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Abstract

The pathogenesis of human inflammatory bowel disease (IBD) and most experimental models of 

IBD is dependent on the activation and expansion of CD4+ T cells via interaction with mucosal 

antigen-presenting cells. The costimulatory receptor CD70 is transiently expressed on the surface 

of conventional dendritic cells, but is constitutively expressed by a unique antigen presenting cell 

(APC) population in the intestinal lamina propria. We used two experimental IBD models to 

evaluate whether interfering the interaction between CD70 and its T cell ligand CD27 would 

affect the development of colitis. Adoptive transfer of naive CD27-deficient CD45RBhigh CD4+ T 

cells into Rag-1−/− mice resulted in significantly less disease than when wild type 

CD45RBhighCD4+ T cells were used. Moreover, a monoclonal anti-CD70 antibody prevented the 

disease caused by the transfer of wild type CD45RBhigh CD4+ T cells into Rag-1−/− mice and the 

same antibody also ameliorated an established disease. The colitis associated pro-inflammatory 

cytokines IL-6, TNF-α and IFN-γ were significantly reduced after anti-CD70 antibody treatment, 

suggesting an overall reduction in inflammation due to blockade of pathogenic T cell expansion. 

Anti-CD70 antibody treatment also suppressed TNBS-induced colitis in SJL/J mice. Since anti-

CD70 antibody treatment suppressed multiple proinflammatory cytokines, this may be a more 

potent therapeutic approach for IBD than blockade of individual cytokines.

Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastrointestinal 

tract that occurs in immunocompetent individuals and is characterized by an aberrant 

mucosal T cell-mediated inflammation (1, 2). Despite intensive study of IBD pathogenesis, 

the initiating antigens and the mechanisms that sustain the inflammatory process remain 

incompletely understood (3, 4). Interaction of the T cell expressed tumor necrosis factor 

receptor (TNFR) family of costimulatory molecules with their respective TNF-related 

ligands found predominantly on antigen presenting cells (APC) play a critical role during T 

*Corresponding author. Current Address: Department of Biomedical Sciences, Paul L. Foster School of Medicine, Texas Tech 
University Health Sciences Center, 5001, El Paso Drive, El Paso, Tx 79905 Tel: (915)-783-1245 Fax: (617)-783-1271 
manjunath.swamy@ttuhsc.edu.
1Department of Pediatrics, Immune Disease Institute and Harvard Medical School, Boston, MA
2Department of Immunology, Beth Israel Deaconess Medical Center and Harvard Centre for Life Sciences, Boston, MA
3Department of Pathology, Massachusetts General Hospital and Harvard Medical School, Boston, MA
4Division Of Immunology, The Netherlands Cancer Institute, Amsterdam

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2014 November 14.

Published in final edited form as:
J Immunol. 2009 July 1; 183(1): 270–276. doi:10.4049/jimmunol.0802424.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cell activation and differentiation (5–8). The role of many TNF family members in IBD has 

been well studied in experimental models and TNF antibody is also being used to treat 

human IBD (9, 10). Many recent studies have also shown that interaction of the co-

stimulatory molecule CD27 with its ligand CD70 plays a key role in the expansion and 

survival of antigen activated T cells (11–13). However, the role of this pathway in IBD has 

not been studied.

In both mice and humans, CD27 is constitutively expressed on naïve and memory T cells as 

well as on subsets of activated B cells, NK cells and hematopoietic progenitor cells (11). In 

contrast, the expression of its ligand CD70 is tightly regulated (14). CD70 is absent on 

quiescent T, B and dendritic cells but can be induced transiently on T cells after activation 

and on dendritic cells after stimulation with anti-CD40 or lipopolysaccharide (LPS) (15, 16). 

Interaction of CD27 with CD70 appears to be important for an effective T cell response in 

vivo because CD27-deficient mice generate lower numbers of effector CD4 and CD8 T cells 

in response to a viral infection compared to wild type mice (17). Similarly, administration of 

recombinant soluble CD70 protein (sCD70) during antigen stimulation enormously 

enhances the T cell response in vivo (18). However, unchecked expression of CD70 

predisposes to immunopathology. Aberrant expression in CD70 transgenic mice results in 

massive activation of T cells responding to self-antigens, attended with depletion of naïve T 

cell pool that eventually leads to immunosuppression (19). sCD70 treatment also abrogates 

the requirement for adjuvants and prevents the tolerance induction observed with 

administration of antigen alone (18). Persistent CD70 expression also characterizes the 

human rheumatoid arthritis and systemic lupus erythematosis (20, 21). Thus, controlled 

expression of CD70 appears to be crucial for proper T cell activation and to prevent 

pathogenesis. By corollary, the CD27-CD70 costimulatory pathway may also provide an 

important target to prevent T cell-mediated immunopathology. Indeed, the beneficial effect 

of blocking this pathway with anti-CD70 antibody has been shown in animal models of 

cardiac allograft rejection and experimental autoimmune encephalomyelitis (22, 23).

We have previously reported that a novel type of antigen presenting cells in the mouse 

intestinal lamina propria constitutively express CD70 and critically contributes to the 

mucosal T cell expansion in response to an oral infection (24). In the present study, we 

analyze the role of CD27-CD70 interaction in IBD using two murine experimental models 

of colitis. Our results suggest that CD27-CD70 interaction is critical to sustain T cell-

mediated intestinal inflammation and blocking this pathway may provide a potential tool for 

therapeutic intervention in IBD.

Material and methods

Mice

C57BL/6, Rag-1−/− and SJL/J mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME). CD27-deficient mice on C57BL/6 background has been described (17). All 

mice were maintained in the specific pathogen–free animal facility at the Immune Disease 

Institute (IDI) and were used when they were 4–6 weeks of age. All animal experiments had 

been approved by the Institutional Review Board of IDI.
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Antibody Treatment

In the T cell transfer model, wild type CD4+CD45RBhigh T cell-transferred Rag-1−/− mice 

were injected i.p with 500 μg of anti-CD70 antibody (clone 3B9) (14) or control hamster 

IgG (Jackson Immunoresearch Laboratories, Inc) twice a week starting from the day of 

adoptive transfer or 3 or 5 wk after transfer. In the TNBS model, the antibodies were 

administered on the day of TNBS injection and repeated 2 and 4 days later. In the innate 

colitis model, hamster IgG or anti-CD70 antibodies were injected 4h before injecting anti-

CD40 and repeated on days 2 and 4.

Flow cytometry and cell sorting

FITC-, PE- or PerCP- conjugated antibodies to mouse CD4, CD45RB, CD8, CD27 and 

CD70 were from BD PharMingen. Immunostaining and flow cytometric analysis were done 

as described earlier (24) using FACScan flow cytometer. Cell sorting was done using a 

FACSAria Sorter (Becton Dickinson, San Jose, CA)

T cell transfer colitis

Naive CD4+CD45RBhigh T cells were isolated from the spleens of naïve C57BL/6 wild type 

mice or CD27-deficient mice by cell sorting. After confirming that the isolated cells were 

>95% pure, 5×105 sorted cells were suspended in 200 μl of sterile PBS and injected i.p into 

Rag-1−/− recipient mice of same age and sex as the donor mice. The recipient Rag-1−/− mice 

were weighed initially and then weekly after cell transfer. All mice were sacrificed when 

signs of diarrhea, hunching and wasting disease appeared in the control hamster IgG treated 

mice. Mice were monitored for colitis as described previously (25). Briefly, DAI was 

compiled as sum of four parameters: hunching and wasting were scored 0 or 1, stool 

consistency 0–3 and colon thickening 0–3 with higher scores representing more severe 

colitis. Histological colitis scores were obtained using tissue samples from the proximal, 

middle and distal colon. The histology scores were assigned in a blinded manner by our 

participating pathologist, Dr. A. K. Bhan. The sections were scored for the presence of crypt 

abscesses (0–1), the degree of mucosal thickness (0–3), and the degree of inflammatory 

infiltrate (0–3). The maximum score for DAI was 8 and for histological index it was 7.

TNBS Colitis

Colitis was induced in SJL/J mice as described by Neurath et al (26). Mice were 

anesthetized with i.p injection of ketamine/xylazine and 0.5 mg of TNBS (Sigma, St. Louis, 

MO) in 25% ethanol (150 μl) administered intrarectally through a catheter inserted 4 cm 

deep from the anus. Animals were then kept in a vertical position for 30 seconds and 

returned to their cages. Control animals received 150 μl of 25% ethanol. All mice were 

weighed prior to disease induction and every day thereafter until sacrifice on day 7. On day 

7, DAI and histology scores were measured as described earlier except that the following 

criteria were used for histological scoring: ulceration (0–2+); inflammatory infiltrate (0–3+); 

edema (0–2+); crypt abscess (0–1+); goblet cell depletion (0–1+); and mucosal thickening 

(0–3+) with the maximum histological colitis score of 12.
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Innate Immune colitis

All the age and sex-matched Rag-1−/− mice were injected i.p with 200 μgs of an agonistic 

CD40 monoclonal antibody (FGK45) (27) or with Isotype control (Rat IgG2a). All the mice 

were weighed daily and monitored for colitis as described in the T cell transfer model.

Isolation of lamina propria mononuclear cells

The lamina propria lymphocytes were isolated from whole colons as described earlier (24). 

Briefly, the excised colons were cut longitudinally, washed thoroughly and cut into ~5mm 

pieces. The pieces were transferred to a 50 ml tube containing 10 ml of CMF-FBS-EDTA 

solution (CMF-HEPES solution with 10% FBS, 5 mM EDTA and 100 μg/ml gentamycin). 

The tubes were shaken in a magnetic stirrer for 20 min at room temperature, the supernatant 

collected and the EDTA treatment repeated 2 more times. Finally, the colonic tissue was 

washed in tissue culture media (to remove residual EDTA) and digested with 300 U/ml of 

collagenase (type VIII; Sigma) at 37°C for 1h with shaking. The supernatants were passed 

through a 70 μm nylon wool strainer and lamina propria lymphocytes were harvested by 

Percoll gradient centrifugation.

Cytokine analysis

Lymphocytes from the mesenteric lymph node (MLN) of T cell-transferred mice were 

isolated and 2 × 105/ml cells were stimulated with plate-bound anti-CD3ε antibody (10 

μg/mL, 145-2C11; eBioscience, Inc, San Diego, CA) in triplicates in 96 well plates. After 48 

h of culture, supernatants were harvested and stored at −20°C for cytokine analysis. For 

colon explant cultures, small pieces of the colonic tissue samples (~5mm of mid-colon 

weighing 100 mgs each) were washed extensively and cultured in 500 μl of tissue culture 

media in 24 well plates at 37°C overnight. The culture media were centrifuged and the 

supernatants stored for analysis. Cytokine levels were quantitated using the cytometric bead 

array (CBA kit, BD Biosciences) according to the manufacturer’s instructions and data 

analysis was performed using the BD CBA software.

Statistical Analysis—Non-parametric data were analyzed using two tailed Mann–

Whitney U test (DAI and histological data). Levels of cytokine are presented as the mean 

±SEM. These data were analyzed by the Student’s t test. p ≤ 0.05 was considered 

statistically significant and the statistical analysis was done with Graph Pad Prism 4.00 

(Graph Pad, San Diego, CA).

Results

Blockade of CD70 or absence of CD27 prevents the induction of colitis in the CD45RBhigh 

CD4+ T cell ⇒ Rag-1−/− transfer model

Adoptive transfer of wt CD4+CD45RBhigh naïve T cells into SCID or Rag-1−/− mice leads to 

weight loss, diarrhea and severe colitis in 6–8 wk (28). Hence, we used this model to test the 

importance of CD27-CD70 costimulatory pathway in the mucosal T cell-mediated 

pathology. We transferred sorted CD45RBhighCD4+ T cells (5×105 cells/mouse) isolated 

from either wild type or CD27-deficient mice into Rag-1−/− mice. The wild type 

CD45RBhighCD4+ T cell-transferred recipient mice were either treated with a control 
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hamster IgG or anti-CD70 antibody (500μg/mouse by i.p. injection twice weekly starting at 

the time of T cell transfer). The mice were monitored for weight loss and clinical symptoms 

of colitis over time. Eight weeks after transfer, when the recipient mice treated with the 

control hamster IgG developed a moderate to severe colitis, all mice were scored for disease 

activity, the mice sacrificed and their colonic tissues histologically examined. Rag-1−/− 

recipient mice transferred with wild type CD45RBhighCD4+ T cells and treated with hamster 

IgG showed a progressive weight loss and developed clinical disease by 8 weeks. In 

contrast, wild type CD45RBhighCD4+ T cell-transferred recipient mice treated with anti-

CD70 antibody as well as Rag-1−/− mice transferred with CD27-deficient T cells, showed 

significantly less weight loss and disease activity (Fig. 1a,b). Histological examination of 

colonic sections in Hamster IgG treated mice showed a transmural inflammation with 

mononuclear cell infiltration in the lamina propria and prominent epithelial hyperplasia with 

loss of goblet cells. These features were much less evident in the anti-CD70 antibody treated 

mice as well as in mice transferred with CD27-deficient T cells (Fig. 1c,d). Moreover, a 

quantitative evaluation of the CD4+ T cell infiltrates, measured by flow cytometric analysis 

of isolated lamina propria mononuclear cells revealed a significantly reduced CD4 T cell 

numbers in anti-CD70 antibody treated mice compared to hamster IgG treated mice (0.8 +/− 

0.08 X 106 and 0.15 +/− 0.6 X 106 +/− respectively, for control and anti-CD70 antibody 

treated mice, measured at 8 weeks after transfer, n=5, p<.05). Thus, CD27-CD70 

costimulation appears to be important for sustaining T-cell mediated intestinal inflammation.

We also analyzed the cytokine production by colonic tissue and mesenteric lymph nodes 

(MLN) in Rag-1−/− recipient mice 8 weeks after T cell transfer. For analysis of colonic 

samples, equivalent sized colonic tissue was incubated with tissue culture media overnight 

and supernatants collected for the cytokine assay. MLN cells (1×105/ml) were stimulated 

with anti-αCD3 (10 μg/ml) and culture supernatants collected after 48h of culture. IFN-γ, 

TNF-α and IL-6 levels were tested by cytometric bead array (CBA). Compared to the wild 

type T cell-transferred Rag-1−/− recipient mice treated with hamster IgG which showed 

highly elevated levels of these cytokines, cytokine levels were significantly reduced in the 

colon and MLN of both CD27-deficient T cell-transferred mice and anti-CD70 antibody 

treated wild type T cell-transferred mice (Fig. 2a,b). Collectively our results suggest that 

CD27-CD70 costimulatory pathway plays an important role in the development of colitis 

and blockade of this pathway suppresses the pathogenic T cell expansion attended by 

reduced production of inflammatory cytokines and intestinal inflammation.

Anti-CD70 antibody therapy ameliorates an established colitis

Our preceding results show that blocking CD27-CD70 costimulation prevents the 

development of colitis. However, it was not clear whether this costimulatory pathway is only 

involved during the priming phase of the response or is important throughout the course of 

the disease. Only in the latter case would anti-CD70 antibody could have a therapeutic 

potential. Although for CD8+ T cells, CD27-CD70 interactions appear to regulate expansion 

at the site of priming as well as expansion and survival at effector sites, this is much less 

clear for CD4+ T cells. Therefore, we tested the effect of anti-CD70 antibody treatment 

started after initiation of the disease in the Rag-transfer model.
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In the preventive studies described earlier, weight loss in the hamster IgG treated mice 

started at approximately 3 wk and clinical symptoms started to appear by 5 wk. Thus, we 

compared the anti-CD70 antibody treatment started from the day of transfer to that initiated 

3 wk or 5 wk after the transfer of wild type CD45RBhighCD4+T cells into Rag-1−/− 

recipients. Mice received 500 μg of hamster IgG or anti-CD70 antibody twice a week 

starting on the day of transfer or 3 wk or 5 wk after cell transfer. The mice were observed 

for weight loss and mortality till 12 wk. The hamster IgG-treated mice showed progressive 

weight loss, developed clinical symptoms and 90% of the animals died by 12 wk. In 

contrast, animals treated with anti-CD70 antibody starting on the day of transfer or after 3 

wk of transfer did not show significant weight loss and over 90% of animals survived for the 

12 wk period of observation (Fig 3a,b). The wild type T cell-transferred Rag-1−/− recipient 

mice that had started losing weight 5 wk after transfer, started to regain body weight after 

initiation of anti-CD70 antibody treatment and 70% of animals survived during the 12 wk 

period of observation (Fig 3a,b). Clinical and histopathological examination in the surviving 

mice showed that compared to hamster IgG-treated mice shown in Fig.1 (colonic sections 

were not taken from Hamster IgG treated mice in this experiment because most of the 

animals died during the extended observation period) much less inflammation was seen in 

the colons of anti-CD70 antibody treated mice (Fig. 3c,d,e). Thus, CD70 blockade appears 

to be capable of reversing an established colitis.

Anti-CD70 antibody treatment also inhibits TNBS-induced colitis

To further confirm the importance of CD27-CD70 pathway in the intestinal T cell response, 

we also tested the ability of anti-CD70 antibody to reduce inflammation in the TNBS model 

of colitis. Intra-rectal administration of trinitrobenzene sulphonic acid (TNBS) in certain 

strains of mice results in a Th1 T cell-mediated transmural infiltrative colitis (29). Thus, 

groups of SJL/J mice were injected intra-rectally with 0.5mg of TNBS in 25% ethanol or 

25% ethanol alone for non-specific toxicity control. TNBS administered mice were i.p 

injected with control hamster IgG or anti-CD70 antibody on days 0, 2 and 4. By day 7, the 

hamster IgG-treated mice had lost weight and showed clinical symptoms, whereas the anti-

CD70 antibody treated and ethanol alone-injected mice did not lose weight or develop 

clinical symptoms (Fig. 4a,b). Correspondingly, the colonic histopathology was also 

significantly reduced after anti-CD70 antibody treatment when compared to hamster IgG 

treated mice, which showed depletion of goblet cells, hemorrhagic necrosis, ulceration and 

transmural infiltration of mononuclear cells (Fig. 4c,d). These results confirm that anti-

CD70 antibody blockade reduces the T cell-mediated immunopathology, irrespective of the 

method of induction of colitis.

Anti-CD70 antibody treatment does not inhibit non-T cell mediated colitis

Although the effect of CD27-CD70 interaction on T cells is well studied, whether this 

interaction can also affect the CD70 expressing APC function remains largely unknown. 

Thus, a possibility existed that anti-CD70 antibody treatment could affect innate immunity 

by interfering with cytokine production by CD70 expressing macrophage/dendritic cells. 

Thus, we also tested anti-CD70 antibody in an innate immune model of colitis. 

Administration of an agonistic CD40 antibody to the T and B-cell deficient Rag-1−/− mice 

induces a rapid Th-1 cytokine-dependant systemic disease as well as an IL-23-dependant 
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non-T cell mediated colitis with myeloid cell infiltration of the colonic mucosa (27). Thus, 

we tested the effect of anti-CD70 antibody treatment in this model. Rag-1−/− mice were 

injected with 200 μg of anti-CD40 or an isotype control antibody once to induce the disease. 

The anti-CD40 injected mice were treated with control hamster IgG or anti-CD70 antibody 

on days 0, 2 and 4 after anti-CD40 injection and the mice were monitored for weight loss 

and disease development. Anti-CD70 antibody treatment failed to reduce either the systemic 

disease (rapid weight loss, spleen weight and cellularity) (Fig. 5a,b,c) or the intestinal 

disease (DAI, histological score (Fig. 5d,e). In a separate experiment we confirmed that 

CD70 is indeed induced on the splenic dendritic cells after treatment with anti-CD40 mAb 

treatment (supplementary Fig. S1). Taken together, these results suggest that CD70 blockade 

does not interfere with non-T cell mediated colitis.

Discussion

Our results suggest that CD27-CD70 costimulatory pathway plays an important role in the 

development of colitis and blockade of this pathway suppresses the pathogenic T cell 

accumulation in the gut mucosa attended by reduced intestinal inflammation and 

proinflammatory cytokine production.

Although the role of CD27-CD70 interaction in the differentiation and survival of CD8 T 

cells has been well studied, the role of this costimulatory pathway for CD4 T cells is less 

analyzed (30). Our results suggest that CD27-CD70 interaction is important for CD4 T cell 

activation in the intestinal mucosa. This is also consistent with studies showing the 

importance of this costimulatory pathway for the T cell response in the respiratory mucosa 

following influenza infection (31, 32). Indeed, although both CD28 and CD27 were required 

for priming a response to influenza virus in the lymph nodes, CD27 was more critical for the 

accumulation of virus specific T cells in the lungs (27). Thus, CD27-CD70 pathway may be 

particularly important in determining the expansion/survival of T cells at tissue sites of 

inflammation.

CD27-CD70 interaction appears to be particularly important to initiate a Th-1 pattern of 

differentiation for CD4 T cells with increased potential for IFN-γ and IL-2 production (30, 

33). We also observed that the cytokines were significantly reduced after CD70 blockade. 

Considering that anti-CD70 antibody treatment failed to reduce inflammation in the innate 

model of colitis, the reduction in proinflammatory cytokines observed after anti-CD70 

antibody treatment in the Rag-1−/− transfer model of colitis appears to be a consequence, 

rather than the cause for the reduction of T cell numbers.

It is noteworthy that the improvement in clinical and histological features of colitis was 

much more pronounced in the anti-CD70 antibody treated mice compared to CD27-deficient 

T cell transferred Rag-1−/− recipient mice. In addition to T cells, CD27 is also expressed by 

subsets of NK cells and CD27high NK cells have lower activation threshold and secrete more 

cytokines than CD27low NK cells (34). Deliberate stimulation through this receptor is also 

known to augment inflammatory cytokine production by NK cells (35). Moreover, the NK 

cell numbers are significantly increased in the immunodeficient Rag-1−/− mice compared to 

wild type mice (36). Because the CD27-CD70 pathway is only blocked on T cells after 
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transfer of CD27-deficient T cells, whereas this pathway is also blocked in NK cells after 

anti-CD70 antibody treatment, it is possible that combined inhibition of T and NK cells after 

antibody treatment gave better protection compared to knocking out CD27 on T cells alone. 

However, it has been reported that NK cells can play a regulatory role in IBD since the 

colitis was augmented when IL-10-deficient or even sufficient CD4 T cells were transferred 

into NK cell-depleted Rag-1−/− mice (37). Thus alternatively, compensatory mechanisms in 

CD27-deficient T cells or the presence of unidentified additional ligand(s) for CD70 may 

possibly account for the differences that we observed .

The fact that anti-CD70 antibody treatment could reverse the pathology even when 

administered after the disease has already become established suggests that continued 

CD27-CD70 interaction may be necessary to maintain the T cell-mediated inflammation and 

pathology of chronic colitis. These results are also consistent with earlier studies in the 

CD70 Tg mice. In CD70 Tg mice, both CD4 and CD8 T cells (responding to environmental 

or autoantigens) get profoundly activated (38) and sustained interaction of CD27-CD70 is 

necessary for this because treatment of 4 wk old CD70 Tg mice with blocking CD70 

antibody effectively reverses the phenotype (19). Although costimulation is generally 

thought to be important during APC-T cell interactions in the early stage of an immune 

response, APCs are also present at effector tissue sites and express costimulatory molecules. 

However, their role during chronic T cell activation is not well understood. Our results 

suggest that tissue-specific APCs may be necessary to maintain a sustained inflammation in 

the gut mucosa. Because CD70 is only transiently expressed by conventional dendritic cells, 

these cells are unlikely to be involved in the sustained activation of mucosal T cells during 

chronic colitis. On the other hand, we have previously reported that a novel type of antigen 

presenting cell present exclusively in the intestinal lamina propria constitutively expresses 

CD70 (24). The CD70 expressing APC is also present in the Rag-1−/− mice (supplementary 

Fig. S2), as well as in SJL/J mice (not shown). Although treatment with anti-human CD70 

antibody is known to activate ADCC-mediated depletion of CD70 expressing tumor cells 

(39), antibody mediated depletion of lamina propria effector T cells is unlikely to be the 

cause for protection against IBD because i) we did not observe significant CD70 expression 

by lamina propria T cells by flow cytometric examination either in wild type mice or in our 

IBD models ((24) and data not shown). The fact that protection against IBD was also seen 

when CD27-deficient T cells were transferred to Rag-1−/− mice without antibody treatment 

also supports this hypothesis. Moreover, the anti-mouse antibody used in this (clone 3B9) 

appears to be non-depleting antibody in that the CD70+ APC were still present after 

antibody treatment (supplementary Fig. S3). Thus, it is likely that blockade of CD70 

expressed on the CD70+ APC is the cause of protection induced by anti-CD70 antibody 

treatment in this study.

In summary, our results show that the CD27-CD70 costimulatory pathway is important in 

sustaining the T cell-mediated inflammation in IBD and blockade of this pathway may 

provide a tool for therapeutic intervention. The fact that continuous interaction of CD27/

CD70 is necessary for the gut mucosal T cell expansion/survival is particularly important 

from a therapeutic viewpoint since it would enable treatment after the disease is diagnosed. 

Since CD70 blockade directly leads to reduction in T cell numbers and thus reduce 
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inflammation, this may provide a superior therapeutic approach for IBD than suppressing 

individual cytokines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by grants form the Crohn's and Colitis Foundation of America (CCFA) and the Keef 
Foundation to N.M, and NIH grants DK47677 (A.K.B), DK 52510 (C.T) and the Center for the Study of 
Inflammatory Bowel Disease (DK43351) to A.K.B and C.T.

We would like to acknowledge John Daley and Suzanne Dana for assistance in cell sorting, Haridas Viraga for 
providing help with anti-CD70 antibody generation and Dorothy Vargas for animal care.

References

1. Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, Fiocchi C, Strober W. 
Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in inflammatory bowel disease. 
Crohn's disease LP cells manifest increased secretion of IFN-gamma, whereas ulcerative colitis LP 
cells manifest increased secretion of IL-5. J Immunol. 1996; 157:1261–1270. [PubMed: 8757634] 

2. Bouma G, Strober W. The immunological and genetic basis of inflammatory bowel disease. Nat 
Rev Immunol. 2003; 3:521–533. [PubMed: 12876555] 

3. Podolsky DK. Inflammatory bowel disease. N Engl J Med. 2002; 347:417–429. [PubMed: 
12167685] 

4. Danese S, Fiocchi C. Etiopathogenesis of inflammatory bowel diseases. World J Gastroenterol. 
2006; 12:4807–4812. [PubMed: 16937461] 

5. Cheuk AT, Mufti GJ, Guinn BA. Role of 4-1BB:4-1BB ligand in cancer immunotherapy. Cancer 
Gene Ther. 2004; 11:215–226. [PubMed: 14671675] 

6. Kwon B, Kim BS, Cho HR, Park JE, Kwon BS. Involvement of tumor necrosis factor receptor 
superfamily(TNFRSF) members in the pathogenesis of inflammatory diseases. Exp Mol Med. 2003; 
35:8–16. [PubMed: 12642898] 

7. Clarkson MR, Sayegh MH. T-cell costimulatory pathways in allograft rejection and tolerance. 
Transplantation. 2005; 80:555–563. [PubMed: 16177624] 

8. Watts TH. TNF/TNFR family members in costimulation of T cell responses. Annu Rev Immunol. 
2005; 23:23–68. [PubMed: 15771565] 

9. van Assche G, Vermeire S, Rutgeerts P. Emerging biological treatments in inflammatory bowel 
diseases. Minerva Gastroenterol Dietol. 2007; 53:249–255. [PubMed: 17912187] 

10. Barrie A, Plevy S. Treatment of immune-mediated extraintestinal manifestations of inflammatory 
bowel disease with infliximab. Gastroenterol Clin North Am. 2006; 35:883–893. [PubMed: 
17129819] 

11. Borst J, Hendriks J, Xiao Y. CD27 and CD70 in T cell and B cell activation. Curr Opin Immunol. 
2005; 17:275–281. [PubMed: 15886117] 

12. Dolfi DV, Katsikis PD. CD28 and CD27 costimulation of CD8+ T cells: a story of survival. Adv 
Exp Med Biol. 2007; 590:149–170. [PubMed: 17191384] 

13. Grewal IS. CD70 as a therapeutic target in human malignancies. Expert Opin Ther Targets. 2008; 
12:341–351. [PubMed: 18269343] 

14. Tesselaar K, Xiao Y, Arens R, van Schijndel GM, Schuurhuis DH, Mebius RE, Borst J, van Lier 
RA. Expression of the murine CD27 ligand CD70 in vitro and in vivo. J Immunol. 2003; 170:33–
40. [PubMed: 12496380] 

15. Iwamoto S, Ishida M, Takahashi K, Takeda K, Miyazaki A. Lipopolysaccharide stimulation 
converts vigorously washed dendritic cells (DCs) to nonexhausted DCs expressing CD70 and 

Manocha et al. Page 9

J Immunol. Author manuscript; available in PMC 2014 November 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



evoking long-lasting type 1 T cell responses. J Leukoc Biol. 2005; 78:383–392. [PubMed: 
15857939] 

16. Sanchez PJ, McWilliams JA, Haluszczak C, Yagita H, Kedl RM. Combined TLR/CD40 
stimulation mediates potent cellular immunity by regulating dendritic cell expression of CD70 in 
vivo. J Immunol. 2007; 178:1564–1572. [PubMed: 17237405] 

17. Hendriks J, Gravestein LA, Tesselaar K, van Lier RA, Schumacher TN, Borst J. CD27 is required 
for generation and long-term maintenance of T cell immunity. Nat Immunol. 2000; 1:433–440. 
[PubMed: 11062504] 

18. Rowley TF, Al-Shamkhani A. Stimulation by soluble CD70 promotes strong primary and 
secondary CD8+ cytotoxic T cell responses in vivo. J Immunol. 2004; 172:6039–6046. [PubMed: 
15128787] 

19. Tesselaar K, Arens R, van Schijndel GM, Baars PA, van der Valk MA, Borst J, van Oers MH, van 
Lier RA. Lethal T cell immunodeficiency induced by chronic costimulation via CD27-CD70 
interactions. Nat Immunol. 2003; 4:49–54. [PubMed: 12469117] 

20. Han BK, White AM, Dao KH, Karp DR, Wakelan EK, Davis LS. Increased prevalence of 
activated CD70+CD4+ T cells in the periphery of patients with systemic lupus erythematosus. 
Lupus. 2005; 14:598–606. [PubMed: 16175931] 

21. Lee WW, Yang ZZ, Li G, Weyand CM, Goronzy JJ. Unchecked CD70 expression on T cells 
lowers threshold for T cell activation in rheumatoid arthritis. J Immunol. 2007; 179:2609–2615. 
[PubMed: 17675524] 

22. Yamada A, Salama AD, Sho M, Najafian N, Ito T, Forman JP, Kewalramani R, Sandner S, Harada 
H, Clarkson MR, Mandelbrot DA, Sharpe AH, Oshima H, Yagita H, Chalasani G, Lakkis FG, 
Auchincloss H Jr, Sayegh MH. CD70 signaling is critical for CD28-independent CD8+ T cell-
mediated alloimmune responses in vivo. J Immunol. 2005; 174:1357–1364. [PubMed: 15661893] 

23. Nakajima A, Oshima H, Nohara C, Morimoto S, Yoshino S, Kobata T, Yagita H, Okumura K. 
Involvement of CD70-CD27 interactions in the induction of experimental autoimmune 
encephalomyelitis. J Neuroimmunol. 2000; 109:188–196. [PubMed: 10996221] 

24. Laouar A, Haridas V, Vargas D, Zhinan X, Chaplin D, van Lier RA, Manjunath N. CD70(+) 
antigen-presenting cells control the proliferation and differentiation of T cells in the intestinal 
mucosa. Nat Immunol. 2005

25. Abadia-Molina AC, Ji H, Faubion WA, Julien A, Latchman Y, Yagita H, Sharpe A, Bhan AK, 
Terhorst C. CD48 controls T-cell and antigen-presenting cell functions in experimental colitis. 
Gastroenterology. 2006; 130:424–434. [PubMed: 16472597] 

26. Neurath MF, Fuss I, Pasparakis M, Alexopoulou L, Haralambous S, Meyer zum Buschenfelde KH, 
Strober W, Kollias G. Predominant pathogenic role of tumor necrosis factor in experimental colitis 
in mice. Eur J Immunol. 1997; 27:1743–1750. [PubMed: 9247586] 

27. Uhlig HH, McKenzie BS, Hue S, Thompson C, Joyce-Shaikh B, Stepankova R, Robinson N, 
Buonocore S, Tlaskalova-Hogenova H, Cua DJ, Powrie F. Differential activity of IL-12 and IL-23 
in mucosal and systemic innate immune pathology. Immunity. 2006; 25:309–318. [PubMed: 
16919486] 

28. Powrie F, Leach MW, Mauze S, Caddle LB, Coffman RL. Phenotypically distinct subsets of CD4+ 
T cells induce or protect from chronic intestinal inflammation in C. B-17 scid mice. Int Immunol. 
1993; 5:1461–1471. [PubMed: 7903159] 

29. Neurath M, Fuss I, Strober W. TNBS-colitis. Int Rev Immunol. 2000; 19:51–62. [PubMed: 
10723677] 

30. Xiao Y, Peperzak V, Keller AM, Borst J. CD27 Instructs CD4+ T Cells to Provide Help for the 
Memory CD8+ T Cell Response after Protein Immunization. J Immunol. 2008; 181:1071–1082. 
[PubMed: 18606659] 

31. Hendriks J, Xiao Y, Rossen JW, van der Sluijs KF, Sugamura K, Ishii N, Borst J. During viral 
infection of the respiratory tract, CD27, 4-1BB, and OX40 collectively determine formation of 
CD8+ memory T cells and their capacity for secondary expansion. J Immunol. 2005; 175:1665–
1676. [PubMed: 16034107] 

Manocha et al. Page 10

J Immunol. Author manuscript; available in PMC 2014 November 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



32. Hendriks J, Xiao Y, Borst J. CD27 promotes survival of activated T cells and complements CD28 
in generation and establishment of the effector T cell pool. J Exp Med. 2003; 198:1369–1380. 
[PubMed: 14581610] 

33. Soares H, Waechter H, Glaichenhaus N, Mougneau E, Yagita H, Mizenina O, Dudziak D, 
Nussenzweig MC, Steinman RM. A subset of dendritic cells induces CD4+ T cells to produce 
IFN-gamma by an IL-12-independent but CD70-dependent mechanism in vivo. J Exp Med. 2007; 
204:1095–1106. [PubMed: 17438065] 

34. Hayakawa Y, Smyth MJ. CD27 dissects mature NK cells into two subsets with distinct 
responsiveness and migratory capacity. J Immunol. 2006; 176:1517–1524. [PubMed: 16424180] 

35. Takeda K, Oshima H, Hayakawa Y, Akiba H, Atsuta M, Kobata T, Kobayashi K, Ito M, Yagita H, 
Okumura K. CD27-mediated activation of murine NK cells. J Immunol. 2000; 164:1741–1745. 
[PubMed: 10657619] 

36. Grundy MA, Sentman CL. Immunodeficient mice have elevated numbers of NK cells in non-
lymphoid tissues. Exp Cell Res. 2006; 312:3920–3926. [PubMed: 17005178] 

37. Fort MM, Leach MW, Rennick DM. A role for NK cells as regulators of CD4+ T cells in a transfer 
model of colitis. J Immunol. 1998; 161:3256–3261. [PubMed: 9759840] 

38. Arens R, Tesselaar K, Baars PA, van Schijndel GM, Hendriks J, Pals ST, Krimpenfort P, Borst J, 
van Oers MH, van Lier RA. Constitutive CD27/CD70 interaction induces expansion of effector-
type T cells and results in IFNgamma-mediated B cell depletion. Immunity. 2001; 15:801–812. 
[PubMed: 11728341] 

39. McDonagh CF, Kim KM, Turcott E, Brown LL, Westendorf L, Feist T, Sussman D, Stone I, 
Anderson M, Miyamoto J, Lyon R, Alley SC, Gerber HP, Carter PJ. Engineered anti-CD70 
antibody-drug conjugate with increased therapeutic index. Mol Cancer Ther. 2008; 7:2913–2923. 
[PubMed: 18790772] 

Manocha et al. Page 11

J Immunol. Author manuscript; available in PMC 2014 November 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig 1. CD27-CD70 interaction is required for the development of colitis in the T cell transfer 
model
Rag-1−/− mice were transferred with CD4+CD45RBhi CD4 T cells from wild type or CD27-

deficient mice and the wild type T cell transferred mice treated with control hamster IgG or 

anti-CD70 antibody. Induction of colitis was assessed 8 wk after transfer. (a) Weight loss (b) 

Disease activity index (DAI) and (c) Histology score. The data shown is pooled from 3 

independent experiments with a total of 17–25 mice in each group. Each symbol represents 

an individual mouse and the horizontal line represents the median value. (d) One 

representative histology slide from each of wt CD45RBhi CD4 T cells transferred mice 

treated with hamster IgG (histology score=7) or anti-CD70 antibody (histology score=1) and 

CD27-deficient CD45RBhi CD4 T cells transferred mice (histology score=2) is shown 

(magnification, 10X). Colon sections from unmanipulated wt C57/BL-6 and Rag-1−/− mice 

is shown in supplementary Fig. S4.
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Fig 2. Decreased cytokine production in the absence of CD27-CD70 interaction
Cytokine concentration in mice in Fig.1 was measured in (a) colon explant cultures or (b) 

MLN T cell cultures using a cytometric bead array (CBA kit) (n= 5–18 mice per group). The 

bar graphs represent Mean values ±SD.

Manocha et al. Page 13

J Immunol. Author manuscript; available in PMC 2014 November 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig 3. Anti-CD70 antibody therapy ameliorates an established colitis
Wild type CD45RBhi CD4 T cell-transferred Rag-1−/− mice were treated with a control 

hamster IgG or anti-CD70 antibody starting from the day of transfer or 3 wk or 5 wk after T 

cell transfer. Severity of colitis was assessed by (a) weight loss as a percentage of the 

starting weight (b) survival rate percentage (c) disease activity index and (d) histology score 

(n = 5–7 mice per group). Data represent the Mean values ±SD *p< 0.05 (e) One 

representative histology slide from hamster IgG control and each treatment group (anti-

CD70 antibody treatment initiated on day 0, 3 wk and 5 wk after transfer) is shown 

(magnification, 10X).
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Fig 4. Anti-CD70 antibody treatment prevents TNBS-induced colitis
SJL/J mice were injected intrarectally with 25% ethanol alone or with TNBS in 25% ethanol 

and treated with control hamster IgG or anti-CD70. Induction of colitis was assessed by (a) 

weight loss as a percentage of the starting weight (b) DAI and (c) histology score. (d) One 

representative histology slide from each treatment group of mice is shown (magnification, 

10X).
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Fig 5. Anti-CD70 antibody treatment does not inhibit a non-T cell-mediated colitis
Rag-1−/− mice were injected with 200 μg anti-CD40 and treated with control hamster IgG or 

anti-CD70 antibody. Disease induction was assessed by (a) weight loss (b) splenic weight 

(c) spleen total cell number (d) DAI and (e) histological score. Data represent the Mean ±SD 

(n= 3 for isotype control (no anti-CD40) and n = 6 for anti-CD40 injected group.
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