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Abstract

This study delineates specific functions of Gai2 and Gai3 in T cell mobilization during the
development of graft-versus-host disease (GVHD) and reveals reciprocal effects of these two G
proteins on the onset and morbidity of the disease. A deletion of Gai2 hampered trafficking of
pathogenic T cells from secondary lymphoid tissues to inflammatory sites and sufficiently prevented
GVHD. In contrast, a severer disease was induced in mice adoptively transferred with Gai3-deficient
T cells than those mice transferred with wild-type T cells. In agreement with this, pathogenic
Gai2 '~ T cells displayed a defect in response to CXCL10, CXCL11, and CCL5, whereas lack of
Gai3 augmented T effector cell chemotaxis induced by CXCL10 and CXCL11 and resulted in their
preference of homing to the liver and colon. Absence of either Gai also abrogated sphingosince-1-
phosphate (S1P)-mediated inhibition of T cell chemokinesis and facilitated T cell homing and
expansion in the spleen and mesenteric lymph nodes at the early phase of GVHD development, which
is another key determinant in the severity and early onset of the disease in the mice infused with
Gai3~ T cells. These observations underscore interplay between Gai2 and Gai3 and potentially
provide a novel strategy to prevent GVHD by blocking T cell homing at early stages and T effector
cell trafficking at later time points.
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Introduction

Graft-versus-host disease (GVHD) results when donor T cells attack immunocompromised
hosts, which represents major morbidity of the clinical transplantation of allogeneic bone
marrow or peripheral blood stem cells used to treat patients with various lymph-hemopoietic
malignancies [1,2]. The disease occurs in two phases following the transfer of donor
lymphocytes [3,4]. In the first phase, donor T cells enter peripheral lymphoid tissues including
the spleen, lymph nodes, and Peyer's patch, a process that depends on homeostatic chemokines
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like CXCL12, CCL19 and CCL21 and adhesion molecules such as L-selectin and alB2 integrin
[5,6]. Upon arrival at the lymphoid tissues, donor Tcells recognize alloantigens expressed on
host antigen-presenting cells (APC), become activated, and differentiate into T effector cells.
These T effectors up-regulate tissue homing chemokine receptors CCR2, CCR5, and CXCR3
as well as produce inflammatory cytokines like IFN-y and TNF-o. The inflammatory cytokines
enter the circulation and induce the production of chemokines in target organs by host cells.
Following this initial phase of chemokine production, a second wave of chemokine production
is induced by recruited donor T cells in target organs. The recruited T cells produce the CCR5
ligands CCL3, CCL4, and CCLS5 that sustain these cells in the target organs and ultimately
cause damage to the infiltrated organs [7,8].

In both these phases, chemokines act as one of the key players in the control of migration of
donor T cells in and out of lymphoid tissues, and to inflammatory sites [7,9]. These chemokine
receptors activate heterotrimeric G proteins that are composed of a, 3, and y subunits. The
GTP-binding proteins are classified into four major families, i.e. Gai/o, Gag, Gajy/13, and
Gas [10,11]. In the Gai/o family, some Gai proteins can be irreversibly uncoupled from their
receptors by pertussis toxin (PTX), an inhibitor that is widely used to link Gai proteins to the
signaling implicated in lymphocyte trafficking [12-15]. The primary PTX substrates in T
lymphocytes are Gai2 and Gai3 as shown by in vitro PTX labeling and cDNA cloning [16,
17]. Our study has demonstrated that these two G proteins can be functionally additive, distinct,
overlapping or antagonistic in chemotactic responses in vitro in a receptor-dependent fashion
[18]. For instance, Gai3 inhibited Gai2 in CXCR3-mediated signaling by interacting with the
receptor without activation and dissociation, with which it prevented Gai2 interaction with the
receptor [18]. Distinguished from the CXCR3 receptor, the CXCR4 receptor depended on both
Guai2 and Gai3 for a full migratory response, while the CCR7 receptor required only one of
the two Gai proteins [18].

To extend our in vitro study to in vivo, we show here that GVHD is abolished in
immunocompromised mice adoptively transferred with Gai2 7~ T cells. Impairment of T
effector cell trafficking to susceptible organs is responsible, at least in part, for a lack of the
disease in the mice. Conversely, the disease is significantly exacerbated in recipients of Gai3-
deficient T cells compared with those of WT T cells. Without Gai3, pathogenic T cells traveled
to target organs much more efficiently than without Gai2, presumably in association with
altered migratory responses to CXCL10, CXCL11 and CCL5 in the presence of Gai2 or Gai3
alone. In addition, absence of either Gai protein increased T cell chemokinesis mediated by
sphingosince-1-phosphate (S1P), but was without effects on its chemotactic responses. The
increased chemokinesis facilitated accumulation and expansion of donor Gai3™~ T cells in the
secondary lymphoid tissues, critically contributing to the severity and early death of the
recipient. The opposite effects of Gai2 and Gai3 on the onset of GVHD argue strongly
coordinated regulation of chemokine receptors' function by Gai2 and Gai3 to ensure migration
of a T cell at a right time and in a right place in vivo.

Reciprocal effects of Gai2 and Gai3 on acute GVHD

To assess potential differences of Gai2- and Gai3-deficient Tcells in their ability to induce
acute GVHD, T cells isolated from full-MHC-mismatched allogeneic (H-2b) WT, Gai2-KO
and Gai3-KO mice were intraperitoneally administrated into severe combined
immunodeficient (SCID) BALB/c mice (H-2d). As can be seen in Fig. 1A, all recipients gained
weight in the first week post transfusion, which continued to be the case for another week in
the mice receiving either WT or Gai2-KO T cells, with the latter gaining more than the former.
WT T cell-infused mice began developing signs of GVHD at week 3, including hunch,
sluggishness, ruffled fur, and a continuous decrease in body weight over time (Fig. LA). Some

Eur J Immunol. Author manuscript; available in PMC 2008 November 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jinetal.

Page 3

mice started dying at week 5, and about 40% of mice died in 8 weeks or reached a terminally
ill stage (body weight loss >15%) and had to be sacrificed in accordance with institutional
guidelines (Fig. 1B). Strikingly, a body weight loss was not observed in recipients of Gai2-
KO T cells. Instead, these animals gained some weight over the course of the 8-week
observation and did not develop any sign of the disease up to 8 months when the mice were
sacrificed (Fig. 1A and B). Conversely, mice receiving Gai3-KO T cells developed GVHD in
2 weeks after transfusion. The disease was progressing much more rapidly than the mice
receiving WT Tcells, forcing 85% the mice to be sacrificed in 7 weeks. The death rate was two
or eight times higher than that of the mice receiving WT Tcells or Gai2 7/~ Tcells, respectively
(Fig. 1A and B).

Histological examination revealed that a large number of T cells accumulated in the spleen and
lymph nodes in the SCID mice transferred with either Gai2~/~ or Gai3 ™~ T cells, concomitant
with 1~2 times enlargement of the spleen and a 2~6-fold increase in the size of the lymph
nodes, when compared with those mice receiving WT T cells (data not shown). Yet, little
inflammation and lymphocyte infiltration were observed in the intestine, colon, lung, and liver
inrecipients of Gai2 KO T cells (Fig. 2A and B; and data not shown), consistent with no GVHD
development in the mice. In contrast, severe inflammation and lymphocyte infiltration were
evident in the liver and colon in the mice infused with Gai3-deficient T cells (Fig. 2A and B).
As can be seen in Fig. 2A (v and vi), almost all portal areas were expanded with extensive
mononuclear chronic inflammatory cell infiltrates in the liver. On higher resolution, some of
the bile ducts were surrounded by infiltrated lymphocytes, causing bile duct damage and
endothelitis (Fig. 2A, vii). By comparison, the inflammation was much less in the recipients
of WT T cells, involving only some of the portal areas with focal duct damage (Fig. 2A, i and
ii). The liver of mice receiving Gai2-deficient T cells showed minimal chronic inflammation
in some of the portal areas with no significant bile duct damage (Fig. 2A, iii and iv). In the
colon, focal crypt epithelial cell degeneration (apoptosis) and crypt abscesses, typical
pathological changes for acute GVHD, could be easily identified in the recipients of
Gai3™~T mice and to a far lesser degree in the mice adoptively transferred with WT T cells,
but was hardly seen in the mice receiving Gai2 '~ T cells (Fig. 2B). The pathological
examination confirmed that the liver and colon lesions caused the early death of the animals
reconstituted with Gai3 ™~ T cells.

Altered donor T cell distribution

We next addressed whether the striking difference in the severity and onset of GVHD in the
absence of Gai2 or Gai3 was attributed to altered T cell migration. The amount of donor T
cells including CD4* and CD8™ cells in various tissues was estimated in the recipients at
varying times after cell transfer, as this model involves both CD4" and CD8* T cell immune
responses [7]. One day after the transfer, donor Gai3 ™~ T cells were most recovered from
mesenteric lymph nodes, the spleen and blood among the three groups of mice (Fig. 3, the top
left panel). Gai2 '~ cells were found at significantly greater quantities than WT T cells in
mesenteric lymph nodes on day 1 as well (Fig. 3). The relatively high levels of Gai3/~ Tcells
and to amuch lesser degree, of Gai2/~ Tcells in the secondary lymphoid tissues were attributed
to increased homing and/or sequestration of T cells in these tissues, because no cell division
occurred yet at this time point. Moreover, more WT T cells than either Gai2 7/~ or Gai3 ™/~
donor T cells were recovered from the peritoneal lavage in 6 and 12 h after cell transfer, which
were inversely correlated to the number of corresponding T cells accumulated in the second
lymphoid tissues (Fig. 3, the top right panel). Donor T cells in other tissues including colon,
intestine, liver, and lung were hardly detected at this time point.

Gai3 ™~ T cells continuously accumulated at the highest levels at day 10 among all three groups
of mice in the liver and colon, and in particular, in peripheral and mesenteric lymph nodes
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where a 3- or 19-fold increase was seen, respectively, as compared to WT T cells (Fig. 3,
middle). This drastic increase in the number of Gai3 ™~ T cells may reflect both increased T
cell homing and more robust proliferation of Gai3™~ T cells. About 90% Gai3-deficient T
cells in the spleen, the largest T cell pool, had undergone at least six cycles of cell division,
indicative of a more than sixfold decrease in CFSE fluorescent intensity (Fig. 4A). However,
only 70% of WT T cells had done so (Fig. 3, top panel). This difference was not due to altered
potential of T cell proliferation in absence of Gai3, because when Gai3 ™~ and WT T cells
were stimulated with irradiated splenocytes prepared from CB-17 SCID mice, no difference
or a slight decrease in T cell proliferation was observed in the absence compared to presence
of Gai3 (data not shown), similar to early investigation [19, 20]. Presumably, increased homing
of Gai3~/~ T cells to lymphoid tissues may accelerate their proliferation as a consequence of
a relatively high ratio of T cells to APC in lymphoid tissues. As with Gai2 7~ T cells, we did
observe a slight increase in their proliferation relatively to WT T cells when the cells were
stimulated with irradiated splenocytes prepared from CB-17 SCID mice (data not shown),
consistent also with earlier investigation [20, 21]. Hence, the slight increase (~10%) in
proliferation, in line with enhanced lymphoid homing, may additively contribute to the
increased number of Gai2 7/~ T cells in the secondary lymphoid tissues (Fig. 3and 4A). Notably,
majority of T cells presented in non-lymphoid tissues such as the liver, lung, colon, and intestine
were CFSE-dim at day 10 (Fig. 4A). This was also the case at day 25 (data not shown),
confirming that T cells trafficked to their destination only after fully activated [3, 7, 22].

As activated T cells were continuously traveling from the lymphoid tissues to target organs
over time, the amount of T cells at day 25 declined dramatically in lymphoid tissues from day
10, concurrent with elevated levels of these cells in target organs, especially in the liver and
colon (Fig. 3, the lower panel). Gai3™~ T cells recovered in the liver and colon were 32 or 36
times that of WT T cells, respectively, which is likely to account for the early mortality of the
mice. Remarkably, in spite of the relatively high number and full activation, Gai2 7~ T cells
in the spleen and peripheral lymph nodes, but not those in the mesenteric lymph nodes were
refractory to leave for the target organs, resulting in their massive accumulation in lymphoid
tissues, and reduced presence in the target organs, in agreement with lack of GVHD
development in the mice. Unlike Gai-deficient T cells, WT T cells rose slowly but steadily in
number at day 25 from those attained at day 10 in the lymphoid tissues. Significant proportions
(~26%) of WT T cells in these mice appeared still proliferating in the peripheral lymph nodes
(Fig. 4B). The delayed proliferation and a relatively slow increase in the number of T cells in
the secondary lymphoid tissues were consistent with the late onset of GVHD in the mice
compared to those mice harboring Gai3~~ T cells (Fig. 1). Accumulation of activated or fully
divided T cells to the liver was not apparent until day 35 in the recipients of WT T cells, and
ultimately exceeded that of Gai2 7/~ T cells (Fig. 3, inset in the low panel). The results suggest
that trafficking of pathogenic Tcells out of the lymphoid tissues to the target organs is the key
to the disease development. However, the levels of initial T cell homing to the secondary
lymphoid tissues determined the severity and onset time of the disease.

To directly compare migratory capacity of T effector cells towards susceptible organs like the
liver and colon in the presence or absence of Gai2 or Gai3, competitive homing assays were
carried out. Briefly, pathogenic Gai2- and Gai3-deficient T cells and WT control T cells were
isolated from SCID mice that had received these cells 3 weeks ago. The isolated Gai2- or
Guai3-deficent T cells were labeled with a red fluorescent dye TRITC, mixed with an equal
number of CFSE-labeled WT T cells, or vice versa, and i.v. administrated into early GVHD-
diseased hosts induced by WT T cells. After 1 or 18 h, trafficking of Gai2- or Gai3-deficient
T cells to inflammatory organs relative to WT T cells was compared in the same animal by
homing index. As shown in Fig. 5A, the homing index of Gai2-deficient T cells was
significantly greater in circulation than that of WT or Gai3-deficient T cells one hour after T
cell administration. This, in keeping with reduced homing indices of Gai2-deficient T cells in
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bone marrow and liver, suggests that lack of Gai2 hampered T cell homing to these tissues.
We were unable to detect fluorescently labeled T cells in the colon samples at this time point.
In contrast to Gai2/~ T cells, homing index of circulating Gai3~~ T cells was smaller than
that of WT T cells, concomitant with increased distribution of Gai3-deficient T cells in the
spleen and liver, implicating reciprocal roles of these two G proteins in the control of T effector
cell trafficking in the tissues. While adoptively transferred T effector cells were continuously
migrating to inflammatory tissues, the number of Gai3~/~ T cells in the liver and colon
accumulated to a significantly higher level than that of WT or Gai2 /= T cells at 18 h after T
cell transfer (Fig. 5B). The result clearly suggests preference of Gai3-KO T effectors homing
to the liver and colon over WT or Gai2-KO counterparts.

Abrogation of S1P-mediated inhibition of T cell homing to lymphoid tissues in absence of

Gai

Differential distribution of naive donor T cells in lymphoid tissues at day 1 after transfer in the
absence of either Gai suggests indispensable roles for these two G proteins in spatial and
temporal regulation of homing and/or sequestration of naive T cells to lymphoid tissues,
consistent with well documented roles of homeostatic chemoattractants CCL21, CCL19, and
CXCL12 (SDF-1) in lymphoid tissue homing in a PTX-sensitive manner [23]. Although our
previous investigation demonstrated comparable chemotaxis towards an increasing
concentration gradient of CCL21 or CC19 in the presence or absence of Gai2 or Gai3 (Fig.
6C), we found that a deletion of Gai2 or Gai3 significantly impaired chemotactic responses to
SDF-1 (Fig. 6B) [18]. The impaired migration was however contradicting increased numbers
of donor Gai2- and Gai3-deficient T cells in lymphoid tissues on day 1 post T cell transfer

(Fig. 3).

T cell egress from the thymus and secondary lymphoid tissues is primarily regulated by the
S1P, receptor that is coupled exclusively to PTX-sensitive proteins [24,25]. Our data showed
that absence of either Gai2 or Gai3 weakened the chemotactic response over the S1P
concentrations tested, but the effect was lacking statistic significance when compared to that
of WT T cells (Fig. 6A), implicating that lack of either Gai2 or Gai3 is unlikely to increase
their sequestration in the secondary lymphoid tissues. The nearly normal migratory response
of Gai2-KO and Gai3-KO T cells explains no gross defect in thymocyte and T cell egress in
these two KO mouse strains [19,26].

Early studies have suggested that high plasma concentrations of S1P (0.3~3 uM) may play a
role in limiting T cell homing evoked by homeostatic chemokines SDF-1, CCL21 and CCL19
[27]. Presumably, disruption of this limitation could facilitate T cell migration toward the
secondary lymphoid tissues. To test this possibility, a modified migration assay was employed
in which a high concentration of S1P (500 nM) was added to the upper chamber, along with
WT, Gai2 /-, or Gai3™/~ T cells, and varying concentrations of CXCL12, CCL19 and CCL21
were added to the lower chamber. As shown in Fig. 6B, addition of S1P to the upper chamber
suppressed chemokinesis (random walk) significantly in WT T cells, resulting in a decrease in
the number of the cells recovered in the lower chamber compared to medium controls, as shown
by a negative chemotactic index. Yet, deletion of either Gai2 or Gai3 rendered T cells refractory
to S1P-induced inhibition of chemokinesis. Moreover, S1P failed to inhibit SDF-1-induced
chemotactic responses in the absence of either Gai2 or Gai3, while it significantly suppressed
WT T cell migration stimulated under similar conditions. Beyond that, SDF-1-induced
chemotaxis was increased significantly in the presence relative to absence of S1P in Gai3-
deficient T cells (Fig. 6B). S1P was also ineffective in suppression of chemotaxis in these cells
when stimulated with CCL21 (Fig. 6C) or CCL 19 (data not shown). Taken together, abrogation
of S1P-mediated inhibition in T cell homing to lymphoid tissues may contribute to the increased
numbers of Gai2-KO and Gai3-KO T cells in these tissues (Fig. 3).
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Distinct functions of Gai2 and Gai3 in regulation of T effector cell migration

Despite significant increases in the number of Gai2-KO or Gai3-KO Tcells in the lymphoid
tissues relative to that of WT Tcells, a severe GVHD was seen only in the recipients of Gai3-
KO T cells, not in those of Gai2-KO T cells. This, in line with preferred travel of Gai3-KO T
effector cells to the liver and colon over Gai2-KO and WT T effectors, argues strongly that
sufficient migration of activated T cells to inflammatory sites is the key to an onset of the
disease. It is thus imperative to us to look into effects of Gai2 and Gai3 on chemotactic
responses of activated T cells toward several chemokines that are well documented in the onset
of GVHD. Our previous studies demonstrated that a lack of Gai2 abolished CXCR3-mediated
migration of ConA-activated T cells, whereas deletion of Gai3 enhanced the migration [18].
This also held the truth for alloreactive T cells. Lack of Gai3 significantly augmented T cell
migration induced by CXCL10 or CXCL11, whereas absence of Gai2 completely abolished
T cell migration towards these two chemokines (Fig. 7A and B). Thus, Gai3 antagonizing
Gai2 function in CXCR3-mediated signaling would account, at least in part, for the reciprocal
effects of Gai2 and Gai3 on GVHD development, as the CXCR3 receptor is one of the key
chemokine receptors in directing migration of activated T cells to inflammatory cites [28,29].

The chemotactic response to CXCL9 was too low to detect in these alloreactive T cells. In
general, the effects of Gai2 or Gai3 on T cell migration stimulated by various chemokines are
receptor-specific, irrespective of whether the cells were activated by ConA or by irradiated
splenocytes prepared from CB-17 SCID mice, except that the overall responses were smaller
in the latter than the former. Hence, chemotaxis in ConA-stimulated T cells was shown for
chemokines inducing a relatively low response like CCL5 (Fig. 7C), although both ConA-
stimulated and alloreactive T cells were used. Unlike CXCR3 agonists, CCL5, another
important chemokine involved in T cell recruitment to the liver [30], induced comparable
chemotaxis in both Gai3™~ and WT T cells at all concentrations tested (Fig. 7C). However,
absence of Gai2 impaired CCL5-stimulated chemotaxis significantly, indicating that CCL5
depends on Gai2 for conveying a full migratory signal (Fig. 7C). This, in line with the defect
in CXCR3-mediated signaling, may be the reason behind insufficient migration of Gai2 ™/~ T
cells to the liver (Fig. 3).

The varying chemotactic responses observed in the presence vs. absence of a Gai protein were
not ascribed to expression levels of the specific receptors (data not shown). The CXCR3
receptor was expressed similarly on alloreactive T cells in the presence or absence of Gai2 or
Gai3, resembling what was described in ConA-stimulated T cells [18]. The CCR5 receptor
was also indistinguishable in these three groups of T cells. Our flow cytometric analysis data
also revealed unaltered levels of the CCRY7 receptor, but decreased expression of the CXCR4
receptor on T cells in the absence compared to presence of Gai2 or Gai3 [18]. Moreover, these
cells expressed Gai2 or Gai3 at levels similar to those WT Tcells as previously described (data
not shown), ruling out that the differential chemotactic responses are attributed to altered
expression of Gai2, Gai3 or a specific receptor.

Discussion

Our previous studies have demonstrated that Gai3 antagonizes Gai2 in CXCR3-mediated
signaling by interacting with the receptor without activation and dissociation [18]. This
translated into accelerated migration of T cells stimulated with all three CXCR3 agonists in
the absence of Gai3. In contrast, deletion of Gai2 ablated T cell migration towards these
agonists [18]. A severer GVHD in immunocompromised mice adoptively transferred with
Gai3 ™'~ T cells than those mice transferred with WT T cells, but lacking such a disease in mice
receiving Gai2 '~ T cells, argues strongly that Gai3 inhibits Gai2-mediated signaling in vivo
and is critical in directing activated Tcells from lymphoid tissues to target organs. Our data
showed that activated Gai3~ T cells were capable of migrating to target organs more
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efficiently than Gai2~/~ Tcells, which contributes, at least in part, to earlier mortality of the
recipients, whereas activated Gai2 /= T cells were inadequately trapped in the lymphoid
tissues, unable to elicit GVHD. Apart from reciprocal regulation of pathogenic T cell
trafficking, lack of either Gai3 or Gai2 resulted in more efficient T cell homing to lymphoid
tissues than their presence, suggesting similarity of Gai2 and Gai3 in directing trafficking of
naive T cells. These observations provide compelling evidence that T cell ingress and egress
of various tissues at different activation stages are coordinately controlled by a specific array
of chemokines and receptors as well as different heterotrimeric G proteins at multiple levels.
Goai2- and Gai3-KO mice provide a unique system to address the effects of multiple chemokine
receptors on spatial and temporal regulation of T cell trafficking in vivo during the disease
development.

A body of evidence has shown increased production of chemokines such as CXCL9, CXCL10,
CXCL11,CCL3, CCL4,CCL5, MIP-1aand B, MCP-1 and MCP-2, and so on, at varying stages
during GVHD development [7,22]. This study details the effects of Gai2 and Gai3 on the
activities of the corresponding receptors and addresses how they are involved in eliciting
GVHD at varying stages. Among them, the chemokine receptor CXCR3 is a key receptor in
guiding donor T cells to inflammatory areas and T cells lacking CXCR3 fail to elicit GVHD
or reject allograft [28,29]. Our current study extends these observations by showing that more
efficient migration of activated T cells exacerbates GVHD in the absence of Gai3, concomitant
with enhanced activity of the CXCR3 receptor. On the other hand, abrogation of CXCR3
signaling by Gai2 deletion hampers T effector cell migration, preventing the disease. The lack
of GVHD in mice receiving Gai2/~ T cells may be also ascribed partially to aberrant
chemotaxis of these T cells to CCL5, an inflammatory chemokine being essential in attracting
and sustaining T effector cells to the liver [31]. We detected little migratory responses over
background even in ConA-activated T cells when stimulated with chemokines MIP-1 (CCL4),
MIP-1a0 (CCL3), MCP-1 and MCP-2 at concentrations ranging from 10 to 200 ng/mL (data
not shown) [7]. The role of these chemokines in the reciprocal effects of Gai2- or Gai3-
deficency on the onset of GVHD is not known at present. In addition, although lack of Gai2
or Gai3 has little impact on differentiation of T regulatory cells and their function (our
unpublished data) [26], its influence over infiltration of T regulatory cells versus effector cells
may differ, which can also contribute to the described disparity of the disease induced by
Guai2- and Gai3-KO T cells, a possibility that requires further investigation.

Our study stresses that migration of not only Tcell effectors but also naive T cells is critically
involved in the severity and mortality of GVHD. Increasing numbers of donor Gai3-deficient
T cells and to a lesser extent, Gai2-deficient T cells were observed in the secondary lymphoid
tissues at one day after transfusion, in spite of impeded CXCR4-mediated signaling in these
cells. Increased T cell homing to lymphoid tissues probably results from a loss of S1P-mediated
inhibition in T cell chemokinesis that facilitates T cell homing elicited by the CCR7 and
CXCRA4 receptors, with preference of Gai3 ™~ T cells to Gai2 7~ T cells (Fig. 5). S1P is present
at 0.1~1 uM in blood and body fluids and at a decreased level (10~100 nM) in the lymphoid
tissues. This elevating S1P concentration gradient directs T cell egress from the lymphoid
tissues to blood. Distinguished from egress, the major effect of plasma S1P concentrations on
Tcells is to retain them in circulation by dampening their chemotactic responses to various
chemokines [27]. Reduced chemokinesis may be the underlying mechanism whereby a high
concentration of S1P dampens chemotaxis induced by CXCR4 and CCR7 ligands. This
possibility is supported by the ability of high levels of S1P to inhibit chemotaxis induced by a
broad range of chemokines [27]. Moreover, deletion of either Gai2 or Gai3 abolished S1P-
mediated suppression in T cell chemokinesis, which was accompanied by increasing Tcell
homing mediated by CCR7- and CXCR4 ligands. On the contrary, increased circulating T cells
owing to accelerated egress and diminished homing was observed in S1P; receptor-transgenic
mice that over-express the S1P; receptor in T cells [32]. These mice are relatively insensitive
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to T cell-mediated delayed-type hypersensitivity (DTH) responses as compared to that in WT
mice.

Despite importance of Gai2 and Gai3 in directing of lymphocyte trafficking, gene target
deletion of either Gai2 or Gai3 gives rise to no gross defect in T cell homing or egress [19,
26]. Gai2-deficient mice exhibit impairment in lymph node development in several anatomic
locations and in Peyer's patch formation [19,33]. The mice also develop inflammatory bowel
disease, due at least in part to a lack of Tcell response toTGF-f that results in a Th1-skewed
hyperimmune response in the colon [19,21]. One unanswered question was that inflammation
was not observed in all tissues in the mice, with the notable exception of the colon, although
T cells in Gai2 7/~ mice were unresponsive to TGF-B, apparently inconsistent with the systemic
inflammation developed in the mice lacking TGF-p or a TGF-p receptor [34,35]. Our current
study suggests that failure of T cells to reach target organs can make the impaired TGF-f
response futile. Indeed, trafficking of pathogenic T cells to the colon seems far less reliant on
Guai2, because of comparable homing of Gai2-deficeint and WT T cells to the colon.

Ample studies addressing the role of chemokines in GVHD using mice with gene-targeted
deletion of individual chemokine receptors or ligands suggest significant redundancy in the
chemokine system. In this regard, multiple chemokines can bind to a particular receptor or
conversely, multiple receptors can interact with a particular chemokine. The interplay between
Goai2 and Gai3 proteins introduces another layer of complexity in the control of cell migration
velocity, in addition to the directionality that chemokines and their receptors provide [9].
Gai2- and Gai3-KO mouse strains allow us insight into the distinct, overlapping, antagonistic,
and additive effects of Gai2 and Gai3 on the function of multiple chemokine receptors in
vivo, providing more comprehensive description of cell mobilization during inflammation and
immune responses as compared to mice lacking individual chemokines or their receptors.

Materials and methods

Animals

Female CB-17 SCID mice (H-2d) were purchased from Taconic Farms (Germantown, NJ) and
used as recipients at the age of 5~6 weeks. These SCID mice do not have Tand B lymphocytes
and are commonly used for inducing acute GVHD. Gai2-KO, Gai3-KO, and WT control mice
on the mixed 129Sv/C57BL/6 background were generated by gene targeting and backcrossed
with C57BL/6 (B6) mice for at least five generations as described [19,36]. Both healthy female
and male donor mice were used at 4-6 weeks of age unless otherwise indicated. The mice were
housed in conventional cages at the animal facilities of the Massachusetts General Hospital in
accordance with institutional guidelines.

Reagents and antibodies

A green fluorochrome CFSE was purchased from Molecular Probes (Eugene, OR) and BioMag
goat anti-rat IgG magnetic beads used to purify T cells were from Polysciences (Warrington,
PA). The mAb used in flow cytometric analysis were of rat origin and directed at mouse CD3
(PE), CXCR4 (PE), and CXCR3 (Alexa Fluor 488) all from PharMingen (San Jose, CA). PE-
conjugated rat anti-mouse CCR7 (PE), CCR5 (PE) or CCR9 (PE) Abs were obtained from
BioLegend (San Diego, CA) or R&D systems (Minneapolis, MN), respectively.

Induction of GVHD

To prepare donor T cells, single-cell suspensions prepared from lymph nodes (LN) and spleens
of WT, Gai2-KO and Gai3-KO mice were treated with a cocktail of rat anti-mouse mAb against
CD19, CD32, and CD16 followed by three consecutive depletions of Ab-bound cells with
BioMag goat anti-rat 19G per the manufacturer's instruction. The resulting T cells were
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intraperitoneally administrated into CB-17 SCID mice at a dose of 1 x 107 T cells per mouse.
The recipient mice were weighed and observed twice a week for signs of acute GVHD such
as hunching, reduced mobility, mottled fur texture, and/or a loss of skin integrity.

Migration assays

Freshly isolated T cells were directly assayed for migratory responses towards increasing
concentration gradients of indicated chemokines. For the study of migratory responses in
activated T cells, T cells were activated either with 2.0 ug/mL Con A for 3~6 days as described
[18] or by coculturing with irradiated splenocytes prepared from CB-17 SCID mice for 5~7
days in a complete RPMI medium (10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100
ug/mL streptomycin, and 50 uM B-mercaptoethanol). The cells to be tested were added to the
upper chamber and chemokines at indicated concentrations were added in triplicate to the lower
chamber in Aim-V medium (Gibco) in a 48-well micro-chemotaxis chamber (Neuroprobe,
Bethesda, MD). After 4~5 h migration at 37°C with 5% CO,, the cells in the lower chambers
were harvested and counted in a Coulter Z1 cell counter (Beckman Coulter, CA) and compared
with or without chemokine additions using a chemotactic index (Cl). Cl was calculated by the
formula: Cl = (number of cells migrating to a chemokine) — (number of cells migrating to the
medium control)/number of cells migrating to a medium x 100%.

Analysis of donor T cells in the tissues of recipient mice

Purified donor T cells were labeled with CFSE at a final concentration of 10 uM in RPMI
supplemented with 10% FBS (complete medium) per the manufacturer's instructions. CB-17
SCID recipient mice were intraperitoneally administrated each with 1 x 107 T cells and the
date was recorded as day 0. Recipient mice were sacrificed on days 1, 10, 25, and 35 post donor
cell transfer. Blood, liver, lung, intestine, colon, spleen, mesenteric lymph nodes (MLN) and
peripheral lymph nodes (PLN, including inguinal and axillary lymph nodes) were procured
from the recipient mice. Single-cell suspensions were prepared by mincing the tissues against
a 40-um cell strainer (BD Bioscience, Bedford, MA). The resulting cells were collected,
counted and washed twice. Aliquots of 108 cells were stained with PE-conjugated anti-CD3
Ab and analyzed by a FACSCalibur (BD Bioscience) cytometer equipped with Cellquest
software (San Jose, CA). CFSE fluorescence intensity was analyzed on gated donor T
(CD3™) cells.

Competitive homing experiments

To compare homing efficiency of pathogenic T cells in the absence of either Gai2 or Gai3, T
cells prepared from Gai2-KO, Gai3-KO and age-matched WT mice were injected into CB-17
SCID mice as above. Donor Gai-deficient T cells and WT control T cells were isolated from
corresponding recipient mice three weeks later. Then, Gai2- or Gai3-deficient T cells were
labeled with 10 uM red fluorescent dye tetramethylrhodamine isothiocyanate (TRITC) for 10
min in complete medium at 37°C with 5% CO,, and WT control T cells were labeled at room
temperature with 10 uM green dye CFSE as above or vice versa [37]. Equal amounts of different
dye-labeled cells were mixed and intravenously administrated, at a dose of 1 x 107 cells per
mouse, into CB-17-SCID mice that had received 1 x 10’ WT T cells 3 weeks ago to induce
inflammation in the target tissues. The mice were sacrificed 1 or 18 h after T cell transfer and
single-cell suspensions of recipient tissues were analyzed by flow cytometry. Homing
efficiency of Gai2- and Gai3-KO T cells relative to WT T cells was calculated as homing index
(HI) using a formula: HI = %TRITC" 51gan/%CFSE*organ: TRIT Cinput/ CFSEinput as described
[37].
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Histological examination

Tissues including liver, colon, intestines, lung, skin, and spleen were removed within 24 h of
any overt sign of terminal illness the mice showed, such as weight loss in excess of 15%. These
tissues were fixed with 10% formalin, embedded in paraffin, and sectioned at 4 um. Sections
were stained with hematoxylin (H) and eosin (E) by standard methods and subjected to
histological examination.

Statistical analysis

The Student's two-tailed t-test was used to analyze the significance of experimental group and
relevant controls unless otherwise indicated.
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Figure 1.

Reciprocal effects of Gai2 and Gai3 on GVHD development. SCID BALB/c mice were each
administrated intraperitoneally with 107 T cells isolated from WT, Gai2 /-, and Gai3 ™~ mice
on 129Sv/C57BL/6 background. Animals were monitored for weight (A) and survival (B)
weekly. Note: significant acceleration of GVHD-associated morbidity in recipient of
Gai3 ™~ T cells (**p<0.01) and reduction of the disease in recipient of Gai2 /= T cells
(*p<0.05) as compared to mice receiving WT T cells. Results are from three (Gai3 ™~ T cells)
or four (Gai2 ™~ T cells) independent experiments with 7~12 mice per group in each
experiment. The total number of mice was 31, 28 and 30 receiving WT, Goi2/~ and Gai3 7/~
T cells, respectively. Mean + SD of weight changes relative to day 0 is shown in (A) (*p<0.05).
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A. WT Goi2-/- Gai3-/-

Figure 2.

Histological examination of diseased liver and colons. (A) Shown are representative H & E-
stained sections of the liver from mice reconstituted with WT T cells (i and ii) for 35 days,
Gai2 '~ T cells (iii and iv) for 35 days or Gai3™~ T cells (v, vi, and vii) for 21 days described
in Fig. 1. Arrows indicate bile duct damage. The panels ii, iv, and vi (200X) and vii (600X)
are the enlargement of i, iii, or v (100X), respectively. (B) Representative H&E-staining of
colonic mucosa of the mice described in (A). Arrows indicate crypt abscesses and apoptosis
in Gai3~~ T cell-infused mice or apoptosis in mice adoptively transferred with WT T cells.
The magnifications are 200X for the top three sections and 600X for the enlarged section of
the colon from Gai3 ™~ T cell-infused mice in the lower panel.
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Figure 3.

Effects of Gai2 and Gai3 on donor T cell tissue distribution at indicated times after adoptive
transfer. T cells isolated from WT, Gai2 '~ or Gai3 '~ mice were labeled with CFSE and
injected into SCID BALB/c mice at a dose of 107 T cells/mouse. The total numbers of donor
T cells in different tissues were obtained on the basis of percentages of CD3™ cells at days 1
(top), 10 (middle), 25 (low), and 35 (inset in the lower panel). Donor T cells in the cavity lavage
were also shown after 6 and 12 h injection (top right panel). BLD, blood; SPL, spleen; PLN,
peripheral lymph nodes; MLN, mesenteric lymph nodes; LNG, lung; L1V, liver; INS, intestine;
and COL, colon. Results are the mean + SD of three independent experiments each with three
mice per time point (n=9 at each time point). *p<0.05 or **p<0.01 as analyzed by a Wilcoxon
signed rank test.
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Figure 4.

Differential proliferation of donor T cells in the presence or absence of a Gai protein. Mice
reconstituted with CFSE-labeled T cells prepared from indicated mice as described in Fig. 3
were sacrificed at days 10 (A) or 25 (B). CFSE fluorescence intensity was analyzed by flow
cytometry on gated CD3™ T cells in different tissues. The numbers within each histogram
indicate percentages of CFSE-bright and CFSE-dim cell populations, respectively. One
representative result of nine mice with similar results is shown for each tissue. SPL, spleen;
PLN, peripheral lymph nodes; MLN, mesenteric lymph nodes; LNG, lung; LIV, liver; INS,

intestine; and COL, colon.
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Figure 5.

Enhanced trafficking of Gai3-deficient T effectors to inflammatory sites in early GVHD hosts.
Gai2- or Gai3-KO T cellsand WT T cells activated by MHC-mismatched hosts were isolated,
stained with a fluorescent dye TRITC or CFSE, respectively, mixed at a 1:1 ratio, and injected
into SCID mice that had been primed by WT T cells for three weeks as detailed in the Materials
and methods. Distribution of Gai2- or Gai3-KO T cells relative to WT T cells in different
tissues was analyzed at 1 or 18 h after T cell transfer. Homing efficiency in the presence or
absence of a specific Gai protein is expressed as homing indices where homing index for WT
T cells is normalized to 1 (dash line). Data shown are the means + SD for seven mice at each
time point in two separate experiments. BM, bone marrow; PLN, peripheral lymph nodes;
MLN, mesenteric lymph nodes; *p<0.05, **p<0.01 compared to WT control T cells.
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Figure 6.

Chemotactic responses of non-stimulated T cells in the presence or absence of a Gai protein.
(A) T cells freshly isolated from WT, Goi2/~ and Gai3 "~ mice were added to the upper
chamber and S1P at the indicated concentrations was added to the lower chamber. After 4-h
incubation, the migrated cells in the lower chamber were counted and expressed as mean
chemotactic indexes + SD of cell migration toward S1P relative to control medium as defined
in the Materials and methods. (B and C) T cells isolated from indicated mice, along with 500
nM S1P, were added to the upper chamber and varying concentrations of CXCL12 (B) and
CCL21 (C) were added to the lower chamber. Migration was assayed as in (A) and data are
presented as mean chemotactic indexes = SD of cell migration toward CXCL12 or CCL21
relative to control medium. Cumulative data from at least six (A) or three (B and C) experiments
with each in triplicate are shown. Statistic significance (*p<0.05 or **p<0.01) in the presence
vs. absence of a specific Gai protein.
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Figure 7.

Chemotactic responses of activated T cells in the presence vs. absence of Gai2 or Gai3. T cells
isolated from the indicated mice were either stimulated for 6 days with irradiated splenocytes
isolated from SCID BALB/c mice (A and B) or stimulated with ConA for 4 days (C).
Chemotaxis of the resultant cells was assayed as in Fig. 6A. Data are presented as mean
chemotactic indexes + SD of cell migration toward CXCL10 (A), CXCL11 (B), and CCL5 (C)
relative to control medium. Cumulative data from at least six (A) or three (B and C) experiments
with each in triplicate are shown. Statistic significance (*p<0.05 or **p<0.01) in the presence
vs. absence of a specific Gai protein.
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