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Abstract

Background & Aims—Tumor necrosis factor (TNF) receptor 2 (TNFR2, Tnfrsf1b) regulates 

multiple aspects of immune function; but little is known about its role in the immunopathogenesis 

of inflammatory bowel disease (IBD). We investigated whether TNFR2 restricts the activity of 

specific immune cell subtypes to protect against the development of colitis in mice.

Methods—Tnfr2−/− mice were crossed with Il10−/− mice, which spontaneously develop colitis, 

to generate Il10−/−Tnfr2−/− mice. Colonic tissues were collected from Il10−/−Tnfr2−/− mice along 

with Il10−/− mice (controls), and analyzed by flow cytometry and histology. Bone marrow was 

transplanted into Il10−/− and Il10−/−Tnfr2−/− mice from Il10−/− or Il10−/−Tnfr2−/− donors by 

intravenous injection. CD8+ T cells were neutralized in Il10−/−Tnfr2−/− mice by intraperitoneal 

injection of anti- CD8 or isotype control antibodies. Colitis was induced in Rag2−/− mice by 

intravenous injections of naïve CD8+ T cells isolated from C57BL/6 or Tnfr2−/− mice.

Results—Il10−/−Tnfr2−/− mice spontaneously developed more severe colitis compared to Il10−/− 

controls, characterized by selective expansion of colonic CD8+ T cells. Transplant of TNFR2- 

deficient bone marrow resulted in significantly increased incidence and severity of colitis. 

Transcriptome analyses showed that the expression of genes regulated by TNFR2 were specific to 

CD8+ T cells, and included genes associated with risk for IBD. Depletion of CD8+ T cells from 

Il10−/−Tnfr2−/− mice prevented colonic inflammation. Adoptive transfer of TNFR2-null naïve 

CD8+ T cells, compared with CD8+ T cells from control mice, increased the severity of colitis that 

developed in Rag2−/− mice.
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Conclusion—TNFR2 protects mice from colitis by inhibiting the expansion of colonic CD8+ T 

cells. TNFR2 regulates expression of genes that regulate CD8+ T cells and have been associated 

with susceptibility to IBD. Disruption in TNFR2 signaling might therefore be associated with 

pathogenesis. Strategies to increase levels or activity of TNFR2, and thereby reduce the activity of 

CD8+ T cells, might be developed to treat IBD patients with CD8+ T cell dysfunction.
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Tumor necrosis factor (TNF) is a pleiotropic cytokine that regulates multiple aspects of the 

mucosal immune system and the gastrointestinal (GI) epithelium. TNF signals through two 

receptors, TNFR1 (Tnfrsf1a) and TNFR (Tnfrsf1b)1. Although increased TNF production is 

associated with inflammatory bowel disease (IBD)2, and TNF-directed therapies are an 

integral part of therapeutic regimes for IBD3,4, the specific role of TNF and its receptors in 

IBD pathogenesis is unclear5. Several TNFR2 polymorphisms associated with loss of 

function have been identified in subsets of Crohn’s disease and ulcerative colitis patients6,7; 

however, the specific mechanistic role of TNFR2 in the pathogenesis of colitis remains 

unknown. TNFR2 is constitutively expressed on numerous immune cells, and its expression 

is induced on colonic epithelial cells in response to inflammation8, and we have shown that 

TNFR2 enhances epithelial proliferation, migration and wound closure9,10. These data 

suggest that TNFR2 contributes to immune and/or epithelial responses during inflammation; 

however, the role of TNFR2 in these various cell types is unclear. Studies with Tnfr2−/− mice 

have yielded conflicting results regarding the role of TNFR2 in colitis, with differential 

protective versus deleterious roles in both mucosal damage and immune defect mouse 

models of colitis5, suggesting that TNFR2 may differentially regulate colitis in a cell type-

specific manner. TNFR2 contributes regulatory roles for both myeloid, as well as CD4+ T 

cells in colitis11–15; however, the majority of these studies have been performed in 

lymphopenic mice and it is unclear how TNFR2 may influence colitis pathogenesis in the 

setting of normal adaptive immunity. Of particular note, TNFR2 is a critical negative 

regulator of CD8+ T cells by promoting activation-induced cell death16, and recent data have 

emphasized the potential importance of CD8+ T cells in IBD pathology17. This suggests that 

TNFR2 may be protective in IBD immunopathogenesis through the inhibition of CD8+ T 

cells.

In this study, we determined a novel role for TNFR2 to ameliorate colitis by restricting 

CD8+ T cells. We evaluated if TNFR2 differentially regulates colonic inflammation through 

immune cell-or non-hematopoietic cell-specific mechanisms. Herein, we report that TNFR2 

plays a protective role through a hematopoietic cell-specific mechanism in which TNFR2 on 

CD8+ T cells suppresses colitis. Our data show that TNFR2 is a critical disease modifier that 

alters CD8+ T cell responses during inflammation. This improved appreciation of the anti-

inflammatory functions of TNFR2 in specific immune cell subtypes may lead to refined 

therapeutic avenues for IBD.
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Materials and Methods

Animals

All mice were C57BL/6 background and housed in microisolator cages in a specific 

pathogen-free facility in the Children’s Hospital Los Angeles Animal Care Facility. Wild 

type, Il10−/−, Tnfr2−/− and Rag2−/− mice were from The Jackson Laboratory (Bar Harbor, 

ME). Il10−/− mice were crossed to Tnfr2−/− mice to generate Il10−/−Tnfr2−/− mice. Animal 

studies were approved by the Children’s Hospital Los Angeles Institutional Animal Care and 

Use Committee.

Bone Marrow Transplantation

Recipient mice were treated with neosporin irrigant (Monarch Pharmaceuticals, Bristol, TN) 

in drinking water for 1 week prior to transplant. 6 week-old Il10−/− and Il10−/−Tnfr2−/− 

recipient mice were subjected to a single total body dose of 9 Gy from a 137Cs radiation 

source, 5 h prior to transplant. 5 x106 bone marrow cells from Il10−/− or Il10−/−Tnfr2−/− 

donor mice were injected via tail veins of irradiated mice. Mice were sacrificed 5 weeks 

post-transplant and colitis assessed by scoring colon inflammation and injury, as before18.

CD8+ T cell neutralization

Purified anti-mouse CD8a (clone 53-6.7) and control isotype antibody (rat IgG2a, κ) were 

purchased from Biolegend (San Diego, CA). Anti-CD8 or isotype control were injected i.p. 

starting at 8 weeks of age, at a dose of 20 µg/g, weekly for 4 weeks, as published19.

Naïve CD8+ T cell adoptive transfer model

8 week-old male RAG2−/− mice were intravenously injected with 7.5x105 naïve CD8+ T 

cells (FACS-sorted CD44lowCD62L+CD8+ naïve CD8+ T cells), as reported20, isolated from 

lymph nodes of wildtype or Tnfr2−/− mice. Mice were euthanized 4 weeks post-adoptive 

transfer.

Other details and additional experimental procedures are provided in Supplementary 

Materials and Methods.

Results

TNFR2 inhibits colitis in Il10−/− mice

To determine the role of TNFR2 in a spontaneous model of colonic inflammation24,25, 

Tnfr2−/− mice were crossed to Il10−/− mice. The Il10−/− model recapitulates aspects of 

disease in certain IBD patients,21 and is of particular relevance to early-onset IBD driven by 

IL10 signaling defects22,23. Since TNF is elevated Il10−/− colons24, we hypothesized that 

TNFR2 would be protective in this model given our previous findings that TNFR2 was 

protective in the colon epithelium, and reports of TNFR2 polymorphisms in patients with 

Crohn’s disease and ulcerative colitis6,7. Indeed, Il10−/−Tnfr2−/− mice developed highly 

penetrant colitis, which was more severe and with earlier onset compared to Il10−/− controls 

on the same C57Bl/6 background (Fig 1). Endoscopy and histology revealed that 

Il10−/−Tnfr2−/− colons were inflamed, with mucosal thickening, mucosal granularity, 
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vascular obfuscation and edema with marked epithelial hyperplasia with increased 

inflammatory infiltrate. This severe colitis phenotype was apparent by 8 weeks of age, 

worsened with age, and significantly decreased survival compared to Il10−/− controls (Fig 

1C&1D). A prominent feature of inflammation in Il10−/−Tnfr2−/− mice was the development 

of crypt abscesses (Fig 1E). Interestingly, there was no difference in the permeability of 

Il10−/−Tnfr2−/− vs. Il10−/− colons, as assessed by colonic FITC-dextran absorption (Fig 

S1A), suggesting that a functional barrier defect was not responsible for worsened disease. 

Loss of TNFR2 increased epithelial DNA damage and apoptosis, irrespective of coincident 

inflammation both in vivo (Fig 1F) and in vitro (S1B-S1D). Furthermore, the lack of TNFR2 

significantly increased epithelial proliferation (Fig 1F & S1D). Thus, the loss of TNFR2 

altered colonic epithelial homeostasis by restricting DNA-damage, promoting survival and 

attenuating inflammation-induced hyperproliferation. Collectively, these data demonstrate 

that the loss of TNFR2 exacerbates colitis in Il10−/− mice with subsequent effects on both 

inflammation and epithelial dysfunction.

TNFR2 protects against colitis-associated tumorigenesis

Since the loss of TNFR2 in Il10−/− mice resulted in severe colitis, we further determined the 

role of TNFR2 in inflammation-induced tumorigenesis. Loss of TNFR2 significantly 

increased the incidence and progression of adenomas and carcinomas in Il10−/−Tnfr2−/− 

mice (Fig 2A-2C). Dysplastic lesions were first noted in histological sections at 12 weeks of 

age and progressed to invasive adenocarcinoma by 16 weeks (Fig 2B). The incidence of 

adenocarcinoma invasive into the sub-mucosa increased to 84% by 16 weeks and 100% by 

20 weeks of age in Il10−/−Tnfr2−/− mice (Fig 2C). This exacerbated tumor progression 

coincided with the decreased survival of these mice, as noted above, which may explain why 

more deeply invasive adenocarcinomas (i.e. invasion into the muscularis or serosa) were not 

observed (Fig 2B). In agreement with our previous findings in the Il10−/− model25, there 

were no detectable signs of tumorigenesis in Il10−/− mice prior to 24 weeks of age (Fig 

2B-2C). Thus, loss of TNFR2 expression resulted in increased incidence and progression of 

CAC in Il10−/− mice.

We next determined if TNFR2 provided a similar protective role in the azoxymethane 

(AOM)/DSS CAC model. WT and Tnfr2−/− mice were injected with a single dose of AOM 

followed by three seven-day cycles of 3% DSS (Fig 2D)26. Consistent with our observation 

in Il10−/−Tnfr2−/− mice, the loss of TNFR2 increased tumor burden and progression (Fig 

2E-2F), which was associated with more severe colitis, and increased mortality (45% of 

Tnfr2−/− mice vs. 10% of the WT mice died during this period). One-third of Tnfr2−/− mice 

developed intramucosal adenocarcinoma and two-thirds had high-grade dysplasia, while 

50% of the wildtype mice displayed high-grade dysplasia with no evidence of 

adenocarcinoma (Figs 2F). Collectively, our data from two distinct models of CAC suggest a 

critical role for TNFR2 in protection against colitis-associated tumorigenesis.

TNFR2 in hematopoietic lineages protects against colitis and CAC

Since TNFR2 is expressed primarily on hematopoietic cells, we determined whether TNFR2 

deficiency in bone marrow-derived cells was required for the worsened colitis and CAC in 

the Il10−/− model. Irradiated 6 week-old Il10−/− and Il10−/−Tnfr2−/− mice were engrafted 
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with either Il10−/− or Il10−/−Tnfr2−/− bone marrow. The presence of TNFR2 in the bone 

marrow protected both Il10−/− and Il10−/−Tnfr2−/− recipients from colitis (Fig 3). In contrast, 

the absence of TNFR2 in the hematopoietic compartment significantly aggravated 

inflammation, as indicated by endoscopy, histology, colon weights and colitis scores (Fig 

3A-3C). Furthermore, only Il10−/−Tnfr2−/− mice reconstituted with Il10−/−Tnfr2−/− bone 

marrow died during the experiment (33% mortality rate). Reconstitution of Il10−/− or 

Il10−/−Tnfr2−/− mice with Il10−/−Tnfr2−/− bone marrow resulted in significantly increased 

TNF mRNA expression (Fig 3D). Thus, TNFR2 in the bone marrow-derived compartment is 

critical to inhibit inflammation in colitis. Interestingly, only Il10−/−Tnfr2−/− mice 

reconstituted with Il10−/−Tnfr2−/− bone marrow developed adenocarcinoma, which was 

invasive into the muscularis propria (Fig 3A&3E), whereas Il10−/− mice reconstituted with 

Il10−/−Tnfr2−/− bone marrow did not show any evidence of dysplasia. This suggests 

differential roles for TNFR2 in hematopoietic versus non-hematopoietic cells; although the 

loss of TNFR2 in bone marrow exacerbated inflammation, the additional absence of TNFR2 

in non-hematopoietic cells was also required for tumor development. These data suggest that 

TNFR2 regulates disparate functions in hematopoietic verses non-hematopoietic cells during 

inflammation, which may include protective effects of TNFR2 on epithelial cells, as noted 

above and as previously published10. Therefore, our data strongly support protective 

functions for hematopoietic TNFR2 in regulating colonic inflammation.

Selective expansion of colonic CD8+ T cells in the absence of TNFR2

TNFR2 expression on hematopoietic cells provided a substantial degree of protection against 

inflammation in Il10−/− mice. To determine how loss of TNFR2 altered colonic 

inflammation, we next characterized how loss of TNFR2 altered cytokine production and 

immune cell populations in the colon. To determine how TNFR2 regulates the colonic 

cytokine milieu, we measured cytokine release from colonic explants of Il10−/−Tnfr2−/− and 

Il10−/− mice. There were no differences in the levels of Th1, Th2 or Th17 cytokine 

production, with the exception of TNF (Fig 4A). We next determined how loss of TNFR2 

altered immune cell populations by flow cytometry. There was a 2-fold increase in CD3+ T 

cells in the lamina propria of Il10−/−Tnfr2−/− mice compared to Il10−/− controls (Fig 4B), 

and this increase was due to a specific expansion of the CD8+ T cell population (Fig 4C). 

This increase in CD8+ T cells was also observed in Tnfr2−/− colons (19.3%±1.2% vs. 9.0%

±1.8% in wildtype colons, as a percentage of CD3+ cells; P<0.001, n=5). The majority of 

wildtype CD8+ T cells (~75%) expressed TNFR2, by flow cytometry (Fig S3A). Although 

published reports have shown that CD4+ T cells initiate inflammation in the Il10−/− colon27, 

these data suggest a role for CD8+ T cells to promote inflammation and are in accordance 

with data of increased CD8+ T cells in the intestinal mucosa of patients with CD and UC28. 

CD8+ T cells in Il10−/−Tnfr2−/− colons expressed significantly elevated levels of TNF (Fig 

4D), whereas other immune cell subsets expressed equivalent levels of TNF (data not 

shown). TNF is increased during CD8+ T cell activation29, and TNF-TNFR2 signaling 

mediates activation-induced cell death in CD8+ T cells as part of a negative feedback 

mechanism16,30,31. This suggested that the increase in CD8+ T cells in the absence of 

TNFR2 occurred because these cells were resistant to activation-induced cell death. 

Therefore, we determined how loss of TNFR2 affected apoptosis in colonic CD8+ T cells. 

Colonic Tnfr2−/− CD8+ T cells had decreased apoptosis compared to wildtype CD8+ T cells 
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(Fig. 4E). Furthermore, amongst wildtype CD8+ T cells, a high level of TNFR2 expression 

was associated with a 6-fold increase in apoptosis versus TNFR2-low CD8+ T cells (Fig. 

4F). Together, these data demonstrate that TNFR2 inhibits colonic CD8+ T cell survival, 

potentially involving autocrine signaling through increased TNF production in these cells. 

Thus, TNFR2-mediated inhibition of colonic CD8+ T cells is a critical factor to dampen 

colonic inflammation.

TNFR2 regulates IBD-associated CD8+ T cell-specific genes

To further explore the biological role for TNFR2 in the colon, we determined what genes 

were regulated by TNFR2 by performing RNA sequencing analysis (RNAseq) of mRNA 

from whole colons of WT and Tnfr2−/− mice (deposited in NCBI's Gene Expression 

Omnibus; accession number GSE65408). We identified 252 differentially expressed 

transcripts that were significantly altered by the loss of TNFR2 (adjusted P < 0.05, n=3, Fig 

5A, Fig S2A-2B and Suppl. Table 1). The majority of these transcripts (228 of 252, ~90%) 

were downregulated in Tnfr2−/− colons. Validation of selected transcripts was confirmed by 

qPCR (Fig S2C-2D) of independent colon samples. Given that this analysis was performed 

on whole colonic tissue, it was possible to determine how TNFR2 regulates disparate 

populations of cells in an unbiased manner. Since we observed a selective expansion of 

colonic CD8+ T cells in the absence of TNFR2 (Fig 4), we tested whether this TNFR2-

regulated gene set was enriched for transcripts that were either specific to CD8+ T cells or 

involved in CD8+ T cell biology. Using data from the Immunological Genome Project 

(www.immgen.org)32, we determined that almost half (47%) of the TNFR2- regulated genes 

were most highly enriched in CD8+ T cells compared to other immune cell types (Fig 5B-C 

and Suppl. Table 2). Furthermore, gene set enrichment analysis33 and comparisons with 

published transcriptomics data34 revealed that 64 of the TNFR2-regulated transcripts are 

directly involved in the process of CD8+ T cell activation (Suppl. Table 3). This suggested 

that TNFR2 might be integral to the biology of CD8+ T cells in the colon. Intriguingly, 

transcriptional profiles in CD8+ T cells have recently been associated with differential 

prognosis in both CD and UC patients17, and TNFR2-regulated genes overlap with 12 of 

those transcripts linked to severe disease in patients (Suppl. Table 3). Reactome pathway 

analysis (reactome.org)35 predicted numerous interactions between TNFR2-regulated genes, 

including those specific to CD8+ T cells and IBD susceptibility genes (Fig 5D). In total, 

TNFR2-regulated genes were involved in 22 networks ranging in size and complexity. These 

data emphasize a role for TNFR2 to impact multiple networks in colonic CD8+ T cells, and 

provide a valuable avenue for the future study of TNFR2 regulation of CD8+ T cell function 

in the colon.

CD8+ T cells drive inflammation in Il10−/−Tnfr2−/− colitis

Given the prominence of CD8+ T cells in the colitis phenotype of Il10−/−Tnfr2−/− mice, we 

next determined if CD8+ T cells are necessary for this exacerbated colitis. Antibody-

mediated CD8+ T cell neutralization19 was accomplished by administering anti-CD8 or 

isotype-specific control antibodies weekly to Il10−/−Tnfr2−/− mice starting at 8 weeks of age 

for 4 weeks. CD8+ T cell neutralization completely suppressed colitis in Il10−/−Tnfr2−/− 

mice (Fig 6). Il10−/−Tnfr2−/− mice treated with anti-CD8 did not show any discernable 

histological signs of colonic inflammation (Fig 6A-B), and, although CD8+ T cells were not 
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completely ablated, they were significantly reduced versus isotype control (Fig 6C). Of 

interest, anti-CD8 significantly reduced the colonic mRNA expression of TNF (Fig 6D), 

confirming that these cells were responsible for excess TNF production. Furthermore, anti-

CD8 also decreased the level of epithelial DNA damage and apoptosis to near wildtype 

levels (Fig 6E&F). Therefore, CD8+ T cells are necessary for colitis severity in 

Il10−/−Tnfr2−/− mice.

Loss of TNFR2 on CD8+ T cells is sufficient to worsen colitis

We then directly tested the hypothesis that TNFR2 on CD8+ T cells inhibits inflammation 

using a colitis model involving the adoptive transfer of naïve CD8+ T cells (CD44low 

CD62L+ CD8+) into lymphopenic Rag2−/− mice20. Naïve CD8+ T cells were isolated from 

peripheral lymph nodes of wildtype or Tnfr2−/− mice and injected into RAG2−/− recipients. 

As in Fig S3A, the majority of these naïve CD8 T cells (~75%) were positive for TNFR2 

(Fig S3B). Mice receiving Tnfr2−/− CD8+ T cells had worse colitis compared to Rag2−/− 

mice receiving wildtype cells (Fig 7). Colons from Rag2−/− mice following Tnfr2−/− CD8+ T 

cell transfer had markedly elongated crypts and increased lamina propria inflammatory 

infiltrate (Fig 7A). Adoptive transfer of Tnfr2−/− naïve CD8+ T cells, worsened colitis as 

evident by increased histological scores (Fig 7B), and exacerbated weight loss in Rag2−/− 

recipients through week 2-4 of the experiment (Fig 7C). Moreover, there was a significant 

increase in the colonic mRNA levels of IFNγ and IL17 in mice receiving Tnfr2−/− naïve 

CD8+ T cells compared to wildtype (Fig 7D&E), consistent with the pathological role of 

CD8+ T cell-derived IL17 in this model20. Taken together with our observation of increased 

CD8+ T cell apoptosis in Tnfr2−/− colons (Fig 4), these data show that the loss of TNFR2 on 

CD8+ T cells is sufficient to exacerbate colitis, potentially through a deficit in TNFR2-

mediated CD8+ T cell activation-induced cell death. Together, these experiments establish a 

central role for TNFR2 in the regulation CD8+ T cells to ameliorate colitis, and thus identify 

TNFR2 as a crucial disease modifier for IBD.

Discussion

In the present study, we determined that TNFR2 is protective in the pathogenesis of colitis 

through its inhibitory effects on CD8+ T cells. The loss of TNFR2 worsened disease in both 

the Il10−/− and AOM/DSS colitis models, with exacerbated inflammation and subsequent 

tumorigenesis. Although TNFR2 regulated multiple aspects of colonic epithelial 

homeostasis during chronic inflammation, this protective effect largely required the 

expression of TNFR2 in hematopoietic cells. TNFR2 promoted the apoptosis of colonic 

CD8+ T cells, and CD8+ T cells were necessary to promote colitis in the absence of TNFR2. 

Furthermore, the lack TNFR2 on CD8+ T cells was sufficient to worsen colitis in an 

adoptive transfer model. TNFR2-regulated colonic genes were highly enriched within CD8+ 

T cells, regulated CD8+ T cell activation, and interacted with multiple IBD risk genes. A 

subset of these genes have been implicated in CD8+ T cell-driven disease in IBD patients, 

emphasizing a role for TNFR2 as a disease susceptibility modifier for IBD involving a CD8+ 

T cell-mediated mechanism.
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Impaired mucosal immune homeostasis plays a central role in IBD pathology. While 

deletion of TNFR2 alone is insufficient to induce colitis in mice in this study and others, we 

identified major alterations in CD8+ T cells following loss of TNFR2, which may interact 

with additional triggers to modify disease outcome in IBD. In the absence of IL10-induced 

immune tolerance, the protective role of TNFR2 was evident; Il10−/−Tnfr2−/− mice 

developed severe and highly penetrant early onset colitis that provided a unique opportunity 

to study how the loss of TNFR2 alters the mucosal immune system to induce colonic 

inflammation and CAC. The absence of TNFR2 in Il10−/−Tnfr2−/− mice increased colonic 

CD8+ T cells by decreasing apoptosis, which was presumably due to a lack of TNF-TNFR2-

induced activation-induced cell death. This is the first report showing that TNFR2 inhibits 

CD8+ T cell driven pathogenicity in colonic inflammation. These findings are in agreement 

with the known role for TNFR2 to promote activation-induced cell death in CD8+ T cells16. 

While it is unclear if there are deficiencies in the balance between CD8+ T cell apoptosis and 

activation in IBD, there is evidence that autoreactive CD8+ T cells are involved in 

pathogenesis of both IBD and CAC28. Furthermore, differential expression patterns within 

CD8+ T cells have been associated with either mild disease, or poor prognosis and relapse in 

both UC and CD patients17. We identified TNFR2-regulated colonic transcripts (Fig 5), 

which not only overlap with the genes in this differential CD8+ T cell signature, but also are 

involved in CD8+ T cell activation and include IBD susceptibility loci (Suppl. Table 3). Our 

data show that CD8+ T cells were necessary for colitis severity in Il10−/−Tnfr2−/− mice and 

that TNFR2 on CD8+ T cells attenuated colitis in a CD8+ T cell adoptive transfer model (Fig 

6 & 7). Therefore, our results uncover a novel role for TNFR2 on CD8+ T cells to modify 

disease outcomes in colitis.

Using bone marrow chimeras in which Il10−/− or Il10−/−Tnfr2−/− bone marrow was 

engrafted into either Il10−/− or Il10−/−Tnfr2−/− mice, we determined that TNFR2 in the 

hematopoietic compartment protected against inflammation. However, Tnfr2−/− in 

radioresistant cells was also required for tumor development. Thus, we conclude that 

hematopoietic expression of TNFR2 ameliorates chronic colonic inflammation, and 

subsequent CAC, by regulating CD8+ T cells. The specific role for non-hematopoietic 

TNFR2 may involve effects specifically in the colonic epithelium, as TNFR2 prevented 

epithelial hyperproliferation, apoptosis, and DNA damage during inflammation, in 

agreement with our previous results showing a protective role for TNFR2 in colonic 

epithelial cells10. However, we cannot rule out a role for TNFR2 in other non-immune cell 

types. Therefore, our data provide novel evidence uncovering a critical mechanism for 

TNFR2 to protect from colonic inflammation and CAC in mice.

The basis for the therapeutic effect of anti-TNF monoclonal antibodies is complex, and 

appears to involve mechanisms other than simply blocking TNF receptor signaling5. 

Multiple studies have shown that anti-TNF therapies effectively reduce lamina propria CD8+ 

T cells, but that this effect is limited to responsive IBD patients36–38. Furthermore, this 

action on CD8+ T cells may be independent of TNFR231; thus, it is likely that anti-TNF 

treatments would reduce CD8+ T cells, regardless of TNFR2. Understanding how TNFR2 

restrains CD8+ T cells and induces apoptosis in health and disease may lead to novel IBD 

therapies, particularly for those patients who are refractory to anti-TNF treatment.
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In addition to its role in IBD, TNFR2 may be protective in several other diseases. For 

instance, TNFR2 agonists induce autoreactive CD8+ T cell apoptosis39 and pancreatic 

regeneration40,41 in type I diabetes. TNFR2 may also promote the proliferation of neural and 

cardic stem cells42,43. TNFR2 expression also defines a highly suppressive subset of 

CD4+Foxp3+ Tregs, which suppress inflammation and tumorigenesis44. Given its restricted 

cellular distribution, TNFR2 activation may hold promise as a targeted therapeutic approach 

for IBD. Based on our data, this approach may target pathogenic CD8+ T cells, and 

potentially epithelial cells at sites of active inflammation.

In summary, we have identified a novel protective mechanism through which TNFR2 

inhibits CD8+ T cells to inhibit colitis and colitis-associated colon cancer. TNFR2 inhibits 

the expansion and pathogenic role of colonic CD8+ T cells, and, in the absence of TNFR2, 

CD8+ T cells drive aggressive inflammation. Furthermore, TNFR2 regulates CD8+ T cell-

specific genes that act as genetic susceptibility modifiers for IBD and mitigates the 

development of a pro-colitogenic milieu. This study on the anti-inflammatory functions of 

TNFR2 in colitis and CAC bears immense significance as it provides ample opportunities 

for future scientific discovery and refined therapeutic approaches for these diseases, 

especially in subclasses of IBD patients that have CD8+ T cell dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TNFR2 protects against colitis in Il10−/− mice
(A) Representative colonoscopic and H&E sections of colons from 16 week-old mice of the 

indicated genotypes; scale bar: 100µm. (B) Colon weights of 16 week-old mice; n= 5 – 9; 

***P < 0.001. (C) Colitis scores of Il10−/− and Il10−/−Tnfr2−/− mice; the score for each 

mouse is denoted by a dot, bars indicate median scores; n= 5 – 9; *P < 0.05, ***P < 0.001. 

(D) Kaplan-Meier survival curves compared by the log-rank test. (E) Representative H&E 

section & incidence of mice with colonic crypt abscesses (black arrows); scale bar: 100µm. 
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(F) Representative images and quantification of epithelial DNA-damage (p-H2AX), 

apoptosis (TUNEL) and proliferation (Ki67); n=5; ***P < 0.001; scale bars: 100µm.
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Figure 2. TNFR2 inhibits colitis-associated colorectal cancer in mice
(A) Representative H&E sections from a 16 week-old Il10−/−Tnfr2−/− colon showing 

adenocarcinoma invasive into the submucosa (arrows); scale bar: 200µm. (B) Tumor scores 

quantifying progression of adenomas and adenocarcinomas; lines indicate median scores; n= 

7 – 13; **P < 0.01, ***P < 0.001. (C) Incidence of invasive adenocarcinoma. (D) Schematic 

representation of AOM/DSS protocol. (E) Representative H&E sections showing low-grade, 

high-grade dysplasia and intramucosal adenocarcinoma in WT and Tnfr2−/− colons (scoring 

system, see Supplementary Methods and Materials); scale bar: 100µm (F) Colitis, tumor 
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progression scores and incidence of low-grade, high-grade dysplasia and adenocarcinoma in 

WT and Tnfr2−/− colons following AOM/DSS treatment; bar indicates median scores; n = 7; 

*P < 0.05.
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Figure 3. TNFR2 in hematopoietic lineages protects against colitis
(A) Representative colonoscopic and H&E sections images; bars are 100 µm. (B) Colon 

weights (C) colitis scores of the indicated mice; n= 7 – 10; *P < 0.05, ***P < 0.001. (D) 

Colonic TNF mRNA expression; n= 6 – 9; ***P < 0.001. (E) Incidence of colonic dysplasia 

and adenocarcinoma.
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Figure 4. Selective expansion of TNF-producing colonic CD8+ T cells in Il10−/−Tnfr2−/− mice
(A) Colon explant cultures from 16 week-old Il10−/− and Il10−/−Tnfr2−/− mice; TNF levels; 

n=5; ***P < 0.001, other cytokines level detected by ELISA array; n=4. (B) Representative 

histogram and quantification showing lamina propria T cells in Il10−/− and Il10−/−Tnfr2−/− 

mice; cells were gated on positive CD3+ staining; n=5; ***P < 0.001. (C) Representative 

scatter plot and quantification showing the number of CD4+ and CD8+ cells within the CD3+ 

population; data are represented as % of CD3+CD8+ population; n=5; ***P < 0.001. (D) 

Representative histogram showing TNF production by CD8+ T cells; data are represented as 
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% of CD8+TNF+ population; n=5; ***P < 0.001. (E) Representative histogram and 

quantification showing baseline apoptotic Annexin V+ cells (%) in CD3+CD8+ population 

in 16 week-old WT and Tnfr2−/− mice in lamina propria; n=3-5; **P < 0.01. (F) 

Representative histogram and quantification showing baseline apoptotic Annexin V+ cells 

(%) in CD3+CD8+TNFR2High and CD3+CD8+TNFR2low population in 8 week-old WT 

mice; n=5; ****P < 0.0001.
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Figure 5. TNFR2 inhibits pro-inflammatory gene signature in the colon
(A) Expression heatmap (log2 fold-change) of differentially expressed genes identified in 

RNAseq. The x-axis indicates 3 biological replicates for each of WT and Tnfr2−/− colons. 

(B) Enrichment of differentially expressed genes regulated by TNFR2 in various immune 

cell types. Each bar represents the cell type specific fold change over the median expression 

level, and the colors represent different cell type groupings. (C) Stack bar graph showing a 

higher enrichment of TNFR2-regulated genes in CD8+ T cells, as compared to the 

background enrichment rate of all genes in this cell type. (D) Network analysis showing 
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interactions between TNFR2-regulated genes (RED), TNFR2/CD8+ T cells-regulated genes 

(GREEN), and IBD risk loci from GWAS (PURPLE).
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Figure 6. CD8+ T cells are required for colitis in Il10−/−Tnfr2−/− mice
(A) Representative H&E colon sections; scale bar: 100µm. (B) Colitis scores; n=4-5; ***P < 

0.001. (C) Numbers of CD8+ T cells (CD8+ as a percentage of CD3+) in the colons of the 

indicated mice; n=4 – 5; ***P < 0.001. (D) Levels of colonic TNF mRNA expression, ***P 

< 0.001. Indices for epithelial (E) DNA damage (pH-H2AX+) and (F) apoptosis (TUNEL+) 

of the indicated mice, determined as in Figure 1; **P < 0.01, ***P < 0.001.
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Figure 7. TNFR2 on CD8+ T cells restricts disease in an adoptive transfer colitis model
(A) Representative H&E sections of colons of recipient Rag2−/− mice; scale bar: 100µm. (B) 

Colitis scores of these mice, wherein each mouse is represented by a dot and the bar 

indicates the median score; n=5; ***P < 0.001. (C) Body weight loss (% baseline); ***P < 

0.001, ****P < 0.0001. Levels of (D) IFNγ and (E) IL17 mRNA in Rag2−/− colons 

following transfer of wildtype or Tnfr2−/− naïve CD8+ T cells; actin was used as the 

reference gene; n=5; *P < 0.05.
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