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The domain of cancer treatment has persistently been confronted with

significant challenges, including those associated with recurrence and drug

resistance. The complement system, which serves as the foundation of the

innate immune system, exhibits intricate and nuanced dual characteristics in the

evolution of tumors. On the one hand, the complement system has the capacity

to directly inhibit cancer cell proliferation via specific pathways, thereby exerting

a beneficial anti-tumor effect. Conversely, the complement system can also

facilitate the establishment of an immune escape barrier for cancer cells through

non-complement-mediated mechanisms, thereby protecting them from

eradication. Concurrently, the complement system can also be implicated in

the emergence of drug resistance through a multitude of complex mechanisms,

directly or indirectly reducing the efficacy of therapeutic interventions and

facilitating the progression of cancer. This paper analyses the role of the

complement system in tumors and reviews recent research advances in the

mechanisms of tumor immune tolerance and drug resistance.
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1 Introduction

In recent years, remarkable progress has been made in advancing cancer treatment.

However, the persistence of recurrence, metastasis, and drug resistance continues to be a huge

hurdle in treating the cancer, making a considerable negative impact on patient outcome

especially long-term survival. As a fundamental component of the human innate immune

system, the complement system not only recognizes and eliminates pathogens directly but

also participates in regulating adaptive immune responses, facilitating inflammatory

responses, maintaining tissue stability, and repairing damages. Furthermore, the

complement system plays a complex role in the occurrence and development of tumors,

functioning as a double-edged sword (1, 2). Patients frequently present abnormal levels of
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certain complement components, while synthesis sites also

demonstrate higher diversity and heterogeneity (3, 4). Complement

components play a role in anti-tumor immunity through the

complement dependent cytotoxicity (CDC) pathway, antibody-

dependent cell-dependent cytotoxicity (ADCC), and antibody

dependent cell mediated phagocytosis (ADCP), which can be

considered the favorable side of the double-edged sword (5). In

addition to liver and immune cells, cancer cells themselves are also

capable of producing specific complement components (6). The

aberrant expression of complement components has been

demonstrated to have significant impact on the functionality of

immune cells in vivo, as well as normal activation capacity of

complement pathways and it’s overall immune responses to

tumors, which represents the unfavorable side of this double-edged

sword. The complex regulatory relationship between complement,

cancer cells, and tumor microenvironment ultimately affects the

outcome of tumor treatment (7). In conclusion, this article

provides a concise overview of the composition and function of the

complement system, especially those beneficial impact of

complement system activation on tumors. Concurrently, this

review conducts a comprehensive examination of its role in the

development of immune tolerance and the mechanism behind tumor

resistance. The objective is to synthesize and analyze the “double-

edged sword” function of the complement system in tumor and

establish a theoretical foundation for advancing novel

immunotherapy strategies.
2 Overview of the
complement system

2.1 Composition, activation and regulation

The complement system represents a fundamental component

of the innate immune response, constituted with over 50 soluble

proteins and membrane-binding components. These include

complement component, complement activation products,

complement receptors, complement regulatory proteins, and

others (8). The synthesis of complement components is primarily

carried out by the liver, while additional synthesis by other cell types

could maximize the capacity, including mast cells, monocyte

macrophages, dendritic cells, lymphocytes, and so forth (9).

Cancer cells are also capable of producing specific complement

components (6). The complement system is capable of recognizing

immune complexes (ICS) via soluble pattern recognition receptors

(PRRs) (10), pathogen-associated molecular patterns (PAMPs) (11)

and damage-associated molecular patterns (DAMPs) (12, 13),

triggering the complement cascade reaction (14).

The complement system comprises three principal activation

pathways, namely the classical pathway (CP), the lectin pathway

(LP), and the alternative pathway (AP) (15). The classical pathway

is initiated by a robust interaction between complement component

C1q and the Fc region of specific antibodies (predominantly IgM,

IgG1, IgG2, and IgG3) present in immune complexes. This binding
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event serves as the stimulus for the activation of complement C1r.

Additionally, C1s is activated in a cascade, collectively forming the

C1 complex (C1qr2s2). Subsequently, the activated C1s enzyme

catalyzes the cleavage of complement C4 and C2. Complement C4

is cleaved into C4a and C4b, while complement C2 is cleaved into

C2a and C2b. The combination of C4b and C2a forms the C3

convertase C4bC2a (The C2a in the earliest C3 convertase C4bC2a

refers to the larger molecular weight product of complement C2

cleavage products. In recent years, the academic community has

named the large fragments of complement C2 decomposition

products C2b, and therefore, C3 convertase has also been

described as C4bC2b in some studies (16)). The lectin pathway is

depended on mannose-binding lectin (MBL), a pattern recognition

molecule that is capable of identifying and binding to carbohydrate

ligands that are present on the surfaces of pathogens. Following this

recognition, MBL attaches to mannose residues and recruits

associated serine proteases, which are known as MASPs. The

assembly of this MBL-MASPs complex is indicative of the

activation of the lectin pathway (15). Conversely, the alternative

activation pathway can be initiated spontaneously through

hydrolysis of C3 molecules or when trace amounts of residual

C3b are present. This process generates an active form, known as C3

convertase (C3bBb), which is distinctive from the other three

activation pathways. Despite their separation, these pathways are

interrelated. These pathways converge at the stages of cleaving C3

and forming C3 convertase, which jointly facilitate the formation of

C5 convertase. The classical and lectin pathways form C4bC2aC3b,

while the alternative pathway forms C3bBbC3b (17). Subsequently,

complement C5 is cleaved into C5a and C5b under the action of C5

convertase. C5b, together with C6, C7, C8, and several C9

molecules, constitutes the membrane attack complex (MAC),

which is responsible for the elimination of pathogens, the

induction of inflammatory responses, and immune regulation

(18). These three activation pathways, though independent, are

interrelated and collectively constitute a sophisticated and

efficacious immune defense network.

The complement activation process is strictly controlled to

ensure that its activity is limited to the surface of recognized

pathogens, thereby avoiding damage to host cells and maintaining

the immune balance of the system (19, 20). For instance, the C1

inhibitor (C1-INH) is capable of suppressing the activities of C1r,

C1s, and MASP2. Additionally, C3b and C4b can be inactivated by

serine protease complement factor I, CD46, complement receptor

type 1 (CR1), fluid-phase Factor H, or C4b-binding protein (C4BP).

The activity of the convertase is regulated by the decomposition

of regulatory factors with decay-accelerating activity, including

CD55, CR1, and C4BP. Additionally, the MAC is regulated by

CD59 and vitronectin (S protein) (21). The activation of the

complement system is subject to precise regulation by a range of

complement inhibitors, complement regulatory proteins and

cytokines. Abnormal activation is closely associated with a

number of autoimmune and inflammatory diseases, including

systemic lupus erythematosus and tubulointerstitial inflammation

(22, 23) (Figure 1).
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2.2 The complement system in intracellular
and extracellular environment

For a considerable period, the complement system has been

perceived as a straightforward bactericidal cascade mechanism,

whereby the generation of membrane attack complexes (MACs)

eliminates invading host bacteria (1). The activation of the

complement pathway to form MACs and exert cytotoxic effects

on target cells is defined as complement-dependent cytotoxicity

(CDC) (24). Serum complement-activation fragments serve as key

mediators of the immediate inflammatory response driven by
Frontiers in Immunology 03
innate immune cells, with the aim of curbing pathogen

proliferation at the earliest stages (25). However, as the system

has undergone extensive research, it is now widely acknowledged

that complement not only is a complex innate immune surveillance

system but also plays significant roles in host homeostasis (26), in

adaptive immune regulation (27) and in the interaction between T

cells and B cells (28).

Complement not only exerts its critical immunoregulatory

function on cell membrane, but also plays an important

regulatory role inside the cell. Within the internal structures of

immune cells, including neutrophils, monocytes, T/B lymphocytes,
FIGURE 1

Complement pathways and normal anti-tumor immunity. C3 convertase and C5 convertase formation occurs via the classical, lectin, and alternative
pathways, leading to C5 cleavage into C5a and C5b. This process enables the formation of MAC and cytotoxicity against cancer cells. Complement
pathway activation is regulated by inhibitors like C1-INH, CD55, and CD46 to prevent overactivation. C1-INH, C1 inhibitor; CR1, complement
receptor 1; MAC, membrane attack complex; MASP, MBL serine proteases; MAVS, mitochondrial anti-viral signaling protein; MBL, mannose-
binding lectin.
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complement components C3 and C5, and their activated fragments,

can be detected in conjunction with corresponding receptors. These

structures encompass the cytoplasm, lysosomes, endoplasmic

reticulum, mitochondrial outer membrane, and the nucleus.

Concurrently, specific complement regulatory proteins are also

distributed in these regions, facilitating the precise adjustment of

immune responses in cells (29). Furthermore, complement and its

activated fragments, along with corresponding receptors, have been

detected in diverse hematopoietic stem cells (30). These

intracellular complement components are also designated as

complosome, which primarily stems from two sources: the

intracellular functionality of complement components synthesized

by the cells themselves, and the endocytosis of exogenous

complement components. The complosome is implicated in a

number of fundamental cellular physiological processes, including

cell metabolism (31–33), autophagy, and the regulation of gene

expression (34). Kremlitzka et al. demonstrated that serum-derived

and internalized C3 binds to the nucleus of human B cells and

interacts with DNA, thereby participating in the regulation of gene

transcription (35). Arbore et al. demonstrated that autocrine

stimulation of the CYT-1 intracellular domain of CD46 is

essential for the induction of amino acid transporter LAT1

expression and the enhancement of glucose transporter GLUT1

expression (32). CD46 exerts an influence on the cytotoxic function

of CD8+ T cells, operating through its impact on fatty acid

metabolism (36).
2.3 The anti-tumor mechanisms of the
complement system

The complement system, which forms part of the body’s natural

immune defenses, plays a crucial role in tumor immune

surveillance. It is responsible for recognizing and eliminating

infected cells or cancer cells that have abnormal antigen

expression, by utilizing a range of sophisticated mechanisms. This

process primarily encompasses several key pathways, including

CDC, ADCC and antibody-dependent cell-mediated phagocytosis

(ADCP) (5). Specifically, certain constituents of the complement

system can tag tumor cells, facilitating the recognition and

elimination of these tagged tumor cells by functional cells within

the immune system. Additionally, complement components can

augment the uptake and destruction of tumor cells by phagocytes

via the process of opsonization, further strengthening the capacity

of immune system to eliminate tumor cells (21). The anti-tumor

effect of complement through CDC, ADCC and other pathways

represents the pharmacological mechanism of classic monoclonal

antibody treatments such as rituximab and daratumumab (37).

Complement also plays an important guiding role in the

development of novel anti-tumor targeted drugs, such as

Claudin18.2 targeted antibodies (38). Editing the Fc segment of

monoclonal antibodies and altering their ability in binding to

complement C1q to alter the activation of the classical

complement pathway is also an important strategy for current

iterations (39).
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3 The complement system and tumor
immune tolerance

The complement system plays a multifaceted role in the

immune response to tumors. In addition to its anti-tumor

function, the complement system is also involved in the

formation of tumor immune tolerance. tumor immune tolerance

can be defined as the phenomenon whereby tumor cells adapt to

and resist the attack of the immune system, either directly or

indirectly through alterations to the tumor microenvironment.

This could be one of the triggers in promoting cancer cells

growth and development. All parts of the complement system,

including complement components, complement activation

products, complement receptors, and complement regulatory

proteins, are inextricably linked to the formation of immune

tolerance. Cancer cells are capable of producing a range of

complement components, which can facilitate immune evasion

and self-promotion by interfering with immune cell function or

impeding the normal complement cascade (Figure 2).
3.1 The complement system interferes with
T cell function and promotes
immune tolerance

We summarize the mechanisms by which the complement

system participates in the formation of tumor immune tolerance

by inhibiting T cell function into two categories. One is the direct

action of complement lytic products on T cells, and the other one is

the inhibition of T cell function by complement regulatory proteins

expressed in tumors. The complement system can directly act on

regulatory T cells (Tregs) through its cleavage products C3a and

C5a, thereby affecting their activation and function. This

mechanism is of critical importance for the maintenance of

immune tolerance and the prevention of autoimmune reactions

in the human body. C3a and C5a bind to corresponding receptors,

thereby promoting the proliferation and activation of Treg cells and

enhancing their immune suppression, including the promotion of

anti-inflammatory cytokine interleukin-10 (IL-10) secretion (40).

Torok et al. demonstrated that the activation of CD4+ T cell surface

complement receptor 1 (CD35, CR1) expression induces these cells

to transform into regulatory T cells (Tregs), not only enhancing the

generation of IL-10 but also significantly reducing pro-

inflammatory cytokine interferon-gamma (IFNg) secretion (41).

In studies of lung cancer, it was observed that C57BL/6J mice

lacking complement C3 (C3-/- mice) exhibited markedly

diminished growth of primary and metastatic tumors. This was

associated with an increase in the number of CD4+ T cells

expressing IFNg+/TNFa+/IL-10+ and CD8+ T cells. The reversal

of tumor suppression caused by the absence of complement C3,

resulting from the immune exhaustion of CD4+ T cells, provides

evidence that tumors can drive immune evasion through C3/C5-

dependent pathways (42).

Complement regulatory proteins are a type of molecule that

plays a pivotal role in regulating complement activation and related
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functions, particularly in the context of tumor immune regulation.

The expression levels of complement regulatory proteins CD46,

CD55, and CD59 are notably elevated in various tumors, including

head and neck squamous cell carcinoma (HNSCC) (43), colon

cancer, renal cancer, lung cancer (44), and breast cancer (45). The

expression of complement regulatory proteins on the surface of T

cells can directly participate in the regulation of T cell proliferation

and differentiation. While CD46 does not impede the maturation of

dendritic cells, it facilitates the differentiation of T cells into

regulatory T cells (Treg cells) by stimulating the secretion of

granulocyte-macrophage colony-stimulating factor (GM-CSF) and

soluble tumor necrosis factor-related activator protein (CD40L).

Although Treg cells do not inhibit the maturation of dendritic cells,

they secrete IL-10, which suppresses the proliferation of bystander

T cells. This maintains immune tolerance and prevents excessive

immune responses (46). There is currently limited research on the

mechanism of complement regulatory protein production in cancer

cells. Shao et al. observed a negative correlation between the levels of

CD55/CD59 and the infiltration of M1 macrophages and CD8+ T

cells in human lung cancer specimens. Cancer cells upregulate the

expression of CD55/CD59 through the EGFR/Wnt/b-catenin
pathway, which results in the inhibition of the complement

system and cytokine secretion. This ultimately leads to the

suppression of CD8+ T cell activation, which in turn contributes

to tumor immune evasion and resistance to immune checkpoint

inhibitors. Inhibition of this pathway has been demonstrated to

enhance the sensitivity of lung cancer to checkpoint inhibitors (47).
Frontiers in Immunology 05
3.2 The complement system influences
other immune cells in the
tumor microenvironment

In the tumor microenvironment, the complement system has

the capacity to regulate the antigen-presenting ability of immune

cells other than T cells, thereby promoting the formation of tumor

immune tolerance. Complement components, particularly C3a and

C5a, influence the immune microenvironment by impacting the

functionality of dendritic cells and other antigen-presenting cells.

This, in turn, modulates the activation and antigen presentation of

these cells to T cells (48–52). Complement components not only act

directly on immune cells, but also indirectly inhibit the anti-tumor

CD8+ T cell-mediated immune response by recruiting and

enhancing the activity of myeloid-derived suppressor cells

(MDSCs). In studies on a colorectal cancer model, the C5a/

C5aR1 signaling pathway was identified as a factor promoting the

accumulation of MDSCs in pathological colorectal tissue. This leads

to impaired CD8+ T cell function and, consequently, to an increase

in tumor cell growth, which is achieved by regulating the

production of key cytokines and chemokines (53). Subsequent

reports have indicated that C5aR1 expressed on MDSCs can also

impair anti-tumor T cell responses by binding to ribosomal protein

S19 (RPS19) (54). In the context of squamous cell carcinoma, C5a

has been demonstrated to facilitate the pro-tumor characteristics of

C5aR1+ mast cells and macrophages, whilst simultaneously

inhibiting CD8+ T cell cytotoxicity and limiting chemotherapy-
FIGURE 2

Tumor immune tolerance mediated by complement system. cancer cells produce complement components and inhibitory receptors that promote
their growth and suppress immune response. These components influence T cells, promote Treg differentiation, and help establish an immune-
suppressive environment. They also impair antigen-presenting cells, recruit MDSCs, and affect NK cell function and macrophage polarization. CR1,
complement receptor 1; Mj, macrophage; MDSCs, myeloid-derived suppressor cells; DC, Dendritic cells; NK, Natural killer cell.
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induced T cell responses, supporting the growth of tumors (55). The

complement system regulates specific chemokines, such as

chemokine CXC, which can control inflammatory responses and

are closely related to angiogenesis and extracellular matrix

remodeling required for tissue repair. These changes promote

cancer cells infiltration and metastasis (56, 57). Researchers have

found that the activation of C1q in ascites of peritoneal metastatic

gastric cancer (PM-GC) patients may exacerbate the immune

escape mechanism of tumors by promoting the accumulation of

immunosuppressive cells in the tumor microenvironment (58).
3.3 Tumor-derived complement
components inhibit tumor immunity

Cancer cells have the capacity to produce complement

components or inhibitory receptors, which promote their own

proliferation by self-secretion or by interfering with the normal

function of complement in the microenvironment. This enables

them to evade from immune surveillance and play a role similar to

immune checkpoint receptors.

Studies have identified complement receptors C3aR and C5aR

as a new class of immune checkpoint receptors. The production of

the cytokine IL-10 can be blocked through complement signaling

on effector T lymphocytes, which allows C3aR and C5aR expressed

on effector T lymphocytes to inhibit the activation of immune cells

(59). In lung cancer research, it was demonstrated that the

expression of C5aR in tumor tissue was markedly elevated.

Furthermore, Gcn5-mediated KLF5 acetylation facilitated GDF15

gene transcription and cell proliferation in lung cancer cells in

response to C5a stimulation (60). In studies of ovarian and lung

cancers, Cho et al. demonstrated that tumors are capable of deriving

C3aR and C5aR, enhancing the survival of cancer cells through the

activation of PI3K/AKT signaling pathways via self-secretion,

rather than affecting T cell function. This is negatively correlated

with the survival rate of ovarian cancer patients (61). Tumors are

capable of producing specialized receptors that target complement,

thereby enhancing cancer cells survival. One such receptor is the

hepatitis B virus X protein (HBV X protein), which has been

observed to upregulate CD46 expression, thereby enabling

hepatocellular carcinoma cells and hepatocytes to evade from

complement-mediated attack (62). Piao et al. discovered that

colon cancer cell lines are capable of producing C5a in the

absence of serum. Furthermore, they observed that C5a levels

increased over time in a mouse model of colon cancer liver

metastasis. Their findings suggest that blocking C5aR may reduce

Mj release of MCP-1 and, consequently, the ability of colon cancer

cells to metastasize to the liver (63). Additionally, radiation therapy

has been shown to promote the release of C5a by cancer cells and to

upregulate C5a (64).

Cancer cells can also express C1q receptors gC1qR and cC1qR.

These receptors exert a significant influence on tumor cell proliferation

and survival, while may also facilitate tumor growth by regulating

intercellular interactions within the microenvironment (65). gC1qR is

highly expressed in various types of cancer cells and is associated with

the Warburg effect, whereby cellular metabolic processes are converted
Frontiers in Immunology 06
from oxidative phosphorylation to glycolysis. Furthermore, gC1qR has

been demonstrated to inhibit the mitochondrial permeability transition

pore, thereby conferring protection against cellular damage induced by

oxidative stress (66). A previous study revealed that C1q levels were

diminished in patients with multiple myeloma (MM) during the

disease progression stage (67). This finding may be associated with

the inhibitory effect of gC1qR on C1q’s inhibitory effect on MM (68).
4 The complement system and tumor
drug resistance

The mechanism of tumor drug resistance is complex and the

presence of common factors, including those related to the

intracellular and extracellular microenvironment, has been

identified. Intracellular factors, including drug inactivation,

alteration of drug targets, drug efflux, DNA damage repair,

inhibition of cell death, epithelial-mesenchymal transition (EMT),

intrinsic cellular heterogeneity, epigenetic effects, and inhibitory

ligand formation, can influence the efficacy of pharmaceutical

agents (69). The extracellular microenvironment may also exert

an influence, including insufficient infiltration of T cells or

inhibition of their function, expression of inhibitory immune

checkpoints, and interference by MDSCs (70). Current research

indicates that the complement system also plays a key role in tumor

treatment resistance (Figure 3).
4.1 DNA transcription and DNA
damage repair

Complement components have been demonstrated to influence

DNA transcription and participate in the repair of DNA damage. In

the study of non-small cell lung cancer models, it was discovered

that C3b, produced by tumor cells, can translocate to the nucleus

and interact with the SINA/HDAC complex, which plays a role in

chromatin remodeling. This interaction forms the C3b/SIN3A/

HDAC co-repressive complex. This complex facilitates histone 3

deacetylation at its promoter region, thereby suppressing the

transcription of downstream target genes (such as GADD45A),

inhibiting paclitaxel (PTX)-induced cell apoptosis and resulting in

PTX resistance (71).

Glioblastoma-derived lnc-TALC can be encapsulated in

exosomes and delivered to tumor-associated macrophages. In

conjunction with complement C5/C5a produced by microglia, it

facilitates macrophage polarization towards the M2 phenotype.

Furthermore, complement C5 has been demonstrated to facilitate

the repair of temozolomide (TMZ)-induced DNA damage, thereby

contributing to chemotherapy resistance (72).
4.2 Cell death pathways

The components of the complement system have been

demonstrated to play a crucial role in the regulation of cell

apoptosis and autophagy. Furthermore, an association has been
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observed between these components and the malignant

transformation of cells (34, 73). Under normal physiological

conditions, the membrane MAC composed of C5b-9 can

penetrate the cell membrane and trigger cell death (21, 74).

However, the role of C5b-9 in oncology is more intricate. On one

hand, following robust complement activation and sufficient

membrane insertion of C5b-9 complexes, it can lead to the

perforation of cell membranes and organelles, such as

mitochondria (75). Research has identified elevated intracellular

calcium ion concentrations and activated JNK, Bid, RIPK1, RIPK3,

and MLKL as factors that can promote cell lysis (76). Conversely,

cancer cells have been observed to release various protective

measures to ensure their own survival (77). These include the

blocking of complement activation through the action of

complement regulatory proteins such as CD46, CD55, and CD59,

thereby reducing the number of C5b-9 complexes inserted into the

membrane, or through the action of caveolin (75). The inhibition of

multiple pathways such as dynamin, Hsp70, Hsp90, PKC, and ERK

has also been shown to promote the elimination of C5b-9 from the

cell surface (78). Indeed, C5b-9 can be categorized as either lytic or

sublytic, with lytic C5b-9 binding to the target cell membrane in a

manner that results in the formation of MAC (79). The presence of

complement limiting factors such as CD59, C3a, and MCP on the

surface of the targeted cell results in the disruption of C5b-9
Frontiers in Immunology 07
formation and the insertion of the phospholipid bilayer into the

targeted cell. The membrane insertion effect of C5b-9 is shallow and

cannot cause cell perforation and rupture. At this stage, the C5b-9

complex is referred to as sublytic C5b-9 (80). The effects of sublytic

C5b-9 have been observed to be both anti-tumor and pro-tumor,

with the former being the more predominant (81). However, it is

widely accepted that the effects of sublytic C5b-9 tend to induce cell

cycle acceleration, promote cell proliferation and survival by

activating signaling pathways and transcription factors in cancer

cells. For instance, sublytic C5b-9 has been observed to activate the

PI3K/AKT/FOXO1 and ERK1 pathways in a Gi protein-dependent

manner, thereby regulating the cell cycle (82). Furthermore, sublytic

C5b-9 has been shown to promote the cell cycle by activating the

complement response gene (RGC) -32 (83), which in turn activates

the AKT and CDC2 kinase pathways (84). Furthermore, sublytic

C5b-9 has been shown to inhibit the apoptosis of cancer cells,

thereby promoting tumor growth, and drug resistance formation

(82). This contributes to the growth, malignancy and formation of

drug resistance of tumor.

Autophagy is an intracellular degradation and recycling process

that is typically initiated when cells encounter nutrient deprivation

or other forms of cellular stress. This process plays a crucial role in

maintaining cellular homeostasis and survival (70). In cancer cells,

autophagy is frequently regulated to support their growth and
FIGURE 3

The mechanism of tumor treatment resistance involving complement. The complement pathway can both kill cancer cells and regulate processes
that support cancer survival. It affects chemotherapy resistance and drug efflux. Changes in complement or drug targets can impact treatment
effectiveness. It also interacts with the tumor microenvironment to promote cancer growth and EMT, indicating its complex role in cancer treatment
resistance. CDC, complement dependent cytotoxicity; CAFs, cancer-associated fibroblasts; EMT, epithelial-mesenchymal transition; TAM, tumor-
associated macrophage; MAC, membrane attack complex.
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survival. Inhibition of the autophagy pathway has been

demonstrated to enhance the efficacy of certain anti-tumor

treatments (85). Wang et al. have demonstrated that C5a may

exert an influence on the autophagy process of cells by regulating

autophagy-related signaling pathways, including PI3K/AKT (86).

This suggests that the complement system may plays a role in

regulating cancer cells survival through autophagy-related pathways

and may also be involved in drug resistance.
4.3 Epithelial-mesenchymal transition

A multiplicity of complement components are correlated with

EMT. C3a/C3aR and transforming growth factor-beta (TGF-b
synergistically act to facilitate the assembly and activation of

NLRP3 inflammasome, thereby promoting the EMT of renal

tubular epithelial cells via the ERK signaling pathway (87).

Monocytes can be classified into three subtypes, namely classical

types, intermediate, and non-classical types, based on the

expression of CD14/CD16 (88). Researches have disclosed that

the activation of classical and alternative complement pathways

by C5a augments the production of CCL2 by PMCs, thereby

facilitating the infiltration of intermediate monocytes into the

microenvironment. Subsequently, the release of IL-1b by

intermediate monocytes further boosts the proliferation,

migration, adhesion, and EMT of cancer cells, while concurrently

reducing the apoptosis rate of cancer cells.
4.4 Changes of the
tumor microenvironment

Complement plays a pivotal role in regulating tumor resistance

within the microenvironment, primarily through three key

mechanisms, including the direct influence of complement

content on CDC, the actions of complement on immune cells and

the impacts of complement on non-immune cells within

the microenvironment.

Monoclonal antibody therapy, which eradicates tumor cells

through immune-mediated cell killing mechanisms, such as

ADCC, CDC, and ADCP pathways, or by modulating T cell

function through immune checkpoint blockade, has emerged as

one of the most rapidly evolving and efficacious tumor treatment

modalities (89). The levels of complement components in the

microenvironment will inevitably affect the killing efficacy of

CDC and the efficacy of CDC-dependent therapeutic agents such

as anti-CD20 monoclonal antibodies and anti-CD38 monoclonal

antibodies (90, 91). In the context of MM, the expression levels of

CD55 and CD59 on the surface of MM cells were found to increase

after resistance to daratumumab treatment. All trans retinoic acid

(ATRA) reverses resistance to daratumumab by increasing the

expression level of CD38 and decreasing the levels of CD55 and

CD59 (92). NANOG is a key transcription factor that drives cancer

cells towards multidrug resistance and stem cell-like phenotypes.

Through the mechanism of promoter occupancy, it increases CD59,

thereby enhancing cancer cells resistance to complement-
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dependent cytotoxicity (CDC) (93, 94). Targeting NANOG

renders immune-refractory tumor cells sensitive to trastuzumab-

mediated CDC (95). In short, understanding the mechanisms of

complement component abnormalities, developing specific drugs or

modifying treatment plans to maintain appropriate levels of

complement components is a feasible way to improve

treatment sensitivity.

In examining the influences exerted by immune cells within the

microenvironment, it is evident that, in addition to the previously

outlined T cell-related effects, the complement system plays a

pivotal role in regulating the activities of tumor-associated

macrophages (TAMs) and cancer-associated fibroblasts (CAFs).

This in turn alters the tumor microenvironment, facilitating the

growth and development of drug resistance in cancer cells. In

particular, the activation of the C5a/C5aR signaling pathway has

been demonstrated to significantly accelerate tumor progression in

gastric cancer by regulating the PI3K/AKT signaling pathway and

reducing the expression of p21. The pathway may contribute to

enhanced resistance to treatment by altering the activities of TAMs

and CAFs. This mechanism not only enhances the survival and

proliferation capabilities of cancer cells but also promotes an

immunosuppressive state within the tumor microenvironment by

modulating the functions of immune cells, which in turn results in

the formation of tumor resistance (96). Furthermore, macrophages

that express uridylyl phosphate adenosine (uPA) regulate the non-

C3-dependent release of C5a during the pre-neoplastic progression.

This causes alterations in the pro-cancer characteristics of C5aR1+

mast cells and macrophages to inhibit the cytotoxicity of CD8+ T

cells. It is also associated with paclitaxel chemotherapy

resistance (55).

CAFs, as abundant and heterogeneous stromal cells in the

tumor microenvironment, play a crucial role in the progression

of cancer. Su et al. found that a subset of CAFs expressing both

CD10 and GPR77 (CD10+GPR77+CAFs) is associated with

chemotherapy resistance and low survival rates in cancer patients.

CD10+GPR77+CAFs continuously activate the NF - k B pathway

through p65 phosphorylation and acetylation, providing a survival

niche for cancer stem cells to promote tumor formation and

chemotherapy resistance. This sustained activation is maintained

by GPR77, which is a C5a receptor. Targeting these CAFs with anti-

GPR77 neutralizing antibodies can eliminate tumor formation and

restore tumor chemosensitivity (97). The C3aR signal plays a

unique role in promoting lung metastasis of cancer by regulating

CAFs. In the 4T1 tumor model, the production of pro metastatic

cytokines by CAFs in C3aR knockout mice was significantly

reduced. In vitro experiments have confirmed that the mechanism

may be achieved by C3a-C3aR regulating the expression of TGF - b
and CAF markers through the PI3K/AKT signaling pathway (98).
4.5 Drug efflux or modification of
drug metabolism

The complement system exerts a significant influence on liver

cell regeneration, with C3a and C5a being indispensable

components during the process of liver regeneration (99). The
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prolonged use of chemotherapy in tumor patients has been shown

to result in impaired liver and kidney function. This suggests that

the capacity for complement synthesis may also be impaired,

potentially influencing CDC-related functions. It seems plausible

to suggest that complement components may be associated with

drug excretion. Research has demonstrated that the basal

complement sensitivity of arsenic trioxide-resistant melanoma

cells was decreased by over 60%, and the amount of arsenic

trioxide excretion was significantly increased, which represents a

crucial factor in arsenic trioxide resistance (100). However, no

direct evidence has been identified that the complement system

directly participates in drug excretion or modifies drug metabolism.
5 The potential applications of
complement regulators in overcoming
treatment resistance

As the critical role of the complement system in tumor

occurrence, development and treatment resistance is increasingly

recognized, treatment strategies targeting complement are

becoming a new trend in precision medicine for tumors.

Currently, new drug development and treatment strategies

targeting the complement system are beginning to take shape.
5.1 Development of novel complement-
targeted therapeutics

Therapies targeting C3 and C5, the complement regulatory

proteins CD46, CD55 and CD59, and complement inhibition

strategies including the use of complement receptor antagonists

can reshape the immune microenvironment and improve the

sensitivity of conventional therapy, which are expected to become

new treatment options to break through tumor drug resistance

(101). Not only in chemotherapy and immunotherapy, but also in

radiotherapy research, it has been found that C1-INH combined

with radiotherapy can effectively improve the survival rate of

subcutaneous glioblastoma animal models in mice. Although the

survival of intracranial glioblastoma mouse models was not

prolonged in this study, changing the dosage and route of

administration of the drug in the future may provide ideas for

improving efficacy in glioblastoma (102). However, current clinical

research into the use of novel complement modulators is mainly

focused on autoimmune diseases (103, 104). As the first

complement inhibitor approved for the treatment of PNH and

other complement-mediated diseases, eculizumab (105), its clinical

application laid the foundation for the development of complement

inhibitors (106). In addition, new complement inhibitors such as

ravilizumab (long-acting C5 inhibitor) (107) and pegcetapolan (C3

inhibitor) have also been approved (108), demonstrating good

efficacy and safety in the treatment of PNH. New monoclonal

antibodies such as the C1s inhibitor sutimlimab (109) and the C5

inhibitor eculizumab are currently undergoing clinical trials in

various autoimmune diseases and are expected to show good

clinical results. However, there are currently no approved clinical
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trials of complement modulators in the adjuvant treatment

of tumors.
5.2 Iterative strategy for
monoclonal antibodies

The Fc segment of certain monoclonal antibody drugs binds to

complement C1q molecules, activating the classical complement

pathway and exerting tumor-killing effects via the CDCmechanism.

However, there are significant differences in the dependence on the

complement system and the intensity of CDC activation between

different monoclonal antibodies. For example, different anti-CD20

antibodies have different abilities to activate complement, with

ofamumab being the most effective, followed by rituximab, and

obinutuzumab having a weaker binding ability (110, 111). The three

drugs have also shown different clinical therapeutic effects in B-cell

lymphoma (112). The CD38 monoclonal antibody daratumumab

can effectively chelate hexavalent C1q and strongly activate the

classical complement pathway by enhancing IgG1 dimerisation,

resulting in effective killing of MM cells (113). However, whether

complement C1q deficiency in MM patients affects this CDC-

dependent cell killing effect remains to be determined in clinical

studies. Modifying the Fc segment structure during the design phase

of monoclonal antibodies and regulating their dependence on

complement levels in patients may be a strategy to alter the

stability of drug efficacy.
5.3 A novel treatment strategy
combining complement

Research has shown that inhibiting both vascular endothelial

growth factor (VEGF) and complement can significantly increase

anti-tumor efficacy, especially in tumors that are resistant to anti-

VEGF. This combination therapy strategy not only enhances cancer

cells apoptosis but also inhibits angiogenesis. Future research can

focus on how to optimize these combination therapies to maximize

their clinical efficacy and reduce the drug resistance (114, 115).

Therefore, regulating the activity or block the complement

system has the potential to reshape the immune microenvironment

of tumors and increase the sensitivity of traditional treatments,

offering new opportunities to address the problems of multiple

drug resistance (2).
6 Concluding remarks

This review comprehensively reviews the composition and

function of the complement system, outlines its role in anti-

tumor therapy, and discusses the mechanism of complement

components in the development of tumor immune tolerance.

Recent researches and potential mechanisms of complement in

tumor treatment resistance are also discussed. As the foundation of

the innate immune system, complement exhibits complex and

subtle dual properties during tumor progression, with both
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positive anti-tumor effects, it is also an important reason for tumors

to establish immune escape and treatment resistance.

The complement system plays a dual role in tumors, but there are

still many puzzles to be solved. Much remains to be understood about

the complex dynamic network of interactions between the complement

system, cancer cells and immune cells. Further research is needed to

determine whether complement components modify metabolites,

influence metabolic processes, and affect the metabolism of anti-

tumor drugs such as chemotherapeutics and monoclonal antibodies

by altering the metabolic capacity of the liver and kidneys. There is still

a lack of basic and clinical research data on whether synchronous

treatment with complement supplements or inhibitors can improve

tolerance to tumor immune therapy, increase sensitivity to drug

treatment or reverse drug resistance.

In summary, the importance of the complement system in

tumourigenesis and drug resistance mechanisms is increasingly

evident, providing us with new research directions and potential

for clinical applications. However, how to balance the duality of

complement in tumors still requires the joint efforts of medical

researchers. In the face of this challenge, we look forward to further

uncovering the complexity of the complement system in future

research, thereby advancing personalized tumor treatment.
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