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Abstract: For decades, the complement system, the central pillar of innate immune response, was
recognized as a protective mechanism against cancer cells and the manipulation of complement
effector functions in cancer setting offered a great opportunity to improve monoclonal antibody-based
cancer immunotherapies. Similarly, cellular senescence, the process of cell cycle arrest that allow DNA
and tissue repair has been traditionally thought to be able to suppress tumor progression. However,
in recent years, extensive research has identified the complement system and cellular senescence
as two main inducers of tumour growth in the context of chronic, persistent inflammation named
inflammaging. Here, we discuss the data describing the ambivalent role of senescence in cancer
with a particular focus on tumors that are strongly dependent on complement activation and can be
understood by a new, senescence-related point of view: prostate cancer and renal cell carcinoma.

Keywords: complement system; cellular senescence; prostate cancer; PTX3; renal cell carcinoma;
SASP; inflammaging

1. Introduction

Recent insights into the role of inflammation in cancer contexts have completely re-
placed the traditional paradigms and offered opportunities for the development of new
therapeutic strategies. In the tumour milieu, the complement system is released and acti-
vated both at the systemic level and locally inside parenchymal cancer cells. Furthermore,
complement is defined as a double-edged sword able to promote an anti-tumour response
generating an immunosuppressive microenvironment but also able to induce carcinogene-
sis and angiogenesis by increasing cell motility and metastasis formation. The functions of
complement are diverse and can be completely opposite, depending on cancer type and
stage. In addition, cancer cells have evolved mechanisms to adapt to complement surveil-
lance (i.e., by overexpression of negative regulators as CD55, CD59, CD46) or to manipulate
complement response for their advantage (i.e., by removal of C5b-9 from their membranes
or by the establishment of immunosuppressive milieu by regulatory immune cells recruit-
ment). Another central mechanism involved in the cancer context is cellular senescence, a
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key element of mammalian aging that can be induced by DNA damage, oxidative stress,
or telomere shortening. Traditionally, senescence is considered a tumour suppressive
process, both by preventing cancer cell proliferation and counteracting malignant progres-
sion. However, recent studies demonstrated that persistent senescent cells accumulation
can exacerbate tumorigenesis by senescence-associated secretome that can facilitate can-
cer cell replication, invasiveness, angiogenesis, and epithelial-to-mesenchymal transition.
Senescence could be the final event of aberrant and unbalanced complement activation.

This review attempts to highlight the complexity of complement system activation
in the main settings of prostate and renal cancer and provide a comprehensive overview
of the complement mediators required to support anti-cancer therapies (chemotherapy
or radiotherapy). We also described the ambivalent role of cellular senescence and iden-
tified in PTX3 a possible common mediator between systemic inflammation, cancer, and
premature aging. Finally, we also discussed the use of senomorphics agents (i.e., ra-
pamycin, metformin, quercetin) that might attenuate systemic inflammation and cellular
senescence in prostate and renal cancer and complement-based innovative biomarkers for
early diagnosis.

2. Overview of the Complement System

Complement is a central part of immunity that serves as a first line of defence against
pathogens and damaged host cells [1,2]. The complement system consists of more than
50 soluble and membrane-associated proteins, receptors, and regulatory factors that react
in a complex network that rapidly respond to signals through a cascade of consecutive
reactions triggered by the binding of pattern recognition molecules (such as C1q, mannose-
binding lectin (MBL), to common bacterial moieties, specific domains on damaged cells or
biomaterial surfaces [3].

Complement can be activated in the serum, in the organ parenchyma, and at intracel-
lular level through canonical and non-canonical pathways. The final event of complement
activation is the innate immune recognition by opsonization and direct lysis of pathogen,
with the removal of immune complexes and apoptotic bodies, the adaptive cell stimulation
and pro-inflammatory effector responses [4,5]. Complement activation can occur via three
pathways: the classical, the alternative, and the lectin pathway. The classical pathway is
initiated by binding of C1q to immune complexes and apoptotic cells, while the lectin is
triggered by recognition of carbohydrate structures or damaged or necrotic cells. The alter-
native pathway is constitutively active at low levels, and acts as sentinel against pathogens
or non-self surfaces that are protected by specific complement inhibitors [4,6]. Notably,
the spontaneous low-level hydrolysis of C3 keeps the alternative pathway in ‘standby’
mode to allow for rapid amplification upon microbial challenge. Regardless of the initial
target recognition route, a common downstream sequence of conformational changes and
enzymatic reactions activation led to C3 cleavage into fragments C3a and C3b. The C3
convertase of classical and lectin pathway is indicated as C4b2b, whereas the alternative
pathway C3 convertase is composed of the activation fragments of C3 and factor B (FB)
(C3bBb). The downstream component C5 is cleaved by C5 convertase, thus triggering the
terminal pathway, releasing C5a and leading to the terminal complement complex C5b-9
formation, known as the membrane attack complex (MAC). At the final step of the cascade,
the formation of the pore-like MAC leads to osmotic cell lysis.

C3a and C5a, which are among the cleavage products of C3 and C5, act as anaphylo-
toxins. Anaphylatoxins are potent chemoattractans and inflammatory mediators able to
promote neutrophil chemotaxis to the site of inflammation [7].

In the non-canonical pathway, several proteases, such as plasmin, can cleave C5,
independently of convertase formation. An intracellular cleavage of C3 by cathepsin L
also occurs independently of the cascade [8,9]. Indeed, Complosome, the intracellular
complement, has been investigated mainly in human CD4+ T cells and correlated to
homeostatic cell survival.
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Considering its crucial role as a potent immune system, it is not surprising that
complement activation is tightly regulated by negative regulators. A great repertoire
of complement components—Factor H (FH), FI, CD35, CD46, CD55, CD59, C4BP, and
C1 inhibitor (C1INH)—can prevent damage to healthy-self cells and inhibit aberrant
inflammation. Unbalanced complement activation characterized a wide range of diseases—
paroxysmal nocturnal hemoglobinemia, systemic lupus erythematosus (SLE), autoimmune
arthritis, sepsis, Multiple sclerosis, or Parkinson disease. In the cancer context, complement
has long been assumed to attack tumour cells mainly via its lytic activity. However, from
recent data, complement has emerged able to promote tumor progression by upregulation
of complement regulators or inducing an immunosuppressive state by recruitment of Treg
and immature myeloid cells [5,10,11]. After their generation, C3a and C5a interact with
their respective receptors, C3a receptor (C3aR) and C5aR1 or C5aR2 that are expressed
by an extensive heterogeneity of cells, from leucocytes, to endothelial, epithelial cells
or fibroblasts.

On macrophages, complement C5a increased the release of reactive oxygen species
(ROS), and inflammatory cytokines (TNFα; IL-6). The complement-mediated macrophages
activation plays a central role in pathogens eradication. Nevertheless, complement is also
able to control proliferation, differentiation, and cellular viability for instance by C3aR and
C5aR signalling pathway on antigen-presenting cells and T lymphocytes.

During tumor progression, complement anaphylatoxins are continually generated. In
mouse models, C5a has been demonstrated to be a key inducer of chronic inflammation
that fuels carcinogenesis. As the healthy counterpart of nucleated host cells, cancer cells
often resist lytic killing by MAC. Several strategies can be adopted by cancer cells to avoid
MAC-mediated lysis such as upregulating regulatory proteins, modulating the level of
C5b-9 complexes on their membrane surfaces, or promoting the removal of C5b-9 [12]
Several pathway are involved in C5b-9 removal from cell membranes such as protein
kinases PKC and ERK, caveolin and dynamin, Hsp proteins, and the mitochondrial stress
protein mortalin [13,14]. The elimination or modulation of C5b-9 from cell membranes
can strongly influence cancer parenchymal cells survival and the activation of the whole
innate immune system. Thereby, the understanding of the signalling that confers cell death
resistance could represent a promising strategy to restore cancer cell susceptibility to attack
from the complement system [5,11,15].

C5b-9 elimination and inhibition of cell death signals are mediated by caveolin and
dynamin, by Hsp70 and Hsp90, by the mitochondrial stress protein mortalin, and by the
protein kinases PKC and ERK. It is conceivable that various cancers and cancers at different
stages of development will utilize distinct patterns of these and other MAC resistance
strategies. Considering the effects of complement on cell activation and survival as well
as on the modulation of the entire immune system, it is not surprising that tumours have
evolved mechanisms to adapt to its presence and subvert it for their benefit.

3. Cellular Senescence and Cancer: Ambivalence between Anti-Tumour and
Pro-Tumour Response

More than 50 years ago, Hayflick and Moorhead demonstrated the limited proliferative
capacity of primary cells in culture and described as ‘replicative senescence’ the observed
irreversible-age related growth arrest [12,13,16–18]. Years later, another type of senescence
characterized by absence of proliferation, apoptosis inhibition, and the acquirement of a
typical senescence-associated secretory phenotype (SASP) was discovered and identified
as stress-induced senescence [19]. SASP represents the increased expression and secretion
of inflammatory cytokines, chemokines, growth factors, and proteases that is crucial to
maintain a senescent milieu [20–22]. The SASP is enriched in proinflammatory factors,
such as IL-6, IL-8, CXCL1, CCL2, CCL5, and matrix metalloproteinase MMP 3 [23,24].
Regardless of age, this premature senescence can be induced by several injuries, such
as activated oncogenes, radiation, genotoxic drugs, cytokines, reactive oxygen species,
metabolic disturbances, and DNA damage [23,25]. In particular, DNA damage response
(DDR) represents a conserved cellular mechanism of cell cycle arrest. By inducing the
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activation of ATM, ATR, CHK1, and CHK2 kinases, DDR response culminates in p53
stabilization, thereby in cell cycle temporary arrest, allowing DNA damage repair or in case
of irreversible injury senescence or apoptosis [20,24,25]. The cell cycle arrest is established
and maintained by the p53/p21 and p16INK4a/pRB tumour-suppressor pathways, which
is essential to replace damaged cells that naturally accumulate over time [26,27]. For
decades, this intrinsic feature of senescent cells has led to the paradigm that the senescence
response is a beneficial tumour-suppressive mechanism that blocks the proliferation of pre-
malignant cells at a young age [22,28–30]. Strikingly, a large armamentarium of senescence-
inducing drugs is currently under investigation as an important anti-cancer strategy [23,31].

In a pre-clinical and clinical model of tumours, the depletion of senescence response
increased susceptibility to cancer progression, and the number of senescent cells decreased
from pre-malignant towards malignant lesions [23,29]. This phenomena is evident in
malignant melanoma, where senescent melanocytes, despite the presence of activating
mutations of BRAFv600E, can be silent and quiescent for years, leading to the long-term
persistence of nevi [16,18,32]. Only after the loss of PTEN and/or p16INK4a, thereby after
senescence-escape, the melanoma progression takes place.

The induction of a senescent state is linked to the establishment of an immunosup-
pressive response able to halt tumor progression or promote cancer regression. In prostate
cancer, the tumor-suppressor promyelocytic leukaemia protein (PML), an essential reg-
ulator of cellular senescence, acts as a tumor suppressor and is often lost, leading to
metastasis. A recent study that investigated an approach to avoid PML loss demonstrated
that restoration of PML attenuated tumor growth in both prostate cancer cell lines and
xenografts [18,33].

Thus, the bright side of senescent cells includes beneficial roles in promoting an
immunosuppressive, anti-tumor response, recruiting immune cells and promoting tissue
repair [24].

In the last decades, with ongoing new research in the field on senescence and cancer,
“a dark side” with persistent accumulation of senescent cells emerged over time, promoting
tumorigenesis. The consolidation of the theory of a pro-tumorigenic role of senescent cells
came from evidence showing that senescent cells’ fibroblasts stimulate premalignant and
malignant, but not normal, epithelial cells to proliferate in culture and accelerate tumors
formation when injected in mice [34,35]. Senescent cells can exacerbate tumorigenesis by
SASP or senescence-messaging secretome that is able to favour cancer cell proliferation,
invasiveness, angiogenesis, and epithelial–mesenchymal transition (EMT) [23]. This is par-
ticularly evident in combination with chemotherapy. Prostate cancer patients treated with
the chemotherapeutic mitoxantrone showed an increased expression of various senescence-
associated genes (p16, p21) and numerous SASP markers, including IL-6 and IL-8 [36]. For
that reason, the use of adjuvant senostatic interventions such as rapamycin that are not
able to kill directly senescent cells but can inhibit paracrine signalling and SASP revealed
therapeutic potential [37]. In a mouse model of prostate cancer treated with the chemothera-
peutic mitoxantrone, rapamycin dramatically suppressed the ability of senescent fibroblasts
to stimulate tumor growth in mice. More importantly, besides its role in reducing IL-6,
the most relevant SASP cytokine, rapamycin was shown to also suppress translation of
the membrane-bound cytokine IL1A, that allow NF-κB transcriptional activity, the central
control room of all SASP cytokines [23,38–40].

The studies discussed reveal that cellular senescence plays an ambivalent role in
cancer setting with context-dependent effects. From the initial hypothesis of senescence
as a immunosuppressive agent, unbalanced SASP under persistent inflammation often in
combination with chemotherapy and radiotherapy has been demonstrated to fuel SASP,
leading to tumorigenesis. The use of senomorphic agents (i.e., rapamycin, metformin,
quercetin) might ameliorate age-related pathologies, including late-life cancer.
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4. Complement in Prostate Cancer

The role of the complement system in tumorigenesis is particularly relevant in the
context of prostate cancer. Prostate cancer is the most common malignancy of the urinary
system among men in European countries and the fifth-leading cause of death world-
wide [41]. Standard treatments include surgical resection, together with radiotherapy and
hormone therapy, even if these approaches are effective for early and localized prostate
cancer. Incidence and mortality rates are strongly related to age with the highest incidence
being seen in elderly men (>65 years of age) [42].

Based on these ethnic and aging differences, it is clear that environment factors such as
diet, physical activity, and chronic inflammatory state, emerged as the central trigger in the
acquired form of prostate cancers, whereas gene mutations are involved in the inherited
disease [43]. Therefore, the emerging correlation between complement activation and
prostate cancer development or progression is not surprising.

Supporting the link between complement activation, chronic inflammation, and
prostate tumorigenesis, a large plethora of observational studies detected increased level
of C3 fragments in the serum of prostate cancer patients, particularly in the elderly [44,45].
Prostate cancers are detected on the basis of elevated plasmatic levels of prostate-specific
antigen (PSA > 4 ng/mL), a serine protease expressed solely in prostate tissue that acts in
cancer pathophysiology by cleaving several growth regulatory proteins [44,46,47].

The ambivalent role of the complement system in promoting and counteracting tu-
morigenesis is particularly evident in prostate cancer [48], with a fine balance between
prostate tissue and fluid prostate tissue recognized as a pro-inflammatory milieu given the
function of “guardian” of the genitourinary tract able to prevent infections. In accordance,
the prostate tissue of the elderly is characterized by a state of permanent, low-grade inflam-
mation that can result in prostate tumour occurrence and progression. In contrast, prostatic
fluid is anti-inflammatory because it is meant to eliminate bacteria and viruses that enter
the genitourinary tract through the urethra and protect sperm from immune destruction
within the vaginal tract. This is supported by evidence that no inflammatory cells can be
detected in prostatic secretions of patients affected by prostatitis. In this regard, seminal
plasma actually has a strong anti-complement activity.

In a pivotal study, Manning et al. used mass spectrometry to analyse the prostatic fluid
obtained after prostate removal due to cancer and identify potential immunoregulatory
proteins [44]. The study indicated not only the abnormal presence of C3, factor B, and
clustering in prostate fluids from cancer patients but also a previously unknown C-terminal
C3 cleavage product. On further analysis, the authors revealed a PSA cleavage site on
C3 complement component, with a special affinity for iC3b. Intriguingly, PSA purified
by its chymotrypsin-like serin protease domain was able to cleave C3 and C5 in vitro,
suggesting that PSA acts as a complement activating-protease that contributes to a pro-
tumorigenic environment through the chronic inflammation induced by complement
activation. Moreover, the PSA mediated C3 cleaving also serves to inhibit the terminal
pathway by consuming all circulating C3 [3].

Tumor cells have developed several escape mechanisms to promote tumorigenesis and
metastasis, including tumor antigen downregulation, expression of molecules that inhibit
T-cell viability and expansion and resistance to NK, CD8+T-cell granzymes, and perforin.

The overexpression of complement inhibitors and regulators is also a central mecha-
nism to allow cancer cells survival and tumour progression [4,10,11] (Box 1). Membrane-
bound Complement Regulatory Proteins (mCRPs), including a decay-accelerating factor
(CD55), protectin (CD59), and membrane cofactor protein (CD46) can modulate comple-
ment activation of protective healthy self-cells from aberrant and detrimental response [49].

With regard to CD55, it is a glycosylphosphatidylinositol-linked glycoprotein able to
inhibit complement lysis by accelerating the decay of C3 and C5 convertases [49].

Recently, by tissue microarray analysis in prostate tumor epithelial cells, Loberg
et al. demonstrated the overexpression of CD55 in clinical specimens from patients with
advanced prostate cancer, compared to a normal non-malignant prostate [50].
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The emerging hypothesis was that upregulation of CD55, and subsequent inhibi-
tion of complement-mediated lysis, leads to cancer cell survival and promotes prostate
cancer metastasis.

In accordance, CD55 was shown to be functionally active in human prostate cancer
cell lines (PC-3) and to inhibit complement-mediated lysis in a manner dependent on
its expression. To determine the role of CD55 in vivo prostate cancer tumorigenesis and
metastasis, Loberg R. et al. generated PC-3 prostate cancer cells with CD55 siRNA-targeted
disruption and injected these cells in a bioluminescent SCID mouse model of metastasis.
The authors found that inhibition of CD55 resulted in a 76% decrease in overall tumor
burden [50].

Together in the mCRP family member, CD59 inhibits the polymerization of C9 and its
binding to C5b-8 through competitive inhibition of an epitope on C8, resulting in inhibition
of MAC assembly and cell lysis.

Increased cytoplasmic expression of CD59 is associated with reduced survival in
colorectal cancer patients [51] and with decreased overall survival in patients with ade-
nocarcinomas of the prostate [52]. In a cohort of 86 primary adenocarcinomas, CD59
protein expression was detected in epithelia of prostate cancer, prostatic intraepithelial
neoplasia, benign hyperplasia, atrophic, and normal glands. Interestingly, CD59 was
strongly expressed in 36% of adenocarcinomas of the prostate and associated with disease
progression and adverse patient prognosis. Similar results were obtained in another study
that compared 40 biopsies of prostate cancer patients with 40 biopsies of benign prostatic
hyperplasia and assessed a sharp increase in CD59 expression and colocalization with
PTX3 [53].

Another highly expressed mCRP by prostate cancer cells is CD46, a transmembrane
glycoprotein expressed on all nucleated cells, that functions to protect excessive comple-
ment activation by acting as a cofactor in the proteolytic cleavage of C3b and C4b, mediated
by Factor I.

This tumour escape mechanism of prostate cancer cells was exploited to develop an
antibody–drug conjugate able to target high positive CD46 cells and release anti-tumor
agents, specifically in cancer cells [54].

In an elegant study, Su et al. demonstrated that CD46 is highly expressed in both
primary and metastatic castration resistant prostate cancer specimens but not on normal
tissues. Then, by sophisticated proteomic approaches, the authors investigated the inter-
nalizing pathway of anti-CD46 antibodies and identified a mechanism of tumor-selective
entry via micropinocytosis, leading to outstanding selective killing of cancer cells [54].

Finally, by applying a bioinformatic tool, the ESTIMATE algorithm (Estimation of
Stromal and Immune cells in Malignant Tumor tissues using Expression data) complement
C7 component was shown to correlate with prognosis and identified as novel prognostic
biomarkers and potential therapeutic targets for immunotherapy and small molecule drugs
for prostate cancer treatment [55].

5. PTX3 as a Possible Link between Inflammation, Cancer, and Aging

The humoral arm of innate immunity is formed by diverse molecules, including
complement components, collectins, ficolins, and pentraxins, a superfamily of evolution-
ary conserved proteins [56,57]. The long pentraxin PTX3 plays a pivotal role in vascular
biology [58–60]. PTX3 acts as a functional ancestor of antibodies; it interacts with se-
lected microbial molecules, has opsonic activity via Fc receptor, activates and regulates
the complement cascade, and regulates inflammation by interacting with P-selectin via
its glycosidic moiety [57,61,62]. Particularly, PTX3 interacts with complement at multiple
levels. It binds C1q and activates or regulates the classic pathway of complement activa-
tion [57,60,63]. By interacting with M-ficolins and MBL, it can independently modulate
the lectin pathway [64]. Regarding an alternative pathway, PTX3 has been demonstrated
to bind Factor H occupying different domains not interested in complement C3 negative
regulation [65].
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Moreover, PTX3 promotes cellular proliferation, confers resistance to apoptosis by
altering cell cycle signalling, thereby promoting cancer cell invasion and migration, and tu-
mour escape from immunosurveillance [57,66–68]. It facilitates dysregulation of mitogenic
signalling pathways, sustains cellular proliferation, angiogenesis, insensitivity to apoptosis,
cancer cell invasion and migration, and tumor escape from immunosurveillance. Recent
findings suggest that PTX3 might trigger complement enzymatic cascade in a self-feeding
cycle of chronic inflammation and tumorigenesis.

A large body of evidence demonstrated the increased tissue and serum expression of
PTX3 in prostate cancer patients, compared to prostatic inflammation and benign prostatic
hyperplasia (BPH), thereby encouraging PTX3 evaluation in clinical setting as a central
biomarker able to discriminate between the different features of prostate diseases and to
predict cancer development [66,67].

Besides the role of PTX3 as a biomarker, recent studies have demonstrated that PTX3
increased expression in prostate cancer biopsies colocalized with C1q deposits and cor-
related with augmented C3aR and C5aR receptors. The role of C5aR receptors in the
promotion of cellular survival and apoptosis resistance has been extensively investigated
in the presence of PTX3. This alteration might lead to the PTX3-mediated promotion of
cellular proliferation, angiogenesis, and insensitivity to apoptosis, possibly leading to
cancer cell invasion and migration [53]. In accordance with the concept of complement as
an enhancer of tumour promotion, no colocalization between PTX3 and terminal C5b-9
was assessed, indicating the possible elimination of C5b-9 from the cancer cell surface or
interference with C5b-9 stability to maintain carcinogenesis.

The observed increased tissue and serum level of PTX3 could also be interpreted as
an attempt of the innate immune system to induce a complex and coordinated inflamma-
tory/reparative response [69]. It has recently emerged that the increase in complement
components’ concentration does not automatically assign a pro-tumorigenic role to the
complement system. It can thus be reasoned that a high level of complement components
could be associated with an augmented number of target cells and the inflammatory milieu
in the tumor microenvironment could be kept by downregulation of complement inhibitors,
specifically Factor H and Factor I, especially under hypoxic conditions.

Indeed, in an elegant study, Bonavita et al. demonstrated that PTX3 act as an extrinsic
oncosuppressor gene able to block complement-induced tumorigenesis [70,71]. In PTX3-
deficient mice, the authors showed an increased susceptibility to mesenchymal and ep-
ithelial carcinogenesis, complement C3 deposition and C5a circulating levels, macrophage
infiltration, cytokine production, and angiogenesis. These results support the theory that
PTX3 can control C3-dependent complement activation and modulate cancer-related in-
flammation [71]. Interestingly, macrophage accumulation and cytokine production were
completely reversed in C3-deficient or C3/PTX3-double deficient mice [71]. Intriguingly,
PTX3-deficient mice were characterized by important genetic instability, in particular dis-
playing a high frequency of p53 mutations, oxidative DNA damage, and expression of DNA
damage response (DDR) markers. These findings are particularly relevant, considering
that DNA damage is a key event that leads to cancer initiation and progression and DDR
response represents an essential defence to prevent malignant transformation [18,22,72–74].
The DDR activation can ultimately lead to cellular senescence, or if the genetic mutations
are not repaired to cancer progression and represent a crucial bifurcation point in the
destiny of the cells at the interface between aging and cancer (Box 1).

Another layer of complexity is added by the fact that PTX3 expression is epigeneti-
cally regulated in select human tumors (e.g., leiomyosarcomas and colorectal cancer) by
methylation of the promoter region, a process that could be also controlled by an aged mi-
croenvironment [75]. Importantly, these findings can correlate the complement activation
with the establishment of a senescent, pro-aging environment characterized by apoptosis
inhibition and the acquirement of a specific secretory phenotype called SASP in a chronic,
persistent low grade inflammatory state defined as inflammaging.
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In accordance with these observations, aging was associated with an important al-
terations in the systemic inflammatory milieu, in particular with decreased plasma PTX3
(p ≤ 0.050) [76].

In other age-related contexts, PTX3 seems to play a pivotal role in the deposition
and remodelling of bone matrix during the mineralization process, promoting osteoblasts
differentiation and activity, suggesting a pivotal role in the pathophysiology of age-related
bone diseases, such as osteoporosis, both in mice and humans [77].

Furthermore, given its involvement in bone metabolism, several studies agree with the
definition of PTX3 as a molecule significantly involved in the pathogenesis of age-related
bone diseases, such as osteoporosis, both in mice and humans.

Finally, a protective role for PTX3 in response to complement dysregulation was also
demonstrated in age-related macular degeneration (AMD), the leading cause of blindness
worldwide. Here, PTX3 can form a ternary complex with C3b and Factor H, inhibiting
an alternative pathway, thereby reducing inflammation at the level of retinal pigment
epithelium [78].

In conclusion, in prostate cancers, elevated PTX3 levels could reflect the attempt of a
reparative process aimed to counteract systemic inflammation or genetic instability that
drives carcinogenesis.

In preclinical models, PTX3 functions as an extrinsic oncosuppressor gene, reducing
complement-driven macrophage-mediated tumour promotion and suggesting the potential
role as an immunosuppressive agent through the establishment of cellular senescence.

6. Complement in Renal Cell Carcinoma

Renal cell cancer (RCC) is the cause of over 140,000 deaths per year [79]. RCC includes
different histologic subtypes, with clear-cell RCC (ccRCC) accounting for around 85% of
all the cases [80,81]. Despite localized ccRCC being treated by partial or total surgical
ablation of the kidney, metastatic ccRCC remains a clinical challenge, with 5-year overall
survival rates of 0–20%. In addition to high vascularization (due, in part, to the Von
Hippel-Lindau, VHL mutations), many ccRCC tumors have an important inflammatory
cell infiltrate [82–88].

We have already discussed the role of the complement system in promoting cancer
progression by activating angiogenesis and driving immunosuppression. It should be
noted that this capacity is further amplified in renal carcinoma, since kidney glomerular
and tubular cells can virtually produce all complement components [82,83,89–93].

In the ccRCC, a predominant role for classical pathway activation was demonstrated in
primary tumors from different patient cohorts (n = 264), ccRCC cell lines, and complement-
deficient mice [3,94]. In particular, tumor cells were shown to produce C1r, C1s, C4, and C3,
whereas C1r and C1s were able to take over the tumor-associated macrophages-produced
C1q leading to formation of the initiating C1 complex (Box 1). Strikingly, mice deficient
in C1q, C4, or C3 displayed decreased tumour growth. Furthermore, the ccRCC tumors
infiltrated with high densities of C1q-producing tumor-associated macrophages revealed
an immunosuppressed microenvironment, characterized by high expression of immune
checkpoints (i.e., PD-1, Lag-3, PD-L1, and PD-L2), and associated poor clinical outcome.

More recently, Daugan MV et al. highlighted the prognostic value of C1s and C4d
in renal cell carcinoma, assessing the dual role of C1s in promoting ccRCC progression
and in modulating cancer phenotype in a complement cascade-independent, noncanonical
manner [95,96]. Similar results were obtained for Factor H, when activated intracellularly, it
promoted cancer cell survival and migration [97]. These results confirmed the pivotal role
of complement to drive renal cell carcinoma progression and influence tumor microenvi-
ronment towards an immunosuppressive state. Furthermore, these studies shed new light
on the complexity of the complement system, that could be activated also intracellularly
and exert non-canonical, non-immune related, and complement cascade independent func-
tions [98]. The detection of complement activation and immune cell infiltrates on renal cell
carcinoma primary biopsies may serve as a new predictive factor for immunotherapy [99].
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Accordingly, tumor-associated macrophages displayed an anti-inflammatory M2-like
functions, thus promoting cancer cell proliferation, angiogenesis, metastasis, and T-cell
exhaustion. These cells were initially characterized using CD163 and CD204 as markers
and their infiltration was associated with poor clinical prognosis [100]. More recently,
a CD38+CD204+CD206− profile of tumor-associated macrophages have been in-depth
correlated with immunosuppression [101].

The complement system has been found to have a vital impact on tumor initiation and
progression with C5a anaphylatoxin playing a central role. In a seminal study, Xi W et al.
provided evidence on the role of C5a as an independent adverse prognostic biomarker
for clinical outcomes of ccRCC patients after nephrectomy. The authors retrospectively
enrolled 272 ccRCC patients undergoing nephrectomy and correlated C5a level with clini-
copathologic features and prognosis. In addition, tumoral C5a could significantly stratify
patients’ prognosis both in advanced stage (TNM III + IV) and intermediate/high risk
group (SSIGN score ≥ 4) [102]. In order to provide a potential molecular mechanism, the
authors investigated the C5a-C5aR axis, one of the key pathways in regulating malignancy.

It should be considered that C5aR is ubiquitously expressed, especially in cancer cells,
and represents an often-underestimated mechanism of direct interaction of C5a with C5aR
on cancer cells. More importantly, C5aR contributes to metastasis by suppressing effector
CD8+ and CD4+T-cell responses in breast cancer and lungs. Mechanisms of this C5aR-
mediated immunosuppression suppression involved recruitment of immature myeloid cells
(MDSCs), generation of Treg cells, and regulation of TGFβ and IL10 production [103,104].
Notably, C5a also functions as a boosting factor in MDSCs’ important immunosuppressive
cells that restrain T-cell proliferation and function. Importantly, pharmacologic blockade
of C5aR or its genetic ablation in C5aR-deficient mice were sufficient to reduce lung
metastases [103,105–108].

Another complement component observed highly expressed in serum and tissue level
in ccRCC patients is the already-discussed PTX3. In a 10-year retrospective cohort of ccRCC
patients, PTX3 was demonstrated to co-localize with C1q, C3aR, C5R1, and CD59, but not
with C5b-9 terminal complex. In addition, patients with higher PTX3 levels also showed
significantly lower survival rates. These results indicated that PTX3 plays a key role in the
promotion of an pro-inflammatory/pro-carcinogenic state in the ccRCC microenvironment,
by activating the classical pathway of the complement system [109].

In renal clear cell carcinoma patients, looking into mCRP, Blok V et al. determined
the cellular localization and level of CD46, CD55, and CD59. The augmented expression
of CD55 and CD59 suggested a predominant role in progression of ccRCC, whereas the
amount of CD46 was significantly associated to tumour stage. The histological findings of
C3d and C5b-9 on renal tumor cells led to the hypothesis that the complement system could
be involved in the immune response against ccRCC [107] expression level and cellular
distribution of CD46, CD55, and CD59 on renal clear cell carcinoma cells. The authors
found that expression of CD55 and CD59 is increased in renal clear cell carcinoma, which
may contribute to the progression of these tumors. Particularly, the expression level of
CD46 was found to be significantly associated with tumor stage. Furthermore, frequently
C3d and occasionally C5b-9 were present on renal tumor cells in situ, suggesting that
the complement system is involved in the immune reaction against RCC. A statistically
significant association was observed between a high C3d deposition and a low expression
level of CD46. Based on these findings, the blocking of mCRP could represent a promising
strategy to enhance the efficacy of potential mAb-mediated immunotherapy of RCC [110].
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Box 1. Role of the complement system in promoting tumorigenesis in prostate and renal cancer.
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Figure 1. Role of the complement system in promoting tumorigenesis in prostate and renal cancer. 

Overexpression of mCRP: mCRPs such as CD55, CD46, and CD59 exert protective, regulatory functions on complement system
activation and can prevent damage to healthy-self cells, thus inhibiting aberrant inflammation. The overexpression of complement
inhibitors and regulators is a central mechanism to allow cancer cells’ survival and tumor progression.
The CD55 (also known as DAF, decay-accelerating factor) glycoprotein recognizes C4b and C3b fragments that are generated during
activation of C4 (classical or lectin pathway) or C3 (alternative pathway). Interaction of CD55 with cell-associated C4b of the classical
and lectin pathways prevents formation of the C4b2b C3-convertase (blue and yellow, upper part right), whereas interaction of DAF
with C3b of the alternative pathway interferes with the conversion of factor B to Bb by factor D, thereby preventing formation of
the C3bBb C3 convertase of the alternative pathway (C3 convertase purple and red, high left). Thus, by limiting the amplification
convertases of the complement cascade, DAF indirectly blocks the formation of C5 convertase, subsequently of MAC. Overexpression
of CD55 has been assessed in clinical specimens from patients with advanced prostate cancer, compared to normal non-malignant
prostate and in clear cell renal carcinoma.
CD46 (also known as membrane cofactor protein) is a transmembrane glycoprotein that acts as a cofactor in the proteolytic cleavage
of C3b and C4b. CD46 is highly expressed in both primary and metastatic castration-resistant prostate cancer specimens and was
associated to tumor stage in renal clear cell carcinoma.
CD59 (also known as protectin) can prevent C9 from polymerizing and forming the complement membrane attack complex. CD59
tumor overexpression is correlated with decreased overall survival in patients with adenocarcinomas of the prostate.
PTX3 mediated-complement activation: PTX3 can activate all three complement pathways. PTX3 binds C1q and activates or
regulates the classic pathway, by interacting with M-ficolins and MBL can modulate the lectin pathway; moreover, at a soluble level,
PTX3 interacts with Factor H. In prostate cancer and renal cell carcinoma, increased tissue and serum expression of PTX3 has been
assessed and correlated with poor prognosis. However, from another perspective, PTX3 can act as an extrinsic oncosuppressor
gene able to modulate complement-induced tumorigenesis and DNA damage associated with genetic instability of the tumor
microenvironment.
C1q mediated recruitment of TAM: In renal cell carcinoma, tumor cells were shown to produce high levels of C1r, C1s, C4, and C3.
The C1r and C1s together with C1q released by local TAM led to the formation of C1 complex. The more C1 complex was formed,
more of TAM infiltrated the renal carcinoma tissue. In ccRCC, high densities of C1q-producing TAM revealed an immunosuppressed
microenvironment, characterized by high expression of immune checkpoints (i.e., PD-1, Lag-3, PD-L1, and PD-L2), and associated
with poor clinical outcomes.
Tumor-associated macrophages displayed anti-inflammatory M2-like functions. These cells were initially characterized using CD163
and CD204 as markers and their infiltration was associated with poor clinical prognosis. More recently, a CD38+CD204+CD206−

profile of TAM was in-depth correlated with immunosuppression.
Abbreviations: TAM: Tumor-associated Macrophages, mCRP: Membrane-bound Complement Regulatory Proteins, DDR: DNA
damage response
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7. Complement Potentiates Cancer Therapy, including Antibody-Mediated
Cytotoxicity, Vaccines, and Radiotherapy

In the tumor field, the complement system is defined as a double-edged sword: on
one side promoting cancer development, while on the other enhancing anti-tumor immune
response. Several studies reported that the local synthesis and activation of complement
cascade has a central role in tumoral immune response, compared to liver-derived com-
plement components, underling that cancer cells are primarily involved in complement
activation and tumor biology [3]. In particular, the expression of the anaphylatoxin recep-
tors C3aR and C5aR1 increased tumor progression and thus they could be targeted for
anti-tumorigenic therapy [5]. Experimental studies showed that the use of C5aR1 inhibitors
led to reduced tumor growth in different tumor mouse models [5]. Accordingly, in vitro
data demonstrated the efficacy of these inhibitors in reducing activation of the C5a–C5aR1
axis in human cancer cells, decreasing their viability. Recently, an ongoing clinical trial
of phase I, STELLAR-001, NCT03665129, is now recruiting patients with advanced solid
tumors to treat them with C5aR1 monoclonal antibody (IPH5401) in combination with
the immune checkpoint inhibitor, anti-programmed cell death 1 (PD1) [111]. Moreover,
therapeutic inhibition of C5aR with the small peptide antagonist PMX-53 has been found
to increase the effects of paclitaxel chemotherapy, enhancing T cell anti-tumoral response
in neoplastic tissue [104]. Interestingly, the use of C3 inhibitor abrogated the immunosup-
pressive response of intra-tumor neutrophils, suggesting that complement inhibition could
be a promising therapeutic strategy for ovarian cancer in which suppressive neutrophils
impaired anti-tumor immunity response [112].

Other relevant studies indicated that complement activation is essential for a robust
anti-tumor response. In particular, monoclonal antibody-based immunotherapy was
considered a versatile and powerful strategic therapy to drive complement activation on
targeted cancer cells mediating cell cycle arrest or apoptosis [113–118]. The chimeric anti-
CD20 antibody, called Rituximab is the first one used in routine cancer therapy. Kennedy
et al. demonstrated that Rituximab facilitated C3b deposition on CD20+ cells in the presence
of normal human serum (NSH), promoting complement-mediated cellular lysis [113].
Moreover, Cragg et al. confirmed that the effect of Rituximab depends on complement
activation and the use of cobra venom factor (CVF) impaired the therapeutic activity of this
antibody in two lymphoma xenograft models [114]. Another experimental study showed
that Rituximab efficacy is strongly associated with complement activation rather than
macrophages, T cells, and neutrophil response in a mouse model of B-cell non-Hodgkin
lymphoma [118].

Despite these relevant results, the use of monoclonal antibodies in cancer therapy
shows several limitations. Cancer cells developed chemoresistance, downregulating the ex-
pression of the target epitopes, recognized by monoclonal antibodies, avoiding complement
activation [119].

Another strategy to optimize anti-tumor therapy is the generation of bispecific an-
tibodies able to recognize two different epitopes—one directed against tumor-specific
antigen and the other versus regulator sites for complement activation [120]. This approach
showed prominent results in the treatment of several tumors, such as colorectal cancer cells,
renal cell carcinoma (RCC), and CD20 positive lymphoma [120]. In the RCC setting, Sier
et al. demonstrated that the use of bispecific antibodies able to bind to G250 antigen on one
side, highly expressed on clear-cell RCC, and on the other hand the CD55 molecule, which
belongs to membrane-bound complement regulatory proteins (mCRP) family, improved
carcinoma cell killing [118]. Thus, the following approach specifically targets RCC cells
and inhibits mCRP function, avoiding the inhibition of complement cascade [119]. In
contrast, Reese et al. found that complement promotes RCC growth through the inhibition
of antitumor immunity by the recruitment of immunosuppressive cells within tumours [82].
In addition, a recent work demonstrated that the C5a/C5a receptor 1 (C5aR1) axis could be
considered a prognostic value in human RCC [99]. Otherwise, high expression of comple-
ment genes was correlated with good prognosis in liver, breast, pancreatic, and cervical
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carcinomas. Thus, complement inhibition might not be a favorable strategy for all tumor
types, but in general can be considered a good target for cancer therapy.

Macor et al. tested two types of bispecific antibodies, CD20/CD55 (MB20/55) and
CD20/CD59 (MB20/59)—each of them composed by anti-complement regulator antibody
(anti-mCRP) and anti-tumour specific antibody, for the treatment of CD20 positive lym-
phoma [119]. Both treatments showed beneficial effects with increased immune response
against tumor cells [119].

An alternative strategy to optimize complement activation on targeted tumor cells
was obtained by a new generation of monoclonal antibodies composed of anti-tumor
specific antibody and complement-activating proteins such as CVF or C3b to overcome
tumor resistance [120]. A combined approach with different antibodies targeting several
non-competing epitopes reached significant results by augmenting the surface for classical
complement activation [121]. Indeed, Mamidi et al. demonstrated that the infusion of sev-
eral variants of anti-HER-2 was more effective in inducing CDC when compared to a single
antibody anti-HER-2 infusion [122]. Another elegant study showed that an engineering
antibody composed by CR2 (CD21) and Fc region of IgG1 binds C3d deposits on tumor
cells and enhanced CDC activation via the Fc portion, and mediates the recognization
and recruitment of effector immune cells to metastatic cancer cells [123]. This synergetic
action enables the complement system and host immune response to counteract tumor
progression. In an immunostimulatory context, these therapeutic strategies could achieve
powerful anti-tumor effects and overcome cancer resistance [123]. The potential benefits
are context-dependent and have to be evaluated for each subset of patients and tumor type.

In the context of these new approaches, recent studies have indicated that comple-
ment activation could increase vaccine efficacy in the cancer context [124]. As is well
known, C5a was able to increase antigen expression with dendritic cells and co-stimulatory
mediators [125]. Floreani et al. performed a preclinical mouse model of melanoma to
evaluate the efficacy of a peptide-based cancer vaccine with C5a agonist to limit cancer
progression [126]. They found that tumor growth was reduced, and survival enhanced in
immunized mice [126]. These results point to another perspective in cancer therapy, con-
sidering the complement system as a good target in tumor immunotherapy, in particular
for vaccine design.

Many complement factors are also involved in radiotherapy treatment to reach an
efficient anti-tumor host response [127–129]. Emerging evidence correlates the effects of
radiotherapy in inducing tumor cellular damage, increasing inflammatory milieu, and the
immune response against tumor cells [127–129]. Indeed, radiations are able to potentiate
complement activation within solid tumors and increasing infiltration of immune cells. In
addition, the release of C5a and C3a modulate DC responses that subsequently activated
CD8+ effector T cells within irradiated solid tumor [129]. All these studies support the use
of radiotherapeutic approach to enforce complement activation in solid tumors, destroying
malignant cells.

8. Complement-Based Biomarkers for Cancer Prognosis

Despite there being a strong difference in expression profile among genes encoding
complement mediators, a recent in silico analysis did not show a great heterogeneity
between cancer types. Complement C3 with other components of the classical pathway,
such as C1QA, C1QB, C1QC, C1R, C1S, C4A, and C2 are found expressed in several
cancer cell types [10]. Otherwise, genes encoding factors of lectin cascade are hardly
expressed [10]. The components of alternative pathway are heterogeneously expressed,
and lower levels are found in some cancer types, such as chromophobe renal cell cancer
and prostate adenocarcinoma [10]. Therefore, these findings underline that complement
activation in all cancer types generally occurs via classical and alternative pathways.

For several decades, complement activation has been considered fundamental for
killing of malignant cells and cancer immune surveillance [130]. It is important to speculate
that complement activation is involved in preventing cancer progression [130]. Indeed,
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abundant data in the sarcoma field has demonstrated that complement cascade is involved
in the antitumoral response of B lymphocytes via its activation on deposited immune
complexes [131,132]. Moreover, C5 expression was associated with overall survival in
Ewing’s sarcoma [133]. Further studies are needed to clarify the correlation between
complement activation and tumor progression for cancer types in which complement has
been described as a protective mediator of tumor arrest.

As previously underlined, complement activation has been also associated with tumor
progression and its mediators could have a prognostic impact on overall patient survival [3].
Among cancer types with a detrimental complement activation, the in-silico analysis
revealed that complement genes were associated with a worse outcome [3]. In particular,
Reese et al. performed the systematic analysis of expression of several complement genes
in human solid tumors and found high expression of 11 complement genes in RCC patients
with unfavorable prognosis [82]. Among them, complement factor B (CFB), C5AR1, CFH,
C3, C1R, C1S C1QA, and C1QB were strongly upregulated in an aggressive inflammatory
subtype of RCC. Conversely, complement regulatory genes (CD46, CD55, and CD59) were
downregulated [82]. Recently our group demonstrated in a 10-year retrospective cohort
study that PTX3 expression was elevated in both neoplastic renal cell lines and tissues
and strongly associated with complement system activation and tumor progression [106].
Therefore, it is evident that the persistence of a pro-inflammatory milieu determines the
basal condition for an uncontrolled RCC proliferative response.

Accordingly, we also demonstrated the role of PTX3 in prostate cancer development,
highlighting the link between inflammation, complement activation, and neoplasia pro-
gression [53]. In our study, we did not observe the C5-b9 formation that is necessary for
neoplastic cells lysis [53]. Nevertheless, even if the activation of complement cascade is
incomplete, the release of intermediate inflammatory mediators could promote neoplas-
tic cell survival and proliferation. Recently, Chen et al. analyzed the gene expression
profile of 495 prostate cancer samples from the Cancer Genome Atlas (TCGA) database
(https://genomecancer.ucsc.edu/) [55]. Interestingly, they found an increased expression
of complement factor C7 in patients with improved prognosis [55]. Considering that C7 can
form the terminal complex C5-b9, leading to cellular lysis, C7 could be a potential tumor
suppressor and a biomarker of good prognosis [55]. In accordance, Ying et al. demonstrated
that decreased levels of C7 within non-small cell lung cancer were correlated to tumor
progression and worsen prognosis [134]. Despite these findings, very limited data related
to complement and human prostate cancer progression are available.

In another context, Nabizadeh et al. recently showed that knockout mice for C3aR
were protected from melanoma progression and presented a significant infiltration of
inflammatory cells and T lymphocytes within tumor [135].

In cancer, complement mediators could be downregulated and upregulated and these
modifications are not only found locally, but also in systemic compartments. Moreover,
the increase or decrease of some complement factors within tumors did not obviously
reflect a similar condition in systemic compartments [3]. Current evidence suggests that
liver-derived complement seems to be less important in tumor biology compared to locally
and/or intracellularly derived complement [3]. Further studies are needed to correlate
plasmatic compartment with the tumor microenvironment in order to design efficient
complement-targeted therapeutics for the appropriate type of cancer.

9. Conclusions

In the recent literature, the involvement of the complement system as a crucial me-
diator in prostate and clear cell renal carcinoma is extremely clear. Complement’s anti-
or pro-tumorigenic properties are strongly dependent on the type and stage of tumor,
physiological context, duration of the injury, and persistence of chronic inflammation.
Complement is defined as a double-edged sword able to promote an anti-tumour response
generating an immunosuppressive microenvironment, but also able to induce carcinogene-
sis and angiogenesis by increasing cell motility and metastasis formation. Furthermore,

https://genomecancer.ucsc.edu/
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cancer cells evolved mechanisms to adapt to complement surveillance (i.e., by overexpres-
sion of negative regulators as CD55. CD59, CD46) or to manipulate complement response
for their advantage (i.e., by removal of C5b-9 from their membranes or by the establishment
of immunosuppressive milieu).

For instance, PTX3 increased levels in serum and biopsies of prostate and renal
cancer patients reflected the attempt of a reparative process aimed to counteract systemic
inflammation or the DDR-mediated genetic instability that accelerates carcinogenesis. This
is line with findings in preclinical models showing that PTX3 functions as an extrinsic
oncosuppressor gene, suggesting a potential role as immunosuppressive agent through the
establishment of cellular senescence.

Moreover, cellular senescence also has an ambivalent role in cancer setting with
context-dependent effects. When the cell cycle arrest that is associated with senescence is a
key tumor-suppressing mechanism, SASP is associated with detrimental carcinogenesis.
Unbalanced SASP with persistent inflammation, often in combination with complement
activation after chemotherapy and radiotherapy, has been demonstrated to fuel malig-
nant transformation. Understanding the different pathways and cytokines (i.e., IL-6,
CXCL-1, PAI-1, MCP-1) that regulate SASP may enable us to identify potential targets
for pharmacological inhibition. The clinical use of senomorphics agents (i.e., rapamycin,
metformin, quercetin) might increase the arsenal available to treat senescence-associated
and complement-related pathologies.

Author Contributions: Conceptualization, writing, and editing of the paper, G.S.N. and R.F.; A.S.,
F.S., A.D.S., B.I., L.G., and G.C. revised the manuscript; E.R. and G.S. contributed substantially to
the work reported by critical revisions and draft editing; R.F. conceived the figures; G.S.N. and R.F.
equally contributed to this work; E.R. and G.S. shared senior authorship. All authors have read and
agreed to the published version of the manuscript.

Funding: The present work was funded by University Research Projects 2019 (PRA 2019) granted by
University of Foggia to Giuseppe Stefano Netti and Italian Ministry of Health (AIM 1810057-activity
2 granted to Alessandra Stasi.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Walport, M.J. Complement. First of two parts. N. Engl. J. Med. 2001, 344, 1058–1066. [CrossRef] [PubMed]
2. Walport, M.J. Complement. Second of two parts. N. Engl. J. Med. 2001, 344, 1140–1144. [CrossRef] [PubMed]
3. Roumenina, L.T.; Daugan, M.V.; Petitprez, F.; Sautès-Fridman, C.; Fridman, W.H. Context-dependent roles of complement in

cancer. Nat. Rev. Cancer 2019, 19, 698–715. [CrossRef]
4. Ricklin, D.; Reis, E.S.; Lambris, J.D. Complement in disease: A defence system turning offensive. Nat. Rev. Nephrol. 2016, 12,

383–401. [CrossRef]
5. Reis, E.S.; Mastellos, D.C.; Ricklin, D.; Mantovani, A.; Lambris, J.D. Complement in cancer: Untangling an intricate relationship.

Nat. Rev. Immunol. 2018, 18, 5–18. [CrossRef]
6. Ricklin, D.; Lambris, J.D. Complement-targeted therapeutics. Nat. Biotechnol. 2007, 25, 1265–1275. [CrossRef] [PubMed]
7. Ricklin, D.; Hajishengallis, G.; Yang, K.; Lambris, J.D. Complement: A key system for immune surveillance and homeostasis. Nat.

Immunol. 2010, 11, 785–797. [CrossRef] [PubMed]
8. Heeger, P.S.; Kemper, C. Novel roles of complement in T effector cell regulation. Immunobiology 2012, 217, 216–224. [CrossRef]
9. Kunz, N.; Kemper, C. Complement Has Brains-Do Intracellular Complement and Immunometabolism Cooperate in Tissue

Homeostasis and Behavior? Front. Immunol. 2021, 12, 629986. [CrossRef] [PubMed]
10. Revel, M.; Daugan, M.V.; Sautés-Fridman, C.; Fridman, W.H.; Roumenina, L.T. Complement System: Promoter or Suppressor of

Cancer Progression? Antibodies 2020, 9, 57. [CrossRef] [PubMed]
11. Mamidi, S.; Höne, S.; Kirschfink, M. The complement system in cancer: Ambivalence between tumour destruction and promotion.

Immunobiology 2017, 222, 45–54. [CrossRef]
12. Fishelson, Z.; Kirschfink, M. Complement C5b-9 and Cancer: Mechanisms of Cell Damage, Cancer Counteractions, and

Approaches for Intervention. Front. Immunol. 2019, 10, 752. [CrossRef] [PubMed]
13. Rozenberg, P.; Ziporen, L.; Gancz, D.; Saar-Ray, M.; Fishelson, Z. Cooperation between Hsp90 and mortalin/GRP75 in resistance

to cell death induced by complement C5b-9. Cell. Death. Dis. 2018, 9, 150. [CrossRef] [PubMed]
14. Rascio, F.; Spadaccino, F.; Rocchetti, M.T.; Castellano, G.; Stallone, G.; Netti, G.S.; Ranieri, E. The Pathogenic Role of PI3K/AKT

Pathway in Cancer Onset and Drug Resistance: An Updated Review. Cancers 2021, 13, 3949. [CrossRef]

http://doi.org/10.1056/NEJM200104053441406
http://www.ncbi.nlm.nih.gov/pubmed/11287977
http://doi.org/10.1056/NEJM200104123441506
http://www.ncbi.nlm.nih.gov/pubmed/11297706
http://doi.org/10.1038/s41568-019-0210-0
http://doi.org/10.1038/nrneph.2016.70
http://doi.org/10.1038/nri.2017.97
http://doi.org/10.1038/nbt1342
http://www.ncbi.nlm.nih.gov/pubmed/17989689
http://doi.org/10.1038/ni.1923
http://www.ncbi.nlm.nih.gov/pubmed/20720586
http://doi.org/10.1016/j.imbio.2011.06.004
http://doi.org/10.3389/fimmu.2021.629986
http://www.ncbi.nlm.nih.gov/pubmed/33717157
http://doi.org/10.3390/antib9040057
http://www.ncbi.nlm.nih.gov/pubmed/33113844
http://doi.org/10.1016/j.imbio.2015.11.008
http://doi.org/10.3389/fimmu.2019.00752
http://www.ncbi.nlm.nih.gov/pubmed/31024572
http://doi.org/10.1038/s41419-017-0240-z
http://www.ncbi.nlm.nih.gov/pubmed/29396434
http://doi.org/10.3390/cancers13163949


Cells 2021, 10, 2426 15 of 19

15. Giordano, P.; Netti, G.S.; Santangelo, L.; Castellano, G.; Carbone, V.; Torres, D.D.; Martino, M.; Sesta, M.; Di Cuonzo, F.;
Resta, M.C.; et al. A pediatric neurologic assessment score may drive the eculizumab-based treatment of Escherichia coli-related
hemolytic uremic syndrome with neurological involvement. Pediatr. Nephrol. 2019, 34, 517–527. [CrossRef] [PubMed]

16. Campisi, J.; Robert, L. Cell senescence: Role in aging and age-related diseases. Interdiscip. Top. Gerontol. 2014, 39, 45–61. [CrossRef]
[PubMed]

17. Hayflick, L. The limited in vitro lifetime of human diploid cell strains. Exp. Cell. Res. 1965, 37, 614–636. [CrossRef]
18. Zinger, A.; Cho, W.C.; Ben-Yehuda, A. Cancer and Aging—the Inflammatory Connection. Aging Dis. 2017, 8, 611–627. [CrossRef]
19. Tchkonia, T.; Zhu, Y.; van Deursen, J.; Campisi, J.; Kirkland, J.L. Cellular senescence and the senescent secretory phenotype:

Therapeutic opportunities. J. Clin. Investig. 2013, 123, 966–972. [CrossRef]
20. Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.P.; Athineos, D.; Kang, T.-W.; Lasitschka, F.;

Andrulis, M.; et al. A complex secretory program orchestrated by the inflammasome controls paracrine senescence. Nat. Cell Biol.
2013, 15, 978–990. [CrossRef]

21. Acosta, J.C.; O’Loghlen, A.; Banito, A.; Guijarro, M.V.; Augert, A.; Raguz, S.; Fumagalli, M.; Da Costa, M.; Brown, C.;
Popov, N.; et al. Chemokine Signaling via the CXCR2 Receptor Reinforces Senescence. Cell 2008, 13, 1006–1018. [CrossRef]

22. Wang, W.J.; Cai, G.Y.; Chen, X.M. Cellular senescence, senescence-associated secretory phenotype, and chronic kidney disease.
Oncotarget 2017, 8, 64520–64533. [CrossRef]

23. Wang, B.; Kohli, J.; Demaria, M. Senescent Cells in Cancer Therapy: Friends or Foes? Trends Cancer 2020, 6, 838–857. [CrossRef]
24. Lecot, P.; Alimirah, F.; Desprez, P.-Y.; Campisi, J.; Wiley, C. Context-dependent effects of cellular senescence in cancer development.

Br. J. Cancer. 2016, 114, 1180–1184. [CrossRef]
25. Hernandez-Segura, A.; Nehme, J.; Demaria, M. Hallmarks of Cellular Senescence. Trends. Cell. Biol. 2018, 28, 436–453. [CrossRef]

[PubMed]
26. Zhu, S.; Pabla, N.; Tang, C.; He, L.; Dong, Z. DNA damage response in cisplatin-induced nephrotoxicity. Arch. Toxicol. 2015, 89,

2197–2205. [CrossRef] [PubMed]
27. Li, Z.; Pearlman, A.H.; Hsieh, P. DNA mismatch repair and the DNA damage response. DNA Repair (Amst.) 2016, 38, 94–101.

[CrossRef]
28. Collado, M.; Gil, J.; Efeyan, A.; Guerra, C.; Schuhmacher, A.J.; Barradas, M.; Benguría, A.; Zaballos, A.; Flores, J.M.;

Barbacid, M.; et al. Tumour biology: Senescence in premalignant tumours. Nature 2005, 436, 642. [CrossRef] [PubMed]
29. Collado, M.; Serrano, M. Senescence in tumours: Evidence from mice and humans. Nat. Rev. Cancer 2010, 10, 51–57. [CrossRef]
30. Campisi, J. Aging, Cellular Senescence, and Cancer. Annu. Rev. Physiol. 2013, 75, 685–705. [CrossRef]
31. Chang, B.D.; Broude, E.V.; Dokmanovic, M.; Zhu, H.; Ruth, A.; Xuan, Y.; Kandel, E.S.; Lausch, E.; Christov, K.; Roninson, I.B.

A senescence-like phenotype distinguishes tumor cells that undergo terminal proliferation arrest after exposure to anticancer
agents. Cancer Res. 1999, 59, 3761–3767.

32. Michaloglou, C.; Vredeveld, L.C.W.; Soengas, M.S.; Denoyelle, C.; Kuilman, T.; van der Horst, C.M.A.M.; Majoor, D.M.; Shay,
J.W.; Mooi, W.J.; Peeper, D.S. BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature 2005, 436, 720–724.
[CrossRef] [PubMed]

33. Paul, P.J.; Raghu, D.; Chan, A.-L.; Gulati, T.; Lambeth, L.; Takano, E.; Herold, M.J.; Hagekyriakou, J.; Vessella, R.L.; Fedele, C.; et al.
Restoration of tumor suppression in prostate cancer by targeting the E3 ligase E6AP. Oncogene 2016, 35, 6235–6245. [CrossRef]

34. Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix metalloproteinases: Regulators of the tumor microenvironment. Cell 2010, 141, 52–67.
[CrossRef]

35. Krtolica, A.; Parrinello, S.; Lockett, S.; Desprez, P.Y.; Campisi, J. Senescent fibroblasts promote epithelial cell growth and
tumorigenesis: A link between cancer and aging. Proc. Natl. Acad. Sci. USA 2001, 98, 12072–12077. [CrossRef]

36. Coppé, J.P.; Patil, C.K.; Rodier, F.; Sun, Y.; Muñoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.Y.; Campisi, J. Senescence-associated
secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 2008, 6,
2853–2868. [CrossRef] [PubMed]

37. Wang, R.; Yu, Z.; Sunchu, B.; Shoaf, J.; Dang, I.; Zhao, S.; Caples, K.; Bradley, L.; Beaver, L.M.; Ho, E.; et al. Rapamycin inhibits the
secretory phenotype of senescent cells by a Nrf2-independent mechanism. Aging Cell 2017, 16, 564–574. [CrossRef] [PubMed]

38. Laberge, R.-M.; Sun, Y.; Orjalo, A.V.; Patil, C.K.; Freund, A.; Zhou, L.; Curran, S.C.; Davalos, A.R.; Wilson-Edell, K.A.; Liu, S.; et al.
MTOR regulates the pro-tumorigenic senescence-associated secretory phenotype by promoting IL1A translation. Nat. Cell Biol.
2015, 17, 1049–1061. [CrossRef] [PubMed]

39. Kennedy, B.K.; Lamming, D.W. The Mechanistic Target of Rapamycin: The Grand ConducTOR of Metabolism and Aging. Cell
Metab. 2016, 23, 990–1003. [CrossRef] [PubMed]

40. Hua, H.; Kong, Q.; Zhang, H.; Wang, J.; Luo, T.; Jiang, Y. Targeting mTOR for cancer therapy. J. Hematol. Oncol. 2019, 12, 71.
[CrossRef] [PubMed]

41. Rawla, P. Epidemiology of Prostate Cancer. World, J. Oncol. 2019, 10, 63–89. [CrossRef]
42. Schröder, F.H.; Hugosson, J.; Roobol, M.J.; Tammela, T.L.J.; Ciatto, S.; Nelen, V.; Kwiatkowski, M.; Lujan, M.; Lilja, H.;

Zappa, M.; et al. Screening and prostate-cancer mortality in a randomized European study. N. Engl. J. Med. 2009, 360, 1320–1328.
[CrossRef] [PubMed]

43. Bhanji, Y.; Isaacs, W.B.; Xu, J.; Cooney, K.A. Prostate Cancer Predisposition. Urol. Clin. N. Am. 2021, 48, 283–296. [CrossRef]
[PubMed]

http://doi.org/10.1007/s00467-018-4112-2
http://www.ncbi.nlm.nih.gov/pubmed/30362078
http://doi.org/10.1159/000358899
http://www.ncbi.nlm.nih.gov/pubmed/24862014
http://doi.org/10.1016/0014-4827(65)90211-9
http://doi.org/10.14336/AD.2016.1230
http://doi.org/10.1172/JCI64098
http://doi.org/10.1038/ncb2784
http://doi.org/10.1016/j.cell.2008.03.038
http://doi.org/10.18632/oncotarget.17327
http://doi.org/10.1016/j.trecan.2020.05.004
http://doi.org/10.1038/bjc.2016.115
http://doi.org/10.1016/j.tcb.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29477613
http://doi.org/10.1007/s00204-015-1633-3
http://www.ncbi.nlm.nih.gov/pubmed/26564230
http://doi.org/10.1016/j.dnarep.2015.11.019
http://doi.org/10.1038/436642a
http://www.ncbi.nlm.nih.gov/pubmed/16079833
http://doi.org/10.1038/nrc2772
http://doi.org/10.1146/annurev-physiol-030212-183653
http://doi.org/10.1038/nature03890
http://www.ncbi.nlm.nih.gov/pubmed/16079850
http://doi.org/10.1038/onc.2016.159
http://doi.org/10.1016/j.cell.2010.03.015
http://doi.org/10.1073/pnas.211053698
http://doi.org/10.1371/journal.pbio.0060301
http://www.ncbi.nlm.nih.gov/pubmed/19053174
http://doi.org/10.1111/acel.12587
http://www.ncbi.nlm.nih.gov/pubmed/28371119
http://doi.org/10.1038/ncb3195
http://www.ncbi.nlm.nih.gov/pubmed/26147250
http://doi.org/10.1016/j.cmet.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27304501
http://doi.org/10.1186/s13045-019-0754-1
http://www.ncbi.nlm.nih.gov/pubmed/31277692
http://doi.org/10.14740/wjon1191
http://doi.org/10.1056/NEJMoa0810084
http://www.ncbi.nlm.nih.gov/pubmed/19297566
http://doi.org/10.1016/j.ucl.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/34210485


Cells 2021, 10, 2426 16 of 19

44. Manning, M.L.; Williams, S.A.; Jelinek, C.A.; Kostova, M.B.; Denmeade, S.R. Proteolysis of complement factors iC3b and C5 by
the serine protease prostate-specific antigen in prostatic fluid and seminal plasma. J. Immunol. 2013, 190, 2567–2574. [CrossRef]
[PubMed]

45. Karczmarski, J.; Rubel, T.; Mikula, M.; Wolski, J.; Rutkowski, A.; Zagorowicz, E.; Dadlez, M.; Ostrowski, J. Pre-analytical-related
variability influencing serum peptide profiles demonstrated in a mass spectrometry-based search for colorectal and prostate
cancer biomarkers. Acta Biochim. Pol. 2013, 60, 417–425. [CrossRef]

46. Gann, P.H.; Hennekens, C.H.; Stampfer, M.J. A prospective evaluation of plasma prostate-specific antigen for detection of prostatic
cancer. JAMA 1995, 273, 289–294. [CrossRef]

47. Williams, S.A.; Jelinek, C.A.; Litvinov, I.; Cotter, R.J.; Isaacs, J.T.; Denmeade, S.R. Enzymatically active prostate-specific antigen
promotes growth of human prostate cancers. Prostate 2011, 71, 1595–1607. [CrossRef]

48. Pio, R.; Corrales, L.; Lambris, J.D. The role of complement in tumor growth. Adv. Exp. Med. Biol. 2014, 772, 229–262. [CrossRef]
49. Geller, A.; Yan, J. The Role of Membrane Bound Complement Regulatory Proteins in Tumor Development and Cancer Im-

munotherapy. Front. Immunol. 2019, 10, 1074. [CrossRef] [PubMed]
50. Loberg, R.D.; Day, L.L.; Dunn, R.; Kalikin, L.M.; Pienta, K.J. Inhibition of decay-accelerating factor (CD55) attenuates prostate

cancer growth and survival in vivo. Neoplasia 2006, 8, 69–78. [CrossRef] [PubMed]
51. Watson, N.F.S.; Durrant, L.G.; Madjd, Z.; Ellis, I.O.; Scholefield, J.H.; Spendlove, I. Expression of the membrane complement

regulatory protein CD59 (protectin) is associated with reduced survival in colorectal cancer patients. Cancer. Immunol. Immunother.
2006, 55, 973–980. [CrossRef] [PubMed]

52. Xu, C.; Jung, M.; Burkhardt, M.; Stephan, C.; Schnorr, D.; Loening, S.; Jung, K.; Dietel, M.; Kristiansen, G. Increased CD59 protein
expression predicts a PSA relapse in patients after radical prostatectomy. Prostate 2005, 62, 224–232. [CrossRef]

53. Stallone, G.; Netti, G.S.; Cormio, L.; Castellano, G.; Infante, B.; Pontrelli, P.; Divella, C.; Selvaggio, O.; Spadaccino, F.;
Ranieri, E.; et al. Modulation of complement activation by pentraxin-3 in prostate cancer. Sci. Rep. 2020, 10, 18400. [CrossRef]
[PubMed]

54. Su, Y.; Liu, Y.; Behrens, C.R.; Bidlingmaier, S.; Lee, N.-K.; Aggarwal, R.; Sherbenou, D.W.; Burlingame, A.L.; Hann, B.C.;
Simko, J.P.; et al. Targeting CD46 for both adenocarcinoma and neuroendocrine prostate cancer. JCI insight 2018, 3, e121497.
[CrossRef] [PubMed]

55. Chen, Z.; Yan, X.; Du, G.-W.; Tuoheti, K.; Bai, X.-J.; Wu, H.-H.; Zhang, R.-J.; Xiao, G.-F.; Liu, T.-Z. Complement C7 (C7), a Potential
Tumor Suppressor, Is an Immune-Related Prognostic Biomarker in Prostate Cancer (PC). Front. Oncol. 2020, 10, 1532. [CrossRef]

56. Porte, R.; Davoudian, S.; Asgari, F.; Parente, R.; Mantovani, A.; Garlanda, C.; Bottazzi, B. The long pentraxin PTX3 as a humoral
innate immunity functional player and biomarker of infections and sepsis. Front. Immunol. 2019, 10, 1–11. [CrossRef]

57. Inforzato, A.; Bottazzi, B.; Garlanda, C.; Valentino, S.; Mantovani, A. Pentraxins in humoral innate immunity. Adv. Exp. Med. Biol.
2012, 946, 1–20. [CrossRef] [PubMed]

58. Souza, D.G.; Amaral, F.A.; Fagundes, C.T.; Coelho, F.M.; Arantes, R.M.E.; Sousa, L.P.; Matzuk, M.M.; Garlanda, C.; Mantovani, A.;
Dias, A.A.; et al. The long pentraxin PTX3 is crucial for tissue inflammation after intestinal ischemia and reperfusion in mice. Am.
J. Pathol. 2009, 174, 1309–1318. [CrossRef]

59. Bottazzi, B.; Garlanda, C.; Cotena, A.; Moalli, F.; Jaillon, S.; Deban, L.; Mantovani, A. The long pentraxin PTX3 as a prototypic
humoral pattern recognition receptor: Interplay with cellular innate immunity. Immunol. Rev. 2009, 227, 9–18. [CrossRef]

60. Daigo, K.; Inforzato, A.; Barajon, I.; Garlanda, C.; Bottazzi, B.; Meri, S.; Mantovani, A. Pentraxins in the activation and regulation
of innate immunity. Immunol. Rev. 2016, 274, 202–217. [CrossRef]

61. Presta, M.; Foglio, E.; Churruca Schuind, A.; Ronca, R. Long Pentraxin-3 Modulates the Angiogenic Activity of Fibroblast Growth
Factor-2. Front. Immunol. 2018, 9, 2327. [CrossRef] [PubMed]

62. Casula, M.; Montecucco, F.; Bonaventura, A.; Liberale, L.; Vecchié, A.; Dallegri, F.; Carbone, F. Update on the role of Pentraxin 3 in
atherosclerosis and cardiovascular diseases. Vascul. Pharmacol. 2017, 99, 1–12. [CrossRef] [PubMed]

63. Daigo, K.; Hamakubo, T. Host-protective effect of circulating pentraxin 3 (PTX3) and complex formation with neutrophil
extracellular traps. Front. Immunol. 2012, 3, 378. [CrossRef]

64. Gout, E.; Moriscot, C.; Doni, A.; Dumestre-Pérard, C.; Lacroix, M.; Pérard, J.; Schoehn, G.; Mantovani, A.; Arlaud, G.J.; Thielens,
N.M. M-ficolin interacts with the long pentraxin PTX3: A novel case of cross-talk between soluble pattern-recognition molecules.
J. Immunol. 2011, 186, 5815–5822. [CrossRef]

65. Moalli, F.; Jaillon, S.; Inforzato, A.; Sironi, M.; Bottazzi, B.; Mantovani, A.; Garlanda, C. Pathogen recognition by the long pentraxin
PTX3. J. Biomed. Biotechnol. 2011, 2011, 830421. [CrossRef]

66. Stallone, G.; Cormio, L.; Netti, G.S.; Infante, B.; Selvaggio, O.; Di Fino, G.; Ranieri, E.; Bruno, F.; Prattichizzo, C.;
Sanguedolce, F.; et al. Pentraxin 3: A novel biomarker for predicting progression from prostatic inflammation to prostate cancer.
Cancer Res. 2014, 74, 4230–4238. [CrossRef]

67. Falagario, U.G.; Busetto, G.M.; Netti, G.S.; Sanguedolce, F.; Selvaggio, O.; Infante, B.; Ranieri, E.; Stallone, G.; Carrieri, G.; Cormio,
L. Prospective Validation of Pentraxin-3 as a Novel Serum Biomarker to Predict the Risk of Prostate Cancer in Patients Scheduled
for Prostate Biopsy. Cancers 2021, 13, 1611. [CrossRef]

68. Pontrelli, P.; Gigante, M.; Spadaccino, F.; Netti, G.S.; Saldarelli, M.; Balducci, L.; Gigante, M.; Battaglia, M.; Storkus, W.J.;
Castellano, G.; et al. CD40 Cross-Linking Induces Migration of Renal Tumor Cell through Nuclear Factor of Activated T Cells
(NFAT) Activation. Int. J. Mol. Sci. 2021, 22, 8871. [CrossRef]

http://doi.org/10.4049/jimmunol.1200856
http://www.ncbi.nlm.nih.gov/pubmed/23401592
http://doi.org/10.18388/abp.2013_2002
http://doi.org/10.1001/jama.1995.03520280035036
http://doi.org/10.1002/pros.21375
http://doi.org/10.1007/978-1-4614-5915-6_11
http://doi.org/10.3389/fimmu.2019.01074
http://www.ncbi.nlm.nih.gov/pubmed/31164885
http://doi.org/10.1593/neo.05679
http://www.ncbi.nlm.nih.gov/pubmed/16533428
http://doi.org/10.1007/s00262-005-0055-0
http://www.ncbi.nlm.nih.gov/pubmed/16151805
http://doi.org/10.1002/pros.20134
http://doi.org/10.1038/s41598-020-75376-z
http://www.ncbi.nlm.nih.gov/pubmed/33110136
http://doi.org/10.1172/jci.insight.121497
http://www.ncbi.nlm.nih.gov/pubmed/30185663
http://doi.org/10.3389/fonc.2020.01532
http://doi.org/10.3389/fimmu.2019.00794
http://doi.org/10.1007/978-1-4614-0106-3_1
http://www.ncbi.nlm.nih.gov/pubmed/21948359
http://doi.org/10.2353/ajpath.2009.080240
http://doi.org/10.1111/j.1600-065X.2008.00719.x
http://doi.org/10.1111/imr.12476
http://doi.org/10.3389/fimmu.2018.02327
http://www.ncbi.nlm.nih.gov/pubmed/30349543
http://doi.org/10.1016/j.vph.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29051088
http://doi.org/10.3389/fimmu.2012.00378
http://doi.org/10.4049/jimmunol.1100180
http://doi.org/10.1155/2011/830421
http://doi.org/10.1158/0008-5472.CAN-14-0369
http://doi.org/10.3390/cancers13071611
http://doi.org/10.3390/ijms22168871


Cells 2021, 10, 2426 17 of 19

69. Ravenna, L.; Sale, P.; Di Vito, M.; Russo, A.; Salvatori, L.; Tafani, M.; Mari, E.; Sentinelli, S.; Petrangeli, E.; Gallucci, M.; et al.
Up-regulation of the inflammatory-reparative phenotype in human prostate carcinoma. Prostate 2009, 69, 1245–1255. [CrossRef]
[PubMed]

70. Bonavita, E.; Mantovani, A.; Garlanda, C. PTX3 acts as an extrinsic oncosuppressor. Oncotarget 2015, 6, 32309–32310. [CrossRef]
71. Bonavita, E.; Gentile, S.; Rubino, M.; Maina, V.; Papait, R.; Kunderfranco, P.; Greco, C.; Feruglio, F.; Molgora, M.; Laface, I.; et al.

PTX3 is an extrinsic oncosuppressor regulating complement-dependent inflammation in cancer. Cell 2015, 160, 700–714. [CrossRef]
72. Olivieri, F.; Albertini, M.C.; Orciani, M.; Ceka, A.; Cricca, M.; Procopio, A.D.; Bonafè, M. DNA damage response (DDR) and

senescence: Shuttled inflamma-miRNAs on the stage of inflamm-aging. Oncotarget 2015, 6, 35509–35521. [CrossRef] [PubMed]
73. Malaquin, N.; Carrier-Leclerc, A.; Dessureault, M.; Rodier, F. DDR-mediated crosstalk between DNA-damaged cells and their

microenvironment. Front. Genet. 2015, 6, 94. [CrossRef] [PubMed]
74. Rodier, F.; Campisi, J. Four faces of cellular senescence. J. Cell. Biol. 2011, 192, 547–556. [CrossRef] [PubMed]
75. Rakyan, V.K.; Down, T.A.; Maslau, S.; Andrew, T.; Yang, T.-P.; Beyan, H.; Whittaker, P.; McCann, O.T.; Finer, S.; Valdes, A.M.; et al.

Human aging-associated DNA hypermethylation occurs preferentially at bivalent chromatin domains. Genome Res. 2010, 20,
434–439. [CrossRef]

76. Slusher, A.L.; Zúñiga, T.M.; Acevedo, E.O. Inflamm-Aging Is Associated with Lower Plasma PTX3 Concentrations and an
Impaired Capacity of PBMCs to Express hTERT following LPS Stimulation. Mediators Inflamm. 2019, 2019, 2324193. [CrossRef]

77. Tarantino, U.; Greggi, C.; Cariati, I.; Visconti, V.V.; Gasparini, M.; Cateni, M.; Gasbarra, E.; Botta, A.; Salustri, A.; Scimeca, M.
The Role of PTX3 in Mineralization Processes and Aging-Related Bone Diseases. Front. Immunol. 2020, 11, 622772. [CrossRef]
[PubMed]

78. Stravalaci, M.; Davi, F.; Parente, R.; Gobbi, M.; Bottazzi, B.; Mantovani, A.; Day, A.J.; Clark, S.J.; Romano, M.R.; Inforzato, A.
Control of Complement Activation by the Long Pentraxin PTX3: Implications in Age-Related Macular Degeneration. Front.
Pharmacol. 2020, 11, 591908. [CrossRef]

79. Sato, Y.; Yoshizato, T.; Shiraishi, Y.; Maekawa, S.; Okuno, Y.; Kamura, T.; Shimamura, T.; Sato-Otsubo, A.; Nagae, G.;
Suzuki, H.; et al. Integrated molecular analysis of clear-cell renal cell carcinoma. Nat. Genet. 2013, 45, 860–867. [CrossRef]

80. Frew, I.J.; Moch, H. A clearer view of the molecular complexity of clear cell renal cell carcinoma. Annu. Rev. Pathol. 2015, 10,
263–289. [CrossRef]

81. Vavallo, A.; Simone, S.; Lucarelli, G.; Rutigliano, M.; Galleggiante, V.; Grandaliano, G.; Gesualdo, L.; Campagna, M.; Cariello, M.;
Ranieri, E.; et al. Pre-existing type 2 diabetes mellitus is an independent risk factor for mortality and progression in patients with
renal cell carcinoma. Medicine (Baltim.) 2014, 93, e183. [CrossRef]

82. Reese, B.; Silwal, A.; Daugherity, E.; Daugherity, M.; Arabi, M.; Daly, P.; Paterson, Y.; Woolford, L.; Christie, A.; Elias, R.; et al.
Complement as Prognostic Biomarker and Potential Therapeutic Target in Renal Cell Carcinoma. J. Immunol. 2020, 205, 3218–3229.
[CrossRef]

83. Tang, S.; Zhou, W.; Sheerin, N.S.; Vaughan, R.W.; Sacks, S.H. Contribution of renal secreted complement C3 to the circulating pool
in humans. J. Immunol. 1999, 162, 4336–4341.

84. de Martino, M.; Gigante, M.; Cormio, L.; Prattichizzo, C.; Cavalcanti, E.; Gigante, M.; Ariano, V.; Netti, G.S.; Montemurno, E.;
Mancini, V.; et al. JAK3 in clear cell renal cell carcinoma: Mutational screening and clinical implications. Urol Oncol. 2013, 31,
930–937. [CrossRef]

85. Spadaccino, F.; Gigante, M.; Netti, G.S.; Rocchetti, M.T.; Franzin, R.; Gesualdo, L.; Castellano, G.; Stallone, G.; Ranieri, E.
The Ambivalent Role of miRNAs in Carcinogenesis: Involvement in Renal Cell Carcinoma and Their Clinical Applications.
Pharmaceuticals 2021, 14, 322. [CrossRef] [PubMed]

86. Spadaccino, F.; Netti, G.S.; Rocchetti, M.T.; Castellano, G.; Stallone, G.; Ranieri, E. Diagnostic and prognostic markers of renal cell
carcinoma. G. Ital. Nefrol. 2020, 37, 2012–2020. [PubMed]

87. Gigante, M.; d’Altilia, M.; Montemurno, E.; Diella, S.; Bruno, F.; Netti, G.S.; Ranieri, E.; Stallone, G.; Infante, B.;
Grandaliano, G.; et al. Branchio-Oto-Renal Syndrome (BOR) associated with focal glomerulosclerosis in a patient with a
novel EYA1 splice site mutation. BMC Nephrol. 2013, 14, 60. [CrossRef] [PubMed]

88. Santangelo, L.; Gigante, M.; Netti, G.S.; Diella, S.; Puteo, F.; Carbone, V.; Grandaliano, G.; Giordano, M.; Gesualdo, L. A novel
SMARCAL1 mutation associated with a mild phenotype of Schimke immuno-osseous dysplasia (SIOD). BMC Nephrol. 2014, 15,
41. [CrossRef] [PubMed]

89. Zhou, W.; Marsh, J.E.; Sacks, S.H. Intrarenal synthesis of complement. Kidney. Int. 2001, 59, 1227–1235. [CrossRef] [PubMed]
90. Castellano, G.; Stasi, A.; Franzin, R.; Sallustio, F.; Divella, C.; Spinelli, A.; Netti, G.S.; Fiaccadori, E.; Cantaluppi, V.;

Crovace, A.; et al. LPS-Binding Protein Modulates Acute Renal Fibrosis by Inducing Pericyte-to-Myofibroblast Trans-
Differentiation through TLR-4 Signaling. Int. J. Mol. Sci. 2019, 20, 3682. [CrossRef] [PubMed]

91. Netti, G.S.; Sangregorio, F.; Spadaccino, F.; Staffieri, F.; Crovace, A.; Infante, B.; Maiorano, A.; Godeas, G.; Castellano, G.;
Di Palma, A.M.; et al. LPS removal reduces CD80-mediated albuminuria in critically ill patients with Gram-negative sepsis. Am.
J. Physiol. Renal. Physiol. 2019, 316, F723–F731. [CrossRef]

92. Netti, G.S.; Prattichizzo, C.; Montemurno, E.; Simone, S.; Cafiero, C.; Rascio, F.; Stallone, G.; Ranieri, E.; Grandaliano, G.; Gesualdo,
L. Exposure to low- vs iso-osmolar contrast agents reduces NADPH-dependent reactive oxygen species generation in a cellular
model of renal injury. Free Radic. Biol. Med. 2014, 68, 35–42. [CrossRef]

http://doi.org/10.1002/pros.20966
http://www.ncbi.nlm.nih.gov/pubmed/19444819
http://doi.org/10.18632/oncotarget.4845
http://doi.org/10.1016/j.cell.2015.01.004
http://doi.org/10.18632/oncotarget.5899
http://www.ncbi.nlm.nih.gov/pubmed/26431329
http://doi.org/10.3389/fgene.2015.00094
http://www.ncbi.nlm.nih.gov/pubmed/25815006
http://doi.org/10.1083/jcb.201009094
http://www.ncbi.nlm.nih.gov/pubmed/21321098
http://doi.org/10.1101/gr.103101.109
http://doi.org/10.1155/2019/2324193
http://doi.org/10.3389/fimmu.2020.622772
http://www.ncbi.nlm.nih.gov/pubmed/33584725
http://doi.org/10.3389/fphar.2020.591908
http://doi.org/10.1038/ng.2699
http://doi.org/10.1146/annurev-pathol-012414-040306
http://doi.org/10.1097/MD.0000000000000183
http://doi.org/10.4049/jimmunol.2000511
http://doi.org/10.1016/j.urolonc.2011.07.001
http://doi.org/10.3390/ph14040322
http://www.ncbi.nlm.nih.gov/pubmed/33918154
http://www.ncbi.nlm.nih.gov/pubmed/32281759
http://doi.org/10.1186/1471-2369-14-60
http://www.ncbi.nlm.nih.gov/pubmed/23506628
http://doi.org/10.1186/1471-2369-15-41
http://www.ncbi.nlm.nih.gov/pubmed/24589093
http://doi.org/10.1046/j.1523-1755.2001.0590041227.x
http://www.ncbi.nlm.nih.gov/pubmed/11260382
http://doi.org/10.3390/ijms20153682
http://www.ncbi.nlm.nih.gov/pubmed/31357597
http://doi.org/10.1152/ajprenal.00491.2018
http://doi.org/10.1016/j.freeradbiomed.2013.11.016


Cells 2021, 10, 2426 18 of 19

93. Santangelo, L.; Netti, G.S.; Giordano, P.; Carbone, V.; Martino, M.; Torres, D.D.; Rossini, M.; Di Palma, A.M.; Gesualdo, L.;
Giordano, M. Indications and results of renal biopsy in children: A 36-year experience. World J. Pediatr. 2018, 14, 127–133.
[CrossRef] [PubMed]

94. Franzin, R.; Stasi, A.; Fiorentino, M.; Stallone, G.; Cantaluppi, V.; Gesualdo, L.; Castellano, G. Inflammaging and Complement
System: A Link between Acute Kidney Injury and Chronic Graft Damage. Front. Immunol. 2020, 11, 734. [CrossRef]

95. Roumenina, L.T.; Daugan, M.V.; Noé, R.; Petitprez, F.; Vano, Y.A.; Sanchez-Salas, R.; Becht, E.; Meilleroux, J.; Le Clec’h, B.;
Giraldo, N.A.; et al. Tumor Cells Hijack Macrophage-Produced Complement C1q to Promote Tumor Growth. Cancer Immunol.
Res. 2019, 7, 1091–1105. [CrossRef] [PubMed]

96. Magyarlaki, T.; Mosolits, S.; Baranyay, F.; Buzogány, I. Immunohistochemistry of complement response on human renal cell
carcinoma biopsies. Tumori 1996, 82, 473–479. [CrossRef]

97. Komohara, Y.; Hasita, H.; Ohnishi, K.; Fujiwara, Y.; Suzu, S.; Eto, M.; Takeya, M. Macrophage infiltration and its prognostic
relevance in clear cell renal cell carcinoma. Cancer Sci. 2011, 102, 1424–1431. [CrossRef] [PubMed]

98. Chevrier, S.; Levine, J.H.; Zanotelli, V.R.T.; Silina, K.; Schulz, D.; Bacac, M.; Ries, C.H.; Ailles, L.; Jewett, M.A.S.; Moch, H.; et al.
An Immune Atlas of Clear Cell Renal Cell Carcinoma. Cell 2017, 169, 736–749. [CrossRef]

99. Xi, W.; Liu, L.; Wang, J.; Xia, Y.; Bai, Q.; Long, Q.; Wang, Y.; Xu, J.; Guo, J. High Level of Anaphylatoxin C5a Predicts Poor Clinical
Outcome in Patients with Clear Cell Renal Cell Carcinoma. Sci. Rep. 2016, 6, 29177. [CrossRef] [PubMed]

100. Vadrevu, S.K.; Chintala, N.K.; Sharma, S.K.; Sharma, P.; Cleveland, C.; Riediger, L.; Manne, S.; Fairlie, D.P.; Gorczyca, W.;
Almanza, O.; et al. Complement c5a receptor facilitates cancer metastasis by altering T-cell responses in the metastatic niche.
Cancer Res. 2014, 74, 3454–3465. [CrossRef] [PubMed]

101. Medler, T.R.; Murugan, D.; Horton, W.; Kumar, S.; Cotechini, T.; Forsyth, A.M.; Leyshock, P.; Leitenberger, J.J.; Kulesz-Martin, M.;
Margolin, A.A.; et al. Complement C5a Fosters Squamous Carcinogenesis and Limits T Cell Response to Chemotherapy. Cancer
Cell 2018, 34, 561–578. [CrossRef]

102. Marvel, D.; Gabrilovich, D.I. Myeloid-derived suppressor cells in the tumor microenvironment: Expect the unexpected. J. Clin.
Investig. 2015, 125, 3356–3364. [CrossRef]

103. Corrales, L.; Ajona, D.; Rafail, S.; Lasarte, J.J.; Riezu-Boj, J.I.; Lambris, J.D.; Rouzaut, A.; Pajares, M.J.; Montuenga, L.M.; Pio,
R. Anaphylatoxin C5a creates a favorable microenvironment for lung cancer progression. J. Immunol. 2012, 189, 4674–4683.
[CrossRef] [PubMed]

104. Hezmee, M.N.M.; Kyaw-Tanner, M.; Lee, J.Y.P.; Shiels, I.A.; Rolfe, B.; Woodruff, T.; Mills, P.C. Increased expression of C5a receptor
(CD88) mRNA in canine mammary tumors. Vet. Immunol. Immunopathol. 2011, 139, 50–56. [CrossRef] [PubMed]

105. Markiewski, M.M.; DeAngelis, R.A.; Benencia, F.; Ricklin-Lichtsteiner, S.K.; Koutoulaki, A.; Gerard, C.; Coukos, G.; Lambris, J.D.
Modulation of the antitumor immune response by complement. Nat. Immunol. 2008, 9, 1225–1235. [CrossRef]

106. Netti, G.S.; Lucarelli, G.; Spadaccino, F.; Castellano, G.; Gigante, M.; Divella, C.; Rocchetti, M.T.; Rascio, F.; Mancini, V.;
Stallone, G.; et al. PTX3 modulates the immunoflogosis in tumor microenvironment and is a prognostic factor for patients with
clear cell renal cell carcinoma. Aging (Albany N. Y.) 2020, 12, 7585–7602. [CrossRef]

107. Blok, V.T.; Daha, M.R.; Tijsma, O.M.; Weissglas, M.G.; van den Broek, L.J.; Gorter, A. A possible role of CD46 for the protection
in vivo of human renal tumor cells from complement-mediated damage. Lab. Investig. 2000, 80, 335–344. [CrossRef]

108. US National Library of Medicine. Available online: ClinicalTrials.gov (accessed on 24 July 2021).
109. Singel, K.L.; Emmons, T.R.; Khan, A.N.H.; Mayor, P.C.; Shen, S.; Wong, J.T.; Morrell, K.; Eng, K.H.; Mark, J.; Bankert, R.B.; et al.

Mature neutrophils suppress T cell immunity in ovarian cancer microenvironment. JCI Insight 2019, 4, e122311. [CrossRef]
110. Weiner, L.M.; Surana, R.; Wang, S. Monoclonal antibodies: Versatile platforms for cancer immunotherapy. Nat. Rev. Immunol.

2010, 10, 317–327. [CrossRef] [PubMed]
111. Taylor, R.P.; Lindorfer, M.A. The role of complement in mAb-based therapies of cancer. Methods 2014, 65, 18–27. [CrossRef]
112. Sliwkowski, M.X.; Mellman, I. Antibody therapeutics in cancer. Science 2013, 341, 1192–1198. [CrossRef]
113. Kennedy, A.D.; Solga, M.D.; Schuman, T.A.; Chi, A.W.; Lindorfer, M.A.; Sutherland, W.M.; Foley, P.L.; Taylor, R.P. An anti-C3b(i)

mAb enhances complement activation, C3b(i) deposition, and killing of CD20+ cells by rituximab. Blood 2003, 101, 1071–1079.
[CrossRef]

114. Cragg, M.S.; Glennie, M.J. Antibody specificity controls in vivo effector mechanisms of anti-CD20 reagents. Blood 2004, 103,
2738–2743. [CrossRef]

115. Di Gaetano, N.; Cittera, E.; Nota, R.; Vecchi, A.; Grieco, V.; Scanziani, E.; Botto, M.; Introna, M.; Golay, J. Complement activation
determines the therapeutic activity of rituximab in vivo. J. Immunol. 2003, 171, 1581–1587. [CrossRef]

116. Pohlmann, P.R.; Mayer, I.A.; Mernaugh, R. Resistance to Trastuzumab in Breast Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer
Res. 2009, 15, 7479–7491. [CrossRef]

117. Chen, S.; Li, J.; Li, Q.; Wang, Z. Bispecific antibodies in cancer immunotherapy. Hum. Vaccines Immunother. 2016, 12, 2491–2500.
[CrossRef] [PubMed]

118. Sier, C.F.M.; Gelderman, K.A.; Prins, F.A.; Gorter, A. Beta-glucan enhanced killing of renal cell carcinoma micrometastases by
monoclonal antibody G250 directed complement activation. Int. J. cancer 2004, 109, 900–908. [CrossRef]

119. Macor, P.; Secco, E.; Mezzaroba, N.; Zorzet, S.; Durigutto, P.; Gaiotto, T.; De Maso, L.; Biffi, S.; Garrovo, C.; Capolla, S.; et al.
Bispecific antibodies targeting tumor-associated antigens and neutralizing complement regulators increase the efficacy of
antibody-based immunotherapy in mice. Leukemia 2015, 29, 406–414. [CrossRef] [PubMed]

http://doi.org/10.1007/s12519-018-0147-5
http://www.ncbi.nlm.nih.gov/pubmed/29569185
http://doi.org/10.3389/fimmu.2020.00734
http://doi.org/10.1158/2326-6066.CIR-18-0891
http://www.ncbi.nlm.nih.gov/pubmed/31164356
http://doi.org/10.1177/030089169608200513
http://doi.org/10.1111/j.1349-7006.2011.01945.x
http://www.ncbi.nlm.nih.gov/pubmed/21453387
http://doi.org/10.1016/j.cell.2017.04.016
http://doi.org/10.1038/srep29177
http://www.ncbi.nlm.nih.gov/pubmed/27381421
http://doi.org/10.1158/0008-5472.CAN-14-0157
http://www.ncbi.nlm.nih.gov/pubmed/24786787
http://doi.org/10.1016/j.ccell.2018.09.003
http://doi.org/10.1172/JCI80005
http://doi.org/10.4049/jimmunol.1201654
http://www.ncbi.nlm.nih.gov/pubmed/23028051
http://doi.org/10.1016/j.vetimm.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20846729
http://doi.org/10.1038/ni.1655
http://doi.org/10.18632/aging.103169
http://doi.org/10.1038/labinvest.3780038
ClinicalTrials.gov
http://doi.org/10.1172/jci.insight.122311
http://doi.org/10.1038/nri2744
http://www.ncbi.nlm.nih.gov/pubmed/20414205
http://doi.org/10.1016/j.ymeth.2013.07.027
http://doi.org/10.1126/science.1241145
http://doi.org/10.1182/blood-2002-03-0876
http://doi.org/10.1182/blood-2003-06-2031
http://doi.org/10.4049/jimmunol.171.3.1581
http://doi.org/10.1158/1078-0432.CCR-09-0636
http://doi.org/10.1080/21645515.2016.1187802
http://www.ncbi.nlm.nih.gov/pubmed/27249163
http://doi.org/10.1002/ijc.20029
http://doi.org/10.1038/leu.2014.185
http://www.ncbi.nlm.nih.gov/pubmed/24903480


Cells 2021, 10, 2426 19 of 19

120. Gelderman, K.A.; Kuppen, P.J.K.; Bruin, W.; Fleuren, G.J.; Gorter, A. Enhancement of the complement activating capacity of 17-1A
mAb to overcome the effect of membrane-bound complement regulatory proteins on colorectal carcinoma. Eur. J. Immunol. 2002,
32, 128–135. [CrossRef]

121. Macor, P.; Mezzanzanica, D.; Cossetti, C.; Alberti, P.; Figini, M.; Canevari, S.; Tedesco, F. Complement activated by chimeric
anti-folate receptor antibodies is an efficient effector system to control ovarian carcinoma. Cancer. Res. 2006, 66, 3876–3883.
[CrossRef] [PubMed]

122. Mamidi, S.; Cinci, M.; Hasmann, M.; Fehring, V.; Kirschfink, M. Lipoplex mediated silencing of membrane regulators (CD46,
CD55 and CD59) enhances complement-dependent anti-tumor activity of trastuzumab and pertuzumab. Mol. Oncol. 2013, 7,
580–594. [CrossRef]

123. Holers, V.M.; Rohrer, B.; Tomlinson, S. CR2-mediated targeting of complement inhibitors: Bench-to-bedside using a novel strategy
for site-specific complement modulation. Adv. Exp. Med. Biol. 2013, 735, 137–154. [CrossRef] [PubMed]

124. Morgan, E.L.; Morgan, B.N.; Stein, E.A.; Vitrs, E.L.; Thoman, M.L.; Sanderson, S.D.; Phillips, J.A. Enhancement of in vivo and
in vitro immune functions by a conformationally biased, response-selective agonist of human C5a: Implications for a novel
adjuvant in vaccine design. Vaccine 2009, 28, 463–469. [CrossRef]

125. Hegde, G.V.; Meyers-Clark, E.; Joshi, S.S.; Sanderson, S.D. A conformationally-biased, response-selective agonist of C5a acts as a
molecular adjuvant by modulating antigen processing and presentation activities of human dendritic cells. Int. Immunopharmacol.
2008, 8, 819–827. [CrossRef]

126. Floreani, A.A.; Gunselman, S.J.; Heires, A.J.; Hauke, R.J.; Tarantolo, S.; Jackson, J.D. Novel C5a agonist-based dendritic cell
vaccine in a murine model of melanoma. Cell Cycle 2007, 6, 2835–2839. [CrossRef] [PubMed]

127. Longhurst, H.; Cicardi, M.; Craig, T.; Bork, K.; Grattan, C.; Baker, J.; Li, H.H.; Reshef, A.; Bonner, J.; Bernstein, J.A.; et al. Prevention
of Hereditary Angioedema Attacks with a Subcutaneous C1 Inhibitor. N. Engl. J. Med. 2017, 376, 1131–1140. [CrossRef]

128. Degn, S.E.; Thiel, S.; Nielsen, O.; Hansen, A.G.; Steffensen, R.; Jensenius, J.C. MAp19, the alternative splice product of the MASP2
gene. J. Immunol. Methods 2011, 373, 89–101. [CrossRef]

129. Degn, S.E.; Hansen, A.G.; Steffensen, R.; Jacobsen, C.; Jensenius, J.C.; Thiel, S. MAp44, a human protein associated with pattern
recognition molecules of the complement system and regulating the lectin pathway of complement activation. J. Immunol. 2009,
183, 7371–7378. [CrossRef] [PubMed]

130. Markiewski, M.M.; Lambris, J.D. Is complement good or bad for cancer patients? A new perspective on an old dilemma. Trends
Immunol. 2009, 30, 286–292. [CrossRef]

131. Phillips, M.E.; Rother, U.; Rother, K. Serum complement in the rejection of sarcoma I ascites tumor grafts. J. Immunol. 1968, 100,
493–500. [PubMed]

132. Eilber, F.R.; Morton, D.L. Demonstration in sarcoma patients of anti-tumor antibodies which fix only human complement. Nature
1970, 225, 1137–1138. [CrossRef]

133. Savola, S.; Klami, A.; Myllykangas, S.; Manara, C.; Scotlandi, K.; Picci, P.; Knuutila, S.; Vakkila, J. High Expression of Complement
Component 5 (C5) at Tumor Site Associates with Superior Survival in Ewing’s Sarcoma Family of Tumour Patients. ISRN Oncol.
2011, 2011, 168712. [CrossRef] [PubMed]

134. Ying, L.; Zhang, F.; Pan, X.; Chen, K.; Zhang, N.; Jin, J.; Wu, J.; Feng, J.; Yu, H.; Jin, H.; et al. Complement component 7 (C7), a
potential tumor suppressor, is correlated with tumor progression and prognosis. Oncotarget 2016, 7, 86536–86546. [CrossRef]
[PubMed]

135. Nabizadeh, J.A.; Manthey, H.D.; Steyn, F.J.; Chen, W.; Widiapradja, A.; Md Akhir, F.N.; Boyle, G.M.; Taylor, S.M.; Woodruff, T.M.;
Rolfe, B.E. The Complement C3a Receptor Contributes to Melanoma Tumorigenesis by Inhibiting Neutrophil and CD4+ T Cell
Responses. J. Immunol. 2016, 196, 4783–4792. [CrossRef] [PubMed]

http://doi.org/10.1002/1521-4141(200201)32:1&lt;128::AID-IMMU128&gt;3.0.CO;2-P
http://doi.org/10.1158/0008-5472.CAN-05-3434
http://www.ncbi.nlm.nih.gov/pubmed/16585216
http://doi.org/10.1016/j.molonc.2013.02.011
http://doi.org/10.1007/978-1-4614-4118-2_9
http://www.ncbi.nlm.nih.gov/pubmed/23402024
http://doi.org/10.1016/j.vaccine.2009.10.029
http://doi.org/10.1016/j.intimp.2008.01.031
http://doi.org/10.4161/cc.6.22.4899
http://www.ncbi.nlm.nih.gov/pubmed/17986862
http://doi.org/10.1056/NEJMoa1613627
http://doi.org/10.1016/j.jim.2011.08.006
http://doi.org/10.4049/jimmunol.0902388
http://www.ncbi.nlm.nih.gov/pubmed/19917686
http://doi.org/10.1016/j.it.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/4171118
http://doi.org/10.1038/2251137a0
http://doi.org/10.5402/2011/168712
http://www.ncbi.nlm.nih.gov/pubmed/22084725
http://doi.org/10.18632/oncotarget.13294
http://www.ncbi.nlm.nih.gov/pubmed/27852032
http://doi.org/10.4049/jimmunol.1600210
http://www.ncbi.nlm.nih.gov/pubmed/27183625

	Introduction 
	Overview of the Complement System 
	Cellular Senescence and Cancer: Ambivalence between Anti-Tumour and Pro-Tumour Response 
	Complement in Prostate Cancer 
	PTX3 as a Possible Link between Inflammation, Cancer, and Aging 
	Complement in Renal Cell Carcinoma 
	Complement Potentiates Cancer Therapy, including Antibody-Mediated Cytotoxicity, Vaccines, and Radiotherapy 
	Complement-Based Biomarkers for Cancer Prognosis 
	Conclusions 
	References

