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Within the tumor microenvironment (TME) of solid malignancies, tumor-

infiltrating antibodies, have been identified as significant modulators of tumor

progression and immune response. Tumor-infiltrating antibodies predominantly

secreted by plasma cells but also including a small proportion of cancer-derived

antibodies. This review aims to elucidate the multifaceted roles of tumor-

infiltrating antibodies in the immunology of solid tumors, focusing on their

dualistic nature within the TME. This review outlines the mechanisms of B cell

activation, antibody class switching, plasma cell differentiation and antibody

production, with a focus on their contributions to tumor immunity in solid

cancers. Additionally, we discuss the emerging potential of tumor-infiltrating

antibodies as both therapeutic targets and diagnostic biomarkers, offering

insights that may inform future strategies in cancer treatment. Collectively,

antibody functions are shaped by their isotypes: IgG is often associated with

improved prognosis in various solid tumors. IgG1 and IgG3 generally mediate

anti-tumor responses via antibody-dependent cell-mediated cytotoxicity

(ADCC) and antibody-dependent cellular phagocytosis (ADCP), while IgG4 may

impair immune effector functions and associate with immune tolerance. IgM, as

an early humoral responder, enhances tumor surveillance through complement

dependent cytoxicity (CDC), phagocytosis, and apoptosis induction. IgA

predominantly promotes tumor progression through immune suppression. IgE

exhibits context-dependent pro- and anti-tumor activities, though current

evidence is limited, whereas the function of IgD remains largely unknown.

Additionally, tumor-derived IgG promotes tumor growth, metastasis, and

immune evasion. These findings may open new avenues of research to

develop targeted therapies that modulate tumor-infiltrating antibodies,

potential ly improving the efficacy and safety profi les of current
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immunotherapeutic approaches. Overall, this review focuses on tumor-

infiltrating antibodies in solid tumors and does not encompass hematological

malignancies, aiming to provide a more precise understanding of antibody-

mediated regulation within the solid tumor microenvironment.
KEYWORDS

tumor-infiltrating antibodies, tumor microenvironment (TME), B cells, plasma cells,
solid tumors
GRAPHICAL ABSTRACT
1 Introduction

Tumor microenvironment (TME) plays a crucial role in

regulating tumor initiation, progression, and treatment responses

(1). Historically, research into immune responses in cancer therapy

has emphasized the centrality of cytotoxic T cells, particularly in the

context of immune checkpoint inhibitors (ICIs). Despite achieving

durable responses in some cancers, ICIs show limited efficacy in

broader patient populations, with response rates as low as 10%–30%

in various cancers (2, 3). These limitations, largely driven by

resistance mechanisms, highlight the need for alternative or

complementary strategies, such as leveraging humoral immunity

in cancer therapy. Compared to T cell immunity, B cell-mediated

humoral immunity in cancer remains underexplored. Humoral

immunity is mainly participated by B cells, plasma cells, T

follicular helper (Tfh) cells, etc., with the production and

regulation of antibodies as the core response mechanisms. As

immune interactions in the TME become clearer, B cells and

their antibodies have emerged as key modulators of tumor

progression and immunotherapy responses, shifting from passive

participants to active players (4).
02
B cells within the TME exhibit diverse phenotypes and

functional states, reflecting their complex and multifaceted roles

in cancer immunity (5). Plasma cells—terminally differentiated B

cells arising following antigen stimulation—serve as key effectors of

humoral immunity. Their primary function is the secretion of

antibodies, which aid in the recognition and clearance of

antigens. In the context of cancer, tumor-infiltrating plasma cells

display a dualistic nature. On one hand, they may enhance anti-

tumor immune responses by producing tumor-specific antibodies

and facilitating antigen presentation. On the other hand, they can

contribute to immune suppression, chronic inflammation, and

tumor immune evasion, depending on their isotype profile, spatial

distribution, secretory activity, and the surrounding TME. These

paradoxical roles underscore the need to dissect their context-

dependent functions to better understand their prognostic and

therapeutic potential.

Tumor-infiltrating antibodies are a crucial component of the

immune response in cancer. Most of these antibodies are secreted by

plasma cells, which are differentiated from B cells after encountering

antigens. And a small percentage of antibodies are secretions from

tumor cells. Despite increasing evidence supporting the involvement
frontiersin.org
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of B cells, plasma cells, and their antibodies in tumor immunity, their

precise mechanisms of action remain unclear due to the complexity

of the TME (6, 7). The roles of antibodies produced by tumor-

infiltrating plasma cells are highly context-dependent, varying with

both the characteristics of the TME and the specific isotype or

subclass of the antibody. Depending on these factors, such

antibodies may either promote or suppress anti-tumor immunity.

Given the specificity and potency of these antibodies in modulating

immune responses, targeting them in cancer therapy holds vast

potential. Consequently, research on the role of antibodies in the

TME has garnered significant attention, particularly with the

expansion of antibody-based therapies. In addition to plasma cell-

derived antibodies, emerging evidence suggests that tumor cells

themselves can also produce Igs, commonly referred to as

cancer-derived antibodies (8). These antibodies differ from those

secreted by plasma cells and have been implicated in tumor

progression, immune evasion, and metastasis (9). The coexistence

of plasma cell-derived and tumor cell-derived antibodies within the

TME introduces additional complexity to the humoral immune

landscape in cancer. Different immunoglobulin (Ig) subclasses,

including IgG, IgA, IgM, and IgE, exhibit distinct functions in

various cancers, influencing immune responses, tumor cell

interactions, and therapeutic efficacy. However, a systematic and

comprehensive understanding of their roles is still lacking. Therefore,

the aim of this review is to summarize current findings on tumor-

infiltrating antibodies, discussing their roles in tumor immunity, their

interactions within the TME, and their potential implications

for immunotherapy.
2 Basic functions and classification of
B cells

B cells play complex and diverse roles in the TME. According to

existing literature, the main types of B cells in the TME include

follicular B cells(FOB), marginal zone B cells (MZB), and regulatory

B cells (Bregs) (10, 11). FOB cells are mainly involved in T cell-

dependent immune responses, whereas MZB cells play an

important role in T cell-independent immune responses (12).

FOB cells contribute to anti-tumor immunity via antigen

presentation and differentiation into antibody-producing plasma

cells, which primarily secrete high-affinity antibodies. These

antibodies engage immune effector mechanisms such as antibody-

dependent cell-mediated cytotoxicity (ADCC) (13), antibody-

dependent cellular phagocytosis (ADCP) (14), and complement

dependent cytoxicity (CDC) (15). MZB cells, primarily secreting

low-affinity antibodies, can exert anti-tumor effects by activating the

complement cascade and promoting T cell responses (13). Bregs

suppress anti-tumor immune responses and promote tumor growth

and progression by secreting anti-inflammatory cytokines such as

IL-10, TGF-b, and IL-35 (16). Bregs in the TME can acquire

immunosuppressive properties through interactions with

malignant cells, thereby inhibiting the functions of effector T cells

and natural killer (NK) cells (16, 17). It can be seen that B cells play

a dual role in the TME. On one hand, B cells can exert anti-tumor
Frontiers in Immunology 03
effects through antigen presentation and antibody production. On

the other hand, regulatory B cells can promote tumor growth

through their immunosuppressive functions (Figure 1).
3 B cell activation and antibody
production

3.1 B cell activation and antibody class
switching

B cells are activated upon antigen encounter through

coordinated events, including B cell receptor (BCR) signaling,

interactions with Tfh cells, transcription factor regulation, and

metabolic reprogramming. Antigen binding to the BCR triggers

signaling cascades that facilitate internalization and processing of

the antigen, which is presented on MHC II to Tfh cells (18). This

interaction, involving CD40-CD40L and IL-21 signaling, is crucial

for B cell activation, proliferation, and differentiation (19).

Metabolic reprogramming is also crucial during B cell activation.

Upon activation, B cells shift from a quiescent to a highly

proliferative state, requiring increased nutrient uptake and

metabolic activity to support rapid cell division and antibody

production (20, 21).

Antibody class switching, or class switch recombination (CSR),

is a critical process initiated after B cell activation that enables the

production of different antibody isotypes while preserving antigen

specificity. Naive B cells initially express membrane-bound IgM and

IgD, encoded by the constant region genes Cm and Cd respectively.

Upon antigen encounter, activated B cells in germinal centers (GCs)

upregulate activation-induced cytidine deaminase (AID), which

induces double-strand breaks at the switch (S) regions upstream

of the immunoglobulin heavy chain constant (C) region genes.

These breaks are repaired via non-homologous end joining,

resulting in the recombination of the V(D)J exon with

downstream C genes (Cg, Ca, or Ce) to generate IgG, IgA, or IgE

isotypes, respectively (22, 23). Once CSR is complete, B cells acquire

a fixed isotype profile and, upon terminal differentiation into

plasma cells (PCs), inherit and secrete high levels of the

corresponding antibody class. This process is tightly regulated by

the cytokine milieu: IFN-g promotes switching to IgG2, IL-4 to

IgG4 and IgE, and TGF-b to IgA. Antibodies are functionally

categorized into five major classes—IgM, IgD, IgG, IgA, and IgE

—each defined by distinct constant region sequences that determine

their effector functions in immune responses (24).
3.2 Generation of plasma cells and
antibody production

Plasma cell generation begins in GCs of secondary lymphoid

organs, where B cells undergo somatic hypermutation (SHM) and

affinity maturation. High-affinity B cells in the GC light zone receive

signals from antigens, initiating their differentiation into plasma

cells. The completion of differentiation and migration of plasma
frontiersin.org
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cells from the dark zone to the GC exit depends on signals from Tfh

cells (25). B cell differentiation involves several transcription factors,

including Blimp-1, IRF4, and XBP1, which regulate gene expression

and cell fate at various stages (26).

Plasma cell antibody secretion involves transcription,

translation, folding, modification, and secretion. It depends on
Frontiers in Immunology 04
the endoplasmic reticulum and Golgi apparatus. The endoplasmic

reticulum synthesizes and folds antibodies, while the Golgi

apparatus modifies and transports them. In the Golgi, antibodies

are packaged into vesicles and transported to the cell membrane via

SNARE protein Sec22b for secretion (27). Efficient secretion also

depends on plasma cells’ metabolic and protein homeostasis
FIGURE 1

Function and mechanism of B cell subsets in the TME. The main types of B cells in the TME include FOB, MZB, and Bregs. FOB cells are primarily
responsible for mediating T cell-dependent immune responses. In contrast, MZB cells are specialized for rapid T cell-independent responses. FOB
cells contribute to anti-tumor immunity via antigen presentation and differentiation into antibody-producing plasma cells, which primarily secrete
high-affinity antibodies. These antibodies engage immune effector mechanisms such as ADCC, ADCP, CDC. MZB cells, primarily secreting low-
affinity antibodies, can exert anti-tumor effects by activating the complement cascade and promoting T cell responses. Bregs secrete anti-
inflammatory cytokines such as IL-10, IL-35, and TGF-b, which suppress CTLs and NK cells functions, including IFN-g secretion and granule-
mediated cytotoxicity. ADCC, Antibody-dependent cell-mediated cytotoxicity; ADCP, Antibody-dependent cellular phagocytosis; Breg, Regulatory B
cell; CDC, Complement dependent cytoxicity; CTLs, Cytotoxic T Lymphocytes; FOB, Follicular B cell; IFN-g, Interferon Gamma; IL-10, Interleukin-10;
IL-35, Interleukin-35; MZB, marginal zone B cells; NK cells, Natural killer cells; TGF-b, Transforming Growth Factor Beta; TME, Tumor
microenvironment.
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pathways, supported by metabolic activity and the unfolded protein

response (UPR) (28).
3.3 The role of plasma cells in the tumor
microenvironment

The distribution and abundance of plasma cells in the TME are

highly heterogeneous, differing between tumor types and patients,

and this variability results in diverse functions (4, 7, 29). Mature

TLS often contain germinal center B cells and IgG-secreting plasma

cells, and plasma cells frequently localize to or surround TLS in

multiple tumor types. Indeed, studies in endometrial cancer, gastric

cancer, bladder cancer, and pancreatic cancer have confirmed that

high densities of plasma cells can be detected within or adjacent to

TLS in the tumor microenvironment (30–37). TLS are ectopic

lymphoid organs that form in non-lymphoid tissues at sites of

chronic inflammation, such as tumors (38). TLS are observed in

various tumor types, and are linked to anti-tumor immune

responses and clinical outcomes (39, 40).

Within TLS, plasma cells primarily exhibit anti-tumor activity,

whereas in the absence of TLS or upon direct interaction with

tumor cells, they may promote tumor growth. Nonetheless, in some

cases, TLSs may serve as a niche for hidden tumor cells and indicate

a bad prognosis (41). Multiple studies have demonstrated that in

tumors with mature TLS, plasma cells contribute to favorable

clinical outcomes. For instance, in renal cell carcinoma, spatial

transcriptomics revealed that TLS-containing tumors harbor IgG-

producing plasma cells whose presence correlates with apoptotic

malignant cells and improved progression-free survival (42).

Similarly, in high-grade serous ovarian cancer, tertiary lymphoid

structures are frequently surrounded by plasma cells expressing

oligoclonal IgG, and these PCs are associated with robust CD8+ TIL

responses and superior prognosis (43). In gastric cancer, TLS

characterized by long-lived plasma cells also correlate with

enhanced humoral responses and better outcome (44). These

findings suggest that plasma cells in TLS often play antitumor

roles. On the contrary, immature or “early” TLS that lack germinal

centers fail to support full B cell activation and instead favor

immunosuppressive circuits characterized by the upregulation of

IL-10 and TGF-b (45). In settings where TLS are immature or

absent, or upon direct tumor cell interaction, immunosuppressive

or tumor-promoting functions of plasma cells may predominate,

depending on cancer type and immune microenvironment.

Additionally, plasma cells can form immune complexes through

antibody secretion, activating macrophages and neutrophils, which

contribute to chronic inflammation and a tumor-promoting

environment (4, 40, 41).
4 Plasma cell-derived antibodies in
tumor microenvironment

The role of Ig secreted by plasma cells in tumors is a complex

area, with recent studies revealing that these immunoglobulins can
Frontiers in Immunology 05
both promote and inhibit tumor growth in the TME (46). The

following discussion is based on five different types of Igs

(Table 1; Figure 2).
4.1 IgG

IgG has been reported to play a dual role in the TME. Tumor-

reactive IgG targets tumor-associated antigens and correlates with

improved prognosis in several cancers. For example, in colorectal

cancer, a high IgG+ plasma cell signature is linked to better overall

survival (OS) (55). Similarly, in triple-negative breast cancer

(TNBC), IgG is associated with enhanced survival, exhibiting

clonal expansion and antigen-driven properties (70). Additionally,

melanoma-specific IgGs, such as MelanA/MART-1 IgG1 and gp100

IgG2, are linked to prolonged OS (82). Enhanced IgG/IgM

responses are observed in HPV-associated head and neck

squamous cell carcinoma patients benefiting from PD-1

blockade (88).

Conversely, IgG can also promote tumor progression. Increased

IgG levels in primarymelanoma and skin metastases also implicate IgG

is associated with tumor progression (87). In medullary ductal breast

cancer, 70% of infiltrating plasma cells are IgG type, unlike IgA-

dominant normal epithelium, with higher IgG levels promoting tumor

progression (69). Pathogenic IgG targeting the glycosylated membrane

protein HSPA4 has been shown to selectively promote lymph node

metastasis in breast cancer patients by activating the HSPA 4 binding

protein ITGB5 and the downstream Src/NF-kB pathway, which

mediates metastasis via the CXCR 4/SDF-1 a axis. Additionally,

elevated serum levels of anti-HSPA 4 IgG in breast cancer patients

correlate with high tumor HSPA 4 expression and poor prognosis (66).

Fetuin-A-specific IgG serves as a potential marker for metastatic

prostate cancer (81), while also indicating its pro-tumorigenic role in

disease progression.

4.1.1 Subtypes of IgG and their role in tumors
IgG consists of four subclasses ranked by relative abundance in

serum: IgG1, the most abundant, followed by IgG2, IgG3, and IgG4,

participating in tumor immune regulation within local tissues (89).

4.1.2 IgG1 and IgG3
IgG1 and IgG3 generally exhibit the highest affinity for Fcg

receptors (FcgR) and serve as potent mediators of ADCC and

ADCP, both of which are crucial for antitumor immunity (90).

Both contribute to antitumor immunity across various cancer types

primarily via their efficient immune effector functions. However,

their specific mechanisms of action and clinical significance vary

depending on tumor type and microenvironment, providing critical

insights for developing IgG1- and IgG3-based therapeutic strategies.

A single-cell RNA-seq and TCR-seq analysis from IIIA non-

small cell lung cancer (NSCLC) patients revealed that neoadjuvant

immunotherapy combined with chemotherapy enhanced IL-21

secretion from infiltrating Tfh cells, which subsequently promoted

B cell class switching and plasma cell differentiation. As a result,

plasma cell subsets expressing IgG1 and IgG3 were significantly
frontiersin.org
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TABLE 1 Roles of different types antibodies secreted by plasma cells in different diseases.
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Circulatory system
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IgD activates IgDR to initiate the tyrosine phosphorylat
cyclin D3, CDK6, c-myc and inhibit P16INK4a, thereby
Daudi cell cycle progression.

Chronic lymphocytic
leukemia

IgM Serum Mouse Promote sIgM promotes tumor progression by inducing the accu

IgD multiple
myeloma

IgD
Bone marrow,
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Human Promote

T-cell acute
lymphoblastic leukemia
(T-ALL)
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IgD interacts with T cells through its Fc receptor, induc
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IgD Cell line Human Inhibit
IgD interacts with T cells through Fc receptor, inducing
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Induce tolerogenic M2-like macrophages via FcgRI and
immunosuppressive tumor microenvironment
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Innate immune surveillance; activates complement-dep
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IgM Tumor tissue Mouse Inhibit
Polyreactive IgM derived from L2pB1 cells is a key fact
inhibition, cancer cell death induction and clearance

Colorectal cancer
with liver metastases
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With a novel sialylated modification in Asn162 of CH1
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TABLE 1 Continued

Antibody Specimen Species
Reference
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Digestive system

IgA
Serum Human

Promote It seems justified to conclude that elevation of circu
strongly suggests liver metastasis.IgM Promote

IgA Serum
Human,
Mouse

Inhibit
Targeting Erbin greatly suppressed lung metastasis
promoting aggregation of IgA+ B cells, and increasi

Esophageal cancer IgG4 Tumor tissue Human Promote
Inhibits effector cell activity; competitively inhibits t
immunosuppressive microenvironment

Gastric cancer IgA Cell line Mouse Promote
IgA PCs were mainly involved in the regulation of p
engulfment

Hepatocellular
carcinoma

IgM
Serum, tumor
tissue

Mouse Promote
IgM promotes tumor metastasis through epithelial-m
immunoglobulin receptor

IgM
Serum, tumor
tissue

Human Inhibit

IgA
Blood, tumor
tissue

Human,
mouse

Promote
IgA+ cells induced by inflammation inhibit the activ
factors, thereby weakening the body’s immune surv

Pancreatic cancer IgM Tumor tissue Human Inhibit
Innate immune surveillance; activates complement-
response

Gynecological and breast cancer

Breast cancer

IgG Serum Mouse Promote
Pathogenic IgG targeting glycosylated membrane H
activates the downstream Src/NF-kB in ITGB5 and

IgM Serum Human Inhibit
Destroy circulating or seeded isolated disseminated
to metastatic disease and death.

IgM Tumor tissue Human Promote
As Breg cells prevent CSR by inhibiting the Tfh/IL2
resulting in lower IgG and a higher fraction of B ce
IgM.

Medullary ductal
breast cancer

IgG Tumor tissue Human Promote

Triple negative
breast cancer

IgG Tumor tissue Human Inhibit
Through ADCC and CDC, it also reduces tumor pr
promoting cytokines and signaling pathways.

IgG4 Tumor tissue Human Promote Immunosuppressive effects to promote tumor immu

Endometrial cancer IgA Tumor tissue Human Promote
IgA activates inflammatory pathways within tumor
(pIgR) on tumor cells.
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Antibody Specimen Species
Reference
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otoxic killing by T cells. (73)
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Gynecological and breast cancer

Ovarian cancer

IgG4
Tumor tissue, cell
line

Human,
Mouse

Inhibit

IgA Tumor tissue Human Inhibit Transcytosis of IgA sensitize tumor cells to cy

IgA Cell line Mouse Inhibit
IgA-coated bacteria, a character in OC, was ne
of TRAF3KO tumors.

IgE
Tumor tissue,
blood and tumor
specimens

Rat, human Inhibit
IgE antibodies recruit macrophages through th
immune responses.

Nervous system

Neuroblastoma

IgM Peripheral blood Human Inhibit Direct cytotoxicity; activate immune effector c
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enriched in the TME. These antibody isotypes may contribute to

anti-tumor immunity in NSCLC by enhancing antibody-dependent

cellular cytotoxicity ADCC and CDC (78). In lung cancer, levels of

IgG1 and IgG3 antibodies are positively correlated with CD16a

expression, suggesting that increased levels of these subclasses may

enhance NK cell activation, as CD16a is a key activating receptor on

NK cells (77). Single-cell RNA-seq analysis of bladder cancer

patients revealed that IgG1 plasma cells predominated in the

tumor immune microenvironment (TIME), exhibiting primarily

oncogenic functions and strong correlations with inflammatory

response pathways. These pathways, including the NF-kB
signaling pathway, are associated with immune cell activation and

the promotion of an inflammatory tumor microenvironment.

Furthermore, IgG1 plasma cells were shown to promote the

secretion of key inflammatory cytokines, including TNF-a, IL-6,
and IL-10, which not only sustain immune responses but also

contribute to immune evasion and tumor progression (79).

Conversely, another bladder cancer study has identified high
Frontiers in Immunology 10
IgG1/IgA ratios predicts better survival outcomes, which are

associated with elevated CD80 expression, enhanced IL-21-

mediated signaling, checkpoint modulation, FcgR signaling, and

receptor-mediated phagocytosis and endocytosis (80).

Collectively, IgG1 and IgG3 subclasses have been shown to exert

anti-tumor effects in most cancer contexts, primarily by serving as

effective mediators of ADCC and ADCP. However, in some

contexts, IgG1+ plasma cells have also been associated with pro-

tumorigenic effects, potentially through their involvement in

inflammatory response pathways such as NF-kB signaling and

secretion of cytokines like IL-6 and TNF-a, thereby contributing

to immune evasion and tumor progression (Figure 2).

4.1.3 IgG2
IgG2 binds weakly to FcgR, minimally activates NK cells and

macrophages, exhibits reduced ADCC and CDC activity, and

demonstrates a lower anti-tumor effect (91). There are few

reports on the role of IgG2 in the TME.
FIGURE 2

Different roles of various immunoglobulins in tumor immunity and their pro/anti-tumor mechanisms. Functional classes are indicated by different
colored boxes in the figure, with pink representing pro-tumor and green representing anti-tumor. Most of the antibody subtypes play dual functional
roles, whereas IgG3 and IgG4 are respectively anti-tumor and pro-tumor in the literature we reviewed. ADCC, Antibody-dependent cell-mediated
cytotoxicity; ADCP, Antibody-dependent cellular phagocytosis; CD, Cluster of differentiation; CAFs, Cancer-associated fibroblasts; CDC,
Complement dependent cytoxicity; EMT, Epithelial-mesenchymal transition; FceRI, Fc epsilon Receptor I; Ig, Immunoglobulin; IL-6, Interleukin-6;
MCP-1, Monocyte Chemoattractant Protein-1; NF-kB, Nuclear transcription factor-kB; PD-1, Programmed Cell Death Protein 1; RAS, RAt Sarcoma;
TNF-a, Tumor necrosis factor alpha.
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4.1.4 IgG4
IgG4 is the least abundant IgG subclass in human serum, with

the lowest levels among IgG subclasses in most tumor patients (89).

IgG4 has a short hinge region, limited Fab arm flexibility, and weak

antigen binding. It interacts minimally with FcgR, except FcgRI
(CD64), and cannot induce CDC or NK cell-mediated ADCC.

However, IgG4 mediates ADCP via FcgRI (CD64), FcgRIIa
(CD32a) and FcgRIIIa (CD16a) on immune cells. IgG4 undergoes

Fab-arm exchange, forming asymmetric, bispecific, and

monovalent antibodies. This prevents antigen cross-linking and

immune complex formation, allowing IgG4 to block immune

responses or target protein activity. Therefore, IgG4 is considered

a “blocking antibody” (92). Emerging evidence highlights IgG4’s

pro-tumorigenic role in cancer immunity and its immune evasion

mechanisms, affecting diagnosis and immunotherapy (89). A

unique feature of IgG4 is its ability to interact with other IgGs via

its Fc fragment (93), competing with cancer-specific IgG1 for FcR

interaction, undermining IgG1-mediated responses.

A cohort study of esophageal cancer observed that higher IgG4-

containing B lymphocyte in tumor tissue and serum IgG4 levels were

positively associated with more aggressive tumor growth (61).

Nivolumab is an IgG4-based antibody with a stabilized S228P

mutation, commonly used in cancer immunotherapy. Interestingly, it

has been found to promote cancer growth in mice. Specifically, the

topical application of IgG4 accelerated the growth of breast and

colorectal cancers, as well as carcinogen-induced skin papillomas

(61), suggesting a potential link between IgG4 and rapidly

progressive disease associated with cancer immunotherapy.

Colorectal cancer (CRC) patients exhibit high serum IgG4 levels,

which polarize macrophages into an alternatively activated

tolerogenic M2b phenotype (57), promoting an immunosuppressive

microenvironment. Consequently, high IgG4 levels in CRC impair

anticancer effector cell functions and synergize with macrophages to

enhance immune suppression. IgG4 promotes colon cancer

progression by inducing tolerogenic M2-like macrophages via FcgRI
and PI3K/AKT/STAT3 signaling, leading to an immunosuppressive

tumor microenvironment (51). In melanoma, elevated serum IgG4

levels and increased IgG4+ B cells have been associated with disease

progression and poor prognosis, particularly in early-stage patients

(83). Recent research has revealed significant increases in both

glutathione (GSH) and IgG4 in the tissue microenvironment of lung,

esophageal, and colon cancers. GSH was shown to promote tumor

growth by disrupting the disulfide bonds of IgG4 heavy chains, thereby

enhancing Fc-Fc reactivity and the inhibition of IgG4 on ADCC,

ADCP, and CDC (94). In TNBC, interactions between cancer cell lines

and B cells drive class switching to IgG4 in an IL-10-dependent

manner, thereby suppressing antibody-driven immune responses.

The presence of IgG4+ B cells may serve as an indicator of poor

prognosis (71).

Collectively, IgG4 is generally characterized by weak effector

functions, including ADCC, ADCP, and CDC, and can

competitively interfere with the activity of other antibody isotypes

by occupying Fcg receptors and complement binding sites.

Consequently, its presence in the TME is commonly associated

with immunosuppressive effects and poor prognosis. Serum IgG4
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levels, IgG4+ B-cell levels, and increased IgG4/IgE ratios are

significant predictors of disease progression and correlate

positively with disease progression and associated with an

immunosuppressive tumor microenvironment (Figure 2).
4.2 IgM

IgM is one of the earliest antibody types to respond to

pathogens and possesses a unique structure and function.

Typically existing as a pentamer, IgM consists of five monomers

and a J-chain linker, forming an asymmetric hexagonal structure

that enables interaction with a wide array of receptors and ligands.

This structural feature allows IgM to perform diverse roles in

immune responses (95). Functionally, IgM plays a pivotal role in

the initial immune response to tumors by recognizing and binding

tumor-associated antigens, activating the complement pathway,

inducing apoptosis, and initiating adaptive immune responses (52).

Mostly, IgM exhibits antitumor effects across various tumors.

Researchers demonstrated that IgM exerts cytotoxicity in a

complement-dependent manner, as shown by the cytotoxic

activity of serum and plasma from healthy donors against the

human neuroblastoma cell line Kelly and several melanoma cell

lines (75). Additionally, using the human hybridoma technique,

thousands of tumor-reactive human monoclonal antibodies isolated

from epithelial cancer patients and healthy donors were identified

as IgM antibodies, with no IgG or IgA detected. These IgM

antibodies bind to carbohydrates on modified tumor-specific

receptors, induce apoptosis, and play an essential role in the

immune surveillance of human epithelial tumors (52).

Specifically, naturally occurring IgM MUC1 antibodies in early-

stage breast cancer patients may prevent disease dissemination by

targeting circulating or isolated disseminated tumor cells,

potentially reducing metastasis and mortality (67). Low IgM

levels prior to immune checkpoint inhibitor therapy measured in

hepatocellular carcinoma are associated with a poorer prognosis, as

evidenced by low OS/PFS. This may be attributed to impaired

innate immune activation, reduced antigen clearance, and a

weakened immunological baseline (64). By measuring serum IgM

antibody levels in stage II melanoma patients before and after

surgery, and comparing these levels with disease-free and overall

survival, a positive correlation was observed between elevated IgM

levels and prolonged survival. These findings suggest that IgM

antibodies may exert a tumor-suppressive effect. Elevated IgM

antibodies targeting oncofetal antigens in melanoma patients may

contribute to improved survival by enhancing immune recognition

of tumor-associated antigens, activating complement-mediated

cytotoxicity, and strengthening immune surveillance (84).

Reduced IgM levels were observed in patients with metastatic

melanoma, further supporting the importance of IgM in tumor

suppression (85). The antitumor role of IgM in tumors becomes

evident through these studies. Moreover, innate-like B cells secrete

natural antibodies, primarily IgM, that arise independently of

antigen priming and exert defined antitumor functions. These

na tu r a l I gM mol e cu l e s con t r i bu t e to e a r l y tumor
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immunosurveillance by targeting altered self-structures on

malignant or stressed cells, activating complement, facilitating

opsonophagocytic clearance, and in some settings inducing direct

cytotoxicity (96). Notably, L2pB1-derived nIgM suppressed tumor

growth in B16F10 melanoma and MC38 colon cancer spheroid

models via tumor recognition and lipoptosis induction (97).

However, IgM can also promote tumor growth in certain

cancers. The specific mechanisms underlying this pro-

tumorigenic role are not fully understood, but it is believed that

immunoglobulins (including IgM) secreted by tumor cells may

contribute to tumor cell proliferation, migration, immune escape,

and inflammatory responses (98). For example, the ablation of

FcMR, the putative receptor for soluble IgM, inhibited melanoma

growth and extended survival in mice, indirectly indicating a pro-

tumorigenic role for IgM. Mechanistically, FcMR impairs

mononuclear phagocyte function by promoting tolerogenic

phenotypes in dendritic cells and tumor-associated macrophages,

thereby suppressing CD8+T cell activation and infiltration. These

findings suggest that FcMR promotes tumor progression by

suppressing antigen presentation and inhibiting effective T cell-

mediated immune responses (86). In chronic lymphocytic

leukemia, secreted IgM (sIgM) drives tumor progression by

inducing the accumulation of myeloid-derived suppressor cells

(MDSCs), which inhibit T-cell proliferation and diminish

antitumor immune responses (48). In hepatocellular carcinoma,

IgM facilitates tumor metastasis through epithelial-mesenchymal

transition (EMT), mediated by the polyimmunoglobulin receptor

(pIgR). This process promotes the expression of EMT-related

transcription factors, such as Snail and Twist1, and activates

Smad signaling pathways. Elevated expression of these factors is

strongly associated with early tumor recurrence and metastasis (63).

Similarly, another study suggested that elevated circulating SIgM in

patients with colorectal cancer strongly suggests liver metastasis

(53). Patients with metastatic breast cancer were found to have

significantly lower IgG levels and higher IgM levels compared to

those without metastases, indicating a potential association of IgM

with tumor metastasis. Tumor-associated CD19+CD39-B regulatory

cells suppress antibody responses by dysregulating class-switch

recombination, resulting in sustained IgM expression while

inhibiting IgG production. Elevated IgM levels may contribute to

immune evasion by impairing effective antibody-mediated

immunity, thereby promoting tumor progression (68).

Overall, IgM exerts context-dependent dual roles within the TME

through distinct mechanisms. On one hand, IgM contributes to anti-

tumor immunity by mediating CDC, enhancing phagocytosis,

facilitating immune surveillance, and inducing tumor cell apoptosis

via its polyreactive binding to tumor-associated antigens. On the

other hand, IgM may promote tumor progression by driving EMT,

expanding immunosuppressive populations such as MDSCs,

impairing antigen presentation through FcmR signaling, and

fostering immune evasion via persistent IgM expression and

inhibited class-switch recombination. These multifaceted and

context-specific functions underscore the complexity of

IgM-mediated regulation in tumor immunity (Figure 2).
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4.3 IgA

IgA exists as secretory IgA (SIgA) in mucosal immunity, where

it serves primarily as the first line of defense, protecting the mucosal

surface from pathogens and toxins. In contrast, accumulating

evidence indicates that IgA within the TME is frequently linked

to immunosuppressive and tumor-promoting activities. In contrast,

accumulating evidence indicates that IgA within the TME is

frequently linked to tumor-promoting activities.

The tumor-promoting effect of IgA in the TME depends on its

interactions with other immune cells and molecules. In HCC,

inflammation-induced IgA+ cells directly inhibit cytotoxic CD8+

T cells in the liver by expressing programmed death-ligand 1 (PD-

L1) and interleukin-10 (IL-10), thereby promoting tumor

progression. This mechanism suggests that IgA+ cells promote

tumorigenesis and progression by inhibiting anti-tumor immune

responses (65). IgA interactions with cancer-associated fibroblasts

(CAFs) play an important role in tumor progression. In HCC, IgA

complexes induce the transformation of CAFs into a matrix

phenotype and increase the expression of PD-L1, thereby

inhibiting the cytotoxic function of CD8+ T cells. This interaction

further weakens the anti-tumor immune response, promoting

tumor growth and spread (99). IgA also activates inflammatory

pathways within tumor cells by binding to pIgR in some tumor

types, promoting tumor cell growth and survival. In endometrial

cancer, the binding of IgA to pIgR activate inflammatory pathways

within tumor cells, enhancing immune recognition and survival of

tumor cells (72). IgA blocks cytotoxic T cell responses in melanoma

(100), induces tolerance in the gut (101), and has an

immunosuppressive role in intestinal transplantation by

counteracting IgG activity (102). In-depth analysis of circulating

and tumor-resident B cells in metastatic cutaneous melanoma

reveals abnormalit ies in B cell profi les and antibody

recombination, with IgA1 playing a role in promoting tumor

progression (87). Bulk and single-cell RNA sequencing (RNA-

seq) and spatial transcriptome data analysis of human bladder

cancer tumor cells, along with ligand/receptor crosstalk

quantification using stepwise regression Cox analysis, revealed

that IgA in the luminal papillary (LumP) and luminal unstable

(LumU) subtypes of bladder cancer promotes tumor progression

(79). Reanalysis of single-cell RNA (scRNA) and spatial

transcriptomics (ST) data from a publicly available dataset to

analyze the correlation between plasma cell infiltration and

patient prognosis in the TCGA-STAD cohort showed that higher

IgA infiltration correlates with shorter patient survival time (62). In

an assay of fresh, frozen, and paraffin-embedded specimens from

patients with hepatocellular carcinoma and liver metastases from

colorectal cancer, IgA was found to promote the progression of

colorectal cancer with liver metastases, though the mechanism

remains unclear (54). Analysis of 15,115 immune and non-

immune cells from primary tumors and liver metastases of 18

colorectal cancer (CRC) patients, using two single-cell RNA

sequencing technologies (Smart-seq2 and DNBelab C4), revealed

that IgA promotes tumor progression (58). Measurement of fresh
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tumor specimens from 100 patients (48 women and 52 men; ages

29–89 years) who underwent surgery for colorectal cancer at Dukes

A or B stage revealed that elevated circulating SIgA and SIgM levels

strongly suggest hepatic metastases in colorectal cancer

patients (53).

Conversely, IgA may also be associated with anti-tumor effects in

the TME. In ovarian cancer (42), IgA has been detected on tumor

cells co-localized with the pIgR, facilitating IgA transcytosis and

sensitizing tumor cells to cytotoxic T cell-mediated killing. IgA

produced by immortalized B cells reactive to the N-terminal

domain of thrombospondin-1 (TSPN) and brain-derived

neurotrophic factor (BDNF) recognizes antigens on ovarian cancer

cell lines and more effectively inhibits the growth of autologous

tumors in vivo compared to control IgA (73). Studies have shown that

IgA antibodies enter tumor cells via transcellular transport, hinder

oncogenic signaling, and promote T cell-mediated cytotoxicity (103).

This mechanism is particularly significant in ovarian cancer, where

IgA binds to poly-IgA receptors, activates transcriptional changes

within tumor cells, and inhibits the RAS pathway, thereby enhancing

T cell-mediated killing and hindering tumor progression (73).

Tumor-derived B cell IgA redirects myeloid cells, such as

neutrophils and macrophages, to target tumor cells by binding to

tumor antigens, causing tumor cell death (73). Screening identified

BRCA1 and TP53-deficient mouse ID8 OC cell lines for

experimentation. TRAF3 in OC cells is an immunosuppressive

modulator that down-regulates MHC class I and IFN-I signaling,

restricts B-cell activation, and reduces anti-tumor immunity. TRAF3

was found to be involved in the progression of TRAF3KO tumors and

significantly higher in the ascitic fluid of these tumors compared to

ITB1. B cells were found to be involved in the progression of

TRAF3KO tumors, with significantly higher levels of surface-bound

and secreted IgA in TRAF3KO tumor ascites compared to ITB1

(104). In vivo studies showed that IgA EGFR antibodies significantly

enhanced macrophage-mediated tumor cell killing by binding to

FcaRI (CD89). This antibody demonstrated stronger anti-tumor

activity than traditional IgG antibodies in various tumor models,

suggesting that IgA has potential applications in tumor

immunotherapy (105). In preclinical models of high-risk

neuroblastoma, IgA GD2 antibodies effectively kill tumor cells by

activating neutrophil-mediated ADCC without inducing IgG

antibody-induced neuralgia. This suggests that IgA antibodies have

potent anti-tumor effects in certain tumor types while reducing

treatment-related side effects (76). Bulk and single-cell RNA

sequencing (RNA-seq) and spatial transcriptome data analysis of

human bladder cancer tumor cells, along with ligand/receptor

crosstalk quantification using stepwise regression Cox analysis,

revealed that IgA inhibits tumor progression in the basal/squamous

(Ba/Sq) subtype of bladder cancer (79). Analysis of eight single-cell

RNA sequencing (scRNA-seq) datasets and three spatial transcript

sequencing (ST-seq) datasets from CRC, along with validation by

quantitative reverse transcription-polymerase chain reaction and

immunohistochemical staining, demonstrated that IgA inhibits

colorectal cancer progression. A simulated fasting diet for colorectal

cancer patients and mice was used to analyze intratumoral immune
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cells, revealing that the diet enhances anti-tumor immunity by

reducing IgA-producing cells (59). In clinical samples of primary

colorectal cancer and colorectal cancer lung metastasis, the IgA-

producing intestinal immune network was significantly dysregulated

in the lung metastases. Single-cell RNA sequencing and functional

studies revealed that Erbin-positive B-cell subtypes play a key role in

lung metastasis. Targeting Erbin (gene) greatly inhibited lung

metastasis by reducing PD1 expression on IgA+ B cells, promoting

IgA+ B cell aggregation, and enhancing tumor cell killing by CD8+ T

cells (60).

In summary, the pro-tumor effects of IgA include: 1) IgA

inhibits CD8+ T cell function through the expression of PD-L1

and IL-10 and activates inflammatory pathways; 2) Interaction with

CAFs enhances immunosuppressive properties and weakens anti-

tumor responses. Conversely, the anti-tumor effects of IgA include:

1) IgA facilitates transcytosis, inhibits the RAS pathway, and

enhances T cell-mediated cytotoxicity and neutrophil-mediated

ADCC; 2) IgA modulates B cell subpopulations and PD-1

expression, promoting CD8+ T cell killing of tumor cells. The

complex and context-dependent roles of IgA in tumors highlight its

potential as a novel target for cancer immunotherapy (Figure 2).
4.4 IgE

IgE has been found to promote the growth of skin tumors (74)

in tumor tissues and surrounding lesion skin in mouse models,

while in rat models and human pathological tissues, IgE has been

shown to inhibit the growth of ovarian cancer (74) and the

development of epithelial tumors. IgE binding to FceRI recruits

basophils to inflamed skin, facilitates their migration. In this

environment, IgE/FceRI signaling promotes epithelial cell growth

and differentiation, strongly driving tumor growth in epithelial cells

with oncogenic mutations (74). IgE antibodies recruit macrophages

through the TNFa/MCP-1 signaling pathway, enhancing the anti-

tumor immune response and thereby inhibiting the growth of

ovarian cancer (74) (Figure 2).
4.5 IgD

While some studies suggest that immunoglobulins are

expressed in tumor cells and may influence tumor behavior,

research has primarily focused on IgG, IgA, and IgM, with fewer

studies on IgD. IgD has been found to have pro-tumorigenic

effects in Burkitt lymphoma (47), T-cell acute lymphoblastic

leukemia (T-ALL) (50), and IgD multiple myeloma (49).

However, in T-cell acute lymphoblastic leukemia (T-ALL) (50),

it has also been observed to exhibit anti-tumor effects. Although

some studies indicate that IgD may function through IgD FcdR in

hematologic tumors, such as T-cell acute lymphoblastic leukemia

(T-ALL), these studies are still in preliminary stages, and the role

of IgD in other tumor types remains inadequately studied and

confirmed (50).
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5 Cancer derived antibodies in the
tumor microenvironment

Strikingly, studies have found that tumor cells themselves can

express and secrete Igs (8). Growing evidence suggests that various

cancer cell types are capable of producing IgG. In the early stage,

Qiu et al. identified that IgG is highly expressed in cancer cells, often

referred to as oncogenic IgG (106). This IgG exhibits a unique

sialylation modification at Asn162 of CH1 and is widely expressed

in cancer stem cells of epithelial carcinomas, where it promotes

tumor progression via activation of the integrin-FAK signaling

pathway (56).

While the exact function of cancer-derived IgG remains

unclear, current findings indicate its role in promoting cancer cell

proliferation, invasion, and metastasis, as well as its association with

poorer clinical outcomes. Blocking tumor cell-derived IgG has been

shown to inhibit tumor growth, underscoring its pro-tumorigenic

role (106). In colorectal cancer, recombinant expression of the IgG

gene in 80 cases, along with analyses of four colon cancer cell lines

and a hormonal immunodeficiency model, revealed that IgG

synthesized by colorectal cancer cells contributes to tumor growth

and progression. Blocking this IgG has been suggested as a potential

therapeutic strategy (107). Additionally, colorectal cancer-derived

IgG may facilitate invasion and metastasis through interaction with

E-calmodulin (108), offering new targets for immunotherapy. In

pancreatic cancer, cancer cell-derived IgG promotes tumor

progression via unique glycosylation modifications, correlating

with poor differentiation, metastasis, and chemotherapy

resistance. Similarly, in gliomas, high expression of cancer-

derived IgG is associated with poorer OS and disease-free survival

(DFS) (9). Further studies revealed that in gliomas, tumor-derived

IgG enhances cell proliferation and migration via the HGF/SF-Met

or FAK/Src pathways (8, 98). Moreover, cancer cell-derived IgG

aids tumors in evading immune surveillance by inhibiting ADCC

and CDC (8, 9, 46, 61). It can also directly promote tumor

proliferation and migration by binding to integrin a6b4 and

activating the integrin-FAK signaling pathway or by maintaining

the biological behavior of cancer stem cells, thereby driving prostate

cancer progression. These findings highlight the critical role of

cancer cell-derived IgG in tumor biology and its potential as a

therapeutic target (109).
6 Conclusion

Tumor-infiltrating antibodies exhibit highly complex and

heterogeneous functions in the TME, reflecting both their anti-

tumor and pro-tumor capabilities. Antibodies often dominate anti-

tumor immune responses, engaging in mechanisms like ADCC,

CDC, and direct tumoricidal activity. However, under specific TME

influences, antibodies can support tumor progression by fostering

immune evasion and modifying inflammatory responses. The

functional dichotomy of these immunoglobulins underscores the

multifaceted role of humoral immunity in cancer. Notably, the

functional impact of tumor-infiltrating antibodies is largely dictated
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by their isotypes. IgG, particularly IgG1 and IgG3, is frequently

linked to favorable clinical outcomes by promoting ADCC and

ADCP, whereas IgG4 may attenuate immune responses and

contribute to immune tolerance. IgM serves as a frontline effector

in antitumor immunity via CDC, phagocytosis, and apoptotic

pathways. In contrast, IgA is often implicated in tumor-

promoting immune suppression, IgE demonstrates potential pro-

inflammatory antitumor activity, and the role of IgD remains

largely elusive. Additionally, tumor-derived IgG promotes tumor

growth, metastasis, and immune evasion.

Understanding the isotype-specific contributions of tumor-

infiltrating antibodies will be crucial for refining antibody-based

biomarkers and immunotherapeutic strategies. Despite recent

advances, the current understanding of antibody-mediated

regulation within the TME remains incomplete. The diversity of

antibody subtypes, their spatial distribution, and their dynamic

interactions with immune and tumor cells present significant

challenges. Additionally, the emerging role of tumor-derived

antibodies, such as cancer-specific IgG, highlights their potential

as novel biomarkers and therapeutic targets. Antibodies secreted by

plasma hold immense potential as diagnostic, prognostic, and

therapeutic tools in oncology. Their diverse roles in the TME

suggest that specific antibody subtypes or patterns could serve as

biomarkers for disease progression and treatment response. For

instance, the presence of IgG1 and IgG3 isotypes has been

correlated with improved outcomes in cancers such as melanoma

and non-small cell lung cancer, making them potential prognostic

indicators (78). Conversely, IgG4, often associated with

immunosuppressive activities, could serve as a marker of poor

prognosis or resistance to immune checkpoint inhibitors (89).

The identification of tumor-derived antibodies, such as cancer-

specific IgG, highlights their role in promoting tumor growth and

metastasis, suggesting new therapeutic targets for future

interventions. By synthesizing current findings, this review

provides a comprehensive understanding of how tumor-

infiltrating antibodies regulate tumor immunity, offering insights

into their diagnostic, prognostic, and therapeutic potential.

In summary, tumor-infiltrating antibodies represent a frontier

in cancer research with vast implications for diagnosis, prognosis,

and therapy. Their diverse functions in the TME challenge

traditional paradigms and underscore the complexity of humoral

immunity in oncology. Bridging current knowledge gaps will

require interdisciplinary efforts, combining immunology,

molecular biology, and clinical research. Through continued

innovation, tumor-infiltrating antibodies have the potential to

revolutionize cancer treatment, offering new hope for improved

patient outcomes and advancing the field of precision oncology.
7 Prospects

The role of a single antibody in tumor progression or

suppression can vary significantly across different tumor types, or

even within the same tumor type. This duality of function may

depend on the specific TME, the presence of regulatory immune
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cells, and the functional status of immune receptors. In some cases,

antibodies may exert tumor-suppressive effects by activating

complement-mediated cytotoxicity and enhancing immune

recognition of tumor cells. However, in other scenarios,

antibodies may contribute to tumor progression by promoting

immune evasion, as seen in the dysregulation of antibody class-

switch recombination or the persistence of immunosuppressive

regulatory B cells. These divergent effects highlight the complexity

of the immune response in cancer and suggest that the tumor’s

immune landscape, including factors like antigen expression,

immune cell composition, and the interaction between the

antibody and immune receptors, plays a critical role in

determining whether an antibody’s effect is tumor-suppressive or

tumor-promoting.

The practical applications of tumor-infiltrating antibodies

knowledge are vast. Profiles of these antibodies could serve as

non-invasive biomarkers for monitoring disease progression,

evaluating therapy effectiveness, or predicting recurrence.

Advances in antibody engineering, such as bispecific antibodies

and antibody-drug conjugates, provide opportunities for targeted

therapies that leverage the unique properties of tumor-infiltrating

antibodies. Understanding their spatial distribution and isotype-

switching mechanisms could also inform combination therapies.

However, significant knowledge gaps remain. The variability of

tumor-infiltrating antibodies across different tumors and patient

populations complicates universal therapeutic strategies.

Additionally, less-studied isotypes like IgD and IgE need further

exploration, and tumor-derived antibodies require deeper

investigation to better target their mechanisms. Through

continued innovation, tumor-infiltrating antibodies have the

potential to revolutionize cancer treatment, offering new hope for

improved patient outcomes and advancing the field of

precision oncology.
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81. Mintz PJ, Rietz AC, Cardó-Vila M, Ozawa MG, Dondossola E, Do K-A, et al.
Discovery and horizontal follow-up of an autoantibody signature in human prostate
cancer. Proc Natl Acad Sci. (2015) 112:2515–20. doi: 10.1073/pnas.1500097112

82. Fässler M, Diem S, Mangana J, Hasan Ali O, Berner F, Bomze D, et al. Antibodies
as biomarker candidates for response and survival to checkpoint inhibitors in melanoma
patients. J ImmunoTher Cancer. (2019) 7:50. doi: 10.1186/s40425-019-0523-2

83. Karagiannis P, Villanova F, Josephs DH, Correa I, Van Hemelrijck M, Hobbs C,
et al. Elevated IgG4 in patient circulation is associated with the risk of disease
progression in melanoma. OncoImmunology. (2015) 4:e1032492. doi: 10.1080/
2162402X.2015.1032492

84. Jones PC, Sze LL, Liu PY, Morton DL, Irie RF. Prolonged survival for melanoma
patients with elevated IgM antibody to oncofetal antigen. J Natl Cancer Institute. (1981)
66:249–54.

85. Bernengo MG, Capella G, Peruccio M, Zina G. Relationship between T and B
lymphocyte values and prognosis in Malignant melanoma. Br J Dermatol. (1978)
98:655–62. doi: 10.1111/j.1365-2133.1978.tb03584.x

86. Kubli SP, Vornholz L, Duncan G, Zhou W, Ramachandran P, Fortin J, et al.
Fcmr regulates mononuclear phagocyte control of anti-tumor immunity. Nat
Commun. (2019) 10:2678. doi: 10.1038/s41467-019-10619-w

87. Crescioli S, Correa I, Ng J, Willsmore ZN, Laddach R, Chenoweth A, et al. B cell
profiles, antibody repertoire and reactivity reveal dysregulated responses with
autoimmune features in melanoma. Nat Commun. (2023) 14:3378. doi: 10.1038/
s41467-023-39042-y

88. Kim SS, Shen S, Miyauchi S, Sanders PD, Franiak-Pietryga I, Mell L, et al. B cells
improve overall survival in HPV-associated squamous cell carcinomas and are
activated by radiation and PD-1 blockade. Clin Cancer Res. (2020) 26:3345–59.
doi: 10.1158/1078-0432.CCR-19-3211

89. Rispens T, Huijbers MG. The unique properties of IgG4 and its roles in health
and disease. Nat Rev Immunol. (2023) 23:763–78. doi: 10.1038/s41577-023-00871-z

90. van Erp EA, Luytjes W, Ferwerda G, van Kasteren PB. Fc-mediated antibody
effector functions during respiratory syncytial virus infection and disease. Front
Immunol. (2019) 10:548. doi: 10.3389/fimmu.2019.00548

91. Rösner T, Kahle S, Montenegro F, Matlung HL, Jansen JHM, Evers M, et al.
Immune effector functions of human igG2 antibodies against EGFR. Mol Cancer Ther.
(2019) 18:75–88. doi: 10.1158/1535-7163.MCT-18-0341

92. Yang X, Wang F, Zhang Y, Wang L, Antonenko S, Zhang S, et al. Comprehensive
analysis of the therapeutic igG4 antibody pembrolizumab: hinge modification blocks
half molecule exchange in vitro and in vivo. J Pharm Sci. (2015) 104:4002–14.
doi: 10.1002/jps.24620

93. Rispens T, Meesters J, den Bleker TH, Ooijevaar-De Heer P, Schuurman J,
Parren PWHI, et al. Fc–Fc interactions of human IgG4 require dissociation of heavy
chains and are formed predominantly by the intra-chain hinge isomer. Mol Immunol.
(2013) 53:35–42. doi: 10.1016/j.molimm.2012.06.012

94. Zhang W, Quan Y, Ma X, Zeng L, Li J, Chen S, et al. Synergistic effect of
glutathione and IgG4 in immune evasion and the implication for cancer
immunotherapy. Redox Biol. (2023) 60:102608. doi: 10.1016/j.redox.2023.102608

95. Li Y, Wang G, Li N, Wang Y, Zhu Q, Chu H, et al. Structural insights into
immunoglobulin M. Science. (2020) 367:1014–7. doi: 10.1126/science.aaz5425

96. Rawat K, Soucy SM, Kolling FW, Diaz KM, King WT, Tewari A, et al. Natural
antibodies alert the adaptive immune system of the presence of transformed cells in
early tumorigenesis. J Immunol (Baltimore Md: 1950). (2022) 209:1252–9. doi: 10.4049/
jimmunol.2200447

97. Shibad V, Bootwala A, Mao C, Bader H, Vo H, Landesman-Bollag E, et al. L2pB1
cells contribute to tumor growth inhibition. Front Immunol. (2021) 12:722451.
doi: 10.3389/fimmu.2021.722451

98. Lv J, Chen S, Chen X, Xie J, He Z, Fan T, et al. Effect of glioma-derived
immunoglobulin on biological function of glioma cells. Eur J Cancer (Oxford England:
1990). (2022) 175:86–98. doi: 10.1016/j.ejca.2022.08.006

99. Park JG, Roh PR, Kang MW, Cho SW, Hwangbo S, Jung HD, et al. Intrahepatic
IgA complex induces polarization of cancer-associated fibroblasts to matrix phenotypes
in the tumor microenvironment of HCC. Hepatology. (2024) 80(5):1074–1086.
doi: 10.1097/HEP.0000000000000772

100. Chen J. The multifaceted role of ferroptosis in liver disease. Cell Death Differ.
(2022) 29:467–480. doi: 10.1038/s41418-022-00941-0

101. Doi T, Kanai T, Mikami Y, Sujino T, Jun L, Ono Y, et al. IgA plasma cells
express the negative regulatory co-stimulatory molecule programmed cell death 1
ligand and have a potential tolerogenic role in the intestine. Biochem Biophys Res
Commun. (2012) 425:918–23. doi: 10.1016/j.bbrc.2012.08.010
frontiersin.org

https://doi.org/10.4251/wjgo.v11.i3.195
https://doi.org/10.1016/j.cmet.2019.06.001
https://doi.org/10.1002/ctm2.253
https://doi.org/10.1158/0008-5472.CAN-23-0323
https://doi.org/10.1038/s41392-021-00501-x
https://doi.org/10.1136/jitc-2020-000661
https://doi.org/10.1136/jitc-2020-000661
https://doi.org/10.1186/s12967-024-05606-9
https://doi.org/10.1093/jnci/djr360
https://doi.org/10.1093/jnci/djr360
https://doi.org/10.1016/j.intimp.2023.110704
https://doi.org/10.1038/nature24302
https://doi.org/10.1038/s41591-018-0309-y
https://doi.org/10.1200/JCO.2000.18.3.574
https://doi.org/10.1158/2326-6066.CIR-21-1073
https://doi.org/10.1158/2326-6066.CIR-21-1073
https://doi.org/10.1158/0008-5472.CAN-20-3773
https://doi.org/10.1016/j.ygyno.2023.03.020
https://doi.org/10.1158/0008-5472.CAN-21-4385
https://doi.org/10.1038/s41586-020-03144-0
https://doi.org/10.7554/eLife.51862
https://doi.org/10.1002/ijc.30025
https://doi.org/10.1136/jitc-2023-006948
https://doi.org/10.1038/s41588-018-0339-x
https://doi.org/10.1038/s41419-022-05057-4
https://doi.org/10.1186/s12967-023-04151-1
https://doi.org/10.1158/2326-6066.CIR-21-0489
https://doi.org/10.1073/pnas.1500097112
https://doi.org/10.1186/s40425-019-0523-2
https://doi.org/10.1080/2162402X.2015.1032492
https://doi.org/10.1080/2162402X.2015.1032492
https://doi.org/10.1111/j.1365-2133.1978.tb03584.x
https://doi.org/10.1038/s41467-019-10619-w
https://doi.org/10.1038/s41467-023-39042-y
https://doi.org/10.1038/s41467-023-39042-y
https://doi.org/10.1158/1078-0432.CCR-19-3211
https://doi.org/10.1038/s41577-023-00871-z
https://doi.org/10.3389/fimmu.2019.00548
https://doi.org/10.1158/1535-7163.MCT-18-0341
https://doi.org/10.1002/jps.24620
https://doi.org/10.1016/j.molimm.2012.06.012
https://doi.org/10.1016/j.redox.2023.102608
https://doi.org/10.1126/science.aaz5425
https://doi.org/10.4049/jimmunol.2200447
https://doi.org/10.4049/jimmunol.2200447
https://doi.org/10.3389/fimmu.2021.722451
https://doi.org/10.1016/j.ejca.2022.08.006
https://doi.org/10.1097/HEP.0000000000000772
https://doi.org/10.1038/s41418-022-00941-0
https://doi.org/10.1016/j.bbrc.2012.08.010
https://doi.org/10.3389/fimmu.2025.1671839
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miao et al. 10.3389/fimmu.2025.1671839
102. Ningappa M, Ashokkumar C, Ranganathan S, Schmitt L, Higgs BW, Sun Q,
et al. Mucosal plasma cell barrier disruption during intestine transplant rejection.
Transplantation. (2012) 94:1236–42. doi: 10.1097/TP.0b013e3182708d9d

103. Laumont CM, Nelson BH. IgA transcytosis: A new weapon in the immune
response to cancer? Cancer Cell. (2021) 39:607–9. doi: 10.1016/j.ccell.2021.04.007

104. Zorea J, Motro Y, Mazor RD, Carmi YK, Shulman Z, Mahajna J, et al. TRAF3
suppression encourages B cell recruitment and prolongs survival of microbiome-intact
mice with ovarian cancer. J Exp Clin Cancer Res. (2023) 42:107. doi: 10.1186/s13046-
023-02680-7

105. Boross P, Lohse S, Nederend M, Jansen JHM, van Tetering G, Dechant M, et al.
IgA EGFR antibodies mediate tumour killing in vivo. EMBO Mol Med. (2013) 5:1213–
26. doi: 10.1002/emmm.201201929
Frontiers in Immunology 18
106. Qiu X, Zhu X, Zhang L, Mao Y, Zhang J, Hao P, et al. Human epithelial cancers
secrete immunoglobulin g with unidentified specificity to promote growth and survival
of tumor cells. Cancer Res. (2003) 63:6488–95.

107. Hold GL, Niu N, Zhang J, Huang T, Sun Y, Chen Z, et al. IgG expression in
human colorectal cancer and its relationship to cancer cell behaviors. PLoS One. (2012)
7:e47362. doi: 10.1371/journal.pone.0047362

108. Jiang H, Kang B, Huang X, Yan Y, Wang S, Ye Y, et al. Cancer IgG, a potential
prognostic marker, promotes colorectal cancer progression. Chin J Cancer Res. (2019)
31:499–510. doi: 10.21147/j.issn.1000-9604.2019.03.12

109. Qin C, Sheng Z, Huang X, Tang J, Liu Y, Xu T, et al. Cancerin3):49 IgG
promotes the development of prostate cancer though the SOX2ghtee pathway. Prostate.
(2020) 80:1134–44. doi: 10.1002/pros.24042
frontiersin.org

https://doi.org/10.1097/TP.0b013e3182708d9d
https://doi.org/10.1016/j.ccell.2021.04.007
https://doi.org/10.1186/s13046-023-02680-7
https://doi.org/10.1186/s13046-023-02680-7
https://doi.org/10.1002/emmm.201201929
https://doi.org/10.1371/journal.pone.0047362
https://doi.org/10.21147/j.issn.1000-9604.2019.03.12
https://doi.org/10.1002/pros.24042
https://doi.org/10.3389/fimmu.2025.1671839
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miao et al. 10.3389/fimmu.2025.1671839
Glossary

TME Tumor microenvironment
Frontiers in Immunol
ADCC Antibody-dependent cell-mediated cytotoxicity
ADCP Antibody-dependent cellular phagocytosis
CDC Complement dependent cytoxicity
ICIs Immune checkpoint inhibitors
Tfh T follicular helper
Ig Immunoglobulin
FOB Follicular B cell
MZB Marginal zone B cell
Bregs Regulatory B cells
NK cell Natural killer cell
BCR B cell receptor
CSR Class switch recombination
TGF-b Transforming growth factor-b
GCs Germinal centers
AID Activation-induced cytidine deaminase
S Switch region
C constant region
PCs Plasma cells
SHM Somatic hypermutation
UPR Unfolded protein response
TLS Tertiary lymphoid structures
OS Overall survival
TNBC Triple-negative breast cancer
ogy 19
FcgR Fcg receptor
NSCLC Non-small cell lung cancer
TIME Tumor immune microenvironment
CRC Colorectal cancer
GSH Glutathione
SIgM Secreted IgM
HCC Hepatocellular carcinoma
MDSCs Myeloid-derived suppressor cells
EMT Epithelial-mesenchymal transition
pIgR Polyimmunoglobulin receptor
SIgA Secretory IgA
PD-L1 Programmed death-ligand 1
IL-10 Interleukin-10
CAFs Cancer-associated fibroblasts
RNA-seq RNA sequencing
scRNA Single-cell RNA
ST Spatial transcriptomics
TSPN Thrombospondin
BDNF Brain-derived neurotrophic factor
ScRNA-seq Single-cell RNA sequencing
ST-seq Spatial transcript sequencing
T-ALL T-cell acute lymphoblastic leukemia
DFS Disease-free survival
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