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Figure 2. Generation of TCRy-deficient mice and subsequent production of TCRay double mutant mice. {A) Schematic representation of WT and
mutant (pCy4ANL) genomic Cy4 loci together with the 3 DNA fragments used to construct the mutant pCy4ANL vector. The resulting targeting
vector {pCy4ANL) carrying a loxP-flanked pgk-neo gene cassette in place of exon 1 of Cy4 gene used a neomycin resistance gene driven by the pgk
promoter as positive selection marker is shown. Restriction enzyme sites, Sphl and Kpnl (sofid bars), exon structures, Vy and Jy (open boxes), and
loxP site (solid triangle) are indicated. (B) Schematic representation of the ES clone carrying WT TCR+y gene and mutant Vy6AL ES clone carrying the
allele in which the V46 region was replaced by a single loxP site and mutant pCy4ANL targeting vector. Exon structures, Vy and Jy (open boxes) and
loxP site (solid triangle) are indicated. {C) Schematic representation of generation of the mutant mice that carry the TCRy-deficient (CyA) allele by
Cre-mediated recombination during embryonic development. Exon structures, Vy and Jy (open boxes), and loxP site (solid triangle) are indicated.
(D) The mutant mice that carry the TCRy-deficient (CyA) allele were intercrossed to produce TCRy*/+ (WT), TCRy*/~ (¥*/7), and TCRy ™~ (y™/")
mice, and the corresponding WT and mutant alleles were typed by PCR analysis of tail DNA with each set of primers indicated. (£} ¥8 T cells are
absent from the IEL compartment of y~/~ and ery™'~ mice. y~/~ Mice were crossed with a™/~ mice to obtain WT (a*/~ X y*/7), y ™/~ {a*/~ X y/7),
a™/~ (@~ X y*/7), and ey’ (@~ X y~/~) littermate mice. '

mation characterized by elongation of crypts was much the transfer of ¥8 T cells exacerbated the severity of colicis

milder in oy~ mice as compared with o™/~ mice
(Figure 3A). Although the body weight was comparable
berween ay™/~ and &/~ mice, it was evident that colonic
weight was significantly decreased in ay™/~ mice as com-
pared with o™/~ mice (Figure 3B). The disease score
characterized by the thickening of colonic mucosa wicth
crypt elongation and inflammatory cell infiltration was
also significantly lower in ay™/~ mice than thar rared in
a~/~ mice (Figure 3C). Although approximately 20% of
20- to 60-week-old a~/~ mice displayed anorectal pro-
lapse (ARP), it was not discerned in any of age-matched
ay™/~ mice (Figure 3D). Notably, no difference was ob-
served in the age of onset of colitis and in the incidence
of colitis. (~80%) among 20- to 32-week-old ay™/~ and
a~/~ mice. In addition, in comparison with administra-
tion of PBS (as control), adoptive transfer of y8 T cells
that were purified from o=/~ mice did not increase the
incidence of colitis in the recipient a’y™/~ mice. However,

in the recipient ay™/~ mice. As shown in Figure 3E, more
severe inflammatory cell infiltration was observed in the
inflamed colon of the recipient ay™/~ mice with y8 T-cell
transfer as compared with control ay™~ mice. Therefore,
it is possible that y8 T cells may be involved in the
exacerbation, but not induction, of UC-like colitis.

Decrease in the Colonic Neutrophils and
Monocytes in the Absence of yo T Cells

The above results indicate that the spontaneous
colitis in @™/~ mice is ameliorated by the absence of y
T cells in ay™/~ mice. With these findings in mind, flow
cytometric analysis of colonic LP cells isolared from
WT, v/, @/, and ay™/~ littermate mice at approx-
imately 28 weeks of age was performed, and the rep-
resentative results of 5§ independent experiments are
presented in Figure 4A. In this experimenc, WT, v/,
a~/~, and ay™/~ littermate mice yielded 5.1 X 105, 6.1
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Figure 3. Colonic mucosal in-
flammation is milder in ay™’~

mice lacking ¥8 T cells than in

o=/~ mice possessing y3 T cells.

{A) Representative histologic pic-

tures of colon from WT, y~/=,
a~/=, and ay~/~ littermate mice.
These mice were maintained in

the same cages under specific
pathogen-free conditions and ex- 50
amined at 28 weeks of age.
(B) Body weight, wet weight of
large intestine (L weight), and ratio
(%) of LI weight to body weight in
WT, y~/=, a=, and ay™/~ litter-
mate mice at 20 to 32 weeks of
age are shown. Values in paren-
theses are numbers of mice ex-
amined. ***P < .001. (C) Disease
scores (0—10) of colitis in 24- to
32-week-old WT, y/=, a/-,
and «y~/~ mice were assessed. c
Values in parentheses are num-

Body Weight (g)

O

bers of mice examined. *£ < g
.05. (D) Incidence of ARP in 24- 8 =~
to 60-week-old WT, y~/~, a~~, & 2,
and ay~’~ mice. () The histo- ®° -3
logic findings (original magpnifica- §4 _ & 10
tion, X20) of colon of recipient @ ®
ay~’~ mouse groups that re- B2 Bs
ceived transfer of y3 T cells (loft | m., ‘8' 0
panef) and that received PBS WT a* o <
(right panel). (1 2) (12) (20) (20)

X 10%, 32.3 X 105 and 12.0 X 10° colonic LP cells,
respectively. Based on the absolute numbers of infiltrared
cells and the flow cytometry results shown in Figure 44, it
was evident that fewer Mac-1*Ly-6G™ cells and Mac-1¥Ly-
6G™ cells were present in the colonic LP cell population of
ay~/~ mice as compared with those of o™/~ mice. Mono-
cytes express Mac-1 but not Ly-6G, whereas neutrophils
express both Mac-1 and Ly-6G.2' Therefore, our results
suggest that, in addition to monocyte infilcration (Figure
4A), there is a marked infiltration of neutrophils in the
inflamed colonic LP of a™/~ mice. We also confirmed our
previous finding!s that a remarkable increase in y8 T cells
was observed in the inflamed colonic LP of e/~ mice
(Figure 4A).

Immunohistochemical examination of inflamed co-
lons from @/~ and ay™/~ mice at approximately 28
weeks of age was performed to further confirm flow
cytometric results. Consistent with the flow cytometric
observations, significantly smaller numbers of Mac-1*
cells and Ly-6G* cells were observed in the colonic LP of
ay~/~ mice as compared with those in the coloruc LP of
a~/~ mice (Figure 4B).

To investigate whether y8 T cells contribute to the
generation of colonic environment for enhancing the

WT Y o ay"
(51) (56) (55) (58)
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3
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wT T
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E

16 T cells—»ay*" mice PBS—-)ay"' mlce
. AR 2
P ¥ %3%%}* .

migration of neutrophils and monocytes into the in-
flamed colon, we examined chemotactic activity of co-
lonic extracts from a™/~ and ay™/~ mice to neutrophils
and monocytes (Figure 5A). As a result, chemotactic ac-
tivity to neutrophils of colonic extracts from ay™/~ mice
was significantly weaker than that from a7/~ mice,
whereas the chemotactic activities to monocytes of both
extracts were almost comparable (Figure SB). The marked
infiltration of neutrophils into the inflamed colonic LP
of @™/~ mice is most likely mediated by some factors,
such as MIP-2 (Figure 5A), that are enhanced in the
presence of y8 T cells. '

Taking all of these results together, and in conjunction
with our previous findings,?? colonic y8 T cells of @™/~
mice exert aggravating effect on the UC-like colitis by
increasing primarily the influx of neutrophils into the
inflamed mucosa.

Attenuatum of Colonic Proinflammatory

Cascades by the Absence of y& T Cells

In view of the severe colitis, increased infiltration
of Mac-1*Ly-6G* and Mac-1*Ly-6G™ cells, and marked
production of neutrophil chemotactic factor(s) in the
inflamed colonic LP of @™/~ mice, quantitative real-time
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Figure 4. Decrease in colonic Mac-1*Ly-6G~ and Mac-1*Ly-6G*
cells inthe absence of y8 Tcells. WT(n=3), v/~ (n=3), '~ (n=4),
and ay™'~ (n = 4} mice from 28 weeks of age were examined. (4) Flow
cytometric profiles of colonic LP cells. Absolute numbers of LP cells
isolated from these WT, y~/=, «~/~, and ay™'~ individuals were 5.1 X
105, 6.1 X 105 323 x 10° and 12.0 X 105, respectively.
(B) Representative immunohistochemical verification of the prominent
infiltrations of Mac-1* and Ly-6G™ cells into the inflamed colonic LP of
o=/~ mice, Five tissue sections prepared from ascending colon to rec-
tum per mouse, namely, 20 sections obtained from inflamed large in-
testines of &'~ mice and those obtained from inflamed large intestines
of ay~'~ mice, were examined in a blinded fashion by 5 independent
investigators, and the statistical difference in absolute numbers of
Mac-1+ and Ly-6G* cells between large intestinal mucosa from o=/~ and
ay™/~ mice were determined by 2-sided Mann-Whitney U test. *P < .05.

RT-PCR analysis and measurement of the amounts of
representative proinflammatory cytokines as well as che-
mokines were performed to dissect further the role of vy
T cells in the UC-like colitis in a@™/~ mice.

To this end, messenger RNA (mRNA) and prorteins
prepared from the large intesrines of WT, y™/~, a™/~, and

GASTROENTEROLOGY Vol. 134, No. 2

ay~/~ mice were examined. Inflamed colonic tissues from
@™/~ and ay™/" mice contained at least 10 times higher
levels of cytokine (Table 1)- and chemokine (Table 2)-
specific mRNA than those of WT and ¥/~ mice except
for IL-7 and IL-10 mRNA. In contrast to the mRNA from
colonic tissues of @™/~ mice, those of ay™/~ mice con-
tained significantly smaller amounts of cytokine (TNF-a,
IL-1B, IL-6, and TGF-B)- and chemokine (KC and MIP-
2)-specific mRNA. With these observations in mind, we
measured the amounts of representative cytokines as well
as chemokines that had exhibited the differences in
mRNA levels between the colonic tissues of ¢/~ and
ay™/~ mice. First, in situ production of TNF-¢, IL-1B,
and IL-6 but not TGF-B proteins was significantly down-
regulated in the inflamed colonic mucosa of ay™/~ mice
as compared with that of @™/~ mice (Table 1). Second, KC
and MIP-2 chemokines that are involved in the chemoat-
tract of neutrophils and/or monocytes?* were signifi-
cantly decreased in large intestines of ary™/~ mice com-
pared wich those in large intestines of @™/~ mice
(Table 2).

To investigate the cell types responsible for the in-
creases in these proinflammartory cytokines and chemo-
kines, real-time RT-PCR analysis of mRNA present in the
purified cell subsets from the inflamed colonic LP of ™/~
and ay~/~ mice was performed (see Supplementary Fig-
ure 1 online at -www.gastrojournal.org). The IL-18 and
MIP-2 mRNA were expressed preferentially by Gr-17 cells,
F4/80%* cells, and CD11c" cells in the colon, whereas IL-6
mRNA was mainly expressed by Gr-1"F4/80~CD11c¢™ cell
populations. Expression levels of TNF-a- and KC-specific
mRNA were comparable berween all cell popularions
(Gr-1* cells, F4/80" cells, CD11c* cells, and Gr-1"F4/
80~CD11c" cells) examined. Finally, the expression levels
of these cyrokine- and chemokine-specific mRNA in every
cell subset were lower in cells from ay™/~ mice than those
in cells from a™/~ mice (see Supplementary Figure 1
online at www.gastrojournal.org).

Discussion

The a™/~ mice spontaneously develop colirtis that
shares many features with human UC.'624 Commensal
enteric flora is required for the development of this colitis
as indicated by the absence of colitis in &/~ mice that are
maintained under germ-free conditions.2225 The number
of colonic y8 T cells drastically decreases in the @™/~ mice
under germ-free conditions.?? However, the study to
identify the role of y8 T cells in the UC-like chronic
colitis in @™/~ mice has been hampered by the difficulty
in generating TCRad double mutant («8~/~) mice be-
cause of the genomic organization of these TCR genes.?°
In the present study, we overcame this problem by newly
generating ¥/~ mice and subsequently crossing these
mice with @™/~ mice to generate TCRa double mutant
mice that lacked y8 T cells. By using these ay™/~ mice, we
herein provide a novel insight into the role of y8 T cells
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Figure 5. Chemotactic activity of colonic extracts rorn WT, o=/, and ay™'~ mice to neutrophils and monocytes. {A) The number of neutrophils and
monocytes migrated in response to the increasing concentration of MIP-2 (open square) and MCP-1 (solid circle). The representative flow cytometric
profiles are shown in the lower panels, and red and blue gates indicate the neutrophils and monocytes, respectively. Colored numbers represent
means of the number of cells in each gate. (B) Chemotactic responses of neutophils and monocytes to colonic extracts (0.7 mg/ml protein) from WT,
a~'~, and ay™/~ mice, and each circle represents an individual mouse. Horizontal bars show mean values, and dotted lings indicate the number of
migrated cells in medium alone. The representative flcw cytomeric profiles of 3 individual animals indicated by the sofid red and blue circles (upper
panels) are shown in the lower panels, and red and blue gates indicate the neutrophils and monocytes, respectively.
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that contributes to the exacerbarion of UC-like colitis in
a~/~ mice.

There is growing evidence supporting the fact that y8
T cells are part of the innate immune system and play an
active multifaceted immunoregulatory role in the coor-
dinated innarte and acquired immune responses that
maintain the integrity of many organs containing epithe-
lia.!52627 Nevertheless, the details of y8 T-cell functions

are still not well understood as compared with those of
af T cells. y8 T cells might play a defensive role against
infections by various pathogenic microorganisms be-
cause exaggerated and severe infectious diseases occur in
&7/~ mice.28-33 However, the same 8/~ mice have also
been demonstrated to display an increased host resis-
tance to infection.?*35 With regard to this, it is notewor-
thy that Vyl* y8 T cells are reported to eliminate the

Table 1. Real-Time RT-PCR Analysis and ELISA Assay of Cytokines in the Colonic Tissues

Cytokine
Mice (n) TNF« 18 IL-6 TGF-8 IFN-y IL-7 IL-10 112
RT-PCR (copies
per 10°
HPRT)
WT (5) 11.4 + 0.53 6.86 + 0.55 2.45 + 0.64 123 +14.6 ND 11.7 +1.03 2.63 + 0.28 0.82 +0.21
¥/~ (5) 9.20 + 0.76 6.01 = 0.61 2,14 £0.88 106 +10.7 ND 10.2+0.78 2.09*0.31 0.33*+0.09
a~/~(7) 457 = 35.7** 260 % 18.6*** 7.06 ¥ 1.04* 538 * 48.6* 64.4+8.90 11.0*0.89 499 *0.72 9.58 +1.67
ay™/~ (6) 205 + 51.8%* 98.5 + 21.4*** 203+ (0.73* 319 +57.4* 450+ 156 9.29*1.11 6.42+ 211 6.63+1.01
ELISA (pg/mg :
protein) :
o=/~ (7) 100 + 12.2*%* Q975+ 70.4** 8,24 +1.39** 2.09*0.11 8.34+1.50
ay™/~ (6) 27.0 + 8.28** 647 £ 24.6** 292+ 0.52** 257*+0.31 5.92+256
NOTE. All results are expressed as mean = SE.
*P < .05, )
*%p < 01.
**xxp < 001,

ND, not detected
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Table 2. RealTime RT-PCR Analysis and ELISA Assay of Chemokines in the Colonic Tissues

Chemokine
Mice (n) KC MIP-2 GCP-2 MCP-1 MIP-1a MIP-18
RT-PCR (copies per 103 HPRT)
WT (5) 6.05 +1.38 0.23 £ 0.01 123+ 4.11 1.67 £ 0.17 0.78 = 0.07 1.36 £ 0.22
v/~ (5) 11.8*+1.19 0.22+0.03 4.03 +1.49 1.77 £ 0.26 0.80 = 0.04 1.42 * 0.11
a~/=(7) 382 + 88.6* 101 * 12.8** 721 * 136 23.3*+4.37 35.0+3.01 19.8 + 0.88
ay~/~ (6) 65.2 + 17.4* - 28.0 + 9.80** 307 = 168 16.0 * 4.11 23.9*7.34 14.2 * 3.97
ELISA (pg/mg protein)
a~/~(7) 144 * 22.4** 113 £ 21.2* 737 + 139
ay~/~ (6) 32.4 + 13.4** 44,9+ 14.0* 414 *+ 219
NOTE. All results are expressed as mean * SE.
*pP < .05.
**p < 01,

macrophages infected with Listeria monocytogenes, whereas
¥8 T cells using V'y elements other than Vyl gene appear
to lack the ability to control macrophages but possess the
ability to protect hosts from the infection-induced tissue
injury.3637 In contrast to the beneficial function of y8 T
cells by virtue of the fact that they can maintain the
homeostasis of different types of organs,'-5827 a delete-

_rious effect of ¥8 T cells on the regulation of neutrophil-

mediated tissue damage after thermal (postburn) injury
has been reported.? In various chronic and/or autoim-
mune inflammatory diseases, such as collagen-induced
arthritis in mice3® and murine insulin-dependent diabe-
tes,®® y8 T cells have been shown to exert a protective
effect. Conversely, y8 T cells may directly contribure to
autoimmune pathology of murine experimental allergic
encephalomyelitis*! as well as lupus in MRL/lpr mice.*?
Overall, both the beneficial and detrimental roles of ¥8 T
cells in inflammarory process are evident.*3

In chemically induced acute intestinal inflammation
models (2,4,6-trinitrobenzene sulfonic acid- or dextran
sulfate sodium-induced colitis), y8 T cells have been
reported to play a protective role.!!-4 Depletion of ¥8 T
cells by administration of anti-TCRy8 mAb into TNFAARE
mice with a high frequency of spontaneous ileiris** did
not lead to any histologic changes of ileiris.*S However,
transfer of bone marrow-derived y8 T cells has been
shown to induce CD-like colitis in the bone marrow
transplanted CD3etg colitis model.#¢ Although che role
of y8 T cells in spontaneous chronic colitis remains to be
explored to date, the results of the present study demon-
strate the exacerbating effect of y8 T cells on cthe UC-like
chronic colitis in @/~ mice (Figures 3 and 4 and Tables
1 and 2). Interestingly, approximately 20% of @™/~ mice
during 20 to 60 weeks of ége suffered from ARP, whereas
none of age-matched ay™/~ mice showed ARP (Figure
3D). Of note, there were no differences in the age of onset
of colitis and in the incidence of colitis (~80%) among
20- to 32-week-old @/~ and ay™/~ mice, but much more
severe colitis was observed in a™/~ mice as compared with
ay™/~ mice. Therefore, it is possible that ARP may reflect

increased severity of colitis and that y8 T cells may
participate in the development of ARP.

Absence of y8 T cells in ay™/~ mice leads to a signif-
icantly reduced production of TNF-a, IL-1, and IL-6
proteins in the colonic tissues. These findings are consis-
tent with our previous results®* showing the involvement
of TNF-g, IL-1B, and IL-6 in the perpetuation of inflam-
matory process in a”/~ mice. These inﬂammatoi‘y medi-
ators have been shown to be important for host defense
and wound repair.#” Both KC and MIP-2 attract neutro-
phils to inflamed sites, and, in certain microbial infec-
tion, the collection of neutrophils leads to suppuration
reflecting an active and vigorous host response against
microbes. We also confirmed that colonic extracts from
ay™/~ mice exhibited the significantly weaker chemotac-
tic activity to neutrophils than those from a~/~ mice. KC
and MIP-2 mRNA expressions were lower in all purified
cell. subsets (Gr-1*, F4/80*, CDl1lc*, and Gr-1"F4/
80~CD11c™ cells) from ay™/~ mice than those from o™/~
mice. Therefore, in the presence of ¥8 T cells, many types
of immune cells may be triggered to produce more che-
mokines, followed by infiltration of neutrophils into the
colonic mucosa in a/~ mice. y8 T-cell responsiveness
that is manifested by recruitment and activation of in-
flammatory cells in which neutrophils predominate has
also been reported.'3! In this context, it is of importance
to note that the activity and severity of UC patients with
increase in y8 T cells in the inflamed mucosa®!° (Figure
1) can be judged by the activation state of neutrophils in
circularion*® as well as by regional accumularion of neu-
trophils in the colonic crypt walls (cryptitis) or in the
lumen of crypts (crypt abscess).*?

The suppressive role of B cellsS® and the aggravaﬁng
role of TCRBY™ T cells225! in the pathogenesis of colitis
in @™/~ mice have been reported. Therefore, it is possible
that y8 T cells may contribute to the exacerbation of this
colitis by dampening regulatory B-cell function or by
cooperating the colitogenic TCRBY™ T cells. The possible
complicatéd mechanism remains to be explored in the
future. Levels of TNF-a and IL-18 mRNA in F4/80% cells
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are higher in @™/~ mice compared with ay™/~ mice (see
Supplementary Figure 1 online ar www.gastrojournal.
org), suggesting that ¥8 T cells may activate macrophages
to secrete large amounts of proinflammatory cytokines.

In conclusion, although y8 T cells at the inflamed
colonic LP of &/~ mice may protect intestinal epithelial
injury, proinflammatory cytokines and neurtrophil-
and/or monocyte-chemoattractant chemokines induced
by ¥8 T cells may directly and/or indirectly contribute to
increased severity of UC-like chronic colitis in @™/~ mice.
Further understanding of the molecular mechanisms of
v8 T cell-mediated exacerbation of colitis in @™/~ mice
will lead us to work out better therapeutic strategies for
human UC.

Supplementary Data

Note: To access the supplementary marerial ac-
companying this article, visit the online version of Gas-
troenterology at www.gastrojournal.org, and atr doi:
10.1053/j.gastro.2007.11.056.
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Lamina Propria c-kitt Immune Precursors Reside in Human Adult
Intestine and Differentiate Into Natural Killer Cells

HIROSHI CHINEN,** KATSUYOSHI MATSUOKA,* TOSHIRO SATO,* NOBUHIKO KAMADA,* SUSUMU OKAMQTO,*
TADAKAZU HISAMATSU,* TAKU KOBAYASHI,* HIROTOSH! HASEGAWA,® AKIRA SUGITA,T FUKUNORI KINJO,*

JIRO FUJITA* and TOSHIFUMI HIBI*

*Division of Gastroenterology and Hepatology, Department of intemal Medicine, School of Medicine, Keio University, Tokyo, Japan; *Department of Medicine and
Therapeutics, Control and Frevention of Infectious Diseases, Graduate School of Medicine, University of the Ryukyus, Okinawa, Japan; $Department of Surgery,
School of Medicine, Keio University, Tokyo, Japan, and *Department of Surgery, Yokohama Municipal Citizen's Hospital, Yokohama, Japan

Background & Aims: Recent studies have revealed
that murine intestinal mucosa contains several kinds of
lineage markers (lin)~ c-kit* immune precursor cells.
However, immune precursors in the human adult intes-
tine have not been studied extensively. Methods: Lam-
ina propria mononuclear cells and intraepithelial lym-
phocytes from surgically resected human adult intestine
weére examined for the surface antigen expression and
cytokine profile by immunohistochemistry and flow cy-
tometry. The transcriptional profile of these cells was
analyzed by reverse-transcription polymerase chain re-
action. The phenotypic and functional characterization
of the in vitro differentiating cells from the precursors
was examined by flow cytometry. Results: We identi-
fied lin~ c-kit* cells scattered throughout lamina pro-
pria of the human adult intestine. These intestinal
immune precursors expressed CD34, CD38, CD33, in-
terleukin-2Re, and interleukin-7Re, and they had much
more abundant expression of Id2, PU.1, SpiB1, and
lymphotoxin than thymocytes. The lin~ e-kit* immune
precursors mainly differentiated into CD56% c-kit¥™
cells during in vitro culture. These in vitro differentiat-
ing cells corresponded to intestinal natural killer (NK)
cells, which had distinct characteristics from their pe-
ripheral counterparts, such as CD83 and integrin ag
expression, less cytotoxic activity, and higher inter-
feron-y production. Furthermore, both c-kit¥™ cells
and NK cells were increased in lamina propria of
Crohn’s disease, although there was no change for pe-
ripheral blood NK cells. Conclusions: The human in-
testine may have the unique NK cell differentiation
system, which may conrtribute to maintenance of im-
mune homeostasis in the intestine.

he cellular components of the immune system, such

as T cells, B cells, monocytes, granulocytes, macro-
phages, dendritic cells, and nartural killer (NK) cells, are
derived from common hematopoietic stem cells (HSCs)
in the bone marrow. As a first step, HSCs differentiate
inro 2 distinct subsets: common myeloid progenitors and
common lymphoid progenitors. Although common my-

eloid progenitors ultimately differentiare into myeloid
cells such as monocytes, granulocytes, macrophages, and
dendritic cells,” common lymphoid progenitors differen-
tiate into B-cell precursors and common T- and NK-cell
precursors (T/NKPs).2 T/NKPs subsequently differentiate
into NKPs and T-cell precursors.3-5 These steps are as-
sumed to proceed mainly in the bone marrow, which is
regarded as the most important site for primary immune
cell differentiation.

A unique immune system has developed in the intes-
tine. The intestinal immune system includes Peyer’s
patches, isolated lymphoid follicles, mesenteric lymph
nodes (MLN), lamina propria mononuclear cells (LPMCs),
and intraepithelial lymphocytes (IELs). This intestinal
immune system maintains immunologic homeostasis
against gut luminal antigens. In addirtion to these com-
ponents, the intestine has become recognized as a site for
differentiation of immune cells. Recent studies have re-
vealed that murine intestinal mucosa contains immune
precursor cells, which are lymphoid tissue inducer cells
(LT1)%7 in the fetus and cryptopatch (CP) cells® in the
adult. Both LTi and CP cells express c-kit, IL-7 receptor &
subunit (IL-7Ra), IL-2Ra, CD44, and CD44™. These sur-
face phenotypes are similar to those of common lym-
phoid progenitors in bone marrow, and LTi and CP cells
havebeen reported todevelopinsituinto Peyer’s patches6.”.?
and extrathymic T cells of IELs,'%'! respectively. In addi-
tion, a recent study suggested that CP cells can funcrion
as adulc LTi by developing into isolated lymphoid folli-

Abbreviations used in this paper: CP, cryptopatch; HSC, common
hematopoietic stem cell; IENK, intraepithelial natural Killer cell; IFN,
interferon; IL, interleukin; IL-7Ra, IL-7 receptor « subunit; Lin, lineage
markers; LPMCs, lamina propria mononuclear cells; LPNKs, lamina
propria natural killer cells; LTi, lymphoid tissue inducer cells; MLN,
mesenteric lymph nodes; NK, natural killer; PBL, peripheral blood
lymphocytes; PBNKs, peripheral blood natural killer cells; PCR, poly-
merase chain reaction; pTe, pre-T cell receptor chain a; RAG, recom-
bination activating gene; SEM, standard error of the mean; T/NKPs,
common T and natural killer cell precursors; TNF, tumor necrosis
factor.

© 2007 by the AGA Institute
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cles rather than IELs in normal adulc mice.'? The im-
mune precursor cells in the murine intestine have been
investigated extensively; however, only a few reports have
referred to immune precursor cells in the human intes-
tine. A recent study showed that CD3- CD77 cells in the
human fetal intestine express messenger RNA (mRNA)
for pre-T-cell receptor chain a (pTa), which is essential
for early T-cell differentiation.?? It also shows that these
cells can give rise to CD3* T cells in vitro and in vivo,
using severe combined immunodeficient (SCID) mice
engrafted with human fetal intestine.' It also has been
reported that recombination activating gene (RAG)-1 and
RAG-2 mRNA can be detected in the intestinal mucosa of
human infanes.'$16 Moreover, CD3- CD2* CD7* cells in
the human adult jejunum have been shown to express
RAG mRNA as well as pTa mRNA.'6 All these reports
have examined intestinal immune precursors in light of
extrathymic T-cell differentiation. However, considering
the reports on the murine intestine, we assume that more
immature immune precursor cells, such as LTi, also may
reside in the human adult intestine.

To verify this hypothesis, we first analyzed human
adult intestine immunohistochemically, focusing on ex-
pression of c-kit, which is a receptor for stem cell factor
and is known to be expressed on immune precursor cells
such as HSCs.!7 Although intensive analysis did not re-
veal any c-kit* cell clusters such as CP, we found a
considerable number of c-kit* cells scattered in the lam-
ina propria. We next characterized with flow cytometry
these c-kitt cells in LPMCs isolated from human adult
intestine, which revealed that the c-kit* cells in the in-
testine have phenotypes identical to T/NKPs in the fetal
liver'8 and thymus.'® The c-kit* cells mainly were com-
micted to the NK cell lineage in vitro. We also found
unique characteristics of mature NK cells residing in the
human adulc intestine.. These results suggest that c-kit*
cells should differentiate into tnrestinal NK cells. Fur-
thermore, NK cell differentiation is accelerated in
Crohn’s disease (CD), indicating that this intestinal NK
cell differentiarion system may play a role in the patho-
genesis of chronic intestinal inflammation. Thus, we were
able to show differenriacion of intestinal NK cells from
c-kit* cells in the human adult intestine, which may
contribute to maintenance of intestinal immune ho-
meostasis.

Materials and Methods
Tissue Samples

Normal intestinal mucosa and MLN were ob-
tained from macroscopically and microscopically unaf-
fected areas of patients with colon cancer. Intestinal
mucosa also was obtained from surgically resected spec-
imens from patients with CD or ulcerative colitis (UC),
diagnosed on the basis of clinical, radiographic, endo-
scopic, and histologic findings, according to established

GASTROENTEROLOGY Vol. 133, No. 2

criteria.202! In all samples from partients with CD or UC,
the degree of inflammation was histologically moderate
to severe. All experiments were approved by the institu-
tional review board and written informed consent was
obtained from all the patients.

Histologic Analysis .

Tissue sections were treated according to well-
established methods. Intestinal specimens were fixed
with 4% paraformaldehyde (Wako Pure Chemical Indus-
tries, Osaka, Japan) and embedded in paraffin. Sections
from paraffin-embedded blocks were deparaffinized and
stained with H&E (Sakura Finetech Japan, Tokyo, Japan).
For immunohistochemical staining, deparaffinized sec-
tions were heated at 100°C for 20 minutes in 10 mmol/L
sodium citrate buffer (pH 6.0) in a microwave oven. For
the enzyme-labeled antibody method, each section was
treated with 3% H,0, (Wako) in 100% methanol and then
incubated with normal rabbit serum (Nichirei Biosciences,
Tokyo, Japan) for 15 minutes at room temperature to block
nonspecific reactions. Thereafter, sections were treated with
rabbit anti-human c-kit Ab (Dako Cytommation, Glostrup,
Denmark) and incubated at 4°C overnight. Primary anti-
bodies were washed out and sections were incubated with
Histofine anti-rabbit Simplestain Max-PO (Nichirei), and
visualized with 3-3’-diaaminobenzidine (Nichirei) for per-
oxidase and counterstained with hemartoxylin. Sections in-
cubated with the IgG fraction of normal rabbit serum
(Dako) served as negative controls. For identification of
mast cells, deparaffinized sections were stained with .05%
toluidine blue solution, pH 4.1 (Wako). Mast cells were
stained red-purple and other cells were stained blue.

Preparation of LPMCs, IELs, Peripheral
Blood Lympbocytes (PBLs), and MLN Cells

.LPMCs and IELs were isolated from intestinal
specimens using modifications of previously described
techniques.?223 Briefly, dissected mucosa was incubated
in calcium and magnesium-free Hanks’ balanced salt
solution (Sigma-Aldrich, St. Louis, MO) containing 2.5%
heat-inactivated fetal bovine serum (BioSource, Cama-
rillo, CA) and 1 mmol/L dithiothreitol (Sigma-Aldrich) to
remove mucus. The mucosa then was incubated in
Hanks’ balanced salt solution containing 1 mmol/L eth-
ylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) for
60 minutes at 37°C. During this treatment, IELs and
epithelial cells were removed from the tissue. Tissues
were collected and incubated in Hanks’ balanced salt
solution containing .02% collagenase type 3 (Worthing-
ton Biochemical, Freehold, NJ) for 60 minutes at 37°C.
The fraction was pelleted and resuspended in 40% Percoll
solution (Amersham Biosciences, Piscataway, NJ), then
layered on 60% Percoll before centrifugation at 2000 rpm
for 20 minutes at room temperature. Viable LPMCs were
recovered from the 40%-60% layer interface. For isolation
of IELs, after EDTA treatment the supernatants were
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collected and filtered through a glass-wool column to
deplete cell debris and sticky cells. Cells were centrifuged
over a 40%-60% Percoll solution density gradient. IELs
were recovered from the layer interface. PBLs were iso-
lated from heparinized peripheral blood samples by den-
sity gradient centrifugarion using Lymphoprep (Ny-
comed Pharma, Oslo, Norway). For isolation of MLN
cells, MLN were squeezed and passed through sterile
nylon mesh to create single-lymphocyte suspensions.24

Giemsa Stain

The lin~ c-kit* cells and the mast cells in LPMCs
were sorted by Epics Altra with the HyPerSort cell sorting
system (Beckman-Coulter, Fullerton, CA). The purity of
the sorted cells was greater than 98% by postsorting
analysis. After spreading the sorted cells on glass slides
they were air dried, then the cells were fixed with meth-
anol and stained with pH 6.4 Giemsa solution (Merck,
Whitehouse Station, NJ), and they were observed by light
microscope.

Flow Cytometric Analysis of c-kitt LPMCs

Differentiation Markers

Cell surface fluorescence intensity was assessed
using a FACSCalibur analyzer and analyzed with Cell
Quest software (BD Biosciences, San Jose, CA). Dead cells
were excluded with propidium iodide staining. The lin-
eage marker monoclonal antibodies that were used were
the available Lineage Cockrail 1 (BD Biosciences). Lin-
eage Cocktail 1 included CD3 (SK7), CD14 (M¢P9),
CD16 (3G8), CD19 (S]25C1), CD20 (L27), and CD56
(NCAM16.2). All the antibodies were purchased from BD
‘Biosciences except for CD2, CD20, CD56 (MEM188), and
NKG2D, which were purchased from eBiosciences (San
Diego, CA); CCR7, CXCRS, and IL-18Ra were purchased
from R&D systems (Minneapolis, MN); CD133 was pur-
chased from Miltenyi Biotec (Bergisch, Gladbach, Ger-
many); and CX3CR1 was purchased from Medical &
Biological Laboratories (Nagoya, Japan).

Quantitative Real-Time, Reverse-

Transcription Polymerase Chain Reaction

Analysis

Cells were sorted by Epics Altra wich the HyPer-
Sort cell sorting system (Beckman-Coulter). The purity of
the sorted cells was always greater than 98% by postsort-
ing analysis. Total RNA was excracted using the RNeasy
Micro Kit (Qiagen, Hilden, Germany), and total thymo-
cyte RNA was purchased from BD Biosciences. Total
RNA was treated with Qiagen DNase I to remove any
contaminating genomic DNA. Absence of amplification
of contaminating genomic DNA was ascertained by poly-
merase chain reaction (PCR) in which RNA was used as
a template. Complementary DNA was synthesized using
the Superscript first-strand synthesis system for reverse-
transcription PCR (Invitrogen, Carlsbad, CA), according
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to the manufacturer’s instructions. Semiquantitative real-
time, reverse-transcription PCR was performed using
TaqMan universal PCR master mix (Applied Biosystems,
Foster City, CA) and on-demand gene-specific primers.
The fluorogenic probes were as follows: RAG-1, RAG-2,
preTCRa, Id2, PU.1, SpiB1, lymphotoxin a, lymphotoxin
B, and B-actin, which all were purchased from Applied
Biosystems. Cycling conditions for PCR amplification
were 95°C for 10 minutes, followed by 45 cycles of 94°C
for 15 seconds, and 60°C for 1 minute. Transcription of
mRNA was assessed on a DNA Engine Opticon 2 System
and analyzed with Opticon monitor software (M] Re-
search, Waltham, MA). All samples were analyzed in trip-
licate.

Lin~ c-kitt LPMCs In Vitro Culture

CD3* and CDS56* cells were removed from
LPMCs using a magnetic cell-sorting system (MACS;
Miltenyi Biotec) according to the manufacturer’s instruc-
tions. The CD3- CD56~ LPMCs were cultured at a con-
centration of 1 X 106/mL in complete medium consist-
ing of 1640 RPMI (Sigma-Aldrich) supplemented with
GlutaMAX (Invitrogen), 10% heat-inactivared feral bo-
vine serum (BioSource), 10 mmol/L HEPES (Invitrogen),
50 pmol/L 2-mercaptoethanol (Wako), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin (Invierogen). The
cultures were maintained in a humidified atmosphere at
37°C in 5% CO; for 72 hours. All samples were cultured

" in duplicate. :

Isolation of Peripheral Blood NK Cells and

Lamina Propria NK Cells

CDS64m (CD3- CD14- CD16* CDS6%) peripheral
blood NK (PBNK) cells and CDS56Mrigh (CD3- CD14"
CD16- CD56™) PBNKs were isolated from PBLs by using
MACS (Miltenyi Biotec) according to the manufacturer’s
instructions. Lamina propria NK (LPNK) cells (CD3-
CD14- CD56%) also were isolated with MACS. The per-
centage of each isolated NK cell was evaluated by flow
cytometry and routinely was greater than 95%.

Cytotoxicity Assay

The cytotoxicity of NK cell subsets against the
NK-sensitive K562, a human erythroleukemic cell line
(American Type Culture Collection, Rockville, MD), was
measured by using a previously described protocol?s with
minor modifications.

NK Cell Cytokine Production

A total-of 1 X 108 cells in 1 mL complete RPMI
1640 medium (Sigma-Aldrich) were stimulated with 10
ng/mL IL-12 (Medical & Biological Laboratories) and 100
ng/mL IL-15 (R&D) or 10 ng/mL IL-12 (Medical & Bio-
logical Laboratories) and 100 ng/mL IL-18 (Medical &
Biological Laboratories) for 8 hours at 37°C. After stim-
ulation, interferon-y (IFN-v) ot tumor necrosis factor-a
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(TNF-a) production were detecred using the Cyrokine
Secretion Assay Cell Detection Kit (Miltenyi Biorec) ac-

" cording to the manufacturer’s instructions, defining cells

with antibodies against CD3, CDS56, or CD117 (BD Bio-
sciences) and propidium iodide. IFN-y and TNF-a in cell
culture supernatanct also were measured using human
Thi/Th2 cyrokine beads array kit (BD Biosciences) ac-
cording to the manufacturer’s protocol.

Transplantation of the Human lin~ c-kit*

LPMCs Into RAG-27/~ Mice

C57BL/6] background RAG-27~ mice (Central In-
stitute for Experimental Animals, Kanagawa, Japan) were
housed under specific pathogen-free conditions at the
animal center of Keio University (Tokyo, Japan). All ex-
periments using mice were approved by and performed
according to the guidelines of the animal committee of
Keio University. The human lin~ c-kit* LPMCs cells (1.3-
1.5 X 103) were injected intraperitoneally into 8-week-old
RAG-27- mice. LPMCs, IELs, and splenic lymphocytes
were isolated and examined for human lineage markers
and human CD117 monoclonal antibody (BD Bio-
sciences) by flow cytometry. For in vitro differentiation,
isolated LPMCs were cultured with complete medium in
the presence of 100 U/mL human recombinant IL-2
(eBiosciences) or 100 ng/mL IL-15 (R&D) for 7 days.
Cultured cells were stained by human CD3 and CDS56
monoclonal antibody (BD Biosciences) and assessed by
flow cytometry. All samples were cultured in duplicate.

Statistical Analysis

Statistical analysis was performed by using
STATVIEW software version J-5.0 (Abacus Concepts,
Berkeley, CA), StatMate III software version 3.05 (ATMS,
Tokyo, Japan), and GraphPad Prism software version 4.0
(GraphPad Software Inc., San Diego, CA ). Differences ac
a P value of less than .05 were considered significant. All
data are expressed as means * standard error of the
mean (SEM).

Results

Presence of Non—Cluster-Forming Lineage

Markers (lin)~ c-kit* Lymphocytes in the

Human Adult Intestine

We first tried to identify c-kit* cells in the human
adult intestine by immunohistochemistry. We could not
find any c-kic* cell clusters such as murine CP cells;
however, we found a considerable number of c-kit* cells
scattered in the intraepithelial space, lamina propria, and
submucosal layers of both the ileum and colon (Figure
1A and B). The c-kit expression on IELs was dimmer than
that on LPMCs (Figure 1B and I). Furthermore, the c-kit*
IELs were found only in the intraepithelial space of
crypts, but not in that of villi (data not shown). Because
c-kic also is expressed on mast cells,?® sequential sections
were stained metachromatically with toluidine blue,

GASTROENTEROLOGY Vol. 133, No. 2

which is useful for identifying mast cells (Figure 1C).
Although most of the c-kit* cells in the submucosal layer
and a part of the c-kit™ cells in the lamina propria
presented metachromasia (Figure 1G and H), a consider-
able proportion of the c-kit* LPMCs and IELs did not
(Figure 1E, F, I, and J). We next analyzed with flow
cytometry LPMCs isolated from human adulr intestine.
Mast cells were excluded by taking advantage of their
complex granular morphology and higher c-kit expres-
sion?”? (Figure 2A). The other c-kit* population, distinct
from mast cells, was consistent with a typical lymphoid
cell gate in forward- and side-scatter diagrams and was
used for further analysis. We then examined these c-kit™
cells for lineage markers as follows: CD3, CD14, CD16,
CD19, CD20, and CDS56. The blot diagram clearly iden-
tified 2 distinct c-kit* populations: lin~ c-kit* and lin™
c-kitd™ cells (Figure 2B). The lin~ c-kit* subset occupied
1.97% * .15%, whereas the lin* c-kit#™ subset occupied
1.29% * .22% of the total LPMCs (n = 10). The lin~ c-kit*
cells were different from mast cells morphologically, and
they seemed to be small immature lymphoid cells about
7 pm in diameter (Figure 2C). A similar number of lin~
c-kit® cells were detected in LPMCs from both the ileum
and colon; however, they barely were recognized in IELs,
MLN cells, or PBLs (Figure 2B). In contrast, the lin*
c-kitd™ subset also was present in IELs, which was con-
sistent with the immunohistochemical finding that c-kit
expression on IELs was dimmer than that on LPMCs
(Figure 1B and I). We assumed that these lin™ c-kit* cells
were immune precursor cells in the intesrine.

Characterization of the lin~ c-kit* and lin™

c-kit¥™ Subsets

To characterize further the 2 c-kit* populations in
LPMCs, we examined the expression of various surface
stem cell markers. The lin~ c-kit* cells also expressed
CD34 (Figure 3A4), which is another marker for HSCs.?8
However, CD34 expression on lin~ c-kit* cells was lower
than that on HSCs (Figure 3A). It is reported that the
expression of CD34 decreases during differentiation,
therefore, lower CD34 expression may reflect a later stage
in the hematopoietic lineage.?® The lin~ c-kit* cells in
LPMCs expressed CD38%™, Thy-1, and CD45RA (Figure
3A), which corresponds to the phenotype of T/NKPs in
feral liver'8 and thymus.' Furthermore, they expressed
IL-7Re, IL-2Re, CD44, CCR7, and CXCRS (Figure 3B),
which are expressed on immune precursor cells such as
mouse LTi and CP cells. Importantly, a small number of
the lin- c-kit* cells in LPMCs expressed IL-2RB and
CD161, which are known as NK cell markers (Figure 3B).
The lin~ c-kit* cells were negative for CD56 when exam-
ined with clone NCAM 16.2 and MEM 188; however, a
small fraction of the cells were weakly positive for clone
B159. It is interesting to note that this subset expressed
CD33, a known marker of myeloid lineage cells (Figure
3A and B).3®
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Figure 1. Identification of c-kit-expressing cells in the human adult intestine. Sequential sections of ileal mucosa were stained with (4) H&E, (B) c-kit
antibody by 3-3'-diaaminobenzidine-enhanced immunoperoxidase and counterstained with hematoxylin, (C) toluidine blue to identify mast cells,
and (D) negative control. The high-power image of representative c-kit* cells (G, H) with metachromatic staining (red frame) or (E, F) without
metachromatic staining (blue frame) metachromatic staining. The high-power image of a () representative c-kit* IEL without metachromatic staining
is shown in the (J) black frame.
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Figure 2. Flow cytometry of fin- c-kit* subset of LPMCs isolated from human adult intestine. (A) LPMCs were highlighted with c-kit expression and
side-light scatter blotting (upper feft). Side-light scatter high and c-kit high cells (red oval), which represented mast cells, were expanded further with
side- and forward-side—scatter blotting {upper right). The cells with lower c-kit expression and lower side fight scatter (biue oval) were expanded with
the side- and forward-side—scatter blotting (bottom left). These cells were within a typical lymphoid cell gate. (B) LPMCs from ileum or colon, |ELs,
PBLs, and MLN cels in the lymphoid gate were analyzed for expression of c-kit and lineage markers (CD3, CD14, CD16, CD19, CD20, and CDS6).
The data shown are representative of 6 independent experiments. (C) The lin” c-kit* cells and the mast cells from LPMCs were stained with Giemsa
solution.
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Figure 3. Characterization of the lin- c-kit* and lin* ¢-kit®™ subsets of LPMCs. (A) Stem cell marker expression was analyzed in the lin~ c-kit* subset
of LPMCs. (B) The lin" c-kit~ subset (gray histograms) and the lin* c-kitd™ subset (black lines) of LPMCs were analyzed for the expression of several
cell surface antigens. The data shown are representative of at least 5 experiments for each surface marker.
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Figure 4. The lin- c-kit* subset has abundant mRNA for 1d2, PU.1,
SpiB1, and lymphotoxin a and B mRNA transcripts for each gene were
quantified using real-time reverse-transcription PCR. In each sample,
mRNA transcripts were normalized to those ot B-actin. The expression
value of each mRNA is shown as a ratio against that of thymocytes.
Peripheral T, B, and NK cells were used as controls. Results are ex-
pressed as means = SEM. The data are representative of 4 samples.

We next analyzed the lin* c-kitd™ subset in LPMCs
(Figure 3B). The lin® c-kitd™ cells expressed only CD3
and CDS6 among the lineage markers, and CD56*
cells predominated over CD3* cells. The lin* c-kirdm
subset also expressed other NK markers, IL-2R8 and
CD161, and these phenotypes corresponded to those
of NKPs.31.32 Interestingly, they expressed CD83 (Fig-
ure 3B), but they did not express other dendritic cell
markers such as CD80, CD86, and CD209 (data not
shown). It was also an intriguing finding that a frac-
tion of these cells expressed integrin ag, known as an
IEL marker (Figure 3B).33

With the surface antigen expression patterns, the lin
c-kit* cells in the LPMCs were reminiscent of T/NKPs,
On the other hand, the lin* c-kitd™ subset likely may be
a group of cells that already have begun differentiation
into NK cells.

The lin~ c-kit* Subset Has Abundant mRNA

for 1d2, PU.1, SpiB1, and Lymphotoxin

To confirm further the immature nature and dif-
ferentiation potential of the lin~ c-kit* cells, we examined
the mRNA expression of several transcription factors
essential for HSC differentiation. PU.1 and SpiB1 play
important roles in HSC differentiation3435 and 1d2 is
essential for NK cell development.36 The lin- c-kit* cells
had much more abundant expression of 1d2, PU.1, and
SpiB1 mRNA compared with thymocytes (Figuré 4). Note
that mRNA of these rranscription factors was decreased
in the lin* c-kitd™ cells, suggesting that they were at a
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later stage of differentiation than the lin- c-kit* popula-
tion.

In addition to these transcription factors, we analyzed
lymphotoxin o and 8 mRNA transcripts. Lymphotoxin a
and B are reported to be critical for both NK cell devel-
opment® and fulfillment of LTi funcrions.3 The lin-
c-kit? cells also had much more abundant mRNA tran-
scripts of lymphotoxin a and B compared with thymo-
cytes (Figure 4).

We next examined RAG-1, RAG-2, and pTa mRNA,
which are essential for early T-cell differentiation. Al-
though these transcripts were detectable in the lin- c-kit™
cells, their expressions were far lower than that in thy-
mocytes (Figure 4). These results indicate thar the lin-
c-kit* cells have an immature nacure and the potential to
differentiate into NK cells.

The lin~ c-kit* LPMCs Are Committed to NK
Cell Lineage In Vitro

Based on the results obtained so far, we as-
sumed that the lin~ c-kit* cells in the human adul:
intestine were a subset very close to T/NKPs. To con-
firm the differentiation capacity of the lin- c-kit* cells,
we cultured LPMCs after depletion of both CD3* and
CDS56" cells without any exogenous stimuli. This cul-
ture method can maintain the interaction of the c-kit*
cells with the surrounding cells, via cell- cell contact or
humoral soluble factors, which may be essential for the
differentiation process. At the beginning of the culture
period, we confirmed that the lin* c-kit¥™ subser was
excluded completely because of CD3* and CD56" cell
depletion (Figure SA). However, surprisingly, c-kitd™
cells expressing lineage markers emerged and increased
during the culrure period (Figure SA and B). Con-
versely, the lin~ c-kit* cells gradually decreased. These

lin* c-kitd™ cells must have developed from the lin-.

c-kit* subset because the c-kitd™ cells did not emerge
from the sorted c-kit™ population during 72 hours of
culture (Supplementary Figure 1; supplementary
marerial online at www.gastrojournal.org).

The c-kit* cells became larger in size and had more
granularity as they developed (Figure 5C). Most of the
c-kitd™ cells up-regulated NK cell markers such as CDS6,
CD161, and IL-2RB, and they also expressed integrin ag
(Figure 5C, D, and E, Table 1). However, they did not express
activated NK cell markers CD80 and CD86 (Table 1).3°
Meanwhile, very few CD3* cells could be derected among
the lin* c-kitd™ populations (Figure 5C and D). Further-
more, the CD56* cells in the newly emerging lin™ c-kitd™
cells contained cytotoxic granules (Figure 5F) and they
could exert cytotoxicity against K562 cells (Figure 5G).
They also were able to produce IFN-y and TNF-a (Figure
SH). According to some previous studies, it takes up to 2
weeks for NK cell development from HSC in vitro cul-
ture.*® Therefore, the lin~ c-kit* subset likely included the
population that already committed to NK cell lineage.
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Figure 5. A major part of the lin- c-kit™ subset in the
human adult intestine is committed to the NK cell lineage
in vitro. (A) Expression of c-kit and lin in LPMCs depleted
of CD3 and CD56 during 72-hour culture. The data
shown are representative of 5 independent experiments.
72h (B) Changes in the proportions of lin- c-kit* and lin* c-
kit#m cells. The data are expressed as means * SEM (n =
5). (C) Sequential changes in the forward-side scatter and
surface marker expression in the c-kit* cells. (D) Percent-
age of CD56* or CD3* cells in the c-kit* cell population (n
e = 5). The data are expressed as means * SEM. (E)
Integrin o=~ cells in the c-kit* cell population (n = 5). The
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L-15 forin. The data shown are representative of 4 indepen-
' 5] dent experiments. (G) Cytotoxic capacity of 72-hour cul-
T tured cells. The data represent an effector-target cell ratio
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72-hour culture, c-kit* CD56* cells produced IFN-y and
R TNF-a. The data shown are representative of 4 indepen-
dent experiments.

— 247 —



August 2007

Table 1. Phenotypes of the Newly Emerging c-kitd™ Celis
After 72-Hour In Vitro Culture

Cell surface markers Cultured cells (72 h)

CD34 -
CcD38 +++
CD33 ++
CcD2 +++
co7 ++
CD11b +
CD11c +
CD161 +++
CDo4 +
NKG2D +
CD158a/b -
NKB1 -
L-selectin -
CcD80 -
cD83 +
cD86 -
CD209 -
IL-2Ra ++
IL-2RB ++
IL-3Ra ~/+
IL-7Ra +++
IL-18Ra +++
CCR7 .- +
CXCR3 +
CXCR5 -
CX3CR1 -
Integrin oy . + 4+
Integrin B +
Integrin ag +

-, 0%-5%;, —/+, 5%-10%; +, 10%-50%; ++, 50%-75%; +++,
75%—100%

When only isolated lin~ c-kit* cells were rendered to in
vitro culture, they lost viability with or withour exogenous
human cytokines such as IL-2 and/or IL-15. Then we per-
formed transfer experiments in which RAG-2-deficient
mice received isolated human lin~ c-kit* LPMCs. Very sur-
prisingly, 3 weeks after transplantation we could derect
human lin- c-kit* cells exclusively in murine LPMCs but not
in IELs or splenic lymphocytes (Figure 6A). The absence of
CDS56 expression indicated that they did not differentiate
into NK cells in murine intestine. However, human CD56%
cells emerged when murine LPMCs containing human lin~
c-kit* cells were cultured with exogenous IL-2 and/or IL-15
(Figure 6B).

These results suggested that a large proportion of
human LP lin- c-kit™ cells were the NK cell precursors.
Given that newly emerging lin* c-kitd™ cells from lin-
c-kit* subtype shared a very similar phenotype with the
lin* c-kitdim cells that actually reside in human LPMCs
(Figure 3B and Table 1), this differentiation process may
actually occur in the human intestine.

LPMCs and IELs Contain Functional NK
Cells

The results thus far have indicated that the lin-
c-kitt cells in the intestine have the potential to dif-

DIFFERENTIATION OF INTESTINAL NK CELLS 567

ferentiate into NK cells. There have been only a few
reports on NK cells in the human intestine,*'42 there-
fore, we examined CD56 expression on LPMCs and
IELs. It revealed that a considerable number of CD3-
CD56™ cells certainly exist in LPMCs (Figure 7A4).
These CD3- CDS6% cells, which are referred to as
LPNKs, were larger and had more granular morphol-
ogy than lamina propria T cells (Supplementary Figure
2; supplementary material online at www.gastrojournal.
org). CD3- CDS56" cells also were found in IELs, which
are referred to as intraepithelial NK cells (IENKs) (Fig-
ure 7A).#2 We next compared surface marker expres-
sion among the lin~ c-kit?, lin* c-kitd™, and intestinal
NK cells (LPNKs and IENKs) (Figure 7B). NK cell
markers such as CD94, CD161, and NKG2D increased
in the following order: lin~ c-kit* cells < lin* c-kigdi™
cells < intestinal NK cells, which is consistent with
CDS56 up-regulation on lin* c-kitd™ cells. Conversely,
immature cell markers such as c-kit, IL-7Ra, and CD33
were decreased in the same order. These changes in
surface marker expression also were observed during
differentiation of lin~ c-kit* cells into lin* c-kitdi™ cells
(Table 1). Taken together, these results would support
the hypothesis that lin~ c-kit* cells differentiate into
intestinal NK cells via lin® c-kitd™ cells, possibly at the
site of the intestine.

It is known that PBNK cells can be divided into 2
subsets according to the intensity of CD56 expression:
CDS56%™ and CDS56>8h NK cells.*»4+ Although CD56
expression on the intestinal NK cells was not as high as
on CDS6bright NK cells, che intestinal NK cells were rem-
iniscent of CDS56ght NK cells owing to the lack of CD16,
CX3CRI, and killer cell inhibitory receptor (CD158a/b,
NKB1) expression (Figure 7B).*546 Moreover, both the
intestinal NX cells and the peripheral CD568h NK cells
expressed CD33, whereas the peripheral CD564™ NK
cells did not (Figure 7B).

To confirm that the intestinal NK cells harbor NK
functions, cytotoxic molecules were examined. Both
LPNKs and IENKs contained granzyme and perforin; and
they were equipped with cyrotoxic function, although the
activity was weaker than that in peripheral CD56%™ NK
cells (Figure 7C and D). Both LPNKs and IENKs also
produced IFN-y and TNF-a at a level comparable with
peripheral CD56b8b NK cells (Figure 7E-H). With these
phenotypes (ie, lower expression of granzyme and per-
forin and higher IFN-y and TNF-a production), intesti-
nal NK cells are reminiscent of peripheral CD567ght NK
cells. However, they clearly were discriminated from pe-
ripheral CDS6Prght NK cells in terms of CD83 and inte-
grin og expression (Figure 7B). These unique character-
istics of intestinal NK cells may support the idea that
they may have an original in situ differentiation system
independent from PBNKs.
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after the transfer into recipient mice
could differentiate into NK cells. (A)
0.05 0.35 0.55 LPMCs, IELs, and splenic lympho-
° v W w e e T cytes isclated from the RAG™- mice
= transplanted with human lin- c-kit*
i . LPMCs were stained by lineage mark-
® 007 002 * 0.36 017 ® 040 016 ers and CD117 monoclonal antibody
RAG-2™ . ) : . . : ) ) ) and were analyzed by fluorescence-
= e = activated cell sorter. The data shown
+ ) are representative of 2 independent
Human k2 experiments. (B) Isolated LPMCs
lin~ c-kit* _ were cultured with human recombi-
4
LPMCs nant IL-2 (riL-2) or riL-15 for 7 days.
0.08 . e 137 The cultured cells were analyzed for
LA h R A expression of human CD3 and CD56.
Lineage markers The data shown are representative of
2 independent experiments.
Intestinal NK Cells Are Increased in CD, examined intestinal NK cells in inflammatory bowel dis-
Reﬂicting Accelerated Differentiation of lin~ ease, a chronic inflammarory condition thar consists of 2
c-kit* Cells Into NK Cells major forms: CD and UC.#’ Flow cytometry revealed that
The involvement of NK cells in intestinal inflam- both LPNKs and IENKs were increased in the samples

mation has not been well documented. Therefore, we from CD but not from UC patients, compared with

>,

Figure 7. Analysis of surface antigen expression and function of intestinal NK cells. (A) LPMCs, IELs, and PBLs were stained for CD3 and CD56.
CD3- CD56+ cells were examined further for c-kit expression. (B) Expression of various surface markers, including NK cell markers, was compared
among lin- c-kit* and lin* c-kit®™ cells, LPNKs, IENKs, and PBNKs. The data shown are representative of more than 4 cases for each surface marker.
(C) Production of granzyme, perforin from LPNKSs, I[ENKs, and PBNKs were determined with intracellular staining. The data shown are representative
of 4 independent experiments. (D) Cytotoxicity of freshly isolated LPNKs (n = 5) and PBNKs (n = 4). Effector-target ratio was 10:1. The data were
expressed as means = SEM. (E) IFN-y and (F) TNF-a production from LPNKs (n = 5) and PBNKs (n = 4) after 72-hour culture with indicated
cytokines. The data were expressed as means = SEM. (G) IFN-v or (H) TNF-a production in LPNKs, IENKs, and PBNKs after 8 hours of cytokine
stimulation were detected using the Cytokine Secretion Assay Celi Detection Kit (Miltenyi Biotec). The data shown are representative of 4 indepen-
dent experiments.
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Figure 8. The c-kit™ cells, LPNKs, and IENKs are increased in CD. {A) Percentage of NK cells among LPMCs (normal, n = 10; UG, n = 17; CD,
n = 23) or IELs (normal, n = 8; UC, n = 8; CD, n = 11) (upper panels). Percentage of integrin agB7* cells among LPMCs (normal, n = 7, UC, n =
10; CD, n = 13) or LPNKSs (normal, n = 7, UC, n = 7; CD, n = 7) (middle panels). Percentage of CD56Y™ CD16* and CD56™9" CD16~- NK cells
among PBLs (normal, n = 8; UC, n = 10; CD, n = 9) (bottom panels). Statistical analysis was performed with the Kruska-Wallis 1-way analysis of
variance, and the Bonferroni-Dunn test for multiple comparisons. *P < .05, **P < .01, (B) Percentage of total c-kit*, lin* c-kit*, or lin* c-kitd™ cells
among LLPMCs (normal, n = 10; UG, n = 11; CD, n = 15). Results are expressed as means * SEM. Statistical analysis was performed with the
Kruskal-Wallis 1-way analysis of variance, and the Bonferoni-Dunn test for multiple comparisons. ‘P < .05, **P < .01. (C) LPMCs depleted of CD3
and CD56, obtained from CD patients, were cultured for 72 hours and analyzed for expression of ¢-kit and lin. The data shown are representative
of 7 independent experiments. (D) The line graph shows the time—course changes for CD56+ or integrin ax=* cells in c-kit* LPMCs from normal
controls {n = 5) or CD patients (n = 7). The data are expressed as means + SEM for the percentage of CO56* or integrin ax* cells among the c-kit*
cells. Statistical analysis was performed with a 2-sided Mann-Whitney U test. *P < .05, “P < .01.

normal controls (Figure 84). In contrast, the frequency of  point (Figure 8C), and the majority of these cells ex-
NK cells, both for CD564™ and CD56b8", was similarin ~ pressed CD56 and integrin ag (Figure 8D). Taken to-
peripheral blood among the 3 groups (Figure 8A4). Fur-  gether, the increase of LPNKs and IENKs in CD patients
thermore, although lin~ c-kit* cells existed with similar  could have been owing to accelerated differentiation

frequency, the lin* c-kitd™ cells were increased signifi- from lin~ c-kit* cells. Given that the intestinal NK cells
cantly in CD compared with UC or normal controls  can strongly produce IFN-y and TNF-a, which is a key
(Figure 8B). Then we repeated the in vitro culture exper-  cytokine in the parhogenesis of CD, these increased in-
iments shown in Figure 5§ and found that more lin*  testinal NK cells may play a pathogenic role in chronic

c-kitdim cells were detected in CD samples at each time inflammation in CD.
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Discussion

The sites of NK cell development in adults are un-
derstood poorly.*0#8 Although T/NKPs have been identified
only in fetal tissues, the bone marrow is presumed to be the
main site of NK cell generation in adults.***® In this study,
we have shown thar lin~ c-kit* cells in human adult intes-
tine could differentiate into c-kitd™ cells, which express
CD56 during in vitro culture, suggesting thar these cells are
NK cell precursors. Moreover, further analysis showed that
in vitro differenciated c-kitd™ CDS6" cells seemed to corre-
spond to c-kitd™ CDS56* cells actually present in human
adulr intestine. Combined together, adult intestine may
have unique NK cell differentiation system in which lin-
c-kit* NK precursors undergo in situ differenciation via
c-kirdm cells.

The newly discovered c-kit* cells in the human adulc
intestine also express CD34, another marker for HSCs or
immune precursor cells.'7.?8 In addition to c-kit and
CD34, the intestinal immune precursors expressed
CD38dim CD44, CD45SRA, and Thy-1, the phenotypes of
which correspond to those of common lymphoid pro-
genitors or T/NKPs.*® Furthermore, they had abundant
mRNA transcripts for Id2, PU.1, SpiBl, and lympho-
toxin, all of which are essential for HSC differentiation or
NK cell development.

In the murine intestiné, c-kit-expressing cells form
small clusters named CP.8 It has been teported that CP
cells have the potential to differentiate mainly into ex-
trathymic T cells in the intraepithelial space.’® Interest-
ingly, the intestinal c-kit* immune precursor cell expres-
sion level of RAG mRNA was very low, and the RAG
expression level was similar to CP cells, which was re-
ported previously by Oida et al5® Recent studies have
shown that CD3- CD7* cells in the human feral intestine
express pTa mRNA'3 and give rise to CD3* T cells in
vitro and in vivo, using SCID mice with engrafted human
fetal intestine.'* The intestinal c-kit* immune precursor
cells are also CD3- CD7* and express RAG-1, RAG-2, and
pTa mRNA. These results imply that the immune pre-
cursor cells in adult intestine include a subset similar or
identical to the CD3- CD7 cells in the fetal intestine and
they may differentiate into T cells in unusual environ-
ment, such as lymphopenia. However, in that they do not
form aggregates and are much more committed to NK
cells rather than T cells, they should be distinguished
from the murine CP cells that differenciate into intraepi-
thelial T cells. On the other hand, a recent study showed
that c-kit* cells in CP represenct LTi in adult mice, which
organize isolated lymphoid follicles.!? Furthermore, be-
cause LTi and T/NKPs have similar expression patterns
of surface antigens and transcription factors,3'52 they are
considered to be subsets that are related closely to each

“other. Given that intestinal immune precursor cells also
are similar to LTi in terms of surface antigen expression
and transcriptional profile, it is possible that they contain
an adulc LTi subset.

DIFFERENTIATION OF INTESTINAL NK CELLS 571

Liccle informartion is available about intestinal NK
cells. An earlier article reported on lymphokine activated
killer activity in human LPMCs,53 although they failed to
identify NK cells in LPMCs, possibly because of che lack
of suitable NK cell markers at that time. Some recent
reports showed that human LPMCs and IELs contain NK
cells capable of killing tumor cells and producing several
cytokines, such as IFN-y and TNF-e.#!#3 In this study, we
intensively examined the intestinal NK cells to verify the
hypothesis that they develop in situ from the immune
precursor cells in intestinal lamina propria. In terms of
NK cell markers, expression of CD56, as well as CD94,
CD161, and NKG2D, was lowest in the c-kit* cells, and
inversely highest in LPNKs/IENKs. In contrast, immature
cell markers such as c-kit, IL-7Ra, and CD33 were highest
in the intestinal immune precursor cells. Furthermore,
these changes in surface marker expression also were
observed during in vitro differentiation of lin~ c-kit* cells
into c-kitd™ cells. Collectively, these results support the
idea thar intestinal immune precursor cells can give rise
to intestinal NK cells via c-kitd™ NKP-like cells.

PBNKs can be classified into 2 subsets. One subset is
the conventional CD569™ NK cells and the other is the
CDS6brisht NK cells.43*4 Absence of CD16 expression is
also a characteristic feature of the CDS56Pgh NK cells.
Although CDS6 expression of the intestinal NK cells was
not-as high as the peripheral CD56#" NK cells, absence
of CD16 expression indicates a similarity between the
intestinal NK cells and the periph'eral CD356brght NK cells.
In addition, we found that both the intestinal NK cells,
especially LPNKs, and peripheral CD56brghe NK cells ex-
pressed CD33. Although CD33 is a myeloid lineage
marker, it is reported that CD33* CD34* HSCs can give
rise to CD16~ NK cells in vitro.5* Given that most intes-
tinal immune precursor cells express CD33, and that
intestinal NK cells are CD33* CD16, it is reasonable to
assume that the intestinal NK cells may originate from
the immune precursor cells. Furthermore, CD33 is re-
ported to be expressed on CD56r8h NK cells in umbilical
cord blood3 and on T/NKPs in the fetal thymus.?® Al-
though the origin of CD56%¢ht NK cells still is contro-
versial, it recently was reported thar the peripheral
CD56Mrighe NK cells differentiate in the lymph nodes,
unlike conventional CD56%4™ NK cells.5¢ CD33* CD16-
may be a phenotype that characterizes NK cells develop-
ing outside the bone marrow, such as lymph nodes, the
thymus, and maybe the intestine.

The pathophysiologic contribution of intestinal NK
cells to inflammartory bowel disease has yer to be eluci-
dated. An interesting recent report suggested that the
intestinal NK cells maintain homeostasis of intestinal
mucosal immune system in mice. However, their roles
have not been resolved in human beings.5” We found that
the differentiation of the intestinal immune precursor
cells into NK cells was accelerated in CD, resulting in an
increase in the number of intestinal NK cells in CD
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