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Abstract

:

Constituent of innate immunity, complement is present in the tumor microenvironment. The functions of complement include clearance of pathogens and maintenance of homeostasis, and as such could contribute to an anti-tumoral role in the context of certain cancers. However, multiple lines of evidence show that in many cancers, complement has pro-tumoral actions. The large number of complement molecules (over 30), the diversity of their functions (related or not to the complement cascade), and the variety of cancer types make the complement-cancer topic a very complex matter that has just started to be unraveled. With this review we highlight the context-dependent role of complement in cancer. Recent studies revealed that depending of the cancer type, complement can be pro or anti-tumoral and, even for the same type of cancer, different models presented opposite effects. We aim to clarify the current knowledge of the role of complement in human cancers and the insights from mouse models. Using our classification of human cancers based on the prognostic impact of the overexpression of complement genes, we emphasize the strong potential for therapeutic targeting the complement system in selected subgroups of cancer patients.
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1. Introduction


The 21st century was marked by a change in the paradigm of tumor perception. Scientists have established the important role of the immune system and inflammation in cancer development and especially the role of T cells. This concept was not only useful as an academic discovery but it also led to development of several novel treatments, as well as anti-immune checkpoint therapies (anti-PD1/PDL1, anti-CTLA4) that were rewarded by the Nobel prize of 2018. Immune cells have the ability to infiltrate tumors and form with other untransformed cells the tumor microenvironment (TME) [1]. The TME can impact positively or negatively the patient’s outcome, depending on its composition [2]. The recruitment of immune cells inside the tumor is achieved thanks to the vascular network that also allows the recruitment of the components of the complement system. The complement system is often forgotten or underestimated, but it is a powerful inflammatory cascade and, as a part of innate immunity, it fully belongs to the TME [3]. The complement system is a set of more than thirty cell-bound or soluble proteins that can come inside the tumor via the circulation but also that can be produced by the tumor cells themselves and the infiltrated immune cells. The complement system is mostly described by its functions related to immunity but, recently, several papers attribute it non-immune functions as angiogenesis, organ development and regeneration or also neuroprotection [4,5].



In this review, we will focus on the different functions of this very complex system and how they can influence patient’s outcome, depending of the cancer types or the pathway activated.




2. The Complement System


The first description of the complement system in 1890 assigned it antimicrobial functions [6]. However, due to its composition and the plurality of its actions, the complement system was very difficult to study and progress was dependent on the technologies available. Since the 1950s, with the development of protein chromatography and electrophoresis, data have never stopped to accumulate [7]. Complement is one of the first lines of defense against pathogens or stressed host cells, and can be triggered, depending on the activator, by three different pathways: classical, lectin and alternative. They lead to the formation of C3 and C5 convertases and the common terminal pathway (Figure 1). The complement proteins interact in a highly regulated proteolytic cascade to opsonize pathogens, induce inflammation, interact with cells of adaptive immunity, and maintain homeostasis [4]. The complexity of the complement system is not only due to its composition or its numerous functions (immune or non-immune) but also its ability to act extracellularly or intracellularly.



2.1. Complement Activating Pathways


The classical pathway is activated after the binding of the C1 complex to its targets that can be an antigen-antibody (IgG or IgM) immune complex or an apoptotic cell. The C1 complex is composed of C1q molecules and two different serine protease C1r and C1s [8]. The hexagonal arrangement of the protein platforms (hexameric organization of the IgGs bound to an antigen, or the structure of IgM) is critical for the C1 complex activation [9,10]. The lectin pathway is activated by the recognition of sugar residues through a complex that is structurally and functionally very similar to the classical pathway [11]. The MBL molecule (mannan-binding-lectin), collectins or ficolins resemble C1q and are associated with several serine proteases (MASP1, MASP2 and MASP3), just like the C1 complex. These pathways will lead to the cleavage of C2 into C2a and C2b and C4 into C4a and C4b. C4b and C2a form the classical pathway C3 convertase (C4bC2a), an enzymatic complex able to cleave C3 into the anaphylatoxin C3a and C3b. The specificity of the alternative pathway, in physiology, is to be constitutively activated at low level, thanks to the tick-over mechanism: a spontaneous hydrolysis of a C3 molecule [12], used as a surveillance system. Although properdin could serve as alternative pathway initiator [13], this pathway usually does not need a trigger. This allows the formation of C3(H2O), a bio-active form of C3, structurally and functionally similar to C3b. C3(H2O) can bind Factor B (FB) that could be cleaved by Factor D (FD) into Bb and Ba fragments, forming the fluid phase alternative pathway C3 convertase: C3(H2O)Bb, cleaving C3 into the anaphylatoxin C3a and opsonin C3b. In absence of activation the newly formed C3b will be hydrolyzed. In presence of an activating surface, C3b will bind covalently, recruit FB and FD, thereby forming the alternative C3 convertase (C3bBb). This mechanism allows the establishment of an amplification loop to increase the C3 cleavage and hence the C3b concentration at the target surface (pathogen or stressed cell).




2.2. Complement Effector Pathways


Covalent deposition of C3b on the target cell by any of the three pathways induces opsonization, allowing the elimination of the pathogen/stressed cell by phagocytosis [12]. When a certain density of C3b is reached, the molecule of C3b is assembled to the C3 convertase and leads to the formation of the C5 convertase (classical: C4bC2aC3b, or alternative: C3bBbC3b). This triggers the terminal pathway with the generation of the C5a and C5b fragments, and finally the last reaction with the formation of the membrane attack complex (MAC: composed by the molecules C5b, C6, C7, C8 and C9) [4].



Complement activation allows the formation of three different effectors: Opsonins (C3b, C4b and C1q) that can bind the target cell surface and promote its clearance. Anaphylatoxins (C3a and C5a) are released in the circulation and have an important role to induce inflammation and activate cells expressing anaphylatoxin receptors (C3aR, C5aR1/C5aR2). C5aR1 and C5aR2 seem to have opposite effects, especially in the tumor context [14]. MAC formed by the association of C5b molecule with C6 that acquire the ability to interact with lipid bilayer, the C7 and C8 molecules bind C5b and insert into lipid bilayer, then several molecules of C9 polymerize creating the lytic pore, causing membrane permeabilization, cell activation and/or the cell death [15].




2.3. Complement Regulators


Complement is a very powerful system that needs to be tightly regulated. To maintain the balance between complement activation on pathogens or altered host cells and inhibition on intact host cells, several regulators control each step of the proteolytic cascade (Table 1) [16].




2.4. Complement Complexity


The complexity of complement is not only due to its composition or its numerous functions (immune or non-immune) but also due to its ability to act extracellularly or intracellularly. Indeed, although complement is often described as a set of plasma proteins mostly produced by the liver and working in the extracellular compartment, recent studies showed a potential intracellular role of its proteins, especially in T cells. In these cells, intracellular C3 and C5 can be cleaved into C3a and C5a, impacting cell metabolism and homeostasis, the induction of a Th1 and CTL response but the contraction of the T-cell response [17].



Furthermore, overactivation or deficiency of complement can trigger different pathologies, related to inflammation, coagulation, abnormal immune response, or abnormal cell clearance. A deficiency of some complement components can lead to an increased susceptibility to infections or auto-immune diseases [5]. Complement overactivation is classically associated with kidney diseases such as the atypical Hemolytic Uremic Syndrome (aHUS) and C3 Glomerulopathies [18], but also plays a role in pathologies such as multiple sclerosis [19], age-related macular degeneration [20], sickle cell disease [21], or schizophrenia [22], as well as with cancer [23].





3. Complement and Cancer


The complement components are mostly produced by the liver, but it is important to note that both tumor and stromal cells also have the ability to produce complement proteins. Thus, their concentration inside the tumor is both due to the contribution of the systemic compartment and the local production by the different cell types.



Analysis of complement gene expression in thirty different cancers revealed consistent patterns of expression: a high expression of genes coding for classical and alternative pathway; high expression of regulators and a low expression of the lectin pathway and the terminal pathway genes [3]. These data suggest that the tumor could benefit from the early complement proteins but then sets up brakes to avoid any deleterious effector functions. This study is in line with previous observations of an abnormal expression of complement proteins in different type of cancer, especially C1 complex [23], C3 [24], C4 [25], C5 [24], C3aR [24], C5aR1 [24], FB [26], FH [27], FI [28], CD46 [29], CD55 [30], CD59 [30]. Bioinformatic analysis of the prognostic impact of the complement genes allowed to classify cancers in four groups: protective complement (concomitant occurrence of favorable prognosis associated with high expression of complement genes), protective C3 (favorable prognosis found only for high C3 expression but not for the other genes), aggressive complement (concomitant occurrence of poor prognosis, associated with high expression of complement genes) and uncertain significance of complement (when no particular pattern is observed) [3] (Figure 2).



It seems that it is not possible to reach a general conclusion as for the pro or anti-tumor role of the complement system. This context-dependent action is reflected by numerous studies, sometimes contradictory, about complement and cancer.



3.1. Activation of Complement in the Tumor Microenvironment


In a tumor context, it is not well understood how the complement system is activated, but several models show that the classical and alternative pathway components are found at a higher concentration in the tumor microenvironment [31]. The tumor cells develop the ability to produce a set of complement proteins and to hijack other proteins produced by host cells, to trigger the complement activation. In clear cell Renal Cell Carcinoma (ccRCC), tumor cells produce C1r and C1s and use C1q secreted by macrophages, in order to form a functional C1 complex and activate the classical pathway in IgG-containing deposits [23] or on cell-bound pentraxin 3 (PTX3) [32]. The hypothesis that the complement system could be activated by immunoglobulins is not new. In 1996, in thyroid carcinoma the presence of IgG, together with C4d, C3d and C5-positive staining suggested tumor-specific classical pathway activation [33]. In non-small cell lung cancer (NSCLC), IgM deposits are observed, pointing to a potential binding of the IgM to the neoantigens present at the tumor cell surface and a triggering of the classical pathway activation [34]. Furthermore, in human urothelial urinary bladder cancer, 50% of tumors with high levels of IgG antibodies also display C1q [35]. Interestingly, in this high IgG and C1q positive tumors, almost 40% also present membranous staining with an anti-C3a detecting antibody. This study suggests the possibility that the activation of the classical pathway could be favorable for the patient’s survival [35]. However, recent studies revealed that in lung and renal cancers the activation of the classical pathway by intratumoral immunoglobulins is associated with poor prognosis [23,34]. Interestingly, C3aR and C5aR are likely expressed at the surface of most cell types in a tumor [36] suggesting that C3a and C5a could be used by the tumor cells to promote tumor growth. The activation of the complement system leads to the regulation of the immune system but also amplification of tumor cell invasiveness by acting on proliferation, migration, and epithelial-mesenchymal transition [37].




3.2. Role of Complement on Tumor Immunity


In the last decade, there was an increasing interest in the role of complement in cancer progression. Even if the classical functions of this system are to favor cell killing, its role in cancer appears to be mostly pro-tumoral. The first clue was the slower tumor growth in case of C3, C4 or C5aR deficiency in a TC1 cancer mouse model [38].



Mouse models were, and still are, very useful to study the mechanisms of action and impact of complement on immune cells in the case of cancer. Nevertheless, mouse models yielded some contradictory findings, stressing the context-dependent role of complement in cancer. C3 and C3a are reported to play an important role in cancer progression. Indeed, several studies using syngeneic mouse models (melanoma, breast, and colon cancer [39], or hepatocellular carcinoma [40]) go in the same direction. The C3 expressed notably by immune cells [41] enhances tumor growth by promoting an immunosuppressive environment. Its cleavage product C3a supports the recruitment of C3aR+ macrophages, and perturbation of C3a/C3aR axis disrupts immune infiltration, slowing tumor growth [41]. C3a also promotes T-cell apoptosis, inhibition of T-cell proliferation, inhibition of dendritic cell maturation, increasing of the macrophage and MDSC (myeloid-derived suppressor cells) recruitment, leading to a reduction in the number of CD8+ T cells [41]. A recent study suggests that C3b could impact tumorigenesis during chronic skin inflammation, in cutaneous squamous cell carcinoma (cSCC) model, but independently of C3aR or the terminal pathway (C5a/C5aR1/C5aR2 and MAC generation), likely by influencing tumor associated macrophages [42]. Another report suggests that in colorectal cancer, only the C5a/C5aR1 axis and not C3, could play an important role in the modulation of tumor immunity, by recruiting MDSC and promoting tumorigenesis [43]. Tumor cells can produce C3 molecules, and this production leads to PD-L1 antibody treatment resistance [44]. This mechanism is described in a colon cancer mouse model and goes through a modulation of the tumor associated macrophages response in order to repress anti-tumor immunity, via the C3a-C3aR-PI3Kγ way. These studies highlight again how the complement response can be context—dependent and even contradictory depending of the model and on the cancer types. The multitude of mechanisms by which C3 affects tumor growth is important and must be taken into consideration in the process of development of potential therapeutics [45].



The other anaphylatoxin, C5a, was largely studied too, for its role in tumor progression. Syngeneic mouse models (cervical cancer, lung cancer, or breast cancer) revealed that C5a and its receptor C5aR1 are involved in the recruitment of MDSC. C5a can amplify their capacities to produce reactive oxygen species (ROS) and reactive nitrogen species (RNS) creating an environment favorable for the suppression of the anti-tumor CD8+ T-cell mediated response [38]. In addition, the MDSC recruitment favors the generation of Treg and Th2 response that can suppress the anti-tumor CD8+ T cells [46], but also mediates production of the immunomodulators ARG1, CTLA-4, IL-6, IL-10, LAG3 and PDL1 [47].



An important regulator of the intratumoral levels of C5a is PTX3; this molecule interacts with C1q and FH to modulate the local complement activation. PTX3 is described as an oncosuppressor in mouse models, inhibiting complement activation via FH recruitment, limiting the production of C5a and CCL2 (a pro-inflammatory chemokine) and avoiding the recruitment of tumor-promoting macrophages. The PTX3 deficiency leads to a chronic complement-mediated inflammation, favoring spontaneous skin carcinoma development in a mice model [48]. On the other hand, in human cancer context (ccRCC), a high expression of PTX3 is associated with lower survival rates [32]. The authors explain it by the ability of PTX3 to activate the classical pathway, leading to the production of the pro-inflammatory C3a and C5a. The role of PTX3 as an anti- or pro-tumoral molecule is not yet well understood, but is context-dependent and may be different between mice and human. Interestingly, in ccRCC the complement system is activated via the classical pathway [23], but due to the presence of CD59 regulators [32], the activation is limited and does not go to the C5b-9 lytic pore formation. Therefore, tumor cells could benefit from a complement system activation, until a certain point.



This context-dependent role of the complement system is also true for the pro-inflammatory C3a and C5a molecules that can have anti-tumor functions and appear to be crucial for a good tumor response to radiotherapy [49]. In a carcinogen-induced cSCC model, C5a has an anti-tumoral impact [42], while in a virus-induced mouse model of cSCC, C5a has pro-tumoral impact, with the specificity to be generated independently of complement. The reason behind this phenomenon is unknown. One possible explanation could be linked to the level of locally generated C5a. Indeed, in a syngeneic lymphoma mouse model, the tumor cells producing low levels of C5a are more susceptible to apoptosis and less proliferative, leading to a smaller tumor size. These tumors are associated with an increase infiltration of granulocytes and macrophages and finally an increase IFNγ production by CD4+ and CD8+ T cells in lymph nodes and spleen [50]. However, tumors with high levels of C5a present an accelerated tumor growth with less CD4+ and CD8+ T cells, in the tumor, the spleen and the tumor-draingin lymph nodes. This concentration-dependent impact of C5a requires further exploration in different cancer contexts.



The complement system modulates the T-cell response in a tumor context but a role of complement proteins on the B cell response was also recently described. To be efficient, the chemotherapy has to induce a specific subset of B cells, the ICOS-L+ cells (Inducible T-cell Co-Stimulator Ligand) that express the Complement Receptor 2 (CR2). The interaction of C3 fragments with CR2 promotes the ICOS-L+ B cell generation. On the over hand, the over-expression of CD55 (a complement regulator) inhibits the complement activation and prevents the formation of ICOS-L+ B cell [51]. In this context, the activation of the classical pathway through the binding of the C1 complex and immunoglobulins produced by B cells, though, has not been investigated.




3.3. Impact of Complement on Tumor Cells


The tumor cells have the ability to produce complement proteins that can stimulate tumor growth directly, independently of the cascade activation. Tissue staining and transcriptomic analysis reveal that in many cancers types the presence of complement proteins is associated with a worse outcome for the patient.



3.3.1. Native Proteins


C1q is a multitasking protein that has a strong direct impact on tumor cells, positively and negatively affecting their biology. In human prostate, breast, cancer or neuroblastoma, anti-tumor role of C1q is described, as an apoptosis inducer. C1q activates WWOX, a tumor suppressor gene, then the phosphorylated form of WOX1 accumulates in nuclei and sends anti-proliferative and pro-apoptotic signals [52,53]. This function is also described in ovarian cancer. By using its globular domains, C1q induces apoptosis via TNF-α (Tumor Necrosis Factor) and Fas [54]. In contrast, in melanoma, C1q favors proliferation and migration of tumor cells, increases metastasis, and decreases survival [55]. These data on C1q highlight the possible context-dependent action in different types of cancer.



FH is mostly studied on lung and cSCC. In addition to protecting tumor cells from complement-mediated cytotoxicity, FH promotes cell migration [56]. However, FH deficient mice develop spontaneous hepatic tumors, suggesting an essential role of FH to control unwanted complement activation in the liver to avoid a complement-mediated chronic inflammation [57].



In cSCC, knock-down of C1s, C1r, FB, FH and FI exerts similar effects on the tumor growth. These proteins seem to be implicated in the promotion of the tumor cell proliferation, migration, and survival, via the activation of the signaling pathways PI3K and Erk 1/2 [28,56]. In ccRCC, tumor cells also produce a large spectrum of complement proteins [34], but whether they exert any function within the cells as for the cSCC remains unknown. Several types of tumors express complement proteins that seem to be produced by tumor cells, except for C1q (which usually comes from macrophages) [24]. The most logical suggestion is that complement proteins will be secreted in the tumor microenvironment and will activate the cascade, by hijacking C1q from the macrophages, as we found in ccRCC [23]. Nevertheless, another hypothesis is also possible: these proteins could remain within the cell and form an intracellular complement, or a “complosome” as suggested already for the T cells [58]. Although provocative and controversial [4,59], this hypothesis needs experimental verification, since compelling evidence suggests that at least C3 and C5 can be cleaved within the T cells, modulating their functions. If proven possible, intracellular and extracellular complements could act together to promote/control tumor growth. Moreover, some of the complement proteins are multitasking effectors, with functions outside of the complement cascade [55], which adds to the diversity of the complement proteins actions in cancer.




3.3.2. Activation Fragments


The recognition of the anaphylatoxins by their receptors (C3aR, C5aR1 and C5aR2) present at the surface of some tumor cells leads to the activation of the signaling pathways PI3K, Erk 1/2 and AKT. The activation of these pathways favors the proliferative, survival and invasive properties of tumor cell [60]. The ability of ovarian or lung tumor cells to produce these anaphylatoxins suggests a possible autocrine activation of the cells [61]. In addition to the impact in cell proliferation, an increase of the cell migration is also observed through the C3a-C3aR recognition in melanoma [39] or through the role of C5a in development of metastasis. Indeed, in mouse models, C5 deficiency drastically decreases the hepatic metastasis in colorectal cancer [62] and C5aR facilitates the lung metastasis in breast cancer [46]. This impact on cancer metastasis can be explained by another function of C5a. The C5a-C5aR axis directly impacts the tumor cell cytoskeleton, the cells gain in motility and release some metalloproteinases (MMP) [63]. The MMP are well known to contribute to the cell migration, invasion, and metastasis. Furthermore, MMP can activate the complement system by interaction with the globular domains of C1q [64].



The anaphylatoxins are not the only complement proteins involved in cancer progression. Most frequently in a tumor context, the complement activation is stopped before the formation of the MAC. Nevertheless, even when the lytic pore is assembled, the tumor cell could escape from the lysis by activating the PI3K, AKT, Erk1/2, p70 S6 kinase signaling pathways. This results in an inhibition of the apoptosis, and finally favors the tumor progression [65].





3.4. Role of the Complement on Angiogenesis


Neo-angiogenesis is critical for the tumor growth, by supplying tumor cells with oxygen and nutriments. This parameter is directly linked to the tumor aggressiveness [66]. Recently, a new role of C1q, independently of complement activation, was described. Subcutaneously injected cancer cells form tumors, which in the C1q deficient mice present a disrupted vasculature architecture that could be linked to VEGF-C (vascular endothelial growth factor C) expression [23,55]. This function is, though, also context-dependent, because in a spontaneous model of breast cancer, C1q-/- mice have enhanced neoangiogenesis and hence, bigger tumors [53]. These roles were recently described and still not well understood. The role of the anaphylatoxins C3a and C5a in angiogenesis is better characterized. In a mouse model, a C3 deficiency induces, just like C1q, an alteration of the vasculature architecture, in connection with VEGF expression [67]. Additionally, C5a promotes the migration, proliferation, and vessel formation by endothelial cells [68]. The pro or anti-angiogenic role of complement is controversial. Indeed a mouse model of mammary carcinoma, it was shown that C3 activation can impair the angiogenesis [69] as well as C1q [53].



To conclude, the complement system is involved in the key processes of the tumor progression: immunity, angiogenesis and tumor cell proliferation and spreading. Depending of the cancer types and the complement molecule, various pro- and anti-tumoral functions are described (Figure 3). This multitude of actions is a perfect example of the complexity of the complement system that we need to understand better.




3.5. Complement Biomarkers in Patients with Cancer


In cancer, complement components can be up-regulated or down-regulated (Table 2). Their overexpression is found at each step of the complement cascade: C1 complex (C1q, C1s), MBL complex (MBL, MASP2), alternative pathway (FH, C3), anaphylatoxins (C3a, C3a desArg, C5a, C3aR, C5aR1) and regulators (CD46, CD55, CD59). The down-regulation of complement proteins and particularly complement regulators is reported inside certain tumors, especially in ovarian cancer. Tumor cells develop several mechanisms to escape from MAC formation while benefiting from the complement activation (production of anaphylatoxins, C1q, etc.). Killing by MAC is prevented in general by overexpression of regulators and down-regulation of the terminal complement components, forming the C5b-9 complex. This appears as a general pattern, observed in transcriptomic profiles of numerous cancer types [3]. Indeed, the lack of terminal complement molecules (such as C7) would prevent the formation of the MAC [70]. MAC blockage can also be triggered by the Heat shock protein 90 (Hsp90). This protein directly interacts with the C9 molecules, are sequestered, preventing the polymerization and formation of the MAC [71].



The modifications of expression are not only found locally inside the tumor but also in the systemic compartment. This characteristic is important for cancer patients and could be helpful in the future to classify the patient and adapt the treatment with a blood test. Even if this perspective is interesting, it is important to note that an increase or decrease of protein expression in the systemic compartment does not necessarily mean that a similar modification occurs locally inside the tumor. The correlation between the situation inside the tumor and in the plasmatic compartment has to be studied to better understand the actions of complement proteins in a tumor context.





4. Therapeutic Aspects


The bioinformatic analysis, even if it needs biological confirmation, shows us that the tumors are not all equal in the context of complement activation. This has to be considered for the development of new complement-affecting anti-cancer therapy [24].



4.1. Complement Inhibitors


Considering all the data, the complement inhibition and specifically the anaphylatoxins inhibition could be a promising treatment for patients with certain cancers. Currently, the only complement inhibitors approved are acting at the level of C5, such as Eculizumab [96]. It allows complement activation but without the formation of the C5a anaphylatoxin and the membrane attack complex. On the other hand, it appeared that to have an effective response to treatment like chemotherapy and radiotherapy, a low level of complement activation is needed [49,51]. Another complement blocking agent is PMX53 that can block the C5aR1 and allow a reduction of the tumor size, in lung and melanoma mouse models. This molecule also reduces the metastasis in pancreatic model. Nevertheless, these positive effects are not universal and are dependent on the cancer type [24]. As we discussed earlier, the complement activation sets an immunosuppressive microenvironment, so it will be interesting to combine anti-complement therapy with immune checkpoint inhibitors, to reverse this effect [97]. The involvement of C1q in several anti-tumor functions and the potential of the enhancement of the complement-mediated cytotoxicity (strong enough to form the MAC and to kill tumor cells) could be interesting for potential therapeutics. To improve the C1q activation, a new generation of therapeutic antibodies is currently being developed, as IgG hexamers [98].




4.2. Therapeutic Inhibition of C5aR1 on Tumor Cells Versus on Immune Cells


The anaphylatoxins receptors are present at the surface of the immune cells and at the surface of some tumor cells. C5a can interact with two different receptors, C5aR1 and C5aR2, with opposite functions. C5aR1 seems to have pro-tumoral role, whereas C5aR2 has more limited impact but tends to modulate the tumor growth [14].



A common mechanism of action of the C5a-C5aR1 axis is to induce an immunosuppressive microenvironment by recruiting cells that will inactivate the effector T cells. Even if the immune checkpoint inhibitors (anti-PD1/PD-L1) have the ability to reinvigorate the exhausted effector T cells, they cannot reverse the immunosuppressive environment set up, explaining why these drugs are not working equally between patients [99]. The positive effect of combined therapy was first confirmed in mouse lung, melanoma, and colon cancer models [97,100]. Since 2018, a clinical trial in lung and liver cancers using C5aR1 and PD-L1 inhibitors is in progress (Avdoralimab plus Durvalumab: STELLAR-001 clinical study, NCT03665129) [101]. The concept is to block C5aR1, expressed on subsets of MDSC and neutrophils, unleashing thus the anti-tumor activities of the T cells and NK cells. The first results of this clinical trial are encouraging [101]: reduction of the tumor growth, of the metastatic capacity and increase of patient’s survival.



Even if C3aR and C5aR seem to be interesting targets for cancer treatment, it is important to recall that depending on the cancer their actions are not the same. Indeed, the study of the literature highlights cancer types with pro-tumor effects of C3aR/C5aR and others, with anti-tumor effects. The lung, colon, ovarian or breast cancer are often described as cancer with aggressive complement, implicated in the tumor development [102]. In parallel in these same cancers, the importance of a small amount of C3aR/C5aR seems to be necessary for a good response to radiotherapy [49]. Overall, for tumor cells C3aR/C5aR is needed for the growth, but these molecules are also needed for a good immune response as well as T-cell activation [103,104]. A treatment involving the C3aR/C5aR blocking must be well thought out, it is necessary to find an equilibrium between the positive impact that can have on tumor cells but without completely shutting down the T-cell response.




4.3. Complement Activation-Enhancing Therapeutic Antibodies


Monoclonal antibody (mAb)-based immunotherapy has shown promising results. Especially the anti-CD20 molecules in the context of hematological tumors. Their benefit is due in part to their ability to activate complement-dependent cytotoxicity through their Fc part [105]. In this review, we were focused on the impact of the complement system in solid tumors, but it is important to note that it plays also a role in hematological malignancies and especially on the response to therapy. The treatment of such tumors is with anti-CD20 [106], anti-CD52 [107] and anti-CD38 [108]. To be efficient these therapies are based on the mechanisms of complement-dependent cytotoxicity and complement-dependent cell-mediated phagocytosis [109]. However, in this type of cancers there often occurs complement deficiencies [110] with overexpression of complement regulators [111]. These data highlight one more time the high ability of the tumor cells to adapt their microenvironment for their development. In vitro, binding of submaximal C1q promotes complement-dependent cytotoxicity (CDC) of B cells opsonized with anti-CD20 mAbs Ofatumumab or Rituximab. Even if Rituximab allows complement activation via C1q binding, the amount of C3b deposition at the cell surface is not enough to generate the MAC, contrary to Ofatumumab, which is more effective to induce CDC [112].



It has been demonstrated that a single amino acid substitution in the IgG-Fc domain favors the formation of IgG hexamers, called HexaBodies [98]. These molecules bind more efficiently C1q [9], induce a strong complement activation and the CDC response even in presence of low level of C9 molecule [113]. Furthermore, very recent research showed that a hetero-hexamerization is possible, two m-Ab (anti-CD20 and anti-CD37) can cooperate to bind C1q and synergize their response to induce a superior CDC [114].



Another strategy is to use bi-specific antibodies. Such antibodies can recognize two different epitopes, for example one tumor-specific and the other one targeting complement membrane regulator. Bi-specific antibodies were recently developed to induce the complement cytotoxicity, by the recognition of the properdin (the positive regulator of the alternative pathway, able to stabilize the C3 convertase at the cell surface) and the EGFR (Epidermal growth factor receptor) [115]. Even if this antibody induces an increase of C3b deposition, the large presence of complement inhibitors at the tumor cell surface protects the tumor cell against the complement cytotoxicity. Another bi-specific antibody was engineered to target HLA-class I and CD55and showed an increase of C3c deposition on colorectal cancer, compared to the antibody alone or a mix of the two [116]. This technology uses the properties of C1q to work more effectively when the density of epitope is higher. The bispecific Ab technology has led to several inventions as well as the creation of a modular bi-specific platform: one unique arm recruits C1q, associated with multiple other arms able to recognize B cells, T cells or also bacteria. This platform could be applicable for diverse pathologies (infection to cancer) [117].



These new ways to engineer antibodies open doors for very interesting combined therapies.




4.4. Activation Versus Inhibition of Complement in Cancer


The available data have to be taken with caution, as most of it comes from mouse models, which are not always in line with the human pathology. For example, mouse models of melanoma [39], sarcomas [48] and liver [57] cancer show that complement overactivation favors tumor growth, while the transcriptomic analysis of human cancers positions them in the group, where the complement activation is potentially anti-tumoral. Detailed studies in patient cohorts will be critical to resolve this contradiction.



It is very important to always evaluate the harm-benefit ratio. The different cancer types are not equivalent and, even inside the same type of cancer, the patients are not equal and a good treatment for one patient can be inefficient or even deleterious for others. The obvious risk of using complement inhibitors is that the killing of the tumor cells by the cascade, triggered by anti-tumor neoantigens antibodies, will be impaired. This mechanism could be operating in some contexts, such as the case of anti-FH antibodies in NSCLC [118]. Cancers, in which complement inhibition could be undesirable could be the ones with a positive correlation between the IgG and C1q deposits and a prolonged survival. It is likely that in these types of cancer C5b-9 deposits will be present and will be able to kill the tumor cell. This can be achieved either by the natural history of the tumor progression or after the action of certain drugs. Complement activating anti-tumor cells antibodies will be beneficial in such cancers as well. It is difficult to predict which patients could benefit from this approach. If our classification of the cancers based on the concomitant overexpression of complement genes and their correlation with prognosis is considered, the tumors in the complement protective group (Figure 2) should fall into this category. We still need experimental validation of this concept and staining for complement in these types of tumors. Interestingly, it is already known that in sarcoma and melanoma the presence of tertiary lymphoid structures, containing IgG-producing B cells, in the human tumors correlates with a favorable outcome and response to checkpoint inhibitors [119]. Whether complement plays a role in this process remains to be defined.



On the other part of the spectrum are the tumors in which complement overexpression correlates with poor prognosis [24], and in which complement activation was experimentally proven to be associated with poor prognosis, such as ccRCC [32], lung cancer [120] or potentially the gliomas. In these cases, complement inhibition may be beneficial for the patients. In these patients, application of therapeutic antibodies with enhanced complement activating capacity may be dangerous, because the cancer cells are very well adapted to resist to complement-mediated killing and benefit from the chronic inflammation. At least in ccRCC, the IgG deposits on tumor cells trigger the local complement activation without MAC formation.



The results of the STELLAR-001 clinical trial (anti-C5aR1 Avdoralimab + anti-PD-L1 Durvalumab) will be of great interest. Positive or negative results in lung and liver cancers may not necessarily be applicable to other cancers, for which separate studies have to be performed. Interestingly, liver cancer (HCC) belongs to the “Protective complement” group (in optimal cutoff) (Figure 2), where the concomitant overexpression of complement genes is rather associated with a favorable outcome, while in the NSCLC complement activation, measured at protein level, is associated with poor prognosis [120]. Staining for complement is needed in HCC in order to understand its mechanism of action in this type of cancer.



In any case, due to the pleiotropic effects of complement, it is complicated at present to predict whether and to what extend complement modulation will be beneficial or harmful in patients with cancer. This is, therefore, an exciting area of research with a great future potential.





5. Conclusions


Recent discoveries in the complement system are very challenging. The complement proteins act everywhere in the body, extracellularly and intracellularly, they have functions related to the complement activation or independent of it. This new understanding just adds to the already known complexity and plurality of this system. The actions of complement in the tumor context are diverse: action on the immune cells, on the cancer cells and also action on angiogenesis. What this review highlights is the complexity of these functions that can sometimes be opposite depending on the cancer type. It appears that the complement activation mostly has pro-tumor effects, but its complete inhibition may not be always desirable. Indeed, a good response to treatment (chemotherapy or radiotherapy) needs low level of complement activation for the setting of an anti-tumor immunity.



To conclude, it appears clear that the complement system has to be considered for the development of new therapies. However, a large spectrum of complement modulators are entering the market, opening numerous possibilities in cancer therapy [3].
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Figure 1. The complement system schematic summary. The classical pathway is activated by the binding of the C1 complex to immunoglobulins or endogenous ligand. The lectin pathway is analogous to the classical one but its activation is triggered by the fixation of the MBL-MASP complex to the pathogen surface. The alternative pathway is spontaneously initiated by the tick-over mechanism and can be amplified in case of recognition of an unprotected surface by complement regulators. These pathways will lead to the formation of the C3 convertase, an enzymatic complex able to cleave C3 into the anaphylatoxin C3a and C3b. The assemblage of a C3b molecule to the C3 convertase is at the origin of the C5 convertase. The C5 molecule can then be cleaved into the anaphylatoxin C5a and C5b, the latter initiating the terminal pathway. The complement cascade culminates with the formation of the multimeric Membrane Attack Complex (MAC, C5b-9) leading to cell activation or death. The complement system is very powerful in triggering inflammation, phagocytosis, opsonization or also lysis, therefore it is tightly regulated at each step by soluble regulators (C1 inhibitor, Factor I (FI), C4 Binding Protein (C4BP), Factor H (FH), Properdin (FP) clusterin, vitronectin) or membrane proteins (Complement Receptor 1 (CD35, CR1), Membrane Cofactor Protein (CD46, MCP), Decay acceleration Factor (CD55, DAF), CD59). The figure is created with BioRender.com. 
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Figure 2. Impact of the complement gene expression on the survival of patients with solid tumors. ACC, adrenocortical carcinoma; BLCA, bladder carcinoma; BRCA, invasive breast carcinoma; CESC, cervical squamous carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, lower grade glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma. The figure is created with BioRender.com. 
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Figure 3. Overview of the complement functions in the context of cancer. In a tumor context, the complement system may impact the immunity, angiogenesis and the phenotype of the tumor cells. Immunity: the same complement proteins may impact several immune cells positively or negatively depending of the model or cancer type. The pro-tumoral activity is mostly involved in the recruitment of immune cells and in the suppression of their anti-tumoral response. The anti-tumoral activity is linked to an improvement of the response to therapy and an increase in the immune cells infiltration. Angiogenesis: depending on the model, the complement proteins may promote or hamper tumor growth by favoring or inhibiting the neoangiogenesis. Tumor cells phenotype: by modulating the signaling pathways Erk1/2, AKT and PI3K the complement proteins stimulate tumor growth. In other models, the modulation of other signaling pathway (WWOX and FAS) by complement proteins favor the apoptosis of tumor cells. The figure is created with BioRender.com. 
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Table 1. Complement regulators. The complement system is well regulated at different steps by various soluble or membranous proteins.
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Regulated Steps

	
Regulators

	
Soluble or Membranous






	
C1 complex/MBL complex

	
C1 inhibitors

	
Soluble




	
C3 convertases

C5 convertases

	
Factor H (FH)

	
Soluble




	
CFHRs (1 to 5)

	
Soluble




	
Properdin (FP)

	
Soluble




	
C4 Binding Protein (C4BP)

	
Soluble




	
Factor I (FI)

	
Soluble




	
Membrane cofactor proteins (MCP/CD46)

	
Membranous




	
Decay acceleration factor (DAF/CD55)

	
Membranous




	
Complement receptor 1 (CR1)

	
Membranous




	
MAC

	
CD59

	
Membranous




	
Clusterin

	
Soluble




	
Vitronectin

	
Soluble
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Table 2. Overview of the different modifications of expression of complement proteins in a tumor context. The upper part of the table summarizes the overexpression of complement proteins described in different cancer types. The overexpression of complement proteins occurs at each step of the complement cascade: classical pathway, lectin pathway, alternative pathway, anaphylatoxins, MAC and regulators. The lower table summarizes the down-regulation of complement proteins described in the literature. The down-regulation of complement proteins involves the classical and alternative pathway, and complement regulators.
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Overexpression




	
Molecule

	
Type of Cancer

	
Mechanism of Action

	
Ref.




	
C1q

	
Glioblastoma

	
Plasma: increased C1q in the sera of patients in comparison with healthy controls.

	
[72]




	
C1s

	
Lung cancer

	
Plasma: increased levels of C1s in plasma of lung cancer patient in comparison with controls

	
[73]




	
Prostate cancer

	
Tumor: Up-regulation of C1s expression in prostate tumors compared to matched normal prostate tissues

	
[74]




	
C4

	
Lung cancer

	
Plasma: elevated C4 levels in cancer patients in comparison to control group

	
[75]




	
C4a

	
Papillary thyroid cancer

	
Plasma: increased C4a in the sera of patients in comparison with healthy controls.

	
[76]




	
C4d

	
Lung cancer

	
Bronchial fluid: Higher levels of C4d in cancer patients than patients with control group.

	
[77]




	
Lung cancer

	
Plasma: Higher levels of C4d in cancer patients than patients with benign nodules.

	
[25]




	
C3

	
Lung cancer

	
Plasma: elevated C3 levels in cancer patients in comparison to control group

	
[75]




	
Neuroblastoma

	
Plasma: elevated C3 levels in cancer patients in comparison to healthy donors

	
[78]




	
Pancreatic ductal adenocarcinoma

	
Tumor: Higher levels of C3 protein in cancerous tissues than in adjacent normal pancreatic tissues

	
[79]




	
Pancreatic cancer

	
Tumor: Higher levels of C3 protein in cancerous tissues than in normal pancreatic tissues

	
[80]




	
C3a

	
Esophageal cancer

	
Plasma: Higher C3a levels in patients than healthy donors

	
[81]




	
C3a desArg

	
Breast cancer

	
Plasma: Higher C3a desArg level in patients than healthy donors

	
[82]




	
C5a

	
Non-small cell lung cancer

	
Plasma: Higher C3a levels in patients than healthy donors

	
[47]




	
C5aR1

	
Gastric cancer

	
Tumor: higher expression of C5aR1 in gastric tumoral tissues than in adjacent non-tumoral tissues

	
[83]




	
FH

	
Squamous lung cancer

	
Plasma: Up-regulation of FH in uranium exposed miners in comparison with exposed miners without lung disease

	
[84]




	
Lung cancer

	
Bronchoalveolar lavage: Higher concentration of factor H in lung cancer patients than controls

	
[85]




	
Cutaneous squamous cell carcinoma

	
Tumor: FH is more expressed in invasive cSCC than normal skin or in situ cSCC.

	
[56]




	
Bladder cancer

	
Urines: FH and FH related protein are markers for bladder cancer

	
[86,87]




	
FI

	
Cutaneous squamous cell carcinoma

	
Tumor: FI is more expressed in invasive cSCC than normal skin or in situ cSCC.

	
[28]




	
C9

	
Squamous cell lung cancer

	
Plasma: C9 and its fucosylated form are significantly higher in SQLC patients, as compared to healthy control

	
[88]




	
CD46

	
Colon cancer

	
Tumor: CD46 is higher in colon cancer tissues compared with normal adjacent colon tissues

	
[89]




	
CD55

	
Colon cancer

	
Tumor: CD55 is higher in colon cancer tissues compared with normal adjacent colon tissues

	
[89]




	
CD59

	
Colon cancer

	
Tumor: CD59 is higher in colon cancer tissues compared with normal adjacent colon tissues

	
[89]




	
MASP2

	
Ovarian tumor

	
Tumor: MASP2 gene expression is higher with ovarian cancer compared with controls

	
[90]




	
MBL

	
Colon tumor

	
Plasma: MBL2 levels increases in patients compared to healthy blood donors.

	
[91]




	
Ovarian tumor

	
Tumor: MBL2 gene expression is higher with ovarian cancer compared with controls

	
[90]




	
Underexpression




	
C1s

	
Ovarian cancer

	
Tumor: Down-regulation of C1s mRNA in ovarian tumor vs healthy control

	
[92]




	
Ovarian cancer

	
Tumor: Down-regulation of C1s expression in stage III serous ovarian carcinoma compared to normal tissue

	
[93]




	
Lung cancer

	
Tumor: decrease expression in lung tumor tissues in comparison with peritumoral tissues

	
[73]




	
C4BP

	
Ovarian cancer

	
Tumor: Down-regulation of C4BPA mRNA in ovarian tumor vs healthy control

	
[92]




	
C7

	
Ovarian cancer

	
Tumor: Down-regulation of C7 mRNA in ovarian tumor vs healthy control

	
[92]




	
FB

	
Glioblastoma

	
Plasma: decreased level of FB in GBM

	
[72]




	
FI

	
Gastric cancer

	
Plasma: FI is significantly lower in gastric cancer sera compared to normal sera. Declining expression with the advanced pTNM stage from stage I to IV of gastric cancer patients

	
[94]




	
FH

	
Colon cancer

	
Plasma: Decrease in FH protein level in the serum of colorectal cancer patients vs. normal control

	
[95]




	
Ovarian cancer

	
Tumor: Down-regulation of FH mRNA in ovarian tumor vs healthy control

	
[92]




	
CD55

	
Ovarian cancer

	
Tumor: Lower expression of CD55 in ovarian cancer than in control

	
[30]
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