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FIGURE 6. VV-IL-23-infected lymphocytes produce both IFN-y and

IL-17. A and B, Naive spleen cells of BALB/c mice were infected in vitro
with VV-WT (WT), VV-IL-12 (IL-12), or VV-IL-23 (IL-23). Noninfected
spleen cells (None) were used as a negative control. C and D, Naive spleen
cells of BALB/c mice were cultured with either recombinant IL-12 or
recombinant IL-23 at various concentrations. After 2 days of incubation,
amounts of IFN-y (A and C) and IL-17 (B and D) in the culture supema-
tants were quantitated by ELISA. Data are shown as the mean * SEM of
three to five mice per group. The experiment was repeated three times with
similar results. ND, Not detected. *, p < 0.01.

mice were measured after inoculation of a sublethal dose (5 X 10°
PFU) of VV (Fig. 7B). Both VV-IL-12-infected and VV-IL-23-
infected IL-12/23p40 KO mice almost cleared the virus at day 14
postinfection, although high virus titers were retained in VV-WT-
inoculated IL-12/23p40 KO mice on the same day (Fig. 7B). Taken
together, IL-23 delivered by VV-IL-23 is capable of enhancing the
resistance to VV independently of IL-12 and vice versa. Based on
the data of viral titers at day 21 postinfection with VV-WT (Fig.
7C), it was confirmed that IL-12/23p40 KO mice were far more
sensitive to VV infection than were BALB/c mice, indicating that
IL-12 and/or IL-23 play a critical role in resistance to VV infec-
tion. VV-IL-12-infected spleen cells of IL-12/23p40 KO mice pro-
duced IFN-vy as much as those of BALB/c mice (Fig. 7D). indi-
cating that IL-12 delivered by VV-IL-12 efficiently stimulated to
produce IFN-vy even in the absence of IL-12/23p40. In contrast,
VV-IL-23-infected spleen cells derived from IL-12/23p40 KO
mice secreted significant amounts of both IFN-y (Fig. 7D) and
IL-17 (Fig. 7E) as well as VV-IL-23-infected BALB/c spleen cells.

IL-23 enhanced the resistance to VV in IFN-vy-deficient mice

We then investigated the host defense against VV-IL-23 in the
absence .of IFN-vy. IFN-y KO mice of the C57BL/6 background
and control mice (C57BL/6) were infected with 2 X 10%® PFU/
mouse of either VV-WT or VV-IL-23 for monitoring survival rates
(Fig. 84). Because C57BL/6 mice are more resistant to VV than
BALB/c mice (M. Matsui. unpublished observations), it is under-
standable that only one of eight C57BL/6 mice infected with
VV-WT died, and all C57BL/6 mice (n = 8) infected with VV-
IL-23 survived the infection. In contrast, all IFN-y KO mice (n =
12) succumbed to the infection with VV-WT by day 6 postinfec-
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FIGURE 7. IL-23 delivered by VV-IL-23 enhances resistance to VV
infection in IL-12/23p40-deficient mice. A, IL-12/23p40-deficient mice and
BALB/c mice were infected i.p. with 2 X 10® PFU of VV-WT or VV-IL-
23, and were monitored daily for mortality. 8, IL-12/23p40-deficient mice
infected with 5 X 10° PFU of VV-WT (WT), VV-IL-12 (IL-12), or VV-
[L-23 (IL-23) were sacrificed at day 14 postinfection, and viral titers in
ovaries were measured. From 8 to 12 mice were used in each group. and
all tirrations were performed in duplicates. Data are shown as the mean
PFU * SEM. C. BALB/c mice (BC) and IL-12/23p40-deficient mice (p40
KO) were infected with 5 X 10° PFU of VV-WT and sacrificed at day 21
postinfection. Viral titers in ovaries were then measured. Data shown are
the mean PFU = SEM. D and E. Naive spleen cells of either BALB/c or
IL-12/23p40-deficient (p40 KO) mice were infected in vitro with VV-WT
(WT), VV-IL-12 (IL-12), or VV-IL-23 (IL-23). Noninfected spleen cells
(Naive) were used as a negative control. After 2 days of incubation, culture
supernatants were screened for the presence of IFN-+y (D) and IL-17 (E) by
ELISA. Data are shown as the mean * SEM of three to five mice per
group. Each experiment was repeated three times with similar results. ND,
Not detected.

tion. indicating that IFN-+y plays a crucial role in resistance to VV
infection. However, all IFN-y KO mice (n = 8) survived the in-
fection with VV-IL-23, showing that IL-23 delivered by VV-IL-23
enhances the host defense against VV infection even in the



The Journal of Immunology

A C57BL/6 & IFN- y KO, VV-1L-23
100 I
C57BL/6, VV-WT
80 —
P
X 60
o’
=
t
= 40 7
77}
20
IFN-y KO, VV-WT
0 T T T T
0 2 4 6 8 10
Days Postinfection
B C
10’ 107
10 — IFN-y KO 10¢ IFN-y KO
. 10%
o 10 w
E g 10
g 10 E N *
s E 10 —
& 108 S yo2
10? 10! ‘j
107 il 10°

WT IL-23 1L-23
+ +

Control all-17

WT IL-12 IL-23

10° 600
M cs7pus I cssu6 NS
, | I ¥N-rko 500 1 [] IFN-y KO L
o 10%7]
g = 400 A
B ]
S 100 2
-~ & 300 1
z -
= 0] 2 1]
100 -
100 ND gND ND QND o L NDND NDND NDND

Naive WT IL-12 TL-23 Naive WT 1IL-12 IL-23

FIGURE 8. IL-23 delivered by VV-IL-23 enhances resistance to VV
infection in IFN-y-deficient mice. A, IFN-y-deficient (IFN-y KO) mice
and C57BL/6 mice were infected i.p. with 2 X 10° PFU of VV-WT or
VV-IL-23, and were monitored daily for mortality. B, IFN-y-deficient
mice infected with 5 X 10° PFU of VV-WT (WT), VV-IL-12 (IL-12).
or VV-IL-23 (IL-23) were sacrificed at day 14 postinfection, and viral
titers in ovaries were measured. Six to twelve mice were used in each
group. and all titrations were performed in duplicates. Data are shown
as the mean PFU = SEM. C. IFN-y -deficient mice were infected with
5 X 10° PFU of VV-WT (WT) or VV-IL-23 (IL-23). VV-IL-23-infected
mice were then administered with 70 ug of a neutralizing anti-IL-17
mAb (alL-17) or a relevant isotype control Ab (Control) at days 0, 2, 7
-postinfection with VV. Viral titers in ovaries were then measured at day
14 postinfection. Four mice were used in each group, and all titrations
were performed in duplicates. Data are shown as the mean PFU = SEM.
*, p < 0.01. D and E, Naive spleen cells of either C57BL/6 or IFN-y-
deficient (IFN-y KO) mice were infected in vitro with VV-WT (WT),
VV-IL-12 (IL-12). or VV-IL-23 (IL-23). Noninfected spleen cells (Na-
ive) were used as a negative control. After 2 days of incubation. culture
supernatants were screened for the presence of IFN-vy (D) and IL-17 (E)
by ELISA. Data are shown as the mean=® SEM of three to five mice per
group. The experiment was repeated three times with similar results.
ND, Not detected.
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FIGURE 9. Role of IL-17 in resistance to VV infection. A and B,
Twelve BALB/c mice per group were infected i.p. with 5 X 10® PFU of
VV-WT or VV-IL-17. A, Mice were monitored daily for mortality. B,
Changes in body weight of mice infected with VV-WT (open symbols) or
VV-IL-17 (solid symbols) were calculated as the percentage of the mean
weight per group in comparison with starting body weight. Data are shown
as the mean = SEM. C, BALB/c mice infected with 5 X 10° PFU of
VV-WT or VV-IL-17 were sacrificed at day 3 (H) or 7 (E8) postinfection,
and virus titers in ovaries of mice were measured. Six mice were used in
each group, and all titrations were performed in duplicates. Data are shown
as the mean PFU * SEM. Nd. Not detected. +, p < 0.01. D, IL-17-deficient
(IL-17 KO) mice and BALB/c mice were infected i.p. with § X 10 PFU
of VV-WT or VV-IL-23, and were monitored daily for mortality. Six mice
were used in each group. Data of VV-WT-infected IL-17 KO mice were
shown as a dashed line for highlighting.

absence of IFN-v. Viral titers in ovaries of IFN-y KO mice were
then examined after inoculation of a sublethal dose of VV (Fig.
8B). It was confirmed that C57BL/6 mice did not resolve VV-WT
in ovaries, but did eliminate VV-IL-23 as well as VV-IL-12 at day
14 postinfection in the same manner as BALB/c mice (data not
shown). In accordance with the survival data (Fig. 84), IFN-y KO
mice nearly cleared VV-IL-23 in ovaries at day 14 postinfection,
whereas high virus titers were still retained in ovaries of IFN-y KO
mice inoculated with either VV-WT or VV-IL-12 (Fig. 8B). These
data indicate that IL-23 promotes resistance to VV even in the
absence of IFN-y and strongly suggest that the mechanism of the
IL-23-mediated resistance to VV infection is distinct from that of
the IL-12-regualted resistance in which IFN-vy plays a critical role.
It was reported that IL-17 plays a critical role in the IL-23-depen-
dent resistance to bacteria such as K. pneumoniae (17) and C.
rodentium (11). To examine contribution of IL-17 in the IL-23-
mediated resistance. VV-IL-23-infected IFN-y KO mice were ad-
ministered with a neutralizing anti-IL-17 mAb. As shown in Fig.
8C. treatment with the anti-IL-17 mAb, but not with a control
mAb, resulted in a slight but significant increase of viral titers in
ovaries at day 14 postinfection, suggesting an involvement of
IL-17 in the IL-23-associated host defense against VV in the ab-
sence of IFN-vy. It was confirmed that spleen cells of IFN-y KO
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mice infected with VV-WT, VV-IL-12, or VV-IL-23 did not pro-
duce IFN-v at all (Fig. 8D). In contrast, VV-IL-23-infected spleen
cells of IFN-y KO mice produced IL-17 as much as VV-IL-23-
infected spleen cells of C57BL/6 mice (Fig. 8E).

Role of IL-17 in resistance to VV infection

To further examine the role of IL-17 in resistance to VV infection,
we have constructed VV-IL-17 and investigated the susceptibility
of BALB/c mice to VV-IL-17. It was confirmed that IL-17 was
detected in the culture supernatant of VV-IL-17-infected 293T
cells by ELISA, and IL-17 in the culture supernatant could induce
IL-6 production from NIH 3T3 cells (data not shown). BALB/c
mice were injected i.p. with 5 X 10® PFU/mouse of either VV-WT
or VV-IL-17 for monitoring survival rates (Fig. 94) and changes in
body weight (Fig. 9B). As shown in Fig. 9B, VV-IL-17-infected
mice looked very sick on the first few days after infection, but all
of the mice (n = 12) evenwally recovered from illness (Fig. 9A
and B). In contrast, eleven of twelve mice injected with VV-WT
succumbed to the infection (Fig. 9, A and B). Furthermore, VV-
IL 17-infected BALB/c mice cleared VV from ovaries at day 7
postinfection with 5 X 10° PFU, whereas VV-WT-infected mice
did not clear the virus (Fig. 9C). These results demonstrate that
IL-17 promotes host resistance to VV infection, and therefore, sup-
port the data in Fig. 8C showing an involvement of IL-17 in the
IL-23-mediated defense against VV. We next tested resistance to
VV-WT and VV-IL-23 in IL-17-deficient mice. BALB/c mice and
IL-17 KO mice of the BALB/c background were infected i.p. with
5 X 10® PFU/mouse of either VV-WT or VV-IL-23 and were
monitored for mortality. As shown in Fig. 9D, IL-17 KO mice
were more sensitive to VV-WT than control BALB/c mice, show-
ing that IL-17 is necessary for host defense against VV infection.
In contrast, all of VV-IL-23-infected IL-17 KO mice survived the
infection, indicating that IL-17 is dispensable for the IL-23-medi-
ated clearance of VV.

Discussion

In the current study. we demonstrated that IL-23 delivered by VV-
IL-23 enhanced resistance to VV infection in BALB/c mice as well
as IL-12 (Fig. 2). A similar activity of IL-23 was observed in
IL-12/23p40-deficient mice infected with VV-IL-23 as well (Fig.
7, A and B), indicating that IL-23 enhances resistance to VV in-
fection independently of IL-12. In other words, IL-23 could com-
pensate for the lack of IL-12 in the host defense against VV. How-
ever. the mechanism of the IL-23-mediated resistance to VV
infection is different from that of the IL-12-regulated resistance
because IFN-y-deficient mice did not eliminate VV-IL-12, but al-
most did eradicate VV-IL-23 in ovaries at day 14 postinfection
(Fig. 8B). VV-IL-23-infected cells produced a certain amount of
IFN-vy (Fig. 6A), and furthermore, several early studies pointed out
that IL-23 stimulated the production of IFN-v to induce various
immune responses including CTL responses (2, 5, 6, 31). How-
ever, the current data indicate that IFN-v is dispensable for the
IL-23-regulated resistance to VV, although it does not mean
that IFN-vy induced by IL-23 is totally useless in resistance to
VYV infection. According to the survival rate of IFN-y KO mice
infected with VV-WT (Fig. 84), IFN-vy plays a critical role in
host defense against VV infection, and hence, IL-23-induced
IFN-vy should be beneficial for the viral clearance. Rather, it is
possible to assume that some other factors could play a domi-
nant role and compensate for the absence of IFN-v in the IL-
23-regulated resistance to VV. In contrast, IFN-vy plays a crit-
ical role in the IL-12-mediated resistance to VV (Fig. 8B). In
fact, VV-IL-12-infected cells secreted large amounts of IFN-vy
(Fig. 6A). However, viral titers of VV-IL-12-infected IFN-y KO
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mice were ~100 times lower than those of VV-WT-infected
IFN-y KO mice (Fig. 8B). This finding could be explained by
the IFN-y-independent activity of IL-12 including direct effects
on T cells and NK cells acting as a growth factor and an en-
hancer of cytotoxicity as well as inducing other cytokines (32).

Because the IL-23/IL-17 axis is known to be required for the
host protection against K. pheumoniae (17) and C. rodentium (11),
and further VV-IL-23-infected cells produced considerable
amounts of IL-17 (Fig. 6B), it was quite possible to expect that
IL-17 might play a major role in the IL-23-regulated resistance to
VV infection. In fact. treatment with a neutralizing anti-IL-17
mAD resulted in a significant increase of viral titers in ovaries of
VV-IL-23-infected IFN-y KO mice (Fig. 8C). suggesting an in-
volvement of IL-17 in the IL-23-regulated defense against VV at
least in the absence of IFN-vy. It is presumed that the anti-viral
IL-17 was secreted from Th17 cells, which were differentiated by
TGF-B and IL-6 and were expanded to acquire fully effective func-
tion by IL-23 (10-12). However, the effect of neutralization with
anti-IL-17 mAb was limited (Fig. 8C) although we cannot rule out
the possibility that IL-17 in the mice was not fully neutralized with
the mAb. These data suggest that something else directly or indi-
rectly induced by IL-23 should play a major role in the IL-23-
regulated resistance to VV infection. For example, it has recently
been reported that Th17 cells secrete IL-22 together with IL-17
(33. 34). IL-22 in conjunction with IL-17 synergistically functions
in host defense as well as in the pathogenesis of autoimmune dis-
eases (33, 34). Actually. activated T cells from HIV-1-exposed,
but uninfected individuals overproduce IL-22, suggesting that
IL-22 participates in an innate anti-HIV-1 host resistance (35). It
might be possible to presume that IL-22 is associated with the
IL-23-driven enhancement of the resistance to VV. In addition. a
potent inflammatory cytokine, IL-17F might play a major role in
the IL-23-mediated resistance because Th17 cells produce IL-17F
(36) as well as IL-17 (IL-17A) and IL-22.

To test whether IL-17 participates in host defense against VV
infection, we have engineered VV-IL-17 and compared it with
VV-WT. As shown in Fig. 9, A~C, VV-IL-17 was less virulent
than VV-WT in BALB/c mice. indicating that IL-17 promotes re-
sistance to VV infection. It has been reported that the IL-23/Th17/
IL-17 axis plays an essential role in neutrophil recruitment (37). In
the case of influenza virus infection, neutrophils as well as mac-
rophages are accumulated at the site of infection soon after the
viral infection. and either type of cell is capable of phagocytosing
virus-infected, apoptotic cells (38). Virus-infected. apoptotic cells
phagocytosed are then digested together with virus by degrading
enzymes that exist in lysosomes of phagocytes. Hence, the influx
of neutrophils induced by IL-17 may contribute to the rapid clear-
ance of VV in VV-IL-17-infected mice. In the current study. VV-
IL-17 induced viral clearance by day 7 of infection (Fig. 9C).
whereas VV-IL-23 took 14 days to clear the virus (Fig. 2C). It may
be possible to assume that VV-IL-17-infected cells could secrete
large amounts of IL-17 at the site of infection faster than VV-IL-
23-infected cells, and thereby, could induce the rapid influx of
neutrophils, which may lead to the faster clearance of the virus. In
addition, IL-17 KO mice were likely to be more sensitive to
VV-WT than BALB/c mice (Fig. 9D). indicating that IL-17 is
important in host defense against VV. However, IL-17 KO mice
survived the infection with VV-IL-23 (Fig. 9D). demonstrating
that IL-17 does not play a dominant role in the IL-23-regulated
resistance to VV infection. Taken together, IL-23 may be working
in the resistance to VV predominately through other effector mol-
ecules expressed by Thi17 cells such as IL-22 or IL-17F although
IL-17 (IL-17A) is likely to play at least a certain role in the IL-
23-mediated resistance to VV.
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It was previously shown that IL-23 and the subsequent IL-17
pathway play an essential role in resistance to infection with cer-
tain extracellular bacteria (11, 17). In contrasi. Cua et al. (39)
proposed that the IL-23/Th17 axis has physiologically been de-
signed for the induction of immediate inflammatory response
against catastrophic breaches of pathogens in the initial phase of
mucosal infection. Our current data show a significant role of
1L-23 in host defense against VV for the first time. Furthermore,
IL-17 participates in the IL-23-regulated resistance to VV infec-
tion, but IL-17 is unlikely to play a dominant role in it. Our data
provide a possibility that there might be an alternative pathway in
the mechanism of IL-23-regulated resistance to VV infection.
Therefore. our data suggest that it might be possible to use the
adjuvant activity of IL-23 for the prophylactic and therapeutic
strategies against infectious pathogens without side effects of au-
toimmunity caused by the IL-23/Tht7/IL-17 axis.
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Intervention of MAdCAM-1 or fractalkine alleviates
graft-versus-host reaction associated intestinal injury
while preserving graft-versus-tumor effects
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Abstract: Coincidence of the beneficial graft-vs.-
tumor (GVT) effects and the detrimental graft-vs.-
host disease (GVHD) remains the major obstacle
against the widespread use of allogeneic bone mar-
row transplantation (BMT) as tumor immunother-
apy. We here demonstrate that intervention of
MAdCAM-1 (mucosal vascular addressin cell adhe-
sion molecule-1) or fractalkine/CX;CL1 after the
expansion of allo-reactive donor CD8 T cells se-
lectively inhibits the recruitment of effector donor
CD8 T cells to the intestine and alleviates the graft-
vs.-host reaction (GVHR) associated intestinal in-
jury without impairing GVT effects. In a nonirra-
diated acute GVHD model, donor CD8 T cells
up-regulate the expression of intestinal homing re-
ceptor 437 and chemokine receptors CXCR6
and CX3;CR1, as they differentiate into effector
cells and subsequently infiltrate into the intestine.
Administration of anti-MAdCAM-1 antibody or
anti-fractalkine antibody, even after the expansion
of alloreactive donor CD8 T cells, selectively re-
duced the intestine-infiltrating donor CD8 T cells
and the intestinal crypt cell apoptosis without af-
fecting the induction of donor derived anti-host
CTL or the infiltration of donor CD8 T cells in the
hepatic tumor. Moreover, in a clinically relevant
GVHD model with myeloablative conditioning,
these antibodies significantly improved the survival
and loss of weight without impairing the beneficial
GVT effects. Thus, interruption of adf37-MAd-
CAM-1 or CX;CR1-fractalkine interactions in the
late phase of GVHD would be a novel therapeutic
approach for the separation of GVT effects from
GVHR-associated intestinal injury. J. Leukoc. Biol.
81: 176-185; 2007.
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INTRODUCTION

Despite of its limitations and toxicity. allogeneic bone marrow
transplantation (allo-BMT) is now widely used as effective
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therapy for hematologic malignancies [1. 2). The therapeutic
benefits of allo-BMT appear to be twofold: not only can higher
doses of chemo- and radiotherapy be given. but also there is the
potential for graft-mediated immune response to tumors, so-
called graft-vs.-tumor (GVT) effects [3. 4]. On the other hand.
acute graft-vs.-host disease (GVHD) remains a serious and
often fatal complication of allo-BMT. Unfortunately. the ben-
eficial GVT effects are closely associated with adverse GVHD.
because both normal tissue injuries and anti-tumor effects are
mediated by donor-derived anti-host/tumor cytotoxic T lym-
phocytes (CTL). Administration of immunosuppressive drugs
or T cell-depleted BMT improves the severity and incidence of
GVHD. but these treatments ofien lead to the loss of anti-host/
tumor CTL. resulting in the relapse of leukemia [4—6]. These
observations suggest that allo-BMT would be a safe and effec-
tive immunotherapy for tumors if anti-host/tumor CTL are fully
induced while normal tissues are selectively protected from
anti-host/tumor CTL.

In the early phase of allo-BMT. naive donor CD8 T cells
migrate to secondary lvmphoid tissues, where they proliferate
and differentiate into anti-host effector T cells. In the late
phase, alloactivated anti-host effector donor CD8 T cells re-
circulate and infiltrate into the peripheral tissues [7. 8]. 1t is
probable that effector donor CD8 T cells. which infiltrate into
the skin, liver. and intestine trigger GVHD. while those infil-
trate into the tumor induce GVT effects. Therefore. selective
inhibition of infiltration of effector donor CD8 T cells to the
target tissues would reduce tissue specific GVHD without
impairing GVT effects.

Lyvmphocyte trafficking is tightly regulated by the expression
of particular adhesion molecules and chemokine receptors on
the surface of lymphocytes. combined with the expression of
ligands for these receptors by the target tissues [9-11]. It has
become clear that several trafficking-associated molecules are
actively involved in the development of GVHD [12. 13]. In the
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early phase of allo-BMT. circulating naive donor T cells rap-
idly enter into the host secondary lymphoid tissues through
adhesion molecule L-selectin, a4 integrin. a4B7. MAJCAM-1.
and chemokine receptor CCR5, and preventive intervention of
these molecules inhibit the development of anti-host CTL and
ameliorate GVHD [14-16]. In the late phase. it has been
reported that anti-host CTL infiltrate into liver via LFA-1-
ICAM-1 interaction and CCR5-MIP-1a interaction and into
the intestine via CXCR3-CXCR3 ligand interaction [17-20].
However, molecular interactions essential for the development
of tissue-specific GVHD are not fully established, because
severity of GVHD induced by CCR5™/~ donor cells depends
on the conditioning regimen [21], and GVHD to MHC is not
reduced in recipients of CXCR3™’~ donor cells [20]. These
studies suggest that further spacio-temporal understanding of
donor CD8 T cell dynamies is required for the separation of

GVHD and GVT effects by targeting trafficking-associated

molecule.

Intestinal GVHD is one of the most important complications
ansing with acute GVHD because the damaged intestinal
epithelium allows spread of endotoxins into the systemic cir-
culation, which amplifies subsequent systemic GVHD [22-25].
In this study, we first perfformed kinetic studies in a well-
established graft-vs.-host reaction (GVHR) model to determine
the trafficking-associated molecules involved in the intestinal
infiltration of effector donor CD8 T cells during allogeneic
reaction. and then explored whether inhibition of effector donor
CD8 T cell infiliration into the intestine would segregate GVT
effects from GVHR-associated intestinal injury.

MATERIALS AND METHODS

Mice and cell lines

C57BL/6 Ly5.2 (B6: CD45.2. H-2"). (C57BL/6 x DBA/2) F1 (BDF1: CD45.2.
H-2"' mice were purchased from CLEA Japan, Inc. (Tokyo. Japan). C57BL/6
Ly3.1 (CD45.1) was provided from Dr. Ishikawa (Keio University. Tokyo.
Japan). All animal procedures described in this study were performed accord-
ing to thé guidelines for animal experiments of The University of Tokyo. P815
(H-2") and EL4 (H-2") cell lines were provided from Dr. Abe (Nipponkavaku.
Tokyo. Japan). GFP-expressing tumorigenic P815 cell line was generated by
retroviral transduction using pMY vector [26].

GVHD induction and tumor induction

For the GVHR model. 6 X 107 splenocytes from either B6 or BDF1 mice were
injected intravenously into nonirradiated BDF1 mice on day 0. In GVT
experiments in GVHR model. recipient mice were intravenously injected with
2 X 10° P815 or EL4 tumor cells on day —1. For the irradiated GVHD model,
recipient mice received 13 Gy total body irradiation. split into two doses that
were separated by 3 h on day —1. Bone marrow cells were prepared from the
femurs and tibias of donor mice. followed by depletion of Ter-119 positive red
blood cells and Thyl.2 positive mature T cells by MACS (Miltenyi Biotech.
Bergisch Gladbach. Germany). Mature T cells were prepared from lymph nodes
and spleen by negative selection with antibodies against CD11b. B220. and
NK1.1 using MACS. The purity of selected T cells was at least 92%. Cell
mixtures of 5 X 10° bone marrow cells supplemented with 5 X 10% T cells
were then injected intravenously into irradiated recipient mice on day 0. In
GVT experiments in irradiated GVHD model. recipient mice were intrave-
nously injected with 1 X 10' P815 or EL4 tumer cells 2 h before transplan-
tation.

Anti-mouse fractalkine monoclonal antibody

The anti-mouse fractalkine mAb was generated from Armenian hamsters
immunized with recombinant mouse fractalkine by a standard method. and
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inhibited migration of mouse CX3CR1-transfected B300.19 pre-B cells in-
duced by mouse fractalkine (data not shown).

In vivo treatments

For the neutralizing experiments in GVHR model. 200 pg/100 pl PBS of
anti-fractalkine mAb or 500 pg/ 100 pl PBS of anti-CXCL16 mAb [27] were
administered i.p. into BDF1 mice on day 6. day 8. and day 10 or 100 pug/200
pl PBS of anti-MAdCAM-1 mAb (MECA367. BD PharMingen. San Diego. CA)
was administered i.p. on day 7 after GVHR induction. Normal hamster IgG or
rat IgG was used as a control antibody. In the GVHD model, the same dose of
anti-fractalkine mAb and anti-CXCL16 mAb were administrated every 4 days
and anti-MAJCAM-1 mAb was administrated every 7 days from day 4 to day
32 after GVHD induction.

Cell preparation, antibodies, flow cytometry,
and cell sorting

Intestinal and hepatic mononuclear cells were isolated according to the meth-
ods described previously [28. 18]. In brief. the small intestine was removed
and Peyer’s patches were excised from the intestine. The inverted intestine was
then cut into four segments, and the segments were transferred to a 50 ml
conical tube containing 45 ml RPMI-1640. 5% FBS, 25 mM HEPES. The tube
was shaken at 37°C for 45 min. For the preparation of intestinal intraepithelial
Iymphocytes {IEL). cell suspensions were collected and passed through a
nylon-wool column to deplete cell debris and sticky cells. Subsequently. the
cells were subjected to 44/70% Percoll (Sigma-Aldrich, $t. Louis, MO) gra-
dient, and IEL were recovered at the interphase. For the preparation of lamina
propria lymphocytes (LPL). residual intestinal pieces were digested with 50
U/ml collagenase (Type VI, Sigma-Aldrich), and supernatants were subjected
to percoll density gradient as described above. We mainly examined the IEL
compartment as intestine-infiltrating lymphocytes. because the epithelium is
the major target of intestinal GVHD. LPL compartment was only used in
chemotaxis assay. For the preparation of hepatic lymphocytes. livers were
perfused with PBS and pressed through stainless-steel mesh and suspended in
5% FBS-DMEM. The cell suspensions were treated with 33% Percoll contain-
ing 100 U/ml heparin and were centrifuged at 800 g for 10 min at room
temperature. The pellets were resuspended in ACK lysing buffer. washed 2
times in DMEM. and resuspended in 10% FBS-DMEM. The mAbs specific for
mouse FeyR (2.4G2), CD8 (53-6.7). CD45.1 {A20), CD62L (MEL-14). and
a4f7 (DATK32) were purchased from BD PharMingen. and anti-mouse CCR9
mAb were purchased from R&D Systems (Minneapolis, MN). After incubation
with anti-mouse FeyR mAb, cells were stained with appropriate concentrations
of mAbs and then analyzed by EPICS ELITE ESP cell sorter (Beckman
Coulter. Hialeah, FL) with EXPO32 software. Dead cells were excluded on the
basis of forward and sidescatter profiles, and propidium iodide staining. Donor
CD8 T cells were purified by cell sorting, and the sorted cells showed >98%
purity. For IFN-y detection. cells were stimulated with 5 ng/mt PMA and 0.5
wg/ml ionomycin for 5 h in the presence of 10 pg/ml brefeldin A followed by
intracellular staining using Cytofix/Cytoperm Kit (BD PharMingen), according
to the manufacturer's directions.

Chemotaxis assay

Chemotaxis assay was performed with ChemoTx plate {Neuro Probe. Gaithers-
burg. MD). according to the manufacturer’s instructions. In brief. untreated
CD8 T cells from BG6 spleen or intestine, infiltrating donor CD8 T cells from
GVHD induced BDF1 mice were suspended at 2 X 10° cells/ml in RPMI 1640
containing 0.5% BSA and 20 mM HEPES. Twenty-five microliters of cell
suspensions were loaded on the membrane plate and placed onto a flat-
hottomed 96-well microtiter plate containing 29 pl of fractalkine (107" M).
TECK (1077 M), and SLC (107* M).

Immunofluorescence staining and TUNEL assay

Recipient mice of GFP-expressing P815 were perfused with 4% paraformal-
dehyde/PBS. Immunofluerescent staining of fresh or paraformaldehyde fixed
frozen sections were performed as described previously {29]). In brief. cryo-
sections were fixed in ice-cold acetone and were preincubated with Block Ace
{Dainippon Pharmaceutical Co. Lid. Tokyo. Japan). Subsequently. samples
were incubated with primary antibodies or appropriate control antibodies,
followed by incubation with Alexa-dye labeled appropriate secondary reagents
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(Invitrogen Japan K. K.. Tokyo. Japan). Anti-smooth muscle actin mAb (clone
1A4). Anti-EpCAM mAD (clone G8.8), and ER-TR7 were purchased from
Sigma-Aldrich (St. Louis. MO. USA). BD PharMingen and BMA Biomedicals
(Augst. Switzerland), respectively. Anti-fractalkine pAb and anti-CXCL16 pAb
were purchased from R&D Systems. The sections were analyzed by an Olym-
pus IX-70 confocal laser-scanning microscope system (Olympus Optical. To-
kyo. Japan). For the detection apoptotic cell death. horizontal sections of
intestine were stained with in situ cell death detection POD kit {Roche.
Mannheim. Germany), according to the manufacturer’s instruction. For the
counts of apoptotic cells in the intestine. 10 fields (330 umX330 pm) of
horizontal sections were examined for each mice. and the average number of
TUNEL-positive cells/field of three mice was calculated.

Real-time RT-PCR analysis

Real-time RT-PCR was performed as described previously with a set of
primers and Tagman probes corresponding to CCR1. CCR2. CCRS5, CCR7.
CCR9. CXCR3, and GAPDH, as described previously [29]. The sense primer
for CXCRG6 was 5'-AAGCTGAGGACTCTGACAGATGTGT-3". the antisense
primer was 5'-CCAAAAGGGCAGAGTACAGACAA-3'. the probe was 5'-
CTGCTGAACTTGCCC CTGGCTGAC-3'. The sense primer for CX,;CR1 was
5’- CCGCCAACTCCATGAACAA-3'. the antisense primer was 5'-CGTCTG-
GATGATGCGGAAGTA-3’, the probe was 5'-CCTCACCCCAGTTCATGT-
TCACAAATAG-3'. PCR was run in triplicate for each primer/template set.
and the quantity of target mRNA was normalized by the level of GAPDH in
each sample.

Short-term migration assay

Mononuclear cells were collected from either spleen of normal B6 mice
(untreated) or peripheral blood of GVHR-induced BDFI mice on day 10
(allo-activated), and CD8 T cells were negatively enriched by MACS with
antibody against CD11bh. B220. NK1.1. CD4. and CD45.2 (The purity of
CD45.1" CD8™ cells >90%). Untreated or allo-activated donor CD8 T cells
were then labeled with CFSE and transferred into normal BDF1 mice (3X10"
cells/mice). Two hours later. mice were perfused with 50 ml of PBS. and
vertical sections of small intestine were embedded in Tissue-Teck OCT com-
pound. Twelve-micrometer frozen sections of small intestine were analyzed by
AX80 fluorescent microscopy (Olympus Optical). For the evaluation of traf-
ficking efficiency to the intestine, 100 arbitrary villi/representative sections
that exhibited exactly the vertical profile were chosen. and the numbers of
CFSE-positive cells were counted.

Cytotoxicity assay

Donor CD8 T cells were purified from spleen of normal B6 or liver of
GVHR-induced mice treated with control- or anti-fractalkine- or anti-
MAJCAM-1 antibody. Effector (E} donor CD8 T cells were incubated with
1 X 10" target (T) P815 or EL4 cells for 5 h at 37°C. In all cases, the
starting E:T ratio was adjusted to obtain an idéntical ratie of donor CD8 T
cells to target cells. Effectors were tested in triplicate at four E:T ratios.
After the incubation. cytotoxicity against target cells was determined by
LDH cytotoxicity detection kit (Takara Biomedicals. Tokyo, Japan). The
percent-specific LDH release was calculated from (experimental release—
spontaneous release)/(detergent release—spontaneous release) X100.

Biochemical analysis

The increase in serum alanine transferase (ALT) concentration, which is dn
indicator of liver damage. was determined with a Fuji DRY-CHEM 5500V
(Fuji Medical Systems, Tokyo, Japan).

Statistical analysis

Statistical comparisons between groups were evaluated using the Student’s
t-test. except for survival data. Data were presented as means with 95%
confidence intervals (Cls). Differences in survival among groups of mice were
evaluated with a log-rank test of the Kaplan-Meier survival curves. P < 0.05
was considered to be statistically significant.
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RESULTS

Development of effector donor.CD8 T cells
and intestinal injury during GVHR

Infiltration of anti-host CTL into intestine is thought to be a
trigger of intestinal injury in GVHD. To confirm this notion. we
first performed the kinetic studies in GVHR model. in which
intestinal injury is mediated solelv by allogeneic reaction. The
number of donor CD8 T cells in the spleen and mesenteric
lymph nodes (MLN) increased from day 2 after GVHR induc-
tion, peaked on day 10, then decreased thereafter. Unlike
secondary lvmphoid tissues, in the small intestine, donor CD8
T cells were rarely detected during the first 8 days and rapidly

‘increased from day 8 to day 14 with CD11a" CD44" IFN-y

producing effector cell phenotype (Fig. 1A~C). Immunohisto-
logical analysis revealed that donor CD8 T cells were barely
detectable in the intestine during the first 6 days of GVHR, but
they rapidly infiltrated the lamina propria. which located ad-
jacent to crypt epithelium with only a few in the villous
epithelium on day 8 (Fig. 1D). Crvpt cell apoptosis is a typical
feature of intestinal GVHD [30]. Consistent with the kinetics of
intestine infiltrating effector donor CD8 T cells, TUNEL-pos-
itive apoptotic crypt epithelial cells were rarely detected before
day 6; however. they rapidly increased by day 8 and remained
high over the following days (Fig. 1E. F). These results suggest
that the infiltration of effector donor CD8 T cells into the
intestine, which take place during the late phase of GVHR
(i.e., dayvs 8-14). is closely associated with the development of
intestinal injury.

Developmental changes of trafficking property
of donor CD8 T cells during GVHR

It is well established that the migration properties of T cells
critically depend on their differentiation state. On the basis of
this concept. we hypothesized that intestinal infiltration of
donor CD8 T cells in the late phase is induced by develop-
mental changes of trafficking property of donor CD8 T cells
during GVHR. To compare migration properties of primary
circulating donor CD8 T cells (i.e.. untreated donor CD8 T
cells) and allo-activated recirculating donor CD8 T cells (i.e.,
donor CD8 T cells recovered from peripheral blood of GVHR
induced mice on day 10), we performed the short-term migra-
tion assay. Two hours after adoptive transfer, untreated donor
CD8 T cells preferentially migrated into host lymphoid tissues.
including lymph nodes. spleen, and Peyer’s patches but did not
migrate to the intestinal lamina propria. In contrast, allo-
activated donor CD8 T cells preferentially migrated into non-
Iymphoid tissues, including intestine and liver, but did not
migrate to lvmphoid tissues (Fig. 2A, B and data not shown).
The migration of lymphocytes to intestinal nonlymphoid com-
partment is highly dependent on the expression of intestinal
homing receptor a4f7 [31]. Thus, we next analyzed the kinet-
ics of adB7 expression on donor CD8 T cells to examine
whether the expression of a437 correlate with intestinal hom-
ing properly. Allo-activated donor CD8 T cells migrate from
secondary lymphoid tissues to the intestine via peripheral
blood. During the first 5 days of GVHR. most of the circulating
peripheral blood donor CD8 T cells expressed high levels of

http://www.jleukbio.org
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CD62L, a homing receptor for the peripheral lymph nodes [32],
whereas only a minority of these cells expressed adB7. The
ratio of CD62L™ cells among the circulating donor CD8 T cells
gradually decreased with concurrent increase of adB7™ cells
from day 5 to dav 9. Ini addition, the majority of the intestine-
infiltrating donor CD8 T cells also expressed adf7 (Fig. 2C).

We next analyzed the relative chemokine receptor expres-
sion in allo-activated donor CD8 T cells to untreated donor
CD8 T cells, because chemokine receptor expression closely
associated with the intestinal homing property. Real-time PCR
analysis revealed that untreated donor CD8 T cells expressed
high levels of mRNA for the chemokine receptor CCR7, CCR9.
and relatively low levels of those for CCR1. CCR2. CCRS5,
CXCR3, CXCRG6, and CX,CR1. In contrast. donor CD8 T cells
isolated from GVHR-induced intestine on day 10 of GVHR
showed down-regulated expression of CCR7 and CCR9, but
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Fig. 1. Kinetics of donor CD8 T cells and
6 development of intestinal injury during

GVHR. CD45.2% recipient BDF1 mice
3 were inoculated with CD45.17 B6 donor
0 splenocytes. (A) Absolute number of donor
CD8 T cells in the spleen. mesenteric lymph
nodes (MLN), and intestine were analyzed
by flow cvtometry at several time points
post-GVHR induction. Mean values with
95% confidence intervals (n=6 mice/time
points. pooled data from two independent
experiments). Cell surface markers (B) and
IFN-g production (C) of intestine-infiltrating
donor CD8 T cells on day 10. Dotted histo-
gram indicates background staining with
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isotype control, open histogram indicates
untreated donor CD8 T cells. and solid his-
togram indicates intestine-infiltrating donor
CD8 T cells. The number in the quadrant
represents the percentage of IFN-y™ cells/
donor CD8 T cells after in vitro stimulation
(unstimulated control were <1%). (D) Ver-
tical sections of small intestine were pre-

pared on day 0 and day 8 and costained with
anti-CD45.1 Ab (green) and anti-CD8 Ab
(red). (E) Horizontal sections of intestine
were prepared on day 0 and day 8. and
apoptotic cells in the crypt epithelium were
detected by TUNEL reaction. Apoptotic
cells are shown in brown. and mononuclear
cells are counterstained with hematoxylin
(blue). Scale bars: 50 wm {B). 25 pm (C).
Reproducible results were obtained from
two independent similar analyses. (F) Crypt
cell apoptosis was quantified as described
in Materials and Methods. Data are ex-
pressed as the number of TUNEL-positive
cells in crypt area (/mm?). Mean values with
95% confidence intervals (10 fields/mice.
n=6 mice/time points, pooled data from 2
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up-regulated expression of CXCR6 and CX;CR1 (Fig. 2D). The
down-regulation of CCRY. one of the intestinal homing recep-
tor, and up-regulation of CX;CR1 were confimed by flow
cytometry and chemotaxis assay to TECK or fractalkine (Fig.
2E, F). Lymphocyte migration requires the expression of li-
gands for homing receptors by target tissues. To examine the
expression of MAdCAM-1 (ad4P7 ligand [33]), CXCLI6
(CXCR6 ligand [34]). and fractalkine/CX;CL1 (CX;CR1 ligand
[35]), we performed the immunohistological analysis. CXCL16
has heen reported to be expressed on dendritic cells, macro-
phages. smooth muscle cells and splenic red pulp [34, 36. 37],
but its distribution in intestine has not been established.
Therefore, we first examined the CXCL16 expression in the
normal intestine. As shown in Fig. 2G, CXCL16 was expressed
on the smooth muscle actin-positive smooth muscle cells in the
lamina muscularis mucosa and the muscular coat of normal
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intestine. CXCL16 expression was also detected in a part of
smooth muscle actin negative cells but was not detected on
tomato-lectin labeled vascular endothelium (Fig. 2G). The
expression of CXCL16 in intestine was not changed during
GVHR (Fig. 2H). MAACAM-1 is constitutively expressed on a
part of the endothelium in the intestinal lamina propria, known
as the lamina propria venules, and donor cells were located
within or adjacent to the MAACAM-1" lamina propria venules
on dayv 7 of GVHR (Fig. 2H). It has been reported that
fractalkine is expressed on intestinal epithelial cells {38, 39].
Consistent with previous reports, fractalkine was detected on
the intestinal epithelium, with the villous epithelial cells more -
strongly stained than the crypt epithelial cells (Fig. 2H). The

expression of MAJCAM-1, CXCL16. and fractalkine remained
almost constant during GVHR in both mRNA and protein level
(data not shown). Importantly, we could not detect the protein
expression of MAdCAM-1 and fractalkine in the liver during
GVHR (data not shown).

Anti-fractalkine or anti-MAdCAM-1 antibodies
selectively inhibit intestinal infiltration of effector
donor CD8 T cells and reduce intestinal injury

The up-regulation of adf7, CXCR6. and CX,CR1 in effector
donor CD8 T cells suggest that a4B7-MAdCAM-1, CXCRG-
CXCL16, and CX;CR1-fractalkine interactions are involved in
the recruitment of effector donor CD8 T cells 1o intestine and
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promote the intestinal injury. To test this. we administered
neutralizing antibodies against MAdCAM-1. CXCLI16. and
fractalkine to GVHR-induced mice. In the neutralization ex-
periments, we administered antibodies after the expansion of
donor CD8 T cells to exclude the effects on the development of
effector cells in the early phase [16]. As shown in Fig. 3,
administration of anti-fractalkine Ab significantly decreased
the number of donor CD8 T cells in the intestine by 61%
(P=0.001) and reduced the number of apoptotic crypt cells by
43% (P<0.001) compared with control antibody-treated group,
whereas it had no significant effects on the number of donor
CD8 T cells in the liver or serum ALT levels. Administration
of anti-MAdCAM-1 Ab also decreased the number of donor
CD8 T cells in the intestine by 85% (P<<0.001) and reduced
the number of apoptotic cells by 75% (P<<0.001). whereas we
did not see any significant changes in the liver. Treatment with
anti-CXCL16 Ab decreased the number of CXCR6 positive
donor CD8 T cells in the liver (30-35% of donor CD8 T cells
in the liver of GVHR-induced mice on day 14, data not shown)
but did not significantly affect overall pathology of intestinal-
or liver-GVHR (data not shown).

Anti-fractalkine Ab or anti-MAdCAM-1 Ab
treatments preserve GVT effects

We previously demonstrated that pretreatment of recipient
mice with anti-MAJdCAM-1 Ab inhibits the development of
anti-host CTL activity during GVHR [16]. Preservation of the
anti-host CTL activity is necessary for optimal GVT effects.
Therefore. we examined the effects of the anti-fractalkine Ab or
anti-MAdCAM-1 Ab treatments on the development of anti-
host CTL activity. As shown in Fig. 4A. untreated donor CD8
T cells from normal B6 spleen showed only background lysis
against Host-type P815 cells, whereas liver-infiltrating
allo-activated donor CD8 T cells from day 14 after GVHR
induction showed specific lysis against P815 but only back-
ground lysis against donor-type E14 leukemia cells. Liver-
infiltrating allo-activated donor CD8 T cells from anti-frac-
talkine antibody- or anti-MAdCAM-1 antibody-treated groups

exhibited comparable lvsis against P815 to those from the
control antibody-treated group, suggesting that anti-fractalkine
and anti-MAdCAM-1 antibody treatment does not impair the
induction of anti-host CTL activity in our protocol. Next, we
examined the effects of the antibody treatments on the infil-
tration of allo-activated donor CD8 T cells to hepatic tumor. As
shown in Fig. 4B, GVHR-induced mice with GFP-expressing
P815 tumor cells and control antibody treatment showed mas-
sive infiltration by donor CD8 T cells in the hepatic tumor on
day 10 of GVHR. The extent of donor CD8 T cell infiltration
was similar in the recipient mice treated with anti-MAdCAM-1
Ab or anti-fractalkine Ab (data not shown). To examine the
mechanisms of the segregation of GVT effects and GVHD by
the antibody treatments, we analyzed the expression of frac-
talkine and MAdCAM-1 in the GVHR-induced liver with
hepatic tumor. As shown in Fig. 4C, fractalkine and MAd-
CAM-1 mRNA expression in the liver is relatively low compare
with that of intestine. Furthermore, we could not detect the
expression of MAdCAM-1 and fracialkine in tumor vasculature
by immunohistological analysis (data not shown). These results
suggest that administration of anti-fractalkine Ab or anti-
MAdJCAM-1 Ab after the expansion of donor CD8 T cells
preserves induction of anti-host CTL activity and infiltration
of CTL in the hepatic tumor.

Anti-fractalkine Ab or anti-MAdCAM-1 Ab
treatments reduce severity and mortality of
GVHD without affecting GVT-associated survival
advantage

We finally addressed the clinical applicability of anti-frac-
talkine or anti-MAdCAM-1 antibody treatments using a GVHD
model with myeloablative conditioning. Lethally irradiated re-
cipient mice of allogeneic bone marrow and T cells were
treated with control Ab or anti-fractalkine Ab or anti-
MAdJCAM-1 Ab as described in Materials and Methods. As
shown in Fig. 5A. administration of anti-fractalkine Ab or
anti-MAdCAM-1 Ab exhibited a significant survival advantage
and reduced body weight loss compared with control antibody-

Fig. 2. Changes in the trafficking properties of donor CD8 T cells and expression of trafficking-associated molecules during acute GVHR. (A) In vivo migration of
untreated- or allo-activated donor CD8 T cells. CFSE-labeled donor CD8 T cells from normal B6 mice (untreated) or peripheral blood of GVHR-induced mice
{allo-activated) were transferred into untreated BDF1 mice. Two hours after transfer. CFSE-positive cells in the lymph nodes and intestine were analyzed by a confocal
laser-scanning microscopy. Scale Bar: 50 pum. Representative images from three independent experiments are shown. (B) Migration of untreated or allo-activated donor
CD8 T cells to lymph nodes and intestine of untreated BDF1 mice were quantified by flow cytometry or confocal laser-scanning microscopy. respectively. Migration
efficiency to intestine are shown in the number of CFSE-positive cells/100 villi. Mean values with 95% confidence intervals (=3 mice/groups). *. P < 0.001. (C)
Expression of CD62L and a7 on circulating or intestine-infiltrating donor CD8 T cells. Open histogram in the lower panel indicates background staining with isotype
control. Representative profiles of three mice are shown. (D) Levels of chemokine receptor mRNA in the intestine-infiltrating donor CD8 T cells on day 10. Data are shown
in fold increase relative to CD8 T cells from normal B6 mice. Mean values with 95% confidence intervals (n=3 mice/groups. representative data from two independent
experiments). *, P = 0.046, **. P < 0.001 vs. CD8 T cells from normal B6 mice. (E) CCR9 expression on untreated- and intestine infiltrating-donor CD8 T cells was
analyzed by flow cytometry. Open histogram indicates background staining with isotype control. (F) Untreated donor CD8 T cells were prepared from nonnal B6 spleen,
and intestine-infiltrating lymphocytes were prepared from intestinal intraepithelial lymphocyte compartment (IEL) and lamina propria lymphocyte compartment (LPL) of
GVHR-induced mice on day 10. Chemotaxis response of untreated and intestine-infiltrating donor CD8 T cells to fractalkine (107" M). TECK (1077 M). and SLC (107"
M) were evaluated using a Boyden chamber. Data represent the percentage of migrated cells of triplicates. Representative data from two independent experiments. *, P
= 0.049, #*, P < 0:001 vs. background. (G} Vertical section of small intestine was prepared from normal BDF1 mice and stained with control goat IgG or anti-CXCL16
Ab (Red). Costaining with anti-smooth muscle actin (SMA) Ab indicates smooth muscle cells and ER-TR7 (green) indicates reticular fibroblast or reticular fiber. Some
mice were injected intravenously with fluorescein-conjugated tomato lectin (LEA) before sacrifice to identify luminal surface of vascular endothelium (blue). Arrows
indicate specific signal of CXCL16. (H) Vertical sections of intestine were prepared from GVHR-induced mice on day 7 or day 10. Day 7 section was costained with
anti-MAdCAM-1 Ab (ted) and anti-CD45.1 Ab (green). Day 10 sections were stained with control goat IgG or anti-CXCL16 Ab or anti-fractalkine Ab (Red). Costaining
with anti-SMA Ab or anti-EpCAM Ab (green) indicates smooth muscle cells or epithelial cells. respectively. Scale bars: 50 pm. Arrows indicate specific signal of
MAdCAM-1 (left). CXCLI1G6 (center), and fractalkine (right). respectively. Representative image from 3 independent experiments are shown.
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Fig. 3. Anti-fractalkine or anti-MAdCAM-1 antibodies selectively inhibit intestina! infiltration of donor CD8 T cells and reduce intestinal injury. Anti-fractalkine
Ab or anti-CXCL16 Ab were administered i.p. into BDF1 mice on day 6, day 8. and day 10, or anti-MAdCAM-1 Ab was administered i.p. on day 7 of GVHR.
Normal hamster IgG or rat IgG was used as control antibody. (A) The number of intestine- and liver- infiltrating donor CD8 T cells on day 14. The horizontal lines
mark the mean value. The number of crvpt epithelial cell apoptosis (B) and serum ALT levels (C) on day 14. Mean values with 95% confidence intervals (1>6.
pooled data of 3 independent experiments. *. P=0.001. **, P<0.001 vs. control).

treated group (Survival: P<<0.001 and P=0.004 compared with
control antibody-treated group, respectively, Body weight loss:
P<0.05 (davs 10-20) and P<<0.05 {days 10-20) compared
with control antibody-treated group. respectively). In the GVT
experiments, recipient mice of syngeneic BMT and P815 died
from tumor infiltration in the liver by day 18 (median sur-
vival=16.6, n=10). whereas recipients of allogeneic BMT and
P815 with control antibodies died from GVHD. identified by
the absence of tumor nodules in the liver. by day 34 (median
survival=27.4 and 27.0. P<0.001 and P<0.001, n=10, re-
spectively), suggesting a GVT-associated survival advantage.
Allogeneic recipients treated with antifractalkine Ab or anti-
MAdCAM-1 Ab also died from GVHD but exhibited significant
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survival advantage (P<0.001 and P<0.001 compared with
control antibodyv-treated groups. respectively), suggesting a
preservation of GVT effects (Fig. 5B). Taken together. these
results suggest that intervention of adB7-MAdCAM-1 and
CX;CR1-fractalkine interactions selectively inhibits intestinal
infiltration of effector donor CD8 T cells. which results in the
alleviation of GVHD without impairing GVT effects.

DISCUSSION

It is widely accepted that myeloablative conditioning in BMT is
closely associated with the severity of GVHD. However. my-
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Fig. 4. Anti-fractalkine or anti-MAdCAM-1 antibodies preserve GVT effects. (A) Anti-P815 (H-2") CTL activity of liver-infiltrating donor CD8 T cells from control
antibody- (open squares) or anti-fractalkine Ab- (open triangles) or anti-MAJCAM-1 Ab- (open circles) treated GVHR-induced mice on day 10. Anti-EL4 (H-2")
CTL activity of those from control Ab-treated group (closed triangles) and anti-P815 (H-2") CTL activity of CD8 T cells from B6 mice {closed diamonds) indicate
background lysis. Mean values with 95% confidence intervals of three mice. Representative data of two independent experiments. (B) Infiltration of donor CD8
T cells in the tumor site. GVHR-induced mice were inoculated with GFP-expressing P815 on day —1. Tumor-infiltrating liver sections were stained with
anti-CD45.1 Ab (red) and anti-CD8 Ab (blue). GFP-bearing P815 was shown in green. Scale bars: 50 pm. Representative images from three independent
experiments are shown. (C) Fractalkine and MAdJCAM-1 mRNA expression in the intestine and liver of GVHR-induced mice bearing hepatic tumor were analyzed
by real-time PCR. Mean values with 95% confidence intervals (n=6. pooled data of 2 independent experiments) . *, P < 0.01.
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Fig. 5. Anti-fractalkine or anti-MAdCAM-1
antibodies alleviate GVHD without impairing
GVT effects. Lethally irradiated recipients re-
ceived syngeneic (=10, solid squares) or
allogeneic BMT. Recipients of allogeneic
BMT were treated with anti-fractalkine Ab
; (n=16. open triangles) or hamster IgG (n=12,
open circles) every 4 days. or anti-
MAdCAM-1 Ab (n=16, solid tnangles) or rat
IeG (n=12. solid circles) every 7 days from
day 4 to day 32 after BMT. (A) Survival and
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eloablative conditioning in animal models hinders the under-
standing of allo-specific immune response, as systemic irradi-
ation induces systemic inflammation and lymphopenia, which
drives antigen-nonspecific homeostatic proliferation of donor T
cells [40]. Using a well-established GVHR model, we demon-
strated that allo-reactive donor CD8 T cells redistribute from
secondary lymphoid tissues to the peripheral target tissues
during GVHR. as they differentiate into the effector cells. Also,
intestinal infiltration of effector donor CD8 T cells was closely
associated with the erypt epithelial cell apoptosis. Our results
from nonirradiated GVHR model suggest that the infiltration of
donor CD8 T cells not only amplifies but also triggers the
intestinal injury during GVHD.

During GVHR. circulating donor CD8 T cells gradually
up-regulate the adhesion molecule adB7 as they differentiate
into effector cells. adP7 is an important intestinal homing
receptor for both the naive and effector/memory T cells, and
4B 7-expressing lymphocytes interact with MAACAM-1-bear-
ing high endothelial venules in Pever’s patches and MLN, as
well as with the lamina propria venules in the intestinal lamina
propria [31, 33]. We previously demonstrated that administra-
tion of neutralizing antibody against MAdCAM-1 before GVHR
induction successfully inhibits the migration of donor CD8 T
cells to Peyer's patches and prevents induction of anti-host
CTL [16]. Petrovic et al. reported that a4B7™ donor T cells
induced less GVHD morbidity and monrtality compared with
adB7* donor T cells [15]. However, segregation of GVT effects
and intestinal GVHD by preventive intervention of adB7-
MAdCAM-1 interaction is thought to be difficult. because
oadB7-MAdCAM-1 interaction is required for the induction of

Ueha et al.

vs. recipients of P815 and syngenic BMT. #*,
P < 0.001 vs. control antibody treated groups.

anti-host/tumor CTL and a437™ naive CD8 T cells can differ-
entiate into adB7" effector CD8 T cells. Our data demonstrate
that the administration of anti-MAdCAM-1 Ab, even after the
expansion of allo-reactive donor CD8 T cells, selectively re-
duced the numbers of intestine-infiltrating donor CD8 T cells
without affecting induction of anti-host/tumor CTL. Thus, we
suggest that therapeutic intervention of a4p7-MAdCAM-1 in-
teraction may be effective for the segregation of GVT effects
from intestinal injury.

In addition to a4R7, intestine-infiltrating donor CD8 T cells
up-regulated the chemokine receptor CXCR6 and CX;CRI1. It
has been reported that CX;CR1 is expressed on terminally
differentiated effector CD8 T cells [41]. Consistent with the
previous reports, intestine-infiltrating donor CD8 T cells ex-
hibited typical effector T cell phenotvpe. In general. chemo-
kine/chemokine receptor interaction induces the firm adhesion
of lymphocytes to endothelial cells and extravasation of lym-
phocyte into the tissues. However, we could not detect the
expression of fractalkine on the intestinal endothelium. Among
the chemokine family, fractalkine has unique structural and
functional features. as it is expressed on the cell surface where
it acts as an adhesion molecule. and when soluble fractalkine
is released from the cell surface by proteolysis. it can act as a
chemoattractant [35]. So. the possible role of fractalkine-
CX,CR1 is that soluble fractalkine may be released from the
epithelial cells and recruit CX;CR1-positive effector cells to
the epithelial cells, while transmembrane fractalkine ex-
pressed on the epithelial cells may promote the firm adhesion
between CX,CR1-positive effector cells and epithelial cells
and, through this interaction, enhance the retention of effector
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donor CD8 T cells in epithelium and the contact-dependent
cytotoxic pathway. Also, Niess et al. reported that CX,CR1-
fractalkine interaction is important for intestinal DCs to sample
luminal antigens [42]. Therefore, CX;CR1-fractalkine interac-
tion may promote the induction of allo-MHC restricted luminal
antigen-specific donor CD8 T cells in draining lymph nodes
and/or induce activation of intestine infiltrating donor CD8 T
cells through host-derived luminal antigen-bearing intestinal
DCs. In addition, CX,;CR1-fractalkine interaction has been
reported to be involved in cell survival and T cell costimulation
[43, 44]. CX,CR1-fractalkine interaction may promote the
survival and activation of intestine infiltrating donor CD8 T
cells. Further studies will reveal the physiological significance
of these possibilities.

It has been reported that CXCR6-deficient donor CD8 T
cells showed partly reduced infiltration into the liver of GVHR-
induced mice on day 7 [45]. Consistent with the previous
report. anti-CXCL16 treatment blocked the liver infiltration of
CXCR6" donor CD8 T cells but did not change the overall
immunopathology in the liver. In our data, CXCRG is expressed
on a subset of liver-infiltrating donor CD8 T cells on day 14. It
remains to be determined which subset of liver-infiltrating
donor CD8 T cells express CXCR6 and what role CXCR6™
donor CD8 T cells play during GVHR.

In this study, we demonstrated that the inhibition of the intes-
tinal infiltration of effector donor CD8 T cells could segregate
beneficial GVT effects from adverse GVHD. Kim et al. reported
that the administration of FTY720, an inhibitor of the sphin-
gosine-1-phosphate receptor. inhibits egression of donor T cells
from the lvmph nodes, which results in the inhibition of effector
donor T cell infiliration into the target organs and alleviates
GVHD without impairing GVT effects against lymphoma [46, 47].
However. leukemia and lvmphoma cells are not only located in the
lymph nodes but are also found in the bone marrow or nonlym-
phoid tissues. Thus, the egression of effector donor CD8 T cells
from secondary lymphoid tissues is thought to be indispensable for
optimal GVT effects. In this respect, our approach that interferes
with the tissue-specific infiltration of effector donor CD8 T cells
could be adapted to a wide range of tumor patients. ]

In summary, intervention of MAACAM-1 or fractalkine al-
leviates intestinal injury and severity of systemic GVHD with-
out hampering GVT effects. suggesting a novel therapeutic
approach for the separation of GVT effects from GVHD. 1t is
not claimed that this approach could substitute for the immu-
nosuppressive regimens; however, when used in conjunction
with reduced immunosuppressive regimens, it may contribute
to make allo-BMT a safe and effective tumor immunotherapy.
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