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BACKGROUND & AIMS: Oral tolerance is an impor-
ant component of gastrointestinal homeostasis, but

echanisms of its development are not fully understood.
oss of oral tolerance occurs during food allergen–related

nflammation in the gastrointestinal tract. Interferon
IFN)-� regulates immunity, but its role in oral tolerance

is not clear. We investigated the role and the mechanism
of IFN-� in the development of oral tolerance and its
ffect on antigen-induced, T-helper (Th)-2 cell–mediated
nflammation in the intestine. METHODS: Expression of
FN-� and its receptor were analyzed by immunohisto-

chemical, flow cytometric, or immunoblot analyses.
Tolerogenic dendritic cells (DCs) and regulatory T cells
were examined in vitro and in vivo. A mouse model of
antigen-induced, Th2 cell–mediated intestinal inflamma-
tion used to examine the role of IFN-� and T cells in oral
tolerance in the intestine. RESULTS: CD3� cells ex-

ressed the IFN-� receptor, which was up-regulated fol-
lowing antigen-specific or nonspecific activation. Interac-
tion between IFN-� and its receptor induced apoptosis of
T cells and their subsequent phagocytosis by DCs. This
led to the generation of tolerogenic DCs and T regulatory
cells in vitro and in vivo. Passive transfer of IFN-�–primed
CD3� cells inhibited Th2 cell–mediated inflammation in
he intestine. CONCLUSIONS: IFN-� is involved in

development and maintenance of oral tolerance in the
intestines of mice; it might be used to suppress anti-
gen-specific Th2 cell–mediated inflammation in pa-
tients.

Keywords: Food Allergy; Immune Response; Mucosal Im-
munity; Treg Cells.

Oral tolerance plays an important role in the mainte-
nance of homeostasis in the body. Breakdown of

ral tolerance may lead to hypersensitivity in the intestine
nd food allergy that affects 4% to 6% of the world
opulation.1 It is proposed that skewed T helper (Th)-2
ell polarization plays a critical role in the pathogenesis of
ood allergy. Recent advances further suggest a role of
pithelial barrier dysfunction,2 stress,3 and overreaction to

microbial products4 in the development of food allergy.
Despite these progresses, the molecular mechanisms of
oral tolerance and food allergy associated with the break-
down of oral tolerance remain to be further understood.

Enhanced knowledge in this regard will facilitate the
development of effective therapeutic strategies for allergic
intestinal disorders.

Recent data indicate that the interferon (IFN) family
plays an important role in the regulation of immune
responses.5 In addition to their role in antipathogen6 and
antitumor defense,7 recent studies also implicate IFN in
the modulation of oral tolerance, based on its role in the
maintenance of regulatory T-cell (Treg) function8 and
uppressing interleukin (IL)-4 expression in Th1 cells.9

Furthermore, IFN-� suppresses IL-13 expression in Th2
ells10,11 and modulates Treg function.12,13 IFN family

includes type I and type III IFNs, and 14 subtypes of IFN
have been identified as type I IFNs, including IFN-� and
IFN-�.14 Type III IFN, also called IFN-�, is a newly de-
scribed IFN that includes 3 subtypes, IFN-�1, IFN-�2, and
IFN-�3,15 in humans and IFN-�2 and IFN-�3 in mice.16

All IFN-� subtypes utilize a common receptor complex
composed of the IL-28 receptor (R)� subunit and the
IL-10R� subunit (hereafter referred to as IFN-�R).15,17

IFN-�R is found expressed on epithelial cells,18 cancer
cells,19 and some immune cells, including monocytes, T
ells, and natural killer cells.20 Activation of IFN-�R in-

duces the activation of a series of genes, some of which
encode antiviral proteins.5 However, much less is under-
tood about the functional consequences in immune cells
fter IFN-�R activation.20

Dendritic cells (DC) and Tregs are important cellular
components in the initiation and maintenance of oral tol-
erance.21,22 DCs express several Toll-like receptors (TLRs),
such as TLR2, TLR3, and TLR4, that recognize and respond
to the stimuli from pathogens. TLR2 recognizes gram-pos-
itive bacteria, TLR3 recognizes viral stimuli, and TLR4 rec-
ognizes gram-negative bacteria.23 In general, the engagement
of TLRs activates DCs and initiates immune responses to
microbial invasion as well as induces the development of oral
tolerance.24,25 Although activation of TLR3 can induce DCs

Abbreviations used in this paper: ALDH, aldehyde dehydrogenase;
BmDC, bone marrow–derived dendritic cell; CFSE, carboxyfluorescein
succinimidyl ester; DC, dendritic cell; FACS, fluorescence-activated cell
sorter; IFN, interferon; IL, interleukin; LPMC, lamina propria mononu-
clear cell; LPS, lipopolysaccharide; MACS, magnetic cell sorting; OVA,
ovalbumin; R, receptor; RA, retinoic acid; TCR, T-cell receptor; TGF,
transforming growth factor; Th, T-helper; TLR, Toll-like receptor; Treg,
regulatory T cell.
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to produce IFN-�,26 its biological significance still remains
ncompletely understood.

Tregs encompass CD4� CD25� Foxp3� Tregs, type 1
Tregs, and Th3 Tregs. Transforming growth factor (TGF)-�
and IL-10 released from Tregs are the major immune sup-
pressive mediators.14 TGF-� also has the capacity to induce

reg development from peripheral CD4� CD25� T cells.27

Tolerogenic DCs can also be a source of TGF-� and retinoic
cid (RA),21,22 both of which play an important role in the

development of Tregs and oral tolerance.21,22,28 Develop-
ent of tolerogenic DCs can be triggered by exposure to
icrobial products29 or by DC phagocytosis of apoptotic
D3� cells.30 Recent evidence suggests that IFN-� can in-
uce Tregs via its effect on DCs in vitro,13 but the role and

the mechanisms of this cytokine in oral tolerance and food
antigen–induced intestinal inflammation are still largely un-
clear. In the current study, we set out to investigate whether
IFN-� modulates the interaction between DCs and CD3�

cells to facilitate the establishment of oral tolerance. Our
results reveal that the interaction of IFN-�/IFN-�R facilitates
he establishment of oral tolerance and inhibits Th2 inflam-

ation in the intestine.

Materials and Methods
Mice
Balb/c mice, 6 to 8 weeks old, were purchased from

Charles River Canada (St Constant, Quebec, Canada). Oval-
bumin (OVA)/ T-cell receptor (TCR)/transgenic DO11.10
mice were purchased from Jackson Laboratory (Bar Harbor,
ME). Mice were maintained in a pathogen-free environment.
The procedures of animal experiments were approved by the
Animal Care Committee at McMaster University.

Preparation of CD3� Cells
Splenic cells were prepared. CD3� cells were isolated

ith commercial reagent kits. Cells were cultured in RPMI
640 medium in the presence of IL-2 (50 U/mL) and phy-
ohemagglutinin (1 �g/mL) for 5 days. Cells were then kept
or further experiments.

CD3� Cell Apoptosis Assay
CD3� cells were isolated from lamina propria

mononuclear cells (LPMCs) and cultured in RPMI 1640
complete media in anti-CD3 antibody (10 �g/mL)-coated

lates in the presence of anti-CD28 (1 �g/mL) for indi-
ated periods. The frequency of apoptotic cells was deter-
ined by Annexin V staining and then analyzed by flow

ytometry.

Development of a Mouse Model of Antigen-
Specific Th2-Pattern Inflammation in the
Intestine
Balb/c mice (10 mice per group) were subcutaneously

injected with OVA (0.1 mg in 0.1 mL alum/mouse) on day 0,
which was repeated on day 3. Mice were gavage fed with OVA
(1 mg in 0.3 mL saline/mouse) on days 9, 11, and 13. Mice

were killed on day 14. Blood samples were collected. The i
serum levels of OVA-specific immunoglobulin E and IL-4
were measured by enzyme-linked immunosorbent assay.

Flow Cytometry
Cells were collected from culture and washed twice

with fluorescence-activated cell sorter (FACS) buffer (2% fetal
calf serum in phosphate-buffered saline), and 106 cells were
resuspended in 100 �L FACS buffer. Cells were stained for 1
hour on ice with fluorescently conjugated monoclonal anti-
bodies or isotype control immunoglobulin G and then
washed twice and resuspended in FACS buffer for analysis.
For intracellular staining, cell surface staining was per-
formed first, followed by buffer fixation/permeabilization
and intracellular staining. Cells were examined by a flow
cytometer (FACSCando; BD Bioscience, San Jose, CA). The
aldehyde dehydrogenase (ALDH) activity in DCs was deter-
mined using an ALDEFLUOR staining kit (Stemcell Tech-
nologies, Vancouver, Canada) following the manufacturer’s
instructions.

Additional experimental procedures are presented in
Supplementary Materials and Methods.

Results
Intestinal CD3� Cells Express IFN-�R
It is proposed that IFN-� plays an important role in

immune regulation.6,7 To elucidate if IFN-� can directly act
on T cells, we sampled small intestinal segments from naïve
mice and examined the colocalization of IFN-�R� and CD3�

cells by double-staining immunohistochemistry and confo-
cal microscopy. As shown in Figure 1A, a number of cells in
the lamina propria were stained positive for both IFN-�R
and CD3. To further investigate, we isolated LPMCs from
the small intestine of naïve mice and stained them with
antibodies for IFN-�R and CD3. By flow cytometry, about

% to 8% LPMCs were shown to be both CD3� and IFN-�R�

(Figure 1C). These results suggest that some intestinal T cells
express IFN-�R and thus have the potential to respond to
stimulation by IFN-�.

TCR Activation Increases the Expression of
IFN-�R on Intestinal CD3� Cells
To understand the regulation of IFN-�R expres-

sion in intestinal T cells, we examined if TCR stimulation
could increase the expression of IFN-�R on intestinal T
ells. To this end, OVA-TCR transgenic DO11.10 mice
ere treated with OVA by gavage. As shown by flow

ytometry, the frequency of CD3� IFN-�R� cells among
solated LPMCs was markedly increased in OVA-treated

ice as compared with naïve mice (Figure 2A). We also
solated LPMCs from naïve transgenic DO11.10 mice and
xposed the cells to OVA peptide in vitro and found a
imilar increase in the expression of IFN-�R in CD3� cells
Figure 2B). To see if nonspecific polyclonal activation of

cells could also increase IFN-�R expression on T cells,
we purified CD3� cells from LPMCs of naïve wild-type

alb/c mice by magnetic cell sorting (MACS) and cultured

n the presence of anti-CD3/CD28 antibodies. Consistent
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with the data in Figure 1C, a level of constitutive IFN-�R
xpression (about 7%) was detected on intestinal CD3�

cells without any stimulation (Figure 2C [a]), which was
ignificantly increased on anti-CD3/CD28 stimulation
Figure 2C [b]). The inducibility of IFN-�R expression in

011.10 transgenic T cells was also independently verified
y reverse-transcription polymerase chain reaction and
estern blotting (Figure 2D). The results together suggest

hat the constitutive expression of IFN-�R on intestinal T
cells can be further up-regulated by TCR activation via
specific antigen or polyclonal stimulation.

Interaction of IFN-�/IFN-�R Induces CD3�

Cell Apoptosis
Given significant IFN-�R expression on CD3� cells

n the gut, we were interested in understanding the func-
ionality of IFN-� and IFN-�R interaction. Based on the
revious reports that IFN-�/IFN-�R interaction can in-
uce cancer cell death7 and that DC uptake of apoptotic

T cells facilitates oral tolerance,30 we wondered if IFN-�/
IFN-�R interaction could induce T-cell apoptosis. To this
nd, CD3� cells purified from isolated LPMCs were
reated with IFN-� in culture for 16 hours. By using
ropidium iodide and Annexin V immunostaining, we
ound that on exposure to recombinant IFN-�, but not to

Figure 1. Intestinal T cells express IFN-�R. Naïve Balb/c mouse jejuna
examined by immunohistochemistry. (A) Representative confocal imag
(arrows). The nuclei were stained with propidium iodide (red). (B) Negativ
CD3� IFN-�R� cells. (ii) Negative isotype control staining for anti-CD3.

riginal magnification: A and B, 200�; inset in A, 630�.
the control albumin stimulation, close to 20% of CD3�
cells became apoptotic (Figure 3A and B). To investigate
his further, we cultured LPMCs in the presence of polyIC,
hich was previously shown to activate DCs to produce

FN-�.31 As shown in Figure 3C and D, addition of polyIC
to LPMC culture increased the frequency of apoptotic
CD3� cells (Figure 3C [4]) that was abolished by pretreat-

ent with anti–IFN-� antibody (Figure 3C [5]). To verify
if DCs and macrophages were indeed the source of IFN-�
in polyIC-stimulated LPMC cultures, we depleted CD11c�

and F4/80� cells from LPMC preparations by positive
election with MACS and then cultured the collected cells
n the presence of polyIC. Indeed, the removal of DCs and

acrophages from the LPMC preparations resulted in the
oss of CD3� cell apoptosis induced by polyIC (Figure 3C

[6]). The previously described results together suggest that
either exogenously introduced IFN-� or antigen-present-
ng cell-derived IFN-� can interact with IFN-�R expressed

on intestinal T cells, leading to T-cell apoptosis.

DC Phagocytosis of Apoptotic CD3� Cells
Induced by IFN-�/IFN-�R Interaction
The published data have suggested that the phago-

cytosis of apoptotic T cells facilitates the development of
tolerogenic DCs.30 Having shown that DC-derived IFN-�
induced intestinal T-cell apoptosis (Figure 3), we deter-

gments and LPMCs were prepared as described. Cryosections were
show CD3� (green) and IFN-�R� (blue) staining in the lamina propria
otype control staining. (C) LPMCs were examined by flow cytometry. (i)
sotype control staining for anti–IFN-�R. Data represent 6 experiments.
l se
es
e is
(iii) I
mined the relationship between DC activation, T-cell ap-
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optosis, and DC phagocytosis of apoptotic T cells. To this
end, we first cocultured immature bone marrow– derived
dendritic cells (BmDCs) with anti-CD3/CD28-activated
CD3� cells for 24 hours. On confocal microscopy, as
expected (due to the lack of IFN-�), we found few CD3�

cells being phagocytosed by BmDCs (Figure 4A). We then
examined the phagocytosis of anti-CD3/CD28-activated
CD3� cells by either polyIC- or lipopolysaccharide (LPS)-

ctivated DCs. Of interest, while abundant polyIC-treated
Cs were found to have phagocytosed apoptotic CD3�

cells (Figure 4B), few LPS-treated DCs phagocytosed
CD3� cells (Figure 4C). It is known that both polyIC and

Figure 2. TCR activation increases IFN-�R expression in intestinal CD3
(A) LPMCs were collected from DO11.10 mice fed with OVA, with no
DO11.10 mice and stimulated in vitro with OVA peptide 323–339. (C) LPM
exposed to anti-CD3 (10 �g/mL)/CD28 (1 �g/mL) antibodies or saline f

ice; column ii, in vivo or in vitro TCR-activated cells; column iii, isoty
olumns i and ii. (D) After TCR activation, CD3� cells were isolated by
olymerase chain reaction and Western blotting. The gels show results

pairs) and Western blotting (right panels) of IFN-�R expression in naïv
xperiments. *P � .01.
LPS can activate DCs but they engage TLR3 and TLR4, 1
respectively. Because polyIC is known to stimulate DCs to
produce IFN-�, as shown in this study (Supplementary

igure 1) and by others,31 we speculated that polyIC-
timulated DCs released IFN-� and led to the apoptosis of

CD3� cells and their subsequent phagocytosis by DCs,
whereas LPS-stimulated DCs failed to release IFN-� and

ere thus unable to induce CD3� cell apoptosis and DC
hagocytosis. To test this, we stimulated BmDCs with
olyIC or LPS and subsequently measured IFN-� expres-

sion by flow cytometry. Indeed, we found the high fre-
quency of IFN-�– expressing DCs only by polyIC stimula-
ion, but not by LPS stimulation (Supplementary Figure

ells. Expression of IFN-�R in LPMCs was examined by flow cytometry.
ther antigen stimulation in vitro. (B) LPMCs were collected from naïve

were collected from naïve Balb/c mice and cultured for 3 days and then
8 hours. Column i, unstimulated LPMCs from the corresponding naïve
mmunoglobulin G control staining; column iv, individual data points in
ACS and analyzed for the IFN-�R expression by reverse-transcription
reverse-transcription polymerase chain reaction (left panels; 215 base
lane a) or activated CD3� cells (lane b). Data are representative of 3
� c
fur
Cs

or 1
pe i

M
of
e (
). We next performed the same experiment as for Figure
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4B but with addition of anti–IFN-� antibody. Indeed, the
hagocytosis of CD3� cells by polyIC-treated DCs was
brogated by anti–IFN-� treatment (Figure 4D). On the
ther hand, the similarly reduced phagocytosis was ob-
erved in the coculture using CD3� cells with knocked-

down IFN-�R gene expression and polyIC-stimulated DCs
(Figure 4E). The previously described data support a DC
and T-cell loop regulated by IFN-� and IFN-�R interac-
tion; IFN-� production of DCs is under tight control.

roperly activated DC-derived IFN-� interacts with
IFN-�R on intestinal T cells, leading to T-cell apoptosis.

poptotic T cells are subsequently phagocytosed by DCs.

Phagocytosis of Apoptotic CD3� Cells Induces
the Development of Tolerogenic DCs and
Regulatory T Cells in the Intestine
Because DC phagocytosis of apoptotic T cells was

Figure 3. Role of IFN-� in the induction of T-cell apoptosis. (A and B) C
(100 ng/mL) in culture for 16 hours. Cells were collected and stained
apoptotic cells). Live cells were separated from the dead cells (i); live cell
ells (apoptotic cells). ii, no staining control; iv, the frequency of apo

albumin–treated control. (B) The individual data points in A [iv–vi]. (C and D
(50 �g/mL) was added to activate DCs in LPMC cultures and the T cells a
(ii) Live cells (PI�) were further analyzed for the frequency of Annexin V–p
the gated CD3� Annexin V–positive cells) in naïve cells (iii; no treatment
and then treated with polyIC (v) or predepleted DCs and macrophages; th
in C [iii–vi].
previously shown to facilitate the development of tolero-
genic DCs,30 we examined whether polyIC-treated DCs
with phagocytosed apoptotic T cells might have assumed
the property of tolerogenic DCs. Thus, we first measured
the level of TGF-�1 by these DCs and found that the
levels of TGF-� were increased only in the supernatants of
cocultures with DCs treated with polyIC but not those
treated with LPS (Supplementary Figure 2). There was
also a lack of TGF-� production when IFN-�R knock-
down T cells were used (Supplementary Figure 2).

To investigate if apoptotic T cells could be phagocyto-
sed by DCs and subsequently render these DCs to possess
the tolerogenic property in vivo, we prepared anti-CD3/
CD28 antibody-activated and IFN-�–treated intestinal
CD3� cells (about 50% cells were apoptotic as checked by
flow cytometry with Annexin V staining). Cells were then
labeled with carboxyfluorescein succinimidyl ester (CFSE)

� cells were purified from LPMCs of naïve mice and treated with IFN-�
propidium iodide (PI; to stain the dead cells) and Annexin V (to stain

I� cells; ii) were further analyzed for the frequency of Annexin V–positive
tic CD3� cell in naïve cells; v, IFN-�–treated cells; vi, bovine serum
PMCs were isolated from the small intestine of naïve Balb/c mice. PolyIC
yzed by flow cytometry. (i) Live cells were separated from the dead cells.
itive cells (apoptotic cells). (iii–vi) The frequency of apoptotic CD3� cells
lls treated with polyIC alone (iv) or pretreated with anti–IFN-� antibody,
maining cells were then treated with polyIC (vi). (D) Individual data points
D3
with
s (P
pto
) L
nal
os

), ce
e re
and adoptively transferred to mice by tail vein injection.
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By confocal microscopy, the CFSE-positive cells (IFN-�–
reated CD3� cells) were observed in the lamina propria of

the small intestine, some of which were found to be
phagocytosed by DCs (Figure 5A). Furthermore, we iso-
lated the DCs from the small intestine of these mice and
examined the level of their expression of both ALDH, an
enzyme that can catalyze retinal acid into RA, and TGF-�.

olerogenic DC-derived ALDH and TGF-� were shown to
lay a critical role in the generation of inducible regula-
ory T cells.21,22 By Western blotting, we found a much

higher level of ALDH and TGF-� expression in the DCs
solated from apoptotic T-cell recipient animals as com-
ared with those isolated from the control hosts (Figure
B). The similar finding was obtained by flow cytometry
Figure 5C).

To investigate whether increased tolerogenic DCs in the
ntestinal mucosa, as a result of phagocytosing IFN-�–
riggered apoptotic T cells, could lead to increased immu-
osuppressive Tregs, we isolated the CD4� T cells from

the small intestine of the mice treated as described previ-
ously and analyzed their immune phenotype by flow cy-
tometry. We found significantly more Foxp3� CD4� Treg
cells in the mice receiving IFN-�–triggered apoptotic

D3� cells than in naïve mice (Figure 5D [d]). We further
xamined the role of DC-derived ALDH and TGF-� in the

generation of Foxp3� Tregs in the intestine. Thus, for the
mice set up as in Figure 5D [d], we treated them with an

A receptor inhibitor and/or anti–TGF-� antibody. Com-

Figure 4. DC-derived IFN-� plays a critical role in DC phagocytosis of a
�g/mL), LPS (C; 1 �g/mL), or polyIC/anti–IFN-� antibody (D; 1 �g/mL)

D3� cells (A–D), IFN-�R–deficient CD3� cells (E; by small interfering RN
to Supplementary Figure 2) to anti-CD3/CD28 antibodies and staining w
4 hours and then stained by anti-CD11c antibody; cells were smeared

mages show DCs (stained in green) and apoptotic CD3� cells (stained
Data are representative of 3 experiments.
pared with the data in Figure 5D [d], blockade of the RA s
pathway (Figure 5D [e]) or TGF-� (Figure 5D [f]) signifi-
antly inhibited the frequency of Foxp3� Tregs, and

blockade of both RA and TGF-� further reduced the level
of Tregs in the intestine (Figure 5D [g]) (Figure 5E). These
esults together suggest that phagocytosis of apoptotic
ntestinal T cells induced by IFN-�/IFN-�R interaction
eads to the generation of tolerogenic DCs capable of
LDH and TGF-� production and the subsequent devel-

opment of Tregs in the intestine.

Administration of IFN-�–Primed CD3� Cells
Inhibits Antigen-Specific Th2 Inflammation in
the Intestine
Having shown that phagocytosis of apoptotic in-

testinal T cells leads to the generation of tolerogenic DCs
and Tregs in the intestine, we examined whether this
could functionally inhibit intestinal inflammation of Th2
nature as pertaining to food allergy. To this end, the mice
were first sensitized subcutaneously with OVA and then
challenged via gavage with OVA. A group of mice were
injected intravenously, beginning 2 days before the first
OVA challenge, with saline control– or IFN-�–treated ac-
tivated T cells every other day for 3 times. We found that
OVA-sensitized mice that received saline-primed T cells
had typical Th2 inflammation in the intestine, whereas
those that received IFN-�–primed T cells had markedly
reduced Th2 inflammation in the intestine. Specifically,
transfer of IFN-�–primed T cells to OVA-sensitized mice

totic T cells. BmDCs were treated with saline (A), polyIC (B, E, and F; 50
ulture. Apoptotic CD3� cells were prepared by exposing naïve spleen
N-�R), or control small interfering RNA–treated CD3� cells (F; also refer

Annexin V-PE. DCs and CD3� cells were cocultured at a ratio of 1:1 for
slides and observed by confocal microscopy. Representative confocal
d). Some CD3� cells were phagocytosed by DCs (pointed by arrows).
pop
in c
A IF
ith
on

in re
howed markedly suppressed OVA-specific Th2 immune
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and inflammatory responses, including (1) decreased lev-
els of serum OVA-specific immunoglobulin E (Figure 6A),
2) decreased IL-4 protein levels in intestinal extracts (Fig-
re 6B), (3) decreased OVA-specific CD4 T-cell prolifera-
ion measured in an ex vivo DC/T-cell stimulation assay
Figure 6C and D), and (4) reduced inflammatory cell
nfiltration in the intestinal mucosa (Figure 6E). These
esults together indicate that passive in vivo transfer of
FN-�–primed T cells is able to not only elicit the devel-
pment of tolerogenic DCs and Tregs but also to facilitate
he establishment of oral tolerance and inhibit the devel-
pment of Th2 immune responses and gut inflammation
ssociated with food antigen exposure in sensitized hosts.

Discussion
Oral tolerance can be induced by one large dose of

antigen or repeat exposures to small doses of antigen.

Figure 5. IFN-�–primed T cells facilitate the development of tolerogenic
cells isolated from the spleen of naïve Balb/c mice were exposed to IFN
r without CFSE and transferred to naïve Balb/c mice (106 cells/mouse; 1

killed on day 7. (A) Cryosections of the jejunum were stained with anti-C
IFN-�–primed CD3� cells (in green) were observed in the jejunal sections
green cells surrounded by blue color; pointed to by arrows). (B and C) C
he excised small intestine). (B) DC protein extracts were analyzed by Wes

by flow cytometry for the frequency of ALDH� or/and CD103� DCs from
CD4� T cells were isolated by MACS from excised small intestine, sta
cytometry. The histograms show the frequency of Foxp3� CD4� T cells
iii, CD4� T cells from mice receiving CD3� cells activated by anti-CD3/CD
by anti-CD3/CD28 antibodies and primed with IFN-�. Some groups of m
intraperitoneally (v) or anti–TGF-� at 100 �g/mouse intraperitoneally (vi)
The individual data points of Foxp3� T cells. The group annotations on
However, the molecular mechanisms that help maintain
oral tolerance still remain incompletely understood. En-
hanced knowledge in this regard will also help under-
standing of the mechanisms of breach of oral tolerance
and food allergy. The present study has provided novel
information on the role and mechanism of IFN-� in the
induction of oral tolerance. We show that intestinal T
cells express IFN-�R that can be up-regulated on activa-
ion. TLR3 activation increases the expression of its ligand
FN-� in DCs. The interaction of IFN-�/IFN-�R induces
-cell apoptosis and the apoptotic T cells can then be
hagocytosed by DCs, which leads these DCs to become
olerogenic DCs. Tolerogenic DCs subsequently facilitate
he induction of Tregs. Furthermore, we have provided
vidence that administration of IFN-�–treated T cells is
ble to inhibit antigen-specific Th2 inflammation in the
ntestine. The present data are in line with a previous
tudy that IFN-�–treated DCs specifically induce prolifer-

s and Tregs in the intestine. Anti-CD3/CD28 antibody-activated CD3�

n culture for 24 hours. The IFN-�–primed CD3� cells were labeled with
ice per group) via tail vein injection every other day for 3 times. Mice were
1c antibody and propidium iodide (to stain the nuclei). The transferred
s were stained in blue. Some CD3� cells were localized inside DCs (the

1c � MHCII � DCs were isolated by MACS from LPMCs (isolated from
n blotting for ALDH and TGF-� contents. (C) Isolated DCs were analyzed
ïve mice (i) or mice that received IFN-�–primed CD3� cells (ii). (D and E)
with fluorescence-labeled anti-Foxp3 antibody, and analyzed by flow

he intestine. i, isotype control staining; ii, CD4� T cells from naïve mice;
antibodies; iv–vii, CD4� T cells from mice receiving CD3� cells activated
were also treated with RA receptor � inhibitor LE540 at 50 �g/mouse

oth LE540 and anti-TGF� (vii) 2 hours before the CD3� cell transfer. (E)
x-axis are the same as for D. *P � .05; **P � .01.
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tact-dependent suppressive effect on T-cell proliferation.13

On the other hand, our results are somewhat different
from a recent report that using IFN-� as an adjuvant in a

NA vaccine suppressed CD4� CD25� Foxp3� T cells in
he spleen.12 This suggests that the immune regulatory

effect of IFN-� may differ when concurrently used with
other immune-activating agents.

DCs express several TLRs, such as TLR2, TLR3, and
TLR4, that actively recognize microbial stimuli to initiate
certain immune responses. Previous reports indicate that
vial infection can induce DCs to produce IFN-�.31 Our
study supports this by showing that activation of TLR3 by
polyIC exposure up-regulates the production of IFN-� by

Cs. However, we further show that different from TLR3

Figure 6. IFN-�–primed T cells inhibit Th2 inflammation in the intestine
ice (10 mice/group) were treated with saline (Naive group) or OVA/alu
ere injected with saline-treated anti-CD3/CD28-activated CD3� cells

anti-CD3/CD28-activated CD3� cells (106 cells/mouse). Collected samp
evel of OVA-specific IgE measured by enzyme-linked immunosorbent a
�-CD3T, mice receiving IFN-�–primed CD3� cells. *P � .01. (B) IL-4 lev
linked immunosorbent assay. Each dot in panels A and B represents a
isolated from the small intestine, labeled with CFSE, and cocultured with

VA (10 �g/mL) for 4 days. The CFSE-dilution assay was measured
saline-treated CD3� cells; iii, mice receiving IFN-�–primed CD3� cells. (D
segments were processed for inflammatory cell counting. Floating boxes
cells (Mo) in the intestine. Data are presented as mean � SD. *P � .01,
ctivation, activation of TLR4 by a bacterial product LPS s
oes not increase IFN-� expression in DCs. Our results
hus support the notion that the production of IFN-� by

DCs is more likely induced by viral, but not bacterial,
infection. These findings, however, warrant further inves-
tigation. DCs are distributed throughout the subepithe-
lial region, where they have the opportunity to contact
other immune cells. Like DCs, there are abundant T cells
in the subepithelial mucosal region. Such a special ana-
tomic feature provides an optimal opportunity for DCs
and T cells to interact with each other. In this case,
DC-produced IFN-� may easily reach T cells. In turn,
IFN-�–modified, apoptotic T cells interact with mucosal

Cs and render them immune tolerogenic properties, as
hown in our study. One of the novel findings in this

3� cells were prepared as described in the legend to Figure 4. Balb/c
s described in Materials and Methods. In addition, S-CD3T group mice
6 cells/mouse); �-CD3T group mice were injected with IFN-�–primed
were examined for Th2 pattern inflammation in the intestine. (A) Serum

y. Naïve, naïve mice; S-CD3T, mice receiving saline-treated CD3� cells;
in protein extracts from mouse small intestine determined by enzyme-
le data point from one mouse. *P � .01. (C and D) CD4� T cells were
lated splenic DCs (T cell/DC � 10:1) in the presence of specific antigen
T-cell proliferation by flow cytometry. i, naïve mice; ii, mice receiving
ividual data points of the frequency of proliferated CD4� cells. (E) Jejunal
resent the counts of mast cells (MC), eosinophils (Eo), and mononuclear
pared with naïve group.
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special feature enables intestinal T cells to respond to
DC-derived IFN-�. Thus, conceivably any mechanisms
hat can turn on the production of IFN-� in intestinal

DCs may go on to induce tolerogenic DCs and Tregs,
contributing to the maintenance of intestinal homeosta-
sis and oral tolerance. Indeed, one way for the host to
maintain the immune homeostasis is that some immune
cells undergo apoptosis. In line with current knowledge
about the activation-induced T-cell death,32 our study

rovides the mechanistic insight that such activated-in-
uced T-cell death could be due to increased expression of
FN-�R on T cells and their subsequently increased re-
ponsiveness to IFN-�. Our findings also provide an ex-
lanation as to why human blood immune cells, when
onactivated, do not respond to stimulation by even high
oses of IFN-�.20,33

Phagocytes are the major scavenger to clean up apopto-
tic cells from the body. The present study not only sup-
ports previous studies by showing DCs and macrophages
phagocytosing apoptotic T cells,30 but has also provided

ovel information that such phagocytosis is modulated
y the interaction of IFN-�/IFN-�R. The biological signif-

cance of this phenomenon may be that during viral
nfection, T cells are activated and initiate necessary pro-
ective immune responses. On the other hand, as a coun-
er mechanism, their expression of IFN-�R is increased
nd their interaction with IFN-� produced by virus-acti-
ated DCs will result in subsequent apoptosis of T cells
hat will then be taken up by DCs. The generation of
olerogenic DCs and Tregs will keep the immune activa-
ion in check and help restore immune homeostasis.

Oral tolerance plays a critical role in the maintenance of
omeostasis in the body. Tregs are one of the major
omponents in the mechanisms of oral tolerance. The
evelopment of Tregs is important in establishment and
aintenance of oral tolerance. It is reported that RA and
GF-� work synergistically in the development of
regs.21,22,27,34 DCs can be a major source of RA and

TGF-� for the development of Tregs35 that can be a result
rom various biologic events such as phagocytosing apo-
totic T cells, as reported by others30 and revealed by the
resent study. As mounting evidence suggests that the
reakdown of oral tolerance plays a critical role in the
athogenesis of a number of intestinal immune disor-
ers36 and there is a lack of satisfactory remedies for such
isorders, our results suggest that in addition to its po-
ential application for treating viral infectious disease,37

IFN-� may also be used to treat Th2 type of immune
disorders in the gut. Furthermore, any strategies designed
to enhance IFN-� production by intestinal DCs may also
help control these conditions.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2011.04.006.
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Supplementary Materials and Methods

Reagents
Antibodies of MHC II (30.2), CD80 (H-208),

CD86 (D-6), Foxp3 (2A11G9), IL-28, IL-28R (L-17), CD3,
CD28, TGF-�, immunoglobulin (Ig) E (6HD5), CD11c,
and IFN-�R small interfering RNA (siRNA) were pur-
hased from Santa Cruz Biotechnology (Santa Cruz, CA).
olyIC and LPS were purchased from Sigma Aldrich

Oakville, Ontario, Canada). IL-4 enzyme-linked immu-
osorbent assay (ELISA) kit was purchased from R&D
ystems (Burlington, Ontario, Canada; sensitivity of 2
g/mL). OVA-specific IgE ELISA kit was purchased from
bD Serotec (Raleigh, NC; sensitivity of 8 ng/mL).
GF-�1 ELISA kit was purchased from AbAffinity (Ran-

oul, IL; sensitivity of 2 pg/mL). DC and T-cell isolated
eagents were purchased from Miltenyi Biotec (Auburn,
A). Cell culture reagents and precast NuPAGE gel sys-

em were purchased from Invitrogen (Mississauga, On-
ario, Canada). Recombinant IL-28 protein was pur-
hased from eBioscience (San Diego, CA). Antibodies use
or flow cytometry and permeabilization reagents were
urchased from BD Bioscience (San Jose, CA). Annexin V

FITC and PE) was purchased from Abcam (Boston, MA).
A receptor � inhibitor LE540 was purchased from Wako
hemicals USA (Richmond, VA). �-TGF-� monoclonal
ntibody (1D11.16.8) and isotype control monoclonal
ntibody MOPC were purchased from ATCC (Manassas,
A). ALDEFLUOR staining kit was purchased from
temcell Technologies (Vancouver, Canada). Endotoxin

evels in all reagents were detected using the limulus
ssay (Limulus amebocyte lysate QCL 1000; BioWhit-
aker, Walkersville, MD). LPS-contaminated reagents
ere treated with polymyxin B-agarose to eliminate the
PS. The reagents used in this study contained �0.2 U
ndotoxin/10 �g reagents.

Generation of Bone Marrow–Derived DC
The bone marrow was obtained from Balb/c

mouse femurs and was depleted red blood cells with
hypotonic-buffered Tris/ammonium chloride (0.83%, pH
7.21). The cells were washed twice in RPMI 1640 me-
dium. Cells were cultured in RPMI 1640 medium con-
taining 10% fetal calf serum, 2 mmol/L L-glutamine, 100
U/mL penicillin, 100 �g/mL streptomycin, 20 ng/mL
ecombinant mouse granulocyte-macrophage colony–s-
imulating factor, and 10 ng/mL IL-4. On day 2, nonad-
erent cells were removed; the remained cells were con-
inued to culture by changing culture media with
ranulocyte-macrophage colony–stimulating factor and
L-4 every 2 to 3 days.

Histopathology
After the animals were killed, the excised jejunal

segments were fixed with 10% buffered neutral formalin
or Carnoy solution and processed for paraffin embed-

ding. Sections were stained with H&E or 0.5% toluidine
blue. Mononuclear cells and eosinophils were counted in
H&E-stained sections. Mast cells were counted on sec-
tions stained with toluidine blue. Twenty fields (200�)
were counted for each mouse.

Western Blotting
Cells were lysed in lysis buffer (50 mmol/L Tris Cl

[pH 7.5], 150 mmol/L NaCl, 1 mmol/L EDTA, 1% NP-
40), including protease and phosphatase inhibitors, for
15 minutes on ice and insoluble debris was removed by
centrifugation at 10,000g for 10 minutes. Proteins were
separated by electrophoresis on 12% sodium dodecyl sul-
fate/polyacrylamide gels and then blotted onto nitrocel-
lulose membrane and probed with anti–TGF-� at 1:5000
dilution. Secondary antibodies were horseradish peroxi-
dase– conjugated goat anti-mouse IgG (Fab). Signals were
visualized using the ECL Western Blotting Detection Kit
(Baie d’Urfe, Quebec, Canada).

Isolation of LPMCs
Freshly excised small intestinal segments were cut

into small pieces and treated with 1 mmol/L EDTA. After
stirring for 1 hour at 37°C, the supernatant was removed
and the remaining tissue was treated with type IV colla-
genase (1 mg/mL) for 2 hours with stirring at 37°C. The
resulting cell suspension was filtered through a 100-�m
ell strainer first and then through a 40-�m cell strainer.
fter centrifugation, gradient density centrifugation with
ercoll was performed on the cells. Cells were then
ashed twice and resuspended in RPMI 1640 medium.
iability of the cells was checked with trypan blue exclu-
ion method, and only those with viability exceeding 90%
ere used in experiments.

Immunohistochemistry
Cryosections (or cells smeared on glass slides)

were fixed with cold acetone for 20 minutes, blocked with
1% bovine serum albumin for 30 minutes at room tem-
perature, and incubated with the primary antibodies in
1% bovine serum albumin at 4°C overnight. After wash-
ing with phosphate-buffered saline (5 minutes � 3
imes), sections were incubated with fluorescence-labeled
econd antibodies in 1% bovine serum albumin at room
emperature for 1 hour. After washing with phosphate-
uffered saline, sections were mounted with anti-fade
queous mounting media and coverslips and observed
nder a confocal microscope (LSM 510; Carl Zeiss Micro

maging GmbH, Jena, Germany). Negative control stain-
ng was performed by using isotype IgG to replace the
rimary antibodies. For the double staining, the hosts of
he primary antibodies were different stains; the second
ntibodies were labeled by different fluorescence.

ELISA
Levels of OVA-specific IgE and IL-4 in serum sam-

ples were measured by ELISA with commercial reagent

kits following the manufacturer’s instructions.
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Reverse-Transcription Polymerase Chain
Reaction
Cells were collected from culture and washed 3

times with phosphate-buffered saline. The total RNA
was extracted from the cells using an RNeasy Mini Kit
(QIAGEN, Toronto, Ontario, Canada). One microgram
of RNA was reverse transcribed using an iScript cDNA
Synthesis Kit (QIAGEN). The resulted complementary
DNA was then subjected to polymerase chain reaction
using a HotStarTaq Master Mix Kit (QIAGEN). The
primers of IFN-�R used in this study were as follows:
forward, ggtgcaacccagaagttcat; reverse, atacagggcacgatt-
tcgac (NCBI: NM_174851; start code, 3715; end code,
3929; size, 215 base pairs). The annealing temperature
was 60°C. Amplifying cycles were 35 cycles.

Statistics
Data are expressed as means � SD. The values

were analyzed using the 2-tailed unpaired Student t
test when data consisted of 2 groups or by analysis of
variance when 3 or more groups were compared. The
difference is considered statistically significant when
P � .05.

Supplementary Figure 1. Activation of TLR3 increases IFN-� expres
for 24 hours. The histograms show frequency of IFN-�–positive DCs. P
sion in DCs. BmDCs were cultured in the presence of (A) LPS or (B) polyIC
anel C is naïve control (naïve BmDCs). Panel D is isotype IgG control. The
scatter dot plots in panel E show individual data points of panels A–C.
Supplementary Figure 2. Levels of TGF-� in culture supernatant.
The experimental procedures were described in the legend to Figure 4.
Supernatant was collected at the end of culture and subjected to anal-
ysis of TGF-� levels by ELISA following the manufacturer’s instructions.
he scatter dot plots indicate the levels of TGF-� in supernatant. Each

dot represents an individual data point. The annotations of the x-axis
ndicate the treatment for DCs. si, CD3� cells were treated with small
interfering RNA of IFN-�R; sc, CD3� cells were treated with control

mi:3715
mi:3929
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