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Inflammatory bowel diseases, including ulcerative co-

litis and Crohn’s disease, increase the risk of colorec-

tal cancer in humans. It has been recently shown in

humans and animal models that intestinal microbiota

and host immunity are integral in the progression of

large bowel diseases. Lymphocytes are widely be-

lieved to prevent bacterially induced inflammation in

the bowel, and lymphocytes are also critical in pro-

tecting against primary tumors of intestinal epithelia

in mice. Taken together, this raises the possibility

that lymphocytes may inhibit colon carcinogenesis

by reducing bacterially driven inflammation. To ex-

amine the role of bacteria, lymphocytes, and inflam-

matory bowel disease in the development of colon

cancer, 129/SvEv Rag-2-deficient and congenic wild-

type mice were orally inoculated with a widespread

enteric mouse bacterial pathogen, Helicobacter he-

paticus , or sham-dosed with media only. H. hepati-

cus-infected Rag2�/� , but not sham-dosed Rag2�/�

mice, rapidly developed colitis and large bowel carci-

noma. This demonstrated a link between microbially

driven inflammation and cancer in the lower bowel

and suggested that innate immune dysregulation may

have an important role in inflammatory bowel dis-

ease and progression to cancer. H. hepaticus-infected

wild-type mice did not develop inflammation or car-

cinoma showing that lymphocytes were required to

prevent bacterially induced cancer at this site. Adop-

tive transfer with CD4� CD45RBlo CD25� regulatory T

cells into Rag-deficient hosts significantly inhibited H.

hepaticus-induced inflammation and development of

cancer. These results suggested that the ability of

CD4� T cells to protect against intestinal cancer was

correlated with their ability to reduce bacterially in-

duced inflammatory bowel disease. Further, regula-

tory T cells may act directly on the innate immune

system to reduce or prevent disease. These roles for T

cells in protection against colon carcinoma may have

implications for new modes of prevention and treat-

ment of cancer in humans. (Am J Pathol 2003,

162:691–702)

In humans with inflammatory bowel disease (IBD), colon

cancer arises from dysplastic epithelial foci.1–3 Many fac-

tors contribute to inflammatory and neoplastic diseases

of the lower bowel, but clinical trials using antibiotics,

probiotics, and cytokines have shown that microbial sta-

tus and host immunity are pivotal in progression of lower

bowel disease.4 A bacterial etiology of tumorigenesis has

not yet been established in the colon of humans; how-

ever, gastric carcinoma in humans has been convinc-

ingly linked with chronic Helicobacter pylori-induced in-

flammation.5–7

Adaptive immunity has been proven critical in protec-

tion against intestinal cancer. Shankaran and col-

leagues8 showed that mice lacking functional lympho-

cytes had a markedly higher frequency of lower bowel

carcinoma compared with congenic wild-type mice. It

was suggested that lymphocytes prevented cancer pri-

marily by detecting and eliminating newly arising tu-

mors.8,9 Lymphocytes, however, are also proposed to

have a critical role in regulating bacterially induced in-

flammation in the lower bowel.10–14 This raises the pos-

sibility that modulation of inflammatory responses to en-

teric bacteria may influence progression of cancer in the
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intestine. Indeed, enteric bacteria were required for lower

bowel adenocarcinoma to develop in germ-free TCR�-

deficient mice,15 and bacterial infection increased sever-

ity of cancer in Apcmin/� mice.16

Recombinase-activating gene (Rag)-1- or -2-deficient

mice lack functional lymphocytes because of an inability

to properly rearrange antigen receptors.17 The absence

of functional T and B cells, and the ability to transfer

specified subsets of lymphocytes from immunocompe-

tent mice, make this mouse a valuable model to study

innate and adaptive immunity in the lower bowel. Rag-

deficient mice have been used extensively as a host in

adoptive transfer studies of colitis induced by

CD4�CD45RBhi T cells. The role of T cells in induction of

IBD has been widely studied;18,19 however, T cells are

not absolutely required for chronic inflammation in the

colon.11,20 Colitis in SCID and Rag-deficient mice could

be induced by infection with a widespread enteric mouse

bacterial pathogen, Helicobacter hepaticus, without the

need for effector T lymphocytes.11,21

Colitis induced by the transfer of CD4� effector T cells

is preventable by co-transfer of CD4� CD45RBlo or

CD4�CD25� regulatory T cells.10,18,19,22,23 These T

cells, which are distinguished from their counterparts by

cytokine profile and tolerance induction, were first recog-

nized for their ability to prevent autoimmune disease in

rodents.19,24 Later, CD4�CD25� cells with similar func-

tions were isolated from thymus and peripheral blood of

humans.19,25,26 The regulatory cells that inhibit intestinal

inflammation are believed to be found predominantly in

the CD4� CD45RBlo CD25� population of cells.19,27,28

Given that H. pylori-induced chronic inflammation

leads to gastric carcinoma in humans and mice,5,29 we

postulated that certain bacteria may similarly induce in-

flammation-associated cancer in the lower bowel. Based

on evidence that lymphocytes were critical to preventing

intestinal cancer, and that CD4� CD45RBlo CD25� T

lymphocytes regulate inflammation in the lower bowel of

mice, we hypothesized that these T cells may inhibit

cancer by suppressing chronic microbially induced in-

flammation in the lower bowel. Inability to inhibit bacteri-

ally driven inflammation might explain the high frequency

of lower bowel adenocarcinoma observed in Rag-defi-

cient mice. Thus, we examined progression of H. hepati-

cus-induced inflammation and cancer in Rag-2-deficient

mice, with and without adoptive transfer of CD4�

CD45RBlo CD25� T lymphocytes.

Materials and Methods

Rag2 Mice Were Housed in a Helicobacter-Free

Mouse Facility

All mice were housed in Association for Assessment and

Accreditation of Laboratory Animal Care-approved facil-

ities in static microisolator cages. 129/SvEv Rag2-defi-

cient mice from Taconic Farms (Germantown, NY) were

housed for 18 months with health status free of known

murine viruses, Salmonella spp, Citrobacter rodentium,

ecto- and endoparasites, and known murine Helicobacter

spp. A Rag2-deficient breeding colony was established

in this facility to provide mice for subsequent infection

experiments.

Experimental Infection

H. hepaticus (strain 3B1, no. 51449; American Type Cul-

ture Collection, Rockville, MD) was grown as described

elsewhere.30 Cultures were examined by Gram’s stain

and phase microscopy for contaminants and subcultured

on blood agar to confirm purity. Bacteria were resus-

pended in brucella broth at 108 bacteria/ml as confirmed

by spectrophotometry.31 Experimental mice received 0.2

ml of fresh inoculum by gastric gavage every other day

for three doses.

At age 6 to 8 weeks, helicobacter-free Rag-2-deficient

mice were dosed with H. hepaticus suspended in broth or

sham-dosed with broth only. A cohort of aging 129/SvEv

Rag-2-deficient mice remained untreated. The infected

and control uninfected mice were housed in microisolator

caging in different areas within the animal facility. Repli-

cate experiments were conducted with three groups of

similar size. In each experiment, half of the mice were

male and half of the mice were female.

Confirmation of H. hepaticus Infection

Cecum and colon were collected at necropsy and ana-

lyzed by polymerase chain reaction to confirm experi-

mental infection using H. hepaticus-specific primers.32

Helicobacter-free status was confirmed in controls using

polymerase chain reaction with helicobacter genus-spe-

cific primers.33

Adoptive Transfer of T Cells in Rag-2 Knockout

Mice

To examine whether T cells modulate progression of

cancer in H. hepaticus-infected Rag2 mice, we performed

transfers of purified (as below) T lymphocytes from heli-

cobacter-free 129/SvEv donors into Rag2-deficient mice.

Half of the lymphocyte donors were male and half of the

donors were female.

Before experimental H. hepaticus infection, anesthe-

tized mice were injected intravenously in the retro-orbital

sinus with 2 � 105 T cells suspended in 0.2 ml of media

using a 26-gauge needle. Mice were dosed 72 hours

later with H. hepaticus, as described above.

Purification of T Cells for Adoptive Transfer

To obtain viable and highly purified populations of T cells

for adoptive transfer, single cell suspensions from spleen

and mesenteric lymph nodes from helicobacter-free 129/

SvEv mice were prepared. CD4-positive cells were iso-

lated by using L3T4 Dynabeads (Dynal, Oslo, Norway).

Cells were detached from the beads using mouse CD4

DETACHaBEAD (Dynal). The purity of CD4� cells iso-

lated in this manner was �95%. CD45RBlo CD25� cells
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were further isolated from the CD4� population by label-

ing with anti-CD45RB-FITC antibodies (Pharmingen, La

Jolla, CA) and anti-CD25-PE antibodies (Pharmingen)

and then purified by flow cytometry. Purified cells were

resuspended in RPMI with 10% fetal calf serum before

injection as previously described.34 Reanalysis of these

cells before transfer into mice indicated that purity was

�99%.

Confirmation of Adoptive Transfer of CD45RBlo

CD25� Cells

Host spleens were collected at the time of necropsy, and

single cell suspensions were prepared. Cells were

stained with anti-CD3 and anti-CD4 antibodies and ana-

lyzed by flow cytometry. The percentage of CD3�CD4�

cells in the spleens of these animals ranged from 0 to 7%.

CD3�CD4� T cells made up less than 1% of the spleno-

cytes in 3 of the 17 mice that received CD4�CD45RBlo

CD25� cells. One (1 of 17) mouse had no evidence of

CD4� cells in the spleen on necropsy.

Histological Evaluation

Formalin-fixed tissues were embedded in paraffin, cut at

5 �m, and stained with hematoxylin and eosin. Lesions

were scored by a pathologist blinded to sample identity.

The cecal and colonic lesions were scored on the basis

of size and frequency of hyperplastic and inflammatory

lesions on a scale of 0 to 4 with ascending severity (0,

none; 1, minimal; 2, mild; 3, moderate; and 4, severe)

modified from Berg and colleagues.35 Epithelial dyspla-

sia and neoplasia were graded using a scale of 0 to 4

based on a recently described scheme:36–38 grade 0,

normal (Figure 1; A to C); 1, mild dysplastic changes

(Figure 1; D to F); 2, low-grade adenoma/dysplasia (Fig-

ure 1; G to I); 3, high-grade adenoma/dysplasia, carci-

noma in situ, or intramucosal carcinoma (Figure 1, J to O;

Figure 2, A and B; Figure 3A); and 4, invasive carcinoma

(Figure 4; A to C). Figures 1 and 2 show the grading

system and depict the spectrum of dysplastic and neo-

plastic lesions observed in this study. Data are compiled

from three replicate experiments with statistically similar

results. Nonparametric data are presented as median

score and range (in parentheses) for each group.

Immunohistochemical Assessment of Epithelial

Proliferation or Tumor Invasion

Cell proliferation and invasion were determined using

monoclonal antibodies directed against Ki-67 (BD Bio-

sciences, San Diego, CA), and pan-cytokeratin (AE1/

AE3; DAKO, Carpinteria, CA), respectively. Standard im-

munohistochemistry was performed on an i6000

autostainer (Biogenex, San Ramon, CA). Briefly, formalin-

fixed tissues on positively charged slides were deparaf-

finized and rehydrated. Antigen retrieval was performed

with microwave heat in pH 6 citrate buffer (DAKO) for

Ki-67, or with 5 minutes of protease digestion at 37°C

using 10 mg/ml of proteinase K (Roche Molecular Sys-

tems, Indianapolis, IN) for cytokeratin. Endogenous per-

oxidases were quenched with two rounds of 3% H2O2 in

phosphate-buffered saline for 5 minutes each. For immu-

nohistochemistry the ARK kit (DAKO) was used. Signal

was detected with diaminobenzidine and tissues were

counterstained with Gill’s hematoxylin.

Detection of Cytokine mRNA Expression in

Cecum and Colon

One-cm segments of cecum and colon near the junction

were harvested immediately after mice were euthanized

and the segments were snap-frozen in liquid nitrogen.

Frozen specimens were homogenized into Tri-reagent

(Molecular Research Center, Cincinnati, OH) and RNA

prepared per the manufacturer’s instructions. RNase pro-

tection analyses were performed on 20 �g of total RNA

using RiboQuant Multi-Probe Template Sets (Pharmin-

gen). Intensities of the protected fragments were quanti-

tated by phosphorimager analysis and each cytokine

was normalized to GAPDH internal controls.

Statistical Analyses

Analyses of cecal and colonic lesion scores were per-

formed using a Mann-Whitney U nonparametric test for

ordinal data. Cytokine data were analyzed using a two-

tailed t-test.

Results

Untreated Rag2-Deficient Mice Did Not Develop

IBD or Cancer

To determine whether enteric microbial status influenced

frequency or distribution of lower bowel cancer in Rag-

deficient mice, we first examined unmanipulated helico-

bacter-free Rag-2-deficient mice. Uninfected 129/SvEv

Rag-2-knockout mice examined at 12 months of age (n �

16) and 15 months of age (n � 10) had no or minimal

inflammation in the cecum [0 (0 to 0)] or colon [0 (0 to 1)],

no epithelial hyperplasia in the cecum [0 (0 to 0)] or colon

[0 (0 to 0)], and no dysplasia or cancer in the cecum [0 (0

to 0)] or colon [0 (0 to 0)].

H. hepaticus-Induced IBD in Rag2-Deficient

Mice

To evaluate the ability of H. hepaticus to induce bowel

lesions in Rag-2-deficient mice, mice were dosed with H.

hepaticus and examined for histological changes in the

cecum and colon. In H. hepaticus-infected Rag-2-defi-

cient mice, there was significantly increased epithelial

hyperplasia in the cecum [4 (3 to 4); P � 0.0001] and

colon [4 (2 to 4); P � 0.0001] associated with inflamma-

tion in the cecum [4 (3 to 4); P � 0.0001] and colon [4 (2

to 4); P � 0.0001] (Figure 3; A to D) compared with
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Figure 1. Large bowel histopathology depicting grades of dysplasia and neoplasia. Each row represents tissue from a single animal. The left panel in each row
is a low-magnification view of mucosa. The middle and right panels are higher magnifications of the longitudinally sectioned and cross-sectioned glands,
respectively. A–C: Uninfected control mouse. Remaining rows demonstrate progressively severe hyperplasia, dysplasia, and/or neoplasia from H. hepaticus-
infected Rag-2-deficient mice. Note progressively increased severity of glandular and cellular atypia from the top to the bottom of each column. D–F: Mild
dysplasia, grade 1. G–I: Low-grade adenoma and dysplasia, grade 2. J–L: High-grade adenoma and dysplasia, grade 3. M–O: Carcinoma in situ, grade 3. H&E;
original magnifications: �100 (A, D, G, J, M); �400 (B, C, E, F, H, I, K, L, N, O).
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uninfected controls (Table 1). Figure 3 demonstrates the

contrast between inflammation and hyperplasia in H. he-

paticus-infected and uninfected Rag-deficient mice. In-

flammation was most severe in the lamina propria, with

extension into the submucosa in advanced cases, and

was comprised chiefly of macrophages and granulo-

cytes. Macrophages and eosinophils predominated in

approximately equal numbers, whereas neutrophils were

less frequent and associated primarily with microabsces-

sation (Figure 3C, inset). The hyperplastic changes were

characterized by mild to marked elongation and thick-

ness of the colonic crypts (Figure 1D, Figure 3C), epithe-

lial hypercellularity, and increased numbers of mitotic

figures per high-power field.

To correlate infection and inflammation with increased

epithelial proliferation in these mice, Ki-67, a nuclear

antigen expressed only during mitosis, was examined in

lower bowel tissues from H. hepaticus-infected mice with

H. hepaticus-induced inflammation and hyperplasia.

Ki-67 staining was evident in cells of the superficial mu-

cosa as well as in the base of the crypts in H. hepaticus-

infected mice, compared with the base of the crypts only

in uninfected mice (Figure 4, D and E), suggesting dys-

regulation of epithelial proliferation.

Rag2-Deficient Mice Were Highly Susceptible to

H. hepaticus-Induced Epithelial Dysplasia and

Cancer

To determine whether H. hepaticus-associated bowel in-

flammation increased frequency of neoplasia in 129/SvEv

Rag2-deficient mice, H. hepaticus-infected Rag-2-defi-

cient mice were examined for epithelial changes at 2, 4,

and 8 months after infection. Figures 2 to 4 depict the

spectrum of dysplastic and neoplastic lower bowel epi-

thelial lesions in H. hepaticus-infected mice. Dysplasia of

the crypt epithelium was evidenced by loss of goblet

cells, pseudostratification, loss of nuclear polarity, nu-

clear atypia, and cell pleomorphism. Some cells were

elongated with basophilic cytoplasm and heterochro-

matic nuclei whereas others had amphophilic cytoplasm

and rounded, variably sized, euchromatic nuclei with

prominent nucleoli. Irregularities of crypt architecture in-

cluded tortuosity, branching, variability in shape and

size, slit-shaped lumens, and cystic dilatation (Figure 1,

D to O; Figure 3A). Occasional dilated crypts occupied

the full length of the mucosa and were filled with mucous

and lined by highly dysplastic epithelium (Figure 4A).

Rarely, the surface epithelium formed papillary projec-

tions. Small sessile tubular adenomas (Figure 5C) were

seen but there were no pendunculated or villus adeno-

mas. Noninvasive carcinoma (carcinoma in situ) was very

common (Figure 1; M to O). The glands in these cases

were severely dysplastic, irregular and branching without

evident invasion into the muscularis mucosae. Intramu-

cosal carcinoma, with extension into the lamina propria

but not submucosa, was also observed (Figure 2B).

There was trabecular growth and budding of glands,

small-sized atypical glands, micronests, and single neo-

plastic cells invading the submucosa (Figure 4G).

Rag-2-deficient mice dosed with H. hepaticus also de-

veloped adenocarcinoma with muscle invasion in the

colon within 60 days after infection (Figure 4, B and C).

Adenocarcinomas invading the submucosa or the tunica

muscularis seemed to arise from the ingrowth of the

highly dysplastic deep epithelium. Variably sized, irreg-

ular dysplastic glands invaded through the muscularis

mucosa into the submucosa and tunica muscularis. Neo-

plastic glands were generally well differentiated (Figure

4A) but some glands were highly irregular (Figure 3C)

and occasional cystic spaces contained mucin pools

(Figure 4, B and C). Either grade 3 (without invasion) or

grade 4 (with invasion) carcinoma was observed in all (12

of 12) of the mice at 4 months after infection (Table 1). H.

hepaticus-induced cancer was more frequent in the ce-

cum initially, but comparable in cecum and colon at 6

Figure 2. Histopathological features of dysplasia and carcinoma including a mucinous cyst lined by highly dysplastic epithelium (A), intramucosal carcinoma (B),
and submucosal invasion (C). Original magnifications: �40 (A), �100 (B, C).
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months after infection. Mice with cancer had rectal pro-

lapses but maintained body condition at 8 months after

infection. Cytokeratin staining revealed no metastases in

local lymph nodes in 10 mice examined.

H. hepaticus-Infected Wild-Type Mice Had

Minimal IBD and No Cancer

To evaluate the role of lymphocytes in preventing pathol-

ogy observed in H. hepaticus-infected Rag-2-deficient

mice, we first compared helicobacter-infected Rag-defi-

cient versus congenic wild-type mice. H. hepaticus-in-

fected 129/SvEv wild-type mice examined at 2 to 3

months after infection (n � 10) had no inflammation in the

cecum [0 (0 to 0)] or colon [0 (0 to 0)], no epithelial

hyperplasia in the cecum [0 (0 to 0)] or colon [0 (0 to 0)],

and no dysplasia or cancer in the cecum [0 (0 to 0)] or

colon [0 (0 to 0)]. H. hepaticus-infected 129/SvEv wild-

type mice examined at 6 to 8 months after infection (n �

10) had minimal inflammation in the cecum [0.5 (0 to 1)]

or colon [0 .5 (0 to 1)], minimal epithelial hyperplasia in

the cecum [0 (0 to 1)] or colon [0 (0 to 1)], and no

dysplasia or neoplasia in the cecum [0 (0 to 0)] or colon

[0 (0 to 0)]. These findings supported the critical role of

lymphocytes in protection against colon cancer in this

model and led us to examine whether lymphocyte sub-

sets known to suppress intestinal inflammation may help

protect against development of cancer.

CD4�CD45RBlo CD25� Regulatory T Cells

Inhibited Development of H. hepaticus-Induced

Typhlocolitis and Cancer in Rag-2-Deficient

Mice

To examine whether CD4� T cells that suppressed colitis

in other models may also suppress development of mi-

crobially induced colon cancer in Rag-2-deficient mice,

we performed adoptive transfer of T cells. Adoptive trans-

fer of purified CD4�CD45RBlo CD25� cells (n � 17), 72

hours before infection with H. hepaticus, significantly

blocked development of inflammation [2 (0 to 4); P �

0.0001] and hyperplasia [1 (0 to 4); P � 0.0001] in

cecum, and inflammation [2 (0 to 4); P � 0.0001] and

hyperplasia [1 (0 to 4); P � 0.0001] in colon. Adoptive

transfer also inhibited dysplasia and neoplasia in the

cecum [1 (0 to 4); P � 0.001] and the colon [0 (0 to 4);

P � 0.001], when analyzed at 3 months after infection

with H. hepaticus (Table 2 and Figure 5). Seven of 17 of

the lymphocyte recipients had no evidence of inflamma-

tion (score � 0) or dysplasia (score � 0) in the cecum or

colon, and 4 of 17 mice had minimal or mild inflammation

(score �2) but no dysplasia. Six of 17 recipients had

localized moderate or severe inflammation and epithelial

dysplasia in the cecum and colon. Figure 5 demonstrates

the ability of CD4�CD45RBlo CD25� T cells to inhibit

development of H. hepaticus-induced inflammation and

dysplasia. Furthermore, there was a significant reduction

in the expression of mRNA for proinflammatory cytokine

interleukin (IL)-12, tumor necrosis factor-�, and IP-10 in

the cecum of mice that received CD4� CD45RBlo CD25�

T cells before H. hepaticus infection, compared with Rag-

deficient mice that did not receive T lymphocytes before

infection (Figure 6). There were small but statistically

significant increases in the Th2-like cytokines IL-10 and

Figure 3. H. hepaticus-induced severe typhlitis (A) and colitis (C) in Rag-
2-deficient mice at 2 months after infection. There is severe mucosal and
submucosal inflammation, marked epithelial hyperplasia, loss of goblet cells,
and surface epithelial cell necrosis and erosions. Note the irregularities of
crypt architecture in A (tortuosity, branching, cystic dilatation) indicative of
dysplasia. The inset depicts the mixed inflammatory cells including predom-
inantly macrophages and eosinophils. Normal histology of cecum (B) and
colon (D) from uninfected Rag-2-deficient mice at 12 months after infection.
H&E; original magnifications, �400.
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Figure 4. Invasive adenocarcinoma of cecum (A) and colon (B and C), H&E. A: Well-differentiated neoplastic glands invaded into the submucosa. B: Invasive
adenocarcinoma arising in an area of severe colitis and dysplasia. C: Higher magnification of the carcinoma illustrated in B, demonstrating invasion into the muscle
layer; note the irregular shape of malignant glands and a mucin pool. Immunohistochemical staining of colon (D, E) and cecum (F, G) of uninfected (D, F) and
H. hepaticus-infected (E, G) Rag-2-deficient mice for Ki-67 (D, E), and cytokeratins (F, G). Diaminobenzidine, Gill’s hematoxylin counterstain. E: Increased
proliferative activity and expansion of the crypt proliferative zone toward the surface epithelium. G: Cytokeratin immunolabeling highlights the presence of small
nests and single epithelial cells invading into the lamina propria and submucosa. Original magnifications: �40 (A, B, C, D, E, F, G); �100 (H, I).
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IL-15 in recipients of T cells. Expression of IL-4 and

interferon-� were not detected.

Discussion

In this study infection with a common mouse enteric

bacterial pathogen, H. hepaticus, caused colitis in 129/

SvEv Rag-2-deficient mice but not sham-dosed mice.

This supported earlier findings that innate immune re-

sponse was sufficient for chronic inflammation in the

lower bowel11,20,21 in some strains of mice. H. hepaticus-

infected Rag-2-deficient mice developed colitis-associ-

ated carcinoma within 4 months after infection, while

aged uninfected Rag-deficient mice did not have IBD or

cancer, suggesting that helicobacter-driven inflammation

promoted carcinogenesis in this model. No dysplasia or

carcinoma were observed in wild-type 129/SvEv mice,

showing that functional lymphocytes prevented the mi-

crobially induced cancer. Adoptive transfer of CD4�

CD45RBlo CD25� T cells significantly inhibited colitis and

cancer in this model. This indicates that lymphocytes

may be able to directly inhibit bacterially induced innate

immune inflammation, and suggests that regulation of

inflammation may be an important function of lympho-

cytes in preventing cancer in this model.

The lack of inflammation or cancer in aged uninfected

129/SvEv Rag-2-deficient mice in the present study con-

trasted with previous reports of spontaneous IBD at age

6 months20 or carcinoma at age 15 months8 in 129/SvEv

Rag-2-deficient mice. Shankaran and colleagues8 re-

ported that Rag2-deficient mice that developed adeno-

carcinoma were free of Helicobacter spp, suggesting that

other endogenous bacteria may have similar proinflam-

matory and carcinogenic potential; however, diverse di-

ets and husbandry practices among animal facilities may

also contribute to differences in bowel disease. The lack

of cancer in 129 Rag-deficient mice in the work by Engle

and colleagues20 suggests that complex interactions

between microbial and other environmental factors

may be required to initiate cancer. Identification of

endogenous enteric bacteria other than helicobacter

was not specifically done in any of these studies. Analy-

ses are underway in our laboratory using mice infected

with Schaedler’s defined flora to characterize more

definitively how enteric microbiota contribute to intestinal

carcinogenesis.39

H. hepaticus-induced cancer in the present study co-

incided with the primary sites of colonization of H. hepati-

cus in other inbred strains of mice.40,41 The pathogenicity

of H. hepaticus in this study was not surprising because

natural or experimental infection with H. hepaticus in-

duced severe typhlocolitis in many immuno-dysregulated

mutants;12,41–44 H. hepaticus also induced hepatitis-as-

sociated liver cancer in some strains of mice.45–47 A

similar progression of chronic inflammation to dysplasia

to cancer has been described in H. pylori-induced gas-

tritis and adenocarcinoma in humans.29,48,49 In these

models, helicobacter-driven dysregulated cell prolifera-

tion, demonstrated in the current study with Ki-67 label-

ing, is proposed to increase cancer risk by increasing the

number of cells susceptible to inflammatory-mediated

oxidative cellular damage.6,50

Table 1. Comparison of Bowel Disease in H. hepaticus-Infected and Uninfected Rag-2-Deficient Mice

H. hepaticus-free

Rag2-deficient (controls) H. hepaticus-infected Rag2-deficient

2 months

post-dose

n � 12

score

(range)

6 months

post-dose

n � 7

score

(range)

1 month PI

n � 8

score

(range)

2 months PI

n � 16

score

(range)

4 months PI

n � 12

score

(range)

6 months PI

n � 17

score

(range)

8 months PI

n � 12

score

(range)

Cecum

Inflammation 0 (0–1)* 0 (0–0) 3.5 (2–4) 4 (3–4) 4 (4–4) 4 (4–4) 4 (4–4)

P � 0.0001‡ P � 0.0000§

Hyperplasia 0 (0–0) 0 (0–0) 3 (2–3) 4 (3–4) 4 (4–4) 4 (4–4) 4 (4–4)

P � 0.0001 P � 0.0000

Dysplasia/neoplasia 0 (0–0) 0 (0–0) 1 (0–2) 3 (2–4) 3 (3–4) 4 (2–4) 3 (2–4)

P � 0.0001 P � 0.0000

Grade 3 or 4 carcinoma 0% (0/12)† 0% (0/7) 0% (0/8) 94% (15/16) 100% (12/12) 88% (15/17) 91% (11/12)

Colon

Inflammation 0 (0–0) 0 (0–0) 2.5 (1–4) 4 (2–4) 4 (4–4) 4 (2–4) 4 (4–4)

P � 0.0001 P � 0.0000

Hyperplasia 0 (0–0) 0 (0–0) 2.5 (1–4) 4 (2–4) 4 (4–4) 4 (2–4) 4 (4–4)

P � 0.0001 P � 0.0000

Dysplasia/neoplasia 0 (0–0) 0 (0–0) 1 (0–3) 3 (1–3) 3 (1–3) 3 (1–4) 3 (2–4)

P � 0.0001 P � 0.0000

Grade 3 or 4 carcinoma 0% (0/12) 0% (0/7) 12% (1/8) 81% (13/16) 58% (7/12) 82% (14/17) 83% (10/12)

Inflammation, hyperplasia, dysplasia, and neoplasia were evaluated histologically and scored 0 to 4 as described in the text. Data was subjected to
the Mann-Whitney U test by comparison of each criterion of disease in cecum and colon. Data is presented as median score and range. There were
significant differences in inflammation, hyperplasia, and dysplasia between infected and uninfected mice at 2 months and 6 months after-infection.

*Median score (range).
†Percentage (number affected) grade 3 or grade 4 carcinoma.
‡Mann-Whitney U test, comparison between H. hepaticus-infected and sham-dosed Rag2-deficient mice at 2 months after-infection.
§Mann-Whitney U test, comparison between H. hepaticus-infected and sham-dosed Rag2-deficient mice at 6 months after-infection.
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Progression of IBD-associated epithelial dysplasia and

carcinoma in these Rag-deficient mice morphologically

resembled IBD-associated cancer in other mouse mod-

els15,20,35,51,52 and the dysplasia sequence of IBD-asso-

ciated colon cancer in humans.1 Carcinoma was locally

invasive in these mice, but cancer did not rapidly metas-

tasize to other sites. Among the mouse models of the

dysplasia-cancer sequence of IBD in humans, most have

failed to develop distant metastases.20,35,51,53 Although

Rag-deficient mice lack functional lymphocytes, they do

have natural killer cells that had characterized anti-met-

astatic activity in T-cell-deficient mice,54 which may help

prevent metastases in this model. Helicobacter-infected

Rag-2-deficient mice in our facilities remained viable at 8

months after infection suggesting that they may be useful

for examining mutations and metastases during aging.

The high frequency of colon cancer in the 129/SvEv

Rag-2-deficient mice shown here and previously8,20 may

be attributable in part to the genetic background of these

mice. A similar influence of the 129 strain background on

severity of IBD and cancer in IL-10-deficient mice was

previously shown by Berg and colleagues.35 Recent

studies in our laboratory have indicated that H. hepaticus

induced more severe colitis and epithelial dysplasia in

129/SvEv Rag-2 mice than in BALB/c Rag-deficient or

C57Bl/6 Rag-deficient mice (data not shown), further

supporting that genetic background is important in sus-

ceptibility in this model, and indicating that a lymphocyte-

independent (innate immune) response to enteric bacte-

ria may be responsible for this strain-related predilection

to IBD. This susceptibility of the 129 strain of mice, com-

pared to other strains, may also help explain the discrep-

ancy between our findings and previously reported in-

sensitivity of C57Bl/6 background Rag-deficient mice to

H. hepaticus-induced disease.55

The observation that wild-type mice did not develop H.

hepaticus-induced carcinoma suggests that lymphocytes

normally maintain homeostasis and prevent bacterially

induced cancer in this model. It has been proposed that

lymphocytes protect against cancer primarily by locating

and eliminating newly arising tumor cells.9,56 However,

the well-documented ability of CD4�CD45RBlo or

CD4�CD25� regulatory cells to block typhlocolitis in-

duced by CD4�CD45RBhi effector cells in mice18,19,57

indicated that lymphocytes have other critical roles in

bowel homeostasis. Our finding that CD45RBlo CD25�

cells were effective in blocking colitis and cancer sug-

gested that T-cell-mediated inhibition of inflammation

was central in protecting against cancer in these mice,

perhaps in addition to classic immune surveillance. The

ability of CD45RBlo CD25� cells to block colitis in the

absence of CD45RBhi or CD25� effector lymphocytes in

this model suggested that these regulatory T cells are

able to directly modulate innate immune responses to

enteric bacteria. Direct suppression of the innate immune

response may be mediated by interactions with activated

dendritic cells.19 Longer observations after infection will

be needed to confirm that this T cell subset truly prevents

rather than merely delays onset of H. hepaticus-induced

cancer.

Figure 5. Large bowel histopathology of H. hepaticus-infected Rag-2-deficient mice
with and without adoptive transfer of CD4� regulatory T cells. Severe inflammation
and dysplasia in the cecum (A) and colon (C) in mice that received no regulatory T
cells. Compare with normal histology of cecum (B) and colon (D) in a mouse that
received regulatory T cells. Original magnifications, �40.
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In this study, 11 of the 17 recipients of regulatory

lymphocytes had no or minimal inflammation or dysplasia

in the cecum and colon. However, the finding of inflam-

mation and dysplasia in the remaining six recipients of

CD45RBlo CD25� cells needs further characterization.

One possibility is poor survival or ineffective localization

of the highly purified lymphocytes to the intestinal mu-

cosa in those mice; indeed, one of the recipients with IBD

had no evidence of CD4� cells in the spleen. It is also

possible that other lymphocyte subsets, such as CD25�

T cells, are needed for optimal protection against inflam-

mation at this site.19,58,59 In addition, the helicobacter-

free status and generally low microbial burden of the

lymphocyte donors in this study may have reduced the

regulatory potency of the transferred lymphocytes. Al-

though it has been previously shown that exposure of

donors to enteric bacteria was not required for prevention

of colitis in adoptive hosts,19,60 a dosage effect was

revealed such that inhibitory function of CD45RBlo or

CD25� regulatory cells from germ-free donors was im-

paired at lower transfer dosages compared with function

of cells from donors with enteric microbiota.60 Studies are

underway in our laboratory to examine these possibilities.

Regulatory T cell inhibition of colitis is mediated at least

in part by secretion of IL-10.18,19,59,61,62 IL-10 directly

counteracts IL-12-driven T helper type (Th) 1 inflamma-

tion to maintain homeostasis in the colon.18,19,53,63,64 In

the present study, CD45RBlo CD25� T cells inhibited H.

hepaticus-induced IL-12 supporting earlier observations

that IL-10-mediated suppression of IL-12 significantly de-

termines the extent and severity of H. hepaticus-driven

colitis.12,13 IL-10 was significantly increased in recipients

of CD45RBlo CD25� T cells in this study, although the

increases were small and the biological significance is

unknown. Taken together these data suggest that IL-10

may have a role in cancer prevention in the Rag-deficient

model. Indeed, IL-10-deficient mice readily develop IBD-

associated colon cancer.35,52 An IL-10-mediated mech-

anism was demonstrated for glial cell tumor rejection in

mice65 and it was proposed that CD4� cells directly

Table 2. Comparison of Bowel Disease in T Regulatory Cell-Treated and Untreated H. hepaticus-Infected Rag-2-Deficient Mice

Rag-2-deficient pretreated
with CD4� regulatory cells

with H. hepaticus
n � 17

Rag-2-deficient (controls)
with H. hepaticus

n � 15

Median score (range) Median score (range)

Cecum
Inflammation 2 (0–4) P�0.0001* 4 (3–4)
Hyperplasia 1 (0–4) P�0.0001 4 (3–4)
Dysplasia/neoplasia 1 (0–4) P�0.001 3 (2–4)

Colon
Inflammation 2 (0–4) P�0.0001 4 (3–4)
Hyperplasia 1 (0–4) P�0.0001 4 (3–4)
Dysplasia/neoplasia 0 (0–4) P�0.001 3 (2–4)

Inflammation, hyperplasia, dysplasia, and neoplasia were evaluated histologically and scored 0 to 4 as described in the text. Data was subjected to
the Mann-Whitney U test by comparison of each criterion of disease in cecum and colon. Data is presented as median score and range. There were
significant differences in inflammation, hyperplasia, and dysplasia between T-cell-treated and untreated mice.

*Mann-Whitney U test, comparison between H. hepaticus-infected CD4�CD45RBlo CD25� regulatory T-cell-treated versus untreated H. hepaticus-
infected Rag2-deficient mice.

Figure 6. Adoptive transfer of CD4�CD45RBlo CD25� T cells suppresses the expression of proinflammatory cytokines tumor necrosis factor-� and IL-12. RNA
was isolated from the cecum of H. hepaticus-infected Rag-2-deficient mice (open bars) or from Rag-2-deficient mice that received CD4�CD45RBlo CD25� T cells
(hatched bars), before infection. Expression of the indicated genes was analyzed by RNase protection. Intensity of the protected fragments was quantified on
a phosphor imager and normalized to GAPDH internal controls. Relative expression is shown on the y axis. Each group consists of five to eight mice with SEM,
as indicated. Differences between groups were statistically significant for all cytokines shown (P � 0.05).
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suppressed T helper (Th)1-mediated inflammation pur-

ported to drive carcinogenesis in that model. Alterna-

tively, it has also been shown that transforming growth

factor-� was critical in preventing lower bowel cancer in

129/SvEv Rag-2-deficient mice,20 although transforming

growth factor-� has not been directly shown to inhibit H.

hepaticus-induced inflammation. It remains to be demon-

strated whether CD45RBlo CD25� cells require IL-10 or

transforming growth factor-� to prevent development of

colon cancer in the Rag-2-deficient model.

This novel inducible murine model of lower bowel ad-

enocarcinoma enables analysis of the roles of the innate

arm as well as the adaptive arm of immunity in the pro-

gression of microbially induced colitis and cancer. Tar-

geted induction of carcinogenesis with bacteria permits

insertion of lymphocytes before, during, and after malig-

nancy to elucidate mechanisms that promote, prevent,

and treat cancer. Adoptive transfer of CD4� CD45RBhi or

CD25� effector T cells will provide a better understand-

ing of the role of T-cell-mediated events and proinflam-

matory cytokines in the progression of bowel cancer in

these mice. Crosses between Rag-deficient mice and

other mouse models whose phenotypes mimic human

disease may help elucidate immune factors that promote

or inhibit bowel cancer. In humans with IBD, colonic

dysplasia is a detectable premalignant condition allowing

early identification of high-risk cases. By dissecting

mechanisms operable in progression of colon carcino-

genesis, this mouse model could reveal new strategies

for prevention and treatment of human epithelial cell can-

cers.
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