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Functional engraftment of colon epithelium expanded
in vitro from a single adult Lgrb* stem cell

Shiro Yuil%, Tetsuya Nakamura®®, Toshiro Sato>®, Yasuhiro Nemoto!, Tomohiro Mizutani!, Xiu Zheng!,
Shizuko Ichinose?, Takashi Nagaishi', Ryuichi Okamoto?, Kiichiro Tsuchiya!, Hans Clevers® & Mamoru Watanabe!

Adult stem-cell therapy holds promise for the treatment of
gastrointestinal diseases. Here we describe methods for long-
term expansion of colonic stem cells positive for leucine-rich
repeat containing G protein-coupled receptor 5 (Lgr5* cells)
in culture. To test the transplantability of these cells, we
reintroduced cultured GFP* colon organoids into superficially
damaged mouse colon. The transplanted donor cells readily
integrated into the mouse colon, covering the area that lacked
epithelium as a result of the introduced damage in recipient
mice. At 4 weeks after transplantation, the donor-derived
cells constituted a single-layered epithelium, which formed
self-renewing crypts that were functionally and histologically
normal. Moreover, we observed long-term (>6 months)
engraftment with transplantation of organoids derived

from a single Lgr5* colon stem cell after extensive in vitro
expansion. These data show the feasibility of colon stem-cell
therapy based on the in vitro expansion of a single adult
colonic stem cell.

Epithelial stem cells maintain tissue homeostasis throughout the
gastrointestinal tract!~>. The Wnt, bone morphogenetic protein
(BMP) and Notch cascades function together to regulate stem-cell
maintenance®®. Lgr5 marks stem cells in small intestinal and colonic
crypts® and in gastric units’. Bmil may mark distinct stem cells in
the proximal small intestine®. It has been shown that freshly isolated
intestinal epithelium can be transplanted in rodents after resident
epithelium has been surgically removed® 1. We previously developed
a three-dimensional culture technique that allows expansion of single
Lgr5* stem cells from small intestine!! , stomach” and colon!?. The
resulting organoids then expand and self organize into an epithe-
lial architecture that is reminiscent of that seen in in vivo histology.
Moreover, the growing organoids maintain their tissue identity even
after prolonged culture. Here we sought to evaluate whether the
cultured Lgr5* cells faithfully represent the tissue-resident Lgr5*
stem cells and, thus, are able to regenerate epithelial tissue in vivo.
Considering that the colon is very vulnerable to disease in humans,
we focused on colonic stem cells in our analyses.

RESULTS

Long-term, serum-free culture system for colonic organoids
We subjected the colons of adult mice to a combination of enzymes!?,
reducing agents!* and mechanical disruption. The resulting crypt
fragments were mostly devoid of o0 smooth muscle actin gene (Acta2)-
expression—positive non-epithelial components and consisted of a mix
of cadherin 1, type 1, E-cadherin (Cdhl)* cells expressing terminal
differentiation marker genes (Muc2, CA2 and ChgA) and Lgr5*
stem cells (Supplementary Fig. 1a,b).

The addition of R-spondin 1 (Rspol), Noggin and epidermal
growth factor (EGF), which are all essential to small intestine cul-
ture!l, did not maintain the growth of colonic crypts. We there-
fore developed the following “TMDU (Tokyo Medical and Dental
University) protocol: we embedded crypts in type I collagen in
serum-free medium with Wnt3a, hepatocyte growth factor (HGF)!>16
and BSA, in addition to Rspol, Noggin and EGF (Supplementary
Fig. 1c). Sequential imaging of the cultures revealed rapid growth
of cystic structures (Fig. 1a). Wnt3a, Rspol and BSA were essential
to this growth (Supplementary Fig. 1d). As predicted by previous
results!”18, Rspol could be substituted with Wnt3a (data not shown).
Although Noggin, EGF and HGF were not essential for growth of the
colonic crypts, each enhanced their growth (Supplementary Fig. 1e).
The colonic organoids rarely had buds (Fig. 1a, Supplementary Fig. 2a
and Supplementary Video 1). Of note, small intestinal organoids also
generate cystic structures when Wnt3a is added to them!?.

The colonic organoids were single layered (Supplementary Fig. 2b),
and all the cells within were positive for Cdhl expression (Fig. 1b). The
basal membranes of the organoids faced outward (Fig. 1b). Ki67+ cells
were present in the colonic organoids (Fig. 1b), as were alcian blue-
positive goblet cells, chromogranin A (ChgA)* enteroendocrine cells,
carbonic anhydrase IT (CA2)* colonocytes and cytochrome ¢ oxidase sub-
unit I (COX1)* tuft cells? (Fig. 1b). Transmission electron microscopy
revealed epithelial characteristics such as microvilli (Fig. 1c) and junc-
tional complexes (Fig. 1d) in the organoids. However, stromal cells were
absent (Supplementary Fig. 2¢). Mitotic cells with condensed chromo-
somes were present in the organoids (Fig. 1e), and goblet cells (Fig. 1f)
and enteroendocrine cells (Fig. 1g) could also be clearly detected.
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Figure 1 Long-term, serum-free culture of
colonic epithelial cells. (a) A representative
colonic crypt growing as a cystic structure.
Scale bar, 50 pm. Time-lapse images of another
colonic crypt are shown in Supplementary
Figure 2a and Supplementary Video 1.

(b) Histology of the colonic organoids at day 8
of culture. Cdh1* cells, actively proliferating
Ki67+ cells (green) and terminally differentiated
cells stained with alcian blue (blue, goblet
cells) or immunostained with ChgA (green,
enteroendocrine cells), CA2 (green, colonocytes)
or COX1 (green, tuft cells) are shown.

Higher magnification views of the boxed areas
are shown at the bottom. DAPI staining was
performed, except for the experiments in which
we performed alcian blue staining. Scale bars,
top, 50 um; bottom, 10 um. (c~g) Transmission
electron microscopy analysis for organoids at
day 8. (c,d) Microvilli (MV) and intracellular tight C
junctions (TJ) are shown. (e) Mitotic (M) cells
showing chromatin condensation. (f,g) Goblet cells
(G) with mucus granules (f) and enteroendocrine
cells (E) with electron dense granules (g) are
shown. Scale bars: ¢,d, 0.5 um; e-g, 5 um.
Low-power views of f and g are also shown in
Supplementary Figure 2¢. (h) The culture at

day 180 (top) and its representative organoid
(bottom). Scale bars, top, 500 pwm; bottom,

50 pm. Images of the growth of a single cell
after passage are shown in Supplementary
Figure 3 and Supplementary Video 2.

(i) Metaphase spread of a cell at day 180 shows
a normal karyotype (2n = 40). Scale bar, 10 pm.

The organoids could be passaged weekly at a 1:2 ratio
(Supplementary Fig. 3 and Supplementary Video 2). Addition of
the Rho kinase inhibitor Y-27632 (ref. 21) improved the replating
efficiency of the organoids!!. We successfully propagated organoids
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for more than 6 months without clear alterations of morphology
(Fig. 1h) or karyotype (Fig. 1i).

Lgr5* cells are enriched in colonic organoids

We tracked the expression of Lgr5 over 60 d and found a substantial
elevation during the first 8 d of observation (Fig. 2a). We found no
change in the expression of ChgA and CA2, whereas Muc2 expression
was repressed in the first 8 d (Fig. 2a). Addition of a combination
of Wnt3a, Rspol and BSA induced Lgr5 expression (Fig. 2b). Lgr5
expression was further upregulated by the addition of Noggin, which
is an antagonist of BMP?? (Fig. 2b). The Notch pathway suppresses the

Figure 2 Lgr5* stem cells are enriched in cultured organoids. (a) RT-PCR
analysis of the colonic crypts immediately after isolation (crypt) or
organoids cultured for 8 or 60 d. Lgr5 was upregulated and stayed
constant thereafter. Differentiation marker genes (Muc2, ChgA and CA2)
were expressed over 60 d. The primers used are listed in Supplementary
Table 1. (b) RT-PCR shows that Lgr5 upregulation is mediated by a
combination of minimum factors (Wnt3a, Rspol and BSA) and Noggin but
not by EGF and HGF. (c) Notch signal-mediated cell fate determination

in vitro. Cultured organoids were treated with GSI, LY-411575 or vehicle
alone from day 4 to day 8. Organoids stained with alcian blue are shown
(left). Scale bar, 50 um. RT-PCR shows that the expression of Muc?2 is
upregulated, whereas the expression of Lgr5 is reciprocally downregulated
in organoids treated with LY-411575 (GSI, right). Similar results were
obtained in three independent experiments, and representative data are
shown. (d) A time-lapse imaging of a growing colonic crypt obtained from
an Lgr5-EGFP-ires-CreERTZ mouse over 192 h. The top panel shows EGFP
and the bottom panel shows merged images of EGFP and differential
interference contrast (DIC). Scale bar, 50 um. The corresponding video
(Supplementary Video 3) and similar results from another example are
available as Supplementary Figure 4a and Supplementary Video 4.
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Figure 3 Transplantation of cultured cells a

improves acute colitis. (a) Experimental protocols. . Organoid Dissociation

(b) Recipient colon at 6 d after transplantation. “%@‘*%‘é@ Luture (Sor8d) T g

Low-power views (stereoscopic and fluorescent tmﬁgggﬁc . C{VP‘ Transplantation

images) are shown on the left. High-power views (dorior)  1Sofaton (intracolonic infusion)

of the areas in the dotted squares are shown in ; : .

the right. The black dotted arrowheads show i Dss ’ Water RURNA
Day 1 Day 10 Day 16

a depressed area surrounded by edematous
mucosa. EGFP* areas overlapping the damaged
region (white dotted arrowheads) are also shown.
Note that the outline of the tissue is not precisely
the same in the stereoscopic and fluorescent
images, as they were acquired on different
microscopes. Scale bars, 1 mm. (c) Histology

of the EGFP* area shown in b. EGFP (top) and
the merged image with DAPI staining (bottom).
EGFP* cells cover the damaged mucosa that
intervene separate areas preserving crypt
structures (bottom, arrowheads). EGFP* cells
constitute flat linings (top, narrow open arrow)
or an invagination (top, wide open arrows), the
latter of which is reminiscent of crypts. EGFP*
cystic structures were also observed in the EGFP*
cells (top, filled white arrows). The regions in the
solid- and dotted-line boxes are shown at higher
magnification in d and e, respectively. Scale bar,
100 um. (d) High-power view of the solid box in c.
(e) High-power view of the dotted box in c.

(f) Rag2"~ mice were given DSS for 5 d,

and then transplantation (n = 6) or sham-
transplantion (n = 6) was performed. On day 16,
the presence of engraftment was retrospectively
assessed after the mice were killed. The body
weights of the mice with EGFP* engraftment
(green squares, n = 4) and sham-transplanted d
controls (red open circles, n= 6) are presented

as a percentage of their initial weight. Error bars,

s.e.m. *P < 0.05 (Student’s { test).

Rag2™
(recipient)

differentiation of progenitors?»** and stem

cells?® toward secretory lineages. We treated the
colonic organoids with LY-411575, a y-secretase €
inhibitor (GSI) that is capable of inhibiting
Notch signaling?®?. Notch inhibition induced

a goblet-cell phenotype with an increased level

of Muc2 mRNA and a reciprocal decrease in

the expression of Lgr5 (Fig. 2¢).

We next performed live imaging of colonic
organoids obtained from Lgr5-EGFP-internal
ribosome entry site (ires)-CreERT2 mice® in which an enhanced GFP
(EGFP) and tamoxifen-inducible Cre recombinase cassette is inte-
grated into the Lgr5 locus. The Lgr5-promoter—driven EGFP expres-
sion initially stayed at a marginal level but then increased beginning at
day 5 (Fig. 2d, Supplementary Fig. 4a and Supplementary Videos 3
and 4). We confirmed the expansion of Lgr5* cells at a single-cell
resolution (Supplementary Fig. 4b). Over multiple passages, the
Lgr5-EGFP locus tended to become silenced, whereas the wild-type
Lgr5 allele remained active (Fig. 2a,b). Taken together, colonic Lgr5*
stem cells were able to self renew and expand in vitro.

Cultured colonic organoids rescue damaged epithelium

We next tested the transplantability of the cultured organoids (Fig. 3a).
We induced colonic mucosal damage by providing immunocom-
promised Rag2~/~ mice with colitis-inducing dextran sulfate sodium
(DSS)?8 for 5 d. Most of the mice developed acute colitis characterized

Day 5 Day6 Day7 Day 38
4 ¥

! TRITC-dextran analysis |
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e TETLy
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S 90 R
- 5
£ $
5
80 4
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| Gorooron DS S wowemy o Water o
70 T

012345678 9101112131415
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by weight loss, bloody stool, diarrhea and epithelial injury in the distal
colon. At 7 and 10 d after initiating DSS administration, we dissoci-
ated the organoids cultured from EGFP transgenic mice? into small
fragments, suspended them in a Matrigel-containing PBS and instilled
them by enema in recipient mice.

At 16 d after the start of DSS administration, the recipient colons
showed varying degrees of recovery. Multiple EGFP™ areas appeared
as well-demarcated patches in the treated colons (Fig. 3b). We did not
observe any EGFP* areas in colons not treated with DSS (data not shown).
Histologically, the EGFP* cells covered the submucosa and were located
between the less damaged recipient tissues (Fig. 3¢). The EGFP* cells
formed flat or slightly invaginated linings (Fig. 3¢). We also observed large
cystic EGFP* structures below the surface of the treated colons (Fig. 3¢).
Some of the EGFP* areas connected to the recipients’ epithelium (Fig. 3d),
whereas others repopulated areas that were devoid of recipient epithelium
(Fig. 3e). Notably, the body weights of the mice with engraftment were

NATURE MEDICINE ADVANCE ONLINE PUBLICATION
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d Day 38 Day6
Proximal ;\i 400 g 400 | —
< o
g NS g
£ 800 — £ 300
Figure 4 Donor-derived cells regenerate functional colonic epithelium. (a) Recipient colon at § 200 E 200
4 weeks after transplantation (left). The dashed line indicates the colonic distal end. Enlarged g E;*_
images of the squared area are shown on the right. Scale bar: left, 500 um; right, 100 wm. e 100 e 100
(b) Immunostaining with GFP-specific antibody. EGFP, DIC and the overlay are shown (left). 5 o §
Scale bar, 50 um. A high-power view of the dotted box is shown on the right. Scale bar, 10 wm. @ DSS+  DSS+ DSS-  DSS+
(c) Serial section analysis of the engrafted tissue. Ki67+ cells (Ki67) and cells stained with alcian sham  engraft+

blue (goblet cells) or immunostained for ChgA, CA2 and COX1 are shown. Images are shown with

or without DAPI staining. The bottom row shows neighboring sections stained for GFP. Arrowheads point to ChgA* or COX1* cells. Scale bar, 50 um.

(d) After DSS colitis induction, transplantation (n = 6) or sham transplantation (n = 6) was performed. Mice were administered TRITC-dextran by gavage
before killing on day 38. Four out of six colons in the transplanted group had EGFP* engraftment, and the serum TRITC concentration in these mice

is shown (DSS+ engraft+; n = 4) as a percentage of that in the sham-transplanted group (DSS+ sham; n = 6). As a control, DSS colitis was induced
(DSS+; n=6) or uninduced (DSS~; n = 6) in Rag2~~ mice, and these mice were subjected for the same assay on day 6 without transplantation.

Data are shown as a percentage of the concentrations in uninduced mice. Error bars, s.e.m. *P < 0.05, NS, not significant (Student’s t test).

higher than those of sham-transplanted mice (Fig. 3f; with statistically ~ from the surrounding EGFP~ epithelium (Fig. 4b). Notably, the
significant results at days 12, 13 and 14, P < 0.05). engrafted crypts were entirely EGFP*, indicating the presence of

At 4 weeks after transplantation, tube-like EGFP* crypts appearedin ~ EGFP* stem cells (Fig. 4b). Cells in the lower part of the EGFP*
the distal colon (Fig. 4a) that were morphologically indistinguishable ~ crypts were normally Ki67*, and the EGFP* crypts contained all

b

10° 10" 10° 10t 10°
GFP

{  Distal

Proximal

Figure 5 Single Lgr5* stem-cell-derived cultured cells serve as long-lived, multipotential stem cells in vivo. (a) Fluorescence-activated cell sorting
analysis of colonic cells of R26R-Confetti mice crossed with Lgr5-EGFP-ires-CreERT2 mice 3 d after Cre induction. The EGFP+ and RFP* populations
located in the box were sorted and cultured. (b) Images are shown of one out of four organoids grown from sorted single Lgr5+ cells at day 6. EGFP*
stem cells are scattered in the organoid (left), with all the offspring being positive for RFP (right). Scale bar, 50 pum. (c) Images of the recipient colon
at 25 weeks after transplantation. The phase-contrast view of the recipient colon is shown on the left. The fluorescent image shows the tissue contains
RFP* grafts (right). Scale bar, 1 mm. Enlarged images of the boxed areas are also shown (2.7-fold magnification). (d) Immunostaining of the RFP+
engraft at 25 weeks after transplantation. An image of RFP-specific antibody staining (left) and an image of RFP staining merged with DAPI staining
(right) are shown. Scale bar, 50 um. (e) Serial section analysis of the engrafted RFP* tissue at 25 weeks after transplantation. The top panels show
Ki67, alcian blue, ChgA, CAZ or COX1 staining with or without nuclei stained by DAPIL. The bottom panels show the adjacent sections stained for RFP.
Arrowheads point to ChgA* enteroendocrine cells and COX1+ tuft cells. Scale bars, 50 nm.
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terminally differentiated cell types (Fig. 4¢c). We probed the epithelial
permeability of the engrafts using tetramethylrhodamine isothio-
cyanate (TRITC)-conjugated dextran (TRITC-dextran). Blood TRITC
concentrations in transplanted mice were comparable to those in con-
trol mice, indicating a maintenance of epithelial barrier function in
these engrafts (Fig. 4d). Notably, transplantation was less successful
with freshly isolated donor cells (P < 0.05, Mann-Whitney U test;
Supplementary Fig. 5), suggesting that the expansion of stem cells
during the culture is associated with a higher success rate of transplan-
tation. In addition, Matrigel-containing organoid suspensions trans-
planted better than organoids suspended in PBS (Supplementary
Fig. 5; P < 0.05, Mann-Whitney U test), proposing a role for the simul-
taneous supply of extracellular matrix in successful transplantation.

Engraftment of organoids derived from a single Lgr5* cell

We next sought to initiate the protocol described above from a
single stem cell (Supplementary Fig. 6a). We crossed Lgr5-EGFP-
ires-CreERT2 mice with R26R-Confetti reporter mice®. In the resulting
offspring, tamoxifen-induced Cre activation resulted in Cre-mediated
recombination at the Rosa26 locus in individual Lgr5* stem cells,
leading to stochastically selected expression of one out of four fluore-
scent proteins: red fluorescent protein (RFP), cyan fluorescent
protein (CFP), GFP or yellow fluorescent protein (YFP). At 3 d after
Cre activation, we sorted cells double positive for Lgr5-EGFP and
Confetti-RFP, which consisted of ~0.02% of the total cells (Fig. 5a),
equivalent to ~100 cells per mouse.

We cultured the sorted cells after a limiting dilution (100 cells per
96 well) using the Hubrecht protocol (Online Methods; protocol
described previously!? with addition of Y-27632 in the first 2 d). Four
stem cells double positive for Lgr5-EGFP and Confetti-REFP grew out,
which was comparable to the culture efficiency of small intestinal
stem cells!! (Fig. 5b). Organoids were expanded to more than 100
wells in >10 weeks, frozen and shipped. After thawing, we recovered
the cells under the TMDU protocol. We transplanted ~500 organoids
per recipient mouse, as described above. Analyses at 4, 17, 21 and
25 weeks after transplantation revealed the presence of grafts in these
mice (Fig. 5¢ and Supplementary Figs. 6b,cand 7a). At 25 weeks after
transplantation, RFP* cells still generated a single-layered epithelium.
We noted no sign of adenomatous or dysplastic change in any of the
transplanted areas (Fig. 5d). Again, all differentiated cell types, as well
as Ki67* proliferating cells, were present at normal ratios (Fig. 5e and
Supplementary Fig. 7b).

DISCUSSION
Here we describe methodologies to isolate, culture and transplant
Lgr5* colon stem cells. Our observations confirm that Lgr5 marks
genuine stem cells that retain their self-renewal and multilineage-
differentiation properties even after prolonged culture. A major dif-
ference between small-intestinal and colon-culture conditions is in
the latter’s requirement for Wnt. Although Wnt factors can initiate
Wnt signals on their own, R-spondins (such as Rspol) can only aug-
ment preexisting Wnt signals®!. Because Paneth cells produce Wnt3,
they serve as the center of organization of the stem cell niche!®. At
the colon crypt bottoms, secretory cells are located between the Lgr5*
stem cells that—like Paneth cells—express CD24 (ref. 19). However,
these CD24* secretory cells do not produce a sufficient amount of Wnt
proteins in vitro (data not shown). Therefore, colon organoids cannot
grow from Rspol alone but, rather, also require exogenous Wnt.
This study provides proof of principle that cultured Lgr5* cells
can be used for stem-cell therapy to repair damaged epithelium.

TECHNICAL REPORTS

Transplanted cells adhere to and cover superficially damaged tissue.
Further, engrafted recipient mice had higher body weights than
ungrafted controls, implying a beneficial role for the donor cells in
DSS-induced acute colitis. Although further optimization is clearly
needed, the current study implies that in vitro expansion and trans-
plantation of gastrointestinal stem cells may be a promising option
for patients with severe gastrointestinal epithelial injuries.

Lgr5* stem cells divide once every day in vivo®, thus defying the
Hayflick limit®2. They appear similarly unrestricted in their prolifera-
tive capacity in vitro, while they retain their original tissue identity. It
is of interest that the Lgr5 protein is now known to reside in the Wnt
receptor complex to function as a receptor for Rspol (refs. 33,34),
which is a crucial component of long-term organoid culture systems
that we have developed. As the resulting organoids have now been
proven to be transplantable, the Lgr5* stem cell isolation and expan-
sion technology may provide a simple and safe avenue for the develop-
ment of new regenerative and gene-therapy strategies.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Mice. Rag2”/~ mice were from Taconic Farms and Central Laboratories for
Experimental Animals. EGFP transgenic mice?’, Lgr5-EGFP-ires-CreERT2
mice® and R26R-Confetti mice®® are described elsewhere. Male and female
mice were randomly used for all experiments. All animal experiments were
performed with the approval of the Institutional Animal Care and Use
Committee of TMDU.

TMDU protocol for crypt isolation and three-dimensional culture. The
colonic tissue was minced and digested. The crypts were further purified by
mechanical disruption and density gradient centrifugation. A total of 2,000
crypts were suspended in 200 pl of the collagen type I solution (Nitta Gelatin
Inc.) and placed in 48-well plates. After polymerization, 500 fl of Advanced
DMEM/F12 containing BSA (Sigma), mouse EGF (mEGF) (PeproTech),
mWnt3a, mRspol, mHGF and mNoggin (all from R&D Systems) was added
(TMDU medium). For passage, the gel was digested, and then the organoids
were disaggregated with EDTA. The dissociated organoids were mixed in type
I collagen solution and used for culture. A Rho kinase inhibitor, Y-27632, was
added for the first 2 d after the cells were propagated. Where indicated, to
induce goblet cell differentiation, organoids were treated with LY-411575, a
GSI. See details in the Supplementary Methods.

Chromosome analysis. Chromosome karyotyping was performed according
to a standard protocol as detailed in the Supplementary Methods.

Stereomicroscopy, phase-contrast imaging and histology. Images were
acquired on either a fluorescence microscope equipped with phase-
contrast setting (BZ-8000, KEYENCE), a fluorescent stereomicroscope system
MVX10 (Olympus) or a fluorescence microscope DeltaVision system (Applied
Precision). For histology and immunohistochemistry, tissues and organoids
were fixed, sequentially dehydrated in sucrose in PBS, and frozen in OCT
compound (Tissue Tek). Cryosections were examined by conventional H&E,
alcian blue staining and a spectrum of immunohistochemical reactions, as
detailed in the Supplementary Methods.

Transmission electron microscopy. Transmission electron microscopy was per-
formed in a standard fashion and is detailed in the Supplementary Methods.

Live imaging. Live imaging was performed on the DeltaVision system.
A culture dish placed on the microscope stage was covered with a chamber
in which a humidified premixed gas consisting of 5% CQO, and 95% air was
infused, and the whole setup was set at 37 °C. DIC and fluorescent images
were acquired at 20-min intervals. The data were processed using Softworx
(Applied Precision) and, if necessary, image editing was performed using
Adobe Photoshop Elements 7.0.

Semi-quantitative RT-PCR. Semi-quantitative RT-PCR was performed in
standard fashion. The primer sequences used are listed in Supplementary

Table 1. PCR products were separated on agarose gels and visualized using
ImageQuant TL system (GE Healthcare).

Sorting and Hubrecht-protocol culture for single Lgr5* cells. Tamoxifen was
injected into R26R-Confetti mice crossed with Lgr5-EGFP-ires-CreERT2 mice,
and the colonic crypts from the resulting mice were isolated 3 d later. Epithelial
cells were dissociated with TrypLE express (Invitrogen) and analyzed by MoFlo
(DakoCytomation). Viable single cells were gated, and then the cells doubly posi-
tive for EGFP and RFP were sorted and embedded in Matrigel (BD Bioscience)
on 96-well plates. An Advanced DMEM/F12 culture medium supplemented
with penicillin and streptomycin, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), glutamax, N2, B27 (all from Invitrogen) and growth
factors (EGF, noggin and R-spondin) was diluted 1:1 with Wnt3a-conditioned
medium and used as Hubrecht medium. Y-27632 was included for the first
2 d to avoid anoikis. Growth factors were added every other day, and the
entire medium was changed every 4 d. See the Supplementary Methods for
additional details.

Transplantation experiments. For the EGFP" cell transplantations, cells iso-
lated from colon tissues were cultured for 5 or 8 d according to the TMDU
protocol and used as donor cells. For single Lgr5*-cell-derived organoid trans-
plantation, cells were expanded based on the Hubrecht protocol and then
cryopreserved. The cells were then shipped, thawed and further cultured.
Acute colitis was induced by feeding 6-week-old Rag2~'~ mice with 3.0% DSS
(molecular weight 10,000; Ensuiko Sugar Refining Co.) dissolved in drinking
water for 5 d (days 1-5). At 7 and 10 d after the start of DSS administration,
donor cells equivalent to those from ~500 organoids were instilled into colonic
lumen as a suspension. After infusion, the anal verge was glued for 6 h. After
the transplantation on day 10, mice were maintained as usual before they were
killed and analyzed. See the Supplementary Methods for additional details.

TRITC-dextran permeability assay. Intestinal permeability was assessed
by enteral administration of TRITC-dextran (molecular mass 4.4 kDa;
Sigma). Transplanted or sham-transplanted mice were gavaged with TRITC-
dextran 4 h before killing on day 38. Whole blood was obtained at the time
ofkilling, and then the colonic tissues were examined for whether the EGFP*
engrafts were present. TRITC-dextran measurements were performed on an
ARVO MX (PerkinElmer), with serial dilutions of TRITC-dextran used as
a standard curve.

Statistical analyses. Data are shown as means * s.e.m. Data for Figures 3f, 4d
and Supplementary Figure 7b were statistically analyzed by the two-sample
Student’s f test. The data for Supplementary Figure 5 showed non-normal
distributions and were analyzed by Mann-Whitney U test. Statistical signifi-
cance for comparisons was assigned at P < 0.05.

Additional methods. Detailed methodology is described in the
Supplementary Methods.

doi:10.1038/nm.2695
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P-glycoprotein (P-gp) is an efflux transporter that regulates bioavailability of orally administered
drugs at the intestinal epithelium. To develop an in vitro experimental model that mimics P-gp-
mediated intestinal drug transport in vivo, we employed normal intestinal epithelium three-dimen-
sionally cultured. Physiological expression of P-gp mRNA and the expression of its protein at the
apical membrane were observed in the small intestinal epithelium grown as cystic organoids. Rhoda-
minel123 (Rh123), a substrate for P-gp, was actively transported in the basoapical direction and accu-
mulated in the luminal space, while the epithelial integrity was kept intact. Furthermore, we were
able to monitor the whole process of Rh123 transport and its inhibition by verapamil in real-time,
from which kinetic parameters for Rh123 transport could be estimated by a mathematical modeling.
The method here described to evaluate the dynamics of P-gp-mediated transport in primary intestinal
epithelial cells would be instrumental in investigating the physiological function of P-gp and its
inhibitors/inducers in vitro.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Bioavailability of many clinically relevant drugs is modulated
by the activity of efflux transporters expressed in the epithelial lin-
ing of the intestine [1,2]. P-glycoprotein (P-gp, also known as
ABCB1), a member of the ATP-binding cassette family of transport-
ers, is located in the apical membrane of intestinal epithelial cells
[3.4] and serves as an important determinant of the disposition of
many orally administered drugs [5-9]. There is, thus, a consider-
able interest in predicting the P-gp-mediated elimination of drug
candidates and assessing the drug-drug interactions involving
P-gp substrates and inhibitors/inducers in the intestinal
epithelium.

Various model systems have been reported to assess the intes-
tinal epithelial drug transport in vitro. Among these, cell based
assays using human tumor-derived cell lines, such as Caco-2 cells,
are the most commonly used method in many laboratories [10].
When grown on a membrane placed between two chambers, those
cells form a well-polarized monolayer joined by tight junctions,
providing a selective barrier that can be used to study influx (from

# Corresponding author. Fax: +81 3 5803 0268.
E-mail address: nakamura.gast@tmd.ac.jp (T. Nakamura).
! These authors contributed equally.

0006-291X/$ - see front matter © 2012 Elsevier Inc, All rights reserved.
doi:10.1016/j.bbrc.2012.01.155

the apical to the basal) and efflux (from the basal to the apical)
transport of P-gp substrates [11-14]. Although such cell based sys-
tems have been well characterized and used as standard assays,
several factors, such as variable expression of P-gp in those immor-
talized cell lines, are known to cause inter-experimental variability
of the data [15,16]. Therefore, it would be of importance to develop
an experimental model in which drug transport can be assessed in
a reliable manner relevant to the physiological in vivo function of
intestinal epithelium.

Recently, the long-awaited method for in vitro culture of normal
intestinal epithelium has been developed [17]. When isolated and
placed three-dimensionally, the intestinal crypts keep proliferat-
ing, forming enclosed structures with their upper openings closed.
These “organoids” are lined by an epithelial monolayer containing
both immature cells and terminally differentiated cells, with their
apical membranes facing the luminal space inside. In light of this,
we were particularly interested in determining whether this newly
developed culture technology could be adapted for use in drug
transport analysis.

In the present study, by developing a real-time imaging sys-
tem and its mathematical modeling, we show that the primary
culture of small intestinal epithelium would serve as an effi-
cient tool to evaluate the dynamics of P-gp-mediated drug
transport.
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2. Materials and methods
2.1. 3D culture of intestinal epithelium

Culture of intestinal epithelium was performed as described pre-
viously [17]. Crypts of proximal small intestine were obtained from
adult C57BL/6 mice and purified. They were counted and embedded
in Matrigel (BD Biosciences) at 10,000 crypts/ml. For conventional
culture, 30 pl of Matrigel was seeded on 24-well plates. For live
imaging experiments, 60 pl of Matrigel was placed on 40-mm cov-
erslips placed in 60-mm culture dishes. After the Matrigel solidified,
advanced DMEM/F12 medium (Invitrogen) containing 20 ng/ml
EGF (Peprotech), 100 ng/m! Noggin, 500 ng/ml R-spondinl (R&D
systems), 2 mM L-glutamine (GIBCO) and penicillin/streptomycin
was overlaid. The medium was changed every 4 days. When neces-
sary, Rh123, FITC-dextran, or verapamil (Sigma-Aldrich) was added
to the medium as indicated. Animal experiments were performed
with the approval of the Institutional Animal Care and Use Commit-
tee of Tokyo Medical and Dental University.

2.2. Semi-quantitative RT-PCR

Organoids were isolated from the Matrigel using BD Cell recov-
ery solution as instructed by the manufacturer. Total RNA was
isolated and 300 ng was used for cDNA synthesis in a 21 pl of reac-
tion. 1 pl of cDNA was amplified by PCR in a 25 pl reaction. Sense
(S) and antisense (AS) primers, and the cycle numbers for the
amplification of each gene were as follows: S: 5'-TGCTGTGATTTTC-
CAGAACA-3" and AS: 5'-TCCAACATATTCGGCTTTAG-3’ for Abcbla
(22 cycles); and S: 5'-CTGGCCAAGGTCATCCATGA-3' and AS: 5'-
GCCATGAGGTCCACCACCCTG-3’ for Gapdh (19 cycles). PCR prod-
ucts were separated on agarose gels and visualized using Image
Quant TL system (GE Healthcare).

2.3. Immunohistochemistry

Tissues and organoids were fixed, dehydrated in 20% sucrose/
PBS, and frozen in OCT compound (Tissue Tek). Cryosections
(6 pm thick) were immunostained with an anti-Mdr antibody
(1 pg/ml, Santa Cruz Biotechnology) and a fluorescent secondary
antibody (Alexa Fluor 588, Molecular Probes). The sections were
also counterstained with DAPI (Vector Laboratories) to visualize
nuclei. Images were acquired on a fluorescence microscope Delta-
Vision system (Applied Precision).

2.4, Live imaging

The isolated crypts were mixed with Matrigel and placed on 40-
mm glass coverslips so that the whole gel would be as thin as pos-
sible (<1 mm). On Day 3, the coverslip was incorporated into the
FCS-2 closed cell chamber (Bioptechs), the thickness of which
was set at 1 mm. The chamber was fixed on the stage of a DeltaVi-
sion microscope system covered with a thermally-controlled
enclosure set at 37 °C. Spherical organoids with diameters of
around 50 pm were chosen and imaged using a fluorescent micro-
scope IX-71 (Olympus) equipped with a xenon light source, a
UplansApo 10x objective (0.4 numerical aperture), a 490/20-nm
excitation filter, a 528/38-nm filter, and a Cool Snap ES2 digital
camera (Roper Scientific). Differential interference contrast (DIC)
and fluorescent images were acquired at 3 min intervals. Exposure
times were 0.2 s for DIC and 0.03 s for fluorescent images, respec-
tively, with 1 x 1 binning and an image size of 512 x 512 pixels.
These conditions were kept throughout all experiments. Immedi-
ately after the third time frame of imaging (6 min after the start),
5ml of pre-warmed medium containing Rh123 (1 pM), with or
without various concentration of verapamil, was rapidly infused

from one port on the side of the chamber, allowing the preexisting
medium inside to direct out of the chamber from the other side.
This enabled a rapid replenishment of medium with no distur-
bance of the position or morphology of the organoids. All experi-
ments were performed for 5 h and 30 min.

2.5. Data analysis and mathematical modeling

Images at individual time points of all organoids were quantita-
tively assessed using the SoftWoRx (Applied Precision). For indi-
vidual images, circular areas with a diameter of 30 um were
manually set inside (luminal space) and outside (culture medium)
of the organoid, and the fluorescent signal for each compartment
was expressed by average pixel values of the circular area. The out-
er intensities (culture medium) of the images acquired immedi-
ately before (0 pM) and after (1 uM) the Rh123 addition were
applied for calculating the concentration of all other areas of a
given experiment.

For mathematical modeling, we made an assumption that
Rh123 concentration in the lumen is determined only by active in-
ward transport and passive bidirectional diffusion, both of which
take place at the inner apical membrane. When Rh123 concentra-
tion (1 pM) remains stable in the donor side due to the excessively
large volume in space, the rate of active transport in the basal to
apical direction, V;, (nmol/s), can be expressed as below:

Vin = Papp.actir/e -5 Cout (])

In this equation (Eq. (1)), Papp.active (cM/s) is the apparent perme-
ability coefficient of active basoapical transport, § (cm?) is the area
of inner surface of the organoids, and C,,. (umol/litter; nmol/cm®)
is the outer concentration of Rh123 given as 1. Passive diffusion of
Rh123 can occur in both directions, depending on the concentra-
tion gradient across the apical membrane. When Vg, (nmol/s) is
defined as the rate of diffusion in the apical to basal direction, it
is derived from an equation,

Vout = Uapp.passive -S- (Cin(r) - Cout) (2)

where Pupp passive (€M/s) is the apparent permeability coefficient of
bidirectional passive diffusion, § (cm?) is the inner surface area,
and G, (nmol/cm?) is the luminal Rh123 concentration that can
be defined as a function of time t. The total amounts of Rh123,
transported across the apical membrane inward and outward by a
given time t, can be expressed as integral functions Q;(t) and Qqy(t),
respectively.

Qun(t) = /0 Vodt = Vit 3)

t
Qult) = [ Vot 4)
0
Eq. (1) and (2) can be substituted into Eq. (3) and (4), respectively,
to convert equations as below:
Qin(t) - Papp.actiye S Cou - L (5)

t
Q.out(t) = Pupp.pm‘sive -S- /0 Cin(t)dt - Papppassive -S- Cout -t (6)

The luminal spatial volume, Vol (cm?®), can be assumed to stay
unchanged during the imaging and, thus, G, (t) can also be ex-
pressed as below:

Cin (t) - Qin(t) ‘;OIQoul(t) (7)

From Eq. (5)-(7), G (£) can now be solved as a function of the var-
iable t.
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Fig. 1. Physiological expression of P-gp in cultured small intestinal organoids. (A) Phase contrast images of small intestinal organoids on Day 3 (left) and Day 5 (right) of
culture. Scale bar, 100 pm. (B) Expression of P-gp (Abcbla) mRNA analyzed by semi-quantitative RT-PCR. Expression levels in the whole small intestine (tissue), isolated
crypts (crypt), and the organoids on Day 3 and Day 5 are shown (top). PCR products for Gapdh are shown as internal controls (bottom). (C) Localization of P-gp proteins.
Immunohistochemistry with an anti-Mdr antibody was performed for mouse proximal small intestine tissue (mouse small intestine) and cultured organoids on Day 3

(organoid). Scale bars, 100 um.
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The inner Rh123 concentrations calculated from the fluorescent
intensities of each experiment were plotted and then fitted to the
function characterized in Eq. (8) using curve fitting on MATLAB
software (The MathWorks, Inc.). By applying this process to the
dataset obtained from each organoid, we could retrieve two kinetic
parameters A (nmol/cm?®) and B (s~) as indicated below:

A= Papp.ari(ue + Pflpp.pussx've X Cout (9)
app.passive
S
B= Papppassiue . W (]O)

Substituting 472 and 47r*/3 (r denotes the radius of organoid)
into S and Vol, respectively, Pypp active and Pupp.passive cOuld be finally
determined as below:

B-r
Pappvpnssive = ’“‘3"' (1 1)

A~ Cour r

p A~ Cour
app.active = C
out

. Papp.passive = § -B- -Tout— (]2)

2.6. Statistical analysis

Data were presented as means + s.e. Statistical analysis was
performed using the Student’s t-test or Welch’s t-test (Fig. 4C).
Statistical significance for comparisons was assigned at P<0.01
(Fig. 4C).

3. Results

First we assessed the expression of P-gp in intestinal epithelium
obtained from murine small intestine and three-dimensionally

cultured. As previously described [17], they grew as epithelial
organoids showing round cystic structures on Day 3, and then
formed asymmetric structures having growing crypt-like protru-
sions on Day 5 (Fig. 1A). In the mouse, P-gp is encoded by two
genes, Abcbla and Abcb1b. We could detect the expression of Abc-
bla in the intestinal tissue by our semi-quantitative RT-PCR
(Fig. 1B), while Abcb1b mRNA was hardly detectable even with a
high number of amplification cycles (data not shown). This sup-
ported the previous finding that Abcbla is the major species of
P-gp expressed in the small intestine [18]. In the cultured orga-
noids, expression of Abcb1a stayed unchanged on Day 3 compared
with that of isolated crypts on Day 1, whereas a slight decrease in
its expression was noted on Day 5 (Fig. 1B). We also tested the
expression of P-gp protein. Immunostaining with an antibody,

FITC-
dextran

Rh123 |

Fig. 2. Cultured organoids actively transport Rh123, while keeping their epithelial
integrity. FITC-dextran (2mM, top) or Rh123 (1 uM, bottom) was added to the
culture medium on Day 3, and images were acquired 5 h after the addition of the
fluorescent probes. Fluorescent images (FITC) and their merged ones with DIC
(FITC + DIC) are shown. Scale bar, 100 pm.
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Fig. 3. Dynamics of Rh123 transport by cultured organoids and its mathematical modeling. (A) A schematic representation of the closed perfusable micro-observation
chamber used for the time-lapse imaging. (B) Still images from time series of a Day 3 organoid actively transporting Rh123. Time 0 denotes the time frame immediately
before the perfusion of Rh123. Fluorescent (FITC) images and their merged ones with DIC (FITC + DIC) are shown. Scale bar, 50 um. The whole images can be viewed as
Supplementary Video 1. (C) The linear correlation between the fluorescent intensity (expressed in arbitrary units) and Rh123 concentration under cell-free condition of the
same experimental setting. (D) Rh123 concentrations inside and outside of organoids were calculated from data obtained by time-lapse experiments and plotted as
mean + s.e. (1 = 10). A curve obtained by fitting a mathematical model to data is shown in red. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Verapamil inhibits Rh123 transport across primary intestinal epithelium. (A) Time-lapse imaging experiments were performed as described in Fig. 3 in the presence of
40 uM verapamil. Fluorescent (FITC) and merged (FITC + DIC) images of a representative movie are shown. Scale bar, 50 pum. The video including these data, and other videos
of the representative organoids recorded in the presence of 0.2 and 100 uM verapamil can be viewed as Supplementary Videos 2-4. (B) The curves obtained by fitting the
mathematical model to data of verapamil inhibition experiments. (C) The Pqpp.acrive Values at various doses of verapamil were calculated and shown as mean  s.e. (n =10 for
each) *P<0.01.
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capable of labeling Abcbla on the apical surface of epithelium in
the small intestinal tissue (Fig. 1C), revealed predominant expres-
sion of the transporter on the inner surface of cultured organoids
on Day 3 (Fig. 1C). These results showed that the intestinal epithe-
lial cells maintain physiological expression level and correct local-
ization of P-gp in primary culture.

When the medium was supplemented with FITC-dextran of
4kDa on Day 3 of culture, its fluorescent signals were excluded
from the lumen even at 5h after the supplementation (Fig. 2,
top). This indicated the preservation of epithelial integrity not
allowing paracellular flux of this well-characterized permeability
probe. Meanwhile, Rh123, a fluorescent dye known as a substrate
of P-gp [13,19,20], showed a different behavior. Its intense fluores-
cent signals were observed in the lumen 5 h after the addition with
a stark contrast against those in outer space of organoids (Fig. 2,
bottom). This clearly showed that the intestinal organoids in cul-
ture are able to conduct active transepithelial transport of Rh123
in the basal to apical direction, and the involvement of P-gp in this
process was strongly suggested.

To assess the dynamics of basoapical transport of Rh123, we
developed an experimental system where the whole process could
be visualized in real-time (Fig. 3A). On Day 3 of culture, the orga-
noids were placed in a micro-observation chamber having a per-
fusable space inside, and the ones having spherical structures
with diameters of around 50 pum were chosen for imaging. The
time-lapse imaging at 3 min intervals was initiated, and then the
whole culture medium was replaced with Rh123 (1 pM)-contain-
ing medium immediately after the image acquisition of the third
time frame (referred to as time 0 hereafter).

The fluorescent intensity of the area outside of organoids rose
by the first time frame after the perfusion (3 min), indicating
the rapid diffusion of Rh123 throughout the optical chamber
(Fig. 3B). The luminal signals were at a comparable level to the out-
er signals by this time point, and then rapidly went up far exceed-
ing the signals outside. Thereafter, this upward trend gradually
declined and the enrichment of Rh123 in the inner space appeared
to approach a steady-state level (Fig. 3B, Supplementary Video 1).
Based on the finding that the measured fluorescent intensity was
linearly correlated with Rh123 concentration under the cell-free
condition of the same experimental setting (Fig. 3C), we could cal-
culate both inner and outer concentrations of Rh123 at individual
time frames for all organoids (Fig. 3D). Rh123 concentration out-
side stayed nearly constant, assumably because the large excess
of outer spatial volume made the loss of Rh123 into the lumen al-
most negligible (Fig. 3D).

In order to obtain several kinetic parameters of Rh123 trans-
port, we constructed a mathematical model on the assumption
that Rh123 concentration in the tightly-closed lumen was deter-
mined only by two mechanisms at the apical cell membrane: ac-
tive inward transport and passive bidirectional diffusion (See
Section 2). Analysis of the dataset (n=10) by the mathematical
function based on this simplified two-compartment model pro-
vided a well-fitted curve (Fig. 3D, red). From this, we could extract
two parameters as defined in Materials and Methods (Eq. (9) and
(10)). As a result, when the observed organoids were all assumed
to be spheres with a radius of 25 pm, Papp.active and Popp passive Were
calculated as 7.53 + 0.45 x 107> cm/s and 1.63 + 0.08 x 10~° cm/s,
respectively, according to Eq. (11) and (12). Importantly, given
the Eq. (8), the limit of function C, (t) (as t approaches infinity)
could be expressed as follows:

Pa . + P .

ipp.acit ve app.passive

Cfll(t) = _j'_._.___w.*__ " COUI' (13)
lim t—ro0 app.passive

Indeed, when Pypp, gcrive and Poapp.passive Were substituted with the val-
ues described above and C,,, was regarded as a constant value of

1 uM, the obtained limit value of 5.71 M represented the concen-
tration toward which the observed C;, was approaching (Fig. 3D). In
addition, using this model with data analysis, the ratio of basoapical
active transport and bidirectional passive diffusion, Poyp.activel
Papp passive, could be determined as around 4.6-fold, independently
of the radius of organoids, r.

To assess the involvement of P-gp in Rh123 transport, we also
performed time-lapse experiments where Rh123 was infused to-
gether with different doses (0.2, 40 and 100 uM) of verapamil, an
inhibitor for P-gp [11,12,19]. The initial rate of transport as well
as the steady-state level of the luminal Rh123 in later phases
was obviously suppressed in the presence of verapamil at each
dose (Fig. 4A, Supplementary Videos 2-4). According to a simple
assumption that verapamil would not affect Pepp passives We could
obtain the fitting curves (Fig. 4B) by mathematical modeling of
the data (n = 10 for each dose of verapamil), which again allowed
quantitative estimates for kinetic parameters. The derived Popp.active
indicated that 40 uM of verapamil had ~50% inhibitory effect on
Rh123 transport under this experimental condition (Fig. 4C).

4. Discussion

In this study, we have developed an experimental system to
investigate P-gp-mediated drug transport across the small intestinal
epithelium in primary culture. To date, many attempts have been
made to assess the permeability of normal intestine in vitro includ-
ing the use of excised intestinal tissues with or without the underly-
ing submucosal layers. However, the common disadvantage of such
approach has been the limited viability of intestinal tissues when
isolated [16]. By contrast, as represented by Caco-2 cells, immortal
cell lines have been extensively used, partly due to the ease with
which the cells can be cultured. Many studies have shown the corre-
lation between in vitro permeability values in Caco-2 assays and
parameters of in vivo absorption [21-24]. However, it is pointed
out that variability of the results may exist across experiments,
due to the heterogeneity of the cells resulting from the phenotypic
drift during the culture under different conditions. In this regard,
the most distinctive feature of our system is the use of purified, non-
transformed intestinal epithelial cells keeping their physiological
expression and localization of P-gp. We also showed that Rh123
transport was inhibited by verapamil, indicating the functional
involvement of P-gp in this process. Such availability of primary
intestinal epithelium for transport assays would build a basis for a
variety of application including the screening of inducers/inhibitors
of P-gp in normal intestinal cells, or assessing the P-gp function in
individual human specimens.

Another key feature of the presented method is its simple and
rapid procedure. In the Caco-2 cell system, drugs are added to
one side of the cell layer and their appearance in the other side
is quantitatively measured. Experiments to calculate permeability
in both directions are needed, and then P-gp-mediated transport
is suggested when a higher basoapical permeability is observed
[11-13]. On the other hand, even with a simple unidirectional
assessment, spatial characteristics of the organoids in the present
system, having tightly closed space inside, provided an intuitive
information as to whether the net rate of inward transport exceeds
that of outward diffusion by the luminal accumulation of fluores-
cence. In addition, taking advantage of time-lapse imaging and
mathematical modeling, we could quantitatively estimate the ratio
of basoapical active transport and bidirectional passive diffusion
(Papp.active/Papp passive)- From Eq. (13), this ratio can also be expressed
as below:

P i ]'Cin(t)
appacitve _ limt—oo 1 14
P app.passive Cout ( )
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This further indicates that the parameter Pupp activelPapp.passive
would be simply estimated when the ratio of inner versus outer
drug concentration at an equilibrium state is obtained.

In conclusion, we have described a simple, rapid and efficient
method to evaluate the dynamics of P-gp-mediated transport in
normal intestinal epithelium in vitro. This system would be instru-
mental in investigating the physiological function and screening of
inhibitors/inducers of P-gp and, thus, serve as a novel tool to study
the bioavailability of drugs via the intestinal epithelium.
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Luminal CD4* T Cells Penetrate Gut Epithelial Monolayers and Egress
From Lamina Propria to Blood Circulation
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BACKGROUND & AIMS: The egress of memory T cells
from peripheral tissues, such as lung and skin, into the
draining lymph nodes requires their expression of CC
chemokine receptor 7 (CCR7). In the intestine, resident
memory T cells in the intestinal lamina propria (LP) do
not express CCR7, indicating that they are tissue bound
and do not exit the intestine. METHODS: We developed
a cell transfer system, using rectal administration of lym-
phocytes to CS7BL/6 mice. Lymphotoxin a-deficient mice
were crossed with RAG-27/~ (recombination-activating
gene-2) mice to generate lymphotoxin a-deficient X RAG-
27/~ mice. RESULTS: Severe combined immunodeficient
(SCID) or RAG-2~/~ mice given recral administration of
splenic CD4* T cells from normal mice developed colitis;
the cells proliferated not only in the LP but also in spleen.
SCID or RAG-2"/~ mice given rectal administrations of
CD4* T cells that expressed green fluorescent protein
(GFP*CD4* T cells) localized to the LP within 6 hours
but were not found in the spleen until 24 hours after
administration. Immunohistochemical and electron mi-
croscopic analyses detected CD4™ T cells in the intraepi-
thelial space just 3 hours after intrarectal administration.
However, neither CCR7 deficiency nor the sphingosine-1-
phosphate receptor agonist Fingolimod impaired the
egress of CD4* T cells from LP to systemic circulation.
CONCLUSIONS: CD4* T cells not only penetrate
from the luminal side of the intestine to the LP but
also actively egress from the LP into the circulation.
We developed a rectal administration system that
might be used to further investigate cell trafficking in
intestinal mucosa and to develop enema-based thera-
peutics for intestinal diseases.

Keywords: T-Cell Migration; Localization; Mouse Model;
Chemokine; Treatment.

Although accumulated evidence has revealed how ef-
fector/memory T cells migrate to peripheral tissues,
there are still many enigmas about how these cells egress
from peripheral tissues to blood circulation. Egress of
immune cells from nonlymphoid peripheral tissues is a
critical step in lymphocyte migration as well as lympho-
cyte homing to these tissues.!-# It has been reported that
the draining lymphatics of tissues contain substantial
numbers of CD4* and CD8" lymphocyrtes, some of which

are of memory phenotype, bur it remains unclear
whether these memory lymphocytes are derived from cells
that have egressed from peripheral tissues or from the
blood via lymph nodes located at closer sites to peripheral
tissues.

Recent reports suggest that the egress of effector or
memory CD4* and CD8* T cells into the draining lymph
nodes from the lung” and of B cells and naive or memory
CD4" and CD8* T cells into the popliteal lymph nodes
from the footpad of skin® requires the expression of CCR7
on these cells. In the intestine, however, the unique phe-
notype (CCRI or integrin af3; or agf;-expressing cells) of
the resident memory T cells and the lack of such cells
elsewhere suggest that memory T cells in the intestinal
lamina propria (LP) and intraepithelial space are tissue
bound and do not exit the intestine,! but this theory
remains unproven experimentally.

The intrarectal administration of cells employed in this
study was suggested by the fact that intratracheal instil-
lation of cells in mice can induce their cell migration to
the lung and thereafter to the blood systemically.¢ In this
paper, we demonstrate that living CD4" T cells can not
only penetrate intestinal barriers from the lumen to the
LP but also constantly egress from the LP to the blood-
stream constantly in a CCR7- and sphingosine 1-phos-
phate 1 (S1P,)-independent manner.

Materials and Methods

Please see Supplementary Materials and Methods for
more details.

Animals

C57BL/6 mice were purchased from Japan CLEA (Tokyo,
Japan). CS7BL/6-LyS.1 and CS7BL/6-RAG-27/~ mice were ob-
tained from Taconic Laboratory (Hudson, NY) and Central Lab-
oratories for Experimental Animals (Kawasaki, Japan). CCR77/~
mice were previously generated by M. Lipp (Max-Delbruck Cen-

Abbreviations used in this paper: BM, bone marrow; DC, dendritic
cells; GFP, green fluorescent protein; LP, lamina propria; MLN, mesen-
teric lymph node; NK, natural killer; PB, peripheral blood; SCID, severe
combined immunodeficient; SP, spleen; S1P, sphingosine 4-phosphate;
Tem, effector-memory T; Tg, transgenic; Tg, regulatory T; UC, ulcerative
colitis; WT, wild type.
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ter for Molecular Medicine, Berlin, Germany).® Green mice
(CAG-green fluorescent protein [GFP] transgenic [Tg] mice)
were originally generated by M. Okabe (Osaka University, Ja-
pan).’® Lymphotoxin a (LT a)-deficient (LTa /") mice were
purchased from The Jackson Laboratory (Bar Harbor, ME) and
intercrossed into RAG-27/~ mice to generate LTa™/~ X RAG-
27/~ mice. Mice were maintained under specific pathogen-free
conditions in the Animal Care Facility of Tokyo Medical and
Dental University. Donors and recipients were used ar 6-12
weeks of age. All experiments were approved by the regional
animal study committees and were done according to institu-
tional guidelines and Home Office regulations.

Results

Substantial Numbers of Lymphocytes Reside in
Crypt Abscesses of Inflamed Mucosa in
Patients With Ulcerative Colitis

Accumulating evidence suggests an active moving
state of immune compartments between intestinal epithe-
lial cell barriers that separate the inside and outside of the
body. For instance, recent reports demonstrated that mu-
rine CX3CR1* dendritic cells (DC) beneath intestinal ep-
ithelial cells in small intestine penetrate epithelial barriers
by extending dendrites into the luminal side through
intraepithelial gaps to capture antigens including com-
mensal bacteria.!! In addition, it is well-known that large
amounts of granulocytes accumulate in the crypt of in-
flamed mucosa of patients with human inflammatory
bowel diseases, suggesting that granulocytes actively pen-
etrate intestinal barriers into the luminal side under in-
flammatory conditions.!? This accumulation is patholog-
ically defined as a “crypt abscess,” which is one feature of
chronic inflammatory diseases of the intestine, such as
ulcerative colitis (UC).12 However, it remains largely un-
known whether this is a case with other immune com-
partments, such as CD4* T lymphocytes. We therefore
re-evaluated immune cell compartments in crypt ab-
scesses in colonic inflamed mucosa of patients with severe
UC (Supplementary Table 1). As shown in Figure 1A and
B, in addition to a major compartment, myeloperoxidase-
positive granulocytes, we found that substantial numbers
of CD4% and CD8" T cells and CD20* B cells, but not
CDS6™* natural killer (NK) cells, reside in cell aggregates of
crypt abscess, suggesting that these lymphocytes can ac-
tively commute across the intestinal epithelial barriers.

SCID Mice Inirarectally Administered With
Splenic CD4* T Cells Developed Severe Colitis

Given the above results from human samples of
crypt abscesses in inflamed mucosa of UC, we hypothe-
sized that lymphocytes can actively move across intestinal
epithelial barriers and therefore that intrarectally admin-
istered CD4* T cells should, conversely, penetrate them
from the lumen side. If so, this approach seems to be an
ideal strategy to experimentally determine whether intes-
tinal LP CD4" T cells can thereafter egress LP to the
systemic circulation. However, because a huge number of
intestinal bacteria, over 10° million per mouse constantly

RECIRCULATION OF LAMINA PROPRIA CD4* T CELLS
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Figure 1. CD4* T cells reside in crypt abscesses of inflamed mucosa of
patients with ulcerative colitis (UC). (4) Immunohistochemistry of CD20,
CD83, CD4, CD8, CDS56, and myeloperoxidase (MPO) using samples of
patients with severe UC. Four patients with UC (Supplementary Table 1)
were examined. Sections were stained brown with a given antibody and
counterstained with Mayer’'s hematoxylin. Representative section of
crypt abscess with each stain. Original magnification, X100. (B) Propor-
tion of each compartment per total stained cell number (CD3* + CD20*
+ CD56™ + MPO™) in each crypt abscess.

occupy the intestinal lumen,!3-15 no attempts to intrarec-
tally administer the cells have yet been reported. To test
our hypothesis, we administered splenic CD4" T cells
from normal BALB/c mice intrarectally or intraperitone-
ally (as a control) into C.B-17 SCID mice (Figure 2A). This
adoptive transfer system into immunodeficient recipients
was adopted because it can be easily assessed whether
intrarectally administered cells can penetrare intestinal
barriers to the LP by amplifying the cell number of pen-



