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Background and methods: Cytosin-guanosin dinucleotide (CpG) motifs of bacterial DNA are known to be
potent activators of innate immunity. We have shown previously that administration of CpG containing
oligodeoxynucleotide (CpG-ODN) to mice before the onset of dextran sodium sulphate induced colitis
ameliorated colitis and inhibited induction of proinflammatory cytokines. To investigate the possible
involvement of CD4+ T cells in the prophylactic CpG-ODN effects, we used the SCID transfer model of
colitis.
Results: CD4+CD62L+ T cells from CpG-ODN treated donors did not induce significant intestinal
inflammation in SCID recipients, in contrast with control cells. Additionally, cotransfer of these cells with
CD4+CD62L+ cells from normal mice protected recipient animals from colitis, indicating regulatory activity.
Also, CD4+CD62L+ cells from toll-like receptor 9 deficient animals induced a significantly more severe
colitis in SCID recipients than cells from wild-type littermate controls, suggesting a similar protective role of
‘‘endogenous’’ bacterial DNA leading to a less ‘‘aggressive’’ phenotype of these cells. There was no
detectable difference in regulatory T cell surface markers between aggressive and attenuated cell pools but
attenuated cell pools showed reduced proliferation in vitro and in vivo and produced less interferon c,
interleukin (IL)-5, and IL-6 after anti-CD3 stimulation.
Conclusions: Collectively, our data support the concept that both endogenous bacterial DNA and
exogenously supplied CpG motifs of bacterial DNA induce regulatory properties in CD4+ T cells.
Therefore, bacterial DNA derived from the normal gut flora may contribute essentially to the homeostasis
between effector and regulatory immune mechanisms in healthy individuals to protect them from chronic
intestinal inflammation.

he pathogenesis of chronic inflammatory bowel disease
(IBD) is still unknown. Its aetiology is complex and
multifactorial, involving genetic and environmental
factors.1 2 There is abundant evidence that the resident
intestinal flora plays a critical role in the initiation and
perpetuation of chronic intestinal inflammation, as demonstrated in numerous genetic mouse and rat models of
spontaneous colitis who fail to develop disease under germ
free conditions.3–9 On the other hand, there are several
observations suggesting that an ‘‘over clean’’ environment,
especially in early childhood, increases the risk of IBD.10
Recently, mutations in the NOD2 gene were found to be
associated with Crohn’s disease.11 The NOD2 gene product is
thought to operate as an intracellular receptor for microbial
constituents, such as muramyl dipeptide,12 13 resulting in
nuclear factor kB activation in monocytes.14 Hence there is
cumulative convincing evidence for a multifaceted role of
bacteria and their products in the development of chronic
intestinal inflammation.
Some years ago, the importance of bacterial DNA as an
activating product of the vertebrate immune system was
recognised.15 As shown, cytosin-guanosin dinucleotide (CpG)
sequence motifs composed of unmethylated CpG dinucleotides are the immunostimulatory component of bacterial
DNA.16 Oligonucleotides (ODN) containing CpG motifs can
directly or indirectly activate dendritic cells, murine macrophages, B lymphocytes, natural killer cells, and T lympho-
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cytes. In response to this stimulus, cells start to proliferate,
process, and present antigens, and start to secrete a variety of
proinflammatory cytokines, including interleukin (IL)-6,
IL-12, tumour necrosis factor (TNF), and interferon c (IFNc), eventually leading to strong induction of a Th1 skewed
immune response.17 Bacterial DNA differs in three main
respects from vertebrate DNA. Firstly, CpG motifs occur at
random in bacterial DNA (1/16) and are rare in vertebrate
DNA (1/60).18 Secondly, cytosines in vertebrate DNA are
mostly methylated in contrast with bacterial DNA. Thirdly, in
vertebrate DNA there are significant amounts of motifs
which can suppress the stimulatory effects of CpG motifs.19
Based on these differences, the vertebrate immune system
has developed mechanisms to specifically recognise bacterial
DNA. Recent findings indicate that the toll-like receptor
(TLR) 9 is critical for recognition of CpG motifs of bacterial
DNA20 and to date all CpG motif induced effects observed
were dependent on TLR9 ligation.21
Synthetic unmethylated CpG-ODN mimic the immune
activating properties of bacterial DNA and were successfully
used as an adjuvant in immunisation studies22 23 and in
Abbreviations: IBD, inflammatory bowel disease; CpG, cytosinguanosin dinucleotide; CpG-ODN, CpG containing oligodeoxynucleotide; TLR, toll-like receptor; IL, interleukin; TNF, tumour necrosis factor;
IFN-c, interferon c; TGF-b, transforming growth factor b; PBS,
phosphate buffered saline; RT-PCR, reverse transcription-polymerase
chain reaction
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In vivo CpG DNA/toll-like receptor 9 interaction
induces regulatory properties in CD4+CD62L+ T cells
which prevent intestinal inflammation in the SCID
transfer model of colitis

CpG motifs protect from colitis by favouring regulatory immune mechanisms
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MATERIALS AND METHODS
Mice
C.B-17 SCID and Balb/c mice, weighing 20–22 g (Charles
River, Germany), were used for the experiments and housed
in a conventional facility. TLR9 deficient mice were a kind
gift from Dr Shizuo Akira, (Osaka, Japan). All mice were F1
progeny of 129/Ola 6 C57BL/6. As controls, age matched
littermates were used. Cells isolated from Balb/c donors or
TLR92/2 mice or littermate controls were transferred into
SCID mice. No signs of graft versus host disease were seen.
The animal studies were approved by the local institutional
review board.

Incubation of CD4 + CD62L + T cells
Cells were isolated as described above and then incubated at
a concentration of 106 cells/ml cell culture medium (RPMI1640, 10% fetal calf serum, 100 U/ml penicillin, and 100 mg/ml
streptomycin from Gibco-BRL (Eggenstein, Germany)) and
b-mercaptoethanol 361025M (Sigma, Deisenhofen, Germany).
Cells were stimulated over 24 hours in anti-CD3 (2.5 mg/well)
(mAb, 145-2C11; BD Pharmingen) coated wells and cytokine
levels were measured in the supernatant by ELISA (all from
Endogene, Woburne, Massachusetts, USA) using four wells per
condition.

Oligodeoxynucleotides
Phosphothioate stabilised ODN were obtained from Metabion
(Martinsried, Germany). The sequence of the ODN is as
follows:
CpG-ODN: ‘‘ODN1668’’28 ‘‘59-TCC ATG ACG TTC CTG ATG
CT-39’’.
GpG-ODN: ‘‘ODN1668G’’ ‘‘59-TCC ATG AGG TTC CTG ATG
CT-39’’ (control).

Proliferation assay
Isolated cells were incubated in 96 well plates coated
previously with anti-CD3 (2.5 mg/well). After 48 hours cells
were pulsed with 0.5 mCi/well (3H)thymidine for 16 hours
and counts per minute were measured using a scintillation
counter.
Isolation and incubation of mesenteric lymph node
cells
Mesenteric lymph nodes (pooled from each group of mice)
were collected under sterile conditions in ice cold medium
and lymph nodes were mechanically disrupted and filtered
through a cell strainer (70 mm). Cells (26105/well) were
incubated in 200 ml culture medium over 24 hours and
cytokine levels were measured in the supernatant by ELISA
(all from Endogene) using four wells per condition.

CD4 + CD62L + T cell transfer model of colitis
Splenic CD4+CD62L+ T cells from Balb/c mice were isolated as
described previously, with slight modifications.29 In brief,
CD4+ T cells were purified from spleen mononuclear cells of
healthy mice by negative depletion of other cell types using
anti-CD8, anti-MHC-II, anti-B220, and anti-CD11b cells
antibodies (purchased from Pharmingen, Hamburg,
Germany), and antirat-IgG immunomagnetic microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany). The resulting CD4+ T cells were further separated by immunomagnetic
beads into CD62L+ and CD62L2 T cells. The former cells
(purity .95%) showed high expression of CD45RB by FACS
analysis. CD4+CD62L+ T cells (0.256106) were resuspended in
200 ml of sterile phosphate buffered saline (PBS) and injected
intraperitoneally in recipient C.B.-17 SCID or RAG1 deficient
mice. In the cotransfer experiments, 0.256106 CD4+CD62L+
cells from untreated donors plus 0.256106 CD4+CD62L+ cells
from CpG-ODN treated donors were injected. Colitis activity
was monitored by weight changes and histological analysis,
as specified below. For experiments with CpG-ODN or GpGODN treated donor animals, mice received 10 mg of ODN in
100 ml sterile PBS intraperitoneally for five days prior to
isolation of CD4+CD62L+ T cells.

FACS analysis
Samples were analysed using two colour staining. Briefly,
isolated lymphocytes were preincubated with 40 mg/ml of
2.4G2 monoclonal antibody with 10% fetal calf serum to
block FcRs and then stained with both FITC and PE
conjugated monoclonal antibodies. Cells were washed and
analysed by flow cytometry using Epics XL-MCL (Coulter
Electronics, Krefeld, Germany). All steps were performed at
4˚C to prevent receptor internalisation.
Quantitative RT-PCR (Light Cycler)
An additional colonic tissue specimen (1 cm) was harvested
for quantitative reverse transcription-polymerase chain reaction (RT-PCR) and transferred to ice cold RNAlater solution

Table 1 Histological score for the SCID transfer model of colitis
Score

0

1

2

3

4

+ 0.5

Inflammatory infiltrate

None

Focal

Mucosal architecture

Intact

Intact

Cirumferential
mild
Intact

Cirumferential
moderate
Damaged

Cirumferential
severe
Loss

Crypt abscesses,
submucosal infiltration,
mucosal haemorrhage
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Histological examination
Cross sections of the rectum were fixed in 10% buffered
formalin and stained with haematoxylin-eosin. To quantify
the histological damage in gut tissue, a new score was
established, as shown in table 1. The predominant feature of
microscopic inflammation in transfer colitis is the mononuclear cell infiltration limited to the mucosa and the
consecutive mucosal damage (loss of goblet cells, loss of
crypts). Both features were independently graded from 0 to 4
and the mean score was noted. Signs of severe colitis may
include occasionally crypt abscesses, extension of the
inflammatory infiltrate to the submucosa, and mucosal
extravascular haemorrhage. Each of these signs was
acknowledged by a 0.5 increase in histology score, with a
maximum limited to 4. Histological analysis was performed
by two investigators in a blinded fashion.

models of allergic diseases.24 The effects of CpG-ODN in
experimental colitis are divergent. We and others showed
previously that application of CpG motifs during ongoing
colitis leads to IFN-c dependent exacerbation25 26 whereas
prophylactic CpG-ODN administration inhibited disease.26 27
We had observed that, after CpG-ODN pretreatment, IL-10
production was increased and IFN-c secretion was decreased
following colitis induction,26 suggesting a strong immune
modulatory effect. Because both cytokines are indicators of T
helper cell polarisation, we speculated that induction of
specific T cell subsets was involved in these protective
immune mechanisms. To test this hypothesis, we used the
SCID transfer model of colitis which is controlled by defined
CD4+ T cell subsets.
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(Ambion, Huntingdon, UK). RNA was extracted using the
RNeasy-kit (Qiagen, Hilden, Germany) and the Qiagen
Shredder-kit following the manufacturer’s recommendations. RNA was transcribed using the Promega (Mannheim,
Germany) Reverse Transcription System, as recommended by
the manufacturer. Quantification of cytokine mRNA was
performed using a Light Cycler (Roche, Molecular Systems,
Mannheim, Germany). For standardisation, b-actin was
amplified (primer pair: 59-TGG AAT CCT GTG GCA TCC
ATG AAA C-39 and 59-TAA AAC GCA GCT CAG TAA CAG
TCC G-39).
Primers and conditions
IFN-c: 59-TGG AGG AAC TGG CAA AAG GAT GGT-39 and 59TTG GGA CAA TCT CTT CCC CAC-39, annealing temperature
at 62˚C, 3 mM MgCl2.
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IL-6: 59-TGG AGT CAC AGA AGG AGT GGC TAA G -39 and
59-TCT GAC CAC AGT GAG GAA TGT CCA C -39, annealing
temperature at 62˚C, 4 mM MgCl2.
IL-10: 59-TCC TTA ATG CAG GAC TTT AAG GGT TAC TTG39 and 59’-GAC ACC TTG GTC TTG GAG CTT ATT AAA ATC39, annealing temperature at 62˚C, 3 mM MgCl2.
All primers were purchased from MWG-Biotech AG
(Ebersberg, Germany). Cytokine mRNA was quantified for
each individual mouse.
BrdU labelling and immunohistochemistry
Animals were injected intraperitoneally with 1 mg/mouse
BrdU (Sigma Aldrich, München, Germany) for three consecutive days before the mice were sacrificed.
Immunohistochemical staining of BrdU in frozen sections
of mesenteric lymph nodes was performed following the
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Figure 1 Effects of cytosin-guanosin containing oligodeoxynucleotide (CpG-ODN) treatment of donor animals in the SCID transfer model of colitis on
colitis development. Donor animals were treated with either CpG-ODN or GpG-ODN (each 10 mg/day over five days) or left untreated, and
CD4+CD62L+ cells were transferred to SCID recipients. As a negative control, SCID mice were injected with phosphate buffered saline (PBS).
(A) Weight change after transfer. (B) Histological score in the different groups was examined at the end of the experiments (eight and 12 weeks after
transfer). (C) Representative colonic haematoxylin-eosin sections of non-transferred mice and mice transferred with CD4+CD62L+ cells from CpG-ODN
or GpG-ODN treated (control) or untreated donors (control) are shown (magnification 50-fold). (D) Toll-like receptor 9 (TLR9) deficient or wild-type
(Wt) littermate controls were treated with CpG-ODN (10 mg/day over five days), CD4+CD62L+ cells were transferred to SCID recipients, and the
histological score was examined at the end of the experiment. Data presented in (A–C) were derived from 5–8 mice per group and are representative
of five independent experiments. Values are mean (SEM). *Significantly different from both groups transferred with CD4+CD62L+ cells from either
GpG-ODN or untreated donor mice. Data presented in (B) (12 week data) and (D) were derived from 5–8 mice per group and are representative of
two independent experiments. Values are mean (SEM). *Significantly different.
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Figure 2 Effects of cytosin-guanosin containing oligodeoxynucleotide (CpG-ODN) treatment of donor animals in the SCID transfer model of colitis on
cytokine production. Donor animals were treated with either CpG-ODN or GpG-ODN (each 10 mg/day daily over five days) or left untreated, and
CD4+CD62L+ cells were transferred to SCID recipients. As a negative control, SCID mice were injected with phosphate buffered saline (PBS).
(A) Mesenteric lymph node cells were isolated at the end of the experiment and spontaneous cytokine secretion was measured in overnight cultures by
ELISA. IL, interleukin; IFN-c, interferon c. (B) mRNA from colonic tissue of individual mice was isolated and expression of different cytokines was
quantified by real time polymerase chain reaction, as described in materials and methods. Data presented were derived from five independent
experiments with at least 20 mice per group. Values are mean (SEM). *Significantly different from both the group transferred with CD4+CD62L+ cells
from untreated and GpG-ODN treated donor mice if not indicated otherwise.

manufacturer’s instructions using the BrdU in situ detection
kit (BD Pharmingen).
Statistics
Statistical analysis was performed using the Student’s t test
(cytokine levels), the Mann-Whitney rank sum test (histological score), or the general linear model (daily weight loss).
In all experiments including more than two groups, a
statistically significant difference according to the KruskalWallis analysis of variance on ranks among the treatment
groups was confirmed, before comparing two groups using
the Mann-Whitney rank sum test. Error bars represent the
standard error of the mean (SEM). Statistically significant
differences were accepted when p,0.05.

RESULTS
Effects of CpG-ODN pretreatment of donor mice on
weight loss and intestinal inflammation in the SCID
transfer model of colitis
To evaluate whether CD4+ T cells are involved in the
previously described protective effects of CpG-ODN administration in different colitis models,26 27 we used the SCID

transfer model in which colitis is induced in SCID mice by
transfer of splenic CD4+CD62L+ cells. Donor mice were
treated with either CpG-ODN or control GpG-ODN over five
days or left untreated before CD4+CD62L+ splenic T cells were
isolated and transferred into recipient animals. As shown in
fig 1A, SCID mice, reconstituted with lymphocytes from CpGODN treated donors, gained weight over time (week 8: +14
(5)%) and developed no signs of colitis comparable with
animals that did not receive any T cells (week 8: +28 (4)%).
In contrast, mice transferred with CD4+CD62L+ cells from
untreated donors or donors pretreated with control GpGODN lost weight over time (week 8: 28 (5)% and 25 (2)%)
and developed colitis, as expected.
Differences in the course of weight loss were reflected by
histological signs of mucosal inflammation. Hardly any
inflammation was observed within the intestinal mucosa of
SCID mice reconstituted with lymphocytes from CpG-ODN
treated donors (histological score: 0.4 (0.4)) whereas animals
that received T cells from GpG-ODN or untreated donor mice
displayed fully established colitis with no significant difference between the two groups (histological score: transfer
from GpG-ODN treated donors 2.2 (0.3); transfer from
untreated donors 1.8 (0.4)) (fig 1B).
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Figure 3 Transfer of CD4+CD62L+ cells from toll-like receptor 9 (TLR9)
deficient mice versus wild-type mice. CD4+CD62L+ cells from TLR9
deficient donors or wild-type control littermates were isolated and
transferred to SCID recipients. (A) Weight change after transfer.
(B) Histological score of the different groups was examined at the end of
the experiment (seven weeks after transfer). (C) Mesenteric lymph node
cells were isolated at the end of the experiment and cytokine secretion
was measured after 24 hours in supernatants by ELISA. IL, interleukin;
IFN-c, interferon c. *Significantly different from the group transferred
with CD4+CD62L+ cells from wild-type littermates. Data presented were
derived from five mice per group and are representative of two
independent experiments.

To check whether CpG-ODN treatment of donor mice
results in a delayed onset of intestinal inflammation or in a
sustained reduced colitis, we extended the observation period
to 12 weeks. As shown in fig 1B, we found a significant
protective effect of CpG-ODN donor treatment even 12 weeks
after the transfer of cells (CpG-ODN treated donors 1.1 (0.3);
untreated donors 3.8 (0.2); GpG-ODN treated control donors
3.0 (0.4); p,0.001). The protective CpG-ODN effects were
recently shown to be TLR9 dependent in other colitis
models.30 To verify this in the SCID transfer model of colitis,
we treated both TLR9 deficient donor mice and wild-type
littermates with CpG-ODN. In contrast with wild-type
littermates, there was no protective effect of CpG-ODN
treatment of TLR9 deficient donor mice, indicating that the
protective effects of CpG-ODN are TLR9 dependent (fig 1D).
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Effects of CpG-ODN pretreatment of donor mice on
cytokine production in the SCID transfer model of
colitis
To verify whether amelioration of intestinal inflammation
was accompanied by modulation of cytokine production, we
measured cytokine secretion from mesenteric lymph node
cells (fig 2A) and mRNA in the colon (fig 2B).
Interestingly, recipients of CD4+CD62L+ donor cells from
CpG pretreated mice showed no increase in IFN-c or IL-6
secretion compared with non-transferred animals whereas
recipients of cells from untreated mice showed significantly
upregulated synthesis of both proinflammatory cytokines
(IFN-c 700-fold; IL-6 sevenfold) (fig 2A). In contrast, IL-10
secretion significantly increased (fourfold) in mice transferred with cells from CpG-ODN treated donors compared
with controls. Pretreatment of donor mice with GpG-ODN
also affected cytokine production but at a significantly lower
level. Gene expression of proinflammatory cytokines in
colonic tissue, as measured by RT-PCR, was also significantly
lower (IL-6 6.7-fold; IFN-c 20-fold) whereas IL-10 expression
was upregulated by approximately 3.5-fold by transfer of
CpG-ODN pretreated donor cells compared with untreated or
GpG treated donors cells (fig 2B).
Transfer of CD4 + CD62L + cells from TLR9 deficient mice
results in increased intestinal inflammation in SCID
recipients
In the experiments described above, donor mice were
exogenously exposed to a substantial amount of CpG-ODN
over five days, finally leading to CD4+CD62L+ T cells with a
significantly reduced inflammatory potential. To investigate
whether ‘‘physiological’’ steady state TLR9/CpG DNA interaction in donor mice influences the colitis stimulating
potential of CD4+CD62L+ cells, we used TLR9 deficient mice
as donor animals in which this interaction is missing. As
demonstrated in fig 3A, SCID recipients showed significantly
increased weight loss when transferred with cells from
TLR92/2 donors compared with mice transferred with cells
from control littermates (transferred from TLR92/2 donors
217%; transferred from wild-type controls 28%). Increased
weight loss was paralleled by a significantly increased
histological score (transfer from TLR92/2 donors 3.2 (0.2);
transfer from wild-type donors 1.3 (0.5)) and significantly
higher IFN-c (7.9-fold), IL-5 (7.6-fold), and IL-6 (1.8-fold)
production from mesenteric lymph node cells whereas IL-10
secretion was decreased by 9.7-fold (fig 3C). Taken together,
this suggests that CD4+CD62L+ cells from TLR9 deficient mice
display an increased inflammatory potential. To exclude the
possibility that genetic differences between donors and
recipients qualitatively influenced the increased inflammation observed in recipients transferred with TLR92/2 cells, we
also used C57/Bl6 RAG12/2 recipient mice and obtained
qualitatively the same results (data not shown).
Cotransfer of CD4 + CD62L + cells from CpG-ODN and
untreated donors leads to reduced intestinal
inflammation in the SCID transfer model of colitis
To determine whether CD4+CD62L+ cells from CpG-ODN
treated donors lost their capacity to induce intestinal
inflammation or whether they obtained regulatory capabilities, we performed cotransfer experiments. Figure 4A
demonstrates that cotransfer of cells from CpG-ODN treated
and untreated donor mice prevented colitis development in
SCID hosts. Compared with mice only transferred with
CD4+CD62L+ cells from untreated donors, the histological
score was reduced 2.2-fold and IFN-c production was
significantly lower (5.7-fold) (fig 4B) Furthermore, we found
a clearly reduced number of proliferating cells (BrdU
staining, brown colour in fig 5) in mesenteric lymph nodes
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Figure 4 Cotransfer of CD4+CD62L+ cells from cytosin-guanosin containing oligodeoxynucleotide (CpG-ODN) treated and untreated donor animals
in SCID mice. Donor animals were treated with CpG-ODN (10 mg/day over five days) or left untreated and either CD4+CD62L+ cells from untreated or
CpG-DNA treated donors or both were transferred to SCID recipients. As a negative control, SCID mice were injected with phosphate buffered saline
(PBS). Histological score (A) and interferon c (IFN-c) secretion of isolated mesenteric lymph node cells (B) at the end of the experiment (eight weeks after
transfer) are shown. *Significantly different from the group transferred with CD4+CD62L+ cells from untreated donor mice. Data presented were
derived from three independent experiments, with 10–15 mice per group. ND, not detected.

from SCID mice transferred with CD4+CD62L+ cells from
CpG-ODN pretreated donors and also in cotransferred hosts
compared with SCID mice transferred with cells from
untreated donors. Taken together, these data suggest that
CpG-ODN treatment induced the appearance of regulatory
activity among CD4+CD62L+ cells.
Characterisation of CD4 + CD62L + cells from CpG-ODN
treated donors
To further investigate the changes induced by CpG-ODN
exposition in CD4+CD62L+ cells, we compared anti-CD3

induced cytokine secretion and proliferation, and FACS
analysis was performed to detect markers described as being
preferentially expressed on regulatory/inhibitory T cells
(table 2). CpG-ODN pretreatment of mice decreased secretion
of IFN-c (3.9-fold) and IL-5 (5.2-fold) by CD4+CD62L+ cells
whereas no significant difference was found for IL-10 or
transforming growth factor b (TGF-b) secretion (fig 6A).
Furthermore, their proliferation on CD3 ligation was significantly reduced (approximately twofold; fig 6B). There was
no marked difference in CD25, GITR, CTLA-4, or aEb7
surface display in these cells compared with controls (table 2).

Figure 5 Cotransfer of CD4+CD62L+ cells from cytosin-guanosin containing oligodeoxynucleotide (CpG-ODN) treated and untreated donor animals in
SCID mice. Donor animals were treated with CpG-ODN (10 mg/day over five days) or left untreated and either CD4+CD62L+ cells from untreated or CpGDNA treated donors or both were transferred to SCID recipients. In vivo proliferation of cells in mesenteric lymph nodes was detected by BrdU incorporation.
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Table 2 Expression of surface markers on CD4+CD62L+
cells detected by flow cytometric analysis
None

CpG-ODN

GpG-ODN
(control)

CD25
aEb7
GITR
CTLA-4

13.8
9.8
5.8
0.4

14.6
5.7
5.1
0.6

15.5
6.6
7.3
0.4

Results are given as positive cells (in per cent) and are representative of
three independent experiments.
CpG-ODN, cytosin-guanosin containing oligodeoxynucleotide.

Characterisation of CD4 + CD62L + cells from TLR9
deficient mice
Anti-CD3-stimulated CD4+CD62L+ cells from TLR9 deficient
mice were compared with cells from wild-type littermate
controls. IFN-c (2.3-fold), IL-5 (10-fold), and IL-6 (2.4-fold)
secretion was significantly increased and IL-10 secretion was
significantly decreased (1.6-fold) (fig 7A). Furthermore, we
found a significant increase in proliferation after 48 hours in
unstimulated cells (44%) compared with wild-type controls.
In contrast, there was no significantly different proliferation
in anti-CD3 activated cells (115% of wild-type controls)
(fig 7B).

DISCUSSION
Recently, it was demonstrated by us and others that
prophylactic CpG-ODN treatment ameliorates colitis in
various animal models of intestinal inflammation.26 27
However, the mechanism of this protective effect remained
unclear. Our data provide evidence that CpG induced
protection is mediated via a T cell dependent mechanism
and further suggest that naturally occurring CpG/TLR9
interactions in healthy mice may contribute to the regulatory
potential of T cells.
Our previous results in the acute dextran sodium sulphate
model of colitis demonstrated reduced IFN-c and increased
IL-10 secretion in CpG-ODN pretreated mice at the end of
colitis induction.26 We therefore assumed that T cells were
involved in the protective CpG-ODN effects. To test this
hypothesis we used the SCID transfer model of colitis. This
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Figure 6 Cytokine secretion and proliferation of anti-CD3 stimulated CD4+CD62L+ cells isolated from cytosin-guanosin containing oligodeoxynucleotide (CpG-ODN) treated donor mice. Mice were treated with either CpG-ODN or GpG-ODN (each 10 mg/day over five days) or left untreated,
and CD4+CD62L+ cells were isolated and incubated in anti-CD3 coated wells, as described in materials and methods, over 24 hours for cytokine
detection (A) or 72 hours for 3H-thymidine incorporation (B). PBS, phosphate buffered saline; IL, interleukin; IFN-c, interferon c; TGF-b, transforming
growth factor b. *Significantly different from both GpG-ODN or untreated mice. Incubations were performed in quadruplicate and results are
representative of three independent experiments.
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Treatment of mice

model is widely used to investigate the role of specific T cells
in induction of intestinal inflammation because colitis is
mediated by transfer of ‘‘pathogenic’’ CD4+ lymphocytes into
immune deficient mice. We found that T lymphocytes from
untreated or control GpG-ODN injected donor mice induced
severe colitis in SCID mice whereas cells transferred from
CpG-ODN pretreated animals failed to mediate significant
intestinal inflammation.
This effect was surprising because the most prominent
activity of CpG-ODN is their strong Th1 inducing capacity.31 32
However, it is also known that CpG motifs not only induce
secretion of proinflammatory cytokines by antigen presenting
cells but also secretion of the anti-inflammatory cytokine
IL-10. Additionally, other reports described a protective role
of CpG-ODN in several models of Th2 mediated pathologies.23 33 34 In these models, the beneficial effect was
attributed to induction of a strong Th1 response that was
thought to counteract the Th2 mediated pathomechanisms.
Interestingly, it was also shown previously that the positive
effects of prophylactic immunisation with CpG-DNA before
schistosome egg application were not due to induction of a
Th1 immune response but mainly IL-10 and cell/cell contact
dependent. This suggested that induction of a regulatory
immune response by CpG motifs limits pathology in this
model.35 Furthermore, prophylactic CpG-ODN application
was also able to prevent Th1 driven autoimmune diabetes
in NOD mice.36 Again, the protective effect correlated with
increased IL-10 production. These results, together with our
finding that mesenteric lymph node cells from SCID mice
that received T cells from CpG-ODN pretreated donors
secreted more IL-10 than control mice, prompted us to
speculate that CD4+CD62L+ cells isolated from CpG-ODN
injected animals not only lose their potential to induce colitis
but, in contrast, obtain regulatory capacities. This hypothesis
was confirmed by cotransfer experiments in which
CD4+CD62L+ cells from CpG-ODN pretreated donors abolished the colitis inducing capacity of CD4+CD62L+ cells from
untreated donors.
Furthermore, IFN-c production was significantly reduced
and lymphocyte proliferation was not detectable in mesenteric lymph node cells from the cotransferred recipients. This
indicated that CD4+CD62L+ cells (or a subpopulation of these
cells) from CpG-ODN pretreated donors suppressed intestinal

CpG motifs protect from colitis by favouring regulatory immune mechanisms
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Figure 7 Cytokine secretion and proliferation of anti-CD3 stimulated CD4+CD62L+ cells isolated from toll-like receptor 9 (TLR9) deficient mice.
CD4+CD62L+ cells were isolated from TLR9 deficient mice or wild-type littermate controls and incubated in anti-CD3 coated wells, as described in
materials and methods, over 24 hours for cytokine detection (A) or 72 hours for 3H-thymidine incorporation (both unstimulated and anti-CD3
stimulated) (B). IL, interleukin; IFN-c, interferon c. *Significantly different from littermate controls. Incubations were performed in quadruplicate and
results are representative of at least two experiments.

inflammation, presumably by inhibition of proinflammatory
cytokine production and suppression of T cell proliferation.
This potential induction of regulatory T cells by CpG-ODN
treatment would also explain why prophylactic CpG-ODN
administration suppresses colitis in Th1 as well as in Th2
mediated models of intestinal inflammation, as shown by
Rachmilewitz and colleagues.27
Over the past few years many new insights into the process
of immune response regulation have been gained that
demonstrated the importance of regulatory T cells for
maintenance of immunological steady states. To date,
different subsets of CD4+ cells with a suppressive function
were characterised and the existence of at least two basic
subsets of CD4+ regulatory T cells was proposed which differ
in terms of development, specificity, mechanism of action,
and dependence on T cell receptor and costimulatory
signalling.37 The best characterised subset consists of the socalled naturally occurring CD4+CD25+ regulatory cells that
develop in the thymus. These CD25+ cells are characterised by
expression of glucocorticoid induced TNF receptor related
protein GITR and the transcription factor Foxp3.38–40 We did
not find increased amounts of CD25, GITR, or Foxp3 mRNA
(preliminary results derived from semiquantitative PCR) in
CD4+CD62L+ cells from CpG-ODN pretreated animals.
We therefore favour the adaptive or ‘‘induced’’ regulatory T
cell population.37 It is thought that these cells are induced
under certain conditions of antigenic stimulation involving
cytokines such as IL-10 and type I interferons, and also
corticosteroids, vitamin D3, and/or cell/cell contact.41 42 This
hypothesis is supported by a recent report that demonstrated
that CD8a+ CpG-ODN matured dendritic cells support the
induction of regulatory CD4+ cells.43 The mechanism by
which these adaptive T cells exert their regulatory function is
not yet identified. In some in vivo models, IL-10 and/or
TGF-b secretion are thought to play an important role.44–46
However, similar to natural regulatory cells, cell-cell contact
dependent mechanisms are suggested to mediate the
inhibitory functions of adaptive regulatory T lymphocytes.37
Our results indicate that in vivo, CpG-ODN pretreatment
inhibited the secretion of both Th1 (IFN-c) and Th2 (IL-5)
cytokines from CD4+CD62L+ cells while the production of
cytokines which are attributed to regulatory cells (IL-10,
TGF-b) was unaffected, indicating a CpG-ODN induced shift

towards a regulatory pattern of cytokine secretion among
CD4+CD62L+ cells.
Another quality of regulatory T cells is their reduced
capacity to proliferate. CD4+CD62L+ cells from CpG-ODN
treated mice exhibited a markedly reduced proliferation
which became evident after only 72 hours of in vitro culture.
In vivo, the antiproliferative effect appeared to be even
stronger as we found hardly any proliferating cells in
mesenteric lymph nodes of SCID mice transferred with
lymphocytes from CpG treated donors in contrast with
controls transferred with cells from untreated donors.
Taken together, these results argue for a regulatory type of
CD4+ T cell which results from in vivo CPG-ODN exposition
and which is part of the CD4+CD62L+ lymphocyte preparation
capable of preventing the development of colitis.
Based on these results and on a recent report which
indicated that the prophylactic CpG-ODN effect on experimental colitis is in fact TLR9 dependent,30 we raised the
important question of whether, in a similar way, exposition
to ‘‘endogenous’’ bacterial DNA, possibly derived from the
normal luminal bacterial flora, also modulates the potential
of CD4+CD62L+ cells to induce colitis. CD4+CD62L+ cells
isolated from TLR9 deficient mice, which cannot be
stimulated by bacterial DNA, and their wild-type littermates
were compared after transfer to SCID or RAG-1 deficient
mice. Concerning all measured parameters of colitis, TLR9
deficient cells displayed a significantly greater inflammatory
potential. Thus constant exposure of a healthy organism to
bacterial DNA may contribute to the steady state homeostasis
of the intestinal immune system regulating the delicate
balance between effector and regulatory mechanisms.
Interestingly, similar findings have been observed recently
in human T cells indicating that CpG motifs are potent
inducers of regulatory qualities.47 In this respect, our data are
of special interest with regard to results from epidemiological
studies which suggest that the incidence of IBD positively
correlates with the increase in hygienic standards in
developed countries, leading to less contact of an organism
with bacteria and bacterial products.10 48 It is therefore
tempting to speculate that reduced exposure to microbial
components (such as bacterial DNA) contributes to an
increased risk of developing a deregulated intestinal immune
response due to a reduction in regulatory T lymphocyte
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activities, eventually leading to IBD in genetically susceptible
hosts.
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