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ackground & Aims: Inflammatory bowel disease
IBD) is a multifactorial disease thought to be caused
y alterations in epithelial function, innate and adap-

ive immunity, and luminal microbiota. The specific
ole of epithelial barrier function remains undefined,
lthough increased activity of intestinal epithelial my-
sin light chain kinase (MLCK), which is the primary
echanism of tumor necrosis factor-induced barrier

ysfunction, occurs in human IBD. Our aim was to
etermine whether, in an intact epithelium, primary
ysregulation of the intestinal epithelial barrier by
athophysiologically relevant mechanisms can con-

ribute to development of colitis. Methods: We devel-
ped transgenic (Tg) mice that express constitutively
ctive MLCK (CA-MLCK) specifically within intesti-
al epithelia. Their physiology, immune status, and
usceptibility to disease were assessed and compared
ith non-Tg littermate controls. Results: CA-MLCK
g mice demonstrated significant barrier loss but
rew and gained weight normally and did not develop
pontaneous disease. CA-MLCK Tg mice did, how-
ver, develop mucosal immune activation demon-
trated by increased numbers of lamina propria
D4�lymphocytes, redistribution of CD11c�cells, in-

reased production of interferon-� and tumor necro-
is factor, as well as increased expression of epithelial

ajor histocompatibility complex class I. When chal-
enged with CD4�CD45�Rbhi lymphocytes, Tg mice
eveloped an accelerated and more severe form of
olitis and had shorter survival times than non-Tg
ittermates. Conclusions: Primary pathophysiologi-
ally relevant intestinal epithelial barrier dysfunction
s insufficient to cause experimental intestinal disease
ut can broadly activate mucosal immune responses
nd accelerate the onset and severity of immune-
ediated colitis.

ncreased intestinal permeability, or barrier dysfunc-
tion, was recognized in patients with Crohn’s disease

CD) over 25 years ago.1 The presence of barrier dysfunc-
ion in a subset of first-degree relatives of CD patients
as caused some to suggest that barrier dysfunction may
ontribute to disease.2–5 Given that permeability in-

reases in CD relatives and patients with quiescent dis-
ase are limited to small molecules,2,4 are generally less
han 2-fold,2– 4,6 and are undetectable in some studies,7

here has been considerable controversy regarding their
ignificance in CD patients and relatives. Moreover, be-
ause permeability defects can be induced by inflamma-
ion,8 the debate as to whether barrier dysfunction is a
ause or effect of disease continues.4,9

Data from experimental models, such as the interleu-
in (IL)-10�/� mouse, demonstrate that primary immune
efects can cause barrier loss that precedes overt dis-
ase.10 As a clinical correlate, CD patients with quiescent
isease and increased intestinal permeability relapse at
reater rates than quiescent CD patients without in-
reased permeability.11,12 Thus, barrier loss may occur
econdary to clinically inapparent immune dysfunction
nd precede active disease in CD patients and experimen-
al models of IBD. However, no studies have examined
isease risk in healthy CD relatives with increased per-
eability compared to healthy relatives without in-

reased permeability. Therefore, the role of increased in-
estinal permeability to small molecules in CD
athogenesis remains controversial.
A landmark study of mosaic mice expressing dominant

egative N-cadherin showed that intestinal epithelial dys-
unction can cause experimental inflammatory bowel dis-
ase (IBD).13 Although barrier function was not mea-
ured in this model, it was almost certainly perturbed
ecause dominant negative N-cadherin expression dis-
upted cell-cell and cell-matrix contacts as well as entero-
yte differentiation and polarization.13,14 The conclusion
hat gross epithelial dysfunction can cause intestinal dis-
ase is also supported by the DSS model of colitis, in
hich severe mucosal damage occurs prior to the onset of

nflammation,15 as well as trinitrobenzene sulfonic acid-
nduced colitis, which requires gross epithelial disruption
y ethanol.16 Thus, barrier disruption in many disease
odels is secondary to severe damage that includes areas

Abbreviations used in this paper: CA-MLCK, constitutively active
yosin light chain kinase; MLC, myosin II regulatory light chain; MLCK,
yosin light chain kinase; PIK, membrane Permeant Inhibitor of
yosin light chain Kinase; Tg, transgenic; WT, wild-type.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/j.gastro.2008.10.081
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552 SU ET AL GASTROENTEROLOGY Vol. 136, No. 2
f ulceration with nearly complete epithelial loss. Such
arrier loss is quantitatively massive and very different
rom the defined changes in paracellular permeability
hat occur in CD patients and, more critically, their
ealthy first-degree relatives. Thus, the barrier defects

nduced by global epithelial dysfunction or damage do
ot address the significance of increased paracellular per-
eability in CD patients and their relatives.
The principal determinant of paracellular permeability

n an intact epithelium is the intercellular tight junction.
nfortunately, no available experimental models target

ntestinal epithelial tight junction barrier function with-
ut disrupting other critical cellular functions. This def-

cit has limited our understanding of the role of barrier
ysfunction in disease initiation and perpetuation. The 2
rimary pathways of tight junction regulation described

n IBD involve acute changes mediated by the cytoskele-
on and more chronic changes induced by modifications
n claudin protein expression.17 Both mechanisms can be
riggered by cytokines. Tumor necrosis factor (TNF)-
nduced barrier loss is primarily due to myosin II regu-
atory light chain (MLC) phosphorylation by myosin
ight chain kinase (MLCK), both in vitro and in vivo.18,19

he presence of increased MLC phosphorylation in IBD
atients20 indicates that this mechanism is relevant to
uman disease.
To assess the role of barrier dysfunction in disease

nitiation and perpetuation, we developed a transgenic
Tg) mouse expressing constitutively active MLCK
CA-MLCK) within intestinal epithelia. This CA-MLCK
xpression triggers MLC phosphorylation and increases in-
estinal epithelial tight junction permeability. The in-
reased permeability is qualitatively and quantitatively
imilar to that observed in healthy relatives of CD pa-
ients, and, therefore, these mice represent a targeted

odel to assess the effects of tight junction barrier dys-
unction on intestinal disease. CA-MLCK Tg animals are
linically normal. However, the barrier defects induced by
pithelial CA-MLCK expression trigger increased produc-
ion of proinflammatory and immunoregulatory cyto-
ines, expansion of lamina propria CD4� T cells, and
edistribution of CD11c� cells within the intestinal mu-
osa. Moreover, adoptive transfer colitis develops more
apidly, and disease severity is increased in CA-MLCK Tg

ice. These data, therefore, show that primary tight
unction dysfunction can trigger subclinical mucosal im-

une activation. Moreover, these events enhance disease
rogression when combined with a second, nonepithelial
efect, emphasizing the critical interplay between the
pithelium and immune system in maintaining intestinal
omeostasis.

Materials and Methods
Generation of CA-MLCK Tg mice
The constitutively active MLCK construct21 was

igated into the p3xFLAG CMV10 vector (Sigma, St

ouis, MO) to place 3X FLAG at the N-terminus and s
ntroduced into a vector containing the intestinal epithe-
ial cell-specific 9-kilobase villin promoter.22 Tg and wild-
ype (WT) mice were maintained in a specific pathogen-
ree facility and studied with Institutional Animal Care
nd Use Committee approval.

Immunofluorescence
Frozen sections were fixed in 1% paraformalde-

yde, blocked, and incubated with antibodies against
LAG, phosphorylated MLC, BrdU, Ki-67, CD4, Gr-1,
D68, CD11c, junctional adhesion molecule-A (JAM-A),

laudin-1, occludin, ZO-1 (Abcam, Cambridge, MA; AbD
erotec, Raleigh, NC; BD Biosciences, San Jose, CA; eBio-
cience, San Diego, CA; Invitrogen, Carlsbad, CA; Neo-

arkers, Fremont, CA) followed by appropriate Alexa
ye-conjugated secondary immune reagents, Alexa dye-
onjugated phalloidin, and Hoechst 33342 (Invitrogen).18

ice were injected intraperitoneally with 25 mg/kg BrdU
nd killed at indicated times after injection. Sections
ere incubated for 15 minutes with 2 N HCl prior to

mmunostaining. For morphometry, at least 10 –15 fields
r crypts from �3 mice were examined.

Intestinal Permeability
Jejunal permeability was determined as previously

escribed.18 Colonic permeability was assessed as sucra-
ose and creatinine fractional recovery over 16 hours
ollowing gavage with 15 mg creatinine and 9 mg sucra-
ose.23,24

Flow Cytometry
Intraepithelial lymphocytes and lamina propria

ymphocytes were isolated and stained as described.25

ecovered cells were evaluated using a BD FACSCalibur
BD Biosciences). Data were normalized to the mean
alues for WT mice.

Quantitative Polymerase Chain Reaction
Minced proximal colon was sonicated in TRIzol

nd RNA extracted with chloroform, precipitated, and
urther purified using an RNeasy mini kit (Qiagen, Va-
encia, CA). Complementary DNA was synthesized with
everse transcriptase (Invitrogen), and messenger RNA
mRNA) was quantified by SYBR green real-time poly-

erase chain reaction (PCR) (Bio-Rad, Hercules, CA) us-
ng validated primers.

Serum Endotoxin Assay and Microbiologic
Culture
Serum endotoxin was measured by limulus amoe-

ocyte lysate assay (Associates of Cape Cod, East Fal-
outh, MA) and was �4 U/mL in septic mice. Blood was

ultured aerobically on Brucella agar (BD Biosciences).
pleen and mesenteric lymph node homogenates were
lated and cultured aerobically on brain-heart infusion
nd MacConkey agar and anaerobically on Brucella agar.
umerous colonies were identified on all plates from
eptic controls.
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CD4�CD45Rbhi Colitis Model
CD4�CD45Rbhi and CD4�CD45Rblo splenocytes

ere isolated using a MoFlo Cell Sorter (Beckman
oulter, Fullerton, CA), and 500,000 cells were injected

ntravenously into 6-week-old mice. Sections of proximal
olon were processed routinely; stained by H&E; and
cored semiquantitatively from 0 to 3 each for lymphoid
nfiltrates, polymorphonuclear infiltrates, transmural in-
ammation, mucosal hyperplasia, epithelial mucin deple-
ion, epithelial apoptosis, erosions, and crypt architec-
ural distortion. Interferon (IFN)-� and TNF protein
ere assessed in tissue lysates by enzyme-linked immu-
osorbent assay (eBioscience).

Statistical Analysis
All data are presented as mean � SE. All experi-

ents were performed with triplicate or greater samples,
nd data shown are representative of 3 or more indepen-
ent studies. P value was determined by Student t test,
isher exact test, or the log-rank test (survival) and con-
idered significant if less than .05.

Results
To develop a model system in which intestinal

ight junction permeability was increased via a targeted,
athophysiologically relevant mechanism, we established
g mice expressing a CA-MLCK expressed under control
f the 9-kilobase villin promoter (Figure 1A). CA-MLCK
as expressed strongly in small intestine and colon but

igure 1. Generation of CA-MLCK mice. (A) The CA-MLCK transgene
onstruct. (B) Immunoblot of indicated organs from CA-MLCK Tg mice.
C) CA-MLCK, detected via the FLAG epitope tag (green), in jejunal
cpithelium. F-actin (red) and nuclei (blue) are shown. Bar, 10 �m.
as only detected faintly in kidney (Figure 1B). No CA-
LCK expression was detected in brain, lung, heart, or

iver (Figure 1B). Immunofluorescence microscopy con-
rmed that intestinal CA-MLCK expression was exclu-
ively epithelial (Figure 1C). CA-MLCK expression in the
idney was below the level of detection by immunofluo-
escence microscopy (data not shown).

CA-MLCK Causes Intestinal Epithelial MLC
Phosphorylation and Barrier Regulation
In vitro CA-MLCK expression is sufficient for reg-

lation of tight junction barrier function.21 CA-MLCK
g mice are far more complex, and compensatory
hanges to prevent or correct MLC phosphorylation in-
uced by CA-MLCK may occur. We therefore assessed
LC phosphorylation spatially and quantitatively. MLC

hosphorylation was increased, primarily within the peri-
unctional actomyosin ring, of jejunal and colonic epi-
helia in CA-MLCK Tg mice (Figure 2A). Quantitative
nalysis showed 76% and 51% increases in MLC phos-
horylation in isolated jejunal and colonic epithelia, re-
pectively (Figure 2B and C; P � .01). These increases are
omparable to those observed following expression of
A-MLCK in cultured monolayers21 and to previously

eported in vitro and in vivo increases in MLC phosphor-
lation associated with barrier regulation.18,26 To verify
hat the increased MLC phosphorylation was due to

LCK enzymatic activity, jejunal and colonic segments
ere perfused with the specific MLCK inhibitor PIK

membrane Permeant Inhibitor of myosin light chain
inase).19 This completely reversed Tg-induced increases

n MLC phosphorylation (Figure 2B and C; P � .05).
hus, increased MLC phosphorylation observed in jeju-
al and colonic epithelia of CA-MLCK Tg mice is the
esult of CA-MLCK enzymatic activity and not secondary
ompensatory changes.

To assess the effects of CA-MLCK Tg expression on
ejunal paracellular permeability, an established in vivo
erfusion system was used.18 CA-MLCK Tg mice demon-
trated a 65% increase in paracellular flux, corresponding
o a 0.11 �g/cm/h increase in albumin efflux (Figure 2D;
� .01), similar to the 0.17 �g/cm/h increase induced by

ntraperitoneal injection of 5 �g TNF.27 Inclusion of PIK
n the jejunal perfusion solution completely corrected the
arrier defect in CA-MLCK mice (Figure 2D; P � .01),
emonstrating that CA-MLCK enzymatic activity is the
irect cause of increased paracellular permeability.
Technical limitations preclude analysis of colonic para-

ellular permeability by in vivo perfusion. Instead, frac-
ional urinary recovery of sucralose and creatinine was
ssessed in a manner similar to the assay used in CD
atients and relatives. Creatinine and sucralose recov-
ry in CA-MLCK Tg mice was 154% and 170% of WT
ice, respectively (Figure 2E; P � .02). These are com-

arable to the 139% increase in PEG-400 recovery re-
orted in CD patients.2 Thus, CA-MLCK expression

auses increases in small intestinal and colonic para-
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554 SU ET AL GASTROENTEROLOGY Vol. 136, No. 2
ellular permeability that are quantitatively and qual-
tatively similar to those present in CD patients and
heir relatives.

Tight Junction Morphology Is Intact in
CA-MLCK Tg Mice
We have previously reported that CA-MLCK ex-

ression in cell monolayers causes only mild alterations
f tight junction structure.21 To assess this in vivo, we
xamined the distributions of claudin-1, occludin, ZO-1,
nd JAM-A in CA-MLCK Tg mice (Figure 3). The local-
zation of these tight junction proteins in both crypt and
urface epithelium of CA-MLCK Tg mice was similar to
hat in WT littermates.

Chronically Increased Paracellular
Permeability Is Insufficient to Cause Disease
CA-MLCK Tg pups were born in the expected

endelian proportions, grew and gained weight identi-

ally to gender-matched littermates (Figure 4A), and were S
ithout histopathologic disease as late as 52 weeks of age
Figure 4B). To exclude accelerated epithelial turnover,
i-67 expression was assessed and found to be limited to

he crypt and transit-amplifying cell populations (Figure
C and D). BrdU incorporation was used to indepen-
ently assess epithelial proliferation and migration,
nd there was no difference between CA-MLCK Tg and
T mice (Figure 4E and F). Thus, CA-MLCK Tg mice

re free of symptomatic or histologic intestinal disease.
hese mice present a unique opportunity to study the

mpact of pathophysiologically relevant barrier dys-
unction on mucosal homeostasis.

Increased Paracellular Permeability Alters
Lamina Propria Immune Status
To assess the activation status of the mucosal

mmune system, intraepithelial and lamina propria lym-
hocytes were isolated from WT and CA-MLCK Tg mice.

Figure 2. CA-MLCK expression
causes intestinal epithelial MLC
phosphorylation and intestinal bar-
rier dysfunction. (A) Phosphorylated
MLC (red) in jejunum and colon of
WT and CA-MLCK Tg mice. Nuclei
are shown in blue. Bar, 10 �m. (B
and C) Immunoblot of phosphory-
lated MLC (pMLC) and total MLC
and densitometric analysis of sam-
ples from WT (blue bars) and CA-
MLCK Tg (orange bars) mice after in
vivo perfusion with (dark bars) or
without (light bars) PIK, n � 4 for
each condition. *P � .01 vs WT litter-
mates; **P � .05 vs CA-MLCK Tg
mice without PIK. (D) Paracellular
BSA flux with or without PIK, n � 4
for each condition. *P � .01 vs WT;
**P � .01 vs. Tg without PIK. (E) In
vivo measurement of colonic para-
cellular permeability in WT and CA-
MLCK Tg mice. *P � .02 vs WT.
mall increases in the fraction of CD69� and CD62Llo
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February 2009 CONTRIBUTION OF TIGHT JUNCTIONS TO COLITIS 555
xpressing cells were present among CD4� intraepithelial
ymphocytes and CD8� lamina propria lymphocytes,
espectively, from CA-MLCK Tg mice (Figure 5A and B;

� .02). Although statistically significant, these
hanges are small and were only present in the minor-
ty T-cell population in each compartment. Thus, we
ought to better assess absolute numbers of mucosal
ymphocytes. A 40% increase in numbers of lamina
ropria CD4� lymphocytes was present in CA-MLCK
g mice (Figure 5C; P � .03), suggesting mucosal

mmune cell recruitment or proliferation secondary to
arrier dysfunction.
Further characterization of CA-MLCK Tg mice dem-

nstrated a mild increase in numbers of mucosal neutro-
hils, assessed by Gr-1 immunostaining, although this
as not statistically significant (Figure 5D; P � .1). There
ere also no differences in total numbers of mucosal
acrophages, detected by CD68 expression (Figure 5E)

igure 3. CA-MLCK Tg mice do
ot display alterations in tight junc-
ion organization. Immunostains of
ight junction-associated proteins in
olonic mucosa of CA-MLCK Tg
nd WT mice. Junctional proteins
claudin-1, occludin, ZO-1, JAM-A)
re shown in red. Nuclei are blue.
-actin is shown in green in the im-
ges of occludin, ZO-1, and JAM-A.
ar, 10 �m.
r dendritic cells, assessed as CD11c� cells (Figure 5F). o
owever, there was a striking redistribution of CD11c�

ells to the superficial lamina propria of CA-MLCK Tg
ice. Only 26% of mucosal CD11c� cells were present in

he luminal half of the lamina propria in WT mice,
hereas 58% of CD11c� cells were present in the super-
cial half of the lamina propria in CA-MLCK Tg mice

Figure 4F; P � .01). Although macrophages can express
D11c, the lack of change in the number and distribu-

ion of CD68� macrophages suggests that the differen-
ially distributed CD11c� cells are dendritic cells. Thus,
pithelial CA-MLCK expression triggers mild mucosal
mmune activation.

Subclinical Mucosal Immune Activation Is
Present in CA-MLCK Tg Mice
To further characterize mucosal immune activa-

ion induced by CA-MLCK expression, cytokine expres-
ion was assessed. At 3 weeks of age, mucosal production

f IFN-�, TNF, IL-4, IL-5, IL-10, IL-17, IL-23, and trans-
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orming growth factor (TGF)-� transcripts was identical
n Tg and littermate control mice (Figure 6A). By 6 weeks
f age, all mice displayed increases in mucosal transcripts
or IFN-�, TNF, IL-10, and TGF-� relative to the levels

easured at 3 weeks of age (P � .05). Whereas TGF-�
ranscript increases were similar in CA-MLCK Tg mice
nd WT littermates, IFN-�, TNF, and IL-10 transcripts
ere significantly greater in 6-week-old CA-MLCK Tg
ice than WT littermates (P � .03). These differences

ersisted at 52 weeks of age. Increased numbers of lamina
ropria CD4� T lymphocytes in CA-MLCK Tg mice
ould not explain increased cytokine transcripts because
he 40% increase in CD4� lymphocytes is far less than the

.6- to 13.6-fold increases in transcripts. Moreover, dif- m
erences in transcript expression remained significant
hen normalized to CD3 or CD4 transcripts rather than
APDH.
Elevated mucosal IFN-� and TNF transcription sug-

ests T helper cell (Th)1 polarization, whereas the ab-
ence of IL-17 or IL-23 increases suggests that Th17
xpansion did not occur in CA-MLCK Tg mice. To assess
h1/Th2 balance, the transcription factors T-bet and
ATA-3, which drive CD4� T lymphocytes toward Th1
r Th2 differentiation pathways, respectively, were mea-
ured. The T-bet/GATA-3 ratio of CA-MLCK Tg mice was
imilar to littermate controls at 3 weeks of age (Figure
B). However, the T-bet/GATA-3 ratio of CA-MLCK Tg

Figure 4. CA-MLCK Tg mice
grow normally and do not display
histologic disease. (A) Growth of
CA-MLCK Tg (orange symbols) and
WT (blue symbols) mice (male,
squares; female, circles). (B) Jeju-
num and proximal colon of CA-
MLCK Tg and WT mice at 6 and 52
weeks of age, respectively. Bar, 50
�m. (C and D) Ki-67 (green) in jeju-
num and proximal colon of CA-
MLCK Tg (orange bars) and WT
(blue bars) mice. Bar, 30 �m. (E and
F) BrdU (red) incorporation and
morphometry of CA-MLCK Tg (or-
ange bars) and WT (blue bars) mice
in jejunum and proximal colon epi-
thelium after 36 hours and 2 hours,
respectively. Bar, 30 �m.
ice nearly doubled by 6 weeks and similarly remained
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February 2009 CONTRIBUTION OF TIGHT JUNCTIONS TO COLITIS 557
levated at 52 weeks of age (P � .02), consistent with
ifelong Th1 polarization. We therefore asked whether
oxp3� Tregs might be expanded to prevent disease in
A-MLCK Tg mice. Mucosal Foxp3 expression was not
ltered in response to CA-MLCK expression in 3- or
-week-old mice, but a minor increase was present at 52
eeks (Figure 6C).
The absence of clinical or histologic disease in CA-
LCK Tg mice may reflect enhanced regulatory input,

s indicated by elevated mucosal expression of IL-10

igure 5. Increased paracellular
ermeability modifies lamina propria

mmune cell recruitment. (A) Intra-
pithelial lymphocytes of WT (blue
ars) and CA-MLCK Tg (orange
ars) mice. *P � .02 vs WT. (B)
amina propria lymphocytes were
arvested from colon of WT (blue
ars) and CA-MLCK Tg (orange
ars) mice. *P � .02 vs WT. (C)
D4� cells (green) in the colonic

amina propria of WT and CA-MLCK
g mice. Morphometric analysis of
T (blue bar) and CA-MLCK Tg (or-

nge bar) mice is shown. Bar, 50
m. *P � .03. (D) Gr-1� cells (green)

n the colonic lamina propria of WT
nd CA-MLCK Tg mice. F-actin is
hown in red. Morphometric analy-
is is shown. Bar, 50 �m. (E) CD68�

ells (green) in the colonic lamina
ropria of WT and CA-MLCK Tg
ice. F-actin is shown in red. Mor-
hometric analysis is shown. Bar,
0 �m. (F) CD11c� cells (green) in
he colonic lamina propria of WT
nd CA-MLCK Tg mice. Morpho-
etric analysis is shown at right,

eparating superficial (dark shading)
nd basal (light shading) sections of
he lamina propria. Bar, 40 �m. *P

.01.
nd, in older mice, Foxp3 transcripts. Alternatively, it e
ay simply be that epithelial CA-MLCK expression
enerates too small a stimulus to trigger disease, re-
ardless of immunoregulatory responses. We therefore
sked whether the observed changes were sufficient to
ffect epithelial expression of the class I major histo-
ompatibility complex (MHC), which can be stimu-
ated by a variety of cytokines including IFN-�.28

mmunoblot of isolated epithelia and immuno-
uorescence microscopy demonstrated increased epi-
helial H-2Kb expression within both surface and crypt

pithelium of CA-MLCK Tg mice (Figure 6D). Thus,
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D4� lymphocyte expansion, altered trafficking of
D11c� cells, Th1 polarization, and epithelial MHC

xpression all support the conclusion that subclinical

igure 6. Subclinical mucosal immune activation is present in CA-MLC
f WT (blue symbols) and CA-MLCK Tg (orange symbols) mice. *P � .0

orange symbols) mice at 3 weeks, 6 weeks, and 52 weeks of age. *P
xpression was assessed by SDS-PAGE and immunoblot in isolated
etection of H2Kb expression (green) in colonic epithelium of WT and C

n serum of WT (blue symbols) and CA-MLCK Tg (orange symbols) mic
ucosal immune activation is present in CA-MLCK Tg i
ice. This is, therefore, the first demonstration of a
argeted, pathophysiologically relevant disturbance of
pithelial tight junction barrier function leading to

mice. (A) Transcript content for indicated cytokines in proximal colon
T-bet/GATA-3 transcript ratios in WT (blue symbols) and CA-MLCK Tg
2. (C) Foxp3 transcript expression in WT and Tg *P � .02. (D) H2Kb
nic epithelial cells of WT and CA-MLCK mice. Immunofluorescence
LCK mice. Bar, 20 �m. (E) Endotoxin assay showed similar quantities
K Tg
3. (B)

� .0
colo
mmune activation.
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CA-MLCK-Induced Increases in Paracellular
Permeability Do Not Result in Transfer of
Bacteria or Endotoxin to Serum or Secondary
Lymphoid Organs
To determine whether increased bacterial translo-

ation could explain the mucosal immune activation
bserved in CA-MLCK Tg mice, we assayed serum endo-
oxin and cultured mesenteric lymph nodes, spleen, and
lood. Serum endotoxin was detectable in all mice but
as not different between CA-MLCK Tg mice and WT

ittermates (Figure 6E; P � .2). No growth was observed
n most cases, and the number of samples from which
olonies grew was similar when CA-MLCK Tg and WT
ittermates were compared (n � 7; P � .2). Thus, neither
ncreased systemic circulation of microbial products nor
ncreased bacterial translocation into secondary lym-
hoid organs are present in CA-MLCK Tg mice.

Paracellular Barrier Defects Accelerate Onset
and Enhance Severity of Colitis
CA-MLCK Tg mice provide a unique opportunity

o assess the relevance of increased paracellular perme-
bility to disease development. The data above show that,
espite mild mucosal immune activation, disease does
ot develop in CA-MLCK Tg mice housed under specific
athogen-free conditions. However, it may be that the
A-MLCK Tg mice are more susceptible to illness should
n appropriate stimulus be provided. This is consistent
ith current understanding of human IBD, which likely
lso involves perturbations of multiple, separate pro-
esses.

To address disease susceptibility in CA-MLCK Tg mice,
e sought a pathophysiologically relevant colitis model

hat is not initiated by massive epithelial injury. We
elected the well-established CD4�CD45Rbhiadoptive
ransfer model of colitis, which has many similarities to
uman IBD, including roles for IFN-� and TNF.29 This
odel is ideal because (1) disease can be limited by

ransfer of Tregs,30 (2) disease is abrogated in the absence
f MyD88-dependent bacterial signaling,31 and (3) epi-
helial disruption is not required to cause disease.29

The CD4�CD45Rbhi adoptive transfer model requires
mmunodeficient recipients. RAG1�/� mice expressing
he CA-MLCK Tg were bred and showed similar CA-

LCK expression to immunocompetent Tg mice. More-
ver, mucosal IFN-�, TNF, and IL-10 transcripts were
levated in 6-week-old CA-MLCK Tg, RAG1�/� mice, rel-
tive to RAG1�/� littermates (Figure 7A; P � .01), indi-
ating that the increased cytokine transcription observed
s, at least partially, derived from innate immune cells.

Six-week-old CA-MLCK Tg, RAG1�/� mice and
AG1�/� littermates were adoptively transferred with
D4�CD45Rbhi T lymphocytes from WT mice.
D4�CD45Rblo T lymphocytes, given as a control, did
ot cause weight loss or other clinical evidence of disease

Figure 7B). RAG1�/� mice receiving CD4�CD45Rbhi T

ymphocytes fell below their starting weight 19 days after c
doptive transfer. CA-MLCK Tg, RAG1�/� mice began to
ose weight much earlier and fell below their initial
eights after 12 days. Thus, disease onset was signifi-

antly earlier in CA-MLCK Tg mice (Figure 7B; P � .05).
Consistent with earlier clinical presentation in CA-
LCK Tg recipients, mucosal expression of IFN-� and

NF transcripts (P � .03) and protein (P � .04) was
arkedly increased at early times after adoptive transfer

Figure 7C). Even at later times, when all mice were
linically ill and weight loss in Tg and non-Tg mice was
imilar, expression of IFN-� and TNF transcripts and
rotein remained significantly greater in CA-MLCK Tg
ice (Figure 7C).
Histopathology of disease was qualitatively similar

n CA-MLCK Tg mice and littermate controls and was
haracterized by lymphoid and polymorphonuclear in-
ltrates, transmural inflammation, mucosal hyperpla-
ia, epithelial mucin depletion and apoptosis, erosions,
nd crypt architectural distortion. However, severity of
amage was far greater in CA-MLCK Tg mice. This was
rue both at early times after adoptive transfer (Figure
D and E; P � .01) and at later times as disease
rogressed (P � .03). Thus, when taken together, the

ncreased cytokine production and more severe muco-
al disease induced in the presence of intestinal epi-
helial CA-MLCK Tg expression suggest that overall
isease is worsened by pathophysiologically relevant
ight junction barrier dysfunction.

To further investigate disease severity, survival after
D4�CD45Rbhi T lymphocyte adoptive transfer was
ssessed. Only 55% of CA-MLCK Tg mice were alive 42
ays after adoptive transfer and 20% remained alive at
4 days (Figure 7F). In contrast, 88% of littermates
ere alive 42 days after adoptive transfer, and 55% were
live after 84 days (P � .05). Thus, in addition to
ignificantly earlier disease onset, increased IFN-� and
NF expression, and more severe histopathology, sur-
ival of CA-MLCK Tg mice after CD4�CD45Rbhi lym-
hocyte transfer was significantly worse than that of
heir littermates. These data therefore show that tar-
eted, epithelial-specific CA-MLCK Tg expression ac-
elerates disease onset, increases severity, and hastens
ortality due to colitis. Moreover, because the trigger

or this colitis was adoptive transfer of naïve T cells,
hese data show, for the first time, that pathophysi-
logically relevant epithelial barrier dysfunction, in the
bsence of gross epithelial damage, can synergize with
mmune defects to enhance disease pathogenesis.

Discussion
Increased intestinal permeability in CD patients

nd some of their healthy relatives suggests that barrier
efects may be an inciting factor in CD.2– 4 This idea is
onsistent with the hypothesis that barrier defects result
n antigen leakage, mucosal immune activation, and clin-
cal disease. However, immune dysregulation can also

ause barrier loss, supporting the alternative hypothesis
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Figure 7. Increased paracellular
permeability accelerates immune-
mediated colitis. (A) Transcript con-
tent in proximal colon of 6-week-old
RAG1�/� (blue bars) and CA-MLCK
Tg, RAG1�/� (orange bars) mice,
prior to adoptive transfer. *P � .01.
(B) Weight after adoptive transfer
of CD4�CD45Rbhi (triangles) and
CD4�CD45Rblo (circles) T cells into
RAG1�/� (blue symbols) and CA-
MLCK Tg, RAG1�/� (orange sym-
bols) recipients. Weights were nor-
malized to weight prior to adoptive
transfer. *P � .05 vs RAG1�/� re-
cipients receiving CD4�CD45Rbhi T
cells. (C) Transcript content in prox-
imal colon of RAG1�/� (blue bars)
and CA-MLCK Tg, RAG1�/� (or-
ange bars) mice 12 days (early) or
19 days (late) after adoptive transfer.
*P � .03. Changes in IFN-� and
TNF protein expression were simi-
lar. *P � .04 (D) Colon histology 12
days (early) and 19 days (late) after
adoptive transfer. Bar, 100 �m. (E)
Histology scores of the proximal co-
lon sections of RAG1�/� (blue bars)
and CA-MLCK Tg, RAG1�/� (or-
ange bars) mice 12 days (early) and
19 days (late) after adoptive transfer.
Mice received either CD4�CD45Rblo

(dark bars) or CD4�CD45Rbhi

(light bars) T cells. *P � .01 vs
RAG1�/� recipients transferred with
CD4�CD45Rbhi T cells, **P � .03
vs RAG1�/� recipients transferred
with CD4�CD45Rbhi T cells. (F)
Survival of RAG1�/� (blue sym-
bols) and CA-MLCK Tg, RAG1�/�

(orange symbols) recipients after
transfer of CD4�CD45Rbhi T cells.

*P � .05.
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hat observed permeability defects are secondary to im-
une signaling. We sought to differentiate between pri-
ary barrier defects and those secondary to immune

ctivation by directly targeting the intestinal epithelium.
e altered tight junction permeability via MLCK activa-

ion because (1) tight junction dysregulation is well doc-
mented in IBD,17,32 (2) MLCK activation is present in

ntestinal epithelia of IBD patients,20 (3) MLCK activa-
ion is required for in vivo TNF-induced tight junction
ysregulation,18 and (4) MLCK activation is sufficient to
egulate tight junctions in vitro.21 CA-MLCK Tg mice
emonstrated increased MLC phosphorylation and bar-
ier defects similar to those in CD patients and a subset
f their healthy first-degree relatives.2– 4 Moreover, mild

mmune activation is present in CA-MLCK Tg mice.
hus, these data show that epithelial tight junction dys-

egulation similar to that seen in healthy CD relatives
ith barrier defects can cause subclinical mucosal im-
une activation.
Both the design of the CA-MLCK Tg mouse and the

esults obtained differentiate this from existing models
f disease in which barrier dysfunction has been observed

n association with defects that extend beyond the tight
unction.13–16,33–36 For example, although systemic
nockout of JAM-A does not result in spontaneous dis-
ase, DSS induces colitis of enhanced severity in these
ice,36 consistent with the contributions of JAM-A to

pithelial and endothelial barrier function and inflam-
atory cell migration.36 Although mucosal immune sta-

us of JAM-A�/� mice has not been examined, this would
e of interest given our data showing that targeted ex-
ression of CA-MLCK in intestinal epithelia does cause
ucosal immune activation.
No longitudinal studies correlating risk of developing

isease with intestinal permeability in healthy relatives of
D patients have been reported. Thus, the hypothesis

hat increased intestinal permeability is a risk factor for
isease development is untested. Even if barrier defects
re assumed to be an initiating event in CD, increased
ermeability may be present many years before the onset
f CD in human subjects.37 Thus, 1 or more additional
redisposing factors are likely present. The identity of
hese factors is unknown, but they are likely to include
mmune dysregulation and altered luminal microbiota.
A-MLCK Tg mice provide a targeted, pathophysiologi-

ally relevant model of tight junction dysregulation for
irect analysis of the role of primary increases in para-
ellular permeability in intestinal disease. We employed
he well-characterized CD4�CD45Rbhi adoptive transfer

odel of immune-mediated colitis,29 which has many
imilarities to human IBD and targets a pathway distinct
rom epithelial barrier regulation, in lieu of the currently
nidentified factors that trigger disease onset in human
atients. Onset of weight loss was earlier in CA-MLCK Tg
ice, mucosal cytokine expression was greater, histopa-

hology was more severe, and survival was poorer. Thus,

lthough insufficient to initiate disease, these data show p
hat targeted, pathophysiologically relevant intestinal ep-
thelial tight junction dysregulation can amplify the cycle
f inflammation and accelerate progression of immune-
ediated colitis.
The question remains, how does barrier dysfunction

ncrease susceptibility to experimental disease? Our anal-
ses of healthy CA-MLCK Tg mice suggest that chroni-
ally increased paracellular permeability is sufficient to
ause mucosal immune activation. This is amply demon-
trated by the mild increases in IFN-� and TNF transcrip-
ion and increased T-bet/GATA-3 ratio detected as well as
ellular changes, such as increased mucosal CD4� lym-
hocytes and enhanced epithelial MHC class I expres-
ion. The data indicate that this mucosal immune acti-
ation is associated with Th1 polarization. Although the
ignificance of CD11c� cell redistribution toward the
umen is not clear, it is interesting to note that enrich-

ent of dendritic cells at the superficial mucosa has been
bserved during the early stages of Campylobacter colitis

n human patients38 and that dendritic cell redistribution
as also been associated with nonsteroidal anti-inflama-
ory drug-induced colitis in rats.39

One might also ask why CA-MLCK Tg mice are
ot ill. Although this will require further analysis, it may
e that increased mucosal IL-10 and, in elderly mice,
oxp3� transcript expression reflects immunoregulatory
echanisms that prevent disease. This is consistent with
recent report showing that transient epithelial damage

ctivates immunoregulatory responses.40

It has long been hypothesized that barrier dysfunction
ontributes to the development of colitis secondary to
ncreased translocation of luminal bacteria. To assess
his, we asked whether serum endotoxin was elevated in
A-MLCK Tg mice; it was not. Similarly, microbiologic

ulture of blood and secondary lymphoid organs dem-
nstrated no difference between CA-MLCK Tg mice and
T littermates. Thus, the systemic load of bacteria and

acterial products was not increased in CA-MLCK Tg
ice. However, these data do not exclude a role for

ncreased paracellular flux of luminal bacterial products
n CA-MLCK Tg mice. Rather, they suggest that the effect
f increased tight junction permeability may be to allow

ocal increases in flux of bacterial products. Thus, it will
e important to assess immune activation in antibiotic-
reated and germ-free CA-MLCK Tg mice, as well as those
olonized with defined microbes, in the future. Data
rom such studies will help to determine the potential
mpact of limited and local mucosal immune responses
n systemic disease.

In conclusion, these data are the first to demonstrate
hat targeted, pathophysiologically relevant regulation of
ntestinal epithelial tight junctions induces mucosal im-

une activation. The novel and mechanistically accurate
odel provided by the CA-MLCK Tg mice also represents

he only experimental model to recapitulate the observa-
ion in humans that isolated increases in paracellular

ermeability are insufficient to cause disease. Finally,
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hese data demonstrate that increases in intestinal epi-
helial paracellular permeability can predispose and con-
ribute to pathogenesis and progression of experimental
olitis and suggest that the same may be true in human
BD.
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