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Introduction
Effective immune responses are indispensable for optimal 
cancer treatment; however, tumor cells often evade immune 
clearance by inhibiting neoantigen presentation and inducing 
immune silencing in the tumor microenvironment (TME) (1). 
Emerging studies have focused on novel ways to reinvigorate 

immunosurveillance by modulating T cell activation through T 
cell receptor engineering or immune checkpoint blockade (2). 
However, the response rate of immunotherapy still needs to be 
improved based on the current paradigms (3, 4). Thus, inves-
tigations on other immune cells in the TME are required to 
replenish the immunotherapy toolbox for improved outcomes. 
Tumor-infiltrating B lymphocytes have been indicated as a pre-
dictor of increased patient survival with documented negative 
regulation of tumor progression in breast cancer, melanoma, 
colorectal cancer, et al. (5–8). Recent investigations of immune 
profiles in the TME have identified tertiary lymphoid structures 
(TLSs) as favorable prognostic markers in several cancer types, 
and B cells have been shown to be one of the major initiators of 
TLS formation (9–12). These recent studies indicate the poten-
tial of manipulating B cell antigen receptor (BCR) signaling in 
immunosurveillance against tumors.

Emerging studies have focused on ways to treat cancers by modulating T cell activation. However, whether B cell receptor 
signaling in the tumor microenvironment (TME) can be harnessed for immunotherapy is unclear. Here, we report that an 
Asia-specific variant of human IgG1 containing a Gly396 to Arg396 substitution (hIgG1-G396R) conferred improved survival 
of patients with colorectal cancer (CRC). Mice with knockin of the murine functional homolog mIgG2c-G400R recapitulated 
the alleviated tumorigenesis and progression in murine colon carcinoma models. Immune profiling of the TME revealed broad 
mobilizations of IgG1+ plasma cells, CD8+ T cells, CD103+ DCs, and active tertiary lymphoid structure formation, suggesting 
an effective antitumor microenvironment in hIgG1-G396R CRC patients. Mechanistically, this variant potentiated tumor-
associated antigen–specific (TAA-specific) plasma cell differentiation and thus antibody production. These elevated TAA-
specific IgG2c antibodies in turn efficiently boosted the antibody-dependent tumor cell phagocytosis and TAA presentation 
to effector CD8+ T cells. Notably, adoptive transfer of TAA-specific class-switched memory B cells harboring this variant 
exhibited therapeutic efficacy in murine tumor models, indicating their clinical potential. All these results prompted a 
prospective investigation of hIgG1-G396R in patients with CRC as a biomarker for clinical prognosis and demonstrated that 
manipulating the functionality of IgG1+ memory B cells in tumors could improve immunotherapy outcomes.
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Results
Human IgG1-G396R is a protective variant for CRC. Since the hIgG1-
G396R variant has a strong Asian population specificity (Supple-
mental Figure 1, A and B; supplemental material available online 
with this article; https://doi.org/10.1172/JCI153454DS1), we thus 
analyzed a cohort containing 1006 CRC patients with 100-month 
survival clinical records from Peking University, People’s Hospi-
tal in Beijing, China, to investigate the correlation of the hIgG1-
G396R variant with clinical colorectal tumorigenesis (Supplemen-
tal Table 1 and Supplemental Figure 1, C and D). The frequency of 
the hIgG1-G396R homozygotes was mildly decreased in the CRC 
patients compared with criteria-matched controls (1006 CRC 
patients versus 583 healthy controls, odds ratio = 0.747, P = 0.049; 
Supplemental Table 2), suggesting a potential protective role of 
this variant in CRC. As an in-depth validation, we compared the 
cumulative overall survival (OS) of all these 537 wild-type (WT), 
376 hIgG1-G396R heterozygous, and 93 hIgG1-G396R homozy-
gous CRC patients, and found that hIgG1-G396R homozygous 
patients exhibited substantially improved OS compared with both 
hIgG1-G396R heterozygous and WT patients (log-rank P = 0.028 
under additive model, Figure 1A; log-rank P = 0.011 under reces-
sive model, Figure 1B; log-rank P = 0.114 under dominant model, 
Figure 1C). Remarkably, the proportion of 100-month cumula-
tive OS was 78.16% (95%CI, 68.59%–89.06%) for hIgG1-G396R 
homozygous patients, compared with 59.34% (95%CI, 54.29%–
64.85%) for WT patients and 58.79% (95%CI, 52.61%–65.68%) 
for hIgG1-G396R heterozygous patients. And the proportions of 
5-year cumulative OS were 66.41% (95%CI, 62.12%–71%) for WT 
patients, 77.93% (95%CI, 66.14%–76.06%) for hIgG1-G396R het-
erozygous patients, and 80.77% (95%CI, 72.09%–90.49%) for 
hIgG1-G396R homozygous patients. Notably, multivariable COX 
regression analyses implicated the hIgG1-G396R variant as an 
independent positive prognostic factor for OS (Figure 1, D and E, 
and Supplemental Table 3). Furthermore, hIgG1-G396R was con-
sistently identified as a protective factor in OS (Figure 1, F–I, and 
Supplemental Figure 2) among CRC patients with different treat-
ments and clinical manifestations.

Moreover, the hIgG1-G396R variant was also significantly 
associated with superior progression-free survival (PFS) in a large 
proportion of CRC patients (n = 966), which had obtainable fol-
low-up PFS clinical information from the original 1006 patients. 
Consistent with the OS analysis, hIgG1-G396R again improved 
the PFS of CRC patients (log-rank P = 0.052 under additive model, 
Supplemental Figure 3A; log-rank P = 0.027 under recessive model, 
Supplemental Figure 3B; log-rank P = 0.089 under dominant mod-
el, Supplemental Figure 3C). The proportion of 100-month cumu-
lative PFS was 75.75% (95%CI, 66.51%–86.27%) for hIgG1-G396R 
homozygous patients, compared with 58.47% (95%CI, 52.41%–
65.24%) for hIgG1-G396R heterozygous patients and 57.87% 
(95%CI, 52.92%–63.29%) for WT patients. And the proportions of 
5-year cumulative PFS were 62.92% (95%CI, 58.54%–67.62%) for 
WT patients, 66.89% (95%CI, 61.90%–72.28%) for hIgG1-G396R 
heterozygous patients, and 75.75% (95%CI, 66.51%–86.27%) 
for hIgG1-G396R homozygous patients. Moreover, multivariable 
COX regression analyses (Supplemental Figure 3, D and E, and 
Supplemental Table 3), survival analyses based on different char-
acteristics (Supplemental Figure 3F), and allele frequency–based 

Within the TME, tumor-associated antigens (TAAs), includ-
ing neoantigens, can drive tumor-specific B cells to undergo 
immune activation, class switching to IgG1+ memory B cells, 
and differentiation to IgG1 antibody–secreting plasma cells 
(13). TAA-specific IgG1 antibodies can rapidly target tumor 
cells for attack by innate immune cells through the binding of 
IgG fragment crystallizable (Fc) with activating Fcγ receptor 
(FcγR) (14), including antibody-dependent cytotoxicity (ADCC) 
and phagocytosis (ADCP) (15). These steps can also enhance 
tumor antigen presentation by dendritic cells (DCs) for broad 
immune mobilization (16). Thus, class-switched IgG1+ memory 
B cell activation, proliferation, and subsequent differentiation 
to plasma cells should be considered as cores to harness B cells 
in antitumor responses. As the initiation of IgG1/BCR signaling 
is critical for IgG memory antibody response, a leading opinion 
is that the intracellular tail of membrane-bound IgG (denoted 
mIgG-tail) is the core molecular component of immunological 
memory. We recently reported that a single-nucleotide poly-
morphism (SNP), rs117518546 (C>T, glycine>arginine; hIgG1-
G396R), located in the mIgG-tail–coding region of the human 
immunoglobulin heavy constant γ 1 gene (IGHG1), enhances 
IgG1/BCR signaling and positively correlates with systemic 
lupus erythematosus (17).

In this report, we investigated whether hIgG1-G396R 
could modulate cancer progression and survival by focusing 
on a potential role in colorectal cancer (CRC), which is one of 
the most common causes of cancer-related deaths and a com-
plex disease with great heterogeneity caused by both genetic 
and environmental risk factors (18). We identified a protec-
tive role of the hIgG1-G396R variant for tumor progression 
and survival in CRC patients, which was readily recapitulated 
in multiple murine tumor models. As the underlying mecha-
nism, we found enhanced TAA-specific plasma cell differenti-
ation and antibody production in both variant-harboring CRC 
patients and genetic knockin mice. The potentiated TAA-spe-
cific antibody in turn drove antibody-dependent tumor cell 
phagocytosis and effective presentation to evoke cytotoxic 
CD8+ T cell responses, shaping the TME to boost immune 
machinery for tumor cell killing. At the clinical end, the adop-
tive transfer of variant-harboring memory B cells facilitated 
tumorigenesis suppression. Collectively, our study provides 
insightful clues about the potential clinical benefits of a ger-
mline coding variant in human IgG1 and the manipulation of 
IgG1+ B cells in tumor immunotherapy.

Figure 1. The hIgG1-G396R variant protects against colorectal tumor-
igenesis and progression. (A) Survival analyses of 1006 CRC patients 
with available follow-up information stratified by genotype. WT is 
indicated as the CC genotype, hIgG1-G396R heterozygous is denoted as 
CT, and hIgG1-G396R homozygous is denoted as TT. (B and C) Survival 
curves for 1006 CRC patients, classified by (B) recessive model and 
(C) dominant model. (D and E) Forest plots showing hazard ratios by 
(D) univariable COX regression and (E) multivariable COX regression 
analysis for correlation with the OS of CRC patients. (F–I) OS curves of 
1006 CRC patients with different clinical treatments and clinical man-
ifestations. Statistical significance was determined using a log-rank 
test (A–C and F–I). HR, hazard ratio; CI, confidence interval. Data are 
presented as the mean ± SEM.
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curve analysis and multivariable regression analysis on 292 patients 
with available information for either MSI or microsatellite stability 
(MSS) clinical data. Clearly, hIgG1-G396R showed protection in both 
the MSI and MSS groups (Supplemental Figure 2E, Supplemental 

stratification analyses (Supplemental Table 4) implicated the 
hIgG1-G396R variant as an independent positive prognostic factor.

Because microsatellite instability (MSI) status is important for 
TAA load and immune responses in CRC (19), we carried out survival 

Figure 2. The murine homolog mIgG2c-G400R variant enhances tumor resistance in mice. (A) MC38 tumor growth and (B) tumor weight at the time of sacri-
fice of WT and mIgG2c-G400R mice. (C) B16F10 tumor growth and (D) tumor weight of WT and mIgG2c-G400R mice. (E) Body weights and (F) disease activity 
index of AOM/DSS-induced CAC model for both WT and mIgG2c-G400R mice. (G) Bioluminescence images with injection of L-012 solution on week 16 after 
AOM injection. (H) Representative images and quantification of colon tumor numbers in mice of indicated genotypes. Tumors are indicated by white arrows. 
(I) Representative photographs of H&E-stained colon cross sections and histopathological scores after termination of the experiment. The black arrows indi-
cate the tumors in the colon. Scale bars: 1000 μm. One of 3 representative experiments is shown. Statistical significance was determined using 2-way ANOVA 
(A and C) or an unpaired, 2-tailed Student’s t test (B, D, G, H, and I). HR, hazard ratio. CI, confidence interval. Data are presented as the mean ± SEM.
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Murine homolog of hIgG1-G396R protects mice from tumorigenesis. 
To determine the mechanism of action of hIgG1-G396R in inhibiting 
CRC tumorigenesis and progression, we first utilized the previously 
constructed mIgG1-G390R–knockin mice (17) and applied the syn-

Figure 3F, and Supplemental Figure 4). It is worth noting that hIgG1-
G396R confers greater benefits (CC vs. TT genotype) in MSS patients 
compared with MSI patients. Thus, hIgG1-G396R is a protective ger-
mline variant for progression and survival in CRC patients.

Figure 3. The hIgG1-G396R variant promotes plasma cell differentiation.  
(A) The absolute numbers of B cells (CD20+) and plasma cells (CD138+) in tumor 
tissues from CRC patients detected by IHC. (B) Representative microphoto-
graphs of CD138 IHC staining in tumor specimens from CRC patients. Scale 
bars: 200 μm. (C–G) Flow cytometry analyses to assess the relative percentag-
es of (C) OVA-specific IgG2c+ GC B cells, (D) plasma cells, (E) memory B cells in 
the spleen, (F) plasma cells, and (G) memory B cells in the bone marrow from 
mIgG2c-tailless, WT, and mIgG2c-G400R mice at week 2 after recall immuni-
zation. One of 3 representative experiments is shown. Statistical significance 
was determined using an unpaired, 2-tailed Student’s t test (A) or 1-way 
ANOVA (C–G). Data are presented as the mean ± SEM. NS, not significant.
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geneic MC38 murine colon carcinoma model and B16F10-mOVA 
transplantation tumor model. Clearly, mIgG1-G390R did not show 
obviously protective effects against tumors in terms of tumor growth 
inhibition and improved host mouse survival compared with WT 
(Supplemental Figure 5, A and B). This observation is consistent with 

documented conclusions that murine IgG1 has relatively low affinity 
for murine activating FcγRs, which are important for antibody-de-
rived antitumor effects, including ADCP and ADCC, in establish-
ing effective antitumor immunity (20–22). It binds more avidly to 
murine inhibitory FcγRIIB than to murine activating FcγRs, and fails 

Figure 4. Elevated numbers of infiltrating CD8+ T cells and DCs in the TME of the hIgG1-G396R variant. (A and B) Representative micrographs and cell 
density (in mm2) of (A) CD8+ T cells and (B) S100+ DCs in tumor sections from hIgG1-G396R homozygous and WT CRC patients by IHC. Scale bars: 200 μm. 
(C) Representative micrographs and cell density (in mm2) of CD8+ T cells in colon specimens from CAC-induced WT and mIgG2c-G400R mice, measured 
by IHC. Scale bars: 100 μm. (D) Quantification by flow cytometry, pregated on live CD45+ cells, of tumor-infiltrating CD8+ T cells in the tumor tissues on 
day 10 after MC38-mOVA tumor cell inoculation. (E) Quantification of tumor-infiltrating naive, central memory, and effector memory CD8+ T cells in the 
MC38-mOVA tumor tissues by flow cytometry, pregated on CD45+, CD3+, and CD8+ T cells. (F and G) Quantification of (F) IFN-γ–secreting and (G) gran-
zyme B–secreting (GZMB-secreting) CD8+ T cells, pregated on CD45+, CD3+, and CD8+ T cells. (H–I) Quantification of tumor-infiltrating DC subtypes. One of 
3 representative experiments is shown (D–I). Statistical significance was determined using an unpaired, 2-tailed Student’s t test (A–C) or 1-way ANOVA 
(D–I). Data are presented as the mean ± SEM.
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to activate complement by the classical pathway, resembling human 
IgG4 in that it had limited ability to induce effector functions, which 
represents a marked difference from human IgG1 (23, 24). In consid-
eration of murine IgG2c sharing a conserved tail sequence and func-
tional equivalence to human IgG1 in terms of similar binding affinity 
for activating versus inhibitory FcγRs when considering the Fc por-
tion–mediated effects of antibodies (25), we therefore generated 
knockin mice harboring the homologous mutation at the cytoplasmic 
tail of endogenous murine IgG2c (denoted mIgG2c-G400R; Supple-
mental Figure 5, C and D). In a transplantation tumor model using 
MC38 cells, which presents a broad TAA pool (26), mIgG2c-G400R 
mice showed significantly slower progression of inoculated MC38 

tumor cells compared with the WT control mice (Figure 2, A and B). 
As an extension, we also applied the B16F10 autologous transplanta-
tion tumor model, which has relatively lower tumor mutational load 
(27), and found that mIgG2c-G400R mice also showed decreased 
B16F10 tumor progression compared with WT mice (Figure 2, C and 
D). In order to more closely simulate colon tumorigenesis in humans, 
we introduced the azoxymethane/dextran sodium sulfate (AOM/
DSS) colitis-associated carcinoma (CAC) model to our study, which 
has been widely used for the induction of colitis-dependent neopla-
sia and primary cancer in mice (Supplemental Figure 5E and refs. 28, 
29). Upon AOM/DSS treatment, the mIgG2c-G400R mice exhibit-
ed reduced weight loss (Figure 2E), decreased disease activity index 

Figure 5. hIgG1-G396R promotes the formation of tertiary lymphoid structures in tumor tissues. (A) Microphotographs of representative tertiary lym-
phoid structures (TLSs) located in the tumor section of CAC-induced mice. Black arrows indicate TLSs. Scale bars: 200 μm. (B) IHC showing the num-
bers and relative areas of TLSs in CAC-induced mice. (C) Representative IHC of TLSs and PNAd+ TLSs within the tumor specimens from CRC patients, 
as indicated by black arrows. Scale bars: 200 μm. (D and E) The numbers of TLSs per mm2, relative TLS area, and the percentages of HEV+ TLSs for each 
genotype are shown. (F) The expression levels of several chemokine genes associated with TLS formation in the colon tumor tissues from CAC-induced 
mice by RT-qPCR assays. (G) The expression levels of several chemokine genes in the tumor specimens from CRC patients quantified by RT-qPCR 
assays. One of 3 representative experiments is shown (F and G). Statistical significance was determined using an unpaired, 2-tailed Student’s t test. 
Data are presented as the mean ± SEM.
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cells, as well as higher percentages of germinal center (GC) B cells 
in the spleen of mIgG2c-G400R mice compared with WT mice 
(Figure 3, C–E). Moreover, the substantial increases in OVA-spe-
cific IgG2c+ plasma cells and memory B cells in mIgG2c-G400R 
mice were also detected in the bone marrow (Figure 3, F and G). 
Thus, it is clear that hIgG1-G396R promotes class-switched mem-
ory B cell and plasma cell differentiation in the TME.

hIgG1-G396R shapes the TME with enhanced infiltration of cyto-
toxic CD8+ T cells and DCs. Because the interactions between the 
immune system and tumors are governed by a complex network of 
cell-cell interactions, we proposed that the hIgG1-G396R variant 
may exert a pleiotropic immunomodulatory role by also affect-
ing interrelated immune cells for effective immunosurveillance. 
To test this hypothesis, we analyzed the effect of this variant on 
infiltration of both innate and adaptive immune cells in the TME 
of CRC patients, including T cells, natural killer (NK) cells, mac-
rophages, and DCs (Figure 4, A and B, and Supplemental Figure 
7A). We found that hIgG1-G396R homozygotes had prominently 
increased tumor-infiltrating CD8+ T cells (Figure 4A) and S100+ 
DCs (Figure 4B) compared with WT patients. Single-cell RNA 
sequencing (scRNA-seq) is widely used to profile immune cells 
in organs and tissues. Thus, we reanalyzed the proportions of 
immune cell subsets in the TME of 18 CRC patients using the 
scRNA-seq results from our recent studies (Supplemental Figure 
7, B and C, and refs. 32, 33). Both patient genome sequencing and 
single B cell RNA-seq data identified 11 heterozygotes, 6 WT, and 
only 1 hIgG1-G396R homozygote within these 18 CRC patients, so 
we could only compare immune cell profiles within the TME from 
12 hIgG1-G396R carriers (CT and TT) to those from 6 noncarri-
ers (CC) (Supplemental Table 5). Nevertheless, in hIgG1-G396R 
carriers, there were increased proportions of IgG+ plasma cells, 
CXCR5+ T follicular helper cells, CD6+ tumor-resident memory T 
cells, and decreased proportions of LAYN+ exhausted T cells (Sup-
plemental Figure 7D), implying that the variant favors the forma-
tion of an antitumor microenvironment.

We next examined the tumor-infiltrating immune cells in CAC 
mice. IHC revealed that the colon tumor specimens from CAC-in-
duced mIgG2c-G400R mice exhibited increased infiltration of 
CD8+ T cells compared with those from WT mice (Figure 4C), while 
they exhibited no significant differences in CD4+ T cells, NK cells, 
and macrophages (Supplemental Figure 7E). We also found that the 
infiltration of CD8+ T cells and IFN-γ+ CD8+ T cells in the LP and 
mLNs was slightly increased in mIgG2c-G400R mice (Supplemen-
tal Figure 7, F–H). In the MC38 tumor model, mIgG2c-G400R mice 
also exhibited increased amounts of CD8+ T cells within subcutane-
ous tumor tissues (Figure 4D), and especially increased CD44hiC-
D62LloCD8+ effector T cells (Figure 4E), with elevated levels of 
cytolytic IFN-γ (Figure 4F) and granzyme B production (Figure 4G), 
suggesting that tumor-infiltrating CD8+ T cells from MC38-inoc-
ulated mIgG2C-G400R mice maintain an optimal functionality 
that may help to limit tumor progression. Notably, DCs, especially 
CD103+ type I conventional DCs (cDC1s), which are the key anti-
gen-presenting cells that transport antigens to lymphoid structures 
and prime tumor-specific CD8+ T cells (34), were also elevated in 
mIgG2c-G400R mice compared with WT mice (Figure 4, H and I). 
The numbers of tumor-infiltrating macrophages and NK cells dis-
played no significant differences (Supplemental Figure 7I).

(Figure 2F), alleviated phenotypes of tumor-associated inflamma-
tion (Figure 2G and Supplemental Figure 5, F and H), reduced tumor 
burden (Figure 2H and Supplemental Figure 5G), and ameliorated 
histopathological changes (Figure 2I and Supplemental Figure 5I) 
compared with the WT control mice. Thus, the mIgG2c-G400R 
variant alleviates tumorigenesis and tumor progression in a murine 
tumor model, recapitulating the results of the functionally equiva-
lent hIgG1-G396R variant in human CRC patients.

hIgG1-G396R promotes plasma cell infiltration in the TME. To 
reveal the mechanism of how hIgG1-G396R alleviates tumori-
genesis and tumor progression in CRC patients, we first exam-
ined B cell subpopulations in the CRC TME. There were elevat-
ed numbers of CD138+ plasma cells in the tumor specimens of 
hIgG1-G396R homologous CRC patients compared with those of 
WT patients based on the immunohistochemistry (IHC) results, 
although there were comparable numbers of total B cells (Figure 
3, A and B). Similarly, higher percentages of class-switched IgG2c+ 
plasma cells were observed in the murine mesenteric lymph nodes 
(mLNs), the colonic lamina propria (LP) of AOM/DSS-induced 
mIgG2c-G400R CAC mice (Supplemental Figure 6, A–F), and the 
tumor-draining LNs (TDLNs) of MC38 tumor–bearing mIgG2c-
G400R mice (Supplemental Figure 6, G–I). These results suggest 
hIgG1-G396R and its murine homolog enhance plasma cell dif-
ferentiation in the TME. As a more vigorous validation, we per-
formed a standard ovalbumin (OVA) model antigen–based immu-
nization experiment in WT, mIgG2c-G400R, and an additionally 
constructed strain of mIgG2c-tailless mice with a truncated cyto-
plasmic tail of the membrane-bound mIgG2c heavy chain, which 
blocks the mIgG-tail signaling–induced enhancement of IgG2c+ B 
cell activation and differentiation (30, 31). Consistently, we detect-
ed an increase in OVA-specific IgG2c+ plasma cells and memory B 

Figure 6. The hIgG1-G396R variant potentiates tumor-specific IgG anti-
body production. (A) Heatmap showing the detection of TAA- and autoan-
tigen-specific IgG1 and IgM in the plasma samples of 12 CRC patients and 
1 healthy donor. (B) Representative microphotographs of IgG1 IHC in tumor 
specimens from CRC patients. Scale bars: 200 μm. (C) The transcription-
al levels of germline immunoglobulin α-chain constant region (Cα) and 
γ-chain constant region 1 (Cγ1), Cγ2, Cγ3, and Cγ4 in the tumor tissues of 
CRC patients, measured by RT-qPCR analyses. (D) Detection of MC38-spe-
cific IgG and IgG subclasses by ELISA in serum on day 20 after tumor inoc-
ulation. (E) Detection of IgG subclass secretion in supernatants of in vitro–
activated MC38 TDLN B cells. (F) ELISA quantification of IgG subclasses 
and IgA in supernatants of colon explants isolated from CAC-bearing mice. 
(G) Heatmap showing the levels of IgG2c and IgM, which are specific for 
TAAs and autoantigens, in the serum samples of CAC-induced mice. (H) 
Detection of anti-OVA antibodies in serum from mIgG2c-tailless, WT, and 
mIgG2c-G400R mice on week 2 after recall immunization with OVA. (I) 
Tumor growth and (J) tumor weight of MC38-mOVA cells in OVA-immu-
nized mIgG2c-tailless, WT, and mIgG2c-G400R mice. (K) Survival curves of 
OVA-immunized mice after intravenous injection of B16-mOVA tumor cells. 
(L) Linear regression analyses between the titer of OVA-specific IgG2c and 
MC38-mOVA tumor size, as indicated by solid lines. Dotted lines indicate 
95%CI. (M) Linear regression analyses between the titer of OVA-specific 
IgG2c and survival day after intravenous injection of B16-mOVA tumor 
cells, as indicated by solid lines. Dotted lines indicate 95%CI. One of 3 rep-
resentative experiments is shown (C–F and H–M). Statistical significance 
was determined using an unpaired, 2-tailed Student’s t test (B–F), 1-way 
ANOVA (H and J), 2-way ANOVA (I), log-rank test (K), or linear regression (L 
and M). Data are presented as the mean ± SEM. NS, not significant.
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Figure 7. Enhanced ADCP activity and CD8+ T cell priming are mediated by tumor-specific antibodies. (A) Comparison of ADCP activities of 
necrotic tumor cells by BMDMs using serum samples from OVA-immunized mIgG2c-tailless, WT, and mIgG2c-G400R mice, detected by flow 
cytometry. (B and C) Assessment of the ADCP efficiency of BMDMs after coculture by fluorescence staining. Nuclei marked by DAPI staining 
(blue), macrophages labeled with F4/80-FITC (green), and engulfed tumor cells labeled with mCherry (red). Scale bars: 50 μm. (D) Percentage 
phagocytosis of tumor cells by BMDMs was analyzed based on the results from B and C. (E and F) Measurement of phagocytosis rates in vivo 
by MC38-mOVA tumor-infiltrating macrophages on (E) day 3 and (F) day 7. Phagocytizing macrophages were defined as CD11b+F4/80+mCherry+ 
cells and were measured with flow cytometry. (G) Representative confocal fluorescence images showing the process of phagocytosis mediated 
by FLT3L-DCs in the presence of tumor cell–specific antibody. Nuclei marked by DAPI staining (blue), DCs stained with CD11c-FITC (green), and 
tumor cells labeled with mCherry (red). Scale bars: 50 μm. (H) The percentages of mCherry+ DCs were recorded and used to calculate the levels of 
phagocytosis. (I) Quantification of CTV-labeled OT-I CD8+ T cells that had been cocultured with antibody-coated tumor cell–primed DCs. CD8+ T 
cells with low CTV staining indicate proliferating OT-I CD8+ T cells. (J) Production of IFN-γ by OT-I CD8+ T cells after coculturing with tumor-primed 
FLT3L-DCs, detected by IFN-γ cytometric bead array (CBA). One of 3 representative experiments is shown. Statistical significance was determined 
using 1-way ANOVA. Data are presented as the mean ± SEM.
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a specific marker for high endothelial venules (HEVs) (36), and 
found increased proportions of HEV+ TLSs in the tumor speci-
mens of hIgG1-G396R homozygous patients (Figure 5E), sug-
gesting increased TLS formation and recruitment of lymphocytes 
in hIgG1-G396R homozygotes. The transcriptional levels of 5 
chemokines (CXCR5, CXCL12, CXCL13, CCL19, and CCL21) that 
have been reported to be involved in the formation of TLSs (37) 
were also prominently elevated in both the tumor specimens from 
mIgG2c-G400R mice (Figure 5F) and hIgG1-G396R homozygous 
CRC patients (Figure 5G). Collectively, these findings suggest that 
the hIgG1-G396R variant might potentiate antitumor responses 
also by invigorating CD8+ effector T cell priming and activation 
within TLSs with enhanced activity. Although the T cell and B cell 
interaction in the TME is important for T cell effector function 
in antitumor immunity, we detected no significant difference in 
the major histocompatibility complex (MHC) and costimulatory 
molecules CD86 on the cell surface of mIgG2c-G400R versus WT 
IgG2c+ B cells in the TME (Supplemental Figure 8A), suggesting 
that the mIgG2c-G400R variant does not seem to drastically alter 
the priming function of B cells to activate T cells.

hIgG1-G396R induces a burst of tumor-specific IgG antibody pro-
duction. Given that the hIgG1-G396R variant enhances IgG1+ B cell 
activation and IgG1-producing plasma cell differentiation (17), and 
that human IgG1 antibodies are important modulators in immuno-
surveillance (38, 39), we investigated whether the hIgG1-G396R 
variant differentially regulates the production of tumor-specific 

As we observed elevated CD8+ T cell infiltration and activation 
in hIgG1-G396R homozygotes and CD8+ T cells are one of the key 
tumor cytotoxic effector cells in antitumor immunity, we there-
fore supposed that CD8+ T cells might be essential for protective 
effects in antitumor responses conferred by hIgG1-G396R. Thus, we 
applied CD8+ T cell depletion in WT and mIgG2c-G400R mice by 
anti-CD8a antibody treatment before and during MC38 tumor mod-
el induction (Supplemental Figure 7J), and found that the enhanced 
antitumor effect of mIgG2c-G400R mice does depend on the nor-
mal function of CD8+ T cells to some extent (Supplemental Figure 
7K). In addition, T cell adoptive transfer experiments verified this 
hypothesis (Supplemental Figure 7, L and M). Collectively, these 
data suggest that hIgG1-G396R stimulates the infiltration of cytotox-
ic CD8+ T cells and DCs to potentiate antitumor activity in the TME.

hIgG1-G396R favors the formation of TLSs in tumor tissues. 
TLSs were recently identified as important indicators of favorable 
outcomes of immunotherapies (9–11). B cells and DCs have been 
shown to be the major initiators of TLS formation, and together 
with T cells are key constituents of TLSs (35). IHC results in our 
experimental system revealed larger TLS formation within the 
colon tumors of mIgG2c-G400R CAC mice (Figure 5, A and B). 
Importantly, the elevated TLS formation was largely recapitulat-
ed in the tumor tissues of CRC patients, with obviously increased 
TLS density and TLS area in the tumor specimens from hIgG1-
G396R homozygotes in comparison with WT (Figure 5, C and 
D). We also detected peripheral node addressin (PNAd) via IHC, 

Figure 8. Tumor-specific antibodies and tumor-primed B cells from the mIgG2c-G400R mice contribute to higher antitumor efficiencies. (A) B cells 
purified from untreated mice, MC38 tumor–bearing WT, or mIgG2c-G400R mice were adoptively transferred into μMT mice followed by MC38 tumor 
inoculation. Tumor growth curve and tumor weight are shown. (B) IgG purified from the serum samples of untreated mice, MC38 tumor–inoculated WT, or 
mIgG2c-G400R mice were intravenously reinfused into μMT mice followed by MC38 tumor cell inoculation. Tumor growth was recorded and tumor weight 
is shown. (C) Representative flow cytometry histograms of OVA-specific IgG2c+ B cells isolated from OVA-immunized mice. (D) OVA-specific IgG2c+ B cells 
were adoptively transferred into μMT mice followed by MC38-mOVA tumor cell inoculation. The curves of MC38-mOVA tumor growth and tumor weights 
are shown. One of 3 representative experiments is shown. Statistical significance was determined using 2-way ANOVA (tumor volume in A, B, and D) or 
unpaired, 2-tailed Student’s t test (tumor weight in A, B, and D). Data are presented as the mean ± SEM.
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antibody levels negatively correlated with MC38-mOVA tumor 
size (Figure 6L) and positively correlated with survival time in the 
B16-mOVA transplantation tumor model (Figure 6M). Thus, ele-
vated TAA-specific IgG2c antibody caused by the mIgG2c-G400R 
variant strengthens immunosurveillance of tumors.

hIgG1-G396R potentiates ADCP and antigen presentation in 
antitumor immunity. Human IgG1 antibody, or the functional-
ly equivalent murine IgG2c, can enhance antitumor activity via 
ADCP and ADCC (21, 22). To determine whether this mecha-
nism is also triggered by the upregulation of anti-TAA antibodies 
in the carriers of this variant, we coincubated necrotic exogenous 
antigen–expressing tumor cells, consisting of either LLC-M2e 
(LLC cells expressing the influenza virus M2 ectodomain in 3 
tandem repeats) or MC38-mOVA, with phagocytes differentiat-
ed in vitro in the presence of either anti-M2e IgG2c antibodies or 
OVA antiserum. We then calculated the efficiency of phagocyto-
sis by flow cytometry and confocal fluorescence imaging. Indeed, 
anti-M2e IgG2c antibodies induced efficient phagocytosis of 
LLC-M2e cells by bone marrow–derived macrophages (BMDMs) 
in a dose-dependent manner (Supplemental Figure 8, H and 
I). More importantly, OVA antiserum or further purified IgG 
from OVA-immunized mIgG2c-G400R mice with MC38-mO-
VA induction showed more potent effects on BMDM activation 
and phagocytosis of antibody-targeted tumor cells (Figure 7A 
and Supplemental Figure 8J). The enhanced ADCP activity of 
BMDMs largely relied on dominant TAA-specific IgG2c antibod-
ies in the serum, based on similar ADCP effects with purified IgG 
antibodies (Figure 7, B–D). As expected, tumor-infiltrating mac-
rophages from MC38-mOVA–inoculated mIgG2c-G400R mice 
exhibited increased in vivo tumor-phagocytosing activity, com-
pared with those from WT mice (Figure 7, E and F). Considering 
that tumor antigen presentation by DCs is crucial to initiate T 
cell–mediated protective immunity, we investigated the impact of 
mIgG2c-G400R on antibody-mediated tumor antigen uptake by 
FLT3L-DCs (43, 44). Similarly, FLT3L-DCs showed dose-depen-
dent phagocytosis of antibody-coated tumor antigens examined 
by flow cytometry (Supplemental Figure 8K) and confocal fluo-
rescence microscopy (Supplemental Figure 8L). We found that 
OVA antiserum and purified IgG antibodies from OVA-immu-
nized mIgG2c-G400R mice enhanced the antigen uptake activ-
ities of FLT3L-DCs (Figure 7, G and H, and Supplemental Figure 
8M), which in turn promoted OT-I CD8+ T cell activation and pro-
liferation (Figure 7, I and J). Collectively, our results show that this 
variant strengthens antitumor effects in part by enhancing ADCP 
and subsequent antigen presentation.

Enhanced antitumor efficiency by adoptive transfer of memory 
B cells harboring CRC protective variant. The enhanced antitumor 
immunity in mIgG2c-G400R mice prompted us to assess wheth-
er adoptive transfer of tumor-specific memory B cells is a poten-
tial and feasible immunotherapy. First, we adoptively transferred 
MC38-primed B cells to B cell–deficient (μMT) mice followed 
by MC38 tumor inoculation. Clearly, tumor-primed B cells from 
mIgG2c-G400R mice conferred improved protection from tumor 
progression (Figure 8A). We next assessed the effects of tumor-spe-
cific IgG on antitumor response by IgG reinfusion to μMT mice 
followed by MC38 tumor inoculation. μMT mice with IgG rein-
fusion showed significantly decreased MC38 tumor progression 

IgG1 antibodies. To comprehensively characterize the TAA-specific 
antibodies, we used microarrays to profile tumor-specific antibody 
levels against a panel of TAAs and autoantigens. In CRC patients, 
the hIgG1-G396R homozygotes produced elevated levels of 
TAA-specific IgG1 antibodies, while this stimulatory effect was not 
significant for IgM antibodies (Figure 6A and Supplemental Figure 
8B). More importantly, elevated infiltration of IgG1 (Figure 6B) in 
tumor sections from hIgG1-G396R homozygous CRC patients was 
consistently detected by IHC. Specifically, we detected higher levels 
of immunoglobulin heavy constant γ 1 (Cγ1) transcripts in the tumor 
tissues from hIgG1-G396R homozygous CRC patients, which is a 
hallmark of elevated IgG1 expression in the TME (40), while the 
levels of Cγ2, Cγ3, Cγ4, and immunoglobulin heavy constant α (Cα) 
transcripts were comparable (Figure 6C).

In the MC38 transplantation model, mIgG2c-G400R mice gen-
erated elevated amounts of MC38 cell–specific IgG2c antibodies 
compared with WT mice (Figure 6D). Tumor-primed B cells isolat-
ed from the TDLNs of mice could secret large amounts of IgG under 
the in vitro restimulation with tumor cells, compared with unprimed 
B cells (Supplemental Figure 8C and ref. 41). B cells from the TDLNs 
of mIgG2c-G400R mice secreted significantly higher amounts of 
IgG2c upon restimulation with irradiated MC38 cells than B cells 
from TDLNs of WT mice (Figure 6E). Consistently, the levels of 
intestinal IgG2c antibodies were significantly increased in the colon 
explants of mIgG2c-G400R mice upon AOM/DSS induction, while 
the levels of intestinal IgA, IgG1, IgG2b, and IgG3 antibodies in 
mIgG2c-G400R mice were comparable to WT mice (Figure 6F). 
Sera TAA-specific antibody analyses further validated the burst of 
IgG2c antibody production, but not IgM, IgG1, or IgG2b antibodies 
in mIgG2c-G400R CAC mice (Figure 6G and Supplemental Figure 
8D). And the boosted production of TAA-specific IgG2c antibody 
was also detected in the colon explants of CAC-induced mice by 
TAA microarrays (Supplemental Figure 8E). Together, these results 
demonstrate that the hIgG1-G396R variant boosts the production 
of TAA-specific IgG1 antibodies in human CRC patients, similar to 
the mIgG2c-G400R variant in tumor-bearing mice.

To investigate the role of this variant in immunosurveillance 
mediated by TAA-specific IgG2c antibody upregulation, we 
utilized membrane-bound-OVA-expressing MC38 tumor cells 
(denoted MC38-mOVA) and B16F10-mOVA (denoted B16-mO-
VA) (Supplemental Figure 8, F and G) to examine the effect of 
OVA priming on antitumor immunity in the mIgG2c-G400R 
mice. To establish a loss-of-function control in our experimental 
system, we again included the mIgG2c-tailless mouse in this study 
that has blunted mIgG-tail signaling (30, 31). After immunization 
of OVA antigen combined with Th1-prone adjuvant (42), which 
favors IgG2c antibody production, OVA-specific IgG2c antibody 
production increased in mIgG2c-G400R mice and decreased in 
mIgG2c-tailless mice compared with WT mice (Figure 6H). Nota-
bly, tumor growth was clearly inhibited in mIgG2c-G400R mice 
during the subsequent MC38-mOVA challenge, whereas it was 
exacerbated in mIgG2c-tailless mice compared with WT mice 
(Figure 6, I and J). Consistently, in the B16-mOVA tumor cell intra-
venous transplantation model, mIgG2c-G400R mice exhibited 
prolonged survival compared with WT mice, while the benefits 
were diminished in mIgG2c-tailless mice (Figure 6K). Further lin-
ear regression fitting analyses indicated that OVA-specific IgG2c 
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Indeed, we found increased TAA-specific IgG+ B cells and plasma 
cells and elevated TAA-specific IgG antibodies in variant-harbor-
ing CRC patients and murine models. These are consistent with 
our early studies showing that hIgG1-G396R enhances IgG1+ B cell 
activation and differentiation to plasma cells by potentiating the 
phosphorylation of the IgG1 immunoglobulin tail tyrosine motif 
and lowering the IgG1-BCR activation threshold (17). Starting with 
the enhanced IgG+ B cell activity, more effector T cells and myeloid 
cells are further activated. Thus, the TME exhibits increased infil-
tration of CD8+ T cells and antigen-presenting cDC1s, support-
ing the establishment of potent antitumor immunity. Collective-
ly, these findings suggest a model wherein hIgG1-G396R fuels 
immune responses against tumors in at least 4 ways: (a) elevated 
tumor-specific IgG1 production, which promotes avidity of mac-
rophages, DCs, and NK cells toward IgG1-bound tumors (56, 57); 
(b) improved ADCP by macrophages and DCs; (c) enhanced pre-
sentation of TAAs and neoantigens to potentiate CD8+ T cell acti-
vation; and (d) potentiated formation of functional TLSs, in which 
switched memory B cells are enriched in responders and synergize 
with killer T cells for effective tumor cell targeting.

We expect that class-switched memory B cells might also play 
additional roles. For example, activated tumor-infiltrating B cells 
might secrete cytokines such as IFN-γ and TNF-α to fine-tune the 
immune context in tumors (58). In addition, hIgG1-G396R might 
alter the affinity of antibodies targeting TAAs and neoantigens, 
and in turn block immune evasion of tumor cells. Future studies 
will be important to explore these phenomena and other potential 
mechanisms, and determine whether hIgG1-G396R has similar 
effects on survival and progression in other cancer types.

Currently, the response rate of immunotherapy by immune 
checkpoint blockade still needs to be improved and the combina-
tion of immune checkpoint inhibitors with other treatments such as 
radiotherapy, chemotherapy, or other immune modulators such as 
myeloid cell activation or immune-suppression agents are emerg-
ing highlights of the clinical activity of investigational therapies (59, 
60). Our findings here shed light on the potential value of enhanc-
ing class-switched IgG1+ memory BCR-mediated neoantigen tar-
geting and IgG1 subtype antibody–mediated TAA presentation to 
replenish immune cell mobilization in the TME. Most importantly, 
our finding of a single genetic variant in IgG1+ B cells in colorectal 
tumorigenesis lays the foundation for designing novel cancer ther-
apies. The favorable antitumor outcomes after adoptive transfer 
of highly reactive class-switched memory B cells in mice highlight 
the possibility of combined conventional T cell–targeting immuno-
therapy with adoptive human memory B cells, especially focusing 
on the TAA-specific IgG1+ memory B cells. Thus, our work suggests 
that IgG1+ memory B cells might serve as tuners for orchestrating 
broad and robust immunosurveillance and provide the notion that 
harnessing human IgG1+ memory B cells in the TME could be a 
powerful strategy for cancer immunotherapy.

Methods
CRC patients and healthy controls. Samples from a total of 1006 CRC 
patients with histological verification by Peking University People’s 
Hospital and 583 healthy controls (HCs) were reanalyzed for this study. 
After surgery, the CRC samples and tumor-adjacent tissues were 
immediately collected and separated as aliquots in cryogenic vials. All 

compared with untreated μMT mice, and μMT mice showed much 
slower tumor growth after administration of IgG purified from 
MC38-inoculated mIgG2c-G400R mice (Figure 8B). Next, we 
transferred OVA-specific class-switched IgG2c+ B cells into μMT 
mice to detect the roles of TAA-specific class-switched B cells in 
antitumor immunity (Figure 8C), and found that OVA-specific 
IgG2c+ B cells from mIgG2c-G400R mice exhibited stronger anti-
tumor effects (Figure 8D). These results demonstrate the potential 
therapeutic effect of tumor-primed highly reactive B cells and the 
feasibility of BCR manipulation in future immunotherapy.

Discussion
Tumor-infiltrating B cells, including memory B cells and plasma 
cells, have been found in tumors and linked to antitumor activity 
in the TME (45). Although the impact of B cells on tumor progres-
sion is still somewhat controversial, depending on tumor types 
and stages (46, 47), emerging evidence supports the notion that 
the presence of tumor-infiltrating B cells in TLSs is an important 
prognostic indicator in different types of cancers (48, 49). With 
the perspective of a potential new hallmark for immunotherapy, 
our study here uncovers the roles of IgG1+ memory B cells in anti-
tumor immunity in the context of CRC.

In this study, we identified an Asia-specific coding variant in 
human IgG1 that shows protective roles against colorectal tumor-
igenesis and progression. Although the mechanism of the popula-
tion-specific distribution of this SNP (high minor allele frequency 
in East Asian population but low in other populations) is still elu-
sive, perspectives from human evolution of immune-related genes 
could be a valuable clue. For example, introgressed Neanderthal 
and/or Denisovian alleles/loci are enriched for HLA, immunoglob-
ulin regions, and TNFAIP3 (50–52). Such genetic variant studies 
may indicate a possible explanation for the imprint of evolutionary 
history of these immune variations. Here, we performed a cohort 
study of CRC patients from Beijing, China and found that patients 
carrying the hIgG1-G396R variant possessed improved survival 
and attenuated clinical symptoms, highlighting hIgG1-G396R as 
an independently positive prognostic factor. This finding is of sig-
nificance for clinical benefit in light of the low treatment response 
rate of CRC. CRC is highly heterogeneous, with only a small subset 
characterized as MSI (53). The status of MSI confers higher tumor 
mutational burden (TMB) and neoantigen load in tumors, which 
are crucial for the infiltration of effector immune cells and effective 
initiation of immune activation to potentiate antitumor activity in 
the TME (54). Recent immune checkpoint blockade treatment has 
proven to be an effective immunotherapeutic strategy for MSI CRC 
patients (55). However, 85% of CRC patients have MSS tumors with 
low to moderate TMB, and there were only limited applications of 
immune checkpoint inhibitors in MSS CRC patients. Thus, the core 
problem is how to establish antitumor immune machinery in the 
context of limited immunogenicity.

In this study, we found that hIgG1-G396R represses tumor 
progression, independently of MSI/MSS status. Moreover, it 
seems that the hIgG1-G396R in MSS CRC subpopulation contrib-
utes more clinical benefits in terms of longer PFS compared with 
its effects in MSI patients. This might be attributable to the impact 
of hIgG1-G396R on IgG1+ B cell activation and to a broader extent, 
the mobilization of various immune populations in the TME. 
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Reagents. AOM, OVA, PI, and bovine serum albu-
min (BSA) were purchased from Sigma-Aldrich. DSS was 
purchased from MP Biomedicals. L-012 solution was 
purchased from WAKO chemicals. Mouse FcγR (CD16/
CD32) blocking antibody, fixation, and permeabiliza-
tion solution and mouse IFN-γ Cytometric Bead Array 
(CBA) were purchased from BD Biosciences. FLT3L was 
purchased from PeproTech. M-CSF was purchased from 
BioLegend. Collagenase IV was purchased from VETEC. 
DNase I was purchased from ROCHE. L-Glutamine and 
penicillin/streptomycin were purchased from Gibco. TB 
Green Premix Ex Taq II was purchased from Takara. Pro-
tein A/G agarose prepacked column, Fast Flow was pur-
chased from Beyotime. Taq MasterMix was purchased 
from Tsingke. Hematoxylin staining solution was pur-
chased from ZSGB Biotech. Formalin solution (10%) was 
purchased from Leagene Biotech. Tissue Grinder G50 
was purchased from Coyote Bioscience. MEGAclear kit, 
MEGAshortscript transcription kit, and CellTrace Violet 
(CTV) were purchased from Invitrogen. HiPure Total RNA 
Mini Kit was purchased from Magen. cDNA Synthesis Kit 
was purchased from Thermo Fisher Scientific. TH-Z93 
adjuvant was a gift from Yonghui Zhang (Tsinghua Uni-
versity). Antibody information is available in Table 1.

Cell culture and transfection. MC38, LLC, B16F10, 
and HEK 293T cells were purchased from the national 
Biomedical Cell Resource (BMCR, China). Generally, 
cells were cultured in complete DMEM medium con-
taining 10% heat-inactivated FBS, 2 mM L-glutamine, 
and 100 U/mL penicillin/streptomycin. Lentivirus 
was constructed on the PHAGE backbone. MC38 and 
B16F10 cells were infected by lentivirus to stably express 
both fluorescent protein mCherry and exogenous mem-
brane-bound OVA (MC38-mOVA, B16-mOVA). LLC 
cells were infected by lentivirus to stably express both 
fluorescent protein mCherry and exogenous mem-
brane-bound m2e (influenza virus M2 extracellular 
domain) in 3 tandem repeats (LLC-m2e). Lentivirus-in-
fected tumor cells were sorted through a BD FACSAria 
III based on the expression levels of mCherry.

Mice. Rag1–/– (B6.129S7-Rag1tm1Mom/J, 002216) and μMT (B6.129S2-
Igh-6tm1Cgn/J, 002288) mice were obtained from Hai Qi (Tsinghua Uni-
versity). mIgG2c-tailless and mIgG2c-G400R genetically modified 
mice were generated by CRISPR/Cas9-based gene manipulation in 
the WT C57BL/6J background, as described in detail below. Mice were 
maintained under specific pathogen–free conditions in the animal 
facility of Tsinghua University. Mouse experiments were performed 
according to the governmental and institutional guidelines to guaran-
tee animal welfare.

Construction of mIgG2C-G400R–knockin mouse and mIgG2C-tailless 
mouse. mIgG2C-G400R and mIgG2C-tailless mice were constructed on 
the C57BL/6J mice background. Firstly, 2 optimal sgRNA target sequenc-
es were screened out from the CRISPR design website (https://zlab.bio/
guide-design-resources): 5′-GCTCAGACCCTCCAAACTGT-3′ and 
5′-AGGATGGATGGGCTTCTGCA-3′. The homology-directed repair 
(HDR) target gene template for mIgG2c-G400R KI was a DNA fragment 
of the mouse IGHG2C sequence, containing two 800-bp homology arms 

tissues were preserved at –80°C before further treatments and assays. 
Basic features (sex, age, et al.), pathologic features (tumor location, 
tumor size, gross morphology, histological type, tumor differentiation, 
lymphovascular invasion, pathological TNM stage, clinical stage, et 
al.), and serum tumor markers (CEA, AFP, CA199, CA125, et al.) were 
documented in detail at Peking University People’s Hospital. TNM 
staging was performed following the instructions of American Joint 
Committee on Cancer (AJCC, 7th edition). OS was recorded and cal-
culated from the time of surgery to the last follow-up or date of death 
due to CRC. PFS was defined the time from the first time of disease 
progression or death from any cause.

TaqMan probe–based rs117518546 genotyping. The genomic DNA 
of CRC patients and HCs were extracted from white blood cells. 
Genotyping of rs117518546 was performed using the TaqMan Geno-
typing Master Mix (Thermo Fisher Scientific) and SNP genotyping 
probes for rs117518546 (Thermo Fisher Scientific) following the 
manufacturer’s instructions and our published protocols (17).

Table 1. Antibodies

Name Catalog no./clone no. Company
FITC anti–mouse CD4 100406/GK1.5 BioLegend
PE anti–mouse CD8a 553032/53-6.7 BD Biosciences
AF647 anti–mouse CD107a 121609/1D4B BioLegend
PE/Cy7 anti–mouse CD138 142514/281-2 BioLegend
AF647 anti–mouse CD103 121409/2E7 BioLegend
AF647 anti–mouse F4/80 123121/RM8 BioLegend
PE anti–mouse MHCII (I-A/I-E) 12-5321-82/ eBioscience
Pacific Blue anti–mouse/human GL7 144614/GL7 BioLegend
FITC anti–mouse IgD 553439/11-26C.1 BD Biosciences
PE anti–mouse H-2Kb bound to SIINFEKL 141603/25-D1.16 BioLegend
APC anti–mouse CD8a 100712/53-6.7 BioLegend
BV421 anti–mouse/human CD45R/B220 103239/RA3-6B2 BioLegend
Pacific Blue anti–mouse CD3 100214/17A2 BioLegend
AF700 anti–mouse/human CD44 103026/IM7 BioLegend
APC anti–mouse CD80 104713/16-10A1 BioLegend
APC anti–mouse CD86 17-0862-82/GL1 eBioscience
PE anti–mouse CD38 102707/90 BioLegend
APC/Cy7 anti–mouse CD45 103116/30-F11 BioLegend
APC anti–mouse CD172a 560106/P84 BD Biosciences
PE-Cy7 human anti–mouse CD24 560536/M1/69 BD Biosciences
PE-Cy7 human anti–mouse CD8a 561097/53-6.7 BD Biosciences
PE anti–mouse CD8a 553032/53-6.7 BD Biosciences
FITC human anti–mouse T and B cell activation antigen 553666/GL7 BD Biosciences
Mouse anti–human CD4 550369/RPA-T4 BD Biosciences
Mouse anti–human CD8 555631/HIT8a BD Biosciences
Mouse anti–human CD20 555677/H1 BD Biosciences
Mouse anti–human CD138 551902/MI15 BD Biosciences
AF647 goat anti–mouse IgG, Fcγ subclass 2c specific 115-605-208 Jackson ImmunoResearch
Purified anti–human IgG1 antibody 409904/12G8G11 BioLegend
BV510 human anti–mouse CD335 (NKp46) 563455/29A1.4 BD Biosciences
PE-Cy7 mouse anti–mouse NK-1.1 562062/PK136 BD Biosciences
FITC anti–mouse CD11c 553801/HL3 BD Biosciences
BV421 human anti-CD11b 562605/M1/70 BD Biosciences
AF647 human anti–mouse CD206 565250/MR5D3 BD Biosciences

AF, Alexa Fluor; PE, phycoerythrin; BV, Brilliant Violet; APC, allophycocyanin. 
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weight) on day 0. Then, mice were treated with 2.5% DSS (molecular 
weight 35–50 kDa) in drinking water for 7 days in each turn, followed 
by recovery for 10 days with normal drinking water. Mice were mon-
itored for weight loss twice a week. The serum samples were isolated 
at indicated time points in the figure legends. Mice were euthanized 
on week 16 after induction and the colons were isolated to assess the 
tumor generation.

In vivo imaging of intestinal cancer-associated inflammation. 
After isoflurane-supported anesthesia, mice were intraperitoneal-
ly injected with 25 mg/kg L-012 solution. Bioluminescence images 
of each mouse were obtained under isoflurane anesthesia using an 
IVIS Spectrum system (PerkinElmer). For quantitative analyses, the 
included Living Image software was utilized to calculate the inten-
sity of bioluminescent signals at standardized regions of interest 
(ROIs) for each mouse.

In vitro culture of colon explants. The levels of IgG subclasses and 
IgA in colon explants were measured by ELISA. The method used for 
colon explant in vitro culture was described previously (61). Briefly, 
fresh colon was collected from AOM/DSS-induced mice and cut into 
pieces approximately 1 cm long. Then, the colon tissue was washed 
vigorously in sterile PBS 3 times, and then incubated in complete 
DMEM medium for 24 hours. To exclude unnecessary variables, colon 
pieces were also weighed before incubation, and colon pieces of equiv-
alent wet weight were included into the in vitro culture procedure.

H&E staining and IHC. After euthanasia, colon specimens were 
immediately isolated from CAC-induced mice and fixed in 10% for-
malin solution overnight, and colon specimens were subsequently 
embedded in paraffin. Standard hematoxylin and eosin (H&E) stain-
ing was used to evaluate the pathological severity of colon tissues. 
For IHC analyses, slides were incubated with indicated primary anti-
bodies in PBS containing 5% BSA overnight at 4°C. Then, streptavi-
din-HRP was added, and finally the slides were stained with both the 
DAB staining kit and hematoxylin staining solution (ZSGB-Bio). The 
slides were scanned using an Axio Scan Z1 (Zeiss) and all the images 
were analyzed via Zen imaging software (Zeiss).

TAA microarray. The OmicsArray TAA microarray (catalog PA003, 
https://www.genecopoeia.com/product/omicsarray-antigen-micro
arrays/) that we applied is a TAA panel developed by the Microarray 
Core Facility of the University of Texas Southwestern Medical Center. 
This microarray was developed by GeneCopoeia; iGeneBio (http://www.
igenebio.com/) is the international distributor of GeneCopoeia in China 
and performed the TAA microarray experiments using the OmicsArray 
TAA chip. The TAA microarray contains cell cycle–associated proteins 
(p53, c-Myc, CDK2, BRCA1, BRCA2, et al.), glycoproteins (CA-125, CA15-
3, CA19-9, CEA, LAMP-2, et al.), angiogenesis-related proteins (ferritin, 
THPO, VEGF-165), chemokines and cytokines (CCL2, CCL3, CXCL10, 
et al.) and other tumor-associated proteins (ANXA1, ERP29, et al.).

TAA-specific IgM, IgG1, IgG2b, and IgG2c subclasses in the serum 
samples from CAC-induced mice and TAA-specific IgM, IgG1, and 
IgG3 subclasses in the plasma samples from CAC patients were mea-
sured. The serum samples and plasma samples were diluted 50-fold 
and the secondary antibodies were diluted 1000-fold.

RNA extraction and RT-qPCR. After euthanasia, fresh colon speci-
mens were immediately isolated and ground with Tissue Grinder G50 
(Coyote Bioscience) to obtain colon tissue homogenates. A HiPure 
Total RNA Mini Kit was utilized to extract total RNA following manu-
facturer’s protocols. cDNA was then synthesized through reverse tran-

flanking the mIgG2C-G400R mutation site and mutated protospacer 
adjacent motif (PAM) sites. Cas9 mRNA and sgRNAs were transcribed 
into mRNA by MEGAshortscript transcription kit (Invitrogen) in vitro, 
and the transcription products were further purified by MEGAclear kit 
(Invitrogen). The knockin mixture for mIgG2c-G400R mouse manip-
ulation was prepared in a total of 10 μL with final concentrations of 3 
ng/μL sgRNA1, 3 ng/μL sgRNA2, 10 ng/μL Cas9 mRNA, and 10 ng/
μL HDR template. The knockout mixture for mIgG2c-tailless mouse 
manipulation was prepared in a total of 10 μL with final concentrations 
of 3 ng/μL sgRNA1, 3 ng/μL sgRNA2 , and 10 ng/μL Cas9 mRNA. The 
mixtures were delivered to mouse zygotes through microinjection. The 
generated mouse was verified through sequencing mouse PCR prod-
ucts, and mouse genotyping primers are described in detail below. The 
mIgG2c-G400R mouse and mIgG2c-tailless mouse were backcrossed to 
C57BL/6J mice for at least 3 generations.

Mouse genotyping. Genomic DNA was extracted from a section of 
the mouse tail. PCR amplification was performed using Taq MasterMix. 
PCR amplicons were sequenced. Genotyping primers for mIgG2c-tail-
less and mIgG2c-G400R mice were forward, 5′-TCCTCCATTCCCT-
GAGCC-3′ and reverse, 5′-TGGTTCTTCTGGTCCGGAG-3′.

Mouse immunization and ELISA. Six-week-old sex-matched 
mIgG2c-tailless, WT, and mIgG2c-G400R mice were injected with 
100 μg OVA in combination with 100 μg TH-Z93 adjuvant through 
the foot pad (42). Serum samples were collected via tail vein on day 
0 and weekly after immunization to quantify OVA-specific antibody 
titers. Sera samples were stored at –80°C before further processing. 
To detect antibody levels, 2 μg/mL biotin-conjugated goat anti–mouse 
IgG or 2 μg/mL goat anti–mouse IgA was coated on the ELISA plate 
overnight at 4°C to capture antibodies. ELISA plates were blocked 
with 5% skim milk in PBS at 37°C for 1 hour, and then incubated with 
serum and colon explant culture medium or control culture medium 
for 2 hours. Peroxidase-conjugated immunoglobulin subclass–specific 
(IgG-, IgG1-, IgG2b-, IgG2c-, IgG3-, and IgA-specific) antibodies were 
further used for final detection. To detect OVA-specific antibodies, 2 
μg/mL OVA in PBS was coated on the ELISA plate.

Tumor growth and treatment. For the MC38 cell inoculation–
derived tumor model, 3 × 105 MC38 cells were resuspended in 100 μL 
sterile PBS and injected subcutaneously into the right flank of mice. 
For the MC38-mOVA cell inoculation–derived tumor model, 2 × 106 
MC38-mOVA cells were also resuspended in sterile PBS and inject-
ed subcutaneously into the right flank of mice on week 6 after recall 
immunization with OVA. For the B16-mOVA cell inoculation–derived 
tumor model, 2 × 106 B16-mOVA cells in sterile PBS were injected intra-
venously into mice on week 6 after recall immunization with OVA.

For CD8+ T cell depletion experiments, 200 μg anti-CD8a anti-
body (Ultra-LEAF Purified anti-mouse CD8a, BioLegend) was intra-
peritoneally injected into WT and mIgG2c-G400R mice on day –2, 3, 
10, and 17. The effects of CD8+ T cell depletion were monitored via 
flow cytometry. Then, 5 × 105 MC38 cells were resuspended in 100 μL 
sterile PBS and injected subcutaneously into the right flank of mice.

Tumor growth was measured every 2 days, and tumor size was cal-
culated by length (a) and width (b): tumor size = 0.52 × ab2. Mice were 
sacrificed when tumor size reached 2000 mm3.

AOM/DSS-induced CAC model. The AOM/DSS-induced CAC 
model has been described previously (28, 29). Briefly, 10-week-old 
male WT or mIgG2c-G400R mice were injected intraperitoneally with 
a single dose of the organ-tropic carcinogen AOM (10 mg/kg of body 
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surface marker antibodies. Cells were also stained with either propid-
ium iodide (PI) or DAPI to exclude the dead cells. After washing, 
cells were resuspended in MACS buffer and analyzed using either a 
BD LSRII or BD Symphony A5. Cell sorting was performed with the 
BD FACSAria III. All data were further processed with FlowJo (v10) 
software (TreeStar). For IgG2c+ plasma cell staining, primary cells 
were first blocked and stained with fluorochrome-conjugated rat 
anti–mouse B220 and CD138. After washing with MACS buffer, cells 
were fixed and permeabilized. Subsequently, cells were stained with 
Alexa Fluor 647–conjugated Fab fragment anti–mouse IgG2c, Fc spe-
cific (Jackson ImmunoResearch) on ice for 30 minutes before further 
FACS processing. The gating strategy for flow cytometry analyses is 
shown in Supplemental Figure 9.

Restimulation of tumor-primed B cells. B cells purified from TDLNs 
were activated in RPMI-1640 medium with 10 μg/mL LPS for 2 days (41). 
Activated B cells were used for immune-function analysis. The B cells 
were stimulated with irradiated MC38 cells. After 24 hours, the levels of 
secretion of IgG subclasses in supernatants were detected by ELISA.

ADCP of tumor cells by FLT3L-DCs and BMDMs. Primary cells 
were isolated from murine bone marrow and were then resuspend-
ed at the proper density. For FLT3L-DC induction, primary cells 
were cultured in complete IMDM medium together with 100 ng/
mL FLT3L cytokine for 9 to 10 days. For BMDM induction, primary 
cells were cultured in complete RPMI-1640 medium together with 
20 ng/mL M-CSF cytokine for 6 days (34).

MC38-mOVA cells or LLC-m2e cells were prepared as necrotic 
cells (at least 3 freeze-thaw cycles) and cocultured with either BMDMs 
or FLT3L-DCs as effector cells at a 1:1 ratio in the presence of specific 
antibody or antiserum. After coculture, flow cytometry and confocal 
fluorescence imaging methods were applied to detect phagocytosed 
tumor cells and the efficiency of phagocytosis was calculated.

After coculture, tumor cell–pulsed FLT3L-DCs (following described 
mentioned above) were evaluated for their ability to prime OVA-specific 
OT-I CD8+ T cells. Purified OT-I CD8+ T cells were stained with CTV fol-
lowing the instructions in the user manual. DCs were sorted and cocul-
tured with OT-I CD8+ T cells at a 1:10 ratio. After 48 or 72 hours, cells were 
collected and stained with PI and for CD8. The levels of proliferation were 
determined by CTV dilution using the BD LSRII. DCs were able to cross-
prime OT-I T cells to a greater extent when mediated by antibody, which 
was clarified by increased percentages of proliferating OT-I CD8+ T cells. 
On day 3, the CBA cytokine kit was applied to evaluate IFN-γ secretion by 
CD8+ T cells in supernatant following the manufacturer’s instructions (44). 

To examine the efficiency of phagocytosis, an Olympus 
FLUOVIEW FV1000 confocal laser scanning microscope equipped 
with 4 lasers (405 nm, 473 nm, 557 nm, and 635 nm) for fluorescence 
excitation, 2 photomultiplier tubes (PMTs) for fluorescence detection, 
and a 10× objective lens were utilized. Images were processed and 
analyzed by Image Pro Plus software (Media Cybernetics).

Data and materials availability. Further information and requests 
for resources and reagents should be firstly directed to the lead con-
tact, WL (liulab@tsinghua.edu.cn).

Statistics. Actuarial analyses on OS and PFS were performed 
based on the detailed follow-up information. Kaplan-Meier analyses 
were carried out to build the survival curves, and log-rank tests were 
employed to assess the significance of the difference. R software v4.0.2 
(https://mirrors.tuna.tsinghua.edu.cn/CRAN/) was used to analyze 
the probability of cumulative 5-year and 100-month survival rates. Stu-

scription according to the manufacturer’s protocol and examined by 
quantitative PCR analyses, and each group was detected in triplicate. 
All the qPCR primers are listed in detail in Supplemental Table 6.

Adoptive transfer experiments. TDLNs and spleen were prepared 
as single-cell suspensions and stained with biotin-conjugated anti-
TER119, biotin-conjugated anti-CD3ε, biotin-conjugated anti-CD43 
(BD Biosciences), and streptavidin microbeads (Miltenyi Biotec). 
Murine B cells were negatively purified utilizing AutoMacs Pro 
(Miltenyi Biotec). Spleens from C57BL/6J mice were prepared as sin-
gle-cell suspensions and splenic CD4+ T cells and CD8+ T cells were 
stained with FITC-conjugated anti-CD4 antibody and PE-conjugated 
anti-CD8 antibody (BioLegend), and then purified by BD FACSAria 
III. Purified B cells were then adoptively transferred into μMT recip-
ient mice (1 × 107 B cells per mouse). Purified B cells and T cells were 
mixed in a 1:1 ratio and then adoptively transferred into Rag1–/– recip-
ient mice. The spleens of OVA-immunized mice were isolated and 
prepared as single-cell suspensions on week 2 after recall immuniza-
tion with OVA. Single-cell suspensions were stained with DAPI, OVA–
Alexa Fluor 561, FITC–anti–mouse B220 (BioLegend), and Alexa 
Fluor 647–conjugated Fab fragment anti–mouse IgG2c (Fc-specific, 
Jackson ImmunoResearch), and OVA-specific IgG2c+ live B cells were 
sorted via flow cytometry and adoptively transferred into μMT recipi-
ent mice (5 × 105 B cells per mouse).

Twenty-four hours after adoptive transfer, recipient mice 
were inoculated with either MC38 cells (5 × 105 cells per mouse) or 
MC38-mOVA cells (1 × 106 cells per mouse) by subcutaneous injec-
tion. Tumor growth was monitored and recorded every 2 days. Mice 
were sacrificed when tumor size reached 2000 mm3.

For IgG reinfusion experiments, IgG was purified from the serum 
samples of either MC38-inoculated mice or OVA-immunized mice uti-
lizing protein A/G agarose prepacked column (Fast flow, Beyotime). 
The purified IgG was further dialyzed overnight in sterile PBS. For 
reinfusion experiments in vivo, 200 μg purified IgG in 200 μL sterile 
PBS was intravenously injected into μMT recipient mice on day 0, 5, 
10, and 15 after inoculation with 5 × 105 MC38 tumor cells (62).

Isolation of LPL and tumor-infiltrating lymphocytes. For LPL 
preparation, the colon was collected with fat, mesentery, and intes-
tinal contents carefully removed in cold HBSS buffer. The intes-
tine was cut into 1-cm-long pieces and incubated in epithelial strip 
buffer (HBSS, 5 mM EDTA, 1 mM DTT, 5% FBS, 15 mM HEPES) 
at 37°C in a 200-rpm shaking incubator for 30 minutes. The colon 
pieces were washed twice and further incubated in enzyme solu-
tion (2 mg/mL collagenase IV and 0.1 mg/mL DNase I) for 45 to 60 
minutes at 37°C. The LPL was released into the supernatant and 
collected into several vials as single-cell suspensions on ice for lat-
er usage. Subcutaneous tumors were isolated from tumor-bearing 
micee and cut into 1-mm pieces. The tumor pieces were digested 
with enzyme solution at 37°C with shaking for 1 hour. Digested 
products were filtered through 70-μm cell strainers. Filtered cell 
suspensions were stained after washing twice with MACS buffer 
(PBS, 1% FBS, 5 mM EDTA; ref. 63).

Flow cytometry. Murine primary cells were separated from the 
spleen, bone marrow, LNs, lamina propria, and subcutaneous tumor 
tissues and maintained as single-cell suspensions in MACS buffer. 
Single-cell suspensions were preincubated with anti–mouse CD16/
CD32 (BD Biosciences) on ice for 30 minutes to block FcγRs, and 
then cells were stained with specific fluorescent dye–conjugated cell 
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