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Abstract: The crosstalk among the complement system, immune cells, and mediators of inflammation
provides an efficient mechanism to protect the organism against infections and support the repair of
damaged tissues. Alterations in this complex machinery play a role in the pathogenesis of different
diseases. Core complement proteins C3 and C5, their activation fragments, their receptors, and
their regulators have been shown to be active intracellularly as the complosome. The kidney is
particularly vulnerable to complement-induced damage, and emerging findings have revealed the
role of complement system dysregulation in a wide range of kidney disorders, including glomeru-
lopathies and ischemia-reperfusion injury during kidney transplantation. Different studies have
shown that activation of the complement system is an important component of tumorigenesis and
its elements have been proved to be present in the TME of various human malignancies. The role
of the complement system in renal cell carcinoma (RCC) has been recently explored. Clear cell and
papillary RCC upregulate most of the complement genes relative to normal kidney tissue. The aim of
this narrative review is to provide novel insights into the role of complement in kidney disorders.

Keywords: complement system; complosome; kidney; nephropathy; kidney transplantation; ischemia-
reperfusion injury; renal cell carcinoma; therapy

1. Introduction

The complement cascade is a component of the innate immune system and has a
fundamental role in defense mechanisms against pathogens such as viruses and bacteria. It
is a complex network of different proteins that circulate in the blood and are also found
on cell surfaces [1,2]. The crosstalk among complement system proteins, immune cells,
and mediators of inflammation provides an efficient mechanism to protect the organism
against infections and support the repair of damaged tissues [3–5]. However, alterations
in this complex machinery play a role in the pathogenesis of different diseases. The
role of the complement system in a variety of inflammatory diseases is multifaceted; for
instance, complement activation can greatly contribute to inflammation-mediated tissue
damage, whereas inherited or acquired complement deficits strongly favor the emergence
of autoimmune diseases [6,7]. The kidney is particularly vulnerable to complement-induced
damage. Emerging findings have revealed the role of complement system dysregulation in
a wide range of kidney disorders, including glomerulopathies, ischemia-reperfusion injury
during kidney transplantation, and kidney cancers [8–10].
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Tumor-promoting inflammation plays an important role in development of many
cancers [11]. Different studies have shown that activation of the complement system is an
important component of this protumorigenic process [12]. In addition, the complement
system contributes to cancer progression, increasing the activity of mitogenic signaling
pathways, exerting prosurvival and antiapoptotic effects, inducing angiogenesis, and
facilitating cancer cell migration and invasion [13]. Renal cell carcinoma (RCC) is the most
common form of malignant renal tumor, and its incidence has risen by roughly 2% annually
during the past 20 years [14–16]. In the last years, many studies have showed that several
metabolic disorders, such as obesity, metabolic syndrome, diabetes, and chronic kidney
diseases, represent common risk factors for this cancer [17–32]. Moreover, RCC is one
of the most immune-infiltrated tumors, and the reactive immunoflogosis can accelerate
cancer progression, by enriching the tumor microenvironment (TME) with cytokines and
growth factors [33]. In this scenario, complement system activation in TME can promote
immunosuppression and cancer growth and can sustain angiogenesis, a hallmark of renal
cancer [34,35].

In this narrative review, we provide novel insights into the role of complement in
kidney disorders and the tumor-promoting effect of its activation in renal cell carcinoma.

2. Complement System (Components, Activation Cascades, Regulators,
Local Activation)

In 1901, Jules Bordet first described the complement system, which is regarded as one
of the most ancient component of our immune system [36]. It consists of approximately
50 elements, including blood- and lymph-circulating proteins as well as membrane-bound
elements (receptors and regulators). Most of the complement core elements (proteins
C1 to C9, activators, and regulators) are synthetized in the liver, while receptors and
membrane-bound regulatory proteins are expressed on several immune and non-immune
cells [37,38]. Complement elements also function as pattern recognition receptors (PRRs),
which can recognize a variety of pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). The system consists of serine proteases
whose cascade activity is strictly regulated. Three different pathways have been described
so far: the classical, the lectin, and the alternative pathway, the latter being phylogenetically
older but later discovered (Figure 1). Although they are triggered differently, each process
leads to the production of enzyme complexes that can cleave C3 complement protein [39].
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Figure 1. Complement system pathways. MBL: mannose-binding lectin; FI: factor I; FH: factor H;
CR1: complement receptor 1; MAC: membrane-attack complex.

The alternative pathway is constitutively activated since C3 is being continuously
converted into C3b (C3 thickover) as a sentinel against pathogens. C3 is characterized by a
thioester moiety that is normally hidden. When cleaved to C3b, this domain is exposed and
can attach to amino or hydroxyl groups of proteins on microbes’ surface. In the absence
of pathogens, the thioester group is hydrolyzed in plasma, so circulating C3b is rapidly



Int. J. Mol. Sci. 2023, 24, 16515 3 of 20

inactivated. On a microbial or host cell surface, C3b can associate with plasma factor B.
Serine protease factor D further cleaves factor B into Ba (smaller fragment) and Bb (which
remains liked to C3b). C3bBb represents the alternative pathway C3 convertase, which can
amplify the complement cascade since C3b can interact with Bb fragments regardless of
alternative, classical, or lectin pathway initiation. Properdin (the only positive regulator
of complement) stabilizes C3bBb complex on microbes, whereas it is quickly degraded
by different regulators when it is assembled on normal mammalian cells. The interaction
with C3 convertase itself with another C3b molecule results in the alternative pathway C5
convertase for the late events of the cascade.

The classical pathway depends on the binding of C1 complex to the Fc region of IgG
or IgM that have bound antigen. C1 complex is made of C1q, C1r, and C1s subunits. Free
circulating antibodies cannot initiate the pathway since each C1q subunit must bind at
least two antibody heavy chains. IgG molecules only have one Fc region; hence, for C1q
to interact, many IgG must be brought close together when binding multivalent antigen.
Free IgM is pentameric, but it is unable to bind C1q because the Fc regions are arranged
in a configuration that prevents C1q from accessing them. Antigen-binding-induced
conformation changes expose C1q binding sites in Fc regions. Serine proteases C1r and
C1s create a tetramer with two molecules of each protein in C1 complex. Upon binding
with Ig heavy chains, C1r is activated, which in turn cleaves and activates C1s. C1q can be
bound and activated by plasma proteins of the pentraxin family such as C-reactive protein
(CRP), serum amyloid P (SAP), and the long pentraxin-3 (PTX3). Pentraxins recognize
specific structures on microbial and apoptotic cells’ surfaces (phosphatidylethanolamine
or phosphorylcholine). Their levels raise during inflammation as with other acute phase
proteins synthetized in the liver. PTX3 is produced by different cell types including
dendritic cells, macrophages, and endothelial cells. Then, activated C1s cleaves C4 into
C4a and C4b. Similarly to C3b, because of a specific domain, C4b attaches to a cell surface
or immune complex. Complexed to C4b, C2 is then activated into C2a. The resulting
C4b2a complex represents the classical pathway C3 convertase: the C2a subunit catalyzes
C3 proteolysis into C3a and C3b. As mentioned above, C3b deposits on cell membranes
and promotes more C3 convertase via factor B. Some of the C3b fragments join to the
C4b2a complex to form the C4b2a3b complex that functions as the classical pathway C5
convertase to allow the late steps of the complement cascade. The binding of microbial
surface carbohydrates pattern (N-acetyl glucosamine or mannose) to soluble lectins initiates
the lectin pathway in the absence of antibodies. Circulating lectins are collagen-like proteins
that structurally resemble C1q. They include mannose-binding lectin (MBL) and ficolins,
which then associate with MBL-associated serine proteases (MASPs: MASP1, MASP2,
and MASP3). The MASP proteins, which are structurally homologous to C1r and C1s
proteases, cleave C4 and C2 to trigger subsequent events that are the same as those in the
classical pathway. The induction of the final steps of the complement cascade depends on
C5 convertase, which cleaves C5 into a small C5a molecule and C5b, which remains on
the cell surface. Transient conformation allows C5b to bind C6 and C7 proteins (C5b,6,7
complex). This complex undergoes a conformation change that exposes a hydrophobic
site on C7 and draws the complex into the lipid bilayer of the cell membrane. Subsequent
binding of the C5b–C6–C7 complex to C8 exposes another hydrophobic site that further
anchors the 5b–8 complex into the cell membrane.

However, the C5b-8 complex (C5b, C6, C7, C8) has a limited lytic activity. The binding
of C9, which polymerizes at the site of the bound C5b-8, results in the development of a
fully functioning membrane attack complex (MAC), to create pores in plasma membranes.
Ions and water influx cause cell osmotic swelling and finally its rupture. Notably, C9 has
a molecular structure similar to perforin secreted by cytotoxic T lymphocytes (CTL) and
NK cells. Additionally, C3 and C5 can be activated by unconventional proteases such as
plasmin, cathepsin L, rennin, and thrombin (non-canonical pathway). The complement
cascade and the stability of activated proteins are closely regulated to prevent effects on
normal cells and to shorten its duration, since degradation products can affect healthy
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adjacent cells, for instance. Different circulating and membrane-bound regulators have
been described so far [40]. C1 inhibitor (C1 INH) is a serin protease inhibitor of C1r and
C1s. Normal mammalian membranes express several proteins that can block the assembly
of C3 and C5 convertases. Membrane cofactor protein (MCP or CD46), type I complement
receptor (CR1), and decay-accelerating factor (DAF) competitively bind to C3b or C4b on
cell surfaces. Circulating factor H (FH) inhibits fragment Bb interaction to C3b (alternative
pathway), as does circulating C4-binding protein (C4BP) for C4b. Factor I, a plasma
serine protease, degrades C3b through proteolysis and needs MCP, FH, C4BP, and CR1 as
cofactors. Resulting iC3b, C3d, and C3dg are recognized by phagocytes and B cells, thus
not participating in complement activation. Normal host cells express CD59, which limits
the assembly of MAC, as S protein (and other soluble proteins) does for circulating C5b,6,7
complexes. Although the complement system was at first considered crucial just for innate
immunity, immune cells were demonstrated to express a complement receptor repertoire.
The engagement of these receptors promotes an inflammatory reaction to remove damage.
Hence, migration and activation of neutrophils and monocytes and pathogen or antigen
phagocytosis can be coordinated by complement fragments receptors. Bone-marrow-
derived cells (i.e., neutrophils, monocytes, eosinophils, erythrocytes, lymphocytes) typically
exploit CR1 to internalize particles opsonized with C3b or C4b. The CR1 signaling pathway
also enhances microbial clearance in phagocytes when Fcγ receptor is simultaneously
engaged. C3a, C4a, and C5a are referred to as the anaphylatoxins since they can induce
mast cell degranulation and histamine release. However, a wide range of cells express
their G-protein coupled receptors: C3a receptor (C3aR) and C5a receptors 1 and 2 (C5aR1
and C5aR2). Additionally, complement can provide co-stimulatory signals to antigen-
presenting cells (APCs), including B and T cells. Type 2 complement receptor (CR2) on B
lymphocytes recognizes iC3b/C3dg/C3d fragments, facilitating the initiation of humoral
immune responses by providing co-stimulatory signals and lowering the threshold of B cell
receptor (BCR) signaling [41]. Anaphylatoxins support the classical inflammatory reaction
by increasing vascular permeability to support cell adherence and tissue influx, smooth
muscle contraction, immune cell chemotaxis, activation, and degranulation, and the release
of proinflammatory mediators at the site of complement activation. In neutrophils, C5a
encourages motility, adhesion to endothelial cells, and even the respiratory burst with
subsequent reactive oxygen species (ROS) production at high concentrations [42]. It has
become evident that C3a and C5aR1 recruitment on human APCs and T cells is mainly
independent of serum-derived C3 and C5 during APC-T cell interaction. APCs can secrete
C3 and C5 to be converted into C3a and C5a via C3/C5 convertase and factor B and D.
C3aR and C5aR1 engagement on APCs triggers their maturation, expression of MHC II
and costimulatory molecules, and cytokine generation to support T cells activation [43–45].
Therefore, it is now commonly acknowledged that complement serves as a necessary
functional bridge between innate and adaptive immunity.

3. Complosome: Definition and Roles

Core complement proteins C3 and C5, their activation fragments, their receptors, and
their regulators have been found to be active intracellularly as the complosome [46–48].
Complosome components not only interact with each other but also with intracellular
danger sensor and effector systems (inflammasomes, autophagosomes, and ribosomal
machinery), controlling cell metabolism and general cell physiology (autophagy and gene
expression) [49–52]. These components have been found in the cytoplasm, nucleus, lyso-
some, endoplasmic reticulum, and outer membrane of mitochondria. C3 and C5 can be
activated by specific proteases or by C3/C5 convertases assembled beneath the plasma
membrane or on the surface of subcellular compartments. Even if they are encoded
by the same genes, extracellular proteins cannot compensate for cell-intrinsic elements.
Complosome proteins might undergo post-translational modifications or have distinct
structures (according to environmental conditions such as pH). Indeed, complosome com-
ponents can also function in cellular compartments that are exclusively accessible to the
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cell-autonomous protein sorting machinery [53]. Interestingly, C3 component can be re-
cruited intracellularly from the extracellular space or from the cell surface. In B cells,
extracellular C3 translocation to the nucleus supports gene expression, whereas in CD4 T
cells support IL-6 production [54,55]. Although it was first described in CD4 T cells, the
complosome has been discovered in a wide range of immune and non-immune cells [56].
Cathepsin L (CTSL) steadily cleaves at low-level lysosomal C3 in circulating CD4 T cells.
Then, lysosomal C3aR sustains mammalian target of rapamycin (mTOR) activation (sur-
vival signal). By keeping Jagged-1 away from Notch-1, CD46 prevents Notch-1-driven
activation in resting CD4 T cells. The rapid translocation of C3b to the cell surface, where
it binds CD46, is triggered by stimulation of the T cell receptor (TCR). Not only does
autocrine CD46 stimulation release Jagged-1 to facilitate Notch-1 activation, but it also
triggers several crucial steps necessary for T cells to release IFN-γ and develop into T cell
helper type 1 (Th1) [57,58]. More, CD46 promotes gene expression of glucose (GLUT-1)
and neutral ammino acid (LAT-1) transporters and triggers glycolysis, oxidative phos-
phorylation (OXPHOS), and fatty acid metabolism. Additionally, CD46 seems to regulate
cholesterol synthesis by starting mTOR complex 1 (mTORC1) assembly at the lysosomal
surface [59]. Two CD46 isoforms exist with different cytoplasmic signaling domains: CYT-1
and CYT-2. After its stimulation, γ-secretase complex releases CYT-1 and CYT-2, which
translocate to the nucleus. However, they do not work as transcription factors because they
lack a DNA binding site. Finally, CYT-1 and CYT-2 modulates gene expression (nutrient
channels or metabolic enzymes). DNA–histone interactions apparently can depend on
C3. CD46-induced intracellular C5 activation enhances oxygen mitochondrial metabolism
(through mitochondrial C5aR1) and the assembly of a canonical NLR family pyrin domain
containing 3 protein (NLRP3) inflammosome (IL-1β secretion). The contraction phase of
Th1 response is also influenced by the complosome since they express C5aR2 intracellularly
and on their surface. Its engagement by C5a or its desarginated version (C5a-desArg) nega-
tively regulates inflammasome activity, reduces the release of IFN-γ in favor of IL-10, and
suppresses Th1 activity [60]. During CD8 T cells’ activation, CD46 augments the synthesis
of IFN-γ and granzyme B, and fatty acid metabolism through intracellularly generated
C3b [61]. In human B cells, internalized C3 and C3a might control DNA packaging since
they can enter the nucleus and bind histones. Complosome contributions to cytokine and
antibodies generation remain unmapped, so far. Human monocytes and neutrophils are
characterized by a continuous transcription of C3 and C5. The mitochondrial C5a/C5aR1
axis has been shown to reverse electron chain flux toward ROS production and aerobic
glycolysis, reducing ATP/cAMP production and OXPHOS [49]. Surprisingly, apoptotic
cells are bound by C1q before their phagocytosis. This seems to limit NLRP3 activity and
macrophage polarization toward the M1-phenotype to grant a non-inflammatory clearance
of apoptotic cells [62]. Unlike M2 macrophages, mitochondrial C5aR1 inhibition leads
to reduced IL-10 production. Therefore, mitochondrial function and fitness have been
suggested to be maintained by the complosome [63]. Autophagic machinery can be under
the control of the complosome as well. Independently of the activation of its fragments
receptors, C3 can directly interact with autophagy-related 16-like 1 protein (ATG16L1), thus
controlling autophagy [64]. Complosome components have been described in different
types of non-immune cells even if their contribution remains not utterly clear [65]. It can
orchestrate responses against infectious and non-infectious stressors. In the presence of
oxidative stress, C3-regulatory factor H-related protein 3 (FHR-3) increases intracellular
complement activation and the release of pro-inflammatory cytokines, while mitochon-
drial C3aR decreases mitochondrial respiration in human retinal epithelial cells [66,67].
Hypoxia-inducible factor 1α (HIF1α) can be under the control of the CYT-2 domain of CD46
in bladder epithelial cells, where hyperactivation of MYC-mediated proliferation might
be associated with malignant transformation [68]. Beyond the role of the extracellular
complement system in human diseases, growing evidence suggests that the complosome
can also be involved in several pathological conditions [69]. Increasing data suggest that
variations in complosome activities in endothelial and tubular kidney cells can affect organ
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physiology or contribute to damage. A single study investigated its possible function in
kidney glomerular endothelial cells. FH absence led to spontaneous cytoskeletal remodel-
ing, cellular layer dysfunction, loss of barrier function, and heightened cell proliferation
resulting in enhanced angiogenic potential [70]. Gene analysis revealed that FH deficiency
alters the expression of several genes. Nuclear translocation of transcription factor nuclear
factor kappa-light-chain enhancer of activated B (NF-kB) is triggered by the lack of FH, thus
perturbing cellular function. In contrast to glomerular endothelial cells, kidney tubular
cells do not show detectable levels of intrinsic FH in the steady state. According to this
finding, FH knockdown did not alter the transcriptional program or cell behavior of tubular
cells. Intracellular C5 and C5aR1 in kidney-infiltrating macrophages seem to play a crucial
role in folic-acid-induced tubular cell injury. Reduced renal fibrosis was noted in mice with
macrophages deficient for C5 and C5aR1. Single-cell RNA sequencing revealed that renal
C3 and C5 expression was raised after mice unilateral ureteral obstruction, especially in
tubular cells [71].

4. Complement and Kidney Diseases

The deposition of complement fragments or locally produced ones are detrimental
for kidneys. Alternative pathway dysregulation is responsible for a plethora of kidney
diseases. Genetic or acquired disorders result in its erroneous or prolonged activation [72].
Hemolytic uremic syndrome (HUS) is defined by platelet thrombi in the vessels of the
kidneys and other organs provoking anemia, thrombocytopenia, and renal injuries (up to
end-stage renal disease). Unlike HUS associated with Escherichia coli toxins (STEC-HUS),
atypical HUS (aHUS) can occur through abnormalities in the complement cascade that
are either genetic or acquired, as autoantibodies (anti-factor H). Affected individuals are
extremely vulnerable to complement activation on endothelial cells after environmental
hints (such as infections, drugs, pregnancy, etc.), leading to microangiopathic and renal
injury [73–75]. After kidney transplantation, primary aHUS is linked to a high likelihood
of recurrence and poor outcomes [76]. Genetic anomalies in the system proteins or its
regulators are found in 40–60% of cases, with less than 20% being familial [77]. Genetic mu-
tations are responsible for deficiency or dysfunction in FH (most frequently), FI, or CD46 in
aHUS [78–80]. Rarely, gain-of-function variants in FB and C3 are identified, which prevents
their degradation. Thrombomodulin (THBD) binds to C3b and FH on endothelial cells and
supports C3b inactivation by FI and C3a/C5a inactivation through procarboxypeptidase B.
Variants in THBD and factor-H-related (FHR) proteins can also contribute to aHUS [81,82].
Alterative pathway dysregulation has been found approximately in 50–70% of patients
with C3-glomerulopathy (glomerular C3 deposition) and immune complex-associated
membranoproliferative glomerulonephritis (glomerular Ig and complement deposition).
Genetic variants have been described for C3, FB, FH, FI, CD46, and TBHD [83]. Alternative
pathway C3 and C5 convertases are targets of autoantibodies (nephritic factors C3NeF and
C5NeF), which prolong their half-lives. They are the most common autoantibodies in these
diseases [84]. Of note, disease recurrence after kidney transplantation highly affects these
patients. Histological findings of membranous nephropathy (MN) include glomerular basal
membrane thickening and the deposition of IgG, antigens, and complement components.
C3 and C5b-9 are consistently present alongside IgG in the subepithelial space [85]. Each of
the complement pathways can be involved in the MN; however, none of them appears to be
exclusive [86]. Secondary MN can develop in association with viral infections, drug toxicity,
or systemic lupus erythematosus (SLE). Autoantibodies against phospholipase A2 receptor
(PLA2R) and thrombospondin type-1-domain-containing protein 7A (THSD7A) define
primary MN. Recently, many other proteins have been identified as possible autoantigens,
such as contactin 1, semaphoring 3B, transforming growth factor-β receptor 3, and netrin
G1 [87]. Positive staining for C5b-9, C3d, FB, and properdin has been observed in kidney
biopsies from patients with anti-neutrophil cytoplasmic autoantibody (ANCA)-associated
vasculitides (AAV), even though immune complex deposits are typically absent [88]. Acute
postinfectious glomerulonephritis (APIGN) can occur after an extrarenal infection, such
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as skin or pharynx infection by group A β-hemolytic Streptococci. Despite glomerular
deposition of immune complexes, there is a selective activation of the alternative pathway.
Most of the patients have normal serum C4 levels and reduced C3 levels [89]. Predom-
inant activation of the alternative and lectine pathways is noted in the pathogenesis of
IgA nephropathy [90]. Indeed, C3, properdin, C4d, MBL, and C5b-9 are deposited in the
glomeruli, unlike C1q [91]. Inflammation in the kidney is initiated by immune complexes
containing galactose-deficient IgA1. A relationship between the alternative pathway and
disease severity has been unveiled: the levels of Ba fragments (smaller activation frag-
ment of FB) directly correlate with the degree of proteinuria and indirectly with estimated
glomerular filtration rate (eGFR) [92]. One of the toughest manifestations of SLE is lupus
nephritis (LN). Upon immune complex glomerular accumulation, C1q binding allows the
classical pathway to begin. Evidence posits the involvement of the alternative pathway in
LN pathogenesis [93]. In contrast to individuals with LN that was in remission, patients
with active LN had higher plasma concentrations of Bb, C3a, C5a, and sC5b-9, as well
as lower plasma levels of C1q and C3 [94]. Furthermore, one-year immunosuppressive
response rates for LN patients with biopsies demonstrating glomerular deposition of C3
without C1q and C4 were lower, and they were more likely to have renal disease progres-
sion. Compared to SLE patients without clinical evidence of renal involvement or healthy
controls, serum levels of FH were considerably lower in LN patients. These levels were also
inversely correlated with the SLE disease activity index and renal activity index scores [95].
Additional kidney diseases that show some evidence of complement activation include
anti-GBM disease (Goodpasture’s), diabetic nephropathy, and cryoglobulinemia [96–99].

5. Complement and Kidney Transplantation

Kidney transplantation offers a better survival rate and quality of life than dialysis
to patients with end-stage renal disease (ESRD). Kidney ischemia-reperfusion injury (IRI),
delayed graft function (DGF), T- and B-cell mediated rejection, and chronic allograft injury
can affect long-term graft survival and could lead to graft loss [100–102]. IRI is an unavoid-
able process after transplantation, which can trigger the immunogenicity of the graft and
can raise the risk of acute rejection [103]. Different events occur during IRI: transcriptional
reprogramming, activation of apoptosis, necrosis and necroptosis, endothelial dysfunction,
and activation of innate and adaptive immune responses [104,105]. The rationale for the
creation of an immune microenvironment is for the clearance of injured cells and for sub-
sequent tissue repair [106–108]. Locally generated component proteins seem to be more
predominant during IRI than circulating ones. C3 silencing with small interfering RNA
(siRNA) could ameliorate IRI [109]. The lectin pathway has recently been identified as
one of those most heavily involved, despite earlier studies pointing at the alternative path-
way. Upon IRI, tubular cells increase the production of collectin-1 (CL11), a soluble lectin
molecule. At the ischemic sites, CL11 binds to stressed cells, thus initiating complement
cascade via MASPs [110,111]. While overexpression of human CD55 and CD59 yielded bet-
ter renal function, their deficiency left mice more sensitive to IRI [112–114]. Besides MAC
insertion, anaphylatoxins are generated, whose receptors are expressed on different cells.
Their priming, costimulatory receptors expression, and antigen presentation are enhanced
by C3a and C5a on antigen-presenting cells (APCs). Complement fragments support T cells’
proliferation and differentiation and B cells’ response. IgM to IgG switch is encouraged by
complement receptor 2 (CR2) on B cells upon their activation [115]. C5aR1 has been found
to play a role in fibroblast proliferation and activation after IRI [116]. Pericytes and endothe-
lial cells also play a significant role in renal fibrosis and scar formation after kidney damage,
also because of endothelial-to-mesenchymal transition (EndMT). EndMT was limited by
blocking the complement system, and scar formation and collagen deposition were reduced
with C1q treatment [117–119]. C5aR engagement on tubular cells promotes aberrant DNA
methylation, altering the expression of genes involved in the cell cycle, DNA damage con-
trol, and signalling. BCL9, CYP1B1, and CDK6 were silenced, while p53 and p21 (cell cycle
arrest) were upregulated [120,121]. The gene Klotho is known to exert anti-senescence and
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anti-fibrotic effects, and its expression was reduced in a swine model of IRI through comple-
ment activation [122]. The occurrence of delayed graft function (DGF) is directly influenced
by IRI. Graft recipients with DGF present significant complement activation. Indeed, serum
C5b-9 levels were higher compared to recipients with early graft function, making them
ideal biomarkers for predicting graft function and long-term outcomes. Graft biopsies
further uncovered MAC and C3d deposition [123,124]. During reperfusion, C5b-9 levels
were noticeably higher in deceased-donor kidney transplantation than living ones [125].
Therefore, it has been suggested that the complement cascade initiates in deceased donors
prior to organ procurement because of impaired homeostasis, unstable hemodynamic, and
circulating DAMPs from injured cells. Graft survival is threated by T-cell mediated (TCMR)
and antibody-mediated rejection (AMR). The complement system influences T cell priming
and activation both directly and indirectly through APCs. In APCs, C5aR1 signaling drives
the expression of MHC and co-stimulatory molecules and the production of cytokines
and growth factors [126,127]. The role of the complosome in T and B cells has already
been discussed earlier. After kidney transplantation, recipients can develop donor-specific
antibodies (DSA), including anti-ABO and anti-HLA as part of their humoral immunity.
These immunoglobulins bind to endothelial cells during AMR, initiating the complement
classical pathway [128]. In turn, anaphylatoxins potentiate inflammation, whereas MAC
hurts the integrity of blood vessels because of CDC [129]. In the past years, C4d deposition
had been a histological criteria for AMR [130]. Finally, interstitial fibrosis/tubular atrophy
(chronic allograft nephropathy) can be due to IRI, drug toxicity, rejection, or infections
as a result of maladaptive repair after graft damage. Fibroblast activation leads to scar
formation, thus affecting graft activity.

6. Overview of Complement System in Cancer

The complement system represents a robust component of the immune system against
microbes and “non-self” cells. Besides cancer cells, the tumor microenvironment (TME)
consists of different immune (i.e., B and T cells, tumor-associated macrophages, neu-
trophils, myeloid-derived suppressor cells) and non-immune cells (i.e., cancer-associated
fibroblasts—CAFs), and extracellular elements. Tumor cells gradually induce phenotypic
changes in the TME by releasing soluble factors (cytokines, growth factors, enzymes) and
recruiting cells to foster its growth, progression, and metastasis [131]. Complement system
elements have been proved to be present in the TME of various human malignancies.
Interestingly, most of data from in vitro studies or animal models have yielded sometimes
contradictory results; therefore, it is now acknowledged that the effects of complement
are context-dependent across cancer types [132–134]. Considering the extensive tumor
vasculature, most of the complement proteins produced in the liver are easily accessible in
the TME, where they can also be secreted locally by cancer, stromal, and immune cells [135].
For instance, CAFs are a major source for complement proteins in melanoma (C1s, C1r, C3,
C4a, FB, and C1inh) and breast cancer (C3 and C3a) [136,137]. Complement fragments can
be detected along tumor vessels, although the main pathway of its activation in the TME is
still unclear. Cascade-independent proteases can activate C3 and C5, such as urokinase-
plasminogen activator (uPA) in mouse squamous carcinogenesis [138]. Conversely, tumor
cells adopt different mechanisms to escape complement-dependent cytotoxicity (CDC)
triggered by MAC. The expression of either membrane-bound (CD21, CD35, CD46, CD55,
CD59) or soluble (FH, factor H-like protein) regulators can be increased [139]. The assembly
and stability of MAC can be apparently counteracted by heat shock protein 90 (HSP90)
together with mortalin [140]. In addition, evidence suggests that the complement system
can support tumor progression by orchestrating the composition of the TME as well as
controlling cancer cell proliferation, epithelial-to-mesenchymal transition (EMT), angiogen-
esis, metastasis, and stemness [141]. The accumulation and immunosuppressive effects of
tumor-associated macrophages (M2-TAMs) can be controlled by C3a-C3aR signaling [142].
The recruitment and differentiation of MDSCs in the TME is triggered by C5aR-mediated
pathways. MDSCs are able to secrete a huge variety of immunomodulators, such as
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arginase-1 (Arg-1), IL-10, transforming growth factor-β (TGF-β), and express immune
checkpoint molecules, such as cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed
death-ligand 1 (PD-L1). C5a shifts CD4 T cells toward T helper 2 (Th2) or regulatory T
cells (T regs) to further limit T cells’ activities. Blocking C5aR signaling reduced T regs
generation and TGF-β production [143,144]. Neutrophils accumulation and their polar-
ization toward a pro-tumorigenic phenotype (N2-TANs) are associated with complement
activation in the TME. In ovarian cancer, neutrophils can affect antitumor T cells’ response
upon C3 activation [145]. C3aR could regulate the recruitment of N2-TANs through the
neutrophil extracellular traps (NETs) [146]. In a mouse breast cancer model, CAFs are
thought to be controlled by C3a-C3aR signaling: their activation leads to the production of
pro-tumorigenic cytokines (TGF- β), EMT, then metastasis [137]. Besides modulating the
composition of the TME, the complement system can directly enhance cancer growth. In
particular, ovarian cancer cells’ proliferation increased in vivo in the presence of C3aR and
C5aR agonists, whilst it decreased with their antagonists [147]. Ovarian cancer cells secrete
C3a, which can downregulate E-cadherin via transcription factor TWIST, thus promoting
EMT [148]. In hepatocellular carcinoma, the C5a-C5aR axis reduces E-cadherin and claudin-
1 expression by upregulating Snail and activating ERK1/2 pathways [149]. Its blockade
alters the migration of lung cancer cells [150]. The proangiogenic role of complement
has been described in a mouse model of ovarian cancer. C3 inhibition or C5aR knockout
significantly hamper the expression of VEGF and the activity of endothelial cells [151].
By controlling stromal cells in the TME, the complement system can indirectly support
angiogenesis. Supporting angiogenesis, EMT, extracellular matrix degradation (ECM),
and immunosuppression, the complement system can therefore contribute to metastases.
Cancer stem cells (CSCs) are characterized by self-renewal and tumorigenicity and are
thought to be responsible for cancer recurrence [152]. SOX2 was reported to upregulate
CD59 expression on CSCs, thus preventing CDC [153]. Roumenina et al. analyzed the
gene expression of the main complement elements in 30 tumor types. They recognized
a significant expression of C3 and classical pathway components (C1QA, C1QB, C1QC,
C1R, C1S, C4A, and C2) in all cancer types. Alternative pathway complement factors B and
D (FB and FD) are upregulated with low expression in chromofobe renal cell carcinoma
(chRCC), though. Low expression of terminal elements (C8A, C8B, and C9) was detected in
all cancer types, whereas complement regulators (C1inh, FH, FI CD46, CD55, and CD59) are
highly expressed in most cancers. Using the TCGA database, they next evaluated the effect
of gene expression of classical and alternative pathways on patient overall survival. In
the first cancer group (including prostate adenocarcinoma-PRAD), strong gene expression
was associated with good prognosis. C3 expression was linked to longer overall survival
in the second group (i.e., chromophobe RCC- KICH). Poor prognosis characterized the
third cancer group (i.e., clear cell RCC—KIRC). The fourth group includes malignancies
(papillary RCC—KIRP) for which a gene expression study did not show any clear clinical
impact [132]. Considering the crucial role of the complement system in tumor biology,
different therapeutic strategies have been adopted so far. Monoclonal antibodies have been
introduced in cancer therapy, exploiting CDC as a mechanism of action. These IgG1 anti-
bodies can activate the complement cascade, thus triggering tumor cell killing after binding
to their cancer specific epitope as CD38 (daratumumab) or HER2 (pertuzumab) [154,155].
Cancer cells soon adopt various mechanisms to drive resistance, such as the expression of
membrane-bound complement regulatory proteins (mCRPs). Therefore, bi-specific antibod-
ies targeting both a tumor antigen and an mCRP were developed to prevent the negative
effects of non-specific targeting of a complement regulator. In a mouse model of Burkitt’s
lymphoma, increased survival was reached with antibodies targeting CD20 and CD55 or
CD59 [156]. There are limited data about the role of the complosome in cancer cells. In
a mouse model of colon carcinoma, C3 is cleaved intracellularly by cathepsin L and B.
Tumor-derived C3a triggers the C3a-C3aR-PI3K pathways on TAMs to limit T cell activity.
In this model, the efficacy of anti-PD-L1 therapy was enhanced after C3 deletion [142]. As
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in T cells, the complosome is theorized to regulate metabolic processes. Therefore, future
investigation can provide better insight in this field.

7. Complement System in Kidney Cancer

The role of the complement system in renal cell carcinoma (RCC) has been recently
explored (Figure 2).
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Figure 2. Putative complement network in ccRCC TME. Tumor-associated macrophages (TAM)
secrete C1q, which then assemble with C1r and C1s to form functionally active C1 complex. The
cascade initiation depends on IgG deposition on tumor cells or PTX-3. Anaphylotoxins C3a and C5a
support MDSCs’ recruitment and T cells’ exhaustion. Besides promoting modulating neoangiogenesis
and immunoglogosis, the complement system can directly promote tumor growth.

The bioinformatics dataset revealed that clear cell (KIRC) and papillary (KIRP) renal
cell carcinoma upregulate most of complement genes relative to normal kidney tissue. In
the TME of ccRCC, TAMs produce C1q, whereas cancer cells synthetize C1r, C1s, C4, and
C3. C1 complex assembly enables the complement cascade to start [157,158]. Factor H (FH)
limits the cascade at the level of C3 convertase. In accordance with these findings, higher FH
mRNA levels correlate with increased survival in RCC patients [159]. Considering the high
mRNA and protein levels of C3 and fibronectin-1, Dong and colleagues further supported
their role in RCC tumorigenesis and progression [160]. In this scenario, C3aR and C5aR1
signaling were assessed in a murine model of RCC. Tumor growth was slowed down by
genetic C3aR deficiency or C5aR1 pharmacological blockade. C3aR knockout increased INF-
γ production by CD8 T cells to the greatest extent and decreased the expression of inhibitory
receptors (Pdcd1, Ctla4, and Btla) [161]. The non-canonical and cascade-independent
role of C1s was investigated in ccRCC. Transcriptional programs were affected upon its
inactivation, as well as reduced cell proliferation and viability. It has been hypothesized
that C1s can interact with HMGB-1, which binds nucleosomes, histones, and transcription
factors in the nucleus. In complement-rich tumors, C1s can also exert its enzymatic activity
intracellularly toward its canonical effectors. Elevated serum levels of C4d were associated
with poor prognosis in ccRCC patients. In any of the individuals studied, there was
no evidence of hypocomplementemia, indicating no C4 consumption in the blood [162].
RNA-sequencing analysis has recently stated that a high alternative complement pathway
signature (ACPS) correlates with higher staging and grading, and worse survival in RCC.



Int. J. Mol. Sci. 2023, 24, 16515 11 of 20

Moreover, high-ACPS tumors highlight significant accumulation of TAMs and suppressive
cytokines (CCL5, IL10, CXCL8, CCL17, and CCL22). Notably, this retrospective study
has suggested that ACPS can predict the efficacy of tyrosine kinase inhibitor and immune
checkpoint inhibitor (TKI+ICI) combination therapy (survival benefit in low-ACPS) [163].

As mentioned above, pentraxin-3 (PTX-3) can activate the classical and lectin path-
ways (binding with C1q and MBL) or regulate the alterative pathway (binding with
FH) [164–166]. Renal cancer cells and ccRCC-derived tissues showed an increased expres-
sion of PTX-3 in association with C1q, C3a, C5a, C3aR, C5aR1, and CD59 overexpression.
Through the activation of the classical pathway of the complement cascade and the sub-
sequent production of pro-angiogenic factors (C3a and C5a), PTX-3 was able to regulate
immunoflogosis in the ccRCC TME. The authors retrospectively analyzed the PTX-3 serum
levels of patients undergoing nephrectomy as well. At first, they realized that pre-operative
levels of ccRCC patients were higher than non-neoplastic patients. Higher preoperative
levels were also dramatically associated with higher Furhman grading, lymph node and dis-
tant metastases at the time of diagnosis, and lower patients’ long-term survival. Curiously,
PTX-3 levels considerably decreased after nephrectomy, strengthening the relationship
between its intra-tumor production and serum levels [167]. Our research group has re-
cently evaluated the association between mucin 1 (MUC1) expression, complement system
activation, and immune cell infiltration in ccRCC specimens. Most human malignancies
exhibit MUC1 overexpression or its abnormal glycosylation. This membrane glycoprotein
is involved in glucose and lipid metabolic reprogramming in ccRCC, and reduced patients’
cancer-specific (CSS) and progression-free survival (PFS) were noted in cases of higher
levels of CA15-3 (serum form of MUC1) [168,169]. ccRCC samples with increased expres-
sion of MUC1 (MUC1H) show extensive C1q deposition, which co-localizes with PTX-3. In
addition, anaphylatoxin receptors and CD59 were markedly high in MUC1H samples. As
concerns the composition of the TME in MUCH specimens, increased number of mast cells
and M2-TAMs (CD68+ CD163+ IDO1+) and reduced CD8 T cells were revealed. Of note,
MUC1 and PD-L1 expression were negatively correlated [170,171].

8. Clinical Applications

Eculizumab (humanized anti-C5 monoclonal antibody) was approved in 2011 for
the treatment of aHUS, and after its introduction in clinical practice, the outcome of this
disease is significantly improved. Upon binding to C5 with high affinity, eculizumab
prevents the production of C5a and MAC deposition while maintaining early comple-
ment functions (opsonization and immune clearance) [172]. Different clinical trials have
investigated the effects of complement inhibition (C1, C3, and C5) to prevent DGF and
acute rejection (especially AMR) after kidney transplantation. Two small, randomized
clinical trials (NCT01403389 and NCT01919346) and the results of the PROTECT study
(NCT0214518) indicate that although peritransplant administration of Eculizumab is safe
in transplant recipients of deceased donor kidney, it has no efficacy in preventing the devel-
opment of DGF [173,174]. Surprisingly, pediatric patients experienced earlier graft function
and developed less chronic glomerulopathy and less arterial hyalinosis after eculizumab
treatment [175]. In the NCT02134314 trial, C1 inhibitor (C1-esterase inhibitor) did not
provide significant benefits over a placebo in the occurrence of DGF, but the time of dialysis
was considerably reduced and long-term eGFR was better in treated individuals [176,177].
When compared to the control group (plasma exchange protocol), eculizumab reduced the
incidence of AMR in sensitized recipients of living donors’ grafts (NCT00670774) [178].
Eculizumab alone did not improve eGFR within 3 months in patients who already de-
veloped AMR (NCT01895127). Compared to control, none of the highly HLA-sensitized
study participants developed DGF or AMR when they received C1 inhibitor [179]. Future
research is needed to demonstrate that complement therapy significantly improves graft
survival when compared to standard treatments.
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Currently, the investigation of the complement components’ roles in different tumors
is still in its early stages. Emerging evidence shows how this system is important in
tumor-associated immune responses, tumor cell biology, and stemness pathways.

To date, there are no ongoing clinical trials examining complement-targeted therapy for
cancer, including RCC, although animal studies have shown the effectiveness of anticomple-
ment molecules in reducing tumor size. An interesting application of complement-targeted
therapy in cancer treatment is its association with immune checkpoint inhibitors (ICIs).
While ICIs increase the T-cell-mediated antitumor immune, anticomplement molecules
decrease the infiltration of myeloid-derived suppressor cells (MDSCs) that assist cancer
cells in escaping immune surveillance. The synergistic effect of this combination therapy
would therefore result in a reduced MDSC-induced T cell suppression, and enhanced
cytotoxic T cell function.

9. Conclusions

Accumulating evidence about the role of complement in human diseases paved the
way to the development of complement-directed therapies [180,181]. Complement inhi-
bition has also opened intriguing approaches for the treatment of several different renal
diseases and allograft recipients in which complement activation is implicated to varying
degrees. In-depth understanding of the context-dependent role of complement in cancers
might provide further strategies for immunotherapy. When developing drugs, it is of utter
importance to consider which component to block effectively without hampering patients’
defenses against infections. Future perspectives in this field might include the role of the
complosome and locally produced elements in kidney disorders.
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31. Gluba-Brzózka, A.; Rysz, J.; Ławiński, J.; Franczyk, B. Renal Cell Cancer and Obesity. Int. J. Mol. Sci. 2022, 23, 3404. [CrossRef]
[PubMed]

32. Saly, D.L.; Eswarappa, M.S.; Street, S.E.; Deshpande, P. Renal Cell Cancer and Chronic Kidney Disease. Adv. Chronic Kidney Dis.
2021, 28, 460–468.e1. [CrossRef] [PubMed]

33. Heidegger, I.; Pircher, A.; Pichler, R. Targeting the Tumor Microenvironment in Renal Cell Cancer Biology and Therapy. Front.
Oncol. 2019, 9, 490. [CrossRef] [PubMed]

34. Vuong, L.; Kotecha, R.R.; Voss, M.H.; Hakimi, A.A. Tumor Microenvironment Dynamics in Clear-Cell Renal Cell Carcinoma.
Cancer Discov. 2019, 9, 1349–1357. [CrossRef]

https://doi.org/10.1172/JCI90962
https://www.ncbi.nlm.nih.gov/pubmed/28248200
https://doi.org/10.1158/1541-7786.MCR-10-0225
https://www.ncbi.nlm.nih.gov/pubmed/20870736
https://doi.org/10.1016/j.eururo.2022.08.019
https://www.ncbi.nlm.nih.gov/pubmed/36100483
https://doi.org/10.5301/uro.5000105
https://doi.org/10.3322/caac.21708
https://doi.org/10.1097/MD.0000000000002117
https://doi.org/10.18632/aging.101685
https://doi.org/10.3390/metabo10120509
https://doi.org/10.18632/oncotarget.3823
https://doi.org/10.21037/tau.2016.06.12
https://www.ncbi.nlm.nih.gov/pubmed/27785441
https://doi.org/10.3390/ijms232214360
https://doi.org/10.3390/diseases4010007
https://www.ncbi.nlm.nih.gov/pubmed/28933387
https://doi.org/10.1080/14737159.2023.2195553
https://www.ncbi.nlm.nih.gov/pubmed/36960789
https://doi.org/10.18632/oncotarget.23056
https://doi.org/10.21037/tcr.2018.08.07
https://doi.org/10.1007/s00345-014-1248-y
https://doi.org/10.1097/MD.0000000000000183
https://doi.org/10.1016/j.ajpath.2020.08.008
https://doi.org/10.1002/1873-3468.14531
https://doi.org/10.3390/ijms23063404
https://www.ncbi.nlm.nih.gov/pubmed/35328822
https://doi.org/10.1053/j.ackd.2021.10.008
https://www.ncbi.nlm.nih.gov/pubmed/35190112
https://doi.org/10.3389/fonc.2019.00490
https://www.ncbi.nlm.nih.gov/pubmed/31259150
https://doi.org/10.1158/2159-8290.CD-19-0499


Int. J. Mol. Sci. 2023, 24, 16515 14 of 20

35. Tamma, R.; Rutigliano, M.; Lucarelli, G.; Annese, T.; Ruggieri, S.; Cascardi, E.; Napoli, A.; Battaglia, M.; Ribatti, D. Microvascular
Density, Macrophages, and Mast Cells in Human Clear Cell Renal Carcinoma with and without Bevacizumab Treatment. Urol.
Oncol. 2019, 37, 355.e11–355.e19. [CrossRef]

36. Cavaillon, J.-M.; Sansonetti, P.; Goldman, M. 100th Anniversary of Jules Bordet’s Nobel Prize: Tribute to a Founding Father of
Immunology. Front. Immunol. 2019, 10, 2114. [CrossRef]

37. Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement System Part I—Molecular Mechanisms of Activation
and Regulation. Front. Immunol. 2015, 6, 262. [CrossRef]

38. Merle, N.S.; Noe, R.; Halbwachs-Mecarelli, L.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement System Part II: Role in
Immunity. Front. Immunol. 2015, 6, 257. [CrossRef]

39. Abbas, A.K.; Lichtman, A.H.; Pillai, S. Cellular and Molecular Immunology, 8th ed.; Elsevier Saunders: Philadelphia, PA, USA, 2015;
ISBN 978-0-323-22275-4.

40. Liszewski, M.K.; Atkinson, J.P. Complement Regulators in Human Disease: Lessons from Modern Genetics. J. Intern. Med. 2015,
277, 294–305. [CrossRef]

41. Carroll, M.C.; Isenman, D.E. Regulation of Humoral Immunity by Complement. Immunity 2012, 37, 199–207. [CrossRef]
42. 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]
43. Strainic, M.G.; Liu, J.; Huang, D.; An, F.; Lalli, P.N.; Muqim, N.; Shapiro, V.S.; Dubyak, G.R.; Heeger, P.S.; Medof, M.E. Locally

Produced Complement Fragments C5a and C3a Provide Both Costimulatory and Survival Signals to Naive CD4+ T Cells.
Immunity 2008, 28, 425–435. [CrossRef] [PubMed]

44. Lalli, P.N.; Strainic, M.G.; Yang, M.; Lin, F.; Medof, M.E.; Heeger, P.S. Locally Produced C5a Binds to T Cell-Expressed C5aR to
Enhance Effector T-Cell Expansion by Limiting Antigen-Induced Apoptosis. Blood 2008, 112, 1759–1766. [CrossRef] [PubMed]

45. Clarke, E.V.; Tenner, A.J. Complement Modulation of T Cell Immune Responses during Homeostasis and Disease. J. Leukoc. Biol.
2014, 96, 745–756. [CrossRef] [PubMed]

46. West, E.E.; Kemper, C. Complosome—The Intracellular Complement System. Nat. Rev. Nephrol. 2023, 19, 426–439. [CrossRef]
[PubMed]

47. Singh, P.; Kemper, C. Complement, Complosome, and Complotype: A Perspective. Eur. J. Immunol. 2023, e2250042. [CrossRef]
48. King, B.C.; Blom, A.M. Intracellular Complement: Evidence, Definitions, Controversies, and Solutions. Immunol. Rev. 2023, 313,

104–119. [CrossRef]
49. Niyonzima, N.; Rahman, J.; Kunz, N.; West, E.E.; Freiwald, T.; Desai, J.V.; Merle, N.S.; Gidon, A.; Sporsheim, B.; Lionakis, M.S.;

et al. Mitochondrial C5aR1 Activity in Macrophages Controls IL-1β Production Underlying Sterile Inflammation. Sci. Immunol.
2021, 6, eabf2489. [CrossRef]

50. Sorbara, M.T.; Foerster, E.G.; Tsalikis, J.; Abdel-Nour, M.; Mangiapane, J.; Sirluck-Schroeder, I.; Tattoli, I.; van Dalen, R.; Isenman,
D.E.; Rohde, J.R.; et al. Complement C3 Drives Autophagy-Dependent Restriction of Cyto-Invasive Bacteria. Cell Host Microbe
2018, 23, 644–652.e5. [CrossRef]

51. Kolev, M.; Dimeloe, S.; Le Friec, G.; Navarini, A.; Arbore, G.; Povoleri, G.A.; Fischer, M.; Belle, R.; Loeliger, J.; Develioglu, L.; et al.
Complement Regulates Nutrient Influx and Metabolic Reprogramming during Th1 Cell Responses. Immunity 2015, 42, 1033–1047.
[CrossRef]

52. King, B.C.; Renström, E.; Blom, A.M. Intracellular Cytosolic Complement Component C3 Regulates Cytoprotective Autophagy in
Pancreatic Beta Cells by Interaction with ATG16L1. Autophagy 2019, 15, 919–921. [CrossRef] [PubMed]

53. Golec, E.; Ekström, A.; Noga, M.; Omar-Hmeadi, M.; Lund, P.-E.; Villoutreix, B.O.; Krus, U.; Wozniak, K.; Korsgren, O.;
Renström, E.; et al. Alternative Splicing Encodes Functional Intracellular CD59 Isoforms That Mediate Insulin Secretion and Are
Down-Regulated in Diabetic Islets. Proc. Natl. Acad. Sci. USA 2022, 119, e2120083119. [CrossRef] [PubMed]

54. Kremlitzka, M.; Nowacka, A.A.; Mohlin, F.C.; Bompada, P.; De Marinis, Y.; Blom, A.M. Interaction of Serum-Derived and
Internalized C3 With DNA in Human B Cells—A Potential Involvement in Regulation of Gene Transcription. Front. Immunol.
2019, 10, 493. [CrossRef]

55. Elvington, M.; Liszewski, M.K.; Bertram, P.; Kulkarni, H.S.; Atkinson, J.P. A C3(H20) Recycling Pathway Is a Component of the
Intracellular Complement System. J. Clin. Investig. 2017, 127, 970–981. [CrossRef] [PubMed]

56. Hansen, C.B.; Willer, A.; Bayarri-Olmos, R.; Kemper, C.; Garred, P. Expression of Complement C3, C5, C3aR and C5aR1 Genes in
Resting and Activated CD4+ T Cells. Immunobiology 2019, 224, 307–315. [CrossRef]

57. Le Friec, G.; Sheppard, D.; Whiteman, P.; Karsten, C.M.; Shamoun, S.A.-T.; Laing, A.; Bugeon, L.; Dallman, M.J.; Melchionna,
T.; Chillakuri, C.; et al. The CD46-Jagged1 Interaction Is Critical for Human TH1 Immunity. Nat. Immunol. 2012, 13, 1213–1221.
[CrossRef]

58. Brandstadter, J.D.; Maillard, I. Notch Signalling in T Cell Homeostasis and Differentiation. Open Biol. 2019, 9, 190187. [CrossRef]
59. Hess, C.; Kemper, C. Complement-Mediated Regulation of Metabolism and Basic Cellular Processes. Immunity 2016, 45, 240–254.

[CrossRef]
60. Arbore, G.; West, E.E.; Spolski, R.; Robertson, A.A.B.; Klos, A.; Rheinheimer, C.; Dutow, P.; Woodruff, T.M.; Yu, Z.X.; O’Neill,

L.A.; et al. T Helper 1 Immunity Requires Complement-Driven NLRP3 Inflammasome Activity in CD4+ T Cells. Science 2016,
352, aad1210. [CrossRef]

https://doi.org/10.1016/j.urolonc.2019.01.025
https://doi.org/10.3389/fimmu.2019.02114
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.1111/joim.12338
https://doi.org/10.1016/j.immuni.2012.08.002
https://doi.org/10.1038/ni.1923
https://doi.org/10.1016/j.immuni.2008.02.001
https://www.ncbi.nlm.nih.gov/pubmed/18328742
https://doi.org/10.1182/blood-2008-04-151068
https://www.ncbi.nlm.nih.gov/pubmed/18567839
https://doi.org/10.1189/jlb.3MR0214-109R
https://www.ncbi.nlm.nih.gov/pubmed/25210145
https://doi.org/10.1038/s41581-023-00704-1
https://www.ncbi.nlm.nih.gov/pubmed/37055581
https://doi.org/10.1002/eji.202250042
https://doi.org/10.1111/imr.13135
https://doi.org/10.1126/sciimmunol.abf2489
https://doi.org/10.1016/j.chom.2018.04.008
https://doi.org/10.1016/j.immuni.2015.05.024
https://doi.org/10.1080/15548627.2019.1580515
https://www.ncbi.nlm.nih.gov/pubmed/30741587
https://doi.org/10.1073/pnas.2120083119
https://www.ncbi.nlm.nih.gov/pubmed/35666870
https://doi.org/10.3389/fimmu.2019.00493
https://doi.org/10.1172/JCI89412
https://www.ncbi.nlm.nih.gov/pubmed/28192370
https://doi.org/10.1016/j.imbio.2018.12.004
https://doi.org/10.1038/ni.2454
https://doi.org/10.1098/rsob.190187
https://doi.org/10.1016/j.immuni.2016.08.003
https://doi.org/10.1126/science.aad1210


Int. J. Mol. Sci. 2023, 24, 16515 15 of 20

61. Arbore, G.; West, E.E.; Rahman, J.; Le Friec, G.; Niyonzima, N.; Pirooznia, M.; Tunc, I.; Pavlidis, P.; Powell, N.; Li, Y.; et al.
Complement Receptor CD46 Co-Stimulates Optimal Human CD8+ T Cell Effector Function via Fatty Acid Metabolism. Nat.
Commun. 2018, 9, 4186. [CrossRef]

62. Benoit, M.E.; Clarke, E.V.; Morgado, P.; Fraser, D.A.; Tenner, A.J. Complement Protein C1q Directs Macrophage Polarization and
Limits Inflammasome Activity during the Uptake of Apoptotic Cells. J. Immunol. 2012, 188, 5682–5693. [CrossRef] [PubMed]

63. Rahman, J.; Singh, P.; Merle, N.S.; Niyonzima, N.; Kemper, C. Complement’s Favourite Organelle-Mitochondria? Br. J. Pharmacol.
2021, 178, 2771–2785. [CrossRef] [PubMed]

64. Viret, C.; Rozières, A.; Duclaux-Loras, R.; Boschetti, G.; Nancey, S.; Faure, M. Regulation of Anti-Microbial Autophagy by Factors
of the Complement System. Microb. Cell 2020, 7, 93–105. [CrossRef]

65. Li, Y.; Sha, Y.; Wang, H.; He, L.; Li, L.; Wen, S.; Sheng, L.; Hu, W.; Zhou, H. Intracellular C3 Prevents Hepatic Steatosis by
Promoting Autophagy and Very-Low-Density Lipoprotein Secretion. FASEB J. 2021, 35, e22037. [CrossRef]

66. Schäfer, N.; Rasras, A.; Ormenisan, D.M.; Amslinger, S.; Enzmann, V.; Jägle, H.; Pauly, D. Complement Factor H-Related 3
Enhanced Inflammation and Complement Activation in Human RPE Cells. Front. Immunol. 2021, 12, 769242. [CrossRef]

67. Ishii, M.; Beeson, G.; Beeson, C.; Rohrer, B. Mitochondrial C3a Receptor Activation in Oxidatively Stressed Epithelial Cells
Reduces Mitochondrial Respiration and Metabolism. Front. Immunol. 2021, 12, 628062. [CrossRef]

68. Zeng, J.; Xu, H.; Huang, C.; Sun, Y.; Xiao, H.; Yu, G.; Zhou, H.; Zhang, Y.; Yao, W.; Xiao, W.; et al. CD46 Splice Variant Enhances
Translation of Specific mRNAs Linked to an Aggressive Tumor Cell Phenotype in Bladder Cancer. Mol. Ther. Nucleic Acids 2021,
24, 140–153. [CrossRef] [PubMed]

69. Xiao, F.; Guo, J.; Tomlinson, S.; Yuan, G.; He, S. The Role of the Complosome in Health and Disease. Front. Immunol. 2023,
14, 1146167. [CrossRef]

70. Mahajan, S.; Jacob, A.; Kelkar, A.; Chang, A.; Mcskimming, D.; Neelamegham, S.; Quigg, R.J.; Alexander, J.J. Local Complement
Factor H Protects Kidney Endothelial Cell Structure and Function. Kidney Int. 2021, 100, 824–836. [CrossRef]

71. Portilla, D.; Xavier, S. Role of Intracellular Complement Activation in Kidney Fibrosis. Br. J. Pharmacol. 2021, 178, 2880–2891.
[CrossRef]

72. Daina, E.; Cortinovis, M.; Remuzzi, G. Kidney Diseases. Immunol. Rev. 2023, 313, 239–261. [CrossRef] [PubMed]
73. Noris, M.; Mescia, F.; Remuzzi, G. STEC-HUS, Atypical HUS and TTP Are All Diseases of Complement Activation. Nat. Rev.

Nephrol. 2012, 8, 622–633. [CrossRef] [PubMed]
74. Fremeaux-Bacchi, V.; Fakhouri, F.; Garnier, A.; Bienaimé, F.; Dragon-Durey, M.-A.; Ngo, S.; Moulin, B.; Servais, A.; Provot, F.;

Rostaing, L.; et al. Genetics and Outcome of Atypical Hemolytic Uremic Syndrome: A Nationwide French Series Comparing
Children and Adults. Clin. J. Am. Soc. Nephrol. 2013, 8, 554–562. [CrossRef] [PubMed]

75. Michael, M.; Bagga, A.; Sartain, S.E.; Smith, R.J.H. Haemolytic Uraemic Syndrome. Lancet 2022, 400, 1722–1740. [CrossRef]
76. Zuber, J.; Le Quintrec, M.; Morris, H.; Frémeaux-Bacchi, V.; Loirat, C.; Legendre, C. Targeted Strategies in the Prevention and

Management of Atypical HUS Recurrence after Kidney Transplantation. Transplant. Rev. 2013, 27, 117–125. [CrossRef]
77. Sellier-Leclerc, A.-L.; Fremeaux-Bacchi, V.; Dragon-Durey, M.-A.; Macher, M.-A.; Niaudet, P.; Guest, G.; Boudailliez, B.; Bouissou,

F.C.; Deschenes, G.; Gie, S.; et al. Differential Impact of Complement Mutations on Clinical Characteristics in Atypical Hemolytic
Uremic Syndrome. J. Am. Soc. Nephrol. 2007, 18, 2392–2400. [CrossRef]

78. Pérez-Caballero, D.; González-Rubio, C.; Gallardo, M.E.; Vera, M.; López-Trascasa, M.; Rodríguez De Córdoba, S.; Sánchez-Corral,
P. Clustering of Missense Mutations in the C-Terminal Region of Factor H in Atypical Hemolytic Uremic Syndrome. Am. J.
Human. Genet. 2001, 68, 478–484. [CrossRef]

79. Fremeaux-Bacchi, V. Complement Factor I: A Susceptibility Gene for Atypical Haemolytic Uraemic Syndrome. J. Med. Genet.
2004, 41, e84. [CrossRef]

80. Noris, M.; Brioschi, S.; Caprioli, J.; Todeschini, M.; Bresin, E.; Porrati, F.; Gamba, S.; Remuzzi, G. Familial Haemolytic Uraemic
Syndrome and an MCP Mutation. Lancet 2003, 362, 1542–1547. [CrossRef]

81. Delvaeye, M.; Noris, M.; De Vriese, A.; Esmon, C.T.; Esmon, N.L.; Ferrell, G.; Del-Favero, J.; Plaisance, S.; Claes, B.; Lambrechts,
D.; et al. Thrombomodulin Mutations in Atypical Hemolytic–Uremic Syndrome. N. Engl. J. Med. 2009, 361, 345–357. [CrossRef]

82. Zipfel, P.F.; Wiech, T.; Stea, E.D.; Skerka, C. CFHR Gene Variations Provide Insights in the Pathogenesis of the Kidney Diseases
Atypical Hemolytic Uremic Syndrome and C3 Glomerulopathy. J. Am. Soc. Nephrol. 2020, 31, 241–256. [CrossRef] [PubMed]

83. Iatropoulos, P.; Noris, M.; Mele, C.; Piras, R.; Valoti, E.; Bresin, E.; Curreri, M.; Mondo, E.; Zito, A.; Gamba, S.; et al. Complement
Gene Variants Determine the Risk of Immunoglobulin-Associated MPGN and C3 Glomerulopathy and Predict Long-Term Renal
Outcome. Mol. Immunol. 2016, 71, 131–142. [CrossRef] [PubMed]

84. Nicolas, C.; Vuiblet, V.; Baudouin, V.; Macher, M.-A.; Vrillon, I.; Biebuyck-Gouge, N.; Dehennault, M.; Gié, S.; Morin, D.; Nivet, H.;
et al. C3 Nephritic Factor Associated with C3 Glomerulopathy in Children. Pediatr. Nephrol. 2014, 29, 85–94. [CrossRef] [PubMed]

85. Ronco, P.; Plaisier, E.; Debiec, H. Advances in Membranous Nephropathy. JCM 2021, 10, 607. [CrossRef] [PubMed]
86. Ma, H.; Sandor, D.G.; Beck, L.H. The Role of Complement in Membranous Nephropathy. Semin. Nephrol. 2013, 33, 531–542.

[CrossRef]
87. Hoxha, E.; Reinhard, L.; Stahl, R.A.K. Membranous Nephropathy: New Pathogenic Mechanisms and Their Clinical Implications.

Nat. Rev. Nephrol. 2022, 18, 466–478. [CrossRef]

https://doi.org/10.1038/s41467-018-06706-z
https://doi.org/10.4049/jimmunol.1103760
https://www.ncbi.nlm.nih.gov/pubmed/22523386
https://doi.org/10.1111/bph.15238
https://www.ncbi.nlm.nih.gov/pubmed/32840864
https://doi.org/10.15698/mic2020.04.712
https://doi.org/10.1096/fj.202100856R
https://doi.org/10.3389/fimmu.2021.769242
https://doi.org/10.3389/fimmu.2021.628062
https://doi.org/10.1016/j.omtn.2021.02.019
https://www.ncbi.nlm.nih.gov/pubmed/33767911
https://doi.org/10.3389/fimmu.2023.1146167
https://doi.org/10.1016/j.kint.2021.05.033
https://doi.org/10.1111/bph.15408
https://doi.org/10.1111/imr.13167
https://www.ncbi.nlm.nih.gov/pubmed/36369988
https://doi.org/10.1038/nrneph.2012.195
https://www.ncbi.nlm.nih.gov/pubmed/22986360
https://doi.org/10.2215/CJN.04760512
https://www.ncbi.nlm.nih.gov/pubmed/23307876
https://doi.org/10.1016/S0140-6736(22)01202-8
https://doi.org/10.1016/j.trre.2013.07.003
https://doi.org/10.1681/ASN.2006080811
https://doi.org/10.1086/318201
https://doi.org/10.1136/jmg.2004.019083
https://doi.org/10.1016/S0140-6736(03)14742-3
https://doi.org/10.1056/NEJMoa0810739
https://doi.org/10.1681/ASN.2019050515
https://www.ncbi.nlm.nih.gov/pubmed/31980588
https://doi.org/10.1016/j.molimm.2016.01.010
https://www.ncbi.nlm.nih.gov/pubmed/26895476
https://doi.org/10.1007/s00467-013-2605-6
https://www.ncbi.nlm.nih.gov/pubmed/24068526
https://doi.org/10.3390/jcm10040607
https://www.ncbi.nlm.nih.gov/pubmed/33562791
https://doi.org/10.1016/j.semnephrol.2013.08.004
https://doi.org/10.1038/s41581-022-00564-1


Int. J. Mol. Sci. 2023, 24, 16515 16 of 20

88. Hilhorst, M.; Van Paassen, P.; Van Rie, H.; Bijnens, N.; Heerings-Rewinkel, P.; Van Breda Vriesman, P.; Cohen Tervaert, J.W.;
Limburg Renal Registry. Complement in ANCA-Associated Glomerulonephritis. Nephrol. Dial. Transplant. 2017, 32, 1302–1313.
[CrossRef]

89. Endre, Z.H.; Pussell, B.A.; Charlesworth, J.A.; Coovadia, H.M.; Seedat, Y.K. C3 Metabolism in Acute Glomerulonephritis:
Implications for Sites of Complement Activation. Kidney Int. 1984, 25, 937–941. [CrossRef]

90. Kang, Y.; Xu, B.; Shi, S.; Zhou, X.; Chen, P.; Liu, L.; Li, Y.; Leng, Y.; Lv, J.; Zhu, L.; et al. Mesangial C3 Deposition, Complement-
Associated Variant, and Disease Progression in IgA Nephropathy. Clin. J. Am. Soc. Nephrol. 2023; ahead of print. [CrossRef]

91. Medjeral-Thomas, N.R.; Cook, H.T.; Pickering, M.C. Complement Activation in IgA Nephropathy. Semin. Immunopathol. 2021, 43,
679–690. [CrossRef]

92. Chiu, Y.-L.; Lin, W.-C.; Shu, K.-H.; Fang, Y.-W.; Chang, F.-C.; Chou, Y.-H.; Wu, C.-F.; Chiang, W.-C.; Lin, S.-L.; Chen, Y.-M.; et al.
Alternative Complement Pathway Is Activated and Associated with Galactose-Deficient IgA1 Antibody in IgA Nephropathy
Patients. Front. Immunol. 2021, 12, 638309. [CrossRef] [PubMed]

93. Song, D.; Guo, W.; Wang, F.; Li, Y.; Song, Y.; Yu, F.; Zhao, M. Complement Alternative Pathway’s Activation in Patients With
Lupus Nephritis. Am. J. Med. Sci. 2017, 353, 247–257. [CrossRef] [PubMed]

94. Kim, H.; Kim, T.; Kim, M.; Lee, H.Y.; Kim, Y.; Kang, M.S.; Kim, J. Activation of the Alternative Complement Pathway Predicts
Renal Outcome in Patients with Lupus Nephritis. Lupus 2020, 29, 862–871. [CrossRef]

95. Wang, F.; Yu, F.; Tan, Y.; Song, D.; Zhao, M. Serum Complement Factor H Is Associated with Clinical and Pathological Activities
of Patients with Lupus Nephritis. Rheumatology 2012, 51, 2269–2277. [CrossRef] [PubMed]

96. Trambas, I.A.; Coughlan, M.T.; Tan, S.M. Therapeutic Potential of Targeting Complement C5a Receptors in Diabetic Kidney
Disease. Int. J. Mol. Sci. 2023, 24, 8758. [CrossRef]

97. Kronbichler, A.; Bajema, I.; Geetha, D.; Säemann, M. Novel Aspects in the Pathophysiology and Diagnosis of Glomerular Diseases.
Ann. Rheum. Dis. 2023, 82, 585–593. [CrossRef]

98. Caillard, P.; Vigneau, C.; Halimi, J.-M.; Hazzan, M.; Thervet, E.; Heitz, M.; Juillard, L.; Audard, V.; Rabant, M.; Hertig, A.; et al.
Prognostic Value of Complement Serum C3 Level and Glomerular C3 Deposits in Anti-Glomerular Basement Membrane Disease.
Front. Immunol. 2023, 14, 1190394. [CrossRef]

99. Ma, R.; Cui, Z.; Hu, S.-Y.; Jia, X.-Y.; Yang, R.; Zheng, X.; Ao, J.; Liu, G.; Liao, Y.-H.; Zhao, M.-H. The Alternative Pathway of
Complement Activation May Be Involved in the Renal Damage of Human Anti-Glomerular Basement Membrane Disease. PLoS
ONE 2014, 9, e91250. [CrossRef]

100. Lucarelli, G.; Bettocchi, C.; Battaglia, M.; Impedovo, S.V.; Vavallo, A.; Grandaliano, G.; Castellano, G.; Schena, F.P.; Selvaggi, F.P.;
Ditonno, P. Extended Criteria Donor Kidney Transplantation: Comparative Outcome Analysis between Single versus Double
Kidney Transplantation at 5 Years. Transplant. Proc. 2010, 42, 1104–1107. [CrossRef]

101. Ditonno, P.; Lucarelli, G.; Impedovo, S.V.; Spilotros, M.; Grandaliano, G.; Selvaggi, F.P.; Bettocchi, C.; Battaglia, M. Obesity in
Kidney Transplantation Affects Renal Function but Not Graft and Patient Survival. Transplant. Proc. 2011, 43, 367–372. [CrossRef]

102. Losappio, V.; Stallone, G.; Infante, B.; Schena, A.; Rossini, M.; Maiorano, A.; Fiorentino, M.; Ditonno, P.; Lucarelli, G.; Battaglia,
M.; et al. A Single-Center Cohort Study to Define the Role of Pretransplant Biopsy Score in the Long-Term Outcome of Kidney
Transplantation. Transplantation 2014, 97, 934–939. [CrossRef] [PubMed]

103. Salvadori, M.; Rosso, G.; Bertoni, E. Update on Ischemia-Reperfusion Injury in Kidney Transplantation: Pathogenesis and
Treatment. World J. Transplant. 2015, 5, 52–67. [CrossRef] [PubMed]

104. Loizzo, D.; Di Meo, N.A.; Peluso, M.R.; Rutigliano, M.; Matera, M.; Miacola, C.; Palella, G.; Tedeschi, M.; Spilotros, M.; Ferro, M.;
et al. Novel Insights into the Molecular Mechanisms of Ischemia/Reperfusion Injury in Kidney Transplantation. Transplantology
2021, 2, 191–207. [CrossRef]

105. Nauser, C.L.; Farrar, C.A.; Sacks, S.H. Complement Recognition Pathways in Renal Transplantation. J. Am. Soc. Nephrol. 2017, 28,
2571–2578. [CrossRef] [PubMed]

106. Qi, R.; Qin, W. Role of Complement System in Kidney Transplantation: Stepping From Animal Models to Clinical Application.
Front. Immunol. 2022, 13, 811696. [CrossRef]

107. Gibson, B.; Connelly, C.; Moldakhmetova, S.; Sheerin, N.S. Complement Activation and Kidney Transplantation; a Complex
Relationship. Immunobiology 2023, 228, 152396. [CrossRef]

108. Santarsiero, D.; Aiello, S. The Complement System in Kidney Transplantation. Cells 2023, 12, 791. [CrossRef]
109. Zheng, X.; Feng, B.; Chen, G.; Zhang, X.; Li, M.; Sun, H.; Liu, W.; Vladau, C.; Liu, R.; Jevnikar, A.M.; et al. Preventing Renal

IschemiaReperfusion Injury Using Small Interfering RNA by Targeting Complement 3 Gene. Am. J. Transplant. 2006, 6, 2099–2108.
[CrossRef]

110. Farrar, C.A.; Tran, D.; Li, K.; Wu, W.; Peng, Q.; Schwaeble, W.; Zhou, W.; Sacks, S.H. Collectin-11 Detects Stress-Induced L-Fucose
Pattern to Trigger Renal Epithelial Injury. J. Clin. Investig. 2016, 126, 1911–1925. [CrossRef]

111. Asgari, E.; Farrar, C.A.; Lynch, N.; Ali, Y.M.; Roscher, S.; Stover, C.; Zhou, W.; Schwaeble, W.J.; Sacks, S.H. Mannan-Binding
Lectin-Associated Serine Protease 2 Is Critical for the Development of Renal Ischemia Reperfusion Injury and Mediates Tissue
Injury in the Absence of Complement C4. FASEB J. 2014, 28, 3996–4003. [CrossRef]

112. Yamada, K.; Miwa, T.; Liu, J.; Nangaku, M.; Song, W.-C. Critical Protection from Renal Ischemia Reperfusion Injury by CD55 and
CD59. J. Immunol. 2004, 172, 3869–3875. [CrossRef] [PubMed]

https://doi.org/10.1093/ndt/gfv288
https://doi.org/10.1038/ki.1984.113
https://doi.org/10.2215/CJN.0000000000000290
https://doi.org/10.1007/s00281-021-00882-9
https://doi.org/10.3389/fimmu.2021.638309
https://www.ncbi.nlm.nih.gov/pubmed/34177889
https://doi.org/10.1016/j.amjms.2017.01.005
https://www.ncbi.nlm.nih.gov/pubmed/28262211
https://doi.org/10.1177/0961203320925165
https://doi.org/10.1093/rheumatology/kes218
https://www.ncbi.nlm.nih.gov/pubmed/22956549
https://doi.org/10.3390/ijms24108758
https://doi.org/10.1136/ard-2022-222495
https://doi.org/10.3389/fimmu.2023.1190394
https://doi.org/10.1371/journal.pone.0091250
https://doi.org/10.1016/j.transproceed.2010.03.059
https://doi.org/10.1016/j.transproceed.2010.12.022
https://doi.org/10.1097/01.TP.0000438208.50089.29
https://www.ncbi.nlm.nih.gov/pubmed/24342976
https://doi.org/10.5500/wjt.v5.i2.52
https://www.ncbi.nlm.nih.gov/pubmed/26131407
https://doi.org/10.3390/transplantology2020018
https://doi.org/10.1681/ASN.2017010079
https://www.ncbi.nlm.nih.gov/pubmed/28663231
https://doi.org/10.3389/fimmu.2022.811696
https://doi.org/10.1016/j.imbio.2023.152396
https://doi.org/10.3390/cells12050791
https://doi.org/10.1111/j.1600-6143.2006.01427.x
https://doi.org/10.1172/JCI83000
https://doi.org/10.1096/fj.13-246306
https://doi.org/10.4049/jimmunol.172.6.3869
https://www.ncbi.nlm.nih.gov/pubmed/15004194


Int. J. Mol. Sci. 2023, 24, 16515 17 of 20

113. Bongoni, A.K.; Lu, B.; Salvaris, E.J.; Roberts, V.; Fang, D.; McRae, J.L.; Fisicaro, N.; Dwyer, K.M.; Cowan, P.J. Overexpression of
Human CD55 and CD59 or Treatment with Human CD55 Protects against Renal Ischemia-Reperfusion Injury in Mice. J. Immunol.
2017, 198, 4837–4845. [CrossRef] [PubMed]

114. Castellano, G.; Melchiorre, R.; Loverre, A.; Ditonno, P.; Montinaro, V.; Rossini, M.; Divella, C.; Battaglia, M.; Lucarelli, G.;
Annunziata, G.; et al. Therapeutic Targeting of Classical and Lectin Pathways of Complement Protects from Ischemia-Reperfusion-
Induced Renal Damage. Am. J. Pathol. 2010, 176, 1648–1659. [CrossRef] [PubMed]

115. Ferrer, I.R.; Hester, J.; Bushell, A.; Wood, K.J. Induction of Transplantation Tolerance through Regulatory Cells: From Mice to Men.
Immunol. Rev. 2014, 258, 102–116. [CrossRef]

116. Peng, Q.; Wu, W.; Wu, K.-Y.; Cao, B.; Qiang, C.; Li, K.; Sacks, S.H.; Zhou, W. The C5a/C5aR1 Axis Promotes Progression of Renal
Tubulointerstitial Fibrosis in a Mouse Model of Renal Ischemia/Reperfusion Injury. Kidney Int. 2019, 96, 117–128. [CrossRef]
[PubMed]

117. Castellano, G.; Franzin, R.; Stasi, A.; Divella, C.; Sallustio, F.; Pontrelli, P.; Lucarelli, G.; Battaglia, M.; Staffieri, F.; Crovace, A.; et al.
Complement Activation During Ischemia/Reperfusion Injury Induces Pericyte-to-Myofibroblast Transdifferentiation Regulating
Peritubular Capillary Lumen Reduction Through pERK Signaling. Front. Immunol. 2018, 9, 1002. [CrossRef]

118. Divella, C.; Stasi, A.; Franzin, R.; Rossini, M.; Pontrelli, P.; Sallustio, F.; Netti, G.S.; Ranieri, E.; Lacitignola, L.; Staffieri, F.;
et al. Pentraxin-3-Mediated Complement Activation in a Swine Model of Renal Ischemia/Reperfusion Injury. Aging 2021, 13,
10920–10933. [CrossRef]

119. Curci, C.; Castellano, G.; Stasi, A.; Divella, C.; Loverre, A.; Gigante, M.; Simone, S.; Cariello, M.; Montinaro, V.; Lucarelli, G.;
et al. Endothelial-to-Mesenchymal Transition and Renal Fibrosis in Ischaemia/Reperfusion Injury Are Mediated by Complement
Anaphylatoxins and Akt Pathway. Nephrol. Dial. Transplant. 2014, 29, 799–808. [CrossRef]

120. Castellano, G.; Franzin, R.; Sallustio, F.; Stasi, A.; Banelli, B.; Romani, M.; De Palma, G.; Lucarelli, G.; Divella, C.; Battaglia, M.;
et al. Complement Component C5a Induces Aberrant Epigenetic Modifications in Renal Tubular Epithelial Cells Accelerating
Senescence by Wnt4/Bcatenin Signaling after Ischemia/Reperfusion Injury. Aging 2019, 11, 4382–4406. [CrossRef]

121. Pesce, F.; Stea, E.D.; Divella, C.; Accetturo, M.; Laghetti, P.; Gallo, P.; Rossini, M.; Cianciotta, F.; Crispino, L.; Granata, A.;
et al. DelCFHR3-1 Influences Graft Survival in Transplant Patients with IgA Nephropathy via Complement-Mediated Cellular
Senescence. Am. J. Transplant. 2021, 21, 838–845. [CrossRef]

122. Castellano, G.; Intini, A.; Stasi, A.; Divella, C.; Gigante, M.; Pontrelli, P.; Franzin, R.; Accetturo, M.; Zito, A.; Fiorentino, M.;
et al. Complement Modulation of Anti-Aging Factor Klotho in Ischemia/Reperfusion Injury and Delayed Graft Function. Am. J.
Transplant. 2016, 16, 325–333. [CrossRef]
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