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v6 intraepithelial lymphocytes (IELs) are located beneath or be-
tween adjacent intestinal epithelial cells and are thought to con-
tribute to homeostasis and disease pathogenesis. Using in vivo
microscopy to image jejunal mucosa of GFP y§ T-cell transgenic
mice, we discovered that y§ IELs migrate actively within the intra-
epithelial compartment and into the lamina propria. As a result,
each y8 IEL contacts multiple epithelial cells. Occludin is concen-
trated at sites of y§ IEL/epithelial interaction, where it forms a ring
surrounding the y8 IEL. In vitro analyses showed that occludin is
expressed by epithelial and v T cells and that occludin derived
from both cell types contributes to these rings and to y5 IEL mi-
gration within epithelial monolayers. In vivo TNF administration,
which results in epithelial occludin endocytosis, reduces y8 IEL mi-
gration. Further in vivo analyses demonstrated that occludin KO y§
T cells are defective in both initial accumulation and migration
within the intraepithelial compartment. These data challenge the
paradigm that y3 IELs are stationary in the intestinal epithelium
and demonstrate that y§ IELs migrate dynamically to make exten-
sive contacts with epithelial cells. The identification of occludin as
an essential factor in y5 IEL migration provides insight into the
molecular regulation of y§ IEL/epithelial interactions.

intestine | tight junction

he intestine is one of the few peripheral tissues to contain
a large population of intraepithelial lymphocytes (IELs), with
one IEL for every 5-10 epithelial cells. Although the majority of
these IELs express the y8 T cell receptor, and epidermal y3 IELs
have been studied extensively (1-4), the functions of intestinal Y8
IELs remain poorly understood. Some studies have shown that
y6 IELs contribute to progression of immune-mediated colitis
(5-7); other data suggest that yd IELs contribute to mucosal
homeostasis (8, 9) by secreting keratinocyte growth factor (10,
11) and antimicrobial peptides (12, 13), suppressing CD4™ T-cell
expansion through TGF-p and IL-10 production (8, 9) and
promoting barrier maintenance via poorly understood mecha-
nisms (13-15). These observations and the small number of IELs
relative to intestinal epithelial cells are difficult to reconcile with
the widely held belief that yd IELs have limited motility (1, 16).
Further understanding of y5 IEL function will require defini-
tion of the molecular structures that regulate interactions be-
tween intestinal epithelial and yd T cells. On the basis of the
location of epithelial/yd IEL contact sites along epithelial lateral
membranes, it is likely that epithelial proteins targeted to these
domains, including apical junction complex components, are
involved in these interactions. Attractive candidates include
E-cadherin, which can bind CD103 (agp; integrin) expressed
by IELs (17), as well as tight junction proteins. For example,
vd IELs express several epithelial tight junction proteins, in-
cluding occludin and zonula occludens-1 (ZO-1) (18), that may
bind directly or indirectly to their epithelial counterparts. How-
ever, the contributions of these and other proteins to yd IEL
behavior are incompletely understood.
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To determine the extent of yd T-cell/epithelial interactions in
the intestine, we used high-resolution in vivo imaging to stably
visualize GFP-labeled y6 IELs in living mouse jejunum. This
allows stable imaging of hundreds of cells over the course of
hours while maintaining vascular and autonomic integrity. The
data show that intestinal y8 T cells migrate dynamically between
lamina propria and intraepithelial compartments. In the latter
location, y8 T cells move along the basement membrane and also
migrate into the lateral intercellular space, resulting in extensive
contact with intestinal epithelia. Although both yd IEL and ep-
ithelial expression of the tight junction protein occludin con-
tribute to y& IEL migration, in vitro and in vivo analyses show
that y8 IEL occludin is more critical to this process. These data
directly contradict the prevailing view of yd IELs as immobile
within the epithelium and demonstrate that vy IELs provide ex-
tensive coverage of the intestinal epithelium by migrating within
the intraepithelial compartment through a unique, occludin-
dependent mechanism.

Results

v& IELs Migrate Dynamically Within the Intestinal Epithelium. The
small intestinal mucosa is defined by long, slender villi that arise
from proliferative crypts. Sections orthogonal to this traditional
longitudinal orientation allow visualization of the lumen, villous
epithelium, underlying basement membrane (BM), and lamina
propria (Fig. S14). IELs (Fig. S14, arrow) are found both along
the BM and between epithelial cells in the lateral intercellular
space (Fig. S14, arrowhead).

To assess yd IEL behavior within the intraepithelial com-
partment, GFP y8 T-cell reporter mice (TcrdEGFP) (19) were
crossed with transgenic mice expressing monomeric red fluo-
rescent protein 1 (mRFP1)-ZO-1 in the intestinal epithelium
under the control of the villin promoter (20). The small intestinal
mucosa of these mice was imaged in vivo by time-lapse confocal
microscopy while maintaining innervation and vascular perfusion
(Fig. S1B and Movie S1) (20). This approach allows extended
high-magnification imaging of a single field, without artifacts of
peristalsis, pulsatile blood flow, breathing, or other extraneous
movements. These in vivo images show that within a single villus,
vd IELs migrate from the basal epithelial surface to the lateral
intercellular space, approach the tight junction, and then migrate
back toward the BM (Fig. 14 and Fig. S1C). This migration into
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and out of the lateral intercellular space occurs over an average
interval of 6.4 + 0.3 min, with maximal instantaneous speed of
7.7 pm/min and an overall average speed of 3.8 + 0.1 pm/min
(Table 1). Thus, vy IELs migrate actively within the subepithelial
space, along the BM, regularly enter the lateral intercellular
space, and then reverse direction along the same track to return
to the subepithelial space (Movies S1 and S2). Notably, yd IELs
were never observed crossing the tight junction to enter
the lumen.

Each yd IEL transiently interacted with multiple epithelial
cells (Fig. 14), resulting in each epithelial cell being contacted by
a yd IEL 3.5 + 0.2 times per hour (Fig. 1B and Movie S3). y8 T
cells also crossed the BM to migrate between the lamina propria
and intraepithelial compartment, allowing yd IELs to survey the
majority of the villous epithelium and superficial lamina propria
over the course of 1 h (Fig. 1B). Analysis of the distance between
individual yd IELs and the lumen showed that, at any given time,
32% + 3.3% of y8 IELs (n = 144) were located within the lateral
intercellular space (dark blue) (i.e., within 15 pm of the lumen).
An additional 44% =+ 4.7% of yd IELs were within the peri-BM
space, 16-30 pm from the lumen (light blue), whereas only 24% =+
8.4% were more than 31 pm from the lumen (yellow).

The location of y& IELs within the lateral intercellular space
suggests that intercellular junction proteins may be involved in
intraepithelial migration. If junction-associated proteins con-
tribute to yd IEL intraepithelial migration, one might expect
a change in their distributions at sites of yd IEL/epithelial con-
tact. Consistent with this hypothesis, the transmembrane protein
occludin was concentrated along epithelial lateral membranes,
below the plane of the tight junction, and formed a continuous
ring that surrounded each y3 IEL (Fig. 1C). Occludin expression
was not detected in y8 T cells located in the lamina propria. In
contrast, the cytosolic protein ZO-1 was concentrated in discrete
punctae at sites of yd IEL/epithelial contact. The localization of
E-cadherin, claudin-5, and claudin-15 was not altered in the
presence of a y8 IEL (Fig. S2), indicating that occludin and ZO-1
may be potential regulators of yd IEL/epithelial interactions.

On the basis of our previous observation that the proin-
flammatory cytokine TNF promotes reorganization of tight
junction proteins (20, 21) (Fig. S1D), small intestinal mucosa of
TcrdEGFP mice was imaged 90 and 180 min after TNF injection
(5 pg, i.p.). TNF treatment dramatically reduced yd IEL migra-
tion and retention in the epithelium (3.3% + 2.5%, 3.7 + 0.6
min, respectively) (Table 1) while increasing yd T-cell migration
speed (4.3 + 0.1 pm/min).

Taken together, these imaging studies demonstrate that y8
IELs move transiently into lateral intracellular spaces and con-
tact multiple epithelial cells while migrating along the BM. This
results in extensive coverage of the entire villous epithelium at
regular intervals (Fig. 1B). Furthermore, the tight junction pro-
teins occludin and ZO-1 are concentrated at sites of yd IEL/
epithelial interaction. Finally, the data show that disruption of
mucosal homeostasis, with the associated occludin removal from

the tight junction, is sufficient to impair y8 IEL migration into
lateral intercellular spaces of the epithelial monolayer.

Epithelial and y5 IEL Occludin Form a Continuous Ring at Sites of y5
IEL/Epithelial Contact. To elucidate the mechanism by which yd
IELs migrate into the epithelium, we investigated potential
mediators of y8 IEL/epithelial interactions. Several reports in-
dicate that IELs express junction-associated proteins, including
occludin, junctional adhesion molecule-A, ZO-1, B-catenin, and
the E-cadherin ligand CD103 (14, 15, 18, 22). Immunostaining
showed that y3, but not af|, IELs express ZO-1 and occludin (Fig.
S$3). Quantitative RT-PCR confirmed that y8 IELs transcribe
message for ZO-1 and occludin and to a lesser extent claudin-4
and -7, but not claudin-1, -3, -5, or -15 (Fig. S3C).

To investigate the impact of occludin and ZO-1 on y8 IEL
migration, we adapted an approach for time-lapse imaging of in-
traepithelial IEL migration ex vivo (23). yd IELs from TcrdEGFP
transgenic mice were applied to the basal aspect of a Caco-2
monolayer grown on the underside of a semipermeable filter (Fig.
S4 A and B). This model recapitulated the topology and kinetics
of in vivo yd IEL behavior, with T cells migrating across the filter
into the monolayer and back across the filter within several
minutes (Movie S4). The number of y& IELs within lateral in-
tercellular spaces was maximal between 15 and 18 h after their
addition to the monolayers (Fig. S4C), although yd IELs were
detected in lateral intercellular spaces within 3 h. Interestingly, af
IELs migrated less efficiently than yd IELs at all time points. It is
tempting to speculate that the relatively inefficient migration of
ap IELs may be related to their lack of occludin and ZO-1 ex-
pression (Fig. S3B).

To determine whether apical junction proteins were redis-
tributed at sites of yd IEL/epithelial contact in vitro, monolayers
used for migration assays were fixed and immunostained. As
noted in vivo, occludin was concentrated around y8 IELs within
the monolayer (Fig. 1C and Fig. S5 A and B), forming a contin-
uous ring surrounding the y8 IEL surface. Similar to yd IEL/
epithelial contact sites in vivo, ZO-1 was found at discrete
punctae along the periphery of the yd IEL in epithelial mono-
layers (Fig. 2B and Fig. S5C). In contrast, claudin-1 and -2 were
not relocalized, nor was E-cadherin redistributed at sites of yd
IEL /epithelial interaction (Fig. S5 D-F).

On the basis of our observations of occludin rings at sites of yd
IEL/epithelial interaction, we assessed the localization of the
other members of the tight junction-associated MARVEL pro-
tein family, tricellulin and marvelD3 (24), at y8 IEL/epithelial
contacts. MarvelD3 was absent at these sites, but tricellulin
partially surrounded the yd IEL in the lateral intercellular space,
although not to the same extent as occludin (Fig. S5 G and H).
Taken together, these data show that yd IEL migration into the
epithelial monolayer triggers reorganization of occludin and ZO-
1 at y3 IEL/epithelial contacts without disrupting the distribution
of these proteins at the epithelial tight junction.

To determine the origin of occludin within the rings, wild-type
v IELs were applied to wild-type or occludin knockdown (KD)

Table 1. ¥8 IEL migration and localization in vivo

% v3 T cells in lateral % y8 T cells in Retention in Maximum track speed No. of y8 IEL interactions/
Genotype intercellular spaces peri-BM space epithelium (min) (pm/min) epithelial cell per h
TcrdEGFP (WT) 32 +33 44 + 4.7 6.4 + 0.3 3.8 +0.1 35+0.2
TNF (5 pg, 90 min) 3.3 + 2.5% 40 + 7.9* 3.7 + 0.6* 43 + 0.1* 5.9 + 0.2*
CD103 KO 44 + 3.5* 34 + 0.2* 44 + 0.4* 45+ 0.1* 41+0.2
WT chimera 41 + 8.6 35+9.3 n.d. 4.7 + 0.1 42 +04
Occludin KO chimera 13+ 417 33+ 47 n.d. 39+0.1" 0.7 +0.1"

n.d., not determined.
*P < 0.01 vs. TcrdEGFP (WT).
P < 0.01 vs. WT chimera.
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Fig. 1. 8 IELs migrate dynamically within the intestinal epithelium. (A)
Time-lapse images of a migrating GFP y5 IEL (green) within the jejunal villous
epithelium of a transgenic mouse expressing mRFP-ZO-1 (red), to label tight
junctions, and injected with Hoechst dye (blue) to label epithelial nuclei.
Lateral membranes of adjacent epithelial cells are indicated by dashed white
lines and the BM by a dashed yellow line (Movie S3). (Scale bars, 10 um.) (B) A
single time point (Left) and 60 min maximum projection (Right) of vy IEL
migration. GFP y8 IEL (green), the luminal marker Alexa Fluor 633 (red), and
Hoechst-labeled nuclei (blue) are shown. The BM is indicated by a dashed
white line. For the maximum projection, distance from the lumen is pseu-
docolored; 0-15 pm, dark blue; 16-30 pm, light blue; >30 pm, yellow. The
small region of green signal in the lumen is an artifact of the projection.
(Scale bars, 20 pm.) (C) Occludin or ZO-1 (red) were immunolabeled in jeju-
num from GFP 8 T-cell (green) transgenic mice. Nuclei are labeled with
Hoechst (blue). The epithelial tight junction is indicated by white arrows.
Punctae of ZO-1 adjacent to the T cell is indicated by yellow arrows. (Scale
bars, 10 pm.)

epithelial monolayers (25). Application of wild-type yd IELs to
occludin KD epithelial monolayers did not prevent formation of
an occludin ring at y8 IEL/epithelial contacts (Fig. 2B). Because
the occludin KD epithelial cells express negligible amounts of
occludin (Fig. 2B and Fig. S5I), this occludin is likely expressed
by yd IELs (Fig. S3 B and C). Occludin rings also formed around
occludin KO y8 IELs applied to wild-type monolayers (Fig. 2B
and Fig. S5/). However, no occludin was detected at sites of y&
IEL/epithelial contact when both y8 IELs and epithelial mono-
layers were occludin-deficient (Fig. S5J). Thus, occludin pro-
duced by both yd6 IELs and intestinal epithelia is recruited to
sites of yd IEL/epithelial contact.

Epithelial and y5 IEL Occludin both Contribute to in Vitro Intraepithelial
v8 IEL Migration. The concentration of occludin and ZO-1 at sites
of y& IEL/epithelial contact suggests that these proteins may
contribute to y8 IEL migration. To test this hypothesis, migration
of wild-type or occludin KO y8 IELs into wild-type, ZO-1 KD, or
occludin KD Caco-2 monolayers (Fig. S5I) was assessed (26).

Edelblum et al.

Wild-type y6 IEL migration into occludin-deficient monolayers
was reduced by 58% =+ 7% relative to wild-type yd IEL migration
into wild-type monolayers. This was specific to occludin; migra-
tion of wild-type y8 IELs into ZO-1 KD monolayers was similar
to migration into wild-type monolayers. Thus, epithelial occludin
is an important mediator of y& IEL migration (Fig. 2C).

To determine the role of y§ IEL-derived occludin in y8 IEL/
epithelial interactions, yd IELs isolated from occludin KO mice
(27-29) were applied to wild-type Caco-2 monolayers. Occludin
KO y8 IELs exhibited a 73% = 5% reduction in migration
compared with wild-type yd IELs (Fig. 2C). No further reduction
in yd IEL migration occurred when occludin KO y8 IELs were
applied to occludin KD monolayers (Fig. 2C). Thus, although
epithelial occludin does facilitate y& IEL migration, yd IEL
occludin seems to play a greater role.

Although the effect of occludin knockdown was remarkable,
a small amount of yd IEL migration persisted. We hypothesized
that this might be attributable to E-cadherin-CD103 interactions;
however, migration of CD103 KO y3 IELs was comparable to that
of wild-type yd IELs, suggesting that CD103 does not contribute
to y8 T-cell intraepithelial migration in vitro (Fig. 2D).

To determine whether the in vitro data reflected in vivo bi-
ology, yd IEL migration was assessed in CD103 KO mice (Table
1). Although the extent of migration into lateral intercellular
spaces was not reduced, yd IELs lacking CD103 were retained in
the epithelium for less time (4.4 + 0.4 min) and exhibited an
increased migratory speed (4.5 + 0.1 pm/min) relative to wild-
type yd IELs. Thus, rather than mediate y§ IEL migration into
the epithelium, CD103-E-cadherin interactions may serve to
stabilize y6 IEL/epithelial interactions.

Occludin Expressed by y5 T Cells Is Essential for Efficient Recruitment
to and Migration Within the Intestinal Epithelium in Vivo. Our
in vitro studies provide a potential mechanism by which y6 IELs
interact with epithelial cells; however, the reductionist ex vivo
system we have developed does not recapitulate in vivo tissue
complexity. Thus, to assess the contribution of y8 IEL occludin
to in vivo migration, mixed bone marrow chimeras were gener-
ated by transplanting 80% yd T cell-deficient bone marrow
supplemented with either 20% wild-type GFP y8 T-cell or
occludin KO GFP y8 T-cell bone marrow into lethally irradiated
hosts. The number of GFP yd T cells was assessed in the spleen,
small intestinal lamina propria, and small intestinal intra-
epithelial compartments 8 wk after transplant. The number of
GFP y8 T cells in the spleen and lamina propria was similar in
both wild-type and occludin KO y8 T-cell mixed bone marrow
chimeras, suggesting that occludin deficiency did not compro-
mise engraftment or trafficking to the intestine (Fig. 34). In
contrast, accumulation of occludin KO GFP y§ T cells within the
intraepithelial compartment was markedly reduced relative to
wild-type GFP yd T cells. This defect in occludin KO yd T-cell
accumulation within the intraepithelial compartment was cor-
rected by 16 wk after engraftment, consistent with our observa-
tion that intraepithelial yd IEL numbers are comparable in adult
wild-type and occludin KO mice. This suggests that occludin KO
vd T cells fill the intestinal intraepithelial compartment in-
efficiently but are eventually able to establish a quantitatively
normal population at this site. Interestingly, and possibly related
to this delay, analysis of IELs showed reduced GFP and yd T-cell
receptor expression in occludin KO, but not wild-type, y6 T-cell
chimeras at 8 wk after engraftment (Fig. S64).

Engrafted wild-type y& IELs migrated apically to reside in
lateral intercellular spaces, similar to yd IELs in TcrdEGFP
transgenic mice (Fig. 3B and Fig. S1C). In contrast, occludin KO
yd IELs within the epithelial compartment remained in the
subepithelial space, between the basal epithelial surface and BM
(Fig. 3B). At any given time, 41% =+ 8.6% of engrafted wild-type
yd IELs (n = 1134) were present within the first 15 pm of the
lumen, the region corresponding to lateral intercellular spaces,
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compared to only 13% + 4.1% of occludin KO yd IELs (n =
2,042) (Fig. 3C and Fig. S6B). Occludin KO y8 IELs were pre-
dominantly found within the peri-BM lamina propria, at dis-
tances between 16 and 30 pm from the lumen (33% =+ 4.7%).
Thus, although the proportions of wild-type and occludin KO y&
IELs above the BM are similar (Fig. S6C), occludin KO yd IELs
migrate a shorter distance into the lateral intercellular space
compared with wild-type yd IELs (Fig. S6D). The elongation of
an IEL between adjacent epithelial cells does not account for
this difference, because both wild-type and occludin KO y8 IELs
occupy a similar fraction of the lateral intercellular space
(Fig. S6E).

In addition to differences in localization, KO yd IELs migrated
at rates significantly lower than wild-type yd IELs (Fig. 3 D and E
and Movies S5 and S6). As a result, each epithelial cell was
contacted by an occludin KO y8 IEL only 0.7 + 0.1 times per
hour (n = 74), which represents a greater than 80% reduction
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thelium (n = 3). P < 0.001.

relative to the 4.2 + 0.4 times per hour (n = 33) that a wild-type
yd IEL contacted an epithelial cell. These data show that mi-
gration of occludin KO y8 T cells within the intraepithelial
compartment is defective and that this defect results in reduced
coverage of the epithelial monolayer relative to wild-type y&
IELs. GFP y8 IEL migration was similarly impaired in occludin
KO mice, which is consistent with our in vitro data, suggesting
that the absence of y8 IEL occludin causes a defect that is
quantitatively similar to combined loss of epithelial and yd T-cell
occludin (Fig. 2C). Thus, in addition to regulating epithelial
barrier properties (20, 24, 25, 30), occludin is essential to yd IEL
migration as well as their extensive interactions with the intes-
tinal epithelium.

Last, to determine whether occludin is required for y8 T-cell
migration in tissues other than the intestinal mucosa, spleens of
TcrdEGFP mice were imaged (2, 3). The average migration
speed of splenic yd T cells was reduced relative to IELs. Whereas
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Fig. 3. Occludin is required for y8 IEL migration in vivo. Mixed bone marrow chimeras were generated to express wild-type or occludin KO GFP y8 T cells in
T-cell-deficient hosts. (A) Flow cytometric analysis of CD3* T cells expressing GFP in small intestinal IELs, lamina propria lymphocytes (LP), or splenocytes
isolated from wild-type or occludin KO y8 IEL chimeras, as indicated. (B) Jejunum of wild-type or occludin KO GFP y& chimeras labeled to detect GFP (green),
F-actin (blue), laminin (red), and nuclei (cyan). (Scale bars, 20 pm.) (C) A single time point (Left) and 60-min maximum projection (Right) of GFP y8 IEL mi-
gration in wild-type and occludin KO y8 IEL chimeras. y5 IEL (green), ZO-1 and intestinal lumen (red), nuclei (blue). The BM is indicated by a dashed yellow line.
Distance from the lumen is pseudocolored as described in Fig. 1B. (Scale bars, 20 pm.) (D) Time-lapse images taken from Movies S5 and S6 show wild-type or
occludin KO y38 IEL (green) migration over ~20 min. Intestinal lumen (red) and nuclei (blue) are shown. The BM is indicated by a dashed yellow line. (Scale bar,
10 um.) (E) Distance of y& splenocyte tracks in GFP yd wild-type or GFP y5 occludin KO mice. P < 0.001.
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wild-type y8 splenocytes migrated slightly slower than occludin
KO v8 splenocytes (Fig. S6F), the distance covered by occludin
KO splenocytes was markedly reduced compared with wild-type
(Fig. 3E). Similar studies were attempted in the skin, but very
few dermal y8 T cells were detected in TcrdEGFP mice (Fig.
S6G), and no migration of these cells was observed during video
microscopy. Nevertheless, the altered migration within the spleen
suggests that occludin contributes to y8 T cell migration in organs
other than the intestine. However, in the spleen we anticipate
that y8 T cell occludin interacts with dendritic or endothelial cell-
expressed occludin.

Discussion

Although trafficking of y8 T cells between extraintestinal sites
and the intestinal intraepithelial compartment has been studied
extensively (1, 16, 31-33), intraepithelial migration has not been
well characterized (16). Consequently, IELs are generally per-
ceived as being “sessile” (1) cells with “very limited basal mo-
tility” (16). Thus, it remains unclear how y8 T cells interact with
the epithelium and mucosal microenvironment to impact in-
testinal biology. Our data demonstrate that yd IELs migrate
rapidly and extensively within the confined space of the intra-
epithelial compartment to efficiently survey large areas of villous
epithelium. This provides a potential explanation for the pro-
posed roles of y8 IELs in global mucosal homeostasis, despite
their limited abundance relative to epithelial cells. We have also
identified the epithelial tight junction protein occludin as an
essential mediator of this migration and, remarkably, have found
that both y8 IEL and epithelial occludin expression are necessary
for in vitro and in vivo intraepithelial yd IEL migration. Fur-
thermore, TNF-mediated epithelial barrier dysfunction prevents
yd IEL migration into lateral intercellular spaces and increases
the speed of those yd IELs scanning the epithelial monolayer
along the BM.

Recent work demonstrated that yd T-cell migration within
axillary lymph nodes is rapid; however, the examination of
intraepithelial y5 IEL migration could not be completely resolved
from artifacts caused by residual peristaltic movement (16). In
contrast, the approach used here stabilized an externalized loop
of jejunum and allowed the villi to be imaged for up to 5 h with
little extraneous movement. The limited movement of luminal
markers, fluorescent-tagged epithelial proteins, and epithelial
nuclei over time confirmed this stability and eliminated peristalsis,
breathing, and pulsatile blood flow as confounding artifacts.
Furthermore, time-lapse images (Figs. 1B and 3D) demonstrate
that yd IELs move along independent and divergent paths rather
than back and forth along a single trajectory, as might be expected
as a result of artifactual peristaltic movement. This ability to
image hundreds of cells over hours allowed a large sample size
and a quantitative appraisal of IEL migration. These data suggest
that the speed of cell migration is not a sufficient measure of
overall migratory capacity but that cell migration rate should be
considered relative to the environment. Thus, this imaging ap-
proach provides the ability to visualize y§ IEL migration in in-
testinal villi, which will be useful in understanding the role of yd
IEL/epithelial interactions in intestinal physiology and disease.

Occludin KO mice do not display an overt intestinal or im-
mune phenotype (29), and, despite extensive study, the role of
occludin in regulation of epithelial barrier function remains
controversial (20, 24, 25, 30, 34-37). However, dominant-nega-
tive mutant occludin expression within cultured epithelial mon-
olayers did reduce in vitro neutrophil transmigration, raising the
possibility that occludin may contribute to interactions between
epithelial and other immune cells (38). Occludin expression has
also been reported in dendritic cells (22, 39), where it has been
suggested that interactions between dendritic and epithelial
cell occludin may allow dendritic processes to penetrate the tight
junction and reach into the lumen without disrupting the barrier
(39). Although this hypothesis has not been tested experimentally,
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such a function in dendritic cells is likely different from that in y5
IELs, because our data demonstrate that, in contrast to dendritic
cells, yd IELs do not cross the epithelial tight junction.

Notably, intestinal y8 IELs seem to freely cross the BM to enter
the intraepithelial compartment from the lamina propria. This
contrasts sharply with reports of CXCR6-GFP+ yd T cell mi-
gration in the skin (2, 3). It is possible that this difference reflects
the distinct architectures of the epidermal stratified squamous
epithelium and the intestinal simple columnar epithelium.

Both yd IEL and epithelial occludin contribute to the rings
observed at sites of yd IEL/epithelial contact (Figs. 1C and 2 4
and B and Fig. S5). Although epithelial occludin is concentrated
at the tight junction, it does exchange between the tight junction
and lateral membrane domains (40), suggesting that this lateral
membrane pool is the source of epithelial occludin at sites of IEL
contact. However, epithelial occludin is still localized at these
sites in the absence of y8 IEL occludin (Fig. 2B), indicating that
binding to y& IEL occludin cannot be the trigger that recruits
epithelial occludin. Nevertheless, direct interactions between yd
IEL and epithelial occludin may still be an important step in
sensing ¥ IEL movement into the lateral intercellular space.
This may explain why migration is impaired in response to TNF,
which induces occludin internalization (Fig. S1D) (20, 41). Al-
though not defined, the contribution of occludin—occludin
interactions may be to induce epithelial cells to modify their
shape to make space for the migrating y8 IEL or promote ad-
ditional intercellular interactions through IEL membrane pro-
teins such as CD103, epithelial cell adhesion molecule (42), or
junctional adhesion molecule ligand (43). Alternatively, transient
occludin accumulation along the epithelial basolateral surface
may function as a cue for y6 IEL recruitment into a targeted site
within the epithelial monolayer.

vd IELs are involved in the regulation of the mucosal micro-
environment in response to intestinal disease, including in-
flammatory bowel disease (44), celiac disease, graft-vs.-host
disease (45), and parasite infection (14, 15). However, the pre-
cise role of y6 IELs remains controversial. Our data demon-
strating the ability of y§ IELs to migrate and contact multiple
epithelial cells over a short time provide a potential mechanism
by which yd IELs, which are greatly outnumbered by epithelial
cells, can impact the entire epithelium. This migration can also
be considered a form of surveillance that regulates intracellular
signaling in both by y8 IELs and epithelial cells to prevent epi-
thelial injury and infection (12-15). The acceleration of yd T-cell
migration within the peri-BM and lamina propria compartments
after TNF treatment may therefore represent a form of innate
immune activation (Table 1). It will, therefore, be important to
define the contributions of y8 IEL/epithelial interactions to mu-
cosal homeostasis and changes in y8 IEL migration during disease.

In summary, we used rapid, high-resolution in vivo imaging of
stable jejunal mucosa to demonstrate that y§ IEL migration
within the subepithelial and lateral intercellular space is highly
dynamic and occurs via an occludin-dependent mechanism.
These data challenge the widely held view that intestinal IELs
are sessile and indicate that y§ IEL migration may explain how
these cells regulate intestinal function. These results and the
techniques developed for in vitro and in vivo analysis of yd IEL
migration and localization both provide insight and create op-
portunities to advance the understanding of yd IEL interactions
with the intestinal epithelium and function in homeostasis
and disease.

Materials and Methods

Animals and Live Imaging. Mice aged 8-12 wk maintained on a C57BL/6
background were used for all experiments. Wild-type and Tcrd KO mice
were obtained from The Jackson Laboratories. Occludin KO mice were
provided by M. Neville (University of Colorado, Denver, CO) and back-
crossed onto a C57BL/6 background for at least 10 generations (29).
TcrdH2BeGFP (TcrdEGFP) mice (19) were crossed to occludin KO or villin-
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mRFP1-ZO-1 transgenic mice (20). Mice were injected i.p. with 5 pg of TNF
(Peprotech) and imaged 90-180 min after injection. All studies were con-
ducted in an Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAQ)-accredited facility under protocols approved by the
University of Chicago Institutional Animal Care and Use Committee.

Imaging was performed as described previously (20); details are provided
in S/ Materials and Methods. Postacquisition analysis was performed using
Imaris (Bitplane, version 7.1.0), MetaMorph (Molecular Devices, version 7),
and ImagelJ. Using Imaris, a surface was created for the EGFP channel to
render GFP vy8 T cells, which were tracked using autoregressive motion with
a maximum distance of 15 pm and a maximum gap size of 3. Individual
tracks were checked and corrected manually when necessary. Only tracks
with a duration >2 min were included.

Bone Marrow Chimeras. Mice were lethally irradiated with 11 Gy y-irradiation.
Twenty-four hours after irradiation, mice were reconstituted by i.v. injection
of 4 x 10° Tcrd KO bone marrow cells and 1 x 10° of either wild-type
TcrdEGFP or TcrdEGFP; occludin KO bone marrow cells. Imaging was per-
formed 8 wk after engraftment.

In Vitro Studies. IEL migration assays into Caco-2gge monolayers (24, 26) were
performed placing flow cytometry-sorted IELs in the upper chamber of the
Transwell and fixing the filters at various time points. Stable cell lines expressing
pSUPER vectors containing occludin (36) or ZO-1 (26) targeting sequence
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resulted in the suppression of 90% of target protein expression in Caco-2gge
cells (46). Further information can be found in S/ Materials and Methods.

Statistical Analyses. All data are presented as + SEM and represent three
independent experiments. P values of direct comparisons between two in-
dependent samples were determined by a two-tailed Student t test and
were considered to be significant if P < 0.05. Alternatively, ANOVA was used
and the overall effect was tested at P = 0.05 to control the type | error rate.
Fisher's exact test was used to compare proportions between two in-
dependent variables, and the Mann-Whitney test was used compare groups
that do not have a normal distribution.
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S| Materials and Methods

Live Imaging Experiments. Mice were anesthetized, injected i.v.
with Hoechst 33342 dye, and a jejunal loop was exposed and
opened along the antimesenteric border, as previously described
(1). The mucosa was placed against a coverslip bottom of a 35-
mm Petri dish containing 0.15 mL either HBSS or 1 pM Alexa
Fluor 633 in HBSS, and the body of the mouse was laid over the
opened jejunal segment. Alternatively, the spleen was external-
ized through a small incision and held in place by a single suture
of the surrounding connective tissue to the skin. Dermis was
imaged as previously described (2). A multiphoton confocal in-
verted microscope (SP5; Leica) with a 40x 0.8 N.A. water im-
mersion objective was used. EGFP was imaged using an Argon
laser with a spectral emission of 491-580 nm, monomeric red
fluorescent protein (mRFP)1 was imaged using a laser (DPSS
561) with a spectral emission of 589-727, and Alexa Fluor 633
was imaged with a spectral emission of 640-769 nm. Pinholes of
160, 190, and 150 pm were used for these three channels, re-
spectively. Hoechst dye was imaged using a multiphoton laser
and a pinhole of 600 pm. Scanning was performed at 8,000 Hz,
and all images were acquired using LAS-AF software (Leica,
version 6.3.1). Images were acquired by taking 15-pym Z-stacks at
1.5-pm spacing. The total time of acquisition for a single Z-stack
ranged between 50 and 70 s. Distance from y§ T cells to the
apical surface, either mRFP—zonula occludens-1 (ZO-1) or free
Alexa 633, was measured in Imaris (Bitplane) by creating a sep-
arate surface for the apical marker and performing a distance
transformation to attain the distance of a y6 T cell from the
apical surface at any given time.

Immunofluorescence and Image Analysis. Mouse jejunum was fixed
in 2% paraformaldehyde for 2 h, washed with 50 mM NH,CI,
and cryoprotected in 30% sucrose (wt/vol) at 4 °C overnight.
Tissue was snap-frozen in Optimal Cutting Temperature (OCT)
medium and stored at —80 °C. Frozen sections were im-
munostained as previously described (3) and examined using
a DMLB epifluorescence microscope equipped with an 88000
filter set (Chroma Technology), 20x 0.7 N.A. dry or a 63x PLAN
APO 1.32 N.A. oil immersion objective, Retiga EXi camera and
Metamorph 7 acquisition software. Z-stacks were deconvolved
with Autodeblur for 10 iterations.

Intraepithelial lymphocytes (IELs) migrating into Caco-2ppe
monolayers grown on Transwells were fixed with ice-cold
methanol or 1% (wt/vol) paraformaldehyde. Transwells were

. Marchiando AM, et al. (2010) Caveolin-1-dependent occludin endocytosis is required
for TNF-induced tight junction regulation in vivo. J Cell Biol 189:111-126.
2. Gray EE, Suzuki K, Cyster JG (2011) Cutting edge: Identification of a motile IL-17-
producing gammadelta T cell population in the dermis. J Immunol 186:6091-6095.
3. Marchiando AM, et al. (2010) Caveolin-1-dependent occludin endocytosis is required
for TNF-induced tight junction regulation in vivo. J Cell Biol 189:111-126.
4. Raleigh DR, et al. (2010) Tight junction-associated MARVEL proteins marveld3, tricellulin,
and occludin have distinct but overlapping functions. Mol Biol Cell 21:1200-1213.
. Yu D, et al. (2010) MLCK-dependent exchange and actin binding region-dependent
anchoring of ZO-1 regulate tight junction barrier function. Proc Nat/ Acad Sci USA 107:
8237-8241.
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allowed to air dry, permeabilized with 0.1% (wt/vol) saponin,
and blocked with 5% (wt/vol) BSA. After immunostaining, filters
were mounted and visualized as described above. 3D re-
constructions were generated using Imaris. Migration was as-
sessed by manually counting the number of IELs within the focal
plane of the epithelial monolayer.

IEL Lamina Propria Lymphocyte (LPL) Isolation and Flow Cytometry.
Mice were killed, small intestines excised, and Peyer’s patches
removed. The small intestine was opened longitudinally, rinsed
in Ca?*- and Mg**-free HBSS (Sigma-Aldrich), and incubated
in HBSS with 5% (wt/vol) FBS (Cellgro) and 2 mM EDTA for
1 h at 37 °C. Supernatants were applied to packed glass wool
columns, and IELs were pelleted and purified on discontinuous
20/45/70% (wt/vol) Percoll gradients (GE Healthcare Life Sci-
ences). Surface receptor staining was performed after blocking
with anti-Fc receptor antibody CD16/32 (eBioscience), using
PerCP-anti-CD3, phycoerythrin (PE)- or APC-anti-y8T-cell re-
ceptor, and FITC- or PE-anti-fTCR antibodies (eBioscience).
IELs were sorted to 98% purity on the basis of GFP or TCR
expression using a FACSAria ITu (BD Pharmingen). Flow cyto-
metric analysis was performed on a FACS Canto (BD Pharmin-
gen) and data analyzed with FlowJo software (TreeStar).

Cell Culture and Generation of Stable Knockdown Cell Lines. Caco-
2gge cells were cultured as previously described (4, 5) and plated
on inverted 3.0-pm collagen-coated polycarbonate Transwells
(Corning). Experiments were performed 10 d after confluence.
Flow cytometry-sorted IELs were place in the upper chamber of
the Transwell, and filters were collected and fixed at various time
points. pSUPER vectors containing occludin (6) or ZO-1 (5)
targeting sequence were used to stably transfect Caco-2pp, cells
(7). This suppressed >90% of target protein expression. Control
cell lines were generated by stable transfection of pSUPER
vectors expressing related, but ineffective, ShRNA sequences.

RNA Isolation, RT, and Quantitative Real-Time PCR. Small intestinal
IELs were expanded in vitro as previously described (8) and
sorted according to GFP expression. After lysis in TRIzol (In-
vitrogen), RNA was extracted with chloroform, precipitated, and
purified using an RNeasy mini kit (Qiagen). cDNA was synthe-
sized with reverse transcriptase (Invitrogen), and mRNA was
quantified by SYBR green real-time PCR (Bio-Rad) using vali-
dated primers (9).

o

. Yu AS, et al. (2005) Knockdown of occludin expression leads to diverse phenotypic
alterations in epithelial cells. Am J Physiol Cell Physiol 288:C1231-C1241.

. Turner JR, et al. (1997) Physiological regulation of epithelial tight junctions is
associated with myosin light-chain phosphorylation. Am J Physiol 273:C1378-
C1385.

. Sperling Al, Linsley PS, Barrett TA, Bluestone JA (1993) CD28-mediated costimulation is
necessary for the activation of T cell receptor-gamma delta+ T lymphocytes. J Immunol
151:6043-6050.

. Holmes JL, Van Itallie CM, Rasmussen JE, Anderson JM (2006) Claudin profiling in the
mouse during postnatal intestinal development and along the gastrointestinal tract
reveals complex expression patterns. Gene Expr Patterns 6:581-588.
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Fig. S1. y5 IELs move into and along the intestinal epithelium. (A) An H&E stain of fixed jejunum shows a longitudinal section through the crypt-villus axis
(Left) or an orthogonal section through several villi (Right). IELs (arrows) are located along the basement membrane (BM) and in lateral intercellular spaces
between epithelial cells (arrowheads). (Scale bars, 50 pm.) (B) A cartoon illustrating live imaging of y5 IELs in an orthogonal plane of jejunal villi of TcrdEGFP
mice (Movie S1). Nuclei (blue), y5 T cells (green). (C) Time-lapse images of a GFP y3 IEL (green) migrating into the lateral intercellular space. mRFP-ZO-1 (red), BM
(white line), lumen (gray line). H&E image is shown for orientation. (Scale bars, 10 pm.) (D) Occludin (red) localization in untreated and TNF-treated (5 pg, 90
and 180 min after injection) TcrdEGFP mice. Nuclei are shown in blue and y5 IELs in green.

BN AS  PNAS D)

nuclei GFPy3 IEL claudin-5 merge
nuclei GFPy3 IEL claudin-15
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Fig. S2. Distributions of claudin-5, claudin-15, and E-cadherin are not changed at sites of y5 IEL/epithelial contact. Jejunum from GFP y& T-cell (green)
transgenic mice was harvested and immunostained for junction proteins, as indicated (red). Nuclei are shown in blue. (Scale bars, 10 um.)
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Fig. $3. ¢35 IELs express occludin and ZO-1. (A) Epithelial cells, y5 IELs, and af IELs were fixed and stained for CD8a (green), E-cadherin (red), or nuclei (blue). (B)
Tight junction protein expression was assessed by immunofluorescence for ZO-1 (green) and occludin (red). (C) Real-time PCR for tight junction proteins was
performed on epithelial cells or y5 IELs. mMRNA expression was normalized to GAPDH. Data for v IELs are expressed relative to comparable normalized ex-
pression in epithelial cells (-log).
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Fig. S4. 3 IELs migrate dynamically into intestinal epithelial monolayers. (A) Diagram of in vitro migration assay. (B) Time-lapse images taken from video
microscopy of GFP y8 IELs migrating into a monolayer as viewed from the apical surface (Movie S4). Solid arrows indicate a 5 IEL located within the monolayer,
dashed arrows indicate a y8 IEL under the Transwell filter. On the right, cartoons indicate the position of each IEL in relation to the filter. The numbers
correspond to the images in the panel. (Scale bar, 5 pm.) (C) Morphometric analysis of y8 IELs migrating through the Transwell filter into the epithelial
monolayer over the time course indicated (n = 3), P < 0.01.
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Fig. S5. Epithelial- and y5 IEL-derived occludin contribute to occludin rings observed at sites of y5 IEL/epithelial contact. Cultured epithelial monolayers into
which containing y8 IELs (CD8a, green) had migrated in vitro were fixed and immunostained for tight junction proteins (red) (A and B) occludin, (C) ZO-1, (D)
claudin-1, (E) claudin-2, (F) E-cadherin, (G) tricellulin, and (H) marvelD3. Z-sections at the level of the tight junction (TJ) and from the lateral membrane are
shown (A). XY plane sections are shown from the apical surface or a lateral point within the monolayer, as indicated. 3D reconstructions are shown at the right
of each set of XY plane images. (Scale bars, 5 um.) (/) Western blot analysis of ZO-1, occluding, and E-cadherin in Caco-2gg. cell clones with stable knockdown of
occludin or ZO-1. Actin serves as a loading control. (J) Immunostaining of a wild-type vy IEL within occludin knockdown epithelium or an occludin KO y3 IEL
within wild-type or occludin knockdown epithelium. CD8a (green) and occludin (red) are shown. (Scale bars, 5 pm.)
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Fig. S6. Occludin KO y3 IELs inefficiently repopulate and migrate into the intraepithelial compartment. (A) GFP and TCRp expression in small intestinal IELs
isolated from wild-type or occludin KO y3 IEL chimeras. (B) Distance of wild-type and occludin KO ¥§ IELs from the intestinal lumen (um), P < 0.001. (C) Fraction
of v8 T cells above the BM in wild-type and occludin KO chimeras. (D) Distance (um) of wild-type or occludin KO y3 IELs from the BM. P < 0.01. (E) Percentage of
the epithelial lateral intercellular space occupied by a 5 IEL. (F) Maximum speed of wild-type and occludin KO v3 IELs or y5 splenocytes. P < 0.001. (G) Skin from
the ear of a TcrdEGFP mouse was stained with laminin (red). Nuclei (blue) and y5 T cells (green) are shown. EP, epithelium; D, dermis. (Scale bar,30 pm.)

Movie S1. Time-lapse live imaging showing GFP 8 T cells migrating in jejunal villi. GFP y5 T cells (green) migrate dynamically along the BM and into epithelial
lateral intercellular spaces (nuclei, blue).

Movie S1
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Movie S2. GFP v T cells interact with multiple epithelial cells. GFP y5 T cells (green), nuclei (blue), Alexa 633 (red) is used as a luminal marker.

Movie S2

Movie S3. GFP y5 IELs migrate dynamically within the intraepithelial compartment. GFP y& T cells (green), nuclei (blue), Alexa 633 (red) is used as a luminal
marker.

Movie S3

Movie S4. GFP vy3 T cells migrate in and out of a Caco-2 monolayer. GFP y8 T cells (green), epithelium (phase), a white asterisk marks the y8 IEL within the
epithelial monolayer.

Movie S4
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Movie S5. GFP y3 T cells in a wild-type yd T-cell mixed bone marrow chimera migrate efficiently within the intestinal epithelium. GFP y5 T cells (green), nuclei
(blue), mRFP-ZO-1 (red) marks the apical surface of the epithelium.

Movie S5

Movie S6. GFP occludin KO y3 T cells do not migrate efficiently into lateral intercellular spaces. GFP y3 T cells (green), nuclei (blue), Alexa 633 (red) is used as
a luminal marker.

Movie S6
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