Therapeutics, Targets, and Chemical Biclogy

Transplanting Normal Vascular Proangiogenic Cells to
Tumor-Bearing Mice Triggers Vascular Remodeling and
Reduces Hypoxia in Tumors

Junpei Sasajima’, Yusuke Mizukami', Yoshiaki Sugiyama', Kazumasa Nakamura’, Toru Kawamoto',
Kazuya Koizumi', Rie Fujii', Wataru Motomura', Kazuya Sato', Yasuaki Suzuki’, Satoshi Tanno',
Mikiniro Fujiya®, Katsunori Sasaki', Norihiko Shimizu?, Hidenori Karasaki®, Toru Kono®,

Jun-ichi Kawabe®, Masaaki Ii®, Hiroki Yoshiara®, Naohisa Kamiyama®, Toshifumi Ashida’,

Nabeel Bardeesy®, Daniel C. Chung®, and Yutaka Kohgo'

Abstract

Blood vessels deliver oxygen and nutrients to tissues, and vascular networks are spatially organized to meet
the metabolic needs for maintaining homeostasis. In contrast, the vasculature of tumors is immature and
leaky, resulting in insufficient delivery of nutrients and oxygen. Vasculogenic processes occur normally in adult
tissues to repair “injured” blood vessels, leading us to hypothesize that bone marrow mononuclear cells
(BMMNC) may be able to restore appropriate vessel function in the tumor vasculature. Culturing BMMNCs
in endothelial growth medium resulted in the early outgrowth of spindle-shaped attached cells expressing
CD11b/Flt1/Tie2/c-Kit/CXCR4 with proangiogenic activity. Intravenous administration of these cultured vas-
cular proangiogenic cells (VPC) into nude mice bearing pancreatic cancer xenografts and PdxI-Cre;LSL-
Kras®?P.p53"%* genetically engineered mice that develop pancreatic ductal adenocarcinoma significantly re-
duced areas of hypoxia without enhancing tumor growth. The resulting vasculature structurally mimicked
normal vessels with intensive pericyte coverage. Increases in vascularized areas within VPC-injected xeno-
grafts were visualized with an ultrasound diagnostic system during injection of a microbubble-based contrast
agent (Sonazoid), indicating a functional “normalization” of the tumor vasculature. In addition, gene expres-
sion profiles in the VPC-transplanted xenografts revealed a marked reduction in major factors involved in drug
resistance and “stemness” of cancer cells. Together, our findings identify a novel alternate approach to regu-
late abnormal tumor vessels, offering the potential to improve the delivery and efficacy of anticancer drugs to
hypoxic tumors. Cancer Res; 70(15); 6283-92. ©2010 AACR.

Introduction

Blood vessels deliver oxygen and nutrients to tissues, and
vascular networks are spatially organized to meet the
metabolic needs to maintain homeostasis (1). Regions of
severe oxygen deprivation (hypoxia) arise in tumors due to
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rapid cell division and aberrant blood vessel formation (2).
The vascular networks are usually disordered, chaotic, and
highly leaky, resulting in an insufficient blood supply and,
in general, contributing to tumor hypoxia (3). These structur-
al and functional abnormalities of tumor vessels are a hall-
mark of solid tumors, one that contributes directly to the
malignant properties of cancer (2, 4). Hypoxic tumors are
usually resistant to conventional chemotherapy and radio-
therapies, which typically target actively dividing cells (5),
and accumulating evidence indicates that hypoxia has the
potential to inhibit tumor cell differentiation and induce qui-
escence, allowing cancer cells to acquire a phenotype of
“stemness” (2, 4). To “normalize” this aberrant tumor vascu-
lature, therapies targeting vascular endothelial growth factor
(VEGF) or its cognate receptor have shown clinical success in
various human cancers (6-8). However, antiangiogenic
therapy is not always effective, and intrinsic resistance to this
novel therapy has been shown in some desmoplastic and hy-
povascular tumors, including pancreatic ductal adenocarci-
noma (PDAC; ref. 9). In addition, antiangiogenic therapy
may alter the natural history of tumors by inducing an inva-
sive and metastatic phenotype (10).
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In view of the vasculogenic process that normally occurs in
adult tissues under certain conditions to repair “injured” or
newly formed blood vessels, bone marrow {BM)-derived cells

_have therapeutic potential to restore appropriate vessel func-

tion. Angiogenesis has been shown to play a central role in
the recovery of the injured tissues including myocardial in-
farction. We and others have identified BM-derived pro-
angiogenic cells that accumulate in active angiogenic foci
and participate in neovascularization after ischemic insult,
a concept consistent with postnatal vasculogenesis (11-13).

These immature BM-derived cells, which include stem/

progenitor cells, can enhance angiogenesis in ischemic heart
in mice and protect injured tissues from fibrosis, an unfavor-
able form of tissue remodeling (11). Therefore, we were curi-
ous to determine whether bone marrow mononuclear cells
{BMMNC) can also “repair” chaotic tumor vessels and tested
this hypothesis using PDAC as a model for a hypoxic tumor.
We also speculated that oxygen tension may be restored if
the disordered vasculature in solid tumors could be manip-
ulated, which potentially represents a compelling therapeutic
intervention against hypoxic tumors.

In the current study, we propose an alternative approach
to reorganize the abnormal tumor vasculature, which can po-
tentially improve the delivery and efficacy of anticancer
drugs against hypoxic tumors.

Materials and Methods

Cell culture

Three human pancreatic adenocarcinoma cell lines, KP-1N
(from Health Science Research Resources Bank, Osaka, Japan),
Panc-1, and BxPC-3 [both from the American Type Culture Col-
lection (ATCC)], and four extrapancreatic cancer cell lines,
MKN-28 (from Health Science Research Resources Bank),
SW480, HepG2, and PC-9(from ATCC), were used in this study.

The hypoxic workstation INVIVO, 400 {Ruskinn) was used
to mimic hypoxic conditions in the tumor microenviron-
ment. Cells were cultured at 5% 0,, 5% CO, for 1 month to
adapt to hypoxic conditions, and cell viability was assessed
by WST-8 assay in normoxic (20% Q) and hypoxic (5% O,)
conditions (Quick Cell Proliferation Assay Kit, Biovision; ref.
14). Briefly, cancer cells were plated in 96-well plates (1 x
10°-5 x 10° per well) and grown up te 72 hours, and the num-
ber of cells was quantified using a microtiter plate reader at
450 nm according to the manufacturer's instructions.

Animals, cell transplantation, and
immunohistochemistry

Protocols for animal experiments were approved by the
Asahikawa Medical College Institutional Animal Care and
Use Committee. Cancer cells were injected s.c. into female
CD-1 nude mice and the xenograft volume was calculated
as (length x width®) x 0.5. Tumors were grown to a minimum
volume of 125 mm® before vascular proangiogenic cell (VPC)
transplantation. Therapeutic studies were also performed us-
ing genetically engineered Pdx1-Cre;LSL-Kras®'?”,p53tox/*
mice, which spontaneously develop PDAC with abundant
desmoplasia (15), at 12 weeks of age when PDAC lesions were

identified by an ultrasound diagnostic system (Aplio XG,
Toshiba Medical Systems).

Murine BMMNCs were isolated by density gradient centri-
fugation using Histopaque-1083 (Sigma} and cultured in
EBM2 with supplements (EGM2-MV BulletKit, Lonza) and
10% fetal bovine serum but without hydrocortisone in rat
vitronectin (Sigma)-coated dishes for preparation of VPCs
(13, 16). Attached cells were suspended at 4 days and re-
seeded to a new culture dish for VPC transplantation into
tumor-bearing mice at day 7. More than 95% of attached cells
were positive for acetylated low-density lipoprotein (Biomed-
ical Technologies) uptake and BS1 lectin (Vector laborato-

‘ries} binding, confirming endothelial and/or monocytic

lineage (13, 17). The majority of the cells expressed CD11b
as shown by flow cytometry, indicating that these cells were
composed of heterogeneous populations including vascular
leukocytes (18, 19). In addition to the expression of Tie2, a
significant fraction of the attached BMMNCs expressed
Fitl, CXCR4, and platelet-derived growth factor receptor {3
{PDGFR-$3}. Weak expression of the progenitor markers such
as ¢-Kit and CD34 was also identified (antibody was purchased
from Beckman Coulter and BD; Supplementary Fig. St).
Although genes expressed in endothelial cells such as Flk-1
and VE-cadherin were upregulated in the BMMNCs during 7
days of culture as compared with freshly isolated CD11b*
BMMNCs, there was a substantial induction of PDGFR-3 mRNA.

The tumor-bearing mice were divided randomly into saline-
infused or VPC-treated groups when PDAC tumors were estab-
lished. The proangiogenic cells were prepared from BMMNCs
isolated from syngeneic mice and the transplantation was per-
formed through the retro-orbital cavity. Initially, 10°, 10°, and
10° VPCs were injected into nude mice bearing KP-1N xeno-
grafts (n = 10 for each group), and the growth of tumors was
observed for up to 6 weeks. Because we observed effects of
VPC transplantation histologically when 10° to 10° cells were
injected, additional studies were then performed by transplant-
ing larger numbers of VPCs. Tumor-bearing mice also received
VPCs or a saline injection weekly for 2 to 3 weeks at 4- to 7-day
intervals before sacrifice. To clarify whether transplanted VPCs
were indeed localized to tumors, we injected green fluorescent
protein (GFP)-labeled VPCs into mice (5 x 10° per mice) with
PDAC xenografts in some of the experiments (13).

To assess hypoxic regions, pimonidazole hydrochloride
(60 mg/kg; Hypoxyprobe-1, Millipore) was injected i.p. 1.5 hours
before killing. We harvested xenograft tumors before the lesions
reached 10 mm in diameter (the average volume was 200-300
mm®} for histologic analysis. Tumor tissues were then fixed with
zinc-fixative solution (IHC ZINC fixative, BD Pharmingen) for
24 hours at room temperature and embedded in paraffin for
immunohistochemistry. For immunofluorescence staining in
xenograft tissue, 4-um sections were incubated with a CD31-
specific antibody, MEC13.3 (1:50; BD Pharmingen}, overnight
at 4°C. Blood vessels were counted in 5 to 10 random viable fields
(20x objective), and the vessel area/density was quantified using
Image] software {version 1.38). For other immunohistochemical
studies, the following antibodies were used: anti-MIB-1 (DAKO;
1:100), anti-NG2 (Chemicon; £:200), anti-cleaved caspase-3 (5A1E,
Cell Signaling; 1:200), and anti-CA9 {Novus; 1:100). Nuclei were

Cancer Res; 70(15) August 1, 2010

Cancer Research

—331—



Remodeling of Abnormal Tumor Vasculature by VPC

Control
KP-1N xanograft

Figure 1. Intravenous

transplantation of ex vivo cultured

CD11b* VPCs induces vascular

remodeling and reduces tumor

hypoxia in KP-1N xenografts.

A, VPC transplantation (5 x 10°

celis) was performed in CD-1 nude i B
mice bearing KP-1N xenografts, Co31
and mice were sacrificed 2 wk after
transplantation. The tumor
sections were stained with CD31.
Columns, mean microvessel
density (MVD) and vessel surface
area; bars, SEM. HPF, high-power
field. B, to trace transplanted cells,
VPCs prepared using GFP-labeled
BMMNCs were i.v. injected into
mice with KP-1N xenografts. Mice
were sacrificed 2 to 6 wk after and
the tumor sections were stained
with anti-CD31 and anti-GFP. Bar,
100 pm. C, to assess hypoxic
regions, frozen sections were
stained with anti-Hypoxyprobe-1
antibody. Positive staining area
was shown as hypoxic area in
xenografts, D, double
immunofiuorescent staining with
NG2 ahd CD31. The number of
CD31" microvessels covered with
NG2 positive pericytes is shown.
Bar, 500 pm.
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counterstained with 50 ng/mL 4',6-diamidino-2-phenylindole
(Sigma) and images were examined with a fluorescent micro-
scope (BX-51/DP-71, Olympus).

To visualize the extracellular matrix in xenograft tumors,
tissue staining was performed using Masson's trichrome kit
(Sigma-Aldrich) according to the manufacturer's protocol.

In vivo vascular imaging by contrast-enhanced
ultrasound system

To visualize perfusion within tumors, an ultrasound con-
trast agent, Sonazoid (Daiichi-Sankyo Co. Ltd.), was adminis-
tered to tumor-bearing mice (0.25 uL/kg). The vascularized
area within tumors was imaged by an ultrasound diagnostic
system (AplioXG, Toshiba Medical Systems Corp.) with a 12-
MHz linear probe (PLT-1204AT). The phase modulation har-
monic imaging mode (transmitted/received at 5.0/10.0 MHz)
was used for the nonlinear signal extraction, and the
mechanical index was set to around 0.20. The images for
30 seconds after injection were recorded into the U.S. system
and transferred to consumer PC after the experiments.

The arrival time parametric images were reconstructed by
using the dedicated prototype software programmed by C++
(20). The software reads the Audio Video Interleaving (AVI)
image obtained by the U.S. system, calculates the enhanced
intensity on the image frame by frame, and paints the colors,
which correspond to the time to arrival of the enhancement.
Because each color has the numerical value of the arrival, the
arrival time of each part will be indicated by the still image of
the resulting parametric imaging.

Quantitative real-time PCR assay

Total RNA was extracted using the RNeasy Protect Mini kit
(QIAGEN) according to the manufacturer’s instructions. Taq-
Man Gene Expression Assay primer and probe sets (Applied Bio-
systems) were used for quantitative real-time PCR analysis. The
primer sequences are summarized in Supplementary Table S1.
Transcript levels were normalized to 185 rRNA. Results are ex-
pressed as normalized expression values (2-") or normalized
expression relative to control cells or tissues without cell trans-
plantation (= 9-a ACT), unless otherwise stated.
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Statistical analysis

All results are expressed as mean + SD unless otherwise
noted. The statistical significance of differences was deter-
mined using two-tailed Student's ¢ test.

Results and Discussion

Transplantation of cultured VPCs into tumor-bearing
mice induces vascular remodeling and reduces
tumor hypoxia

To determine whether cultured CD11b* VPCs possess a
capacity to repair tumor vessels, we performed a series of in-
vestigations using spindle-shaped attached BM mononuclear
cells cultured in EGM2 medium as crude proangiogenic cells
(Supplementary Fig. S1). PDAC was selected as a model for a
hypoxic tumor to test our hypothesis that certain malignant
phenotypes associated with hypoxia may be abolished if
abnormalities of the tumor vasculature could be appropriate-
ly manipulated. Intravenous administration of 5 x 10° VPCs
into nude mice bearing KP-1N human pancreatic cancer xe-

D ING2/DAPT

Figure 2. Transplantation of VPCs promotes
maturation of the tumor vasculature, resulting

in reduced hypoxic area in spontaneously
developed PDAC. Sequential VPC transplantation
(5 x 10° twice) was performed in
Pdx1-Cre;LSL-Kras®'?P; ‘* mice (12 wk old),
and mice were sacrificed 2 wk after transplantation.
A, double immunofiuorescent staining with

NG2 and CD31 in zinc-fixed sections.
Arrowheads, NG2* pericyte—covered microvessels.
B, double immunofiuorescent staining with
anti-Hypoxyprobe-1 and anti-CD31 in frozen
sections. Bar, 100 ym.
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nografts significantly increased tumor microvessel density
(Fig. 1A). The transplanted cells localized to the perivascular
area, closely associating with the tumor vasculature rather
than directly differentiating into vascular endothelial cells
(Fig. 1B). In addition, the number of GFP" transplanted cells
was significantly attenuated at 6 weeks after transplantation,
suggesting that the ex vivo cultured VPCs may not constitute
blood vessels for long term. In contrast to the narrowed and
fragmented vasculature in control xenografts, the vessel
surface area in VPC-transplanted tumors was dramatically
increased (1.5 + 0.9% versus 5.3 + 1.8%; P < 0.01). The en-
larged tumor vasculature seemed to be functional because
it was accompanied by reduced areas of tumor hypoxia as
represented by pimonidazole-positive areas within the tumor
(Fig. 1C). In addition, increases in vascularized (perfused)
areas within VPC-injected xenografts were observed by arriv-
al time parametric imaging reconstructed from images by an
ultrasound diagnostic system with a 12-MHz linear probe
during injection of a contrast agent (Sonazoid) when serial
i.v. injections of 10° VPCs three times at 4-day intervals were
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performed (Supplementary Fig. S2; Supplementary Materials
1 and 2), indicating a functional “reorganization/remodeling”
of the abnormal tumor vasculature.

We next confirmed whether the tumor vessels in the VPC-
transplanted tumor were structurally mature. Because peri-
cytes play an essential role in the integrity of structural
vessels, immunohistochemical staining for NG2 and CD31
was then performed (Fig. 1D). Increased numbers of CD31*
microvessels were covered with NG2* pericytes, indicating
that the resulting tumor vasculature structurally mimicked
normal vessels with a high pericyte coverage ratio.

Similar observations were shown in genetically engineered
Pdx1-Cre;LSL-Kras®"?";p53°* mice, which spontaneously de-
velop desmoplastic PDAC (15), and undifferentiated tissues
with abundant desmoplasia were selected for histologic analy-
sis. Poor tissue perfusion was also successfully corrected by
VPC transplantation in this mouse model (Fig. 2). Therefore,
the vascular regeneration/remodeling through the cell-mediat-
ed approach is not limited to artificial xenograft tumors but is
also capable of manipulating abnormal blood perfusion in
spontaneously developing desmoplastic PDAC tumors in mice.

Transplantation of cultured CD11b” VPCs does not
enhance tumeor growth but instead temporarily delays
the outgrowth

Because tumor outgrowth is generally dependent on
angiogenesis, we initially speculated that enhanced blood per-
fusion may promote tumor growth and metastasis. However,
to our surprise, the growth of PDAC xenografts was signifi-
cantly inhibited when more than 10° VPCs were transplanted
(Fig. 3A). When tumor growth was observed for 6 weeks post-
transplantation, the growth of xenograft tumors was tempo-
rarily slowed by VPC transplantation although they started
to regrow within 3 weeks (Fig. 3B). To determine whether this
reduction of tumor growth can also be observed in other cell
types, additional xenograft experiments were then performed
using various human cancer cell lines (Supplementary Table
$2). Serial i.v. injections of 5 x 10° VPCs were performed sub-
sequent to xenograft establishment at 7-day intervals. A signif-
icant reduction in tumor growth was observed in other human
pancreatic cancer cells, Panc-1 and BxPC-3. Additionally,
growth inhibition of xenograft tumors was also shown in
MKN-24 (a human gastric cancer cell line) and PC-9 (a human
lung cancer cell line). Of note, enhancement of tumor growth
was not induced by VPC transplantation in cells tested and
metastatic outgrowth was not observed even in SW480 and
hypervascular HepG2 xenografts.

Oxygen and nutrients are required for any tissue including
tumors, but cancer cells can survive even in severe hypoxia
(21). It is well known that most cancer cells rely on aerobic
glycolysis, rather than mitochondrial oxidative phosphoryla-
tion, to generate energy needed for cellular processes (22).
However, it should be noted that clinical trials have shown
that reducing tissue hypoxia either through blood transfu-
sion or erythropoietin could be associated with an improved
response to radiotherapy and may improve the survival of
cancer patients (23). In addition, a recent study showed that
angiopoietin-1-mediated maturation of blood vessels can

inhibit tumor growth through a suppression of permeability
in tumors with pericyte-rich blood vessels (24). We therefore
sought to address the question of whether the tumor micro-
environment with abundant oxygen delivered by reorganized
blood vessels is favorable for tumor cells or not.

Histopathologic analysis revealed that transplantation of
cultured CD11b* VPCs did not significantly increase areas
of necrosis (Fig. 4A). Masson’s trichrome staining showed
that xenograft tumors in the VPC-transplanted mice were de-
pleted of desmoplastic stroma, resulting in densely packed
ductal adenocarcinoma cells (Supplementary Fig. S3), and
the number of cells per area was increased by VPC transplan-
tation, suggesting that VPCs increase the density of cells.
This could thereby facilitate the blood perfusion in PDAC in-
directly. Similar observations have been made with VPC
transplantation into mouse models of acute coronary ische-
mia (25, 26); that is, tissue remodeling composed of extensive
fibrosis in infarct heart and cirrhotic liver could be attenuat-
ed by transplantation of BMMNCs manipulated by a similar
ex vivo differentiation protocol (27).

To directly address the effect of oxygen during reperfusion
(reoxygenation) in hypoxic tumors, we performed an in vitro
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Figure 3, VPC transplantation does not stimulate tumor outgrowth in
KP-1N xenografts. VPCs (10%, 10°%, and 10% were injected into nude mice
bearing KP-1N xenografts {n = 10 for each group). A, tumor volume
(left) and tumor weight {right) of KP-1N xenografts with or without VPC
transplantation. *, P < 0.05, versus control mice (PBS injected). B, growth
of KP-1N xenografts with or without VPC transplantation was observed
for up to 6 wk (PBS or 10° or 10° VPCs injected; n = 6 for each). Mice
were humanely killed following development of a tumor larger than
2,000 mm?® or a tumor harboring an ulcer.
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assay using PDAC cells adapted to long-term hypoxic condi-
tions under low oxygen tension (5% O,) by using a hypoxia
workstation. Although hypoxia generally downregulates cell
proliferation (28), the KP-1N human PDAC line adapted to
5% O, (chronic hypoxia) can grow equally with a comparable
doubling time as cells cultured in normoxic conditions (20%
O,; doubling time in chronic hypoxia and normoxic condi-
tions was 21.0 + 2.8 and 22.8 + 3.1 hours, respectively). How-
ever, the proliferation of the hypoxia-conditioned KP-1N cells
was significantly attenuated when the cells were placed again
under normoxic conditions (doubling time, 31.7 + 4.8 hours;
P < 0.01; Fig. 4B). A similar observation was also shown in
primary mouse PDAC cells from PdxI-Cre:LSL-Kras®'?";
P53 mice (doubling time was 13.6 + 2.5 hours in chronic
hypoxia and 16.7 + 2.9 hours in reoxygenated cells; P < 0.05).
These results may account for the attenuated tumor growth
when the tumor vasculature was reorganized/remodeled by
the ex vivo cultured CD11b" VPC transplantation that liber-
ated PDAC cells from hypoxic conditions.

We therefore examined the effect of serial VPC transplan-
tation (5 x 10° cells; 7-day intervals) on the proliferation ki-
netics of xenograft tumors in vivo. There was a modest but
statistically significant difference in the Ki-67 labeling index
(Fig. 4C), consistent with the growth retardation by VPC

y Figure 4. Transplantation of ex vivo
cultured VPCs impairs the growth
- . of KP-1N xenografts. A, KP-1N
g xenografts were treated with or
without i.v. administration of
cultured VPCs (5 x 10%; twice) and
mice were sacrificed 2 wk after the
procedure. H&E stainings for
xenograft sections are shown and
percent necrotic area (N) was
measured. Bar, 200 pm. B, KP-1N
cells adapted to chronic hypoxia
(5% O in hypoxia workstation
INVIVO,, 400) were cultured either
in normoxic (20% O,) or in hypoxic
conditions (5% O,) for 3 d. Cell
§ growth was quantified by
o By WST-8 assay. C, xenograft tissues
were stained with anti~Ki-67 (top)
and anti-cleaved caspase-3
(bottom). Quantification of
proliferating/apoptotic is shown as
percent positive cells in 5 viable
fields from 10 sections. Bar, 100
um. Columns, mean proliferation/
apoptotic index; bars, SEM.
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transplantation. Because staining the xenograft tissues for
Ki-67 showed a reduced proliferation of cancer cells by on-
ly 17.6%, additional immunostaining using anti-cleaved
caspase-3 was then performed. The apoptotic fraction
was markedly increased by 1.72-fold in xenograft tumors
when cultured VPCs were serially transplanted (Fig. 4C).
These results indicate that enhanced blood perfusion
may impair the ability of tumor cells to rapidly grow.
The remodeling of abnormal tumor vasculature induces reper-
fusion of hypoxic tissue and reduced areas of significant hyp-
oxia (Figs. I and 2). This potentially leads to an increase in free
radical concentration, resulting in growth suppression
through an induction of stress-response genes (21, 29).

Transplantation of cultured CD11b" VPCs attenuates
angiogenic cytokine production from cancer cells
during reperfusion in PDAC xenografts

VPC transplantation induced repair of the abnormal tu-
mor vasculature and reduced tumor desmoplasia, which
could further facilitate blood perfusion. This histologic remo-
deling may also attenuate oxygen consumption by the micro-
environment. We therefore speculated that transplantation of
cultured CD11b" VPCs may alter the imbalance between
proangiogenic and antiangiogenic cytokines released from
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tumor cells. In general, cancer cells express excess amounts of
various proangiogenic factors, which primarily regulate the
abnormal tumor vasculature. To test this possibility, we quan-
tified the mRNA levels of proangiogenic factors from cancer
cells in xenografts by using human-specific probes. Consistent
with the marked reduction in tumor hypoxia, the VEGF mRNA
levels were significantly attenuated (Fig. 5). Interleukin-8, an-
other proangiogenic cytokine that can be induced by hypoxia
in cells with oncogenic Kras (30), was also strongly downregu-
lated. Pigment epithelium-derived factor (PEDF) is a potent
angiogenic inhibitor in the pancreas, expressed by both epi-
thelial and stromal compartments and regulated by hypoxia.
PEDF expression has been shown to be downregulated during
pancreatic tumorigenesis, at least in part playing a role in neo-
vascularization and metastatic outgrowth in PDAC (31, 32).
Curiously, VPC transplantation restored PEDF expression in
cancer cells, which may account for not only the reduction
in aberrant tumor angiogenesis but also the inhibition of
proliferation of tumor cells.

Because Masson's trichrome staining showed that the
transplantation of cultured VPCs significantly reduced the
amount of desmoplastic stroma, we speculated that genes in-
volved in fibrosis may also be altered. There was no signifi-
cant difference in the mRNA levels of cancer cell-derived
transforming growth factor-p and osteopontin (27, 33),
known fibrosis mediators, and the precise mechanisms by
which VPC transplantation reduced PDAC desmoplasia need
to be further elucidated. However, The Ihh morphogen, but
not Shh, which plays a role in pancreatic fibrosis through an
activation of pancreatic stellate cells (34), was downregulated
by regeneration of the tumor vasculature in PDAC xeno-
grafts. There was upregulation of desmoplasia-related «2

(type I) procollagen (COLIA2) and secreted protein acidic
and rich in cysteine (SPARC) genes in tumor cells when VPCs
were transplanted; however, the levels were modest when
compared with their stromal expression, where VPC trans-
plantation had no influence. Taken together, these data indi-
cate that transplanted VPCs localized to hypoxic areas either
in tumors or in infarcted (ischemic) heart may have the ca-
pacity to terminate abnormal tissue remodeling including
aberrant angiogenesis.

Cancer cells released from hypoxia represent a
phenotype with less resistance to chemotherapy and
reduced stemness phenotype

Expression of carbonic anhydrase 9 (CA9), one of the hyp-
oxia-inducible factor (HIF) target genes, has been proposed
as a marker of prolonged hypoxia (35). CA9 plays a role in
maintaining an alkaline intracellular pH and an acidic extra-
cellular pH (36, 37) and in anchorage-independent tumor cell
growth, facilitating invasion of cancer cells into the extracel-
lular matrix by modulating the functions of E-cadherin (38).
We therefore examined CA9 expression by immunohisto-
chemistry in VPC-transplanted tumors (Fig. 6A). In line with
a significant reduction in pimonidazole-positive areas in xe-
nografts receiving VPC injections, the resulting vascular re-
modeling also attenuated the number of CA9-positive cells
dramatically. The reduction was more prominent in viable
areas as compared with perinecrotic areas.

Hypoxia and HIFs have béen shown to activate signaling
pathways that control stem cell self-renewal and multipo-
tency (39). In addition to hematologic malignancies, solid tu-
mors can also develop from a small number of self-renewing
transformed cells, the so-called tumor-initiating cells (40).
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Figure 5. Transplantation of VPCs terminates aberrant neovascularization by attenuating angiogenic cytokine production from cancer cells. RNA was
extracted from xenograft tissues treated with or without VPC transplantation, and mRNA levels of proangiogenic and antiangiogenic factors in cancer cells
were analyzed by TagMan quantitative PCR. Alterations in gene expression associated with desmoplasia are also shown. SDF-1, stromal cell-derived
factor 1; IL-8, interleukin-8; TGFP, transforming growth factor B; OPN, osteopontin.
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Accumulating evidence has indicated that these rare types of
cancer cells with stemness properties can localize in a “hyp-
oxic niche,” giving rise to resistance to chemotherapy and ra-
diotherapy (4). This implies that regional hypoxia plays a
fundamental role in both regulating the stemness properties
of cancer cells and diminishing therapeutic response and
that both of the hypoxia-induced phenotypes could be re-
versible. We therefore sought to determine whether vascular

Figure 8. Reduction in tumor hypoxia reduces
CA9 expression and gene expression—related
drug resistance and stemness. KP-1N
xenografts were treated with or without i.v.
administration of cultured VPCs (10%; three
times) and mice were sacrificed 2 wk after the
procedure. A, xenograft tissues were stained
with anti~-CA9 in either perinecrotic {top) or
viable area {bottom). Quantification of
CA8-positive cells is shown in 5 viable fields
from 6 sections. Bar, 500 pm. N, necrotic area.
B, RNA was extracted from xenograft tissues,
and mRNA levels of CA9, Oct-4, hENT1, dCK,
MDR-1 (ABCB1), and ABCG2 in cancer

cells in xenografts were analyzed by TagMan
quantitative PCR.

remodeling induced by VPC transplantation may alter such
stemness and resistant phenotypes of hypoxic PDAC cells.
Xenograft tumors were used to specifically analyze gene
expression in cancer cells rather than stromal cells, using
human-specific probes for TagMan quantitative PCR assays
(Fig. 6B). There was a significant reduction in CA9 mRNA
levels in VPC-transplanted xenografts, consistent with a
massive reduction in CA9 immunostaining (Fig. 6A).
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Octamer-binding transcription factor 4 (Oct-4), one of the
stemness genes that can induce pluripotency in differentiat-
ed cells (41), was downregulated by 22.9%. Because HIF-2a
can directly regulate Oct-4, it is therefore possible that hyp-
oxia mediates its effects on stem cell function by altering the
stemness genes {42). Considering that Oct-4 is involved in tu-
mor progression and motility (43), downregulation of Oct-4
would be beneficial to control the malignant phenotype
caused by hypoxia. Additionally, the expression levels of
MDR1 (ABCB1) and ABCG2, genes that play a major role in
“resistance” to chemotherapy, were also dramatically down-
regulated by VPC transplantation (Fig. 6B).

Gemcitabine is the standard chemotherapeutic reagent for
locally advanced or metastatic PDAC (44), and a recent study
performed on cultured PDAC cells indicated that human
equilibrative nucleoside transporter-1 (hENT1) is the major
transporter for gemcitabine, and increased hENTI abun-
dance facilitates efficient cellular entry of the drug and con-
fers its increased cytotoxicity (14, 45). We found that there
was a 2-fold induction of hNET1 mRNA in tumor cells when
xenograft-bearing mice were treated with cultured CD11b"
VP(s, consistent with the observation that hENT1 could be
downregulated by hypoxia (46). Therefore, although we did
not observe any differences in dCK mRNA, another impor-
tant intracellular modulator of gemcitabine, PDACs with nor-
malized blood vessels by VPC transplantation may be more
sensitive to gemcitabine as compared with hypexic tumors.
Taken together, these data indicate that remodeling of an un-
stable tumor vasculature leads to a significant reduction in
expression of genes associated with the stemness of cancer
cells as well as an increase in sensitivity to conventional che-
motherapy. We are currently testing this hypothesis by
studying a combination of chemotherapeutic agents such
as gemcitabine and VPC transplantation.

Conchusion

BM cells are thought to play a role in tumor development
{47), and various types of BM-derived hematopoietic cells
have been observed to closely associate with the tumor neo-
vasculature (18, 48). Indeed, a small number of BM-derived
progenitor cells were shown to incorporate into the lumen
of a growing vasculature where they differentiate into endo-
thelial cells in a mouse metastasis model (49). The BM-
derived cells generally have been thought to augment the
malignant phenotype of tumor; however, our data support
the notion that certain immature myeloid cells from the
BM may have the capacity to repair an abnormal microenvi-
ronment if they are appropriately differentiated ex vive. In
support of our results, others have also shown increases in
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Imbalance of NKp44*NKp46~ and NKp44-NKp46* Natural Killer Cells in
the Intestinal Mucosa of Patients With Crohn’s Disease
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BACKGROUND & AIMS: Mucosal natural killer (NK)
cells that produce interleukin (IL)-22 mediate intestinal
homeostasis and inflammation in mice. However, their
role in the pathogenesis of human inflammatory bowel
diseases (IBDs) is not known. We investigated intestinal
NK cells in intestinal mucosa samples of patients with
Crohn’s disease (CD). METHODS: We isolated lamina
propria NK cells from intestinal mucosal samples of
patients with IBD and subjects without IBD (controls)
and analyzed expression patterns of cell surface mole-
cules and cytokine production. Interactions berween lam-
ina propria NK cells and intestinal macrophages were
examined. RESULTS: In intestinal mucosa samples from
controls, NKp44 and NKp46 were expressed differentially
on CD3"CDS6" NK cells, NKp44*NKp46~ (NKp44*)
NK cells expressed CD127 and the transcription factor
retinoic acid-related orphan receptor C (RORC) and pro-
duced IL-22 whereas NKp44 NKp46~ (NKp46*) NK
cells did not express CD127 or RORC and produced
interferon (IFN)-y. NKp46* NK cells were predominant
in intestinal mucosa of patients with CD compared with
controls or patients with ulcerative colitis. Upon interac-
tion with intestinal inflammarory macrophages NKp46~,
NK cells from patients with CD were activated via IL-23
and produced IFN-v; this activation required cell-to-cell
contact. CONCLUSIONS: The balance of NKp44*/
NKp46* NK cells is disrupted in intestinal mucosa of
patients with CD. NKp46* NK cells might mediate
the pathogenesis of CD by producing IFN-v.

Keywords: Intestinal NK Cells; Intestinal Macrophages; UC.

ysfunction of the mucosal immune system evokes

gut inflammation induced by activation of both
acquired and innate immunity in inflammatory bowel
disease (IBD) including Crohn’s disease (CD) and ulcer-
ative colitis (UC).}-7 Among the innate immune compart-
ments, natural killer (NK) cells appear to participare in
the pathogenesis of autoimmune disease,?-'° including
IBD. Furthermore, several groups recently have identified
a unique subset of mucosal NK cells in both human
beings and mice that contributes to local mucosal im-

munity, including in the gut mucosa.!'-'$ These mucosal
NK cells are distinct from conventional NK cells, and are
characterized by their expression of a transcription fac-
tor, RORC in human or RORyt in mice, CD127 {inter-
leukin {IL}-7Ra) and NKp44 in human beings or NKp46
in mice. Moreover, these newly identified NK cells pro-
duce IL-22.11 However, it is still controversial whether
these IL-22-producing NK cells participate in pathologic
or protective processes of chronic inflammation in vivo.
In human beings, CD56*CD127* NK cells are generated
from lymphoid tissue-inducer (LTi} cells and produce
little interferon (IFN)-y, whereas CDS56*CD127- NK
cells produce a large amount of this cyrokine.!® The
results of a2 mouse study also suggested that mucosal
IL-22-producing RORyt* NK cells are derived from LTi
cells and that commensal bacteria are needed for their
development.!!1$

Controversially, however, some recent previous reports
suggested that 2 NK activation markers, NKp44 and
NKp46, are expressed differently in mice and human
beings, and that NKp44*NK cells correspond to hu-
man mucosal NK cells (NK-22 cells) and NKp46* NK
cells correspond to rodent NK-22 cells. However, other
groups have reported that NK-22 cells in human beings
are also NKp46* cells, showing by immunchistochemis-
try'2 and unpublished data® that the NKp46* cells reside
in human gut, although their function in the gut is not
proven.'2 Therefore, we wondered whether NKp44* cells
and NKp46' cells were the same population, that is, do
NK-22 cells express both NKp44 and NKp46? Accumu-
lating data suggest differences in the immune mecha-

Abbreviations used in this paper: CD, Crohn's disease; IBD, inflam-
matory bowel disease; IFN, interferon; IL, interleukin; LP, lamina pro-
pria; LPMC, lamina propria mononuclear ceil; LPNK, lamina propria
natural killer cells; LT}, lymphoid tissue-inducer celis; mAb, monocional
antibody; M¢, macrophage; NC, normal control; NK, natural killer;
PBNK, peripheral blood natural killer cells; PCR, polymerase chain
reaction; RT, reverse transcription; TL1A, TNFlike cytokine 1A; TNF,
tumor necrosis factor; UC, ulcerative colitis.
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nisms of mice and human beings. Because of these issues,
it is necessary to assess human guc samples and human
gut mucosal NK cells in particular to evaluate their role
in the pathogenesis of several human diseases, including
IBD.

We previously identified similar precursors of lamina
propria (LP) NK cells in human intestine. These celis
show the c-kit* lineage marker, an LTi cell-like pheno-
type, and give rise to CD56* c-kitd™ LPNK cells.!¢ We also
reported that the local differentiation of NK cells was
augmented in patients with CD, and therefore the per-
centage of LPNK cells increased in CD. It also has been
reported that NK cells produce IEN-y through cross-
talk with surrounding cells such as dendritic cells,17-20
Our group and others have reported that IFN-vy plays
an important role in the pathogenesis of CD.5621.22
Hence, it is possible that LPNK cells, whose number
increases in patients with CD, play an important role
in intestinal inflammation through the increased pro-
duction of IFN-v.

It recently has become evident that macrophages
{Mgs) also play important roles in maintenance of ho-
meostasis,?>-*¢ and we have shown that human LPMds
play a key role in the innate immune response against
commensal bacteria.?” We identified a unique subser of
LPMd¢s whose numbers increase in CD patients. This
subset expresses both the Md¢ marker CD14 and den-
dritic cell marker CD209, and produces robust amounts
of 1L-23 in response to stimulation with commensal
bacteria.?” Because it has been reported that mucosal NK
cells are stimulated by IL-23,' we logically hypothesized
that the CDI4'LPMd¢s might activate LPNK cells
through 11-23 signaling and be involved in the patho-
genesis of CD. In the present study, we focused on the
role of LPNK cells, and attempted to clarify the role of
the cross-talk between LPNK cells and CD14*LPMds in
the pathogenesis of CD.

Materials and Methods
Tissue Samples

Normal intestinal mucosa was obtained from
macroscopically and microscopically unaffected areas of
patients with colon cancer.

Intestinal mucosa (large intestine) was obtained from
surgically resected specimens from patients with UC or
CD who were diagnosed on the basis of clinical, radio-
graphic, endoscopic, and histologic findings according to
established criteria. In all samples the degree of inflam-
mation was histologically moderate to severe. All experi-
ments were approved by the institutional review board in
all institutions, and written informed consent was ob-
tained from all patients.

Histologic Analysis
Tissue sections were treated according to estab-
lished methods as reported previously.'s Anti-CD3

INTESTINAL NKP46* NK CELLS IN CROHN'S DISEASE 883

menoclonal antibody (mAb), anti-CD56 mAb (MOC-1),
or anti-IFN-y mAb (25718) were purchased from Dako
(Glostrup, Denmark). Secondary antibody conjugated to
Alexa Fluor 350, 488, or 566 were from Molecular Probes
{Eugene, OR).

PrZaration of Lamina Propria Mononuclear
Ce

Lamina propria mononuclear cells (LPMCs) were
isolared from intestinal specimens using modifications of
previously described methods.?®

Isolation of CD3~CD56* NK,

and NKp44-NKp46* NK Ce.

Whole LPMCs from normal controls (NCs) were
stained and dead cells were excluded with propidium
iodide staining. Stained cells were isolated with Moflo
(Dako) according to the manufacturer’s instructions. In
isolation of LPNK celis from CD, CD3~ CD56" cells were
isolated with Moflo. The percentage of NKp44 NKp46'
cells was routinely greater than 90%.

Isolation of LP CD14* Macrophages

CD14*LPMds were isolated from LPMCs using
Human CD14* EasySep (Stemcell Technologies, Inc Van-
couver, BC, Canada) according to the manufacturer’s

instructions. The percentage of each isolated
CD14*LPM¢ was routinely greater than 95%.

*NKp46~

Flow Cytometry

The cell surface fluorescence intensity was as-
sessed using a FACSCalibur analyzer (BD Pharmingen
{San Diego, CA) and analyzed using CellQuest software
{BD Biosciences, San Jose, CA) or FlowJo {TreeStar (Ash-
land, OR)). Dead cells were excluded with propidium
iodide staining. The mAb to CDS6 was purchased
from BD Biosciences. The mAbs to CD3 were from
eBioscience (San Diego, CA). Abs to CD69, CD122, and
CD244 were from BD Biosciences. The mAbs to NKp46,
NKp44, NKp46, and CD127 were from Beckman-Coulter
(Brea, CA). The mAbs to NKG2D were from eBioscience.
mADb to IL-15 was from R&D Systems (Minneapolis, MN),
to IL-18 from MBL (Nagoya, Aichi), to 1L-12p40/p70 from
eBioscience, and to tumor necrosis factor (INF)-like cyto-
kine 1A (TL1A) from BioLegend (San Diego, CA). Human
recombinant IL-23 and TL1A were from R&D Systems.

NK Cell Cytokine Production

Measurement of IFN-y and TNF-a production
from intestinal NK cells was performed by using Cyro-
kine Secretion Assays Detection Kits (Miltenyi Biotec,
Gladbach, Germany) according to the manufacturer’s
instructions.

Intracellular Cytokine Staining

For intracellular staining, whole LPMCs were stim-
ulated with [L-23 (20 ng/ml} or commensal bacterial and-
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gen (Escherichia coli [100 multiplicities of infection (MOI)] or
Enterococcus faecalis (100 MOI)) for 9 hours and in the pres-
ence of monensin (Golgistop; BD Pharmingen) for another
4 hours. After the stimulation, a Cytofix/Cytoperm Kit (BD
Pharmingen), anti-CD3 mAb (BD PharMingen), anti-
IL-17 mAb (eBioscience), and ant-IL-22 mAb {eBio-
science) were used according to the manufacturer’s in-
structions.

Commensal Bacterial Heat-Killed Antigens

E coli (catalogue no. 25922; ATCC) and E faecalis
(ATCC29212) were used as reported previously.?”

Quantitative Real-Time

Reverse-Transcription Polymerase Chain

Reaction Analysis

Total RNA was extracted using an RNeasy Mi-
cro Kit (Qiagen, Hilden, Germany), and cDNA was
synthesized using a Quantitect reverse-transcription
(RT) kit (Qiagen), according to the manufacturer’s
instructions. Quantitative real-time RT-polymerase
chain reaction (PCR) was performed using a2 TagMan uni-
versal PCR master mix (Apphied Biosystems, Foster City,
CA) and on-demand gene-specific primers, assessed using
the DNA Engine Opticon 2 system, and analyzed with
Opticon monitor software (M] Research, Waltham, MA).
The primers were as follows: IL12p35 (Hs00168405), IL12p40
(Hs00233688), 11.23p19 (Hs00372324), IL15 (Hs01003716_
m1l), IL18 (Hs00155517_m1), RORC (Hs01076112_m1),
IL23R (Hs00332759_m1), TNFSF15 (Hs00353710_s1),
1122 (Hs00220924 _al), IFNg (Hs00174143_al), and ACTB
(Hs99999903). All primers were purchased from Applied
Biosystems. Relative quantification was achieved by normal-
izing to the values of the Actb gene.

Cytokine Assay

Human inflammation or a T-helper (Th)1/Th2-II
cytometric beads array kit (BD Pharmingen) was used for
cytokine measurements and tests were performed accord-
ing to the manufacturer’s instructions.

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism software version 4.0 (GraphPad Software, Inc,
San Diego, CA). A P value of less than .05 was regarded
as significant. All data are expressed as mean * stan-
dard error of the mean.

Results

Two Different Types of NKp44~NKp46* and

NKp44*NKp46~ NK Cells Reside in Human

Intestinal Mucosa

We first precisely analyzed the phenotype of LP
NK (hereafter called LPNK) cells as well as peripheral
blood NK (PBNK]) cells in NCs. As shown in Figure 14,
we found that CD37CD56* PBNK cells obtained from

GASTROENTEROLOGY Vol. 139, No. 3

normal individuals seem to be homogenous, and strongly
express NKp30, NKp46, CD122 (IL-15Rf), NKG2D, and
CD244, but not NKp44, CD127 (IL-7Ra), and CD69,
suggesting that PBNK cells are IL-15- dependent conven-
tional NK cells. In contrast, CD3"CD56* LPNK cells
were quite heterogeneous, some expressing each of
NKp30, NKp44, NKp46, CD122, CD127, NKG2D, and
CD244, but almost all cells expressing CD69 (Figure 1A).
According to previous reports, mucosal NK cells express
CD69,6 intestinal LPNX cells have similar phenotypes in
cell surface marker use. To assess the relationship further
between expressions of each molecule in LPNK cells, we
counterstained pairs of molecules in addition to CD3
and CD56. To our surprise, NKp44 and NKp46 mole-
cules were expressed differentially on CD3-CD56* LPNK
cells, and NKp44*'NKp46* double-positive LPNK cells
were very rare (Figure 1B). Furthermore, NKp44' NKp46~
LPNK cells (so-called NKp44* NK cells) expressed CD127
but not CD122, whereas NKp44 " NKp46* LPNK cells
(so-called NKp46* NK cells) expressed CD122 but not
CD127 (Figure 1B). To examine further which subpopu-
lation expresses RORC, IL-22, IFN-y, and IL-23R, we
performed an RT-PCR assay. As shown in Figure 1C,
messenger RNAs (mRNAs) of both RORC and IL-22 were
expressed preferentially in NKp44' NK cells, whereas
mRNA of IFN-y was present in the NKp46' NK cell
population. Both NKp44® and NKp46~ NK cells ex-
pressed IL-23R whereas PBNK cells were not (Figure 1C
and data not shown). Collectively, human intestinal NK
cells were distinct from PBNK cells and divided into 2
populations, represented by the NKp44*NKp46~ (similar
subset to NK-22 cells, which was reported previously in
human tonsil) and NKp44 NKp46* populations, respec-
tively.

LPNK Cells Are @ Major Source of IFN-y

and Are Involved in the Pathogenesis of CD

We next assessed the role of LPNK cells in the
immunopathology of IBD. As we previously reported,'¢
the proportion of CD3~CD56* LPNK cells was increased
significantly in CD patients compared with that in NCs
or patients with UC (Figure 24). Because we and others
previously have reported that IFN-vy plays an important
role in the pathogenesis of CD,2! we hypothesized that
LPNK cells are major producers of IFN-y in addition to
CD3' T cells. As expected, immunohistochemical exam-
ination revealed that the number of IFN-vy-expressing
CD3"CDS6' LPNK cells was increased markedly in in-
flamed mucosa of CD compared with NC and UC pa-
tients (Figure 2B). Moreover, in CD, we found that the
ratio of IFN-y-expressing CD3"CD56% LPNK cells was
increased markedly in response to commensal bacterial
antigens (E faecalis [Figure 2C] and E coli [Supplementary
Figure 1]), whereas IL-17 was produced in response to
living bacreria by CD3* T, but not CD3~CD56"* NK cells
(Figure 2C and Supplementary Figure 1}.
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Figure 1. NKp44+NKp46~ and NKp44-NKp46* NK cells produce IL-22 and IFN-y, respectively. (4) Cell surface molecules of LPNK cells and
PBNK cells of NC. The open histograms show the isotype control and the filled histograms show the indicated surface molecules (0 = §). (B)
Expression of NKp44 and NKp46 or CD127 and CD122 on LPNK cells from NCs was examined. (C) The expression level of the indicated mRNA of
isolated NKp44 ' NKp46~ and NKp44~NKp46* NK cells were measured. P < .005; **P < .0001.

IFN-y-Producing NKp46* NK Cells

Preferentially Reside in Inflamed Mucosa

of CD

The aforementioned experiments showed that
CD3-CDS56' LPNK cells of CD patients produce large
amounts of IFN-y. We next precisely characterized by
flow cytometry LPNK cells of CD patients in parallel
with those of UC patients or NCs. First, we confirmed
whether NKp44 and NKp46 molecules were expressed
differentially on CD3-CD56* LPNK cells of IBD pa-
tients and NCs. Strikingly, the proportion of NKp44*
NK cells was decreased significantly in CD compared
with UC and NC patients, while conversely the propor-
tion of NKp46* NK cells was increased significantly in
CD compared with UC and NC patients (Figure 3). No
significant differences in these proportions were ob-
served between NC and UC patients (Figure 3). Fur-
thermore, almost all LPNK cells of CD patients pref-
erentially expressed NKp30, CD122, NKG2D, and
CD244 (Figure 3A), suggesting that LPNK cells of CD

predominantly are NKp46* NK cells, not NKp44* NK
cells.

Given the evidence that the major population of LPNK
cells is NKp46* NK cells, we next stimulated isolated
LPMCs with E faecalis or E coli in vitro, and assessed the
production of IFN-y and TNF-a by NKp46' NK or
NKp44+ NK cell populations. Similarly to LP, NKp46+
NK cells obtained from NC and IBD patients produced
IFN-vy (Figure 4), and the proportion of IFN-y-producing
NKp46* NK cells in CD was significantly higher com-
pared with NC. In UC, the ratio of IFN-y-expressing
NKp46' NK cells also significantly was increased com-
pared with NC, and tended to be lower than that of CD,
but the difference was not significant (Figure 4). In all
groups, NKp44® NK cells produce IL-22 (data not
shown). In contrast to IFN-y and IL-22, both NKp46*
and NKp44* NK cells produced TNF-a in response to
commensal bacterial stimulation in all groups, suggest-
ing that the different molecular mechanism of stimula-
tion lies in the signal pathway (Supplementary Figure 2).
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Figure 2. IFN-y-producing CD3-CD56* LPNK cells are increased in the inflamed mucosa of CD patients. (A) The percentage of CD3-CD56*
LPNK celfls in CD is increased significantly compared with UC or NC (NC, 4; UC, 7; CD, 9). *P < .05. {B) Intestinal mucosa specimens from NC and
patients with UC or CD were stained. Original magnification, 100X. (C) IFN-y was produced mainly by CD56*CD3~ LPNK cells rather than
CD56-CD3* T cells in response to stimulation with commensal bacterial antigen. R1 represents the NK cell population and R2 T cells. One

representative experiment of 5 independent experiments is shown.

IFN-y Production by LPNK Cells Requires
an Interaction With CD14*LPM¢s

The aforementioned results suggest to us that
intestinal IFN-y-producing NKp46* NK cells were in-
creased dramatically in the intestinal mucosa of CD pa-
tients, and the IFN-y production by LP NKp46* cells was
induced with the stimulation of commensal bacteria an-
tigens. Thus, we wondered whether intestinal NKp46™*
NK cells could produce IFN-vy in direct response to stim-
ulation with commensal bacteria or via cross-talk with
surrounding cells. As we previously reported,?” inflam-
matory CD14*LPM¢s are increased dramatically in in-
flamed mucosa of CD and play a critical role in commen-
sal bacteria-triggered inflammatory responses in the
intestinal mucosa. Thus, it is possible that an interaction
between intestinal NKp46* NK cells and CD14"LPM¢s is
critically involved in the production of IFN-y by intestinal
NKp46~ NK cells. Therefore, we first examined whether the
production of IFN-y from intestinal NKp46* NK cells is
retained after depletion of CD14* LPM¢s from LPMCs of
CD patients. As shown in Figure 5A and B, IFN-y pro-
duction by intestinal NKp46* NK cells in response to E
faecalis stimulation was abolished by depleting CD14*

cells, suggesting that an interaction between CD14*
LPM¢s and intestinal NKp46~ NK cells is needed to
activate intestinal NKp46' NK cells to produce IFN-y. Of
note, LPNK cells did note express TLR2 or TLR4 (data
not shown). TNF-a production by LPNK cells in response
to E faecalis also was reduced by depleting CD14" cells

(Supplementary Figure 3).

IL-23 and TL1A Produced by CD14* LPM s
and Direct Cell-to-Cell Interaction Are
Needed to Activate LPNK Cells

Finally, we addressed the mechanism of the interac-
ton between CD14* LPMds and intestinal NKp46* NK cells
for IFN-y production in CD. First, we examined whether sol-
uble factors (cytokines) produced by CD14*LPMds can stim-
ulare intestinal NKp46* NK cells. To this end, we used a
quantitative RT-PCR assay to identify the cytokines produced
by CD14"LPM¢ds in response to E faecalis. E faecalis stimu-
lation strongly induced IL-23p19 and IL-12p40 expres-
sion, but these were reduced significantly by depleting
CD14*LPMés from LPMCs (Figure 5C). In contrast,
other candidate soluble factors, such as IL-12p35, IL-15,
and IL-18, were not induced by the same stimulation and
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Figure 3. The proportion of NKp44~NKp46+ LPNK cells in total LPNK
cells is increased abnormally in CD. (A) Cell surface molecules of LPNK
cells from NCs and patients with UC or CD (n = 5). (B) Left: percentage
of NKp44+NKp46~ cells per total CD56* CD3~ LPNK cells. Right:
percentage of NKp44~NKp46* cells per CD56" CD3~ LPNK cells (NC,
5; UC, 6; CD, 6). *P < .05; **P < .0001.

were not affected by depleting CD14* cells (Figure 5C).
This was also the case after stimulation by E coli (data not
shown). Collectively, these data suggest that commensal
bacteria stimulate CD14*LPM¢s to preferentially pro-
duce IL-23 (IL-23p19/IL-12p40), but not IL-12 (IL-
23p35/IL-12p40), IL-15, or IL-18.

Given the evidence that IL-23, but not IL-12, IL-15, or
1L-18, specifically was induced in CD14*LPMds of CD by

A Stimulus () E. faecalis

INTESTINAL NKP46* NK CELLS IN CROHN’S DISEASE 887

commensal bacteria stimulation, we further assessed the
effect of those cytokines by addition of neutralizing
mAbs. Notably, the addition of neutralizing anti-IL-12/
23p40 mAb, but not anti-IL-15 or anti-IL-18 mAb, to
LPMCs from CD patients cultured with E faecalis dramat-
ically reduced IFN-y production in intestinal NKp46~
NK cells (Figure SD and E). Next, we assessed the direct
cell-to-cell interaction between CD14*LPMé¢s and
NKp46*NK cells using the transwell culture system (Fig-
ure 6A and B). IFN-y production by intestinal NKp46*
NK cells was greatly reduced by inhibiting their direct
cell-to-cell interaction with CD14*LPMés. This result
suggests direct cell-to-cell interaction with CD14*
LPMds also was required for activation of NKp46* NK
cells.

To further confirm the earlier-described results, we
used isolated LPNK cells and CD14'LPMds and per-
formed the similar co-culture experiments. Consistent
with the former results, LPNK cells produced IFN-y in
both protein and mRNA level only if they co-cultured
with LPMds. Moreover, this LPNK cell activation by LP
M¢s was dependent on cell-to-cell contact and IL-23,
which was produced by LPMds in response to E faecalis
stimulation (Figure 6C and D).

To assess further the possibility that IL-23 alone with-
out cell-to-cell contact can activate intestinal NKp46°
NK cells of CD to produce IFN-y, we administered re-
combinant IL-23 to cultures of CD14* cell-depleted
LPMCs, but only a small amount of IFN-y production by
intestinal NKp46' NK cells was induced in these cultures
compared with those stimulated with commensal bacte-
ria (Figure 7A and B). Dose escalation of IL-23 did not
induce an increase of IFN-y by NKp46* NK cells (Sup-
plementary Figure 4). These data suggest that although

IFNy
@ *
NC 5 .
; - 157 e R
& o PREISRERRSE, SR
} = SIS, A——
\ SE 10
e § 33
Uc o bl 'ﬁ
N Q. 2
Zz &k o3 5
Ec
2 o
cD 8 NCUCCD NCUCCD
NKpd6+ NKp4s-

IFNy —>

Figure4. NKp44~ NKp46' NK cells produce large amounts of IFN-+ by stimuli of commensal bacterial antigen. (A) LPNK cells from NCs or patients
with UC or CD were stimulated with the commensal bacterial antigen. IFN-y expression in the indicated cell populations was measured (n = 5). (B)
Statistical analysis of IFN-y expression in the indicated cell populations. *P < .05.
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Figure 5. IFN-yexpression in NKp44~NKp46* LPNK cells in response to stimulation with commensal bacteria antigen is abolished by the depletion
of CD14-LPMds. (A) IFN-y expression in the indicated cell populations was measured (0 = 3). (B) The fold increase in the percentage of
IFN-y-positive LPNK cells (whole LPMCs, n = 9; CD14* cell-depleted LPMCs, n = 3). IL-23 is the key molecule for the interaction of CD14* Mds
and LPNK cells. (C) IL-23, but not IL-15 or IL-18, is induced in CD14* LPMds from patients with CD in response to £ faecallis stimulation. Quantitative
RT-PCR of mRNA expression levels (n = 5). (D) Neutralization of IL-23, but not IL-15 or IL-18, reduced IFN-v production from LPNK cells in response
to E faecalis stimulation (n = 3). (£) Statistical analysis of the percentage of IFN-y-producing cells in LPNK cells was performed (0 = 3). *P < .05; P

< .005.

IL-23 is required to induce IFN-y by intestinal NKp46™*
NK cells of CD patients, additional soluble factors
and/or cell-to-cell contact with CD14'LPM¢s also are
required.

CD has been reported to be associated with variations
in the gene encoding the IL-23R subunit. Similarly, a
possible association of CD with a TNF-« family member,
TL1A, which is produced by or expressed on various
antigen-presenting cells, recently was reported. We previ-
ously reported that TL1A cooperatively acts with IL-23,
and synergistically induces Th1 and Th17 responses on T
cells.?? Thus, we assessed the involvement of TL1A mol-

ecules in the cell-to-cell interaction required for LPNK-
derived IFN-vy induction. Consistent with our previous
findings, TLIA mRNA was expressed in CD14' cells
obtained from inflamed mucosa of CD, and was up-
regulated markedly by bacterial antigen stimulation
(Supplementary Figure 5). Of note, IFN-y production
from intestinal NKp46* NK cells was inhibited signifi-
cantly by the addition of neutralizing anti-TL1A mAb,
although the effect was partial (Figure 7C and D). Fur-
thermore, the proportion of IFN-y-expressing intestinal
NKp46* NK cells from CD patients in culture was in-
creased significantly by the addition of a mixture of

—346—



September 2010

A

E. faecalis (-)

0.51
0.16
0.23 0.27
04 JSEEL
; {
i
C ifng
—
200- » D8
e
1504 ”

Fold increase
b
E~3
@

LM .
&P F& PP o
Stimuti - E. faecalis

INTESTINAL NKP46* NK CELLS IN CROHN'S DISEASE 889

3
Coculture G B el
:§ d T
=
% 3
2
g 2
Transwell § 17
T 0 S
£ g &
& &
& <&
® &
D IFN-y
. —
1000+ S
T 800 e
E
2 600
T 400
z
£ 2004
8 Flee P
Stimuli - E. faecalis

Figure 6. Direct cell-to-cell interaction between LPNK cells and LP CD14* Mds is required to produce IFN-+ in response to commensal bacteria
stimulation. (A) IFN-y production was evaluated in a co-culture or transwell culture of CD14* cells isolated from LPMC and CD14* cell-depleted
LPMC. Upper panels: co-culture. Lower panels: transwell. One representative experiment of 3 independent experiments is shown. (B) Statistical
analysis of the percentage of IFN-y-producing cells in LPNK cells was performed (n = 3). Intestinal NK cells produce IFN-v via cross-talk with
intestinal M¢s in CD. IFN-y production of isolated LPNK cells and CD14 ' LPMds were measured. (C) Quantitative RT-PCR of mRNA expression
levels (D) protein levels. Data of triplicate samples (1 representative of 3 independent experiments with similar results) are given as mean *+ standard

deviation. Co, co-culture. *P < .05; “*P < .005.

recombinant IL-23 and TL1A compared with stimulation
with IL-23 or TL1A alone (Figure 7E and F). These results
suggested that TL1A might be a molecule involved in the
interaction between LP NK cells and LP Mds to induce
robust production of IFN-y.

Discussion

In the present study, we showed that most human
LPNK cells are divided into 2 populations: IFN-y-pro-
ducing NKp46* NK cells (CD3~CD56*NKp44~NKp46*
RORC®#ICD122*CD127-) and IL-22-producing NKp44* NK
cells (CD3-CDS56*NKp44*NKp46-RORChishCD122"
CD127%). Interestingly, intestinal IFN-y-producing
NKp46* cells were increased significantly in inflamed
mucosa of CD whereas IL-22-producing NKp44* cells
were reduced markedly. Moreover, IFN-y production by
LP NKp46* cells of CD patients is regulated closely by
their interaction with the surrounding LPMés in a2 man-

ner dependent on both LPM¢ production of IL-23 and
cell-to-cell contact, including the involvement of TL1A.

Recent intensive reports have reported that mucosal
tissues have a unique NK cell subset, so-called mucosal NK
cells, in both human beings and mice."’-'S Mucosal NK
cells in human beings are identified as an expression of a
transcription factor RORC, surface molecules CD127
(IL-7Ra), and NKp44 expression and production of IL-
22, but not IFN-v.!1-'$ Importantly, this mucosal-specific
NK cell subset is developed locally in mucosal tissues
from their precursors, such as c-kit*CD127*RORyt* LTi
cells in murine intestine and lin~ ¢-kit*CD127*RORC*
LTi-like cells in human tonsil.?® Herein, we showed that
the IL-22-producing NKp44™ mucosal NK cell subset
was decreased in the inflamed mucosa of CD patients,
whereas IFN-y-producing NKp46* NK cells were in-
creased dramatically. Importantly, our previous report
showed that the IFN-y-producing LP NK cell subset
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Figure 7. IL-23 and TL1A synergistically activate LPNK cells. (A) IL-23 activates LPNK cells to induce a small but substantial IFN-y expression. IFN-y
expression in the indicated cell populations was measured (n = 3). (B) Statistical analysis of the percentage of IFN-y—producing cells in LPNK cells
was performed (n = 3). (C) Inhibition of TL1A slightly but significantly decreased IFN-vy expression in LPNK cells {7 = 3). (D) Statistical analysis of the
percentage of IFN-y-producing cells in LPNK cells was performed (n = 3). (E) Addition of a mixture of recombinant IL-23 and TL1A synergistically
activates LPNK cells (7 = 3). (F) Statistical analysis of the percentage of IFN-y—producing cells in LPNK cells was performed (n = 3). All statistical data

were analyzed using a paired t test. *P < .05; * P < .005.

locally gave rise from lin~ c-kit*CD127* LTi-like NK cell
precursors in human intestinal mucosa, and this local
differentiation of IFN-y-producing NK cells are acceler-
ated in inflamed mucosa of CD patients compared with
NC and UC patients.'® Collectively, IFN-y-producing
NKp46* NK cells and IL-22-producing NKp44* cells
might have the same origin, and balance between the
developments of these 2 mucosal NK cell subsets may
play an important role in the intestinal inflammation
of CD.

Meanwhile, it recently was reported that IL-22 plays a
protective role in intestinal inflammation. IL-22-produc-

ing T cells, NK cells, and dendritic cells were important
for the protection from murine adaptive transfer colitis
and dextran sulfate sodium (DSS) colitis.3!32 In addition,
overexpression of IL-22 protected the onset of murine
colitis.?* Moreover, a recent study showed the relevance
of IL-22-receptor polymorphisms in the incidence of
IBD.3435 Thus, it is possible that a decreased number of
IL-22-producing NKp44* NK cells in intestinal mucosa
led to impaired protective function against intestinal
inflammation in CD patients.

On the other hand, previous studies also showed a
significant increase of IL-22 production in inflamed mu-
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cosa of CD patients,3* albeit the role of IL-22 whether
protective or inflammatory is still poorly understood in
human IBD. In addition to the mucosal NK cell subset, it
was reported that Th17 cells or dendritic cells produce
[L-22.3132 More recently, a novel IL-22-producing T-cell
subset, so-called Th22 cells, are identified in human skin.3$
Thus, it is possible that these cells contributed to the
increased production of IL-22 in inflamed mucosa of CD
patients despite the fact that IL-22-producing NKp44*
mucosal NK cells were much less prevalent in CD pa-
tients. Although the role of IL-22 in IBD pathogenesis
should be clarified more closely, it might be involved in
the pathogenesis of CD.

Our previous report suggested that IFN-y production
correlates more closely with the pathogenesis of CD than
it does with UC.?! Given that to date IFN-y has been
thought to be produced mainly by LP CD3* T cells,
especially Thl-type CD3*CD4* T effector cells, it has
become evident that the NKp46* mucosal NK cell subset
may be one of the major sources of IFN-y in inflamed
mucosa of CD patients in addition to T cells. Moreover,
importantly, the present study clearly showed that the
intestinal inflammatory M¢ subset was important for the
activation of LPNK cells to produce IFN-y. Emerging
evidence suggests that NK cells can interact with den-
dritic cells and Més in physiologic and pathologic con-
ditions.!7-2° For instance, it is known that they can in-
teract with Kupffer cells in liver'® and uterine Mds.'®
Until now, the importance of IL-12, IL-15, and IL-18 has
been highlighted in the interaction between NK cells and
Kupffer cells.'® However, IL-23 is a newly identified in-
flammatory cytokine whose role is in the development
and maintenance of Th17-type CD4* T cells.37*® In our
present study, however, inhibiting the IL-23 signal greatly
reduced IFN-y production by intestinal NKp46* NK cells
(Figure SD and E). To our surprise, because large
amounts of IL-23, but not IL-12, IL-15, or IL-18, were
produced from CD14” LPM¢s of CD in response to stim-
ulation with commensal bacteria (Figure 5C and our
previous observation?’), IL-23 preferentially may be in-
volved not only in Th17 cells, but also in LPNK cells, to
induce IFN-y production as a key mediator in gut-spe-
cific inflammation. Consistent with this finding, Hue et
al?” recently showed that T-cell- deficient RAG-1/~ mice
infected with Helicobacter bepaticus developed innate im-
mune cell-mediated chronic colitis, but this was abol-
ished in the mice treated with anti-IL-23 mAb, accom-
panied by decreased expression of IFN-y and IL-17.37
Thus, it appears that H hepaticus stimulates antigen-pre-
senting cells, such as dendritic cells and M¢s, and the
consequent production of IL-23 by these cells and the
sequential induction of IFN-y by intestinal NK cells
might be involved in this model. Further studies will be
needed using other types of stimuli to assess the possible
role of IL-12, IL-15, or IL-18 on IFN-y production.
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Interestingly, in contrast to the effects of blocking
IL-23 using neutralizing anti-IL-12/23p40 mAb, the ad-
dition of IL-23 induces only a small amount of IFN-y
production from intestinal NKp46* NK cells (Figure 7A
and Supplementary Figure 4). In addition, IFN-y produc-
tion by intestinal NKp46* NK cells was greatly reduced
by inhibiting their direct cell-to-cell interaction with
CD14*LPMés using the transwell culture system (Figure
6). Because soluble TL1A was not detected in supernatant
of the culture of whole LPMCs by commensal bacterial
antigen stimulation,?® membrane-bound type TL1A of
CD14'LPMds might be associated with activation of
LPNK cells.

In conclusion, we showed that the NKp44*/NKp46*
NK cell is balanced in human normal intestinal mucosa,
and that this balance is disturbed in the intestinal mu-
cosa in IBD, especially in CD. Moreover, the interaction
between intestinal NKp46* NK cells and CD14*LPM¢s
is an important participant in the pathogenesis of CD via
NK cell-derived IFN-y production in response to com-
mensal bacteria. These findings suggest that IFN-y-pro-
ducing NKp46* mucosal NK cell subset might be in-
volved in the pathogenesis of IBD, especially in CD.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.05.040.
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