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Functional Role for CCR6 on Proallergic T Cells in the Gastrointestinal
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ACKGROUND & AIMS: CCL20 is a chemokine that
egulates the homeostatic and inflammatory trafficking
f leukocytes to the small intestine and regulates the
evelopment of the gastrointestinal lymphoid architec-
ure. T cells expressing T helper cell (Th) 2 cytokines are
ritical for experimental food allergy, and we hypothe-
ized that CCL20 is involved in the localization of these
ells to the gut. METHODS: We evaluated the role of
CR6 in allergic diarrhea induced by sensitization and
ral challenge with ovalbumin (OVA) using CCR6�/� and
CR6�/� mice. RESULTS: CCR6�/� mice were protected

rom OVA-induced diarrhea but surprisingly were not
mpaired in mastocytosis or allergen-specific immuno-
lobulin E. CCR6�/� mice were also protected from T
ell-mediated diarrhea induced by anti-CD3 antibody.
llergic diarrhea was associated with an increased expres-

ion of Th2 cytokines within the intestinal mucosa that
as significantly reduced in CCR6�/� mice. Inhibition of

ymphocyte homing by treatment with FTY720 did not
mpair allergic diarrhea, indicating that reactivation of T
ells could occur locally within the small intestine. Fi-
ally, T-cell transfer studies demonstrated that CCR6 was
equired both on the transferred T cells and in the recip-
ent mouse to manifest allergic disease in the gastroin-
estinal tract. CONCLUSIONS: These studies high-
ight a mast cell– and immunoglobulin E–independent
ole for CCR6-bearing T cells in the pathogenesis of
astrointestinal allergic disease.

ood allergic reactions are initiated by allergen cross-
linking of immunoglobulin (Ig) E bound to intesti-

al mast cells, mast cell degranulation, and release of
ast cell products that act directly on the intestinal

pithelium, or indirectly through enteric nerves, to in-
uce changes in intestinal ion secretion and barrier func-
ion.1,2 Mice systemically sensitized to ovalbumin (OVA)
nd repeatedly orally challenged with OVA develop a
ast cell and IgE-dependent acute diarrhea associated
ith a T helper cell (Th) 2 inflammation in the small

ntestine.3 We have previously shown that mesenteric
ymph node (MLN) CD4� T cells from mice with allergic
iarrhea can transfer allergic disease to naïve mice,4 high-
ighting the role of T lymphocytes in an IgE- and mast
ell– driven model system. Forbes et al recently showed
hat transgenic expression of the single T-cell cytokine
nterleukin (IL)-9 within the intestine could lead to a
ocal mastocytosis and diarrhea replicating experimental

odels of allergen-driven experimental food allergy.5 In-
ibition of IL-4 and IL-13 given early during repeated
ral allergen challenge can also inhibit allergic symp-
oms.6 Allergen-specific T cells producing Th2 cytokines
ave been shown to be present in the intestinal mucosa
f human subjects with food allergic diseases,7,8 includ-

ng non-IgE–mediated food allergic disease. The factors
esponsible for recruitment of pathogenic T cells to the
ntestine in food allergic disorders are not known, and we
ypothesized that mucosally expressed chemokines
ould be critical for the homing of T cells to the gut in

xperimental food allergy.
CCL20 (MIP-3�) is a chemokine that is expressed by

astrointestinal epithelium,9 is regulated by nuclear fac-
or (NF)-�B,10 and is overexpressed in inflammatory
owel disease.10,11 We have recently shown that ligation
f the low-affinity IgE receptor on intestinal epithelial
ells leads to release of functional CCL20.12 Expression of
CL20 is highest in the follicle-associated epithelium of

he Peyer’s patch,13,14 but it is also expressed by mouse
nd human enterocytes.9 The cognate receptor for
CL20 is CCR6 and is expressed on memory T cells, B

ymphocytes, and dendritic cells (DCs). CCR6�/� mice
ave impaired mucosal but not systemic humoral re-
ponses to immunization and rotavirus infection.15 In
ddition, CCR6�/� mice have alterations in the architec-
ure of organized lymphoid tissue in the gastrointestinal
ract, including Peyer’s patches, isolated lymphoid folli-
les, and cryptopatches.16 –18 We hypothesized that this
biquitous mucosal chemokine would play a role in the
oming of T lymphocytes to the gastrointestinal tract in

Abbreviations used in this paper: CFSE, carboxyfluoroscein succin-
midyl ester; DC, dendritic cells; ELISA, enzyme-linked immunosorbent
ssay; IFN, interferon; Ig, immunoglobulin; IL, interleukin; mRNA, mes-
enger RNA; MLN, mesenteric lymph node; NF, nuclear factor; OVA,
valbumin; PBS, phosphate-buffered saline; PCR, polymerase chain
eaction; RT, reverse-transcription; Th, T helper cell; TNF, tumor necro-
is factor.
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0016-5085/10/$36.00
doi:10.1053/j.gastro.2009.09.016



e
a

L
g
t
C
p
C
a
O
f
p

a
L
C
k
l
w
r
s

d
a
b
(
i

m
n
e
s

i
r
i
F
s
t
o
h
t

m
l
m

o
f

P
p
o
t
E
a

r
P

a
e
m

fl
s

t
(
p
w
s
c
p
t
h
a
fi
t
n
m
9
s
(

B
A

SIC
–

A
LIM

EN
TA

R
Y

TR
A

C
T
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xperimental food allergy and tested this using CCR6�/�

nd CCR6�/� mice.

Materials and Methods
Allergic Diarrhea
CCR6�/� mice were generated previously by S.

ira,15 backcrossed for 10 generations to the Balb/c back-
round, and maintained in specific pathogen-free condi-
ions. Balb/c mice were purchased from the National
ancer Institute (Frederick, MD). All experiments were
erformed with the approval of the Institutional Animal
are and Use Committee. Female age-matched CCR6�/�

nd CCR6�/� mice (5– 8 weeks of age) were sensitized to
VA as previously described.4 Symptoms were monitored

or 30 minutes after feeding, and diarrhea was marked as
resent or absent.

Cholera Toxin and CD3-Induced Diarrhea
Cholera toxin-induced diarrhea was generated by

dministering 50 �g of cholera toxin (List Biological
aboratories, Campbell, CA) by intragastric gavage to
CR6�/� or CCR6�/� mice. After 3 hours, mice were
illed, and 3 intestinal loops/mouse prepared for weight/

ength and wet/dry weight ratios. Intestinal segments
ere weighed, dried in an oven (80°C, 48 hours), and

eweighed. Wet/dry weight ratios are reflective of fluid
ecretion and edema.

T cell-mediated diarrhea was induced as previously
escribed.19,20 Briefly, mice were administered 0.2 mg of
nti-CD3 (eBioscience, San Diego, CA; functional grade)
y intraperitoneal injection or phosphate-buffered saline
PBS) as control. After 2 hours, mice were killed, and
ntestinal loops were prepared as above.

Cell Culture
MLN were isolated, and cells were cultured with

edia alone or OVA (100 �g/mL) for 72 hours. Super-
atants were collected for cytokine determination by
nzyme-linked immunosorbent assay (ELISA) (eBio-
cience).

Adoptive Transfer
Donor mice were sensitized and fed with OVA to

nduce allergic diarrhea. MLN cells were isolated and
estimulated with OVA as above prior to washing and
ntravenous transfer to naïve mice (4 � 106 cells/mouse).
or CD4� T-cell transfer, CD4� T cells were negatively
elected (StemCell, Vancouver, BC, Canada) prior to
ransfer of 2 � 106 cells/mouse. Recipient mice were
rally challenged with OVA every second day starting 24
ours after transfer, and diarrhea symptoms were moni-
ored as above.

Alternatively, 3 � 106 CD4� T cells from DO11.10
ice were carboxyfluoroscein succinimidyl ester (CFSE)-

abeled and transferred to naïve CCR6�/� or CCR6�/�
ice. After 24 hours, recipient mice were fed with 50 mg r
f OVA. After 72 hours, cells in the MLN were isolated
or analysis of proliferation.

FTY720 Administration
FTY720 was a gift from V. Brinkmann (Novartis

harma AG, Basel, Switzerland) to J.S.B. To block lym-
hocyte egress from the lymph nodes, mice were treated
rally with 0.3 mg/kg FTY720 daily beginning 1 day prior
o initiation of oral OVA challenges and daily thereafter.
fficacy was verified by measurement of circulating CD4�

nd CD8� T cells.

Reverse-Transcription Polymerase Chain
Reaction
RNA was isolated from jejunum, and real-time

everse-transcription polymerase chain reaction (RT-
CR) was performed as previously described.4

Histology and Immunostaining
Jejunal segments were fixed in formalin and par-

ffin. Jejunal mast cells were detected by chloroacetate
sterase staining according to published protocols of
ast cell detection.21

IgE Measurement
OVA-specific IgE in serum and intestinal lavage

uid was measured by capture ELISA as previously de-
cribed.4

Results
The CCL20-CCR6 Chemokine Axis Is
Necessary for Gastrointestinal Allergic
Symptoms
In a screen of local chemokine expression during

he course of allergic diarrhea, CCL20 messenger RNA
mRNA) expression was significantly up-regulated com-
ared with control mice that were sensitized but unfed
ith OVA (Figure 1A). Immunostaining for CCL20

howed a diffuse positive expression pattern in entero-
ytes and an intense immunoreactivity in M cells as has
reviously been reported14 (Figure 1B). CCL20 is known
o be an important chemokine for mucosal lymphocyte
omeostasis, and, to test the role of this chemokine in
llergic diarrhea, we used mice that were genetically de-
cient for the receptor CCR6. Wild-type mice sensitized
o OVA developed acute self-limiting symptoms begin-
ing after the third oral challenge with OVA (�50% of
ice had symptoms by the third feed and approximately

0% by the fifth feed). In contrast, CCR6�/� mice were
ignificantly protected from the onset of allergic diarrhea
Figure 1C).

CCR6-Independent IgE and Mast Cell
Responses
It has previously been demonstrated3 that diar-
hea symptoms in this model are dependent on mast cells
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nd IgE. Surprisingly, we observed that neither gastroin-
estinal mast cells nor serum IgE were significantly im-
aired in CCR6�/� mice (Figure 2). Serum OVA-specific
gE was measured by ELISA in mice killed after 0 to 4 oral
hallenges (every second day) with OVA. OVA-specific IgE
as significantly boosted after the third oral challenge
nd was not significantly different between CCR6�/� and
CR6�/� mice. This was also true for OVA-specific IgE
etected in intestinal lavage (data not shown). A signifi-
ant increase in tissue mast cells was also observed, be-
inning after the third OVA challenge. CCR6�/� mice
ere not impaired in tissue mast cells (Figure 2B). This
as confirmed by mRNA expression of the mast cell
rotease MMCP-1, which was significantly up-regulated

n both CCR6�/� and CCR6�/� mice (Figure 2C). Mast
ell numbers were further confirmed by flow cytometry
Supplementary Figure 1). Therefore, we conclude that
CR6 deficiency does not prevent the onset of allergic
iarrhea by interfering with either tissue mast cells or
llergen-specific IgE.

CCR6 Is Required for T Cell-Mediated, but
Not Toxin-Driven, Diarrhea
To determine whether CCR6�/� mice have an im-

airment in their epithelial secretion mechanisms, we
ested 2 other models of acute diarrhea. Mice were orally
dministered 50 �g cholera toxin, and, after 3 hours,
igated loops were prepared to quantify fluid secretion by
et/dry weights. CCR6�/� mice responded to cholera

oxin with a significant fluid loss throughout the small

igure 1. CCL20 is up-regu-
ated during allergic diarrhea,
nd CCR6 is required for diar-
hea symptoms. CCR6�/� and
CR6�/� mice were sensitized
nd orally challenged with OVA.
A) CCL20 mRNA expression in
he jejunum of CCR6�/� and
CR6�/� mice. Data are ex-
ressed as fold changed com-
ared with unchallenged con-
rols. (B) Immunostaining for
CL20 in the small intestine (bot-

om panel shows anti-CCL20
taining; top panel is isotype con-
rol). Note the dense immunore-
ctivity in the follicle-associated
pithelium. (C) Onset of symp-
oms (percent of mice with visi-
le diarrhea) after each feed was
ecorded. n � 33 (�/�) and 36
�/�).
ntestine, and this was independent of CCR6 (Figure 3). c
e next used a T cell–driven model of diarrhea induced by
dministration of anti-CD3 antibodies. Naïve CCR6�/� and
CR6�/� mice were injected with 0.2 mg of anti-CD3, and,
hours later, intestinal loops were prepared to assess fluid

ecretion in the small intestine (Figure 3). Administration
f 0.2 mg of anti-CD3 antibody to CCR6�/� mice led to
uid secretion in the proximal and mid-small intestine by

hours postinjection in CCR6�/� mice. In contrast,
CR6�/� mice were protected from CD3-induced diar-

hea, similar to our findings with allergic diarrhea. We
ext isolated cells from the lamina propria of CCR6�/�

nd CCR6�/� mice. There was no difference in either the
otal number of lamina propria cells or the percentage of
D4� T cells (Supplementary Figure 2). When isolated

ells from the lamina propria were stimulated in vitro
ith anti-CD2/CD28 antibodies, cytokine secretion was
lso not significantly different in cells isolated from
CR6�/� mice (Supplementary Figure 2). Therefore,
CR6 deficiency does not appear to be associated with a

hange in the constitutive homing of effector T cells into
he small intestinal mucosa.

CCR6 Is Required for Local Th2 Cytokine
Expression in the Jejunum
Because T cell-driven diarrhea was CCR6-depen-

ent, we next assessed cytokine expression in the jejunum
f mice with allergic diarrhea. CCR6�/� and CCR6�/�

ice were sensitized to OVA and given 4 oral challenges
f OVA or were unfed as controls. Real-time PCR was
erformed for the cytokines IL-4, IL-13, and IL-10 be-

ause we and others have previously shown that these
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ytokines are locally up-regulated during allergic diar-
hea.3,4 CCR6�/� mice had a significant up-regulation of
L-4, IL-13, and IL-10 that was significantly reduced in
CR6�/� mice (Figure 4). Interferon (IFN)-�, IL-17, tu-
or necrosis factor (TNF)-�, and IL-18 were neither

ignificantly up-regulated during allergic diarrhea nor
ignificantly different between CCR6�/� and CCR6�/�

ice (Supplementary Figure 3). This was observed through-
ut the OVA challenge period as shown by time course of
ytokine expression. Thus, the characteristic Th2-skewed
nflammation in the jejunum of mice with allergic diar-
hea was impaired by CCR6 deficiency.

CCR6 Does Not Influence Th2 Reactivation
in the MLN
We have previously shown that activation of Th2

ymphocytes in the allergic diarrhea model occurs in the

igure 3. CCR6 is required for T cell-mediated but not toxin-induced
iarrhea. (A) CCR6�/� and CCR6�/� mice were fed 50 �g of cholera
oxin or PBS as control. After 3 hours, mice were killed, and ligated
oops were prepared from small intestine. Wet/dry weights were calcu-
ated as in Materials and Methods section. n � 3/group. (B) CCR6�/�

nd CCR6�/� mice were injected with 0.2 mg of anti-CD3 antibody or
eft uninjected as control. After 2 hours, ligated loops were prepared as
igure 2. Allergen-induced jejunal mast cells and serum IgE are CCR6
ndependent. CCR6�/� and CCR6�/� mice were sensitized and with

VA. Four mice were killed after each feed of OVA (from 0 to 4). Top
anel: Serum OVA-specific IgE. Middle panel: Jejunum mast cell counts
er high-power field (HPF). Bottom panel: MMCP-1 mRNA expression

n jejunum from mice killed after 4 (OVA/OVA) or 0 (OVA/PBS) feeds of
bove. n � 7/group. **P � .01; ***P � .001; ns � not significant.
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LN in response to oral OVA challenge.4 To test the role
f CCR6 in T-cell reactivation in mucosal tissues, we
estimulated MLN cells from CCR6�/� and CCR6�/�

ice with OVA and determined cytokine output (Figure
). CCR6�/� mice with allergic diarrhea had a significant

ncrease in OVA-specific IL-4, IL-5, IL-13, and IL-10 se-
retion that was unimpaired in CCR6�/� mice. Naïve
-cell priming was also assessed by transferring CFSE-

abeled DO11.10 CD4� T cells to CCR6�/� and CCR6�/�

ice. Feeding of mice resulted in a robust proliferation
f DO11.10 cells in the MLN of both CCR6�/� and
CR6�/� mice (Figure 5). Up-regulation of the gut hom-

ng molecule �4�7 on T cells activated within the MLN
as also unimpaired in CCR6�/� mice (data not shown).
hus, antigen delivery to the lymph node and presenta-

ion to T cells are not impaired in CCR6�/� mice. In
ddition, we performed in vitro antigen presentation

igure 4. Allergen-induced Th2
ytokine expression in the small

ntestine is impaired in CCR6�/�

ice. Left panels: CCR6�/� and
CR6�/� mice were sensitized

o OVA and challenged with OVA
OVA/OVA) or PBS (OVA/PBS)
s control. Mice were killed
ithin 1–2 hours after symptom
nset. (n � 10 samples/group).
ight panels: Mice were killed af-

er each OVA feeding (4 mice/
roup). RNA was isolated from

ejunum, and RT-PCR for IL-4
top panel), IL-13 (middle panel),
nd IL-10 (bottom panel) was
erformed on individual samples

left panels) or pooled samples
rom the time course (right pan-
ls).
ssays with purified lamina propria DCs and observed n
hat DCs from CCR6�/� and CCR6�/� mice were equal in
heir ability to induce cytokine secretion from responder
D4� T cells (Supplementary Figure 4).

T-Cell Reactivation During Oral Challenge
Does Not Require Homing From the Lymph
Node

To investigate further the role of T-cell homing in
nduction of disease, we used the sphingosine 1-phos-
hate 1 receptor agonist FTY720 that has been shown to

nhibit the egress of lymphocytes from lymph nodes,
ncluding MLN and Peyer’s patches.22–24 FTY720 was
dministered orally to OVA-sensitized mice prior to oral
VA challenge. Efficacy of FTY720 was verified by mea-

uring circulating CD4� and CD8� T cells (Figure 6).
TY720 resulted in an almost complete elimination of
irculating CD4� and CD8� T cells, although there was

o major effect of FTY720 on the resident CD4� T-cell
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opulation in the lamina propria (Supplementary Figure
). Blockade of lymphocyte egress from the lymph nodes
ith FTY720 had no effect on onset of allergic diarrhea,

issue mast cells, or local Th2 cytokine production.
herefore, once sensitization has already occurred and
emory has been established, reactivation of T cells can

eadily occur in the lamina propria without trafficking to
nd from lymph nodes.

T-Cell Transfers Demonstrate Requirement
for CCR6 on Both Effector T Cells and in the
Recipient for Disease Onset
Administration of MLN cells (total or CD4� T

ells) from mice with allergic diarrhea can transfer dis-
ase and bypass the need for systemic sensitization in
aïve mice.4 MLN cells from CCR6�/� mice have normal
ytokine responses as compared with CCR6�/� mice, so

e tested the ability of these cells to transfer disease C
Figure 7). MLN cells from CCR6�/� and CCR6�/� mice
after sensitization and oral OVA challenge) were trans-
erred to naïve Balb/c mice. Recipient mice were then
epeatedly challenged with OVA. Mice receiving MLN
ells from CCR6�/� mice developed diarrhea. In contrast,
ice receiving MLN cells from CCR6�/� mice had signif-

cantly reduced onset of allergic diarrhea. Pretransfer IL-4
nd IL-13 levels were confirmed to be similar in cells from
CR6�/� and CCR6�/� mice (Figure 7), suggesting that,
hereas the effector function of these cells is not re-
uced, either homing of these cells to the small intes-
ine or reactivation of these cells in vivo is defective.

e next performed cell transfers to determine whether
ild-type CCR6�/� CD4� T cells could restore the
isease phenotype to CCR6�/� mice (Figure 7). Wild-
ype mice receiving purified CD4� T cells from

Figure 5. Th2 responses in the
mesenteric lymph node are nor-
mal in CCR6�/� mice. CCR6�/�

and CCR6�/� mice were sensi-
tized to OVA and challenged
with OVA (OVA/OVA) or PBS
(OVA/PBS) as control. MLN cells
were restimulated with OVA; and
IL-4, IL-5, IL-13, and IL-10 were
measured in culture superna-
tants (panel A). CFSE-labeled
OVA-specific DO11.10 cells were
transferred to naïve CCR6�/� and
CCR6�/� mice. Mice were fed
50 mg OVA (�OVA) or remained
unfed as control (�OVA). After
96 hours, T-cell proliferation in
the MLN was assessed by CFSE
dilution (panel B).
CR6�/� MLN developed diarrhea in response to oral
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VA challenge. In contrast, CCR6�/� mice were com-
letely resistant to the transfer of allergic diarrhea
sing CCR6�/� T cells from the MLN.

Discussion
T lymphocytes play an important role in IgE-

ediated food allergic disorders and have also been pre-
umed to be central to the pathogenesis of non-IgE-

ediated gastrointestinal allergic disorders such as
osinophilic gastrointestinal disorders. We hypothesized
hat recruitment of T cells to the intestinal mucosa
hrough chemokine-driven pathways would be instru-

ental to the development of gastrointestinal allergic
isease. We examined the role of the mucosal chemokine
CL20 and its receptor CCR6 in the development of

xperimental food allergy using CCR6�/� mice. CCR6

igure 6. T-cell reactivation oc-
urs locally in the absence of
oming from lymph nodes. Mice
ere treated with FTY720 daily
eginning 1 day prior to begin-
ing the OVA feeds. Efficacy of
he FTY720 treatment was
hecked by flow cytometry of
eripheral blood (A), which
howed a near abolishment of
irculating CD4 and CD8 T cells.
TY720 treatment had no effect
n onset of OVA-induced diar-
hea (B), jejunal mastocytosis
C), or jejunal IL-4 (D) or IL-13 (E)
xpression. Data are represen-
ative of 2 independent experi-
ents, with a total of 10 mice per
roup.
as necessary for allergen-induced diarrhea symptoms, e
nd our results point to a critical role for CCR6 in both
-cell homing and activation in the gastrointestinal tract.
CCR6�/� mice were significantly protected from the

nset of allergic diarrhea, despite mounting a normal IgE
nd mast cell response. This suggests an alternative
echanism of disease pathogenesis in this model of

llergic diarrhea. Brandt et al have clearly shown that
ast cells and IgE are required for allergen-induced di-

rrhea.3 Our results show that T cells are also required
nd not solely upstream of the generation of IgE and
ast cells. IL-4 and IL-13 have been shown to directly

ncrease epithelial permeability and reduce glucose-cou-
led sodium absorption in mouse intestine.25 This would
e of significant clinical interest because there are several
ood-allergic disorders that have been loosely categorized
s “cell-mediated” without having a clear mechanism

xplaining the pathway from allergen exposure to gastro-
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ntestinal dysfunction. Recently, Brandt et al demon-
trated that targeting IL-4 during oral challenge of mice
ould prevent allergic diarrhea, but, once diarrhea had
een established, IL-4 was no longer required for acute
ymptom onset.6 Together, these results suggest that

ast cells and Th2 cytokine production are both inde-
endently necessary for establishing allergic symptoms
nd inflammation in the gut.

CCR6 deficiency could potentially be acting at the level
f the epithelial cell because it has been reported that
CL20 can influence epithelial ion secretion in human

ntestinal epithelial cell lines.26 This may be particularly
elevant for the alternative CCR6 ligand HBD-2, which is
ecreted luminally and has been shown to promote epi-
helial restitution.27 Murine �-defensin 14 has also been
hown to have activity on CCR6,28 but the expression of
efensins in gastrointestinal allergic disease is not yet

igure 7. CCR6 on T cells is necessary, but not sufficient, for allergic
iarrhea. MLN cells from OVA-sensitized and fed (AD) CCR6�/� or
CR6�/� mice were restimulated with OVA in vitro before transferring to
aïve Balb/c mice. Mice were then fed with OVA every second day and
iarrhea symptoms recorded. (A) The cytokine output of the transferred
ells prior to transfer. (B) Symptoms of wild-type mice receiving primed
CR6�/� or CCR6�/� T cells as above. (C) Donor cells were CCR6�/�,
nd recipients were CCR6�/� or CCR6�/� as indicated.
nown. However, we think that epithelial CCR6 is un- l
ikely to be a major factor because 2 independent T
ell-mediated models of diarrhea were CCR6-dependent,
hereas toxin-induced diarrhea was not influenced by
CR6 deficiency. CD3 treatment mediates diarrhea by a
NF-�-dependent mechanism leading to alteration of
pithelial transporters and manipulation of epithelial
arrier function.20,29 Our data point to memory T-cell
ecruitment and/or activation of those memory T cells
eing defective in CCR6�/� mice. When total cells were

solated from the lamina propria of naïve CCR6�/� or
CR6�/� mice, there was no defect in stimulation-in-
uced cytokine secretion. These data suggest that activa-
ion of cells in vivo is deficient in CCR6�/� mice, and we
peculate that this is due to changes in mucosal archi-
ecture (loss of lymphoid structures) associated with
CR6 deficiency. We examined T-cell cytokine expression
ore closely in our allergic diarrhea model.
Our data show that allergen-induced Th2 cytokine

xpression in the small intestine is dependent on CCR6,
espite normal Th2 cytokine expression in the draining

ymph node. This suggests that either activation within
he lamina propria or homing from the lymph node to
he lamina propria is defective in CCR6�/� mice. CCR6 is
resent on memory T cells and on a subset of CD4� T
ells in the lamina propria.17 CCR6 is up-regulated on
roliferating OT-II transgenic T cells after activation in
he mesenteric lymph node,30 supporting a role for CCR6
n homing to the lamina propria after activation in the
ymph node. There are clearly other mechanisms respon-
ible for T-cell recruitment to the lamina propria, such as
CR9 and the homing molecule �4�7, evidenced by the

act that CCR6�/� mice do not have a major impairment
n mucosal T cells and in fact had previously been re-
orted to have increased intraepithelial and lamina pro-
ria CD4� populations.15 We directly addressed the role
f T-cell homing during allergen challenge by using
TY720, a sphingosine 1-phosphate receptor 1 agonist
hat blocks lymphocyte egress from the lymph nodes.
TY720 had no effect when it was administered after
ensitization and during oral OVA challenge. These data
upport the conclusion that T-cell reactivation in re-
ponse to oral OVA challenge is occurring locally within
he intestinal mucosa. FTY720 has been shown to be
ffective on blocking egress from both MLN and Peyer’s
atch,22–24 and efficacy of FTY720 treatment was verified

n our experiments by showing a near abolishment of
irculating CD4 and CD8 T cells. FTY720 ameliorates
xperimental colitis,31,32 demonstrating efficacy in the
astrointestinal tract. FTY720 partially impairs allergic
ymptoms when given prior to allergen challenge in a

odel of allergic diarrhea localized to the large intes-
ine,33 and more complete inhibition was observed when
TY720 was administered prior to sensitization. Aller-
en-driven inflammation in the large intestine may be
ore likely to be dependent on reactivation within the
ymph nodes because it is unlikely that significant
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mounts of intact antigen would remain to be absorbed
nto the large intestinal lamina propria.

Transfer of primed Th2-secreting T cells to naïve mice
liminates the need for systemic sensitization with OVA
nd alum. Transfer of wild-type T cells to wild-type re-
ipients resulted in allergic diarrhea when the mice were
epeatedly fed with OVA. Transfer of CCR6�/� cells that
ecreted similar levels of Th2 cytokines could not transfer
isease. Thus, CCR6 on CD4� T cells is necessary for
ransfer of allergic diarrhea. However, CCR6 on CD4� T
ells is not sufficient to transfer disease because we ob-
erved that adoptive transfer of wild-type CD4� T cells
or whole MLN populations) to CCR6�/� mice did not
ead to OVA-induced diarrhea. These data are very similar
o those previously shown by Lundy et al,34 whereby
plenic T cells from wild-type mice could transfer allergic
irway hyperresponsiveness to wild-type mice but not
CR6�/� mice. Those authors demonstrated that there
as a deficiency in DC numbers in the CCR6�/� lung and

hat the DCs from CCR6�/� mice were less able to trigger
L-5 secretion from pulmonary T cells. In the gastroin-
estinal tract, we observed the previously reported result35

hat CCR6 is not expressed on lamina propria DCs. In
ddition, we did not observe any functional defect in the
bility of DCs from CCR6�/� mice to prime T cells in
ivo as shown in Figure 5B or in vitro as shown in
upplementary Figure 6. Therefore our data do not sup-
ort a role for CCR6 on DCs in OVA-specific T-cell
ctivation. This is in contrast to the T-cell response to
icrobial pathogens, such as Salmonella, which is depen-

ent on DC expression of CCR6.3 Salmonella, as particu-
ate antigens, are more likely to be taken up via the
eyer’s patch in which CCR6 is abundantly expressed on
Cs. CCR6 deficiency has been shown to lead to changes

n mucosal lymphoid tissue architecture. Number and
ize of Peyer’s patches are reduced,18 isolated lymphoid
ollicles are reduced,16 and M-cell numbers are also de-
reased in CCR6�/� mice.36 Takayama et al directly ad-
ressed the role of Peyer’s patches in allergic diarrhea and
ound in fact that they played a suppressive role through
acilitating the expansion of CD4� CD25� FoxP3� regu-
atory T cells.37 Therefore, the diminished Peyer’s patches
n CCR6�/� mice would be expected to enhance rather
han reduce allergic diarrhea and inflammation. How-
ver, the role of isolated lymphoid follicles in allergic
iarrhea or as an inductive or reactivation site for T

ymphocytes has not been addressed. Mouse small intes-
ine normally contains 100 –200 of these structures that
ring together B cells, T cells, and DCs.38 CCR6 defi-
iency results in a decrease in the total number of these
solated lymphoid follicles.16 We hypothesize that these
rganized structures may be required for optimal reacti-
ation of T lymphocytes in the gastrointestinal tract and
xplain why wild-type CD4� cells transferred to CCR6�/�

ice do not fully achieve their pathogenic potential in

he gastrointestinal tract and why CCR6�/� mice are also
esistant to CD3-induced diarrhea, despite the normal
unction of these T cells in vitro. We speculate that an
ltered gut-associated lymphoid tissue anatomy could
otentially inhibit the ability of memory T cells to be
eactivated by either antigen or anti-CD3 antibodies.

In summary, we show that CCR6 plays a role in the
evelopment of gastrointestinal allergic disease, in part
hrough expression on CD4� T lymphocytes. Our data
tilizing adoptive transfers indicate that, in a normal
ecipient, the absence of CCR6 on a single cell type
CD4� T cells) prevents disease development. In addition,
rovision of wild-type pathogenic T cells cannot induce
isease in CCR6�/� mice. These findings suggest a role
or CCR6 by 1 of 2 mechanisms: either in homing of T
ells to appropriate mucosal locations for reactivation or,
econdly, for optimal activation of T cells in the small
ntestine, which we speculate is due to the absence of
rganized solitary isolated lymphoid follicles in CCR6�/�

ice. In addition, our data point to intriguing mast cell
nd IgE-independent effects of T lymphocytes in gastro-
ntestinal allergic disease that may be of particular rele-
ance in the pathogenesis of “cell-mediated” allergic dis-
rders of the gastrointestinal tract.

Supplementary Data

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2009.09.016.
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Supplementary Materials and Methods

Immunostaining
For CCL20 immunostaining, paraffin sections

ere hydrated, and antigen retrieval performed with ci-
rate buffer. Sections were stained with anti-CCL20
R&D Systems, Minneapolis, MN) or isotype control (rat
gG1; eBioscience, San Diego, CA), followed by biotinyl-
ted goat anti-rat antibody (Jackson ImmunoResearch,
est Grove, PA), ABC reagent (Vector Laboratories, Bur-

ingame, CA), and DAB chromogen (Vector Laboratories).

Flow Cytometry
Cells were isolated from small intestinal lamina

ropria. Peyer’s patches were excised, and the epithelium
emoved by EDTA treatment. Remaining segments were
reated with collagenase D and DNase (Roche, Indianap-
lis, IN), followed by separation on a discontinuous Per-
oll gradient (GE Life Sciences, Piscataway, NJ). Cells

ere stained with anti-CD11c, CD11b, CD8�, CD4, a
220, CD62L, Fc�RI, and c-kit (all from eBioscience) and
CR6 (BD Biosciences, San Jose, CA).

Antigen Presentation Assay
CD4� T cells from the mesenteric lymph node

MLN), and spleen of DO11.10 ovalbumin (OVA) T-cell
eceptor (TCR) transgenic mice were purified by negative
election (StemCell, Vancouver, BC Canada) according to
he manufacturer’s instructions. CD4� T cells were cocul-
ured at a ratio of 1:10 with dendritic cells (DCs) purified
rom the lamina propria of CCR6�/� and CCR6�/� mice.
Cs were purified by positive selection (Miltenyi Biotec,
uburn, CA). Cells were cultured with OVA323–339 peptide

1000 ng/mL). After 72 hours, CD4� T cells were restim-
lated with 3 �g/mL plate-bound anti-CD3 monoclonal
ntibody (mAb) (eBioscience) plus 3 �g/mL of soluble
nti-CD28 (eBioscience). Cells were cultured in complete
edium for 3 days, and supernatants were collected for

etection of cytokines by enzyme-linked immunosorbent

ssay (ELISA) (all from eBioscience).
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upplementary Figure 1. Flow cytometric detection of lamina pro-
ria mast cells. Lamina propria cells were isolated from CCR6�/� and
CR6�/� mice with allergic diarrhea (OVA/OVA) or control (PBS/OVA)
ice and stained with anti-Fc�RI and c-kit antibodies. Mice with allergic
iarrhea had an expansion of the Fc�RI�c-kit� population. This was
lso observed in CCR6�/� mice that did not develop allergic diarrhea
ymptoms.
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upplementary Figure 2. Lamina propria T cells in CCR6�/� and CCR6�/� mice. Cells were isolated from the lamina propria of CCR6�/� and
CR6�/� mice (4/group). Cells were stained with the pan-leukocyte marker CD45 and CD4. The proportion of CD4� T cells was unchanged in
CR6�/� mice (top left). In addition, the total yield of cells per small intestine (right) was also unchanged. Cells were stimulated with anti-CD2 and

nti-CD28 for 72 hours in complete media, and cytokine release measured by ELISA (bottom panel).
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upplementary Figure 3. Impact of CCR6 on lamina propria expression of Th1 and proinflammatory cytokines. CCR6�/� and CCR6�/� mice were
ensitized and fed with OVA 4 times (OVA/OVA) or were sensitized and left unfed as controls (OVA/PBS). Jejunum was removed, RNA was isolated,

nd RT-PCR was performed for IFN-�, IL-17, TNF-�, and IL-18. Expression was normalized to the housekeeping gene GAPDH.
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upplementary Figure 4. Induction of T-cell cytokine production by
CR6�/� or CCR6�/� DCs from the lamina propria. Lamina propria
ells were isolated from CCR6�/� and CCR6�/� mice, followed by
ositive selection for CD11c� DCs. CD4� T cells were isolated from
O11.10 mice and cocultured with DCs plus OVA peptide. Cytokine
ecretion from CD3/CD28 restimulated T cells was measured by ELISA.

ata are the mean � SEM from 3 individual isolations. l
upplementary Figure 5. Impact of FTY720 treatment on resident
amina propria CD4� T cells. CCR6�/� and CCR6�/� mice were fed with
TY720 on 2 consecutive days prior to isolation of lamina propria cells
rom the small intestine. Cells were stained with the pan-leukocyte

arker CD45 and CD4, and cells were acquired on a flow cytometer.
ercent of CD4� T cells among the total CD45� population was calcu-
ated.
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