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SUMMARY

By developing the novel in vivo live imaging system and
in vitro co-culture system, we proved that intraepithelial
lymphocytes suppress intestinal tumor growth by cell-to-
cell contact via CD103/E-cadherin signal.

BACKGROUND & AIMS: The reason why small intestinal can-
cer is rarer than colorectal cancer is not clear. We hypothesized
that intraepithelial lymphocytes (IELs), which are enriched in
the small intestine, are the closest immune cells to epithelial
cells, exclude tumor cells via cell-to-cell contact.

METHODS: We developed DPE-green fluorescent protein (DPE-
GFP)� adenomatous polyposis coli; multiple intestinal neoplasia
(APCmin ) mice, which is a T-cell–reporter mouse with sponta-
neous intestinal tumors. We visualized the dynamics of IELs in
the intestinal tumor microenvironment and the interaction be-
tween IELs and epithelial cells, and the roles of cell-to-cell con-
tact in anti-intestinal tumor immunity using a novel in vivo live-
imaging system and a novel in vitro co-culture system.
RESULTS: In the small intestinal tumor microenvironment,
T-cell movement was restricted around blood vessels and
the frequency of interaction between IELs and epithelial cells
was reduced. Genetic deletion of CD103 decreased the fre-
quency of interaction between IELs and epithelial cells, and
increased the number of small intestinal tumors. In the co-
culture system, wild-type IELs expanded and infiltrated to
intestinal tumor organoids from APCmin mice and reduced the
viability of them, which was cell-to-cell contact and CD103
dependent.

CONCLUSIONS: The abundance of IELs in the small intestine
may contribute to a low number of tumors, although this
system may not work in the colon because of the sparseness
of IELs. Strategies to increase the number of IELs in the
colon or enhance cell-to-cell contact between IELs and
epithelial cells may be effective for the prevention of intes-
tinal tumors in patients with a high cancer risk. (Cell Mol
Gastroenterol Hepatol 2021;11:1483–1503; https://doi.org/
10.1016/j.jcmgh.2021.01.014)

Keywords: IELs; In Vivo Live Imaging; Organoid.

https://doi.org/10.1016/j.jcmgh.2021.01.014
https://doi.org/10.1016/j.jcmgh.2021.01.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2021.01.014&domain=pdf


ellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 5
ince the development of immune checkpoint in-
1484 Morikawa et al C
Abbreviations used in this paper: APCmin, adenomatous polyposis coli
multiple intestinal neoplasia; DN, double negative; DPE–GFP, DPE-
green fluorescent protein; EGFP, enhanced green fluorescent protein;
EMT, epithelial-mesenchymal transition; FITC, fluorescein isothiocy-
anate; HBSS, Hank’s balanced salt solution; IEC, intestinal epithelial
cell; IEL, intraepithelial lymphocyte; IHC, immunohistochemistry; IL,
interleukin; Itgae, integrin alphaE; LPL, lamina propria lymphocytes;
PBS, phosphate-buffered saline; 7-AAD, 7-Amino-Actinomycin D;
TCR, T-cell receptor; TGF, transforming growth factor; 3D, 3-
dimensional; WT, wild type.

Most current article

© 2021 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X

https://doi.org/10.1016/j.jcmgh.2021.01.014
Shibitors for cancer treatment, such as anti–
programmed death receptor-1- antibodies and
anti-cytotoxic T-lymphocyte antigen-4 antibodies, immuno-
therapy has been the focus of attention as a next-generation
cancer treatment.1,2 The remarkable effectiveness of
these drugs suggests that the immune system has the po-
tential to exclude cancer by itself. However, the tumor
microenvironment has various immune evasion systems.3,4

Therefore, clarification of these immune evasion systems
is key for the development of more effective cancer
immunotherapy.

Colorectal cancer is one of the most common cancers in
many countries.5,6 The mortality rate of colorectal cancer is
high and the number of cases is still increasing. The inci-
dence rate of small intestinal cancer is approximately 3%
that of colorectal cancer.7 The reason underlying the low
incidence rate of small intestinal cancer has not been
clarified.

Gut microbes are the first candidate as a possible reason
underlying the difference in intestinal cancer rates because
the colon has at least 104-fold higher levels of gut microbes
compared with the small intestine.8 Research has shown a
strong relationship between gut microbes and intestinal
tumors.9–11 One study showed that low-grade inflammation
of the intestine induced by dysbiosis promotes tumorigen-
esis.9 In contrast, even in the germ-free condition, adeno-
matous polyposis coli; multiple intestinal neoplasia(APCmin)
mice, which have a mutation in APC and develop sponta-
neous tumors in both the small and large intestine,10

develop 60% as many small intestinal tumors as in the
specific pathogen-free condition.11 These findings suggest
that the small intestine contains other factors that suppress
tumorigenesis.

Although the mechanism by which intestinal tumors
develop has not been completely clarified yet, the first
step of the process involves single-cell level of tumori-
genesis caused by carcinogenic factors, such as chemical
substances or inflammation. In healthy conditions, im-
mune cells actively eliminate these aberrant cells, and
cytotoxic T cells play important roles in this antitumor
immunity.12 Studies have shown a considerable number of
CD3þ T cells in the microenvironment of intestinal tu-
mors.13 In addition, the effectiveness of immune check-
point inhibitors, which enhance the antitumor activity of
T cells, proved the importance of T cells in antitumor
immunity.

The intestine has a large number of unique T cells, called
intraepithelial lymphocytes (IELs). IELs are the closest im-
mune cells to intestinal epithelial cells (IECs), and these cells
exist within the intestinal epithelial monolayer.14 IELs
include not only conventional CD4þ or CD8þ T cells, also
called induced IELs, but also unconventional gd T cells or
CD4-CD8ab-TCRabþ T cells (double-negative T; DN T), also
called natural IELs.14 Natural IELs have self-reactive T-cell
receptors (TCRs), granzyme A and B, and high cytotoxic
activity. However, their physiological roles in the intestinal
immune system still are enigmatic. Although previously
thought to be fixed, gd-IELs dynamically move and attach to
many epithelial cells. Notably, the small intestine has 10-fold
higher levels of IELs compared with the colon.15 Therefore,
we hypothesized that IELs, which are abundant in the small
intestine and the closest immune cells to epithelial cells,
may be in frequent contact with epithelial cells, patrol
epithelial cells, and exclude single-cell–level tumor cells via
cell-to-cell contact to inhibit tumor growth in the small
intestine.

Although IELs are thought to play important roles for
protective immunity and quality management and regen-
eration of IECs via cytokines,14 their roles in antitumor
immunity have not been fully studied. In experiments using
RAG-/-, TCRb-/-, or TCRd-/- mice,16,17 the effects of systemic
deletion of T cells on the number of intestinal tumors were
examined; however, the effect of IEL-specific deletion has
not been examined. Although static analyses showed that T
cells exist within the intestinal tumor microenvironment,
their dynamics within the tumor microenvironment have
not been explored.

Here,we visualized the dynamics of T cells in the intestinal
tumor microenvironment and the interaction between IELs
and epithelial cells and investigated the role of cell-to-cell
contact between IELs and epithelial cells in anti-intestinal
tumor immunity using a novel in vivo live-imaging system
of IELs and intestinal tumor and novel in vitro co-culture
system of IELs and small intestinal tumor organoids.
Results
Visualization of the 3-Dimensional Distribution of
T Cells in the Small Intestinal Tumor
Microenvironment by Tissue Clearing

As an intestinal tumor model, we chose the APCmin

mouse, which develops a large number of intestinal tumors
because of a mutation in the APC gene. The APCmin mouse is
one of the most common spontaneous intestinal tumor
models and the model that develops both small intestinal
tumors and colon tumors. As a T-cell–reporter mouse, we
selected the DPE-green fluorescent protein (DPE-GFP)
mouse, in which CD3þ T cells express GFP.18 We crossed
APCmin and DPE–GFP mice to generate DPE–GFP � APCmin

mice, which are T-cell–reporter mice with spontaneous in-
testinal tumors.
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Various kinds of immune cells infiltrate in the tumor
microenvironment. Although many studies showed the 2-
dimensional distribution of T cells in the microenviron-
ment of intestinal tumors by immunohistochemistry (IHC),
the 3-dimensional (3D) distribution of T cells has not been
determined. Therefore, to visualize the 3D distribution of T
cells in the microenvironment of small intestinal tumors,
we performed tissue clearing in whole-mount tissues of
small intestinal tumors (Figure 1A). After intravenous in-
jection of DPE–GFP � APCmin mice with dextran-
tetramethylrhodamine for vascular staining and Hoechst
33342 for nuclear staining, mice were killed. The small
intestine was collected and processed as described in the
Materials and Methods section, followed by analysis with a
2-photon microscope. By wide area imaging of tumor tis-
sues, we could identify the tumor region as the area where
villi coalesce and the ductal structure was not clear
(Figure 1B). This area was not observed in tissues from
control DPE–GFP mice (Figure 1C).

We next performed z-stack analysis of tumor tissues
(Figure 1D–I, Supplementary Movies 1 and 2). Fewer T cells
infiltrated in the small intestinal tumor microenvironment
than in the normal mucosa (Figure 1J). Notably, the per-
centage of T cells merged to blood vessels was higher in the
tumor tissues than in normal tissues, which suggests that
localization of T cells in the tumor microenvironment is
restricted (Figure 1K).
Visualization of T-Cell Dynamics in the Intestinal
Tumor Microenvironment by the In Vivo Live-
Imaging System

Although our results showed the 3D distribution of T
cells in the intestinal tumor microenvironment, we were
unable to observe the movement of T cells, which is a
limitation of fixed samples. Therefore, we next developed a
novel in vivo live-imaging system to visualize T-cell dy-
namics for small intestinal tumors (Figure 2A). After
intravenous injection of DPE–GFP � APCmin mice with
Hoechst 33342 and dextran–Texas Red or dextran-
tetramethylrhodamine, anesthetized mice were fixed on
the customized stage with a warming plate. The small in-
testine was exposed, gently opened along the anti-
mesenteric border, and analyzed with a 2-photon
microscope. Similar to the tissue-clearing analyses, we
could identify the tumor region as the area where villi
coalesce, and the ductal structure was not clear by wide
area imaging (Figure 2B), although these observations
were not detected in tissues from control DPE–GFP mice
(Figure 2C). We confirmed that this region meets the
histologic definition of tumor by histologic analysis of
samples fixed and stained with H&E after the in vivo live-
imaging (Figure 2D and E). In the z-stack analysis, the
ductal structure in the tumor was not clear (Figure 2F and
G). We compared T-cell dynamics in the nontumor region
of DPE–GFP � APCmin and control DPE–GFP mice
(Figure 2H and I, Supplementary Movies 3 and 4). There
were no differences in the speed, track length, confinement
ratio, or total time of T cells in contact with epithelial cells
between DPE–GFP � APCmin and control DPE–GFP mice
(Figure 2J–M).

Movement of T Cells Is Restricted Around Blood
Vessels and the Frequency of Interaction
Between IELs and Epithelial Cells Is Reduced in
the Small Intestinal Tumor Microenvironment

Next, we compared T-cell dynamics in the tumor and
nontumor regions of DPE–GFP � APCmin mice (Figures 3A–C
and Figure 4, Supplementary Movie 5). We confirmed the
reduction of T cells in the tumor microenvironment. The
number of T cells in contact with epithelial cells in the tu-
mor region was smaller than those in the nontumor region
(Figure 3D). Although there were no differences in the
speed, track length, or confinement ratio between tumor
and nontumor regions, the total time of T cells in contact
with epithelial cells in the tumor region was less than that in
the nontumor region (Figure 3E–H). Similar to the tissue-
clearing analyses, movement of T cells in the tumor micro-
environment was restricted around the blood vessels.
Quantification confirmed this result (Figure 3I).

E-Cadherin Expression Is Reduced on the Tumor
Epithelium of APCmin Mice Compared With
Normal Epithelial Cells

Based on our observations that the frequency of inter-
action between IELs and epithelial cells in the tumor was
reduced, we next considered whether the immune evasion
system plays a role in this effect. Although the factor that
regulates the interaction between IELs and epithelial cells is
not fully clarified, the E-cadherin/CD103 signal is thought to
play an important role.19 IECs express E-cadherin, whereas
most IELs express its ligand, CD103, also called integrin
aEb7. Previous studies have shown that genetic deletion of
CD103 reduced the number of IELs and the retention of gd T
cells to IECs.20,21 In contrast, expression of E-cadherin on
some intestinal tumors is reduced as a result of
epithelial–mesenchymal transition (EMT).22,23 Therefore,
we performed IHC to check the expression of E-cadherin on
small intestinal tumors in APCmin mice. As shown in
Figure 3J and K, the expression of E-cadherin on the tumor
region was lower than that on normal epithelial cells. On the
other hand, expression of CD103 on T cells was constitutive
in the tumorous tissue or nontumorous tissue of APCmin

mice (Figure 5A–C), which supports this hypothesis.

Frequency of Interaction Between IELs and
Epithelial Cells Is Reduced in Mice With Genetic
Deletion of CD103

Based on our earlier-described results, we hypothesized
that the reduced frequency of the interaction between IELs
and epithelial cells resulted from low expression of E-cad-
herin in APCmin mice. We thus next investigated changes in
both the frequency of interaction between IELs and
epithelial cells and intestinal tumor formation in integrin
alphaE (Itgae)-/- mice, in which CD103, integrin aEb7, is
deleted.
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Although IHC showed that the number of IELs in the
duodenum of Itgae-/- mice was reduced compared with
controls,20 the number of IELs in the entire small intestine
and the number of each IEL fraction has not been investi-
gated. We thus next performed flow cytometric analysis of
the small intestine of Itgae-/- mice. Although the number of
IELs in the small intestine of Itgae-/- mice was reduced
compared with that of control littermate mice, consistent
with the previous study, the reduction was approximately
25% at most (Figure 6A). The number of CD8þ and CD4þ T
cells was reduced in Itgae-/- mice, whereas the numbers of
gd and DN T cells did not change (Figure 6A). Among lamina
propria lymphocytes (LPLs), the number of CD8þ T cells
also was reduced, whereas the numbers of total T cells, gd,
DN, or CD4þ T cells did not change (Figure 6B). In addition,
the number of regulatory T cells in the small intestine did
not change in Itgae-/- mice (Figure 6C).

As mentioned earlier, it already has been proven that the
retention of gd T cells to IECs was reduced in Itgae-/- mice
with an in vivo live-imaging system. We next examined the
interaction between IELs, which include not only gd but also
other fractions, and epithelial cells of Itgae-/- mice by in vivo
live-imaging (Figure 6D–G, Supplementary Movies 6 and 7).
We crossed Itgae-/- mice and DPE–GFP mice and generated
Itgae-/- � DPE–GFP mice. There was no difference in the
speed, track length, or confinement ratio of T cells in contact
with epithelial cells in the small intestine between Itgae-/- �
DPE–GFP mice and control mice (Figure 6H–J). The total
time of T cells in contact with epithelial cells in Itgae-/- �
DPE–GFP mice was less than that in control mice
(Figure 6K).

Mice With Genetic Deletion of CD103 Showed
Increased Numbers of Small Intestinal Tumors

With this result, we decided to use Itgae-/- mice as a
useful model to investigate the roles of IELs and the inter-
action between IELs and epithelial cells in intestinal
tumorigenesis. We crossed Itgae-/- mice and APCmin mice to
generate Itgae-/- � APCmin mice (Figure 7A and B). Although
there was no difference in the mean tumor area, tumor
number and total tumor area in the proximal, distal, and
whole small intestine of Itgae-/- � APCmin mice were larger
than those in control APCmin mice (Figure 7C–E).

Development of Co-culture System of IELs and
Intestinal Tumor Organoids

Although our results showing increased numbers of
small intestinal tumors in Itgae-/- � APCmin mice strongly
supports our hypothesis that IELs play important roles in
Figure 1. (See previous page). Visualization of 3D distributi
tumors shows T cells localized around blood vessels in the
parent small intestinal tissues of (B) DPE–GFP � APCmin or (
dextran-tetramethylrhodamine. Tomographic images of the x-a
APCmin or (E) DPE–GFP mice. Tomographic images of the x-a
APCmin or (G) DPE–GFP mice. 3D images of transparent small
Number of T cells and (K) percentage of T cells in contact with b
show means ± SEM. *P < .05. MPE, multi-photon excitation m
anti-intestinal tumor immunity, we cannot exclude the
possibility that CD103 deletion in other immune cells might
influence the tumor number. In addition, whether the
reduction of numbers of IELs or the interaction between
IELs and epithelial cells is more important for tumorigenesis
is not clear. Therefore, to clarify the importance of the
interaction between IELs and epithelial cells for anti-
intestinal tumor immunity, we developed a novel
co-culture system of both IELs and intestinal tumor orga-
noids. Organoids are a recently developed useful tool for
in vitro experiments with primary cells.24 We previously
reported a co-culture system of IELs and organoids derived
from normal small intestine.25 We modified this system and
developed a novel co-culture system of IELs and intestinal
tumor organoids derived from small intestinal tumors in
APCmin mice (Figure 8A).
Antitumor Immune Response Is Provoked
Between Co-cultured Wild-Type IELs and
Intestinal Tumor Organoids

Organoids were derived from small intestinal tumors
from APCmin mice or normal small intestine in control wild-
type (WT) mice. IELs were sort-purified from the small in-
testine of enhanced green fluorescent protein (EGFP) mice.
Organoids and IELs were co-cultured and analyzed on days
7–9 (Figure 8B). Time-lapse imaging showed that IELs
moved toward and contacted both APCmin and WT organo-
ids (Figures 8C and 9A and B, Supplementary Movies 8 and
9). Notably, the number of live epithelial cells recovered
from APCmin organoids co-cultured with WT IELs was
smaller than that of APCmin organoids alone, although there
were no differences between WT organoids co-cultured
with WT IELs and WT organoids alone (Figure 8D). In
addition, IELs co-cultured with APCmin organoids expanded
and the number increased compared with that of IELs co-
cultured with WT organoids (Figure 8E).

To investigate the mechanism by which WT IELs reduced
the viability of tumor organoids, we performed further ex-
periments. First, we checked the expression of Ki67 in the
epithelial cells derived from organoids in each group. As
shown in Figure 10A, there was no difference in the per-
centages of Ki67þ in epithelial cells between APCmin orga-
noids alone and the APCmin organoids and WT–IEL group.
Next, we also checked the expression of Annexin V and 7-
Amino-Actinomycin D (7-AAD) to detect the early
apoptotic cells. However, there was no difference in the
percentages of early apoptotic cells in epithelial cells be-
tween APCmin organoids alone and the APCmin organoid and
WT-IEL group, either (Figure 10B).
on of T cells in the microenvironment of small intestinal
tumor. (A) Experimental design. Wide area images of trans-
C) DPE–GFP mice. Green, GFP; blue, Hoechst 33342; red,
xis and y-axis of small intestinal tissues of (D) DPE–GFP �
xis and z-axis of small intestinal tissues of (F) DPE–GFP �
intestine of (H) DPE–GFP � APCmin or (I) DPE–GFP mice. (J)
lood vessel in the region of interest (ROI) (n ¼ 3, each). Graphs
icroscopy.
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Next, we checked the amounts of cytokines produced in
the supernatant of each group. Interestingly, a substantial
amount of interferon-g and tumor necrosis factor-a, but not
of interleukin (IL)2, IL4, IL6, IL17A, IL10, or transforming
growth factor (TGF)-b1 were detected in the supernatant of
co-culture of WT-IELs and APCmin organoids (Figures 8F
and G and 11).

Together, these findings suggest that the reduction of
tumor cells in APCmin organoids and WT-IEL co-culture was
the result of an antitumor immune response by WT IELs,
rather than the suppression of proliferation, or the
apoptosis of tumor cells caused by occupation of growth
factors by expanded WT-IELs.

Surprisingly, different from the in vivo experiments
(Figure 3J and K), the expression of E-cadherin on the
APCmin organoids was not lower than that on WT organoids
(Figure 12), which may lead to a stronger immune response
in this co-culture system.

Finally, to investigate which subset of IELs is essential
for the antitumor immune response, gd, DN, CD4þ, and
CD8þ IELs were sort-purified and co-cultured with APCmin

organoids. Although gd and CD8þ IELs expanded more than
DN or CD4þ T cells (Figure 13A), there was no reduction in
the number of live epithelial cells recovered from APCmin

organoids co-cultured with each subset compared with
those recovered from APCmin organoids cultured alone
(Figure 13B), which suggests that cooperation of each
fraction is essential for the effective antitumor immune
response.
Antitumor Immune Response of IELs Against
Intestinal Tumor Organoids Is Cell-to-Cell
Contact–Dependent

As shown in Figure 8F and G, humoral factors, such as
interferon-g or tumor necrosis factor-a, seem to play
important roles for the antitumor immune response in this
co-culture system. Therefore, to determine the importance
of cell-to-cell contact between IELs and IECs, we per-
formed a separate culture experiment. Organoids derived
from small intestinal tumors from APCmin mice were
cultured alone or co-cultured with WT IELs with or
without a separation insert (Figure 14A). Although the
number of live epithelial cells derived from the organoids
co-cultured with WT IELs in the same well was reduced
compared with organoids cultured alone, this reduction
was canceled when co-cultured in the separated well
(Figure 14B and C). These results suggest that the anti-
tumor immune response of IELs is cell-to-cell contact-
dependent.
Figure 2. (See previous page). Visualization of T-cell dynami
live-imaging system with the 2-photon microscope. (A) Ex
tissues of (B) DPE–GFP � APCmin or (C) DPE–GFP mice. G
tetramethylrhodamine; yellow, intraluminal dextran–Alexa Fluo
DPE–GFP � APCmin or (E) DPE–GFP mice after in vivo live im
DPE–GFP � APCmin or (G) DPE–GFP mice. Time-lapse images o
DPE–GFP mice. (J) Speed, (K) track length, (L) confinement rati
calculated (n ¼ 3, each). Graphs show means ± SEM. Data were
We also checked the importance of CD103/E-cadherin
signal in this system. APCmin organoids were co-cultured
with WT IELs or Itgae-/- IELs (Figure 14D). As expected,
the reduction of live epithelial cells derived from APCmin

organoids co-cultured with WT IELs was canceled in the
APCmin organoids co-cultured with Itgae-/- IELs group
(Figure 14E and F). In addition, the number of recovered
IELs from the Itgae-/- IELs group was smaller than that of
the WT IELs group (Figure 14G). Both experiments suggest
that the CD103/E-cadherin signal is essential for enough
antitumor immune response in vitro, too.

Because the antitumor immune response of IELs was
cell-to-cell contact-dependent and cytotoxic T cells
expanded during it, we hypothesized that IELs suppress
tumorigenesis by cytolysis. As shown in Figure 15, the
percentage of 7-AADþ dead cells in the epithelial cells
recovered from APCmin organoids co-cultured with WT IELs
was higher than that from APCmin organoids alone, and this
difference was reduced by the deletion of CD103, which
supports our hypothesis.
Discussion
In previous studies, static analyses, such as histologic

analysis, IHC, gene expression analysis, or flow cytometry,
were performed to investigate the tumor microenviron-
ment. In the current study, we succeeded in visualizing the
3D distribution of T cells in the tumor microenvironment by
tissue clearing of whole-mount tissues and examining the T-
cell dynamics and interactions between IELs and epithelial
cells by an in vivo live-imaging system.

Although several reports have performed in vivo live-
imaging of tumors, most involved a xenograft model injec-
ted with labeled immune cells.26,27 In the current study, we
developed T-cell–reporter mice with spontaneous intestinal
tumors, which is more physiological than such models. With
these models, we discovered that the movement of T cells in
the microenvironment of intestinal tumors was restricted
around the blood vessels and the interaction between IELs
and epithelial cells was reduced.

The microenvironment of tumors is still enigmatic, and
our tools will be very useful to visualize the 3D distribution
and the dynamics of immune cells in the tumor microenvi-
ronment. The effect of immune checkpoint inhibitors on the
T-cell dynamics in the tumor microenvironment may be
worth exploring in future studies. Furthermore, analysis of
dynamics in the tumor microenvironment may lead to novel
strategies for cancer immunotherapy.

We also succeeded in creating a model to study the
antitumor immune response of IELs in vitro by developing a
cs in the intestinal tumor microenvironment by an in vivo
perimental design. Wide area images of live small intestinal
reen, GFP; blue, Hoechst 33342; red, intravenous dextran-
r 647. Histologic findings of small intestinal tissues of (D)
aging. Z-stack images of live small intestinal tissues of (F)
f IELs of nontumor (N-T) region in (H) DPE–GFP � APCmin or (I)
o, and (M) total time of GFPþ cells in contact with IECs were
pooled from 3 independent experiments. SI, small intestinal.



Figure 3. Cell-to-cell contact between small intestinal-IELs and epithelial cells is decreased in the intestinal tumor
microenvironment. (A) Representative image of live small intestinal tissue with both tumor region and nontumor region in
DPE–GFP � APCmin mice. Time-lapse images of (B) tumor region and (C) nontumor (N-T) region of DPE–GFP � APCmin mice.
Green, GFP; blue, Hoechst 33342; red, intravenous dextran-tetramethylrhodamine; yellow, intraluminal dextran-Alexa Fluor
647. (D) Number, (E) speed, (F) track length, (G) confinement ratio, and (H) total time of GFPþ cells in contact with IECs (n ¼ 8,
each). (I) Percentage of GFPþ cells in contact with blood vessels (n ¼ 10). Graphs show means ± SEM. Data were pooled from
8 independent experiments for panels D–H and are representative of similar independent 3 experiments for panel I. Histologic
immunohistochemistry findings of small intestinal tissue of (J) DPE–GFP � APCmin or (K) DPE–GFP mice. Red, E-cadherin;
blue, 4’,6-diamidino-2-phenylindole (DAPI). *P < .05.
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novel co-culture system of IELs and tumor organoids. We
observed the destruction of the intestinal tumor structure
and expansion of IELs and could capture the moment that
IELs attack intestinal tumor cells. This system includes only
IELs and tumor epithelium, without influence of other cells,
such as myeloid cells, regulatory T cells, or mesenchymal



Figure 4. Visualization of the T-cell dynamics in small intestinal tumors. Still images of the 3 representative cases of
in vivo live-imaging of the small intestinal tumors and T cells in the DEP–GFP � APCmin mice.
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cells. In this system, antigen-presenting cells are not pre-
sent, but IELs can recognize antigens of tumor epithelial
cells by major histocompatibility complex-I or major histo-
compatibility complex-independent TCRs. For drug
screening or comparison between subsets, an in vitro sys-
tem is more useful than an in vivo system. In the future, we
plan to identify the most important subsets for antitumor
immunity and factors that enhance antitumor activity of
IELs with this system.

Although previous studies showed that T cells play
important roles in antitumor immunity, systemic T-cell
deletion models mostly have been used. For example, 1
study showed that the number of intestinal tumors in
APCmin � RAG-/- mice was higher than that in control mice.
In contrast, the number of intestinal tumors in TCRb-/- or
TCRd-/- mice was less than that of control mice, which was
the result of the paradoxic increase of the other fraction of T
cells.17

Although some studies have reported experimental mice
in which the number of IELs was reduced, such as Itgae-/- or
CC-chemokine receptor 9 (CCR9)-/- mice, complete deletion
of IELs is difficult. In the current study, we proved that IELs
and their cell-to-cell contact with IECs via CD103/E-
cadherin signals play important roles for the anti-
intestinal tumor immunity by combining in vivo live-
imaging experiments, Itgae-/- � APCmin mice, and an
in vitro co-culture system of IELs and intestinal tumor
organoids. This report directly proves that IELs play
important roles for anti-intestinal tumor immunity.

Determining whether humoral factors or cell-to-cell
contact is important for antitumor immunity is difficult by
T-cell deletion experiments only. In the current study, we
showed that cell-to-cell contact with IECs was essential for
the antitumor immune activity of IELs by combining Itgae-/-

IEL–APCmin organoid co-culture and the Transwell system.
We also showed the importance of CD103/E-cadherin

signals for the suppression of intestinal tumors. To the
best of our knowledge, there are no drugs to increase the
expression of CD103, however, several available drugs can
increase the expression of E-cadherin. Celecoxib, a nonste-
roidal anti-inflammatory drug, increased the expression of
E-cadherin on IECs of APCmin mice,28 although another
study reported that celecoxib reduced the number of in-
testinal tumors in APCmin mice.29 EMT inhibitors also affect
E-cadherin expression. EMT involves the reduction of the
epithelial markers including E-cadherin and an increase in
mesenchymal markers on tumor cells, resulting in increased
invasion and metastasis abilities.22,23 Our results suggest
that up-regulation of E-cadherin by these drugs may show
important effects on anti-intestinal tumor activity.

Immune checkpoint inhibitors, an important focus in
cancer immune therapy, enhance the antitumor activity of T



Figure 5. Expression of CD103 in T cells in the small intestine. (A) Representative histograms for CD103 gating in each group.
Percentages of CD103þ cells in CD3þ and CD3- cells in (B) small intestinal (SI)-IELs or (C) SI-LPLs. Cells were recovered from
tumor and nontumor (N-T) regions of APCmin mice and control WT mice (n ¼ 3, each). Graphs show means ± SEM.
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Figure 6. Cell-to-cell contact between small intestinal (SI)-IELs and epithelial cells is decreased in Itgae-/- mice. Number
of T cells (CD3þ cells), TCR gd (CD3þTCRgdþTCRb- cells), DN (CD3þTCRbþCD4-CD8b- cells), CD4þ (CD3þTCRbþCD4þCD8b-

cells), and CD8þ (CD3þTCRbþCD4-CD8bþ cells) in (A) SI-IELs and (B) SI-LPLs, and (C) regulatory T cells (Tregs)
(CD3þCD4þCD25þFoxp3þ cells) in SI-LPLs of Itgae-/- or littermate control mice (n ¼ 8 in Itgae-/- mice and n ¼ 9 in control
mice). Graphs show means ± SEM. Data were pooled from 7 independent experiments. Representative images of live small
intestinal tissues of (D) Itgae-/- � DPE–GFP or (F) control DPE–GFP mice. Time-lapse images of IELs of (E) Itgae-/- � DPE–GFP
or (G) control DPE–GFP mice. Green, GFP; blue, Hoechst 33342; red, intraluminal dextran–Alexa Fluor 594. (H) Speed, (I) track
length, (J) confinement ratio, and (K) total time of GFPþ cells in contact with IECs (n ¼ 6 each). Graphs show means ± SEM.
Data were pooled from 6 independent experiments. *P < .05.
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cells via cell-to-cell contact. Future studies should examine
the combination of immune checkpoint inhibitors and
strategies to increase cell-to-cell contact between IELs and
epithelial cells.

Finally, our study may provide insight into the lower
incidence rate of small intestinal cancers compared with
colorectal cancers. We speculate that the abundance of IELs,
which survey IECs and exclude tumor cells by cell-to-cell
contact, may contribute to the low number of tumors in
the small intestine. In contrast, this system may not work in
the colon because of the sparseness of IELs.

In the future, drugs, foods, or gut microbes to increase
the number of IELs in the colon or to enhance cell-to-cell
contact between IELs and epithelial cells may be effective



Figure 7. The number of intestinal tumors increased in Itgae-/- mice. (A) Representative images of gross appearance of
ileum of Itgae-/- � APCmin and control APCmin mice. (B) Histologic findings of intestinal tumors of Itgae-/- � APCmin and control
APCmin mice aged 16 weeks. (C) Mean area, (D) total number, and (E) total area of small intestinal tumors in female Itgae-/- �
APCmin and control APCmin mice (n ¼ 10 in Itgae-/- � APCmin mice and n ¼ 8 in control APCmin mice). Graphs show means ±
SEM. Data were pooled from 6 independent experiments. *P < .05.
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Figure 9. Time-lapse images of IELs and organoids. (A and B) Time-lapse images of in vitro co-culture of GFP IELs and (A)
APCmin organoids or (B) WT organoids.
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for the prevention of intestinal tumors in patients with a
high cancer risk such as familial adenomatous polyposis.

Materials and Methods
Animals

C57BL/6 mice (age, 7–10 wk) were purchased from
Japan CLEA (Tokyo, Japan). Itgae-/-, APCmin, and EGFP mice
were purchased from Jackson Laboratory (Bar Harbor, ME).
DPE–GFP mice were kindly provided by the von Andrian
Lab at Harvard Medical School (Boston, MA). Both male and
female mice were used for experiments. We used Itgaeþ/-

and Itgaeþ/þ mice as a control for Itgae-/- mice. All mice
Figure 8. (See previous page). Antitumor immune response w
tumor organoids. (A) Experimental design. Organoids develop
APCmin mice were co-cultured with IELs from EGFP mice. After 7
single cells. Numbers of cells were counted using flow cytome
days of co-culture. (C) Time-lapse images of APCmin organoids a
cells (7-AAD-EpCAMþCD45- cells) collected from organoids in e
each group (n ¼ 7–8). Graphs show means ± SEM. Data are re
Evaluation of cytokines in the supernatant after 7 days of co-cult
interferon (IFN)-g and (G) tumor necrosis factor (TNF)-a (n ¼ 6 e
independent experiments. *P < .05. Org, organoid; SI, small int
were intercrossed and maintained under specific pathogen-
free conditions at the Center for Experimental Animals at
Tokyo Medical and Dental University. The Animal Study
Committees approved all experiments, which were per-
formed according to institutional guidelines and home office
regulations.
Tissue Clearing
We rendered intestinal tissue transparent using Focus

Clear (CelExplorer Labs Co, Hsinchu, Taiwan), according to
the manufacturer’s instructions. Briefly, anesthetized mice
were injected intravenously with Hoechst 33342 (Thermo
as provoked between co-cultured WT-IELs and intestinal
ed from the small intestine of WT or small intestinal tumor of
–9 days of co-culture, they were collected and dispersed into
try. (B) Representative images of organoids and IELs after 7
nd IELs after 4 days of co-culture. (D) Number of live epithelial
ach group (n ¼ 6–8). (E) Number of IELs (7-AAD-GFPþ cells) in
presentative of 2 similar independent experiments. (F and G)
ure of organoids with IELs from WT mice. Concentration of (F)
ach). Graphs show means ± SEM. Data were pooled from 2
estinal.



Figure 10. Evaluation of proliferation and early apoptosis
of epithelial cells recovered from WT or APCmin organoids
co-cultured with or without WT IELs. (A) Percentages of
Ki67þ cells in all epithelial cells (EpCAMþ CD45- cells)
recovered from cultured organoids in each group (n ¼ 6–8).
(B) Percentages of early apoptotic cells (AnnexinVþ7-AAD-

cells) in all epithelial cells recovered from cultured organoids
in each group (n ¼ 6–7). Graphs show means ± SEM. Data
were pooled from 2 independent experiments. *P < .05.
Org, organoid.
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Fisher Scientific, Waltham, MA) and dextran-
tetramethylrhodamine (Thermo Fisher Scientific). After 30
minutes, mice were killed and the small intestinal tissue was
collected, fixed, and incubated in Focus Clear. Samples were
mounted on stage with Mount Clear (CelExplorer Labs Co).
Z-stack images were taken at intervals of 0.425 mm using an
A1RMP microscope (Nikon, Tokyo, Japan). Three planes
were chosen at intervals of 131 slices, and GFPþ cells were
detected automatically according to the algorithm of Imaris
software (Bitplane, Zurich, Switzerland). The number of
cells in contact with blood vessels was counted manually.
In Vivo Live-Imaging
Anesthetized mice were injected intravenously with

Hoechst 33342 (Thermo Fisher Scientific) and 70,000 mo-
lecular weight dextran-Texas Red (Thermo Fisher Scientific)
or 2,000,000 molecular weight dextran-
tetramethylrhodamine (Thermo Fisher Scientific) as neces-
sary. A small incision was made on the abdomen and the
small intestine was exposed. Mice were fixed on a custom-
ized stage for in vivo imaging and the temperature of core
and exposed intestine was maintained at 37�C with a
heating plate. The small intestine was gently opened along
the antimesenteric border. Next, 10,000 molecular weight
dextran–Alexa Fluor 594 (Thermo Fisher Scientific),
dextran–Alexa Fluor 647 (Thermo Fisher Scientific), or
phosphate-buffered saline (PBS) was added on the luminal
side and a coverslip was placed. Cell behavior was recorded
for 12–20 minutes at intervals of 15 seconds. In vivo im-
aging was performed using an A1RMP microscope (Nikon).
Postacquisition image analyses were performed, and time-
lapse videos were obtained using NIS-Elements (Nikon) or
Imaris software (Bitplane).

First, all tracks of GFPþ cells in contact with IECs in 50
time points at 15-second intervals were defined manually.
The total time that GFPþ cells were in contact with IECs was
calculated as follows. The time of GFPþ cells in contact with
IECs was calculated according to the number of time points
included in each track as 15-second intervals. The total time
indicates the sum from 50 time points. The speed and track
length were calculated automatically by Imaris software
(Bitplane). The speed of GFPþ in contact with IECs indicates
the mean of the average speed of all tracks of GFPþ cells in
contact with IECs at 50 time points at intervals of 15 sec-
onds. The track length of GFPþ in contact with IECs in-
dicates the mean of the total length of all tracks of GFPþ

cells in contact with IECs at 50 time points at intervals of 15
seconds. The number of GFPþ cells in contact with IECs is
the mean of the number of GFPþ cells in contact with IECs
defined manually at 10 time points at 75-second intervals.
The percentage of Dextranþ/GFPþ refers to the mean of the
number of DextranþGFPþ cells in the region of interest
(counted manually)/the number of GFPþ cells in the region
of interest (counted automatically) at 10 time points at 75-
second intervals.

The nontumor region was defined as the region without
tumor with the same area as the tumor region. The
confinement ratio was determined by track displacement
length (the distance between the initial position and the last
position of cells) over track length.

Histologic Analysis
After the perfusion fixation, small intestinal tissue was

collected, embedded in optimal cutting temperature com-
pound and frozen (fresh-frozen tissues). For IHC, cryostat
sections (8 mm) of fresh-frozen tissues were incubated with
primary antibody (mouse E-cadherin antibody, clone
114420; R&D Systems, Minneapolis, MN) at 4�C overnight,
followed by incubation with secondary antibody (donkey
anti-rat IgG [heavy cahinþlight chain] Alexa Fluor 594;
Thermo Fisher Scientific) at room temperature for 1 hour.
Cells then were stained with 4’,6-diamidino-2-phenylindole
for nuclei staining. For H&E staining, cryostat sections
(6–8 mm) of fresh-frozen tissues were stained with H&E.
Images were taken with a BZ-X710 microscope (Keyence,
Osaka, Japan).

Isolation of Mononuclear Cells From Murine
Organs

Spleen was mashed and filtered through nylon mesh.
Ammonium chloride potassium lysis buffer was used to lyse
red blood cells from splenocytes. To isolate intestinal IELs
and LPLs, we followed a modified protocol from a previous
report.30 First, Peyer’s patches were removed from the
small intestine. Next, half-lengths (for the cell count anal-
ysis) or full lengths (for the sorting experiments) of the
distal ileum, proximal ileum, distal jejunum, proximal
jejunum, and duodenum were opened longitudinally; sam-
ples were washed with Hanks’ balanced salt solution (HBSS)
medium and cut into small pieces. The dissected mucosae
were rotated gently (60 rpm) using a rotator for 12 minutes
at 37�C with 40 mL HBSS medium containing 2 mmol/L
EDTA. The supernatant and remaining mucosae were
separated with the nylon mesh. The supernatant was



Figure 11. Evaluation of
produced cytokines in
the supernatant of in vitro
culture of WT or APCmin

organoids with or without
WT IELs. Concentration of
(A) IL2, (B) IL4, (C) IL17A,
(D) IL6, (E) IL10, and (F)
TGF-b1 in the supernatant
of each group (n ¼ 6 each).
Graphs show means ±
SEM. Data were pooled
from 2 independent exper-
iments. *P < .05. Org,
organoid.
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centrifuged and resuspended with 40% isotonic Percoll
solution (GE Healthcare, Uppsala, Sweden) and then sub-
jected to Ficoll–Hypaque density gradient centrifugation
(40%/75%). IELs were collected as the layer between 40%
and 75% Percoll. The remaining mucosae were rotated
gently (60 rpm) using a rotator for 15 minutes at 37�C with
40 mL HBSS medium containing 0.5 mg/mL collagenase D
(Roche) and 25 mg/mL DNase 1 (Roche, Mannheim,



Figure 12. Immunohisto-
chemistry of E-cadherin
in the small intestinal
organoids of APCmin or
WT mice. Representative
images of immunohisto-
chemistry of fixed small
intestinal organoids of
APCmin or WT mice. Red,
E-cadherin; blue, 4’,6-dia-
midino-2-phenylindole
(DAPI).
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Germany. The mucosae then were filtered, centrifuged, and
separated with Percoll. LPLs were collected as the layer
between 40% and 75% Percoll. The number of T cells was
counted manually using a hematocytometer.

Flow Cytometry Analysis and Reagents
To stain cell surface molecules, a single-cell suspension

isolated from each organ was incubated with specific anti-
bodies at 4�C for 20–30 minutes. For analysis, cells were
Figure 13. Co-culture of gd, DN, CD4D, or CD8D IELs from W
IELs (7-AAD-EpCAM-CD45þ cells) in each group. (B) The numbe
from APCmin organoids in each group. Graphs show means ± S
7–9 in each group. *P < .05. Org, organoid.
resuspended with PBS and analyzed with FACSCanto II
(BD Biosciences, Franklin Lakes, NJ). Data were analyzed
with FlowJo software (BD Biosciences). The following anti-
bodies were used for staining: anti-mouse CD3e-peridinin
chlorphyll protein-cyanin (PerCP-Cy)5.5 (clone 145-2C11;
BioLegend, San Diego, CA), anti-mouse CD3e–Alexa Fluor
488 (clone 145-2C11; BioLegend), anti-mouse TCRb-
allophycocyanin(APC)-Cy7 (clone H57-597; BioLegend),
anti-mouse CD4-APC (clone RM4-5; BioLegend), anti-mouse
T mice and APCmin organoids. (A) The number of recovered
r of live epithelial cells (7-AAD-EpCAMþCD45- cells) recovered
EM. Data were pooled from 2 independent experiments. n ¼
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Figure 15. Evaluation of cell death of epithelial cells
recovered from APCmin organoids co-cultured with or
without IELs. (A) Percentages of 7-AADþ cells in epithelial
cells (EpCAMþCD45- cells) recovered from APCmin organoids
in each group. Graphs show means ± SEM. Data were pooled
from 2 independent experiments. n ¼ 7–8 in each group. (B)
Percentages of 7-AADþ cells in epithelial cells
(EpCAMþCD45- cells) recovered from APCmin organoids in
each group. Graphs show means ± SEM. Data were pooled
from 2 independent experiments. n ¼ 9–11 in each group. *P
< .05. Org, organoid; T-W, transwell.
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CD8b-phycoerythrin (PE) (clone YTS156.7.7; BioLegend),
anti-mouse CD8b-PerCP-Cy5.5 (clone YTS156.7.7; Bio-
Legend), anti-mouse TCRgd-PE-Cy7 (clone GL3; BioLegend),
anti-mouse CD103-BV421 (clone 2E7; BioLegend), PE–anti-
mouse CD103 (clone M290; BD Biosciences), anti-mouse
CD8a–Alexa Fluor 488 (clone 5.3-6.7; BioLegend), anti-
mouse CD4-PerCP-Cy5.5 (clone RM 4-5; BioLegend), anti-
mouse CD3e–fluorescein isothiocyanate (FITC) (clone 145-
2C11; Thermo Fisher Scientific), anti-mouse CD25-PE (clone
PC61; BD Biosciences), anti-mouse forkhead boxprotein P3
(Foxp3)-APC (clone FJK-16a; Thermo Fisher Scientific), anti-
mouse CD45-BV421 (clone 30-F11; BioLegend), anti-mouse
epithelial cell adhesion molecule (EpCAM)-APC (clone G8.8;
BioLegend), and anti-mouse Ki67–Alexa Fluor 488 (clone
16A8; BioLegend). The 7-AAD Viability Staining Solution
(BioLegend) was used for dead cell removal, the Foxp3
staining kit (Thermo Fisher Scientific) was used for intra-
cellular staining, and the FITC Annexin V Apoptosis Detec-
tion Kit with 7-AAD (BioLegend) was used for the evaluation
of the type of death.

Quantification of Intestinal Tumors in APCmin

Mice
Small intestines were collected from the killed mice

aged 14–16 weeks and cut into 3 segments of the same
Figure 14. (See previous page). Antitumor immune response
contact-dependent. (A) Experimental design. Organoids deve
cultured with IELs from EGFP mice with or without a separatio
ter 7 days of co-culture. (C) Number of live epithelial cells (7-AAD
(n ¼ 7–8). Graphs show means ± SEM. Data were pooled from
noids developed from a small intestinal tumor of APCmin mic
Representative images of organoids and IELs after 7 da
AAD-EpCAMþCD45- cells) collected from organoids in each g
cells) in each group (n ¼ 9–11). Graphs show means ± SEM. Dat
organoid; SI, small intestinal; T-W, transwell.
length. Each segment was cut open longitudinally,
washed with PBS, set on blue sheets, and images were
taken. We analyzed the tumor area with ImageJ software
(National Institutes of Health, Bethesda, MD).
Preparation of Small Intestinal Organoids
Crypts were isolated from the small intestine of male WT

mice aged 7–11 weeks or small intestinal tumors of female
APCmin mice aged 21 weeks as previously described.24 One
mouse was used for each isolation. The crypts were
embedded in Matrigel (Corning, Corning, NY). Advanced
Dulbecco’s modified Eagle medium/F12 (Thermo Fisher
Scientific) containing 50 ng/mL mouse Epidermal Growth
Factor (mEGF) (Peprotech, Rocky Hill, NJ), 100 ng/mL
mouse Noggin (mNoggin) (R&D Systems), 100 U/mL peni-
cillin/streptomycin (Nacalai, Kyoto, Japan), 10 mmol/L
HEPES (Nacalai), 2 mmol/L GlutaMAX-1 (Thermo Fisher
Scientific), 1 mmol/L N-acetylcysteine (Sigma, St. Louis,
MO), 1� N2 supplement (Thermo Fisher Scientific), 1� B27
supplement (Thermo Fisher Scientific), and 10 mmol/L Y-
27632 (Wako, Osaka, Japan) were added to each well
(complete medium). For WT organoids, 500 ng/mL mouse
Rspondin1 (mRspondin1) (R&D Systems) was added.
Organoids from APCmin mice were passaged at least once
before co-culture with IECs.

Co-culture of IELs and Small Intestinal Tumor
Organoids

We followed amodified protocol fromaprevious report.25

Briefly, intestinal organoids were cultured for 2 days before
co-culture with IELs. On the first day of co-culture, small in-
testinal (SI)-IELs collected from the WT mice aged 6–10
weeks were stained with anti-mouse TCRb-APC-Cy7 (clone
H57-597; BioLegend), anti-mouse CD4-APC (clone RM4-5;
BioLegend), anti-mouse CD8b-PE (clone YTS156.7.7; Bio-
Legend), anti-mouse TCRgd-PE-Cy7 (clone GL3; BioLegend),
and anti-mouse CD3e-FITC (clone 145-2C11; Thermo Fisher
Scientific), and the gd (CD3þTCRgdþTCRb-), DN
(CD3þTCRbþCD4-CD8b-), CD4þ (CD3þTCRbþCD4þCD8b-),
and CD8þ (CD3þTCRbþCD4-CD8bþ) IELs were sorted using
FACSMelody (BD Biosciences) and MoFlo-XDP (Beckman
Coulter, Brea, CA) in the co-culture with each of 4 subsets of
IELs, and EGFP mice aged 7–30 weeks, WT mice aged 6–14
weeks, or Itgae-/- mice aged 8–14 weeks were stained with
anti-mouse CD3e-PerCP-cy5.5 (clone 145-2C11; BioLegend)
and the IELs (CD3þ cells) were sorted using FACSMelody (BD
Biosciences) in other experiments. Cultured organoids
released from Matrigel were washed and counted. We
of IELs against intestinal tumor organoids is cell-to-cell
loped from a small intestinal tumor of APCmin mice were co-
n insert. (B) Representative images of organoids and IELs af-
-EpCAMþCD45- cells) collected from organoids in each group
2 independent experiments. (D) Experimental design. Orga-
e were co-cultured with IELs from WT or Itgae-/- mice. (E)
ys of co-culture. (F) Number of live epithelial cells (7-
roup (n ¼ 9–11). (G) Number of IELs (7-AAD-EpCAM-CD45þ

a were pooled from 2 independent experiments. *P < .05. Org,
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combined 200 organoids and 2.0 � 105 IELs and centrifuged
the samples for 3minutes at 200� g. In the control group, the
same number of organoids as the co-culture group was
centrifuged. The pellet was suspended in 20 mL Matrigel and
placed in 24-well plates. After Matrigel polymerization, 500
mL complete medium with 500 ng/mL mRspondin1, 100 U/
mL recombinant human IL2 (Roche), 10 ng/mL mouse IL7
(Peprotech), and 10 ng/mL mouse IL15 (Peprotech) were
supplemented. The medium was refreshed every 1–2 days.
Images of organoids were taken with a BZ-X710 microscope
(Keyence).

Co-culture of IELs and Small Intestinal Tumor
Organoids With a Transwell System

A total of 200 organoids were embedded in 20 mL
Matrigel in each well, with or without 2.0 � 105 IELs. A
Millicell Cell Culture Insert (Merck, Darmstadt, Germany)
filled with 20 mL Matrigel with or without 2.0 � 105 IELs
was placed in each well. After Matrigel polymerization, 500
mL complete medium with mRspondin1 and cytokines in
each well and 300 mL in insert were supplemented in a 24-
well plate. The medium was refreshed every 2–3 days.

Cell Count of IELs and Organoids
Organoids and IELs were collected and centrifuged for 3

minutes at 400 � g in the analysis for early apoptosis or
100 � g in other experiments. The pellet was shaken (500
rpm) in the trypLE express (Thermo Fisher Scientific) con-
taining 10 mmol/L Y-27632 (Wako) for 15 minutes at 37�C.
After pipetting, cells were centrifuged for 3 minutes at
400 � g, and the pellet was suspended with RPMI medium
(Sigma). The numbers of live single epithelial cells and IELs
were counted with FACSCanto II (BD Biosciences) and
Count Bright Absolute counting Beads (Thermo Fisher
Scientific).

In Vitro Live-Imaging of IELs and Intestinal Tumor
Organoids

Time-lapse imaging of IELs and organoids in a 24-well
plate was performed using a BZ-X710 microscope (Keyence)
with a culture chamber, in which cells were cultured at
37�C, 5% CO2. Pictures were acquired at intervals of 15
minutes over 24 hours.

Organoid Immunostaining
Organoids were cultured for 2 days in the same medium

as used in the preparation of small intestinal organoids,
released from Matrigel and embedded again. After 7 days of
culture in the same medium as used in the co-culture with
IELs, they were collected, fixed, embedded in OCT com-
pound, and frozen. Immunostaining and evaluation were
performed as described in the Histologic Analysis section.

Evaluation of Cytokines in Supernatant of
Organoid Culture

Supernatant of organoid culture was collected. The
evaluation of TGFb1 was performed using the mouse/rat/
porcine/canine TGF-b1 Quantikine Enzyme-Linked Immu-
nosorbent Assay Kit (R&D Systems) and VERSA max (Mo-
lecular Devices, Tokyo, Japan) according to the
manufacturer’s instructions. Other cytokines were
measured using the BD Cytometric Bead Array Mouse Th1/
Th2/Th17 Cytokine Kit (BD Biosciences), FACSCanto II (BD
Biosciences), and Flow Cytometric Analysis Program Array
(BD Biosciences).

Statistical Analysis
Data are shown as means ± SEM. We examined the

normality of the distribution of data in each group, using the
Shapiro–Wilk normality test. For data without normality,
statistical significance was determined with Mann–Whitney
U tests. For data with normality, we used an unpaired Stu-
dent t test for groups with equal variance or an unpaired
Welch test for groups without equal variance. Statistical
analysis was performed using Excel (Microsoft, Redmond,
WA) or Prism software (GraphPad software, San Diego, CA).
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