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Summary

 

Commensal enteric bacteria stimulate innate immune cells and increase num-
bers of lamina propria and mesenteric lymph node (MLN) T and B lympho-
cytes. However, the influence of luminal bacteria on acquired immune
function is not understood fully. We investigated the effects of intestinal bac-
terial colonization on T cell tolerogenic responses to oral antigen compared to
systemic immunization. Lymphocytes specific for ovalbumin–T cell receptor
(OVA–TCR Tg

  

++++

 

) were transplanted into germ-free (GF) or specific pathogen-
free (SPF) BALB/c mice. Recipient mice were fed OVA or immunized subcu-
taneously with OVA peptide (323–339) in complete Freund’s adjuvant (CFA).
Although the efficiency of transfer was less in GF recipients, similar propor-
tions of cells from draining peripheral lymph node (LN) or MLN were pro-
liferating 3–4 days later 

 

in vivo

 

 in GF and SPF mice. In separate experiments,
mice were fed tolerogenic doses of OVA and then challenged with an immu-
nogenic dose of OVA 4 days later. Ten days after immunization, lymphocytes
were restimulated with OVA 

 

in vitro

 

 to assess antigen-specific proliferative
responses. At both high and low doses of OVA, cells from both SPF and GF
mice fed OVA prior to immunization had decreased proliferation compared to
cells from control SPF or GF mice. In addition, secretion of interferon (IFN)-
γγγγ

 

 and interleukin (IL)-10 by OVA–TCR Tg

  

++++

 

 lymphocytes was reduced in both
SPF and GF mice fed OVA compared to control SPF or GF mice. Unlike pre-
vious reports indicating defective humoral responses to oral antigen in GF
mice, our results indicate that commensal enteric bacteria do not enhance the
induction of acquired, antigen-specific T cell tolerance to oral OVA.

 

Keywords:

 

 commensal bacteria, germ-free mice, mucosal immunity, oral
tolerance 

 

Introduction

 

The intestinal mucosa is a major interface between an organ-
ism and its environment. Resident immune cells encounter
continuously a wide variety of antigens, derived from food,
commensal enteric flora or ingested pathogens. Thus, the
intestinal immune system faces the challenge of maintaining
a state of tolerance to self-antigens and non-pathogenic non-
self-antigens, while remaining poised for a rapid, protective
response to pathogens. Food antigens encountered in the
gastrointestinal tract elicit typically a state of antigen-specific
systemic hyporesponsiveness, called oral tolerance. Oral tol-
erance can occur through clonal deletion [1], anergy [2] or
the generation of regulatory T cells [3,4], depending on fac-

tors such as antigen dose. Co-stimulatory molecules such as
CD86 [5] and CTLA-4 [6], but not CD40 [7,8], are impor-
tant in the induction of oral tolerance. In addition, regula-
tory cells producing transforming growth factor (TGF)-

 

β

 

[3,4] have been implicated in oral tolerance. There are mixed
reports in the literature regarding the importance of inter-
leukin (IL)-10, another cytokine considered widely to be
immunoregulatory, in oral tolerance to soluble protein anti-
gens [3,6,9,10]. Induction of a potentially regulatory CD4

 

+

 

/
CD25

 

+

 

 cell population has also been demonstrated in low-
dose oral tolerance models [10,11].

Alterations in the pathway leading to oral tolerance can
cause serious consequences, including food hypersensitivity
and pathogenic immune responses to the normal intestinal
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microbiota. Indeed, loss of tolerance to commensal enteric
bacteria has been demonstrated in inflammatory bowel dis-
eases (IBD) [12–14]. In addition, many rodent models of
IBD do not develop disease in a germ-free (GF) setting, but
develop colitis rapidly when colonized with specific patho-
gen-free (SPF) bacteria [15–17] or selected enteric bacterial
species [18], and exhibit Th1 responses to commensal
enteric bacterial antigens [17,18]. Interestingly, a recent
study reported reductions in oral tolerance to keyhole limpet
haemocyanin, a soluble protein, in patients with IBD [19].
However, the mechanisms underlying tolerance to the com-
mensal microbiota and the loss of tolerance in disease are not
understood.

Commensal enteric bacteria also play an integral role in
the development of the mucosal immune system. Signifi-
cant alterations in gut-associated lymphoid tissues (GALT)
occur in GF animals, including reduced numbers of intra-
epithelial lymphocytes (IEL) [20], reduced numbers and
size of Peyer’s patches (PP) [21,22] and reduced secretion
of IgA [23]. These alterations are normalized rapidly upon
colonization with non-pathogenic commensal bacteria [20–
22]. Bacterial antigen-specific T cells may participate in
regulating gut immune responses. For example, bacterial
antigen-specific T regulatory cells that secrete IL-10 in
response to caecal bacterial lysates can suppress pathogenic
Th1 cell proliferation and prevent colitis in a co-transfer
model [24].

The importance of commensal bacteria in GALT develop-
ment and gut immune responses supports a hypothesis that
oral tolerance may be altered in GF mice. Early studies using
sheep red blood cells as the antigenic stimulus showed that
GF mice had defective antibody responses to oral antigen,
which was restored by co-administration of lipopolysaccha-
ride (LPS) [25]. Th1-dependent but not Th2-dependent
antibody responses were reduced in GF mice after feeding
with ovalbumin (OVA), while both types of responses were
reduced in SPF mice [26]. The authors suggested that this
was due to decreased numbers of T cells in GF PP [27]. In
contrast, other studies have shown suppression of OVA-spe-
cific antibodies in the serum of OVA-fed GF mice to a similar
degree to the suppression observed in conventionally housed
mice, although the duration of oral tolerance was decreased
[28,29]. Additionally, serum from OVA-fed GF BALB/c mice
suppressed OVA-specific delayed-type hypersensitivity
responses in recipient mice [30]. Differences among these
studies may be due to a variety of factors such as antigens
used, doses and feeding regimens and methods of assessing
tolerance.

In the current studies, we utilized the adoptive transfer of
OVA-specific–T cell receptor (OVA–TCR) Tg

 

+

 

 lymphocytes
from DO11·10 transgenic mice into syngeneic GF and SPF
mice to assess the impact of the absence of intestinal bacterial
on oral tolerance at the level of T cell activation and sensiti-
zation. Because different doses of antigen may induce oral
tolerance by different cellular mechanisms [1–4,10,29], we

used both high- and low-dose feeding regimens. We provide
evidence that commensal enteric bacteria are not required
for the induction of tolerance to oral antigen in adoptively
transferred OVA–TCR Tg

 

+

 

 T cells.

 

Materials and methods

 

Mice

 

DO11·10 (OVA–TCR Tg

 

+

 

) breeder mice on a BALB/c back-
ground were originally obtained from D. Y. Loh (Washing-
ton University School of Medicine, St. Louis, MO, USA)
[31]. SPF BALB/c mice were obtained from Harlan Spra-
gue–Dawley (Indianapolis, IN, USA). BALB/c and DO11·10
mice were maintained under SPF conditions at the Univer-
sity of North Carolina animal facility. GF BALB/c mice
were maintained in flexible plastic isolators at the Gnotobi-
otics Animal Facility of the Center for Gastrointestinal
Biology and Disease, located at the Laboratory Animal
Resources facility of the North Carolina State University
College of Veterinary Medicine. The GF status of the mice
was monitored by bi-weekly aerobic and anaerobic culture
and Gram stain of stools from each isolator. In addition,
stools were cultured from mice at the end of each experi-
ment to confirm that the experimental mice remained ster-
ile. Mice were used at 6–16 weeks of age. All experimental
procedures were approved by the University of North Caro-
lina and the North Carolina State University Animal Use
and Care Committees.

 

Adoptive transfer and 5,6-carboxy-succinimidyl-
fluorescein-ester (CFSE) labelling of donor cells

 

Peripheral (axillary and inguinal) and mesenteric lymph
nodes from donor DO11·10 Tg

 

+

 

 mice were dissected into
sterile phosphate-buffered saline (PBS) containing 0·1%
bovine serum albumin (BSA) and 1% gentamicin to help
ensure sterility. Single-cell suspensions were made by press-
ing the tissues through nylon mesh. Lymphocytes were
washed in sterile PBS and injected intraperitoneally (i.p.)
into recipient SPF and GF BALB/c mice. Intraperitoneal
rather than intravenous injections were used due to techni-
cal issues related to handling GF mice in isolators. To track
the proliferation of donor cells 

 

in vivo

 

, donor lymphocytes
were labelled with CFSE (Molecular Probes, Eugene, OR,
USA), as described previously [32]. Briefly, unseparated
D011·10 lymphocytes were resuspended in sterile PBS con-
taining 0·1% BSA and 1% gentamicin at 10

 

7

 

 cells/ml. CFSE
was added to a final concentration of 10 

 

µ

 

M

 

 and the cells
were incubated at 37

 

°

 

C for 10 min. Labelled cells were
washed once with sterile PBS containing 0·1% BSA and 1%
gentamicin, washed once with sterile PBS and resuspended
in PBS for intraperitoneal injection. Lymphocytes (3–
8 

 

×

 

 10

 

6

 

) were injected into each mouse, depending on the
experiment. Higher numbers of cells were used in later
experiments after determining that OVA–TCR Tg

 

+

 

 cell
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transplantation was typically very poor in GF mice given
lower cell numbers.

 

Feeding and immunizations

 

For short-term experiments, 1 day after adoptive transfer
of CFSE-labelled OVA–TCR Tg

 

+

 

 cells, mice were fed
100 mg OVA in 250 

 

µ

 

l PBS by oral gavage, immunized
subcutaneously (s.c.) with OVA p323–339 in complete Fre-
und’s adjuvant (CFA) or left untreated. Mice were killed
3 days after OVA treatment. For long-term experiments,
mice were divided into fed and control groups. For high-
dose experiments, 1 day after adoptive transfer of OVA–
TCR Tg

 

+

 

 cells, the fed groups of GF and SPF mice were
given 100 mg OVA in 250 

 

µ

 

l PBS by oral gavage, and con-
trol mice were given no OVA. For low-dose experiments,
the mice were given either sterile drinking water contain-
ing 1 mg/ml or 0·25 mg/ml OVA or sterile OVA-free drink-
ing water. Mice were thus given OVA continuously for 5
days. In both high- and low-dose experiments, all mice
were immunized s.c. with OVA peptide 323–339 in CFA 4
days after the last antigen encounter. In a separate control
experiment, four GF and four SPF BALB/c mice that were
not injected with OVA–TCR Tg

 

+

 

 cells were immunized s.c.
with OVA p323–339 in CFA to test for reactivity of endog-
enous T cells to the peptide. Mice were necropsied 10 days
after immunization.

 

Monoclonal antibodies (mAbs) and fluorescence 
activated cell sorter (FACS) analysis

 

The clonotypic anti-transgene monoclonal antibody, KJ1-26
[33] was prepared from hybridoma cells. IgG in hybridoma
culture supernatants was purified by protein G chromatog-
raphy (Pharmacia, Uppsala, Sweden) and was conjugated to
FITC or biotin. Anti-CD4-phycoerythrin (PE) (CT-CD4)
was purchased from Caltag (San Francisco, CA, USA). Anti-
CD25-PE (PC61), anti-CD45RB-PE (16 A) and streptavi-
din-PerCP were purchased from BD Pharmingen (San
Diego, CA, USA). Cell surface molecules were detected by
staining 10

 

6

 

 viable cells with the antibody conjugates indi-
cated for 20 min at 4

 

°

 

C in PBS containing 0·1% BSA and
0·01% sodium azide. Stained cells were washed and, as
appropriate, cells were incubated with streptavidin-PerCP
for an additional 5 min and then washed. Data were acquired
on a FACScan (Becton Dickinson, Mountain View, CA,
USA) and analysed with Summit software from Cytomation,
Inc. (Ft Collins, CO, USA). A total of 100 000 size-gated lym-
phocytes were counted routinely.

 

Proliferation assay

 

Lymphocytes from the draining lymph node (LN) (axillary)
of fed and control mice were cultured at 2 

 

×

 

 10

 

5

 

 cells/well in
200 

 

µ

 

l complete medium with 10% fetal calf serum (FCS)

(HyClone, Logan, UT, USA), 50 

 

µ

 

M

 

 2-mercaptoethanol,
10 mg/ml folate, 2 m

 

M

 

 glutamine, 1 mM pyruvate, 0·5%
gentamicin and 0·5% penicillin–streptomycin and the con-
centrations indicated of OVA p323–339. An aliquot of cells
from each mouse was subjected to FACS analysis to deter-
mine the number of OVA–TCR Tg

 

+

 

 cells that were present
in each well. Mice with undetectable or very poor trans-
plantation (less than 0·25% OVA–TCR Tg

 

+

 

 cells in the total
lymphocyte population) were eliminated from further anal-
ysis. Cells were cultured for 3 days, with 1 

 

µ

 

Ci of [

 

3

 

H]-thy-
midine added for the last 18 h of culture. Cells were
harvested onto glass fibre filters and the incorporated radio-
activity was counted. The degree of transplantation of
OVA–TCR Tg

 

+

 

 cells varied from animal to animal as well as
across different experiments, and was typically lower in GF
recipients (see Results section). To normalize the prolifera-
tion data, the counts per minute (cpm) per well were nor-
malized to the number of input OVA–TCR Tg

 

+

 

 cells. The
percentage of input transgenic cells in the lymphocytes har-
vested from each mouse was determined by FACS analysis
on a separate aliquot of cells on the day of plating. The
absolute number of OVA–TCR Tg

 

+

 

 cells was calculated by
[(% OVA–TCR Tg

 

+

 

 cells/100)/2 

 

×

 

 10

 

5

 

 total cells plated].
Counts per minute above control per Tg

 

+

 

 cell was deter-
mined by the following equation: cpm/input Tg

 

+

 

cell 

 

=

 

 (cpm

 

stimulated

 

 

 

−

 

 cpm

 

unstimulated

 

)/# input OVA–TCR Tg

 

+

 

cells.

 

Analysis of cytokine secretion

 

Lymphocytes from the draining LN of fed and control
SPF and GF mice were cultured in the presence or absence
of 1 

 

µ

 

M

 

 OVA p323–339 as described above for prolifera-
tion assays. Culture supernatants were collected after 72 h
and frozen at 

 

−

 

20 degrees until analysis. The concentra-
tions of interferon (IFN)-

 

γ

 

 and interleukin (IL)-10 in the
supernatants were determined by a sandwich enzyme-
linked immunosorbent assay (ELISA) (BD Pharmingen.
San Jose, CA, USA), according to the manufacturer’s
instructions. The detection limits for both IFN-

 

γ

 

 and IL-
10 were 15 pg/ml.

 

Statistics

 

Student’s 

 

t

 

-test was used to compare differences between two
means. For analysis of T cell proliferation experiments, a
randomization test was performed. High- and low-dose
experiments were analysed as separate groups. For each
combination of control 

 

versus

 

 fed, GF or SPF and 

 

in vitro

 

stimulation with OVA (0·01, 0·10 and 1·0 

 

µ

 

M) a randomiza-
tion test was performed by enumerating all possible sums of
within-experiment ranks for the fed group and comparing it
to the actual sum of within-experiment ranks for the fed
group found in the data. In all cases, 

 

P

 

-values 

 

<

 

 0·05 were
considered statistically significant.
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Results

 

Transplantation of OVA–TCR Tg

  

++++

 

 T cells is less efficient 
in GF mice

 

To assess antigen-induced proliferation and tolerance induc-
tion, pooled peripheral lymph node (PLN) and mesenteric
lymph node (MLN) lymphocytes from OVA–TCR
Tg

 

+

 

 DO11·10 donor mice were transferred adoptively by
intraperitoneal injection into GF and SPF mice. The effi-
ciency of cell transfer was consistently less in GF than in SPF
recipients. In a typical experiment, GF BALB/c recipient
mice had 1·10 

 

±

 

 0·10% CD4

 

+

 

/KJ1-26

 

+

 

 cells in the PLN and
1·50 

 

±

 

 0·05% CD4

 

+

 

/KJ1-26

 

+

 

 cells in the MLN 4 days after cell
transfer, compared to 1·46 

 

±

 

 0·09% in the PLN and
2·04 

 

±

 

 0·01% in the MLN for SPF recipient mice given iden-
tical numbers of the same donor cells (

 

P

 

 

 

<

 

 0·05 for GF 

 

versus

 

SPF MLN, and 

 

P

 

 

 

=

 

 0·09 for PLN by Student’s 

 

t

 

-test, 

 

n

 

 

 

=

 

 2–3
for each tissue). Transplantation was not detectable in 20–
30% of GF mice consistently across all experiments, regard-
less of whether or not the mice were exposed to antigen sub-
sequent to adoptive transfer of OVA–TCR Tg

 

+

 

 cells. Mice
with less than 0·25% CD4

 

+

 

/KJ1-26

 

+

 

 cells were dropped from
all subsequent analyses. It has been reported that GF mice
lack expression of secondary lymphoid chemokine (SLC) in
PP [27], so it is possible that naive DO11·10-derived lym-
phocytes may not traffic appropriately to PP or MLN in GF
mice. However, CD4

 

+

 

/KJ1-26

 

+

 

 cells were present typically in
roughly similar proportions in the MLN compared to PLN
of GF mice. In one experiment, the proportions of CD4

 

+

 

/
KJ1-26

 

+

 

 cells were also assessed in the spleen and blood of
recipient GF mice. GF mice with undetectable transplanta-
tion of CD4

 

+

 

/KJ1-26

 

+

 

 cells in the PLN and MLN also had
undetectable transplantation in the spleen and blood (data
not shown). This indicates that the reduced transplantation
observed in the PLN and MLN of GF recipient mice was not
likely to be caused by accumulation of adoptively transferred
lymphocytes in the spleen or the blood.

 

OVA–TCR Tg

  

++++

 

 T cells are activated by oral and 
subcutaneous OVA in GF mice

 

CFSE-labelled DO11·10 lymphocytes were transferred to GF
and SPF mice, which were subsequently fed either 100 mg
OVA, immunized s.c. with the antigenic OVA peptide 323–
339 (OVA p323–339) emulsified in CFA or left untreated.
Cells from the draining axillary PLN (immunized mice) or
MLN (fed mice) were assessed by flow cytometry 3 days later.
As shown in Fig. 1, CFSE

 

+

 

/KJ1-26

 

+

 

 lymphocytes in the PLN
or MLN of GF and SPF recipients did not undergo a signif-
icant degree of proliferation in mice that were not exposed to
OVA (control mice). Fewer CFSE

 

+

 

 cells were detected in the
PLN and MLN of GF 

 

versus

 

 SPF recipients, as described
above. However, in both GF and SPF mice immunized s.c.
with OVA in CFA, significant proliferation of KJ1-26

 

+

 

 cells

was detected in lymphocytes from the draining PLN, based
on decreased intensity of CFSE fluorescence (Fig. 1).

Similar T cell reactivities were seen in MLN cells from
OVA-fed GF and SPF mice. In agreement with previous
reports [7,32,34], MLN cells from fed SPF mice retained
more CFSE fluorescence than cells from the draining PLN of
immunized SPF mice (Fig. 1), indicating that less prolifera-
tion had occurred in the MLN of fed mice. The average num-
ber of cell divisions was increased slightly in the MLN of fed
GF mice compared to fed SPF mice (GF, 3·4 

 

±

 

 0·1 

 

versus

 

 SPF,
2·8 

 

± 

 

0·3) but this did not achieve statistical significance by

 

Fig. 1.

 

DO11·10 Tg

 

+

 

 cell proliferation in response to antigen in germ-

free (GF) or specific pathogen-free (SPF) BALB/c mice. SPF or GF 

BALB/c mice injected with 5,6-carboxy-succinimidyl-fluorescein-ester 

(CFSE)-labelled DO11·10 lymphocytes were given no treatment (Con-

trol), immunized subcutaneously with ovalbumin (OVA) p323–339 in 

complete Freund’s adjuvant (CFA) (Imm) or fed 100 mg OVA (Fed). 

Three days later, draining axillary lymph nodes (PLN) were collected 

from immunized and control mice, and draining mesenteric LN (MLN) 

were collected from fed and control mice. Proliferation of OVA-specific 

cells was assessed by decreased CFSE fluorescence. Each histogram 

shows data from an individual mouse and is representative of four 

separate experiments with two to four mice per group in each 

experiment.
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Student’s t-test (P = 0·16). Fewer total cells underwent pro-
liferation in the PLN and MLN of GF mice compared to SPF
mice following immunization or feeding, respectively. How-
ever, the proportion of cells that had proliferated relative to
the total number of CFSE+/KJ1-26+ cells was again not sig-
nificantly different in GF and SPF mice in either the fed or
the immunized groups (Fig. 2). Taken together, these results
indicate that DO11·10 lymphocytes transferred into GF mice
are capable of responding to antigen presented by the native
antigen-presenting cells in both the PLN and MLN, despite
the less efficient transfer of OVA–TCR Tg+ cells in GF
recipients.

Induction of high-dose oral tolerance to OVA is equal 
in GF and SPF mice

We next determined whether any defects were apparent in
the induction of oral tolerance in GF mice. GF and SPF cell
transfer recipient mice were separated into control groups,
which received no OVA, and fed groups, which received
100 mg OVA by gavage. Four days after OVA feeding, all the
mice were immunized s.c. with OVA p323–339 in CFA. Ten
days later, cells from the draining axillary PLN of all mice
were restimulated in vitro with OVA p323–339. Cells from
control SPF and GF mice proliferated strongly in response to
in vitro restimulation with OVA p323–339 (Fig. 3), showing
sensitization of these cells in response to immunization. As
expected, cells from SPF mice fed OVA had a significantly

diminished proliferation response to 0·01 and 0·1 µM OVA
(P < 0·05) (Fig. 3), indicating that these cells had been toler-
ized by oral OVA. Cells from OVA-fed GF mice showed a
similar decrease in proliferative responses (Fig. 3), indicating
that oral antigen in GF mice is capable of inducing a similar
tolerization of DO11·10 T cells. A statistically significant
reduction in DO11·10 cell proliferation in OVA-fed mice rel-
ative to control GF mice was not always achieved in a given
experiment. This was due largely to the low sample size in
individual experiments resulting from exclusion of GF mice
with poor T cell transplantation from the analysis. However,
analysis across three experiments determined that GF OVA-
fed mice showed lower proliferation with 0·01 µM OVA
p323–339 (P < 0·05) and a trend towards lower proliferation
with 0·1 µM OVA p323–339 (P = 0·10) than the mean pro-
liferation observed with the same concentration of OVA
p323–339 in GF control mice.

In a separate control experiment, unmanipulated SPF and
GF BALB/c mice were immunized with OVA p323–339 in
CFA to test whether endogenous T cell priming was different
in GF mice. Only minimal priming of endogenous OVA–
TCR Tg+ cells was observed in both SPF and GF mice. In GF
mice, proliferation of lymphocytes in response to in vitro
restimulation with 1 µM OVA p323–339 was 1·8 ± 0·5-fold
over proliferation in unstimulated lymphocytes, compared
to 1·7 ± 0·6-fold stimulation over control levels in SPF mice.

Fig. 2. Proportion of KJ1-26+ cells which had divided in germ-free (GF) 

or specific pathogen-free (SPF) mice. SPF or GF BALB/c were injected 

with 5,6-carboxy-succinimidyl-fluorescein-ester (CFSE)-labelled 

DO11·10 and treated as in Fig. 1. The data shown represent the mean 

± s.d. of CD4+/KJ1-26+ cells that had divided at least once, based on loss 

of CFSE fluorescence, expressed as a percentage of the total number of 

CD4+/KJ1-26+ cells. The bars labelled MLN (mesenteric lymph nodes) 

show data from MLN cells from fed mice, while the bars labelled PLN 

(peripheral lymph nodes) are axillary LN cells from immunized mice. 

No statistically significant differences were detected between GF and 

SPF mice in either group (GF versus SPF MLN, P = 0·13), n = 4 for each 

group.
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Induction of oral tolerance is intact in GF mice fed 
low-dose OVA

Tolerance induced by high doses of oral antigen is mediated
primarily by clonal deletion or anergy [1,2], while lower
doses of soluble antigens induce tolerance mediated prima-
rily by regulatory T cells [3,4,10,11]. We reasoned that, while
oral tolerance is intact in GF mice at high doses of antigen,
possible differences might occur in the induction of regula-
tory T cells, which would be reflected by defective induction
of oral tolerance by lower doses of antigen. Low-dose OVA
feeding regimens vary in the literature but are generally less
than 5 mg per day for multiple days, with antigen adminis-
tration either by gavage or via the drinking water [3–5,9–11].
We chose two low doses, 1 mg/ml or 0·25 mg/ml, given con-
tinuously in the drinking water for 5 days. Continuous
administration was chosen to minimize the required number
of times to open the sterile isolators, in an effort to reduce the
likelihood of contamination. GF mice drank slightly higher
quantities of OVA-containing water (GF, 4·44 ± 0·50 ml/day
versus 3·17 ± 0·24 ml/day for SPF, P < 0·01). However, both
groups drank quantities of OVA (4·4 versus 3·2 mg/day and
1·1 versus 0·8 mg/day for 5 days for 1 mg/ml and 0·25 mg/ml
experiments, respectively) which were well within typical
ranges used for low-dose tolerance experiments [3–5,9–11].
These mice consumed very similar doses of OVA to mice
from a study which demonstrated intact Th2-dependent
antibody responses in GF mice despite oral administration of
OVA [26]. Results from a representative experiment using
1 mg/ml OVA for 5 days are shown in Fig. 4. No differences
between GF and SPF mice fed OVA were observed in the
inhibition of proliferative responses upon in vitro restimula-
tion. Similar inhibition was obtained by feeding 0·25 mg/ml
OVA for 5 days in both GF and SPF mice (data not shown).
When the low-dose experiments were analysed together,
proliferation in fed groups was significantly reduced relative
to control groups for both GF and SPF at all doses of OVA
peptide restimulation (P < 0·05 for fed versus control mice).

IFN-γγγγ responses are suppressed in SPF and GF mice after 
oral tolerance induction

Exposure to tolerogenic doses of antigen results typically in
suppression of cytokine recall responses, in addition to sup-
pression of proliferative recall responses. Therefore, we next
measured whether suppression of cytokine secretion by
DO11·10 T cells could be observed in cells from control or
OVA-fed SPF and GF mice. Lymphocytes were isolated and
restimulated as described for the proliferation experiments,
and representative samples from four independent experi-
ments were assessed by ELISA for IFN-γ and IL-10. Samples
from one high-dose experiment and three low-dose experi-
ments were analysed, and the pooled data are shown in
Fig. 5. IFN-γ secretion was suppressed in OVA–TCR Tg+ cells
from SPF mice that were fed OVA prior to immunization

compared to control SPF mice that were not fed prior to
immunization (Fig. 5a). IFN-γ secretion was also reduced
significantly in OVA–TCR Tg+ cells from fed GF mice com-
pared to control GF mice. Interestingly, significantly lower
levels of IFN-γ were observed in control GF mice compared
to control SPF mice (3·8 ± 1·1 pg/ml per input OVA–TCR
Tg+ cell for GF controls versus 16·6 pg/ml per input OVA–
TCR Tg+ cell for SPF controls, P < 0·05). IL-10 was low but
detectable in SPF control mice (Fig. 5b) and was suppressed
to levels near or below the assay detection limit in SPF mice
that were fed OVA. In contrast, IL-10 secretion was at or very
near the assay detection limit in both control and fed GF
mice (Fig. 5b). Neither IFN-γ nor IL-10 were detectable in
lymphocytes from SPF or GF mice that were not transferred
adoptively with OVA–TCR Tg+ cells prior to immunization
with OVA p323–339 (data not shown).

Discussion

The current studies tested the requirement for commensal
intestinal bacteria in the induction of oral tolerance to a sol-
uble protein antigen. We found that T cell oral tolerance
responses to high- and low-dose OVA were intact in GF
mice, contrary to some [25–27] but not all [28–30] previous
reports. These conflicting data may be due to several factors,
including the model systems used. Our experiments

Fig. 4. Oral tolerance is induced in germ-free (GF) mice given a low, 

continuous dose of antigen. Fed mice were given ovalbumin (OVA) 

continuously for 5 days in the drinking water at 1 mg/ml. Control mice 

were given normal drinking water. All mice were immunized by subcu-

taneous injection of OVA p323–339 in CFA; 10 days later, draining 

axillary LN were collected and restimulated in vitro with ovalbumin 

peptide. Proliferation was assessed by incorporation of methyl-[3H]-

thymidine. Data are expressed as counts per minute (cpm) (stimulated 

– media) per input Tg+ cell. Data represent the mean ± s.e.m. of tripli-

cate wells for two to four mice per group and are representative of six 

similar experiments (three experiments using 1 mg/ml OVA and three 

experiments using 0·25 mg/ml OVA). Across all low-dose experiments, 

proliferation in Fed groups was statistically less than in Control groups 

for both GF and specific pathogen-free (SPF) at all doses of OVA p323–

339 (P < 0·05).
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addressed tolerance in a widely used model, in which mon-
oclonal antigen-specific T cells from SPF DO11·10 mice were
transferred adoptively into SPF or GF BALB/c mice. In con-
trast, prior studies have assessed polyclonal oral tolerance in
unmanipulated GF mice based on antibody titres following
oral antigen administration.

Reports of oral tolerance limiting antibody responses in
GF mice included responses to sheep red blood cells and sol-
uble antigens. Wannemuehler et al. [25] showed that GF
BALB/c and Swiss mice did not develop tolerance in
response to orally administered sheep red blood cells, as
determined by splenocyte anti-sheep red blood cell antibody
responses. The same group showed in a separate report that
LPS-resistant C3H/HeJ mice did not develop humoral oral

tolerance [35]. Another report found that C3H/HeJ mice, as
well as TLR-4 defective mice on a C57BL6 × 129 back-
ground, had elevated allergic responses to peanut allergens
co-administered orally with cholera toxin [36]. In addition,
antibiotic treatment of TLR-4 wild-type mice recapitulated
the elevated IgE levels seen in TLR-4-defective mice [36]. IgE
and IgG1, but not IgG2, antibody production was sup-
pressed in GF C3H/He mice fed β-lactoglobulin, although
the magnitude of suppression was reduced relative to con-
ventionally housed mice [37]. This study also reported a lack
of suppression of splenocyte proliferation in GF β-lactoglo-
bulin-fed mice [37]. Sudo et al. demonstrated defective oral
tolerance in GF BALB/c mice, measured by serum OVA-spe-
cific IgE titres in response to challenge with OVA and alu-
minium hydroxide, which causes an allergic reaction [26].
Interestingly, however, that study also showed suppression of
IFN-γ secretion by splenocytes isolated from tolerized GF
mice [26], which agrees with the suppression of IFN-γ recall
responses observed in our study. Our data show that adop-
tively transferred OVA–TCR Tg+ T cells from an SPF donor
mouse are tolerized in a GF setting, demonstrated by sup-
pression of both proliferation and of IFN-γ secretion in
OVA–TCR Tg+ cells. Collectively, these studies suggest that
commensal bacteria influence humoral oral tolerance more
strongly than cellular oral tolerance. However, T cell recall
responses, as measured by IFN-γ secretion, were decreased in
GF mice, although proliferative responses were similar to
those observed in SPF mice.

In our low-dose oral tolerance experiments, GF mice
drank slightly more OVA protein solution than did SPF mice,
but no significant differences in induction of tolerance were
observed. It is possible that uptake of OVA following feeding
is different in GF versus SPF mice. We did not measure
directly serum levels of OVA following feeding and so cannot
rule out possible differences in uptake of the protein. How-
ever, the similar in vivo proliferation observed in GF and SPF
mice at 3 days after feeding provides evidence that immuno-
logically active OVA is taken up and presented in both SPF
and GF mice.

The role of PP in the induction of oral tolerance has been
the subject of conflicting reports. Defective oral tolerance in
GF BALB/c mice has been linked to decreased T cell numbers
in the PP of GF mice [27]. However, there are conflicting
reports on the role of PP in induction of oral tolerance [38–
40]. Interestingly, the MLN may be a more critical site for
oral tolerance induction, as mice lacking both MLN and PP
do not show oral tolerance [39,40]. Indeed, fed antigen can
be detected in antigen-presenting cells in the MLN as well as
PP within a few hours of feeding, and antigen-specific T cell
proliferation was induced to a similar extent in the MLN,
PLN and spleen of normal mice fed OVA compared to mice
made PP-deficient by in utero exposure to an anti-IL-7 recep-
tor-α antibody [41]. Subepithelial dendritic cells in areas
away from the PP can sample luminal antigens via intra-epi-
thelial dendrites [42]. Our study provides strong evidence

Fig. 5. Secretion of cytokines is reduced in ovalbumin–T cell receptor 

(OVA–TCR) Tg+ cells from germ-free (GF) or specific pathogen-free 

(SPF) mice fed oral antigen. Lymphocytes were isolated from control or 

OVA-fed SPF and GF mice and restimulated in vitro with OVA p323–

339. Supernatants were collected after 72 h of culture and were analysed 

by enzyme-linked immunosorbent assay (ELISA) for interferon (IFN)-

γ (a) and interleukin (IL)-10 (b). For each cytokine, the detected con-

centrations (in pg/ml) were normalized to the number of OVA–TCR 

Tg+ cells in each well to yield pg/ml/OVA–TCR Tg+ cell. Data represent 

the mean ± s.e.m. for six to eight mice per group and include represen-

tative mice from four independent experiments, including both exper-

iments using both high-dose (one experiment) and low-dose (three 

experiments) feeding regimens. *P < 0·05 versus SPF control, #P < 0·05 

versus GF control.
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that both early T cell proliferative responses and functional
tolerance are not impaired in GF mice, which have relatively
underdeveloped PP [21–23]. Taken together with the studies
discussed above, these data suggest that PP may not be the
sole site of oral tolerance induction.

A decrease in the overall efficiency of transplantation of
adoptively transferred DO11·10 cells was noted consistently
in GF mice in our studies. Reduced trafficking of these naive
DO11·10 cells to mucosal tissues, as might be expected based
on previous reports of defective SLC expression in the
mucosa of GF mice [27] and T cell transfer in the mucosa of
reduced-flora SCID mice [43,44], did not appear to underlie
the decrease in transplantation, as the cells did not traffic
selectively to other lymphoid compartments such as the
PLN, spleen or blood. An important point is that the
observed decrease in transplantation efficiency did not affect
the functional outcome, as long as T cell transplantation was
detectable. DO11·10 cells in GF mice were able to be toler-
ized upon encounter with oral antigen to a similar extent to
those cells injected into SPF mice.

Various populations of regulatory CD4+ T cells have been
described in oral tolerance, including IL-10-producing Tr1
cells [45], Th3 cells which produce TGF-β [46,47] and CD4+/
CD25+ cells [10,11]. The relative importance of each of these
cell populations in oral tolerance is currently unknown.
Recent studies have pointed to a role for TGF-β in continu-
ous-feeding oral tolerance models preferentially at lower
doses of antigen [3]. Alterations in TGF-β-secreting popula-
tions of OVA–TCR Tg+ cells in GF mice cannot be ruled out
in our studies. We did not assess TGF-β secretion in this
study due to the high baseline levels present in FBS added to
the culture media. Some [3,48] but not all [6,49] studies have
indicated that IL-10 may be a mediator of oral tolerance. In
the current studies, IL-10 was suppressed in cultures of cells
from SPF tolerized mice and was secreted in very low levels
in cultures of cells from control and tolerized GF mice,
regardless of the feeding regimen used to induce oral toler-
ance. However, these T cells were clearly hypoproliferative in
response to in vitro restimulation with antigen, and thus any
possible alterations in cytokine secretion did not affect the
induction of T cell hyporesponsiveness. CD25 expression on
antigen-specific T cells with regulatory T cell activity has
been shown previously in models of oral tolerance [49,50].
In our model system, induction of CD25 was not observed
on OVA-specific CD4+ cells in SPF or GF mice on day 14 after
feeding high or low doses of OVA (data not shown),
although we did not test further for regulatory activity or for
expression of Foxp3, a transcription factor expressed in reg-
ulatory CD25+/CD4+ T cells [51]. It is possible that native
BALB/c regulatory cells suppressed the OVA–TCR Tg+ cells.
Indeed, the presence of CD4+/CD25+ cells with suppressive
capabilities in the MLN of GF Swiss–Webster mice has been
reported recently [52].

While GF mice are free of viable bacteria, the standard GF
environment still contains trace amounts of LPS and other

bacteria-derived products from sterilized food or bedding.
Bacteria antigens are presented to gut T cells by dendritic
cells, and LPS or CpG alone are sufficient to activate den-
dritic cells to block CD25+ T cell-mediated suppression [53].
Thus, T cell responses dependent on bacterial stimulation
may be intact in GF mice due to the presence of dietary LPS
or CpG. In addition, the OVA-specific T cells used in this
study, although naive in terms of OVA exposure, were gen-
erated in SPF mice and thus were exposed previously to bac-
teria. We cannot rule out the possibility that T cells derived
from GF mice might have defective oral tolerance. However,
to our knowledge there are currently no TCR transgenic
mice that have been made GF, and the adoptive transfer of
naive OVA–TCR Tg+ cells is therefore a useful and valid
approach to assess T cell responses to oral antigen. Our find-
ings provide strong evidence that oral antigens are taken up
and presented effectively to T cells in GF mice, and that naive
T cells are capable of becoming tolerized to oral OVA in the
GF environment.
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