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Microflora reactive IL-10 producing regulatory T cells are
present in the colon of IL-2 deficient mice but lack
efficacious inhibition of IFN-γ and TNF-α production
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Background: Inflammatory bowel disease in interleukin 2 (IL-2) deficient (IL-2−/−) mice is triggered by
the intestinal microflora and mediated by CD4+ T cells.
Aims: To determine the characteristics of microflora specific intestinal T cells, including migration and
cytokine production.
Methods: Intestinal T cell populations and cytokine mRNA expression of specific pathogen free (SPF)
and germ free (GF) IL-2−/− and IL-2+/+ mice were compared by flow cytometry and reverse transcription-
polymerase chain reaction. Cytokine production of intestinal mononuclear cells on stimulation with
microflora antigens was assessed by ELISA. In vivo migration of T cells was assessed by adoptive trans-
fer of 51Cr labelled CD4+CD25−αβ+ T cells. The ability of intestinal T cell lines to promote colitis was
determined by adoptive transfer experiments.
Results: SPF IL-2−/− mice produced higher interferon γ (IFN-γ) and tumour necrosis factor α mRNA lev-
els than GF IL-2−/− mice, which was accompanied by an increased number of CD4+αβ T cells in the
colon. Tracking of 51Cr labelled and adoptively transferred T cells revealed an increased MAdCAM-1
dependent but VCAM-1 independent recruitment of these cells into the colon of SPF IL-2−/− mice. Colon
lamina propria lymphocytes (LPL) from SPF IL-2−/− mice showed increased spontaneous IFN-γ production
in vitro. On stimulation with bacterial microflora antigens, intraepithelial lymphocytes and LPL did not
produce IFN-γ, but high quantities of IL-10, which did not suppress IFN-γ production. Bacterial antigen
specific cell lines established from colon LPL of SPF IL-2−/− mice with colitis showed a regulatory T cell-
like cytokine profile and only marginally modulated the course of colitis and survival of IL-2−/− mice.
Conclusions: Our results suggest that microflora reactive regulatory T cells are present in the colon of
SPF IL-2−/− mice. However, IL-10 produced by these cells did not significantly modulate a possible sec-
ondary proinflammatory CD4 Th1 cell population to produce IFN-γ.

An increasing body of evidence suggests that inflamma-
tory bowel disease (IBD) is due to abnormal function of
regulatory T cells required for immunological homeo-

stasis in the gut associated lymphoid tissue (GALT).1–3 A con-
siderable number of animal models, including mice with
altered T cell populations,4–6 cytokine deficient mice (for
example, interleukin (IL)-2,7 IL-10,2 or transforming growth
factor β1 deficient8), and mice with altered cell signalling pro-
teins (for example, Gαi2

9) show that conditions in which T cell
functions are dysregulated, the host is likely to develop IBD.

In some of these and other animal models, including HLA-
B27/human β2 microglobulin transgenic rats, environmental
factors, in addition to the genetic background, have been
identified as crucial to the development of IBD.10 11 Thus while
germ free (GF) IL-2−/− mice or GF HLA-B27 transgenic rats
remain healthy, these animals develop disease when raised in
a specific pathogen free (SPF) environment, including the
presence of a normal indigenous intestinal microflora.12 13

From these observations it has been concluded that compo-
nents of the indigenous microflora, eventually including
Helicobacter spp, may trigger IBD.11 In particular, Bacteroides spp,
which are Gram negative obligate anaerobic bacteria abun-
dantly present in the colonic microflora, have been associated
with the occurrence of inflammation in various models of
IBD.14 15

In C3H/HeJBir mice which spontaneously develop colitis,
CD4 Th1 cells were found to be reactive with enteric bacterial
antigens, and were able to transfer disease.16 In humans, it was
found that T cell clones from patients with IBD but not those

from controls were selectively stimulated by either Salmonella
typhimurium, Yersinia enterocolitica, Escherichia coli, or Helicobacter
pylori.17 From these data it has been speculated that a
breakdown of tolerance to the intestinal bacterial microflora
may account for IBD.18 However, it is not yet clear whether a
particular component of the bacteria from the intestinal
microflora triggers IBD, and on which cell type the microbes
directly exert a stimulatory effect.

IL-2 deficient mice develop an IBD that shares histological
features with ulcerative colitis in humans.7 Previous work
demonstrated that mRNA of proinflammatory cytokines,
including interferon γ (IFN-γ) and tumour necrosis factor α
(TNF-α), is abundantly expressed in the colon of IL-2−/− mice,
and may in fact precede histological manifestation of colitis.19

In keeping with these observations, it was shown that T cells,
but not B cells, are required for IBD in IL-2−/− mice suggesting
that Th1 cells are crucial in this disease.20 On the other hand,
macrophages and dendritic cells are increased in the colonic
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lamina propria of 35 day old healthy IL-2−/− mice, suggesting

that T cell mediated colitis may be secondary to an initial non-

specific inflammation.21

Here, we have analysed the role of T cell migration, cytokine

mRNA expression, and responses of intestinal mononuclear

cells to components of the normal indigenous bacterial micro-

flora in the colon of GF and SPF IL-2−/− and IL-2+/+ mice.

METHODS
Mice
Heterozygous (IL-2+/−) mice22 from a mixed C57BL/6 H129/Ola

background were crossed to obtain IL-2−/− and IL-2+/+ mice.

Mice were bred under SPF conditions in a barrier sustained

facility, or in a completely GF environment at the University of

Ulm, Ulm, Germany. The GF state was controlled weekly by

microbiological investigations, including culture methods for

aerobic and anaerobic bacteria, Gram stain examinations of

faeces and intestinal contents, as well as a broad range eubac-

terial polymerase chain reaction (PCR) of stool samples from

mice. The presence of Helicobacter spp could therefore be

excluded. Offspring were screened for IL-2 mutation using

PCR. In most experiments, littermate controls were used.

Determination of cytokine mRNA expression in
intestinal tissue
The intestine was cut into pieces and transferred to 3 ml of

Trizol reagent (Gibco BRL Life Technologies, Berlin,

Germany).19 RNA isolation was performed according to the

manufacturer’s instructions. Extracted RNA was resolved in

water containing 0.1% diethyl-pyrocarbonate (DEPC). RNA

(20 µg) was used for reverse transcription (RT). RNA solution

was mixed with 1 µl of oligo(dT) (Gibco BRL), and DEPC

water was added to a final volume of 10 µl. This mixture was

incubated at 65°C for 10 minutes. Then, 10 µl of a solution

containing 5× reverse transcriptase buffer (100 mM Tris HCl

(pH 8.3), 150 mM KCl, 6 mM MgCl2; Gibco), 40 U RNAsin

(Promega Biotec, Madison, Wisconsin, USA), 20 mM dithioth-

reitol (Gibco), 200 U Superscript II RT RNAse H reverse tran-

scriptase (Gibco BRL), and 2 mM deoxynucleoside triphos-

phate (dNTP; Roth, Karlsruhe, Germany) were added. The

resulting 20 µl were incubated at 37°C for 60 minutes. Finally,

the tubes were heated to 90°C for five minutes and 180 µl of

DEPC water were added.

PCR assisted amplification of cDNA
cDNA (5 µl) was mixed with a solution containing 1 U Taq

DNA polymerase (AmpliTaq; Perkin-Elmer, Branchburg, New

Jersey, USA), 200 mM dNTP (Roth), 20 pmol 5′ and 3′ primers

(Metabion, Munich, Germany), and Taq DNA polymerase

buffer (Perkin-Elmer). This mixture was run on a thermal

cycler (Gene Amp 2400; Perkin Elmer) for 20–40 cycles apply-

ing the following conditions: denaturation 30 seconds at 94°C,

annealing 45 seconds at 60°C, and extension 60 seconds at

72°C. The PCR products were visualised on 2% agarose gels.

The primers used were: β-actin, sense TGG AAT CCT GTG GCA

TCC ATG AAA C, antisense TAA AAT GCA GCT CAG TAA CAG

TCC G; TNF-α sense AGC CCA CGT CGT AGC AAA CCA CCA

A, antisense ACA CCC ATT CCC TTC ACA GAG CAA T; IFN-γ
sense TGA ACG CTA CAC ACT GCA TCT TGG, antisense TGA

CTC CTT TTC CGC TTC CTG AG. The gels were photographed

under UV illumination on a Fluoro-S-Multiimager (BioRad,

Hercules, California, USA). Quantification of fluorescence sig-

nal per band was performed using the manufacturer’s

software (Multy Analyst). To compare various probes, values

were normalised to β-actin.

Preparation of intestinal lymphocytes
Intraepithelial (IEL) and lamina propria lymphocytes (LPL)

were prepared from the colon of SPF mice as described by

Davies and Parrott23 with slight modifications. Tissue pieces

were washed with Hank’s balanced salt solution (BSS), incu-

bated in BSS containing 5 mM dithiothreitol for 10 minutes

while stirring to remove mucus, and incubated at 37°C on a

shaker in BSS without Ca2+ Mg2+ containing 1 mM EDTA. The

supernatant containing liberated epithelial cells was washed,

and lymphocytes were enriched by density gradient centrifu-

gation. The cells were suspended in Percoll 1.055 and layered

carefully on top of Percoll 1.085 (Pharmacia, Uppsala,

Sweden). The tubes were centrifuged at 560 g at room

temperature for 20 minutes. IEL were recovered from the

interphase, washed twice, counted, and suspended in Clicks

medium. The remaining tissue pieces were digested in the

presence of collagenase II and VIII (100 U/ml each; Boehringer

Mannheim, Germany) and hyaluronidase (300 U/ml; Boe-

hringer Mannheim). The resulting suspension was enriched

for lymphoid cells by density gradient centrifugation as

described above. Cells recovered from the interphase (LPL)

were washed twice and suspended in Clicks medium. Cell

viability was >95%, as determined by trypan blue exclusion

dye.

Preparation of single cell suspensions from spleen
The spleen was removed, disrupted by passage through a ster-

ile stainless steel mesh, and erythrocytes were lysed using a

standard procedure. The cells were washed three times,

counted, and suspended in Clicks medium.

Splenocytes obtained from SPF IL-2+/− mice were irradiated

with 3500 rad and used as antigen presenting cells.

Flow cytometry
Cells were washed three times with phosphate buffered saline

(PBS) containing 1% bovine serum albumin and 0.1% NaN3.

Cells were resuspended in 10 µl of antibody containing

solution and incubated at 4°C for 30 minutes. The following

monoclonal antibodies (mAbs) were used: anti-CD3 mAb-PE

(Pharmingen, Hamburg, Germany), anti-CD4 mAb-biotin

(clone YTL 191), anti-CD8 mAb-FITC (clone YTL 169),

anti-αβTCR mAb-FITC (clone 5759721), and anti-γδTCR

mAb-biotin (clone GL3). Then, PBS was added, and cells were

pelleted and washed twice with PBS. Cells were resuspended

in 10 µl PBS containing 2.75% streptavidin Cy-Chrome

(Pharmingen) and incubated for 30 minutes at 4°C. After sev-

eral washes the cells were resuspended in 1 ml PBS and ana-

lysed on a Coulter Epics XL (CoulterImmunotech, Krefeld,

Germany). Propidium iodide was added to controls and viable

cells were gated. At least two independent experiments were

performed per group of mice. A minimum of 2000 CD3+ cells

were analysed per measurement.

Caecal antigen
Caecal antigens were prepared as described elsewhere.16

Briefly, the contents of the caecum from 20 SPF IL-2+/− mice

were pooled in 5 ml of PBS. DNAse I (100 µg/ml; Boehringer

Mannheim) was added and the mixture was vortexed for 30

minutes. Subsequently, bacterial cells were disrupted by soni-

fication for five minutes on ice (Cell disruptor B15; Branson,

Schwäbisch Gmünd, Germany). The suspension was then

centrifuged to remove particles and passed through a 0.22 µm

filter. Sterility was confirmed by incubation on agar plates

under aerobic and anaerobic conditions.

Bacteroides vulgatus antigen
Bacteroides vulgatus was grown from the colon of SPF IL-2−/−

mice kept in our facility. The strain was identified and charac-

terised by standard laboratory procedures, including API

Rapid ID (BioMerieux) as well as sequencing of 16S rDNA, as

described elsewhere.24 25 Bacteria were grown on blood agar

plates at 37°C under anaerobic conditions for two days. Bacte-

ria were washed from the plates with sterile PBS, passed

through a cell strainer (70 µm; Falcon) to retain agar pieces,
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and incubated at 60°C for two hours. This suspension was

stored at 4°C and used as the antigen preparation. The sterility

of the antigen preparation was established by growing the

bacterial suspension on blood agar plates. Concentration of

protein was determined by colorimetric reaction with

Bradford reagent (BioRad, München, Germany).

Cytokine production by mononuclear cells
Splenocytes, mesenteric lymph nodes cells, LPL, and IEL (106/

ml) were cultured in the presence of 2×106/ml irradiated

splenic cells in Clicks/RPMI 1640 medium (Biochrom, Berlin,

Germany) routinely supplemented with 2 mM L-glutamine

(Biochrom), 10 mM HEPES (Biochrom), 5×10−5 2-ME

(Biochrom), 10 µg/ml streptomycin (Biochrom), 100 U/ml

penicillin (Biochrom), 10% heat inactivated fetal calf serum

(Biochrom) and 30 µg/ml gentamicin, with or without

addition of 30 µg/ml of bacterial antigen. Human recombinant

IL-2 (20 U/ml) was also added. As positive controls, cells were

stimulated with 3 µg/ml Con A or 10 µg/ml anti-CD3 mAb

(14.5 2c11). After 44 and 70 hours, supernatants were

harvested. In some of the experiments anti-IL-10 mAbs (R&D

Systems, Wiesbaden, Germany) were added to the cultures at

a final concentration of 0.0125 µg/ml. The ED50 for in vitro

inhibition of the biological effects of 2.5 ng/ml recombinant

IL-10 is 0.005–0.015 µg/ml. Where indicated, 10 µg/ml

polymyxin B was added to the cultures to neutralise lipopoly-

saccharide. At least two independent experiments were

performed per group.

The supernatants collected after 48 hours were analysed for

IFN-γ concentration by ELISA, as reported previously,26 using

anti-IFN-γ mAb clones AN18 and R46A2. Finally, 50 µl/well of

a solution containing streptavidin and biotinylated alkaline

phosphatase were incubated for 45 minutes at 37°C. Then, a

solution of 1 mg/ml p-nitrophenyl-phosphate (Sigma, St

Louis, Missouri, USA) was added and optical density was

measured. Concentrations of IFN-γ protein were calculated on

the basis of a IFN-γ standard curve and linear regression. The

lower limit of detection was 1.0 ng/ml. IL-10 was determined

by ELISA purchased from R&D Systems (Wiesbaden, Ger-

many). The ELISA was performed according to the manufac-

turer’s instructions. The limit of detection of IL-10 was 30

pg/ml. IL-4 was measured by bioassay using the IL-4 sensitive

cell line CT4S, as described previously.27 The limit of detection

was 1 U/ml.

Adoptive transfer and tracking of T cells in vivo
Cells from mesenteric, axial, cerebral, and inguinal lymph nodes

from IL-2+/− mice were incubated for 15 minutes at 4°C with the

following antibodies: YTL 169 (anti-CD8), M 1.70 (anti-MAC-

1), and PC61 (anti-CD25). Lymph node cells were washed and

added to petri dishes coated overnight with 10 µg/ml of rabbit

antimouse Ig antibody (Dako, Hamburg, Germany). Non-

adherent cells were resuspended after 30 minutes by gently

shaking and harvesting the suspension. This process was

repeated once. The purity of this preparation was examined by

FACS analysis. At least 95% of cells were T cells of which at least

97% were CD4+CD25−. The cells were labelled with 20 µCi/ml 51Cr

(ICN-Biochemicals, Eschwege, Germany). Then, cells were

purified by density gradient centrifugation (Nykodenz 17%;

Nykomed, Oslo, Norway), washed three times, and injected

intravenously into recipient mice (106 cells/mouse). After one

hour, animals were sacrificed, the respective organs removed,

and radioactivity per organ was measured on a gamma counter

(1480 Wizard; Wallac, Turku, Finland). The results were

corrected for background counts and expressed as percentage of

the total amount of radioactivity applied per mouse. Mean (SD)

values were determined from 3–7 mice. In some experiments

mice were injected intraperitoneally with 250 µg Fab fragment

of MECA367 mAb28 29 or 400 µg anti-VCAM-1 mAb (IgG)30 2–3

hours before transfer of the cells. Control animals were injected

with PBS.

Cell lines and adoptive transfer
Splenocytes and LPL from IL-2+/+ and IL-2−/− mice were

stimulated with caecal bacterial antigen (CBA) at 10 µg/ml

every 14 days. Recombinant IL-2 was added at 20 U/ml. For

determination of cytokine production, cells were cultured with-

out stimulus, with ConA (3 µg/ml), or in anti-CD3 mAb coated

wells (10 µg/ml). For these experiments, cells were used 14 days

after antigen stimulation. After 48 and 72 hours the superna-

tants were collected and assayed for cytokine content by ELISA,

as described above. For adoptive transfer experiments, cells were

used nine days after antigen stimulation. Before transfer, cells

were purified by Ficoll density gradient centrifugation. Viable

cells were above 98%, as determined by trypan blue exclusion.

Then, 8×106 cells were injected intravenously into recipient mice

without clinical signs of colitis. The recipient mice were

examined at regular intervals for clinical signs of colitis. The

following score was used to assess the clinical status of the mice:

Figure 1 Semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis of interferon γ (IFN-γ) and tumour necrosis factor
α (TNF-α) mRNA expression in the colon of germ free (GM) and specific pathogen free (SPF) 20 week old (A) and 33 week old (B) interleukin
(IL)-2−/− and IL-2+/+ mice. RT-PCR products were quantified by Fluoro-S-Multiimager. The columns represent the average ratio of cytokine and
β-actin from five mice.
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hunched posture: 0=absent, 1=present; movement: 0=normal,

1=reduced; fur: 0=normal, 1=bristled; rectal prolapse: 0=ab-

sent, 4=present; faeces: 0=normal, 2=liquid, 4=blood; body

weight loss: 0=<10%; 2=10–20%; 4=>20%. An index of <3

was considered as slight or no colitis, >3 to 5 as moderate coli-

tis, and >5 as severe colitis.

Statistics
Differences between mean values were analysed using the

Student’s t test. Survival times after the adoptive transfer of

cell lines were compared applying the rank log test and the

Cox test. Values of p<0.05 were considered significant.

RESULTS
Increased cytokine mRNA expression in the colon of
SPF IL-2−/− but not GF IL-2−/− or SPF IL-2+/+ mice
To analyse the impact of the indigenous microflora on intesti-

nal cytokine mRNA expression, levels of mRNA of various

cytokines in the colon of 20 week old GF and SPF IL-2+/+ and

IL-2−/− mice were compared. The results are expressed as a ratio

of β-actin. As shown in fig 1A, significantly increased mRNA

expression of IFN-γ and TNF-α was found in the colon of SPF

IL-2−/− mice compared with SPF IL-2+/+ mice (21 and 4.8-fold

increase, respectively; p<0.05). In contrast, there was no

significant difference in cytokine mRNA levels between GF

IL-2+/+ and IL-2−/− mice.

Based on these results, we hypothesised that colitis in GF

IL-2−/− mice might develop later than in SPF mice or may not

occur at all. To test this hypothesis, we examined colonic

mRNA expression levels of 33 week old mice. As shown in fig

1B, no significant differences in colonic IFN-γ and TNF-α
mRNA expression were found between 33 week old GF IL-2+/+

and IL-2−/− mice. Nevertheless, the slight increase in cytokine

mRNA expression of aged GF IL-2−/− mice is in keeping with

the mild focal infiltrations31 of the colon detected by histologi-

cal examinations (data not shown). In summary, these results

confirm that the GF state prevents the development of colitis

in IL-2−/− mice.

αβT cells are increased in intestinal IEL and LPL of SPF
IL-2−/− mice but less pronounced in GF IL-2−/−

CD4 T cells have been demonstrated to be involved in colitis in

IL-2−/− mice.32 As the GF state may modulate the development

of the GALT,33–35 T cell subpopulations of IEL and LPL were

analysed by flow cytometry in 20 week old GF and SPF IL-2+/+

and IL-2−/− mice.

The average yield of IEL isolated from the colon of SPF

IL-2+/+ and IL-2−/− mice was 3.8 (2.2)×106 and 9.8 (5.5)×106

cells per mouse, respectively. Among IEL isolated from the

colon of SPF IL-2−/− mice, we found a pronounced increase in

CD4+ αβTCR+ T cells compared with SPF IL-2+/+ mice (39.5 v

Figure 2 Subpopulations of T cells in colonic intraepithelial lymphocytes (A) and lamina propria lymphocytes (B) in 20 week old specific
pathogen free (SPF) and germ free (GF) interleukin (IL)-2+/+ and IL-2−/− mice. Cell suspensions were prepared, stained, and analysed by flow
cytometry, as described in the methods. Results are means of at least two independent experiments with 3–5 mice. *p<0.05, **p<0.01
between groups.
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5.6% and 93.4 v 74.4%, respectively; p< 0.05) (fig 2). In paral-

lel, CD8+ and γδTCR+ T cells were decreased (56.9 v 69.8%

(p<0.05) and 7.8 v 23.2%, respectively). In contrast, IEL from

GF IL-2−/− mice showed only non-significantly increased num-

bers of CD4+ T cells (18.3 v 13.6%), and less abundant γδ T cells

(12.9 v 20.6%) compared with GF IL-2+/+ mice. In contrast

with the observations in SPF mice, GF IL-2−/− mice showed a

significantly higher percentage of CD8+ αβTCR+ T cells (67.0 v
43.8%, and 84.3 v 69.6 %, respectively; p<0.05) compared with

GF IL-2+/+ mice (fig 2). The average yield of IEL isolated from

the colon of GF IL-2+/+ and IL-2−/− mice was 5.7 (1.3)×106 and

5.7 (2.4)×106 cells per mouse, respectively.

Colon LPL from SPF IL-2−/− mice contained significantly less

γδTCR+ (1.6 v 7.2%; p<0.05) and more αβTCR+ cells (97.1 v
90.4%; p<0.05) compared with SPF IL-2+/+ mice. Moreover,

CD8+ LPL were significantly increased in IL-2−/− mice (31.4 v
20.1%; p<0.01) while CD4+ cells remained largely unchanged

(fig 2). The average yield of LPL isolated from the colon of SPF

IL-2+/+ and IL-2−/− mice was 3.6 (1.3)×106 and 22.8 (17.3)×106

cells per mouse, respectively.

Although the average yield of LPL isolated from the colon of

GF mice was comparable for IL-2+/+ and IL-2−/− mice (6.1

(1.4)×106 v 7.0 (3.7)×106 cells per mouse), relative proportions

of the T cell subpopulations showed slight but significant dif-

ferences (fig 2). CD4+ T cells were found significantly less fre-

quently in GF IL-2−/− mice while CD8+ T cells were significantly

increased (61.6 v 71.1% (p<0.05) and 35.8 v 16.7% (p<0.01)).

Together, these data implicate an increased influx of peripheral

T cells in the colon of IL-2−/− mice with colitis.

Increased migration of adoptively transferred
CD4+CD25− T cells into the colon of SPF IL-2−/− mice is
mediated by MAdCAM-1
The abovementioned observations argue for an increased influx

of T cells into the colon of SPF IL-2−/− mice in the course of intes-

tinal inflammation. Therefore, migration of T cells in SPF and

GF IL-2−/− and IL-2+/+ mice was directly investigated. For this

purpose, CD4+CD25− T cells were 51Cr labelled and adoptively

transferred into SPF and GF IL-2−/− and IL-2+/+ mice, respectively.

After one hour, recipients were sacrificed and radioactivity of

various organs was determined. The results depicted in fig 3

demonstrate that the influx of T cells into the colon of 10–13

week old SPF IL-2−/− mice was significantly increased compared

with SPF IL-2+/+ or GF IL-2−/− mice (1.57 v 0.73% and 0.53%,

respectively; p<0.05 and p<0.01). The increased T cell

migration into the colon was even more pronounced in older

mice at 15–20 weeks of age (3.28 v 0.5%; p<0.01) (fig 3C). At

5–8 weeks of age, when the first histological manifestations of

inflammation appeared, there was a slight statistically insignifi-

cant increase in migration of T cells into the colon of SPF IL-2−/−

mice compared with SPF IL-2+/+ and GF IL-2−/− mice (0.66 v
0.41% and 0.39%) (fig 3A). The lymph nodes of SPF IL-2−/− mice

also displayed an age dependent increased influx of radiola-

belled cells. Examination of the mesenteric lymph nodes

revealed that retention of radiolabelled cells in SPF IL-2−/− mice

increased with age which is in agreement with the lymphopro-

liferative disease in these animals.7 At the age of 5–8 and 10–13

weeks, retention of radiolabelled cells in the small intestine of

SPF IL-2−/− mice was significantly less than that in SPF IL-2+/+

mice (1.2 v 1.9% and 1.8 v 3.6%, respectively), possibly due to

competition of the large and small intestine for cells with simi-

lar “homing” properties.

In another series of experiments, blocking anti-MAdCAM-1

mAb28 29 or blocking anti-VCAM-1 mAb30 were injected

intraperitoneally into SPF mice prior to the adoptive transfer

of T cells. As shown in fig 4A, blocking of MAdCAM-1 signifi-

cantly reduced migration of cells to the intestine as well as to

the mesenteric lymph nodes. Inhibition by anti-MAdCAM-1

mAbs was comparable in healthy IL-2+/+ and diseased IL-2−/−

mice (69 and 79%, respectively). In contrast, administration of

anti-VCAM-1 mAbs did not significantly modulate T cell

migration (fig 4B). Taken together, these data show that coli-

tis in SPF IL-2−/− mice is associated with an increased influx of

CD4+CD25− αβT cells, which is largely mediated by the

addressin MAdCAM-1 but not VCAM-1.

Increased spontaneous IFN-γ production by IEL and LPL
of SPF IL-2−/− mice is not suppressed by microflora
induced IL-10
To determine whether T cells from mice with colitis may be

reactive with antigens from the indigenous bacterial microflora,

we determined IFN-γ and IL-10 production in mononuclear

Figure 4 Modulation of the distribution of adoptively transferred 51Cr labelled T cells in tissues of specific pathogen free (SPF) interleukin
(IL)-2−/− and IL-2+/+ mice by (A) anti-MAdCAM-1 and (B) anti-VCAM-1 monoclonal antibodies (mAbs). Cells were prepared and injected into
15–30 week old mice, as described in the legend to fig 3. One group of recipient mice were injected intraperitoneally with 250 µg (Fab)
anti-MAdCAM-1 or 400 µg (IgG) anti-VCAM-1 mAbs. After one hour the recipients were killed and percentage radioactivity was calculated.
Values are mean (SD) from 5–7 mice. *p<0.05, **p<0.01 compared with control mice (without (w/o) mAb).
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cells from spleen, mesenteric lymph nodes, and colonic IEL and

LPL of SPF mice on exposure to microflora antigens. Heat killed

Bacteroides vulgatus was selected as an antigen because B vulgatus
may trigger colitis.14 15 In addition, a sonicate of the caecal con-

tent of SPF IL-2+/+ mice termed CBA was included, as previously

described by Cong and colleagues.16

As depicted in fig 5A, IEL and LPL from IL-2−/− but not those
from IL-2+/+ mice produced significant amounts of IFN-γ
without antigen stimulation in vitro (7.1 v <1.0 ng/ml and
30.2 v 4.1 ng/ml, respectively; p<0.05 for LPL). Likewise, anti-
CD3 stimulated IEL and LPL from the colon of SPF IL-2−/− mice
secreted much higher amounts of IFN-γ than IEL or LPL from
IL-2+/+ mice (40.6 v <1.3 ng/ml and 211.7 v 15.3 ng/ml, respec-
tively). These results are in keeping with cytokine mRNA
analysis and suggest a role for Th1 cells in colitis of IL-2−/−

mice. Exposure of IEL or LPL to microflora antigens in the
presence of antigen presenting cells did not induce additional
IFN-γ production in IEL and LPL from IL-2+/+ or IL-2−/− mice.
However, addition of microflora antigens induced a slight
decrease in IFN-γ production in some of our experiments
although IFN-γ levels produced by IEL and LPL from IL-2−/−

mice were still much higher than those produced by IEL and
LPL from IL-2+/+ mice. Conversely, IEL, LPL, and spleen cells
from both IL-2+/+ and IL-2−/− mice produced high levels of IL-10
in the presence of microflora antigens (fig 5B). IEL and MLN
from IL-2−/− mice produced even higher IL-10 levels than those
from IL-2+/+ mice.

To address whether IL-10 modulates IFN-γ production in
response to flora related antigens, neutralising anti-IL-10 mAb
were added to the cultures. As depicted in fig 6, anti-IL-10
antibodies did not modulate IFN-γ production in vitro.

As splenocytes produced higher quantities of IL-10 in

response to heat killed B vulgatus than to anti-CD3 mAb, it may

be that cells other than T cells contributed to IL-10 production.

To neutralise lipopolysaccharide in our system, cells were

stimulated in the presence or absence of polymyxin B.

Addition of polymyxin B did not decrease the amount of IL-10

secreted in response to heat killed B vulgatus, suggesting that

the production of IL-10 is not due to lipopolysaccharide

Figure 5 Production of interferon γ (IFN-γ) and interleukin 10 (IL-10) by colonic intraepithelial lymphocytes (IEL), lamina propria lymphocytes
(LPL), and spleen cells from 20 week old specific pathogen free mice (see methods). Cells (1×106/ml) were cultured in the presence of different
stimuli (nil, 3 µg/ml ConA or anti-CD3 mAb, 30 µg/ml caecal bacterial antigen (CBA), or 30 µg/ml heat killed (HK) Bacteroides vulgatus),
2×106/ml irradiated splenic cells, and 20 U/ml recombinant IL-2. After 44 and 70 hours, the supernatants were collected and analysed for
IFN-γ (A) and IL-10 (B) by ELISA. Values are means (SD) from three or more independent experiments except for restimulation of intestinal cells
with heat killed B vulgatus which was repeated once. Intestinal mononuclear cells from 4–5 mice were pooled per experiment. *p<0.05
compared with controls.
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stimulation of B cells (data not shown). Depletion of LPL from

CD4+ T cells resulted in a variable decrease in IL-10 production

in response to heat killed B vulgatus, suggesting that CD4+ T

cells are only partially involved in IL-10 production (data not

shown).

Adoptive transfer of microflora specific T cell lines
To investigate whether microflora specific T cells may induce

colitis in IL-2−/− mice, microflora specific LPL T cell lines from

the colon of SPF IL-2−/− mice with colitis were established by

stimulation of these cells with CBA. The resulting cell line

(LCK98) was CD3+CD4+αβTCR+, and produced high quanti-

ties of IL-10, some transforming growth factor β1, and very

low quantities of IFN-γ and IL-4 (table 1). These cells were

adoptively transferred into SPF IL-2+/+ and IL-2−/− mice, the

latter of which were used at 6–10 weeks of age prior to the

appearance of clinical signs of colitis. The mice were observed

for up to five months for clinical manifestations of colitis. As

shown in fig 7, transfer of T cell line LCK98 did not

significantly change the survival of IL-2−/− recipient mice,

although slightly prolonged survival was found. Consistently,

the development of colitis was not changed in these mice, as

determined by a clinical colitis score (fig 8). Transfer of these

cells into healthy IL-2+/+ mice did not exhibit any clinical effect

(data not shown).
Further T cell lines were established from spleen cells of

IL-2−/− and IL-2+/+ mice (SW98.1 and SK98.2, respectively).

Table 1 Cytokine production by T cell lines generated by stimulation with bacterial
antigens*

Cell line Source Stimulation†
IFN-γ
(ng/ml)

IL-10
(pg/ml)

TGF-β1
(pg/ml)

IL-4
(U/ml)

LCK98 Colon LPL, IL-2−/− Nil <1.0 23035 1336.9 4.2
Anti-CD3 mAb 3.11 90908.4 2007.1 2.2

SW98.1 Spleen, IL-2+/+ Nil <1.0 11.2 430.2 <1.0
ConA 422.8 1012.4 485.8 <1.0

SK98.2 Spleen, IL-2−/− Nil <1.0 169.7 413.5 <1.0
ConA 386.3 3163.4 549.8 <1.0

IL, interleukin; IFN-γ, interferon γ; mAb, monoclonal antibody; TGF-β1, transforming growth factor β1.
*Cell lines were established as described in the methods.
†Cytokine production was determined by antigen (not shown) or polyclonal stimulation with ConA or
anti-CD3 mAb. 106 cells/ml were cultured in the presence of IL-2 (20 U/ml) and irradiated antigen
presenting cells.
Supernatants were analysed for cytokines after 48 or 72 hours of incubation. The ELISA for IFN-γ, IL-10, and
TGF-β1 was performed as described in the methods.

Figure 7 Survival of mice after adoptive transfer of T cell lines
specific for caecal bacterial antigen. Nine days after antigen
stimulation, 8×106 cells were injected intravenously into specific
pathogen free IL-2−/− mice. Control animals were injected with
phosphate buffered saline (PBS). Transfer of cell line (A) LCK98
derived from interleukin (IL)-2−/− colon lamina propria lymphocytes,
(B) cell line SK98.2 derived from IL-2−/− splenocytes, and (C) cell line
SW98.1 derived from IL-2+/+ splenocytes. Each group consisted of
4–9 mice.
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derived from interleukin (IL)-2−/− colon lamina propria lymphocytes,
(B) cell line SK98.2 derived from IL-2−/− splenocytes, and (C) cell line
SW98.1 derived from IL-2+/+ splenocytes. Each group consisted of
7–9 mice.
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These CD3+ αβTCR+ cell lines produced substantial levels of

both IFN-γ and IL-10 (table 1). IL-2−/− mice that received

SW98.1 cells showed a trend (p<0.1) towards shortened sur-

vival. However, the colitis score of these mice was not signifi-

cantly different compared with control mice (fig 8).

DISCUSSION
Several animal models of IBD have shown that colitis is trig-

gered by the indigenous intestinal microflora.36–38 Thus while

for example GF IL-2−/− mice do not develop disease, SPF IL-2−/−

mice develop colitis by an average age of 12–15 weeks.7 39 CD4+

T cells are thought to play a crucial role in the development of

colitis in IL-2 deficient mice as mice deficient in both IL-2 and

T cells fail to develop colitis whereas IL-2−/−×JH1−/− B cell defi-

cient mice40 as well as IL-2−/−×β2 microglobulin−/− mice develop

colitis.32 Here, we have analysed functions of intestinal T cells

from IL-2−/− mice with a special emphasis on their reactivity

with microflora antigens. The most important findings of this

study were: (i) in contrast with SPF IL-2−/− mice, GF IL-2−/− did

not exhibit significantly increased proinflammatory mRNA

expression; (ii) CD4+ CD25− αβTCR+ cells migrate more

frequently into the colon of SPF IL-2−/− mice compared with GF

IL-2−/− mice, which was mediated mainly by MAdCAM-1, but

not VCAM-1; (iii) IEL and LPL from IL-2−/− mice spontaneously

produce high levels of IFN-γ in vitro; and (iv) IEL and LPL

from IL-2−/− produce high quantities of IL-10 but no IFN-γ on

stimulation with microflora antigens which however did not

reduce IFN-γ production.

Studies in other animal models of IBD37 41 as well as data

obtained from patients with IBD17 18 argue for loss of T cell tol-

erance against antigens from the intestinal microflora. Thus it

is believed that CD4+ T cells of the GALT become reactive

towards microflora antigens. To address this issue, we focused

our interest on T cells within the IEL and LPL populations of

the colon of SPF and GF IL-2−/− mice. To elucidate T cell

reactivity towards microflora antigens, IEL and LPL were

stimulated with CBA, as described by Cong and colleagues.16

Furthermore, B vulgatus was included as an antigen due to its

ability to induce colitis in other models of IBD.14 15 These

experiments revealed that IEL and LPL of IL-2−/− mice sponta-

neously produced high quantities of IFN-γ which were not

increased on in vitro stimulation with microflora antigens.

In the search for mediators that may modulate IFN-γ, we

determined IL-10 production in cultures of intestinal mono-

nuclear cells, as IL-10 is known to inhibit IFN-γ production by

T cells and is thought to play an important role in the immu-

noregulation of the GALT.42–44 IL-10 was produced in high lev-

els by IEL and LPL in response to CBA and heat killed B vulga-
tus. Therefore, it seemed conceivable that IL-10 is produced in

an antigen specific manner. To test whether IL-10 modulates

IFN-γ production in our system, experiments were performed

in the presence and absence of a monoclonal antibody which

blocks IL-10 bioactivity. The presence of anti-IL-10 mAb did

not increase IFN-γ levels spontaneously secreted by colon LPL

from IL-2−/− mice. Likewise, IFN-γ secretion was not increased

on antigen stimulation. Regulatory T (Tr1) cells have recently

been described as playing an important role in immunoregu-

lation of the GALT. Tr1 cells emerge in vitro after repeated re-

stimulation in the presence of IL-10 and produce large

amounts of IL-10 as well as residual levels of IFN-γ and no

IL-4.43 45 Therefore, we were interested in the cellular source of

IL-10 produced by colon LPL. To address this issue, we

depleted colon LPL of CD4+ T cells and neutralised lipopolysac-

charide by polymyxin B to exclude non-specific IL-10

induction by this bacterial component.46 As both modifications

did not consistently modulate IL-10 production, the cellular

source of IL-10 is not yet clear and requires further investiga-

tion. However, we cannot exclude the fact that the in vitro

experimental conditions may have been inappropriate for

intestinal T cell stimulation although comparable conditions
were used previously by others.16 41

Our results suggest that in IL-2−/− mice the microflora
triggers production of proinflammatory cytokines, including
TNF-α and IFN-γ. Although IL-10 producing Tr1 cells are
present in the intestinal tissue of IL-2−/− mice, IL-10 does not
efficaciously exert a significant negative regulatory effect on
IFN-γ production. Whether this is due to an imbalance of Th1
and Th2 cytokines present in the colon tissue or because of
disturbed IL-10 receptor function in colonic T cells of IL-2−/−

mice is not known.
Flow cytometric analysis of IEL and LPL populations in the

colon of SPF and GF IL-2−/− and IL-2+/+ mice revealed increased
numbers of αβTCR+CD4+ T cells in SPF IL-2−/− mice. In keeping
with these observations, we found increased migration of
adoptively transferred CD4+CD25− T cells into the colon and
mesenteric lymph nodes of SPF IL-2−/− compared with SPF
IL-2+/+ and GF IL-2−/− mice. Whether accumulation of cells in
the mesenteric lymph nodes is secondary to colonic inflam-
mation associated with increased recruitment and local
proliferation or due to the systemic lymphoproliferative
disease observed in this animal model7 cannot be answered
from the data presented in this study. Furthermore, increased
numbers of radiolabelled cells in the mesenteric lymph nodes
may reflect increased efflux of cells from the inflamed colon.
Migration of T cells into the intestine is largely dependent on
MAdCAM-1 in healthy mice.47 Similar observations have also
been made in our experiments as well as in IL-10 deficient
mice.48 In contrast, administration of anti-VCAM-1 antibodies
did not modulate T cell migration in the IL-2−/− mouse whereas
it reduced the influx of T cells into the inflamed colon of the
IL-10−/− mouse (A Hamann, personal communication). There-
fore, the role of VCAM-1 remains a matter of controversial
discussion in various models of IBD. The increased influx of
CD4+ T cell into the colon of IL-2−/− mice also suggests that
MAdCAM-1 was upregulated. This should be confirmed by
further histological studies. Nevertheless, these findings may
be of therapeutic importance as they may provide a site
specific target for anti-inflammatory intervention. Future
studies will have to show if blocking MAdCAM-1 is a promis-
ing therapeutic approach in modulating the course of colitis.
In other models of IBD, a similar approach to inhibiting
ICAM-1 was beneficial.49 Therefore, other adhesion molecules
are also likely to participate in the mediation of increased
intestinal T cell migration.

To study the function of T cells in our model in vivo, micro-
flora reactive T cell lines were established from colon LPL of
IL-2−/− mice with colitis.16 These CD4+ αβTCR+ T cell lines pro-
duced very high levels of IL-10, some transforming growth
factor β1 but only marginal IFN-γ and IL-2 whereas T cell lines
established from spleen cells of IL-2−/− and IL-2+/+ mice
produced less IL-10 but much higher IFN-γ levels. To test
whether these T cells would modulate the course of colitis,
adoptive transfer experiments were performed. IL-2+/+ recipi-
ent mice did not develop signs of colitis on transfer of colon
LPL from IL-2−/− mice. Likewise, the adoptive transfer of LPL
from IL-2−/− mice into IL-2−/− recipient mice did not significantly
accelerate the development of the disease but rather increased
mean survival time. As these cells produced high levels of
IL-10, some transforming growth factor β1, but only marginal
levels of IFN-γ, these cells can be considered as Tr1 cells. Con-
sistently, these cells did not exacerbate the disease but rather
exerted a beneficial effect. However, this is in contrast with
observations reported by Cong and colleagues.16 Thus in C3H/
Bir mice, microflora reactive CD4 T cells from spleen and
mesenteric lymph nodes induced colitis on adoptive transfer
into SCID mice. These cells produced IL-2, IL-3, IFN-γ, but not
IL-4, and thus can be considered as Th1 cells. However, it is not
known whether these cells also produced IL-10.

Our results as well as data of others32 40 suggest that in IL-2−/−

mice there is at least one T cell population that produces
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proinflammatory cytokines such as IFN-γ which in concert

with other proinflammatory cytokines such as TNF-α possibly

produced by macrophages, promote bowel inflammation. We

did not obtain evidence that such a proinflammatory

colitogenic T cell population is reactive with a particular bac-

terial antigen. On the other hand however we have presented

evidence that even in the inflamed colon of IL-2−/− mice there

is a second regulatory T cell population (possibly Tr1 cells

present which produce substantial quantities of IL-10 on

stimulation with microflora antigens). However, IL-10 does

not significantly reduce IFN-γ levels produced in vitro,

suggesting that the proinflammatory T cell population may be

unresponsive to IL-10. It is not yet clear whether these results

can be extrapolated to the in vivo situation. In fact, cytokine

mRNA analysis revealed that in IL-2−/− mice there is increased

mRNA expression of both IFN-γ and IL-10 in the colon.19 At

present, the role of IL-10 is not clear and should be further

investigated to elucidate the pathomechanisms operating in

colon inflammation in IL-2−/− mice. Moreover, macrophages

can be stimulated by bacterial products such as

lipopolysaccharide50 and might play an important role in the

early phase of colitis in IL-2−/− mice as cytokines such as

IL-12,51 IL-1, and TNF-α are involved and may precede Th1

cytokine expression in situ.19 21 Taken together, these data and

the data presented in this study suggest that T cell activation

in IL-2−/− mice is not directly triggered by flora antigens but

rather is secondary to initial activation of the innate immune

system.

Finally, data on mRNA levels in colon tissue of SPF and GF

IL-2−/− mice confirmed the absence of significant inflammation

in GF IL-2−/− mice.7 31 39 Nevertheless, GF mice developed a mild

focal inflammation at 33 weeks of age which was accompa-

nied by only marginally increased Th1 cytokines. Therefore, in

addition to the microflora, food antigens should be taken into

account in the pathogenesis of IBD. This issue however

remains to be elucidated in mouse models of IBD.

ACKNOWLEDGEMENTS
This work was supported by a grant from the Deutsche Forschungsge-
meinschaft. We thank Dr Burkhart Jilge and Sabine Schmidt, Univer-
sity of Ulm, for expert GF animal breeding facilities, Ivan Horak, Ber-
lin, for stimulating discussions, and Jörg Reimann, Ulm, for support
and comments on the manuscript. The anti-VCAM-1 mAb was a gen-
erous gift from Dietmar Vestweber, Muenster.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
M Waidmann, S di Genaro, N Bücheler, Max von Pettenkofer-Institut
für Hygiene und Medizinische Mikrobiologie, Universität München,
Pettenkofer Strasse 9a, 80336 München, Germany
Y Allemand, J Lehmann, A Hamann, Experimentelle Rheumatologie,
Medizinische Klinik, Charité und Deutsches Rheumaforschungszentrum,
Monbijoustr 2a, 10117 Berlin, Germany
I B Autenrieth, Institut für Medizinische Mikrobiologie, Universität
Tübingen, Silcherstr 7, D-72076 Tübingen, Germany and Max von
Pettenkofer-Institut für Hygiene und Medizinische Mikrobiologie,
Universität München, Pettenkofer Strasse 9a, 80336 München, Germany

REFERENCES
1 Neurath MF, Fuss I, Kelsall BL, et al. Experimental granulomatous colitis

in mice is abrogated by induction of TGF-beta-mediated oral tolerance. J
Exp Med 1996;183:2605–16.

2 Kuhn R, Lohler J, Rennick D, et al. Interleukin-10-deficient mice develop
chronic enterocolitis. Cell 1993;75:263–74.

3 Ludviksson BR, Ehrhardt RO, Strober W. TGF-beta production regulates
the development of the 2,4,6-trinitrophenol-conjugated keyhole limpet
hemocyanin-induced colonic inflammation in IL-2-deficient mice. J
Immunol 1997;159:3622–8.

4 Mombaerts P, Mizoguchi E, Grusby MJ, et al. Spontaneous
development of inflammatory bowel disease in T cell receptor mutant
mice. Cell 1993;75:274–82.

5 Morrissey PJ, Charrier K, Braddy S, et al. CD4+ T cells that express
high levels of CD45RB induce wasting disease when transferred into
congenic severe combined immunodeficient mice. Disease development
is prevented by cotransfer of purified CD4+ T cells. J Exp Med
1993;178:237–44.

6 Hollander GA, Simpson SJ, Mizoguchi E, et al. Severe colitis in mice
with aberrant thymic selection. Immunity 1995;3:27–38.

7 Sadlack B, Merz H, Schorle H, et al. Ulcerative colitis-like disease in
mice with a disrupted interleukin-2 gene. Cell 1993;75:253–61.

8 Kulkarni AB, Huh CG, Becker D, et al. Transforming growth factor beta
1 null mutation in mice causes excessive inflammatory response and early
death. Proc Natl Acad Sci USA 1993;90:770–4.

9 Rudolph U, Finegold MJ, Rich SS, et al. Gi2 alpha protein deficiency: a
model of inflammatory bowel disease. J Clin Immunol 1995;15:101–5S.

10 Taurog JD, Richardson JA, Croft JT, et al. The germfree state prevents
development of gut and joint inflammatory disease in HLA-B27 transgenic
rats. J Exp Med 1994;180:2359–64.

11 Sellon RK, Tonkonogy S, Schultz M, et al. Resident enteric bacteria are
necessary for development of spontaneous colitis and immune system
activation in interleukin-10-deficient mice. Infect Immun
1998;66:5224–31.

12 Contractor NV, Bassiri H, Reya T, et al. Lymphoid hyperplasia,
autoimmunity, and compromised intestinal intraepithelial lymphocyte
development in colitis-free gnotobiotic IL-2-deficient mice. J Immunol
1998;160:385–94.

13 Schultz M, Tonkonogy SL, Sellon RK, et al. IL-2-deficient mice raised
under germfree conditions develop delayed mild focal intestinal
inflammation. Am J Physiol 1999;276:G1461–72.

14 Rath HC, Herfarth HH, Ikeda JS, et al. Normal luminal bacteria,
especially Bacteroides species, mediate chronic colitis, gastritis, and
arthritis in HLA-B27/human beta2 microglobulin transgenic rats. J Clin
Invest 1996;98:945–53.

15 Onderdonk AB, Franklin ML, Cisneros RL. Production of experimental
ulcerative colitis in gnotobiotic guinea pigs with simplified microflora.
Infect Immun 1981;32:225–31.

16 Cong Y, Brandwein SL, McCabe RP, et al. CD4+ T cells reactive to
enteric bacterial antigens in spontaneously colitic C3H/HeJBir mice:
increased T helper cell type 1 response and ability to transfer disease. J
Exp Med 1998;187:855–64.

17 Duchmann R, Marker HE, Meyer-zum BK. Bacteria-specific T-cell clones
are selective in their reactivity towards different enterobacteria or H.
pylori and increased in inflammatory bowel disease. Scand J Immunol
1996;44:71–9.

18 Duchmann R, Kaiser I, Hermann E, et al. Tolerance exists towards
resident intestinal flora but is broken in active inflammatory bowel
disease (IBD). Clin Exp Immunol 1995;102:448–55.

19 Autenrieth IB, Bucheler N, Bohn E, et al. Cytokine mRNA expression in
intestinal tissue of interleukin-2 deficient mice with bowel inflammation.
Gut 1997;41:793–800.

20 Ma A, Datta M, Margosian E, et al. T cells, but not B cells, are required
for bowel inflammation in interleukin 2-deficient mice. J Exp Med
1995;182:1567–72.

21 McDonald SA, Palmen MJ, Van RE, et al. Characterization of the
mucosal cell-mediated immune response in IL-2 knockout mice before and
after the onset of colitis. Immunology 1997;91:73–80.

22 Schorle H, Holtschke T, Hunig T, et al. Development and function of T
cells in mice rendered interleukin-2 deficient by gene targeting. Nature
1991;352:621–4.

23 Davies MD, Parrott DM. Preparation and purification of lymphocytes
from the epithelium and lamina propria of murine small intestine. Gut
1981;22:481–8.

24 Sanger F. Determination of nucleotide sequences in DNA. Science
1981;214:1205–10.

25 Sanger F, Nicklen S, Coulson AR. DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA 1977;74:5463–7.

26 Autenrieth IB, Beer M, Bohn E, et al. Immune responses to Yersinia
enterocolitica in susceptible BALB/c and resistant C57BL/6 mice: an
essential role for gamma interferon. Infect Immun 1994;62:2590–9.

27 Hu-Li J, Ohara J, Watson C, et al. Derivation of a T cell line that is
highly responsive to IL-4 and IL-2 (CT.4R) and of an IL-2 hyporesponsive
mutant of that line (CT.4S). J Immunol1989;142:800–7

28 Streeter PR, Berg EL, Rouse BT, et al. A tissue-specific endothelial cell
molecule involved in lymphocyte homing. Nature 1988;331:41–6.

29 Streeter PR, Rouse BT, Butcher EC. Immunohistologic and functional
characterization of a vascular addressin involved in lymphocyte homing
into peripheral lymph nodes. J Cell Biol 1988;107:1853–62.

30 Engelhardt B, Laschinger M, Schulz M, et al. The development of
experimental autoimmune encephalomyelitis in the mouse requires
alpha4-integrin but not alpha4beta7-integrin. J Clin Invest
1998;102:2096–105.

31 Schultz M, Tonkonogy SL, Sellon RK, et al. IL-2-deficient mice raised
under germfree conditions develop delayed mild focal intestinal
inflammation. Am J Physiol 1999;276:G1461–72.

32 Simpson SJ, Mizoguchi E, Allen D, et al. Evidence that CD4+, but not
CD8+ T cells are responsible for murine interleukin-2-deficient colitis. Eur
J Immunol 1995;25:2618–25.

33 Umesaki Y, Setoyama H, Matsumoto S, et al. Expansion of alpha beta
T-cell receptor-bearing intestinal intraepithelial lymphocytes after
microbial colonization in germ-free mice and its independence from
thymus. Immunology 1993;79:32–7.

34 Imaoka A, Matsumoto S, Setoyama H, et al. Proliferative recruitment of
intestinal intraepithelial lymphocytes after microbial colonization of
germ-free mice. Eur J Immunol 1996;26:945–8.

35 Kawaguchi M, Nanno M, Umesaki Y, et al. Cytolytic activity of intestinal
intraepithelial lymphocytes in germ-free mice is strain dependent and
determined by T cells expressing gamma delta T-cell antigen receptors.
Proc Natl Acad Sci USA 1993;90:8591–4.

178 Waidmann, Allemand, Lehmann, et al

www.gutjnl.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.50.2.170 on 1 F

ebruary 2002. D
ow

nloaded from
 

http://gut.bmj.com/


36 Dianda L, Hanby AM, Wright NA, et al. T cell receptor-alpha
beta-deficient mice fail to develop colitis in the absence of a microbial
environment. Am J Pathol 1997;150:91–7.

37 Panwala CM, Jones JC, Viney JL. A novel model of inflammatory bowel
disease: mice deficient for the multiple drug resistance gene, mdr1a,
spontaneously develop colitis. J Immunol 1998;161:5733–44.

38 Taurog JD, Richardson JA, Croft JT, et al. The germfree state prevents
development of gut and joint inflammatory disease in HLA-B27 transgenic
rats. J Exp Med 1994;180:2359–64.

39 Contractor NV, Bassiri H, Reya T, et al. Lymphoid hyperplasia,
autoimmunity, and compromised intestinal intraepithelial lymphocyte
development in colitis-free gnotobiotic IL-2-deficient mice. J Immunol
1998;160:385–94.

40 Ma A, Datta M, Margosian E, et al. T cells, but not B cells, are required
for bowel inflammation in interleukin 2-deficient mice. J Exp Med
1995;182:1567–72.

41 Duchmann R, Schmitt E, Knolle P, et al. Tolerance towards resident
intestinal flora in mice is abrogated in experimental colitis and restored
by treatment with interleukin-10 or antibodies to interleukin-12. Eur J
Immunol 1996;26:934–8.

42 Lalani I, Bhol K, Ahmed AR. Interleukin-10: biology, role in inflammation
and autoimmunity (published erratum appears in Ann Allergy Asthma
Immunol 1998;80:A-6). Ann Allergy Asthma Immunol 1997;79:469–83.

43 Asseman C, Mauze S, Leach MW, et al. An essential role for interleukin
10 in the function of regulatory T cells that inhibit intestinal inflammation.
J Exp Med 1999;190:995–1004.

44 Leach MW, Davidson NJ, Fort MM, et al. The role of IL-10 in
inflammatory bowel disease: “of mice and men”. Toxicol Pathol
1999;27:123–33.

45 Groux H, O’Garra A, Bigler M, et al. A CD4+ T-cell subset inhibits
antigen-specific T-cell responses and prevents colitis. Nature
1997;389:737–42.

46 Frankenberger M, Pechumer H, Ziegler HH. Interleukin-10 is
upregulated in LPS tolerance. J Inflamm 1995;45:56–63.

47 Hamann A, Andrew DP, Jablonski WD, et al. Role of alpha 4-integrins
in lymphocyte homing to mucosal tissues in vivo. J Immunol
1994;152:3282–93.

48 Connor EM, Eppihimer MJ, Morise Z, et al. Expression of mucosal
addressin cell adhesion molecule-1 (MAdCAM-1) in acute and chronic
inflammation. J Leukoc Biol 1999;65:349–55.

49 Wong PY, Yue G, Yin K, et al. Antibodies to intercellular adhesion
molecule-1 ameliorate the inflammatory response in acetic acid-induced
inflammatory bowel disease. J Pharmacol Exp Ther 1995;274:475–80.

50 Ziegler HH, Ulevitch RJ. CD14: cell surface receptor and differentiation
marker. Immunol Today 1993;14:121–5.

51 Hsieh CS, Macatonia SE, Tripp CS, et al. Development of TH1 CD4+ T
cells through IL-12 produced by Listeria-induced macrophages. Science
1993;260:547–9.

www.gutjnl.com

For just US$25 you can have instant access to the whole website for 30 days. During this time you will be able to access the full

text for all issues (including supplements) available. You will also be able to download and print any relevant pdf files for personal

use, and take advantage of all the special features Gut online has to offer.

Pay per access

Want full access but don't

have a subscription?

Intestinal microflora modulates cytokines and T cell migration 179

www.gutjnl.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.50.2.170 on 1 F

ebruary 2002. D
ow

nloaded from
 

http://gut.bmj.com/

