]. The reduced metastatic burden 

in the absence of C5aR1 signaling was caused by improved antitumor immunity, as 

demonstrated by increased infiltration of the lungs by CD8+ and CD4+ T cells, higher 

number of these T cell subsets in peripheral blood, skewed toward Th1 response CD4+ T 

cell polarization, and reduced Tregs in blood and the lungs. Both T cell subsets (CD4 and 

CD8) retrieved from the lungs also produced higher amounts of IFN-γ in C5aR1-deficient 

mice. The depletion of cytotoxic CD8+ T cells entirely wiped out the beneficial effect of 

C5aR1-deficiency on metastasis, confirming antitumor immunity as the primary mechanism 

protecting against metastases in the absence of C5aR1 signaling, and pointing to 

immunoregulatory roles of MDSC in the premetastatic niche [8].
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C3 was also shown to play roles in cancer metastasis. Boire and colleagues showed that 

leptomeningeal metastases synthesize and secrete C3 [86]. C3a via C3aR ‘permeabilized’ 

the choroidal blood cerebrospinal fluid barrier facilitating crossing this barrier by tumor 

cells [86].

In contrast to MDSC and TAMs, functions of tissue resident macrophages, including 

pulmonary alveolar macrophages, in cancer remain unclear, with conflicting results 

suggesting both tumor-promoting vs. antitumor properties of these cells [162]. Recent 

studies demonstrate that these cells have significantly different biology from other 

macrophages. Therefore, their role in cancer should be revisited. In contrast to inflammatory 

macrophages and TAMs, which are recruited from bone marrow to inflammatory sites or 

tumors, respectively, tissue resident macrophages populate different organs during 

embryonic development, independently from hematopoiesis, and self-renew thereafter [163]. 

Therefore, pulmonary alveolar macrophages that have well-established immunoregulatory 

roles in healthy lungs [164] appear to be well-positioned to contribute to preconditioning 

this organ for metastasis through inhibition of antitumor immunity. The contribution of these 

cells to the premetastatic niche was established by recent work in a mouse model of 

metastatic breast cancer [9]. Alveolar macrophages were shown to accumulate in 

premetastatic lungs through C5aR1-mediated proliferation but not through recruitment from 

blood. In tumor-bearing mice, they inhibited Th1 and favored Th2 responses. In addition, 

alveolar macrophages reduced the number and antigen-presenting capacity of lung cDCs by 

regulating TGF-β1. The specific depletion of alveolar macrophages by clodronate-

liposomes, administered to the airways, reversed immunosuppression and reduced lung 

metastatic burden. Depleting these cells synergized with C5aR1 inhibition leading to 

complete protection of the lungs from metastasis [9]. This work establishes C5aR1-regulated 

alveolar macrophages as important contributors to the lung premetastatic niche and offers a 

plausible explanation of lung susceptibility to hematogenous metastasis.

Perspectives for therapy

The recent successful introduction of immunotherapies targeting T cell checkpoints to 

clinical practice indicates that treatments targeting immunoregulatory mechanisms are, 

perhaps, the most promising approaches currently available for cancer patients. The 

discussion of studies on a role of complement in cancer, included in this review, clearly 

places complement in the midst of the tumor microenvironment as an important contributor 

to immunoregulatory mechanisms operating in primary tumors and metastasis-targeted 

organs. Therefore, complement is a potential target for immunotherapies that aim to enable 

tumor infiltrating T cells to kill tumor cells in primary and metastatic sites and targeting 

complement may help to overcome immune exclusion in non-T cell inflamed tumors. 

However, therapeutic efficacy of inhibiting complement pathways as a monotherapy appears 

to be modest comparing to other therapeutic interventions currently in preclinical or clinical 

development. Therefore, the combination of complement inhibition with other therapeutic 

interventions is more likely to bring substantial benefits for cancer patients.

The limited or lack of response to T cell checkpoint inhibitors, in some patients, and some 

type of cancers, has encouraged efforts to improve efficacy of this approach by combining T 
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cell checkpoint inhibitors with other therapies, in particular those targeting additional 

immunoregulatory pathways. With its diverse immunoregulatory functions, complement 

seems to be a promising target for this strategy. Recent work has demonstrated the feasibility 

of this approach in preclinical models of lung carcinoma [10]. C5aR1 blockade and PD-1 

inhibition were shown to synergize in reducing tumor growth, metastasis and improving 

antitumor immunity [10].

Several complement components were shown to promote tumor growth through different 

mechanisms and many of these complement fragments/effectors are generated through 

activation of the complement cascade and interact with their reciprocal receptor on tumor, 

immunoregulatory, or T cells. Therefore, inhibiting complement activation upstream of 

generation of complement effectors may appear to be reasonable approach, which will shut 

down several immunoregulatory or protumor pathways simultaneously. However, 

identification of novel ligands for complement receptors [103] and generation of 

complement effectors through extrinsic mechanisms [14, 99], not involving the traditional 

complement activation pathways, makes this strategy problematic. Perhaps, specific 

targeting of complement receptors through already existing inhibitors may turn out to be a 

more efficient and safe therapeutic approach.

Interestingly, targeting of the complement regulator CD46 for cancer immunotherapy has 

recently been explored. Sherbenou and colleagues tested anti-CD46 drug conjugates in a 

mouse xenograft model of multiple myeloma. CD46 antibody killed tumor cells via 

apoptosis, while sparing benign cells [165].

Targeting cellular metabolism has already been explored for cancer immunotherapy. For 

example, metabolic reprogramming of chimeric antigenic receptor (CAR) transduced T cells 

improves their effector function [166]. Given the role of complement in regulating T cell 

metabolism, targeting intracellular complement activation pathways to modulate antitumor T 

cell responses is an interesting option for future therapeutic strategies. It is important to note 

that many mouse studies report the immunosuppressive effect of C3 on tumor infiltrating T 

cells, which is not necessarily the case for patients, given the differences between the mouse 

and human complement systems.

In summary, recent studies demonstrated that functions of complement in the tumor 

microenvironment are cell and context-dependent and not necessarily harmful [80, 152]. 

Based on these studies, C3aR and C5aR1 signaling in myeloid-origin and T cells enhances 

immunosuppression in mice. However, in the context of adoptive T cell therapies, C5aR1 on 

endothelial cells seems to be pivotal for homing of T cells to tumors. Therefore, although the 

net effect of inhibiting complement is beneficial in terms of limiting tumor growth, 

metastasis, and improving antitumor immunity, specific targeting of complement receptors 

on myeloid and lymphoid cells but not on endothelium may offer more benefits for cancer 

patients. Further studies, utilizing cell-specific knockouts are perhaps required to support 

this notion. However, as useful as mouse cancer models are, one should be cautious when 

translating the relevance of mouse data to human disease. For example, mice lack CD46 

which has been shown to be a key regulator of human CD4+ T cells. This picture is even 

further complicated by the importance of complement-mediated cytotoxicity (CDC) as a 
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mechanism contributing to killing of tumor cells by therapeutic monoclonal antibodies that 

were proven to be efficient for some malignancies [167]. When these therapeutics antibodies 

are used, inhibiting complement activation, which appears to be useful in limiting 

complement-mediated immunosuppression, may actually reduce killing of tumor cells by 

these antibodies because less MAC will be formed due to this inhibition. In the context of 

therapies utilizing tumor cell-killing monoclonal antibodies, enhancing complement activity 

and neutralizing CRPs appears to be the optimal strategy [168]. These contributions of 

complement to killing of tumor cells by therapeutic antibodies have been extensively 

discussed in several recent review articles [6, 7] therefore, here, we limited our discussion on 

this topic.

This review presents a complex and multifaceted role of complement proteins in immune 

regulation and cancer. Many factors must be considered for designing new therapies, 

including the differences between the mouse and human complement system. In addition, 

different malignancies are perhaps differentially dependent on complement-mediated 

immune regulation. The discovery of intracellular complement activation and its intimate 

relation with metabolism in CD4+ T cells adds to complexity of complement-mediated 

regulation of cancer, as it is well known that tumors and activated T cells share similar 

metabolic traits [72]. It is for future studies to determine if complement plays a role in 

metabolism of cancer cells and if this relation can be therapeutically exploited. However, 

since C3 cleavage by CTSL has been already reported [74], this doesn’t seem too far-

fetched.
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Figure 1. The sources of complement proteins and mechanisms of complement activation in 
cancer
The complement proteins are abundant in plasma and other body fluids. Therefore, in cancer 

patients and mouse models of cancer, the large quantities of complement proteins are 

available for activation, virtually in every location in the body, including primary tumors and 

metastasis-targeted organs, without a need of additional complement protein synthesis. 

However, several studies demonstrated that the increased quantities of complement are 

produced in the liver, lymph nodes, metastasis-targeted organs, and tumors. The activation of 

complement was demonstrated in several malignancies because deposition of complement 

fragments (C1q, MBL, C5b-9, C3b) was detected in tumors and complement effector 

molecules (C3a and C5a) and complement cleavage fragments (C4d) were present in 

plasma, bronchoalveolar lavage or tumor homogenate. In addition to the three well 

characterized pathways of complement activation, C5a can be generated through C5 

cleavage by serine proteases expressed in tumors, and C3 can be cleaved inside CD4+T cells 
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and CaCO2 cell line through cathepsin L-mediated (CTSL) mechanism. This latter 

mechanism is pivotal to T cell homeostasis.
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Figure 2. The diverse role of complement in regulating tumor microenvironment
The complement system suppresses antitumor immunity by activating and attracting to 

tumors myeloid-derived suppressor cells (MDSC) and tumor-associated macrophages 

(TAM) that originate from recruited from blood myeloid precursors or monocytes (MC). 

Mechanistically signaling through C5aR1 is critical for regulating MDSC whereas both 

anaphylatoxin receptors C5aR1 and C3aR are involved in regulating TAMs. C5aR1 

signaling controls IL-10 and TGF-β1 produced in tumor draining lymph nodes and, 

therefore, Tregs generation. In addition, C5aR1 regulated MDSC contributes to this process 

in tumors. C3 generated in CD8+T cells, through subsequent generation of C3a and C5a and 

their interaction with the reciprocal receptors, expressed in CD8+ T cells, inhibits IL-10 

production in these cells and, therefore, their cytolytic antitumor function. C3 produced in 

tumors contributes to generation of anaphylatoxins that can directly promote growth and 
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survival of tumor cells through their reciprocal receptors. The C3a and C5a-mediated 

changes in vascular permeability may facilitate entry of tumor cells into the blood vessels 

and metastasis. On the other hand, C5aR1-mediated changes in endothelium facilitate 

homing to tumors adoptively transferred CD8+T cells, thereby, limiting tumor growth.
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Table 1

Non-exhaustive list of complement proteins and their activation products.

Complement protein/s Receptor Function Reference

C3a C3aR Anaphylatoxin (can cause smooth muscle contraction, 
vasodilation and increased histamine release by mast 
cells), CD4+ T cell activation, monocyte activation (via 
NLRP3 inflammasome) cancer progression (direct or 
indirect effect)

[63, 65, 147]

C4a PAR1, PAR4 Anaphylatoxin [169]

C5a C5aR1, C5aR2 Anaphylatoxin, NLRP3 inflammasome activation in 
CD4+ T cells and monocytes, regulates cancer 
progression

[66]

C3b CD46, FH, CR1 Opsonin (via its receptors), part of the C3 and C5 
convertases, activates CD4 T cells in autocrine fashion

[61]

Factor H (FH) None, binds to Factor I and 
C3b or cell surface

In complex with the serine protease factor I, cleave and 
inactivate C3b to iC3b

[170]

CD46 None, binds to C3b, C4b and 
Factor I

In complex with the serine protease factor I, cleave and 
inactivate C3b (or C4b) to iC3b, potent costimulatory 
molecule on CD4+ T cell activation and metabolism

[61, 62, 73]

Complement receptor 1 (CR1, 
CD35)

None, binds to C3b, iC3b cleaves iC3b to C3dg, mediates inhibitory signals in T 
cell proliferation

[171]

Complement receptor 2 (CR2, 
CD21)

None, binds the degradation 
products of C3b (iC3b, C3dg, 
C3d)

Potent costimulatory molecule in B cells. Also controls 
survival (CR1) of germinal center B cells during 
development

[172–174]

Complement receptor 3 (CR3 or 
CD11b/CD18, or Mac-1)

None, binds iC3b Opsonizes iC3b coated bacteria [28, 175]

Complement receptor 4 (CR4 or 
CD11c/CD18)

None, binds to different part of 
iC3b than CR3

Opsonizes iC3b coated bacteria [28, 175]
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