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Abstract

The risk of malignant tumor progression has been a concern associated with the use of anti-

tumor necrosis factor-alpha monoclonal antibody (anti-TNFαmAb). On the contrary, recent

observational studies have reported negatively on this risk and instead suggested that anti-

TNFαmAb acts as a tumor suppressor in inflammatory carcinogenesis models and subcuta-

neous transplant models of colorectal cancer. However, no consensus has been estab-

lished regarding the actual effects of anti-TNFαmAb on malignant tumors. Here, we aimed

to evaluate, for the first time, the effect of anti-TNFαmAb on the tumor microenvironment in

the absence of intestinal inflammation in a colorectal cancer orthotopic transplant mouse

model suitable for tumor microenvironment assessment. The orthotopic transplantation

model was developed by transplanting CT26 cells into the cecum of BALB/c mice. Changes

in tumor size and weight were recorded 3 weeks after transplantation, and the tumor micro-

environment was assessed via RNA sequencing and immunohistological staining. In the

orthotopic transplant model, the administration of anti-TNFαmAb led to a reduction in colo-

rectal cancer. The RNA sequencing analysis showed upregulation of immune-related path-

ways and apoptosis and suppression of stromal- and tumor growth-related pathways.

Additionally, Gene Ontology analysis showed inhibition of angiogenesis. Immunohisto-

chemical staining showed inhibition of tumor growth, increase in apoptosis, suppression of

stromal response, suppression of angiogenesis, enhancement of tumor immunity, and

reduction in the number of tumor-associated macrophages. Anti-TNFαmAb acts as an

inhibitor of tumor progression in the tumor microenvironment of a colorectal cancer orthoto-

pic transplant mouse model.

Introduction

Anti-tumor necrosis factor-alpha monoclonal antibody (anti-TNFα mAb) suppresses inflam-

mation by inhibiting the activity of TNFα and is employed as a major therapeutic agent for
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immune-mediated inflammatory diseases such as inflammatory bowel disease (IBD) and rheu-

matoid arthritis (RA) [1]. Facilitating the formation of malignant tumors via immunosuppres-

sion is a matter of concern [2]. The European Crohn’s and Colitis Organisation (ECCO)

guidelines state that the use of anti-TNFα mAb can be detrimental to patients undergoing can-

cer treatment and should be avoided for 2 years (5 years for patients with a high risk of recur-

rence) after cancer treatment [3]. However, varied perspectives have been presented with

respect to the actual effect of administering anti-TNFα mAb for the suppression of TNFα in

patients with malignant cancers, and no consensus has been established.

Recent observational studies have reported negatively on the increased risk of promotion of

malignancy in patients using anti-TNFα mAb [4–6]. In contrast, as sporadic reports of tumor

growth during anti-TNFα mAb use have been published [7, 8], the possibility that anti-TNFα
mAb use may influence tumor growth cannot be ruled out.

In recent years, anti-TNFα mAb has been increasingly used for the treatment of RA or IBD,

such as ulcerative colitis and Crohn’s disease. With an increase in the number of patients with

IBD and RA in higher age groups [9, 10], it is assumed that more patients with carcinoma will

be considered for the administration of anti-TNFα mAb. In addition, the administration of

infliximab, an anti-TNFα mAb, for immune-related adverse events, such as colitis, associated

with the administration of immune checkpoint inhibitors to patients with tumors is expected

to increase in the future.

Barring a few studies, no prognostic effect of the administration of anti-TNFα mAb to

patients with cancer has been observed in most studies [11]. It is difficult to clinically evaluate

the effect of anti-TNFα mAb on tumors alone, as patients with IBD and RA are often adminis-

tered other immunosuppressive agents. With respect to colorectal cancer (CRC), the effects of

anti-TNFα mAb on tumors have been evaluated in vitro, in inflammatory carcinogenesis mod-

els, and in CRC subcutaneous allogeneic transplant models. The results of these studies have

demonstrated possible anti-tumor effects of anti-TNFα mAb [12–14].

However, to the best of our knowledge, there are no reports on the effects of anti-TNFα
mAb on orthotopic transplantation of CRC. An orthotopic transplant model reflects the

tumor microenvironment (TME) and is recommended for assessing tumor progression,

angiogenesis, invasion, stroma, and metastasis [15, 16], whereas subcutaneous xenografts do

not reproduce the interactions between the tumor and its microenvironment [17]. Therefore,

the orthotopic transplant model is a more suitable experimental system for evaluating TME

than the subcutaneous xenograft model. Regarding the inflammatory carcinogenesis model,

anti-TNFα mAb may suppress the growth of tumors by inhibiting intestinal inflammation [13,

14]. However, the actual effects of anti-TNFα mAb on tumors have not been fully evaluated

owing to the substantial effect of inflammation.

In this study, we aimed to investigate the effects of anti-TNFα mAb on tumor progression

and TME in the absence of intestinal inflammation using an allogeneic immune response

orthotopic transplantation model of CT26, a CRC cell line derived from BALB/c mice.

Materials and methods

CRC cell lines and culture conditions

CT26 (American Type Culture Collection, Manassas, VA, USA), a clonal cell line derived from

colon cancer cells of BALB/c mouse, was used as the representative of the CRC cell line.

We cultured CT26 cells in Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich;

Merck KGaA, Germany) at 37˚C. DMEM was supplemented with 10% fetal bovine serum

(FBS; Sigma-Aldrich, Merck KGaA) and a penicillin–streptomycin mixture. The cells were not

cultured for more than 12 weeks after their recovery from the frozen stock.
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Evaluation of the effect of TNFα on cell proliferation in vitro
CT26 cells (1.0 × 104 cells/well) were seeded and cultured in 24-well plates (ImageLock; Essen

Bioscience) containing DMEM supplemented with 0.5% FBS. Recombinant mouse TNF-α
(cat. no. 575202; Biolegend, San Diego, CA, USA) was added to DMEM to reach the target

concentration. Bright-field images obtained using IncuCyte1 Zoom (Essen Bioscience) and

IncuCyte software (version 2015A Rev1; Essen Bioscience) automatically expressed cell conflu-

ence as a percentage over 2 days to generate a figure of cell proliferation. These experiments

were performed in triplicate.

Orthotopic transplantation of tumor cells into experimental animals

Female BALB/c mice were obtained from Charles River Japan (Tokyo, Japan) and raised under

specific pathogen-free conditions until they reached 8 weeks of age. Animal experiments in

this study were approved by the Animal Experiment Committee of Hiroshima University

(A19-144). Anesthesia was induced via an intraperitoneal injection of medetomidine (0.3 mg/

kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg).

Transplantation was performed under a zoom stereomicroscope (Carl Zeiss, Oberkochen,

Germany) by injecting 1 × 104 CT26 cells in 30 μL of Hank’s balanced salt solution into the

cecal wall of female BALB/c mice under anesthesia.

Intraperitoneal administration of anti-TNFα mAb to mice

Anti-TNFα mAb (MP6-XT22, 1 mg/mouse; Biolegend, San Diego, USA) was administered to

mice according to a previous study [14].

Mice subjected to orthotopic transplantation were intraperitoneally administered 1 mg of

anti-TNFα mAb (MP6-XT22; BioLegend) every 7 days, as shown in Fig 1A (anti-TNFα mAb

group, n = 8).

Phosphate-buffered saline (500 μL) was administered intraperitoneally to the mice in the

control group with the same dosing schedule as that employed for mice in the anti-TNFα mAb

group (control group, n = 12). All mice were then analyzed on day 21. The mice were sacrificed

by cervical dislocation under deep sedation with the same anesthesia used for orthotopic

transplantation.

Necropsy procedures

At the time of analysis, the weight of the mice was recorded. After grossly confirming the pres-

ence of metastases in the liver, lungs, and lymph nodes, the tumors were excised, and their

weight and length were measured. The volume of the tumor was calculated with the following

formula: V = 1/2 (length × width2). The resected tumors were fixed using a formalin-free

immunohistochemistry zinc fixative (BD Pharmingen; BD Biosciences) for 24 h at room tem-

perature. The tumors were then embedded in paraffin for immunohistochemical analysis.

Immunohistological staining

In this experiment, the following primary antibodies were used: monoclonal rabbit anti-Ki67

(dilution, 1:300; cat. no. GTX16667; Genetex, Inc. Irvine, CA, USA), monoclonal rabbit anti-

F4/80 (dilution, 1:500; cat. no. D2S9R; Cell Signaling Technology, Inc., Danvers, MA, USA),

monoclonal rabbit anti-CD163 (dilution, 1:500; cat. no. ab182422; Abcam, plc., Cambridge,

UK), polyclonal rabbit anti-CD31 (dilution, 1:300; cat. no. ab28364; Abcam, plc.), monoclonal

rabbit anti-CD8α (dilution, 1:400; cat. no. D4W2Z; Cell Signaling Technology, Inc.), monoclo-

nal rabbit anti-CD4 (dilution, 1:400; cat. no. D7D2Z; Cell Signaling Technology, Inc.),
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polyclonal goat anti-mouse NKp46/NCR1 (dilution, 10 μg/mL; cat. no. AF2225; R&D Systems,

Inc., Minneapolis, MN, USA), rabbit anti-alpha smooth muscle actin (α-SMA; dilution, 1:50;

cat. no. ab5694; Abcam, plc.), polyclonal rabbit anti-mouse type I collagen (dilution, 1:500; cat.

no. 20151; Novotec, Bron, France), and polyclonal goat anti-fibronectin (FN; dilution, 1:200;

cat. no. sc-6952; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The following two second-

ary antibodies were used: polyclonal goat anti-rabbit immunoglobulin/biotinylated antibody

(dilution, 1:500; cat. no. E0432; Dako, Glostrup Kommune, Denmark) and polyclonal rabbit

anti-goat immunoglobulin/biotinylated antibody (dilution, 1:500; cat. no. E0466, Dako). Apo-

ptosis was quantified using the terminal deoxynucleotidyl transferase dUTP nick-end labeling

(TUNEL) assay with the ApopTag Plus Apoptosis Detection kit (#S7101; Millipore-Chemicon

International, Temecula, CA).

The fixed tumor tissue was cut into sections of 4 μm thickness and used for immunostain-

ing. Immunostaining was performed to examine CD8, CD4, NKp46/NCR1, αSMA, type 1 col-

lagen, fibronectin, CD31, F4/80, and CD163 according to a previously reported protocol [18].

Ki67 labeling and apoptosis indices were evaluated with reference to a previous report [19];

these indices were defined as the ratio of positive cells to the total number of cells counted;

they are expressed as percentage. All images were captured using an all-in-one fluorescence

microscope (BZ-X710, KEYENCE, Osaka, Japan).

Fig 1. Anti-TNFα mAb suppresses colorectal cancer growth in an orthotopic transplant model. (a) Schematic overview of the orthotopic transplant model

of colorectal cancer and anti-TNFα mAb administration. (b) Mice subjected to orthotopic transplantation were administered CT26 cells into the cecum with

and without anti-TNFα mAb. (c) The weight and volume of the tumor orthotopically transplanted into the cecum were recorded. Control group (n = 12), anti-

TNFα mAb group (n = 8). anti-TNFα mAb, anti-tumor necrosis factor-alpha monoclonal antibody.

https://doi.org/10.1371/journal.pone.0283822.g001
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Quantification was randomly performed in five different microscopic fields of view (magni-

fication, 400×). Positive cell counts, positive areas, and the total number of cells were automati-

cally evaluated using a hybrid cell count application (BZ-H3C; KEYENCE, Osaka, Japan) with

BZ-X Analyzer software (BZ-H3A; KEYENCE).

RNA sequencing (RNA-Seq) analysis

Tumors (control group and anti-TNFα mAb group) that developed post-orthotopic transplan-

tation were mechanically isolated using a homogenizer. RNA extraction was then performed

using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s

instructions. Library construction and data processing were performed by Qiagen (Hilden,

Germany).

The following library preparation kits and sequencing equipment manufacturer’s protocols

were used: for poly(A) RNA preparation, Poly(A) mRNA Magnetic Isolation Module (New

England Biolabs, Ipswich, MA, USA); for library preparation, NEBNext1Ultra™II Directional

RNA Library Prep Kit for Illumina1 (New England Biolabs, Ipswich, MA, USA); for sequenc-

ing, NovaSeq 6000 (Illumina Inc., San Diego, CA).

The quality of the raw paired-end sequence reads was assessed with FastQC (Version

0.11.7; https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality (< 20)

bases and adapter sequences were trimmed using Trimmomatic software (Version 0.38) with

the following parameters: ILLUMINACLIP: path/to/adapter.fa:2:30:10 LEADING:20 TRAIL-

ING:20 SLIDINGWINDOW:4:15 MINLEN:36. The trimmed reads were aligned to the refer-

ence genome using RNA-seq aligner HISAT2 (Version 2.1.0). The HISAT2-resultant.sam files

were converted to.bam files using samtools and were used to estimate the abundance of

uniquely mapped reads with featureCounts (Version 1.6.3). The raw counts were normalized

with transcripts per million (TPM). Based on the normalized read counts, we conducted com-

parative analyses of samples.

Differentially expressed genes (DEGs) were detected using DESeq2 (Version 1.24.0) with

the threshold of |log2FC (Fold Change)| > 1 and p.adjust < 0.05 calculated using the Benja-

mini and Hochberg (BH) method. Gene set enrichment analysis was conducted using

DAVID (Version 1.22.0) and gene ontology (GO) terms with p.adjust < 0.05 by the BH

method were extracted. (Fig 2A and 2B) DEG data are presented in S1 Appendix. DEGs

were analyzed by Ingenuity Pathway Analysis (IPA) (Version 51963813; QIAGEN Inc.,

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysi) [20]. Canoni-

cal pathways are expected to be "increased or decreased" on analyzing data on changes in

gene expression, relative to known databases. Pathways with positive z-scores (indicated in

orange) were predicted to increase activity, whereas those with negative z-scores (indicated

in blue) were predicted to decrease activity. Pathways were classified into three categories

according to their functions: immune response, stromal reaction, and cell proliferation

(Fig 2C).

In the network of regulator effects, the functions and diseases predicted to be affected by

gene-expression changes indicated by green circles, when visualized as a network (Fig 2D).

These data were obtained by Rhelixa (Tokyo, Japan).

Statistical analysis

Significant differences in tumor weight and volume and the immunostaining results of the

control and anti-TNFα mAb groups were assessed using Mann–Whitney U test. Differences

were considered statistically significant at P< 0.05.
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Fig 2. Summary of RNA sequencing analysis of the anti-TNFα mAb group and comparison with the control group. (a) GO terms

that were downregulated in the anti-TNFα mAb group compared with those in the control group. Significant changes were defined

with adjusted P-values of less than 0.05. Control group (n = 3), anti-TNFα mAb group (n = 3). (b) GO terms that were enriched in the

anti-TNFα mAb group compared with those in the control group.Significant changes were defined with adjusted P-values of less than

0.05. Control group (n = 3), anti-TNFα mAb group (n = 3). (c) Canonical pathways identified using IPA that were upregulated or
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Results

Evaluation of the effect of TNFα on cell proliferation

The proliferation ability of CT cells when cultured with TNFα (100 pg/mL). Compared to that

in the controls, significant cell proliferation was observed at 48 h (S1A Fig). Similar results

were observed when cultured with TNFα at 1, 10, and 1000 pg/mL (data not shown). Regard-

ing the proliferation ability of CT cells when cultured with TNFα (25, 50, 100, or 200 ng/mL)

compared with that of the control, there was no significant difference with TNFα administra-

tion (S1B Fig).

Administration of anti-TNFα mAb reduced the size of CT26 tumor in mice

Mice were subjected to orthotopic transplantation, and 1 mg of anti-TNFα mAb was adminis-

tered intraperitoneally every 7 days as shown in Fig 1A. In the anti-TNFα mAb group, a mac-

roscopic reduction in tumor size was observed compared with that in the control group, along

with a significant reduction in tumor weight and volume (Fig 1B and 1C). No apparent lymph

node or liver metastases were observed in both groups. No significant difference was observed

in the body weight of mice during at analysis (Table 1, S2 Fig).

Immune response was enhanced, and stromal reaction, angiogenesis, and

cell proliferation were suppressed

To investigate the effect of anti-TNFα mAb on gene expression in transplanted tumors,

mRNA levels were analyzed, and GO and IPA analyses were used to comprehensively examine

the differences in gene expression and pathways. The GO analysis showed that GO terms such

as “extracellular matrix organization,” “positive regulation of cell migration,” “angiogenesis,”

and “epithelial to mesenchymal transition” were significantly downregulated in the group

treated with anti-TNFα mAb compared with those in the control group (Fig 2A). The GO

terms related to immune response, such as “T cells” and “interferons,” were significantly

enriched in the group treated with anti-TNFα mAb compared with those in the control group

(Fig 2B).

The canonical pathways extracted using the IPA predicted the association of the group

treated with anti-TNFα mAb with enriched T cell-related pathways and pathways involved in

downregulated in the anti-TNFα mAb group compared with those in the control group. Extracted pathways are shown on the

horizontal axis (threshold set at P-value< 0.05). Control group (n = 3), anti-TNFα mAb group (n = 3). (d) Network of regulator effects

in the anti-TNFα mAb group compared with those in the control group observed using IPA. Control group (n = 3), anti-TNFα mAb

group (n = 3). anti-TNFα mAb, anti-tumor necrosis factor-alpha monoclonal antibody; GO, Gene Ontology; IPA, ingenuity pathway

analysis.

https://doi.org/10.1371/journal.pone.0283822.g002

Table 1. Results of experiments performed with mice orthotopically transplanted with colorectal cancer cells and treated with anti-TNFα mAb.

Group No. Body weight, before g

(range)

Body weight, after g

(range)

Tumor weight, g

(range)

Tumor volume, mm3

(range)

Lymph node

metastasis, n

Liver metastasis,

n

Control 12 22.0 (19.0–24.0) 20.0 (16.0–25.0) 0.55 (0.29–0.94)** 250.5 (125–650)* 0/12 0/12

Anti-TNFα
mAb

8 21.5 (19.0–23.0) 20.5 (15.0–23.0) 0.27 (0.08–0.71) 125.0 (62.5–405) 0/8 0/8

Median (range), anti-tumor necrosis factor-alpha monoclonal antibody (anti-TNFα mAb)

*P < 0.05 vs. anti-TNFα mAb group

**P < 0.01 vs. anti-TNFα mAb group

https://doi.org/10.1371/journal.pone.0283822.t001
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immune response, such as “interferon signaling” and “natural killer cell signaling” compared

with those in the control group. In the canonical pathway analysis, pathways related to stromal

reaction, such as “tumor microenvironment pathway,” “regulation of the epithelial mesenchy-

mal transition by growth factor pathway,” “TGF-β signaling,” and “inhibition of matrix metal-

loproteinase” were expected to be suppressed, and pathways related to tumor growth, such as

“inhibition of signal transducer and activator of transcription (STAT3) pathway,” “IL-6 signal-

ing,” “FAT10 cancer signaling pathway,” “NF-κB signaling,” and “p38 mitogen-activated pro-

tein kinase (MAPK) signaling” were expected to be inhibited (Fig 2C). The main figure of the

network of regulator effects showed “migration of cells,” “invasive tumor,” “proliferation of

cells,” “advanced malignant cancer,” and “apoptosis” through the suppression of genes such as

MMP9 and FN1 (Fig 2D).

These results suggest that the administration of anti-TNFα mAb suppresses tumor-associ-

ated pathways. Anti-TNFα mAb may inhibit tumor progression by suppressing cell prolifera-

tion, enhancing immunity against tumors, increasing apoptosis, and suppressing stromal

reaction and angiogenesis. Based on these results, additional evaluation was performed with

immunostaining.

Anti-TNFα mAb suppressed tumor growth and increased apoptosis

To assess the effect of anti-TNFα mAb, orthotopically implanted tumors were analyzed immu-

nohistochemically. The Ki67-labeling index was significantly decreased in the anti-TNFα mAb

group, indicating that tumor growth was suppressed by anti-TNFα mAb (Fig 3A and 3B).

Apoptosis was evaluated using the TUNEL method. The results showed that apoptosis was

enhanced in the anti-TNFα mAb group. This finding is consistent with the upregulation of

apoptosis observed in the RNA-Seq analysis (Fig 3A and 3B).

Anti-TNFα mAb suppressed stromal reaction and angiogenesis

Stromal reaction was evaluated using immunostaining for αSMA, type 1 collagen, and fibro-

nectin. The expression of αSMA, type 1 collagen, and fibronectin was significantly downregu-

lated in the anti-TNFα mAb group, indicating that the stromal reaction was suppressed in this

group. These results were consistent with the suppression of stromal reaction observed in the

RNA-Seq analysis (Fig 4A and 4B). Immunostaining of CD31 was also performed to evaluate

angiogenesis, and the vascular region was found to be significantly reduced in the anti-TNFα
mAb group, indicating that angiogenesis was suppressed in this group. This result was consis-

tent with the inhibition of angiogenesis observed in the RNA-Seq analysis (Fig 4A and 4B).

Anti-TNFα mAb enhanced tumor immunity and suppressed tumor-

associated macrophages

Immunostaining of CD8, CD4, and NKp46/NCR1 (used to evaluate natural killer cells) was

performed to assess immunity against the tumor. The number of cells that were positive for

the expression of CD8 and NKp46/NCR1 was significantly increased in the anti-TNFα mAb

group, indicating that immunity against the tumor was enhanced in the anti-TNFα mAb

group. The expression of CD4 did not differ between the groups, which was inconsistent with

the RNA-Seq results (Fig 5A and 5B).

F4/80 (a pan-macrophage marker) and CD163 (an M2 macrophage marker) were used in

immunostaining to analyze tumor-associated macrophages [21, 22]. The expression of both

F4/80 and CD163 was significantly reduced in the anti-TNFα mAb group, indicating a

decrease in the number of TAM (Fig 5A and 5B).
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In summary, the results demonstrated immunohistological changes, such as the suppres-

sion of cell proliferation, enhancement of immunity against tumors, enhancement of apoptosis

rate, suppression of stromal reaction, and suppression of angiogenesis, in the anti-TNFα mAb

group.

Discussion

Studies on CRC have investigated the effects of anti-TNFα mAb on tumors in vitro and in

CRC subcutaneously implanted models [12–14]. Although the orthotopic model is an excellent

model for evaluating the TME [15–17], to the best of our knowledge, no study has examined

the effect of anti-TNFα mAb on tumors using this model. This study is the first to examine the

effect of anti-TNFα mAb on the TME using such a CRC orthotopic transplantation model.

This enabled us to more comprehensively investigate the TME, including tumor growth, stro-

mal reaction, angiogenesis, TAM, immunity against tumors, and apoptosis, compared to pre-

vious studies.

TNFα is a cytokine that was initially identified to be responsible for tumor necrosis [23].

Previous studies have suggested that high doses of TNFα administered directly into the tumor

induce tumor necrosis. However, in recent years, small doses of TNFα, such as those produced

by the tumor, have been considered a possible tumor-promoting agent [24].

Low doses of TNFα promote tumor growth and angiogenesis in mouse models of mela-

noma, lung cancer, and mammary tumors [25]. In CRC, the actual TNFα concentration in

colon cancer tissue is reportedly as low as 150 pg/mL [12]. Low concentrations of TNFα are

Fig 3. Immunohistochemical analysis for examining cell proliferation and apoptosis in transplanted tumors. (a and b) The number of cells stained positive

for Ki67 was reduced in the anti-TNFα mAb group. The number of cells positive for TUNEL increased in the anti-TNFα mAb group. Data are presented as

mean ± SEM. **P< 0.01. Scale bar, 50 μm. Control group (n = 12), anti-TNFα mAb group (n = 8). TUNEL, terminal deoxynucleotidyl transferase dUTP nick

end labeling; anti-TNFα mAb, anti-tumor necrosis factor-alpha monoclonal antibody.

https://doi.org/10.1371/journal.pone.0283822.g003
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known to enhance the migration and invasion of CRC cells, such as CT26 [26]. In our study,

low concentrations of TNFα increased tumor proliferation, similar to the results of the above-

mentioned studies. In contrast, higher concentrations of TNFα did not result in an increase in

tumor growth or a clear decrease in cell proliferation (S1 Fig). These results suggest that TNFα

Fig 4. Immunohistochemical analysis of transplanted tumors for examination of stromal reaction and angiogenesis. (a and b) The area positive for αSMA,

type1 collagen, fibronectin, and CD31 decreased in the anti-TNFα mAb group. Data are presented as mean ± SEM. *P< 0.05. **P< 0.01. Scale bar, 50 μm.

Control group: n = 12 (×5 fields), anti-TNFα mAb group: n = 8 (×5 fields). αSMA, α-smooth muscle actin; anti-TNFα mAb, anti-tumor necrosis factor-alpha

monoclonal antibody.

https://doi.org/10.1371/journal.pone.0283822.g004
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Fig 5. Immunohistochemical analysis of transplanted tumors for immune response and tumor-associated macrophages. (a and b) The

number of cells positive for CD8 and NKp46/NCR1 was reduced in the anti-TNFα mAb group. The number of cells positive for CD4 did not

differ between the groups. The expression of F4/80 and CD163 was reduced in the anti-TNFα mAb group. Data are presented as mean ± SEM. *
P< 0.05. **P< 0.01. Scale bar, 50 μm. Control group (n = 12), anti-TNFα mAb group (n = 8). anti-TNFα mAb group, anti-tumor necrosis

factor-alpha monoclonal antibody.

https://doi.org/10.1371/journal.pone.0283822.g005
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at endogenous tumor levels may aid in the promotion of tumor growth. Indeed, TNFα is a key

mediator of cancer-related inflammation and is involved in tumor progression in the TME

[24, 27–29]. Inhibition of TNFα also aids in the suppression of various carcinomas [30–33].

In CRC, high expression of TNFα is a poor prognostic factor. TNFα is highly expressed in

CT26 strains and human CRC, and the anti-tumor effect is enhanced upon administering

anti-TNFα mAb in combination with oxaliplatin and 5-fluorouracil [12, 34, 35]. The adminis-

tration of TNFα for the treatment of CT26 tumors affects tumor cell growth in vitro and

tumor growth in vivo (subcutaneous transplantation) [36]. Therefore, suppressing the activity

of TNFα may exert an anti-tumor effect.

In the present study, using an orthotopic transplantation model, we demonstrated that the

administration of anti-TNFα mAb inhibits tumor growth, and the underlying mechanisms

involves the suppression of stromal response, enhancement of tumor immunity, inhibition of

angiogenesis, and increased apoptosis.

Under in vitro and in vivo (subcutaneous transplantation) conditions, TNFα mediates an

increase in tumor growth, and inhibition of the activity of TNFα can lead to a reduction in

tumor growth [36, 37]. In line with the previous study results, tumor growth was suppressed

by anti-TNFα mAb in the orthotopic transplantation model used in this study.

Regarding the mechanism by which TNFα influences tumor growth, it is known that in

CRC, one of the receptors of TNFα, namely TNFR2, regulates Ki67 expression, affecting fibro-

blast-associated proteins and αSMA, thereby increasing cell growth and migration [38].

In this study, apoptosis was enhanced in the anti-TNFα mAb group. Here, anti-TNFα mAb

may have acted as a tumor suppressor. The suppression of NF-κB by anti-TNFα mAb inhib-

ited the activity of antiapoptotic factors and promoted tumor apoptosis in a mouse liver model

[27]. In a subcutaneous transplant model of melanoma and lung cancer, knocking out the

gene encoding TNF receptor 2, the site of action of TNFα, enhanced apoptosis and suppressed

tumor growth [39].

A study performed using colon cancer organoids has shown that TNF-α acts as a major fac-

tor mediating endothelial–mesenchymal transition (EMT) in the TME [40, 41]. TNF-α and

TGF-β induce EMT via NF-κB in CRC cells, promoting CRC invasion and metastasis [42].

TNF-α is also known to promote TGF-β-induced EMT in human endothelial cells and oral

squamous carcinoma-derived cells by enhancing TGF-β signaling. It also promotes cancer-

associated fibroblast formation [43].

Matrix metalloproteinases (MMPs) have been implicated in EMT and angiogenesis in

tumors [44]. MMP-9, which was found to be suppressed in the RNA-Seq analysis in this study,

is known to promote tumor invasion and angiogenesis by activating TGF-β in breast cancer

cells [45]. Its expression is induced by tumor-derived TNFα in breast cancer cells [46]. We

speculate that the administration of anti-TNFα mAb may have suppressed the expression of

MMP-9 and TGF-β, which may have inhibited angiogenesis and EMT.

TNFα induces the downregulation of NCR1/NKp46 in NK cells [47]. In esophageal cancer,

TNFα suppresses NK cell function via NF-κB [48]. In melanoma, TNFα inhibition promotes

CD8 infiltration into the tumor [49]. As TNF signaling suppresses the functions of CD8 and

NK cells, which mediate anti-tumor effects, TNF inhibition may promote their functions,

thereby leading to anti-tumor effects. In this study, we observed a few cells positive for CD4

expression; however, no significant difference was observed between the groups. TAMs, which

are involved in tumor progression and angiogenesis, were also evaluated immunohistochemi-

cally, as TAMs are known to exhibit the M2 phenotype. TNFα acts on tumor growth and mac-

rophage proliferation in CRC cells, and subcutaneous transplantation of CRC cells suppresses

the expression of TNFα, resulting in a reduction in the size of tumor and the number of mac-

rophages [37].
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The MAPK pathway is one of the pathways involved in differentiation into M2 macro-

phages, and inhibition of this pathway suppresses the differentiation into M2 macrophages.

This mechanism may also inhibit tumor suppression and angiogenesis [50].

This study had some limitations. First, although the short-term effects of anti-TNFα mAb

on tumors can be evaluated in basic research, including this study, the long-term effects of

anti-TNFα mAb on tumors have not been evaluated. Second, we used only one colon cancer

cell line, CT26, and the effects of anti-TNFα mAb on other carcinomas and other colon cancer

cell lines were not studied. Therefore, it cannot be concluded that anti-TNFα mAb is effective

against other organ cancers and CRC based only on the results of this study. Although CT26 is

known to have a high mutation rate and high immunogenicity, it is interesting to compare

treatment outcomes in less immunogenic tumors such as MC-38 and spontaneous models of

colorectal cancer; this is a subject for future study.

Third, this study showed significant changes in immune responses in the tumor microenvi-

ronment; however, these findings have not been evaluated in detail, such as by flow cytometry.

we believe that these are vital future research topics.

In conclusion, anti-TNFα mAb demonstrated the potential to suppress tumor growth, stro-

mal reaction, and angiogenesis, mediate a reduction in the number of TAMs, increase immu-

nity against tumor and apoptosis, and suppress CRC progression in the TME. However,

further investigations in other cell lines and cancer cell models are required to validate this

conclusion. Moreover, it remains unclear whether anti-TNFα mAb is clinically safe in

humans. Therefore, additional research on the effects of the use of anti-TNFα mAb on tumors

should be conducted to clarify these issues.

Supporting information

S1 Fig. Evaluation of the effect of TNFα on cell proliferation. (a) Proliferation ability of CT

cells when cultured with TNFα (100 pg/mL). Compared to that in controls, significant cell pro-

liferation was observed at 48 h. Similar results were observed on culture with TNFα at 1, 10,

and 1000 pg/mL (data not shown). *P< 0.05. (b) Proliferation ability of CT cells on culture

with TNFα (25–200 ng) compared with that of the controls; there was no significant difference

with TNFα administration (25, 50, 100, or 200 ng/mL). TNFα, tumor necrosis factor-alpha.

(TIF)

S2 Fig. Percentage body weight change of mice in control group and anti-TNFαmAb

group. This figure shows the rate of weight change compared to DAY 0.

(TIF)

S1 Appendix. Data of differentially expressed genes (DEGs).
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20. Krämer A, Green J, Pollard J Jr., Tugendreich S. Causal analysis approaches in Ingenuity Pathway

Analysis. Bioinformatics. 2014; 30:523–30. https://doi.org/10.1093/bioinformatics/btt703 PMID:

24336805.

21. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization: tumor-associated

macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 2002;

23:549–55. https://doi.org/10.1016/s1471-4906(02)02302-5 PMID: 12401408.

22. Najafi M, Hashemi Goradel N, Farhood B, Salehi E, Nashtaei MS, Khanlarkhani N, et al. Macrophage

polarity in cancer: A review. J Cell Biochem. 2019; 120:2756–65. https://doi.org/10.1002/jcb.27646

PMID: 30270458.

23. Aggarwal BB, Gupta SC, Kim JH. Historical perspectives on tumor necrosis factor and its superfamily:

25 years later, a golden journey. Blood. 2012; 119: 651–665. https://doi.org/10.1182/blood-2011-04-

325225 PMID: 22053109.

24. Balkwill F. Tumour necrosis factor and cancer. Nat Rev Cancer. 2009; 9:361–71. https://doi.org/10.

1038/nrc2628 PMID: 19343034.

25. Li B, Vincent A, Cates J, Brantley-Sieders DM, Polk DB, Young PP. Low levels of tumor necrosis factor

alpha increase tumor growth by inducing an endothelial phenotype of monocytes recruited to the tumor

site. Cancer Res. 2009; 69:338–48. https://doi.org/10.1158/0008-5472.CAN-08-1565 PMID:

19118019.

26. Shi G, Zheng X, Zhang S, Wu X, Yu F, Wang Y, et al. Kanglaite inhibits EMT caused by TNF-α via NF-

κΒ inhibition in colorectal cancer cells. Oncotarget. 2018; 9:6771–9. https://doi.org/10.18632/

oncotarget.23645 PMID: 29467927.

27. Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S, Kasem S, et al. NF-κB functions as a tumour pro-

moter in inflammation-associated cancer. Nature. 2004; 431:461–6.

28. Sethi G, Sung B, Aggarwal BB. TNF: A master switch for inflammation to cancer. Front Biosci. 2008;

3:5094–107. https://doi.org/10.2741/3066 PMID: 18508572.

29. Balkwill F. TNF-α in promotion and progression of cancer. Cancer and Metastasis Reviews. 2006;

25:409.

30. Charles KA, Kulbe H, Soper R, Escorcio-Correia M, Lawrence T, Schultheis A, et al. The tumor-promot-

ing actions of TNF-alpha involve TNFR1 and IL-17 in ovarian cancer in mice and humans. J Clin Invest.

2009; 119:3011–23. https://doi.org/10.1172/JCI39065 PMID: 19741298.

31. Cui X, Zhang H, Cao A, Cao L, Hu X. Cytokine TNF-α promotes invasion and metastasis of gastric can-

cer by down-regulating Pentraxin3. J Cancer. 2020; 11:1800–7. https://doi.org/10.7150/jca.39562

PMID: 32194791.

32. Wei Q, Singh O, Ekinci C, Gill J, Li M, Mamatjan Y, et al. TNFα secreted by glioma associated macro-

phages promotes endothelial activation and resistance against anti-angiogenic therapy. Acta Neuro-

pathol Commun. 2021; 9:67. https://doi.org/10.1186/s40478-021-01163-0 PMID: 33853689.

33. Zhao X, Fan W, Xu Z, Chen H, He Y, Yang G, et al. Inhibiting tumor necrosis factor-alpha diminishes

desmoplasia and inflammation to overcome chemoresistance in pancreatic ductal adenocarcinoma.

Oncotarget. 2016; 7:81110–22. https://doi.org/10.18632/oncotarget.13212 PMID: 27835602.

PLOS ONE Anti-TNFαmAb suppresses colorectal cancer growth

PLOS ONE | https://doi.org/10.1371/journal.pone.0283822 March 30, 2023 15 / 16

https://doi.org/10.1172/JCI32453
http://www.ncbi.nlm.nih.gov/pubmed/18219394
https://doi.org/10.1152/ajpgi.00071.2008
https://doi.org/10.1152/ajpgi.00071.2008
http://www.ncbi.nlm.nih.gov/pubmed/19179628
https://doi.org/10.3791/484
http://www.ncbi.nlm.nih.gov/pubmed/18989400
https://doi.org/10.1002/ame2.12102
http://www.ncbi.nlm.nih.gov/pubmed/32318654
https://doi.org/10.3892/or.2021.8055
http://www.ncbi.nlm.nih.gov/pubmed/33907853
https://doi.org/10.1016/j.ajpath.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25478811
https://doi.org/10.1093/bioinformatics/btt703
http://www.ncbi.nlm.nih.gov/pubmed/24336805
https://doi.org/10.1016/s1471-4906%2802%2902302-5
http://www.ncbi.nlm.nih.gov/pubmed/12401408
https://doi.org/10.1002/jcb.27646
http://www.ncbi.nlm.nih.gov/pubmed/30270458
https://doi.org/10.1182/blood-2011-04-325225
https://doi.org/10.1182/blood-2011-04-325225
http://www.ncbi.nlm.nih.gov/pubmed/22053109
https://doi.org/10.1038/nrc2628
https://doi.org/10.1038/nrc2628
http://www.ncbi.nlm.nih.gov/pubmed/19343034
https://doi.org/10.1158/0008-5472.CAN-08-1565
http://www.ncbi.nlm.nih.gov/pubmed/19118019
https://doi.org/10.18632/oncotarget.23645
https://doi.org/10.18632/oncotarget.23645
http://www.ncbi.nlm.nih.gov/pubmed/29467927
https://doi.org/10.2741/3066
http://www.ncbi.nlm.nih.gov/pubmed/18508572
https://doi.org/10.1172/JCI39065
http://www.ncbi.nlm.nih.gov/pubmed/19741298
https://doi.org/10.7150/jca.39562
http://www.ncbi.nlm.nih.gov/pubmed/32194791
https://doi.org/10.1186/s40478-021-01163-0
http://www.ncbi.nlm.nih.gov/pubmed/33853689
https://doi.org/10.18632/oncotarget.13212
http://www.ncbi.nlm.nih.gov/pubmed/27835602
https://doi.org/10.1371/journal.pone.0283822


34. Liu F, Ai F, Tian L, Liu S, Zhao L, Wang X. Infliximab enhances the therapeutic effects of 5-fluorouracil

resulting in tumor regression in colon cancer. Onco Targets Ther. 2016; 9:5999–6008. https://doi.org/

10.2147/OTT.S109342 PMID: 27757041.

35. Huang D, Xue J, Li S, Yang D. Oxaliplatin and infliximab synergize to induce regression of colon cancer.

Oncol Lett. 2018; 15:1517–22. https://doi.org/10.3892/ol.2017.7468 PMID: 29434844.

36. Ray AL, Berggren KL, Restrepo Cruz S, Gan GN, Beswick EJ. Inhibition of MK2 suppresses IL-1β, IL-6,

and TNF-α-dependent colorectal cancer growth. Int J Cancer. 2018; 142:1702–11. https://doi.org/10.

1002/ijc.31191 PMID: 29197088.

37. Zins K, Abraham D, Sioud M, Aharinejad S. Colon cancer cell–derived tumor necrosis factor-αmediates

the tumor growth–promoting response in macrophages by up-regulating the colony-stimulating factor-1

pathway. Cancer Res. 2007; 67:1038–45.

38. Wang L, Yang D, Tian J, Gao A, Shen Y, Ren X, et al. Tumor necrosis factor receptor 2/AKT and ERK

signaling pathways contribute to the switch from fibroblasts to CAFs by progranulin in microenvironment

of colorectal cancer. Oncotarget. 2017; 8:26323–33. https://doi.org/10.18632/oncotarget.15461 PMID:

28412748.

39. Sasi SP, Yan X, Enderling H, Park D, Gilbert HY, Curry C, et al. Breaking the ‘harmony’ of TNF-α signal-

ing for cancer treatment. Oncogene. 2012; 31:4117–27.

40. Bates RC, Mercurio AM. Tumor necrosis factor-alpha stimulates the epithelial-to-mesenchymal transi-

tion of human colonic organoids. Mol Biol Cell. 2003; 14:1790–800. https://doi.org/10.1091/mbc.e02-

09-0583 PMID: 12802055.

41. Wang H, Wang HS, Zhou BH, Li CL, Zhang F, Wang XF, et al. Epithelial-mesenchymal transition (EMT)

induced by TNF-α requires AKT/GSK-3β-mediated stabilization of snail in colorectal cancer. PLoS One.

2013; 8:e56664. https://doi.org/10.1371/journal.pone.0056664 PMID: 23431386.

42. Li Y, Zhu G, Zhai H, Jia J, Yang W, Li X, et al. Simultaneous stimulation with tumor necrosis factor-α
and transforming growth factor-β1 induces epithelial-mesenchymal transition in colon cancer cells via

the NF-κB pathway. Oncol Lett. 2018; 15:6873–80. https://doi.org/10.3892/ol.2018.8230 PMID:

29725419.

43. Yoshimatsu Y, Wakabayashi I, Kimuro S, Takahashi N, Takahashi K, Kobayashi M, et al. TNF-α
enhances TGF-β-induced endothelial-to-mesenchymal transition via TGF-β signal augmentation. Can-

cer Sci. 2020; 111:2385–99. https://doi.org/10.1111/cas.14455 PMID: 32385953.

44. Quintero-Fabián S, Arreola R, Becerril-Villanueva E, Torres-Romero JC, Arana-Argáez V, Lara-Riegos
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