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See editorial on page 1723.

ackground & Aims: Food allergy accounts for sig-
ificant morbidity. The etiology and immune mecha-
isms of food allergy, however, have remained poorly
nderstood. In this study, we aimed to determine the
ole of T-cell immunoglobulin-domain and mucin-
omain (TIM)-4, a recently identified member of cell
urface molecules, in the pathogenesis of intestinal al-
ergy in a murine model. Methods: We report that
IM-4 as well as costimulatory molecules were up-

egulated in intestinal mucosal dendritic cells by in
itro or in vivo exposure to Staphylococcus enterotoxin B
SEB). SEB-conditioned intestinal dendritic cells loaded
ith a food macromolecule ovalbumin (OVA) induced
otent OVA-specific T-helper (Th)2 lymphocyte re-
ponses in vitro and such Th2 responses were inhibited
ompletely by TIM-4 blockade. Results: In vivo expo-
ure to both SEB and OVA resulted in OVA-specific Th2
ifferentiation and intestinal allergic responses includ-

ng increased serum immunoglobulin E and Th2 cyto-
ine levels, activation of OVA-specific Th2 cells detected
oth ex vivo and in situ, and mast cell degranulation. Of

mportance, in vivo abrogation of TIM-4 or its cognate
igand TIM-1 by using a polyclonal antibody remark-
bly dampened Th2 differentiation and intestinal al-
ergy. Conclusions: Our study thus identifies TIM-4 as
novel molecule critically required for the development
f intestinal allergy.

s many as 15%–20% of populations have immuno-
globulin (Ig)E-mediated hypersensitivity to foreign

ntigens.1 Indeed, the prevalence of allergic diseases has
ncreased rapidly across the world in the past few de-
ades, with food allergies currently affecting 4%– 6% of
he population.2 However, both the etiology and immune

echanisms of intestinal allergic diseases have remained
oorly understood. It is believed that under normal cir-
umstances the gut immune system is relatively hypore-
ponsive to food antigens and commensal bacteria and
hat this state of hyporesponsiveness (tolerance) is main-

ained by a number of important mechanisms including
he integrity of gut epithelium and the presence of tolero-
enic dendritic cells (DCs) and regulatory T cells.3 Thus,
onceivably any perturbation to the homeostasis between
ut antigens and the gut immune system may lead to gut
nflammation and food allergies. For instance, although
ood macromolecules such as chicken ovalbumin (OVA)
re taken up by the intestinal mucosa only at a limited
ate, an increased intestinal permeability can lead to the
ensitization of the immune system to food antigens.3,4

ikewise, the intestinal mucosal DCs that, compared
ith the DCs at other sites, express lower levels of co-

timulatory molecules such as B7 required for T-cell
ctivation,3 may become activated by increased exposure
o bacterial toxin and enable food antigen–specific T-cell
ctivation in the mesenteric lymph nodes.

The T cells of T-helper (Th)2 phenotype are known to
e involved in the development of allergic disease. In
ontrast to Th1 cells, which release type 1 cytokines such
s interferon (IFN)-�, the major cytokines secreted by
h2 cells are interleukin (IL)-4, IL-5, and IL-13. These
ytokines play an important role not only in the produc-
ion of antigen-specific IgE by B cells5 but also in mucus
ecretion, muscle contractility, and eosinophilia.6,7 Mast
ells activated by IgE cross-linking release allergic medi-
tors to initiate the hypersensitivity reactions and allergic
linical symptoms on re-exposure to specific antigens.1,2

hus, the activation of Th2 cells is a critical step in the
mmune mechanisms of food allergy but the factors
nvolved in the initiation of food antigen–specific Th2
ctivation still remain unclear.

It is believed that nonspecific inflammatory responses
n the gut may lead to the loss of mucosal immune
olerance.2 Indeed, mounting evidence suggests that in-
reased concurrent exposure of the mucosal immune

Abbreviations used in this paper: DC, dendritic cell; ELISA, enzyme-
inked immunosorbent assay; FACS, fluorescence-activated cell sorter;
FN, interferon; IL, interleukin; LPS, lipopolysaccharide; MHC, major
istocompatibility complex; OVA, ovalbumin; PGN, peptidoglycan; PT,
ertussis toxin; qPCR, real-time reverse-transcription polymerase
hain reaction; SEB, Staphylococcal enterotoxin B; Th, T helper; TIM,
-cell immunoglobulin-domain and mucin-domain.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2007.08.006
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November 2007 ROLE OF TIM4 IN THE DEVELOPMENT OF FOOD ALLERGY 1523
ystem to both bacterial components such as toxins and
ood antigens predisposes to food antigen sensitization
nd allergy.8 In this respect, we have observed previously
hat microbial products were required in synergy with
ood antigens for the induction of intestinal allergic
ensitization.4,9 For instance, Staphyloccocus aureus, one of
he common commensal bacteria on the mucosal sur-
ace,10 or Staphylococcal enterotoxin B (SEB), was found by
s and others to play a pathogenic role in a number of
llergic diseases.11,12 However, the molecular mechanisms
y which microbial products promote Th2 differentia-
ion and the development of allergy, particularly food
llergy, have remained poorly understood.

The T-cell immunoglobulin-domain and mucin-domain
TIM) gene family members including TIM-1, TIM-2,
IM-3, and TIM-4, recently have received increasing at-

ention for their important regulatory role in Th1 and
h2 effector responses.13 Among these members, TIM-4,
hich is expressed in DCs in lymphoid organs and its

igand TIM-1, which is expressed by T cells, recently has
een found to be a critical Th2 regulator.13,14 It has been
hown that the interaction between TIM-4 and TIM-1
reaches the peripheral immune tolerance and leads to
-cell activation.13,14 The role of TIM-4 and its interac-

ion with TIM-1 in the pathogenesis of allergy in general
nd intestinal allergic disease in particular still is un-
nown. However, based on the limited published infor-
ation,13,14 it is plausible to hypothesize that TIM-4

lays a critical role in breaking gut mucosal tolerance
oward food antigens, thus leading to the development of
ntestinal allergic disease.

We have investigated the role of TIM-4 in the develop-
ent of Th2 cells and intestinal allergic disease by using

n vitro and in vivo models of food allergy. We found that
EB exposure increased TIM-4 expression on intestinal
Cs in vitro and in vivo. Co-exposure to both SEB and
VA led to the maturation of intestinal DCs and such

onditioned intestinal DCs resulted in OVA-specific Th2
olarization, which was abrogated by blocking TIM-4. Of

mportance, concurrent exposure to SEB and OVA in vivo
ed to the sensitization of Th2 cells to OVA and the
ubsequent development of intestinal allergic responses,
hich largely were abolished by blocking TIM-4 or
IM-1. Our study thus reveals a critical role for TIM-4 in

he pathogenesis of intestinal allergy.

Materials and Methods
Mice
Balb/c and C57BL/6 mice (male, 6 – 8 weeks old)

ere purchased from the Charles River Laboratory (Wil-
ington, MA). DO11.10 TCR transgenic mice that rec-

gnize an OVA peptide in the context of I-Ad major
istocompatibility complex class II (MHC II) molecules

ere purchased from the Jackson Laboratory (Bar Har- C
or, ME). The experiments were approved by the Animal
esearch Ethics Board at McMaster University.

Murine Model of Intestinal Allergy
C57BL/6 mice were sensitized intraperitoneally

ith SEB (10 �g/mouse), OVA (20 �g/mouse), or both
EB and OVA on day 0. The mice were boosted twice with
he same treatment on days 3 and 9, respectively. Mice
ere challenged with OVA (20 �g/mouse) in 0.25 mL of

aline intragastrically twice on days 7 and 14. Mice then
ere killed 1 day after the last intragastric challenge (day
5). The blood was collected for serum preparation. Je-

unal segments were excised and snap frozen for immu-
ohistochemistry or fixed with 2% glutaraldehyde for
lectron microscopy or fixed with Carnoy solution for
dentification of mucosal mast cells. In separate experi-

ents, intestinal segments, the spleen, and mesentery
ymph nodes were collected for purification of DCs and T
ells. Some mice were pretreated with goat anti-mouse
IM-4 polyclonal antibody (50 �g/mouse; R&D Systems,
inneapolis, MN; catalog number: AF2826; anti–TIM-4

xtracellular domain) or rat anti-mouse TIM-1 polyclonal
ntibody (50 �g/mouse; R&D Systems; catalog number:
AB1817; clone 222414; anti–TIM-1 extracellular do-
ain) intraperitoneally 30 minutes before the gavage.

Isolation and Culture of Intestinal DCs
The intestinal DC population was obtained using

well-established method.15,16 Briefly, jejunal segments
ere cut into small fragments and digested with collage-
ase D (1 mg/mL). Cell suspensions were passed through
Falcon cell strainer (70-�m mesh) (BD Biosciences,
ississauga, ON, Canada). Resulting cells were centri-

uged over a Percoll gradient to enrich for mononuclear
ells. DC culture was referred to in a previous report15,16

ith modification. CD11c� DCs were separated further
rom the mononuclear cells by CD11c MicroBeads using
utoMACS (Miltenyi Biotec). The purity of purified DCs
as more than 95% as examined by fluorescence-activated

ell sorting (FACS). DCs then were cultured in the pres-
nce of 1000 U/mL IL-4 and 800 U/mL granulocyte-
acrophage colony–stimulating factors with or without

raded doses of SEB for 48 hours.

Co-Culture of Intestinal DCs and Transgenic
T Cells
For DC and T-cell co-culture experiments, on day

, the resulting DCs were washed 3 times with phos-
hate-buffered saline (PBS) before co-culture with puri-
ed naive OVA transgenic CD4 T cells. For isolation of
ransgenic CD4 T cells, the mesentery lymph node cells
f DO11.10 mice were isolated, passed through a Falcon
ell strainer (70-�m mesh) (BD Biosciences), washed in
PMI 1640, and resuspended in MACS buffer (BD Bio-

ciences). DO11.10 CD4 T cells were separated with anti–

D4-MACS beads (Miltenyi Biotec). Purified OVA trans-
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1524 YANG ET AL GASTROENTEROLOGY Vol. 133, No. 5
enic CD4 T cells (105 cells/well) then were co-cultured
ith the DCs (see previously; 105 cells/well) pretreated
ith or without SEB (see previously) in RPMI 1640 con-

aining 10% fetal calf serum and 800 U/mL granulocyte-
acrophage colony–stimulating factor in the presence of

EB (at gradient doses of 0 –200 ng/mL) and/or OVA
eptide (OVA323–339: ISQAVHAAHAEINEAGR; 5 �g/mL)
or 2 days at 37°C. For T-cell proliferation assay, cells
ere pulsed for the last 16 hours with [3H] thymidine (1
Ci/well). Incorporation of [3H] thymidine was analyzed
ith liquid scintillation counting. For cytokine assay,

ells were cultured in the presence of OVA or 50 ng/mL
hytohemagglutinin (PHA) and cell supernatants then
ere collected for the measurement of IL-4, IL-13, and

FN-� by enzyme-linked immunosorbent assay (ELISA).
Methods of isolation and culture of splenic and intes-

inal mucosal lymphocytes, real-time reverse-transcrip-
ion polymerase chain reaction (qPCR), flow cytometry,
LISA, and immunohistochemistry are detailed in the

igure 1. TIM-4–expressing DCs within intestinal mucosa and enha
D–F) Intestinal tissues were from mice treated with SEB. The red color

taining; the yellow color resulted from merged green and red colors, indica
upplementary materials (see supplementary material
nline at www.gastrojournal.org).

Statistics
Data were expressed as the means � SD. Differ-

nces between groups were determined with a Student t
est (2 groups) or analysis of variance (3 or more groups);
P value of less than .05 was considered to be statistically

ignificant.

Results
Localization of TIM-4 Expression to DCs
in Intestinal Mucosa
Apart from its high expression in the thymus,

ecent evidence has indicated that TIM-4 also is expressed
y DCs located in the spleen and lymph nodes and only
eakly is expressed in nonlymphoid tissues such as the

ung and liver.13 To begin investigating the role of TIM-4

by SEB. (A–C) Intestinal tissues were from mice treated with saline.
tes TIM-4–positive staining; the green color indicates CD11c-positive
nced
indica
ting a colocalization of CD11c and TIM-4 in the intestinal mucosa.

http://www.gastrojournal.org
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n the immune regulation of intestinal allergy, we first
xamined its expression and regulation within the jejunal
ntestinal mucosa by immunoconfocal microscopy. We
ound that jejunal mucosa of naive mice had easily iden-
ifiable CD11c� cells but only a small number of these
Cs expressed TIM-4 (Figure 1A–C). Because Staphylocco-

us aureus represents one of the common commensal
acteria on the mucosal surface10 and this bacterium or

ts SEB was found to be involved in the pathogenesis of
llergic diseases,11,17 we examined whether in vivo expo-
ure to SEB may modulate TIM-4 expression by intestinal
Cs. Indeed, exposure to SEB for 48 hours resulted in an

ncrease in the number of CD11c� DCs in the subepithe-
ial region of jejunal mucosa and more importantly the

ajority of these mucosal DCs expressed TIM-4 (Figure
D–F). These data suggest that TIM-4 is a highly induc-

ble molecule on intestinal mucosal DCs, thus implicat-
ng this molecule in the regulation of intestinal immu-
ologic conditions.

Regulation of TIM-4 Expression in Intestinal
DCs by SEB Exposure In Vitro and In Vivo
Having localized TIM-4 expression to intestinal

ucosal DCs and provided the evidence of its up-regu-
ation in these cells on SEB exposure by using immuno-
istochemistry, we further examined the regulation of its
xpression in detail by using qPCR and ELISA. To this
nd, we first examined the regulation of TIM-4 expres-
ion in vitro. CD11c� DCs were prepared and purified
the purity was �90% as examined by FACS) from the
ejunum of naive mice and cultured in the presence of
radient doses of SEB for 48 hours. Intestinal DCs ex-
ressed low levels of TIM-4 before in vitro SEB stimula-
ion (Figure 2A). The expression of TIM-4 increased in

igure 2. SEB promotes TIM-4 expression in intestinal DCs. TIM-4 exp
). (A) DCs were prepared from the jejunum and cultured in the presenc
ere treated with gradient doses of SEB. DCs were prepared from the

valuation by qPCR and ELISA. Values are expressed as means � SD from
Cs at both messenger RNA (mRNA) and protein levels
n a SEB dose-dependent manner (Figure 2A and D). To
xamine whether TIM-4 expression also was SEB dose-
ependent in vivo, mice were treated intraperitoneally
ith various doses of SEB and killed 48 hours later. DCs

hen were isolated from the small intestine. Because
plenic DCs were found previously to express TIM-4,13 we
lso isolated splenic DCs and used them as a reference
omparison for the relative expression level of TIM-4 in
ntestinal mucosal DCs. Indeed, in vivo SEB treatment
p-regulated TIM-4 mRNA and protein in a dose-depen-
ent manner (Figure 2B and E). Importantly, both con-
titutive and inducible levels of TIM-4 expression by
ntestinal mucosal DCs were very much comparable with
hose by splenic counterparts (Figure 2C and F). These
ndings suggest that intestinal mucosal DCs are similar
o DCs of lymphoid organs in that low constitutive
IM-4 expression in DCs is prone to induction by bac-

erial toxins such as SEB.

Enhancement of Intestinal DC Maturation by
SEB and OVA Exposure In Vitro
Having shown the ability of SEB exposure to en-

ance TIM-4 expression on intestinal DCs, we examined
hether SEB exposure also could promote DC matura-

ion. To this end, isolated DCs were cultured in the
resence of SEB at gradient doses for 48 hours and
urface expression of CD80, CD86, and MHC class II

olecules were examined by FACS. CD80 (Figure 3A and
), CD86 (Figure 3B and F), and MHC II (Figure 3C and
) were increased significantly by SEB exposure in a
ose-dependent manner. Because OVA is one of the com-
on food antigens that constantly is taken up by intes-

inal epithelial cells, although normally only at a limited

on in DCs was determined by qPCR (A–C, row 1) and ELISA (D–F, row
EB at gradient doses for 48 hours. (B and C) Mice (10 mice per group)
pleen and the (C) jejunum and directly subjected to TIM-4 expression
ressi
e of S
(B) s
3 separate experiments. *P � .05 compared with dose 0.
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1526 YANG ET AL GASTROENTEROLOGY Vol. 133, No. 5
ate,4 we examined whether co-exposure to both SEB and
VA might modulate expression of intestinal DC matu-

ation molecules further. We found that co-exposure to
EB and OVA further increased MHC II expression (Fig-
re 3D and H). These results together suggest that expo-
ure to intestinal bacterial toxins such as SEB is a critical
ctivating signal of intestinal mucosal DCs and co-expo-
ure to both bacterial toxins and food antigens such as
VA may engender the type of intestinal DCs capable of

ensitizing and activating food antigen–specific T cells.

Role of TIM-4 in OVA-Specific Th2
Polarization Stimulated by SEB-Conditioned
Intestinal DCs In Vitro
Having observed the up-regulation of TIM-4 ex-

ression on intestinal mucosal DCs both in vitro and in
ivo by SEB exposure, we next sought to investigate
hether TIM-4 from intestinal DCs could play a role in

he development of food antigen–specific Th2 cells by
sing an in vitro transgenic T-cell model.18 To this end,
he mesenteric CD4 T cells were isolated from DO11.10

ice and co-cultured with SEB-conditioned intestinal
Cs in the presence of OVA323–339 peptides for 2 days. We
rst examined the proliferation rate of DO11.10 T cells.
he results showed that DO11.10 CD4 T-cell prolifera-

ion increased significantly on co-culture with OVA323–339

oaded, SEB-conditioned jejunal DCs in a SEB dose-

igure 3. Enhanced maturation of intestinal DCs by SEB. Isolated inte
resence of both SEB and OVA for 48 hours. Expression of CD80, CD86
nalyzed by flow cytometry. Bars indicate the median fluorescence inte
nd F) CD86, (C and G) MHC II, and (D and H) MHC II expression on ce
how counts of positively stained cells. *P � .05 compared with no SE
ependent manner (Figure 4A). The peak levels of s
O11.10 T-cell proliferation were comparable with that
y PHA stimulation (Figure 4A). To evaluate the pheno-
ype of these transgenic CD4 T cells, we examined the
ecretion of Th2 and Th1 cytokines, IL-4, IL-13, and
FN-�. We found that the secretion of Th2 cytokines IL-4
Figure 4B) and IL-13 (Figure 4C) increased significantly
n a SEB dose-dependent manner. In contrast, while un-
er these conditions, there was a detectable level of Th1
ytokine IFN-� production, it decreased when higher
oses of SEB were used to condition intestinal DCs

Figure 4D), which was in sharp contrast to a high level of
FN-� induction by PHA.

To examine the role of TIM-4 in OVA-specific Th2
olarization driven by SEB-conditioned intestinal DCs,
ome of the DC–T-cell cultures were treated with anti–
IM-4 antibodies. We found that abrogation of TIM-4 on
Cs completely abolished DO11.10 T-cell proliferation

Figure 4A) and Th2 cytokine IL-4/IL-13 secretion (Fig-
re 4B and C). In comparison, abrogation of TIM-4
llowed increased Th1 IFN-� secretion by a high-dose
EB exposure (Figure 4D). This suggests that TIM-4 is
ritically required for OVA-specific Th2 differentiation in
his in vitro model of food allergy. Because TIM-1 is the
igand for TIM-4 expressed by T cells, we also examined
he effect of anti–TIM-1 antibodies. Indeed, the use of
his antibody in our co-culture system had an effect

l DCs were cultured in the presence of SEB at gradient doses or in the
MHC II on DCs was stained with fluorescence-labeled antibodies, and
(MFI) (means � SD; from 3 separate experiments). (A and E) CD80, (B
osed to SEB and OVA. (E–H) Representative fluorescence histograms

atment.
stina
, and
nsity

lls exp
imilar to that by anti–TIM-4 antibodies (Figure 4A–D).
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Concurrent Exposure to SEB and OVA Elicits
Intestinal Th2 Polarization and Allergic
Responses In Vivo
Having identified a critical role of TIM-4 in food

ntigen–specific Th2 polarization in vitro, we set out to
nvestigate its role in vivo. To approach this question, we
rst developed and fully characterized a novel in vivo
odel of intestinal food allergy. To this end, Balb/c mice
ere primed intraperitoneally with SEB alone, OVA
lone, or both SEB and OVA on day 0, boosted intraperi-
oneally on days 3 and 9, and locally challenged in the
ut by gavage on days 7 and 14. Twenty-four hours after
he last gavage, the mice were killed and subjected to
mmunologic analyses (Figure 5A). We first examined the
irculating levels of IL-4, IL-13, and IFN-� by ELISA. We
ound that although Th2 cytokines IL-4 (Figure 5B) and
L-13 (Figure 5C) were somewhat increased in the circu-

igure 4. Antigen-specific Th2 polarization by SEB-conditioned intest
ere treated with gradient doses of SEB (ng/mL) with or without OVA (�
VA transgenic CD4 T cells. (A) DO11.10 CD4 T-cell proliferation. Bar

evels of IL-4 in culture media. (C) Bars indicate the levels of IL-13 in cu
xpressed as mean � SD. *P � .05, compared with group 0. #P � .05
f anti–TIM-4 or anti–TIM-1. �TIM-4: the group of DCs was exposed t
roup of CD4 T cells was pretreated with anti–TIM-1 antibody (5 �g/m
ation of mice treated with SEB or OVA alone, they were I
ncreased most dramatically in the mice treated with
oth SEB and OVA (Figure 5B and C). In contrast, the

evel of Th1 cytokine IFN-� was decreased under these
onditions (Figure 5D).

Because markedly increased circulating levels of Th2
ytokines in SEB-/OVA-treated mice suggest the activa-
ion of Th2 cells in this model, we examined the pheno-
ype of T-cell responses in the intestinal mucosa and
ystemic lymphoid organs. To this end, we isolated both
ejunal mucosal mononuclear cells and splenocytes from
he mice and cultured them in the presence of OVA (5
g/mL) for 4 days for examination of OVA-specific T-cell
roliferation and cytokine responses. The results show
hat only the T cells isolated from the mice treated with
oth SEB and OVA, but not with SEB or OVA alone,
howed significantly higher levels of proliferation (Figure
E) or released significantly higher levels of Th2 cytokine

Cs and its inhibition by TIM-4 blockade in vitro. Isolated intestinal DCs
) in culture. The SEB-conditioned DCs were co-cultured with separated
cate [3H] thymidine incorporation in CD4 T cells. (B) Bars indicate the
media. (D) Bars indicate the levels of IFN-� in culture media. Data are
pared with the group treated with both SEB and OVA in the absence

i–TIM-4 antibody (5 �g/mL), SEB, and OVA concurrently. �TIM-1: the
d then exposed to SEB-conditioned and OVA-loaded DCs.
inal D
g/mL
s indi
lture
, com

o ant
L-4 (Figure 5F) on OVA stimulation. At the same time a
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ecreased Th1 response was seen, as exemplified by sig-
ificantly decreased IFN-� production by both intestinal
ucosal and splenic T cells (Figure 5G). These results

igure 5. Elicitation of OVA-specific Th2 responses by SEB and OVA
rotocol. Balb/c mice were primed intraperitoneally with SEB alone, OV
and 9, and challenged locally in the gut by gavage on days 7 and 14.

o immunologic analyses. In separate experiments, mice were treated
njection of SEB and OVA. (B–D) Bars indicate the levels (mean � SD)
ntestinal mononuclear cells were separated from mice and cultured in
n response to OVA stimulation. (F and G) Levels of (F) IL-4 and (G) IFN
ompared with saline controls. #P � .05, compared with the group treat
xperiment was repeated 3 times.
ogether suggest that concurrent in vivo exposure to both i
icrobial toxin and food antigen is a critical requirement
or the development of food antigen–specific Th2 cells.

To further strengthen our observation, we performed

osure and their inhibition by TIM-4 blockade in vivo. (A) Experimental
ne, or both SEB and OVA on day 0, boosted intraperitoneally on days
ty-four hours after the last gavage, the mice were killed and subjected
eritoneally with �TIM-4 or �TIM-1 (50 �g/mouse) 30 minutes before
IL-4, (C) IL-13, and (D) IFN-� in the serum of mice. (E–G) Splenic and

resence of OVA for 4 days. (E) Splenic and intestinal T-cell proliferation
culture supernatants. Data are presented as means � SD. *P � .05,

ith both SEB and OVA in the absence of anti–TIM-4 or anti–TIM-1. Each
exp
A alo
Twen
intrap
of (B)
the p
-� in
ed w
mmunohistochemistry to localize Th2 cells in the intes-



t
j
I
f
s
M
s
e
c
6
o
s
n
s
u
i

m
c
d
s
r

t
t
(
a
o
w
c
t
w
t
c
o
i
O
B
i
7
o
7
S
s

F
R
a
w
c
j
S

B
A

SI
C
–

A
LI

M
EN

TA
R
Y

TR
A

C
T

November 2007 ROLE OF TIM4 IN THE DEVELOPMENT OF FOOD ALLERGY 1529
inal mucosa. Thus, cryosections were prepared from
ejunal segments and stained with anti–IL-4 and anti–
FN-� monoclonal antibodies. The cells positively stained
or IL-4 and IFN-� were observed in the mucosa of all
amples from different groups of mice (Figure 6A–L).

ore specifically, compared with saline controls, the den-
ity of IL-4 –positive cells was slightly higher in mice
xposed to SEB or OVA alone but was increased signifi-
antly in mice exposed to both SEB and OVA (Figure
M). In comparison, although IFN-�–positive cells were
bserved in saline control mice and were decreased
lightly in mice treated with SEB or OVA alone, the
umber of such cells was decreased significantly in the
ections from mice exposed to both SEB and OVA (Fig-
re 6N), thus in keeping with ex vivo observations using

solated intestinal mucosal T cells (Figure 5).
To provide further evidence of intestinal allergy in our
odel, we examined the circulating total and OVA-spe-

ific IgE levels by ELISA and the extent of mast cell
egranulation by electron microscopy, which has been
hown by us and others previously to be a sensitive

igure 6. IL-4– and IFN-�–producing cells in the intestinal mucosa a
epresentative immunohistochemistry images from mice treated with (A
nd OVA, pretreated with anti–TIM-4 antibody, then treated with (E and
ith (F and L) both SEB and OVA. Cryosections of jejunal tissues were s
ells (dark staining) were counted under a light microscope (40 fields pe

ejunal tissue. Data are expressed as the means � SD. *P � .05, compar
EB and OVA in the absence of anti–TIM-4 or anti–TIM-1.
eadout of intestinal allergy.18 We found that mice w
reated with both SEB and OVA showed much higher
iters of both total IgE (Figure 7A) and OVA-specific IgE
Figure 7B) in the sera. As expected, saline control or SEB
lone–treated mice did not have any measurable amounts
f OVA-specific IgE, whereas their serum total IgE levels
ere very low (Figure 7B). To measure IgE-mediated mast

ell activation/degranulation adequately, mice were
reated in vivo as described previously and challenged
ith OVA by gavage before the removal and processing of

heir jejunal tissues for both light and electron micros-
opy. By using light microscopy, although mast cells were
bserved in jejunal samples from all groups of mice, the

ntestinal mucosa of mice treated with both SEB and
VA had the greatest number of mast cells (Figure 7C).
y using electron microscopy, few degranulated granules

n mast cells were observed in saline control mice (Figure
D). However, extensively degranulated mast cells were
bserved in mice treated with both SEB and OVA (Figure
E and F), but few were observed in mice treated with
EB alone or OVA alone (Figure 7F). We also found a
ignificant extent of jejunal tissue edema in mice that

s modulation by SEB and OVA exposure and TIM-4 blockade. (A–L)
G) saline, (B and H) SEB alone, (C and I) OVA alone, (D and J) both SEB
th SEB and OVA and pretreated with anti–TIM-1 antibody, then treated
d with (A–F) anti–IL-4 or (G–L) anti–IFN-� antibodies. Positively stained
se; 10 mice/group). (M and N) Bars indicate the cell numbers per mm2

th saline controls. #P � .05, compared with the group treated with both
nd it
and

K) bo
taine
r mou
ed wi
ere treated with SEB and OVA and subsequently chal-
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enged by gavage with OVA (Figure 7G). By measuring the
hanges in short circuit current of segments of the jeju-
um mounted on Ussing chambers and challenged by
VA, as a physiologic index of gut allergy, we observed a

ignificant increase in short-circuit current in the gut
issue of mice treated with SEB and OVA (34.5 � 6.6
A/cm2), but not in the tissue of those treated with SEB

8.5 � 2.6 �A/cm2) or OVA alone (7.6 � 2.9 �A/cm2) or
aline control (9.1 � 2.8 �A/cm2). The earlier-described
esults together suggest that concurrent in vivo exposure
o both microbial toxin and food antigen leads to the
evelopment of food antigen–specific Th2 cells and in-
estinal food allergy. As a specificity control, a group of

ice were exposed to SEB and OVA concurrently as

igure 7. Elicitation of OVA-specific IgE and intestinal allergic respons
ice were exposed to SEB, OVA, or both SEB and OVA with or without

otal IgE and (B) OVA-specific IgE. (C) Mast cell density in jejunal tissu
lectron photomicrograph of a mast cell from saline control group w
E) Representative electron photomicrograph of a mast cell from SEB
F) Qualification of mast cell degranulation in jejunal tissue expressed
lectron microscope. (G) Low-magnification image of jejunal section fro
dema. Epi, epithelium; LP, lamina propria. Data are expressed as means
r with (B) group OVA. #P � .05, compared with the group treated wit
epicted in Figure 5A and challenged with a bystander i
ntigen bull serum albumin (50 �g/mouse). These mice
id not show any hypersensitivity reactions in the intes-
ine (data not shown).

TIM-4 Is Required for the Development of
Intestinal Th2 Activation and Allergic
Responses Triggered by Concurrent SEB and
OVA Exposure In Vivo
Our observation that TIM-4 was up-regulated on

ntestinal mucosal DCs treated with SEB and was re-
uired for Th2 polarization in an OVA DO11.10 T-cell
odel, suggests that this molecule also may be required

or food antigen–specific Th2 polarization and intestinal
llergy in vivo. Indeed, by using our model of SEB-OVA–

SEB and OVA exposure and their inhibition by TIM-4 blockade in vivo.
4 and �TIM-1 pretreatment. (A and B) Bars indicate values of (A) serum
ermined by specific staining and light microscopy. (D) Representative
merous cytoplasmic granules (solid arrow) of high electron density.

d OVA-treated mice, showing extensive degranulation (open arrow).
ratio of degranulated vs granulated mast cells determined under an

B- and OVA-treated mice showing the empty areas indicative of tissue
(10 mice/group). *P � .05, compared with (A, F, and G) saline controls

h SEB and OVA in the absence of anti–TIM-4 or anti–TIM-1.
es by
�TIM-
e det
ith nu
- an

as the
m SE
� SD
nduced intestinal food allergy and in vivo anti–TIM-4
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onoclonal antibody treatment (Figure 5A), we found
hat pretreatment with anti–TIM-4 diminished the OVA-
pecific Th2 cytokine responses in the sera (Figure 6B and
) and ex vivo cultured T cells (Figure 6F), and blocked
VA-specific T-cell proliferation (Figure 6E), and effec-

ively restored the inhibited Th1 responses (Figure 6D
nd G). Likewise, immunohistochemistry revealed that
he numbers of IL-4 –secreting (Figure 7E) as well as
FN-�–secreting T cells (Figure 7K) in the intestinal mu-
osa were back to control levels. Consequently, the inhib-
ted Th2 responses were accompanied with diminished

VA-specific IgE levels (Figure 7A and B) and reduced
ast cell activation (Figure 7C–G). The similar effects
ere accomplished by using a monoclonal antibody
gainst the TIM-4 cognate ligand TIM-1 (Figures 6 and
). These in vivo results thus lend further support that
IM-4 plays an important role in the induction of Th2
olarization and intestinal food allergy.

TIM-4 Expression and Th Polarization by
Concurrent Exposure to OVA and a Bacterial
Product Other Than SEB
Having established a critical role of SEB in induc-

ion of TIM-4 on intestinal mucosal DCs and subsequent
h2 sensitization to OVA, we also examined the effects of
ther relevant intestinal microbial products including

ipopolysaccharide (LPS), staphylococcal peptidoglycan
PGN), and pertussis toxin (PT) on DC TIM-4 expression
nd Th2 polarization. LPS, PGN, and PT were found to
ave a differential effect on DC TIM-4 expression. Up-
egulation of TIM-4 on intestinal DCs by PGN and PT
as associated with in vivo Th2 polarization on co-

xposure to OVA, whereas lack of TIM-4 up-regulation in
Cs by LPS was associated with OVA-specific Th1 polar-

zation. Detailed experimental design, observations, and
elevant discussion can be found in Supplementary Fig-
re 1.

Discussion
Although the development of Th2 cells is believed

o be a critical step in the immune mechanisms of food
llergy, the factors and mechanisms involved in the ini-
iation of food antigen–specific Th2 activation remain
oorly understood. Recent evidence suggests that in-
reased exposure of the mucosal immune system to both
acterial toxins and food antigens predisposes the host
o food antigen sensitization and allergy.8,9 However,
ittle is known about the molecular mechanisms by
hich microbial products promote Th2 differentiation
nd the development of food allergy.

In the current study, we have found that exposure to
he bacterial toxin SEB increases TIM-4 expression on
ntestinal DCs in vitro and in vivo. Co-exposure to both
EB and a food macromolecule OVA can further mature

ntestinal DCs. Such conditioned intestinal DCs are able

o cause OVA-specific Th2 polarization and activation in p
itro. Furthermore, concurrent exposure to SEB and OVA
eads to the sensitization of Th2 cells to OVA and the
ubsequent development of intestinal allergic responses
n vivo. Importantly, blockade of TIM-4 in vitro or in vivo
nhibits OVA-specific Th2 activation and intestinal al-
ergy. Our study reveals that activation of intestinal mu-
osal DCs by microbial toxins is critical to the develop-
ent of food antigen–specific allergic responses, and that
IM-4 expressed on DCs, via its interaction with TIM-1
n T cells, represents an important molecular mechanism

n this process.
Recent studies have indicated that the interaction be-

ween TIM-4 and TIM-1 breaches the peripheral immune
olerance and leads to T-cell activation.13,14 Emerging
vidence suggests a role of TIM family members in the
mmunopathogenesis of certain allergic diseases.19,20 In-
eed, administration of anti–TIM-1 antibodies sup-
resses Th2 allergic airway inflammation and conjuncti-
itis.19,20 However, the role of TIM-4 and its interaction
ith TIM-1 in the pathogenesis of intestinal allergic
isease is completely unknown.
The pioneer work performed by Meyers et al13 and

metsu et al14 has shown that TIM-4 ligation of TIM-1
n CD4 T cells specifically induces Th2 cell proliferation.
IM-4 expression has been found primarily on DCs lo-
ated within classic lymphoid organs such as the spleen
nd lymph nodes,20 whereas TIM-4 expression in DCs
ocated within the mucosal tissues is unclear. In the
resent study, we have found that although TIM-4 nor-
ally is expressed weakly in the intestinal mucosal DCs,

t is highly inducible by exposure to a relevant microbial
roduct such as SEB both in vitro and in vivo. We
reviously developed rodent models of intestinal sensiti-
ation using pertussis toxins,4,9 and cholera toxins also
ere used in the development of peanut allergy models.21

t would be of interest to understand whether microbial
roducts other than SEB also can modulate TIM-4 ex-
ression in mucosal DCs and contribute to Th2 polar-

zation in the intestine. Our current study provides fur-
her evidence that similar to SEB, bacterial PGN and PT
re able to induce TIM-4 expression in intestinal DCs and
hen co-delivered with OVA in vivo, can induce OVA-

pecific intestinal Th2 polarization. In sharp contrast,
PS failed to induce TIM-4 expression in intestinal DCs
nd on co-delivery with OVA, it instead induced a Th1
olarization (Supplementary materials). These results
uggest that only some, but not all, microbial products
romote Th2-type intestinal conditions via TIM-4 expres-
ion by DCs.

In our current study, we found that SEB-conditioned
ntestinal mucosal DCs were particularly conducive to
ood antigen–specific Th2 polarization, as exemplified by
h2 cytokine production by OVA-specific CD4 T cells on
o-culture with SEB-conditioned, OVA antigen–loaded
ntestinal DCs. This effect was mediated via TIM-4 ex-

ression on these antigen-presenting cells induced by
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EB exposure. Our observation provides a novel molec-
lar mechanism to explain how the primed DCs specifi-
ally may promote Th2 sensitization toward normally
therwise harmless food antigens. Our findings also pro-
ide a mechanistic explanation for previous studies show-
ng that SEB exposure was found to facilitate DC-medi-
ted Th2 activation.22 We further observed in our current
tudy that SEB-conditioned intestinal DCs led to a con-
omitantly decreased Th1 cytokine response. This could
e owing to the inhibitory effect of increased IL-4 on the
ctivities of STAT-6 and T-box expressed in T cells (T-
et), and subsequently on IFN-� gene expression.23 It is
oteworthy that our results differ from those of previous
tudies13,14 in that we observed the inability of SEB-
onditioned DCs on their own to trigger a robust Th2
esponse in T cells in the absence of food antigen OVA in
itro. Our in vivo observations also indicate that only
o-exposure to both SEB and OVA can induce robust Th2
ctivation, OVA-specific IgE, and mast cell degranulation.
e believe that this is unique to the properties of intes-

inal mucosal DCs because under normal circumstances
hese antigen-presenting cells are positioned to be tolero-
enic3,4 and the full activation of these cells requires at
east 2 hits. Indeed, we observed that although SEB ex-
osure up-regulated the expression of CD80, CD86, and
HC II in intestinal DCs, in accord with the published

ata,14,24 concurrent exposure to both SEB and OVA
urther increased MHC II expression in these DCs. In
upport, Okano et al17 reported that exposure to SEB
lone could not induce lung allergic responses whereas
oncurrent exposure to both SEB and a protein antigen
ould.

Together our findings suggest that Th2 sensitization
o food antigens may occur when the intestinal mucosal
ntegrity is disrupted, resulting in increased exposure to
oth microbial products and food macromolecules. The
onsequence of such increased exposure to intestinal
uminal substances is the activation of mucosal DCs,
hich via TIM-4 expression and its interaction with
IM-1, activates food antigen–specific Th2 cells and thus

eads to the development of intestinal allergic reaction.
ur study identifies a critical role of TIM-4 on mucosal
Cs in the mechanisms of intestinal allergy and thus

uggests that abrogation of TIM-4 or TIM-1 or both
ould represent a powerful way to dampen allergic re-

ponses not only in the gut but elsewhere.

Supplementary Data

Supplementary data associated with this article
an be found, in the online version, at doi:10.1053/j.
astro.2007.08.006.

References

1. Sicherer SH, Leung DY. Advances in allergic skin disease, ana-
phylaxis, and hypersensitivity reactions to foods, drugs, and in-

sects. J Allergy Clin Immunol 2006;118:170–177.
2. Bischoff SC. Food allergies. Curr Gastroenterol Rep 2006;8:
374–382.

3. Strobel S, Mowat AM. Oral tolerance and allergic responses to
food proteins. Curr Opin Allergy Clin Immunol 2006;6:207–213.

4. Yu LC, Yang PC, Berin MC, et al. Enhanced transepithelial antigen
transport in intestine of allergic mice is mediated by IgE/CD23
and regulated by interleukin-4. Gastroenterology 2001;121:370–
381.

5. Becker Y. Respiratory syncytial virus (RSV) evades the human
adaptive immune system by skewing the Th1/Th2 cytokine bal-
ance toward increased levels of Th2 cytokines and IgE, markers
of allergy—a review. Virus Genes 2006;33:235–252.

6. Webb RA, Hoque T, Dimas S. Expulsion of the gastrointestinal
cestode, Hymenolepis diminuta by tolerant rats: evidence for
mediation by a Th2 type immune enhanced goblet cell hyperpla-
sia, increased mucin production and secretion. Parasite Immunol
2007;29:11–21.

7. Verdu EF, Bercik P, Bergonzelli GE, et al. Lactobacillus paracasei
normalizes muscle hypercontractility in a murine model of postin-
fective gut dysfunction. Gastroenterology 2004;127:826–837.

8. Berin MC, Zheng Y, Domaradzki M, et al. Role of TLR4 in allergic
sensitization to food proteins in mice. Allergy 2006;61:64–71.

9. Yang PC, Berin MC, Yu LC, et al. Enhanced intestinal transepi-
thelial antigen transport in allergic rats is mediated by IgE and
CD23 (Fc�RII). J Clin Invest 2000;106:879–886.

0. Vesterlund S, Karp M, Salminen S, et al. Staphylococcus aureus
adheres to human intestinal mucus but can be displaced by
certain lactic acid bacteria. Microbiology 2006;152:1819–1826.

1. Liu T, Wang BQ, Zheng PY, et al. Rhinosinusitis derived Staphy-
lococcal enterotoxin B plays a possible role in pathogenesis of
food allergy. BMC Gastroenterol 2006;18:6–24.

2. Savinko T, Lauerma A, Lehtimaki S, et al. Topical superantigen
exposure induces epidermal accumulation of CD8� T cells, a
mixed Th1/Th2-type dermatitis and vigorous production of IgE
antibodies in the murine model of atopic dermatitis. J Immunol
2005;175:8320–8326.

3. Meyers JH, Chakravarti S, Schlesinger D, et al. TIM-4 is the ligand
for TIM-1, and the TIM-1-TIM-4 interaction regulates T cell prolif-
eration. Nat Immunol 2005;6:455–464.

4. Umetsu SE, Lee WL, McIntire JJ, et al. TIM-1 induces T cell
activation and inhibits the development of peripheral tolerance.
Nat Immunol 2005;6:447–454.

5. Rey J, Garin N, Spertini F, et al. Targeting of secretory IgA to
Peyer’s patch dendritic and T cells after transport by intestinal M
cells. J Immunol 2004;172:3026–3033.

6. Chirdo FG, Millington OR, Beacock-Sharp H, et al. Immunomodu-
latory dendritic cells in intestinal lamina propria. Eur J Immunol
2005;35:1831–1840.

7. Okano M, Hattori H, Yoshino T, et al. Nasal exposure to Staph-
ylococcal enterotoxin enhances the development of allergic rhi-
nitis in mice. Clin Exp Allergy 2005;35:506–514.

8. Gomez-Garcia L, Rivera-Montoya I, Rodriguez-Sosa M, et al. Car-
bohydrate components of Taenia crassiceps metacestodes dis-
play Th2-adjuvant and anti-inflammatory properties when co-
injected with bystander antigen. Parasitol Res 2006;99:440–448.

9. Encinas JA, Janssen EM, Weiner DB, et al. Anti-T-cell Ig and mucin
domain-containing protein 1 antibody decreases TH2 airway in-
flammation in a mouse model of asthma. J Allergy Clin Immunol
2005;116:1343–1349.

0. Fukushima A, Sumi T, Fukuda K, et al. Antibodies to T-cell Ig and
mucin domain-containing proteins (Tim)-1 and -3 suppress the
induction and progression of murine allergic conjunctivitis. Bio-
chem Biophys Res Commun 2007;353:211–216.

1. Fischer R, McGhee JR, Vu HL, et al. Oral and nasal sensitization
promotes distinct immune responses and lung reactivity in a
mouse model of peanut allergy. Am J Pathol 2005;167:1621–

1630.

http://dx.doi.org/10.1053/j.gastro.2007.08.006
http://dx.doi.org/10.1053/j.gastro.2007.08.006


2

2

2

T
C

(

November 2007 ROLE OF TIM4 IN THE DEVELOPMENT OF FOOD ALLERGY 1533
2. Mandron M, Aries MF, Brehm RD, et al. Human dendritic cells
conditioned with Staphylococcus aureus enterotoxin B promote
TH2 cell polarization. J Allergy Clin Immunol 2006;117:1141–
1147.

3. Mendoza L. A network model for the control of the differentiation
process in Th cells. Biosystems 2006;84:101–114.

4. Kis Z, Pallinger E, Endresz V, et al. The interactions between
human dendritic cells and microbes; possible clinical applica-

tions of dendritic cells. Inflamm Res 2004;53:413–423. s
Received April 1, 2007. Accepted July 19, 2007.
Address requests for reprints to: Ping–Chang Yang, MD, BBI, Room

3330, St. Joseph’s Hospital, 50 Charlton Avenue East, Hamilton, Ontario,
anada L8N 4A6. e-mail: yangp@mcmaster.ca; fax: (905) 540-6593.
Supported by funds from the Canadian Institutes of Health Research

P.–C.Y.).
The authors would like to thank Dr Mary Perdue for her enthusiastic
upport of this study.

B
A

SI
C
–

A
LI

M
EN

TA
R
Y

TR
A

C
T


	TIM-4 Expressed by Mucosal Dendritic Cells Plays a Critical Role in Food Antigen–Specific Th2 Differentiation and Intestinal Allergy
	Materials and Methods
	Mice
	Murine Model of Intestinal Allergy
	Isolation and Culture of Intestinal DCs
	Co-Culture of Intestinal DCs and Transgenic T Cells
	Statistics

	Results
	Localization of TIM-4 Expression to DCs in Intestinal Mucosa
	Regulation of TIM-4 Expression in Intestinal DCs by SEB Exposure In Vitro and In Vivo
	Enhancement of Intestinal DC Maturation by SEB and OVA Exposure In Vitro
	Role of TIM-4 in OVA-Specific Th2 Polarization Stimulated by SEB-Conditioned Intestinal DCs In Vitro
	Concurrent Exposure to SEB and OVA Elicits Intestinal Th2 Polarization and Allergic Responses In Vivo
	TIM-4 Is Required for the Development of Intestinal Th2 Activation and Allergic Responses Triggered by Concurrent SEB and OVA Exposure In Vivo
	TIM-4 Expression and Th Polarization by Concurrent Exposure to OVA and a Bacterial Product Other Than SEB

	Discussion
	Supplementary Data
	Acknowledgment
	References


