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Abstract

Liver tolerance was initially recognized by the spontaneous acceptance of liver allograft in many
species. The underlying mechanisms are not completely understood. We have been inspired by an
unexpected phenomenon that the liver transplant tolerance absolutely requires interferon (IFN)-vy,
a rejection-associated inflammatory cytokine. In this study, we investigate the rejection of liver
allografts deficient in IFN-vy receptor and reveal that the liver graft is equipped with machineries
capable of counterattacking the host immune response through a mesenchyme-mediated immune
control (MMIC) mechanism. MMIC is triggered by T effectors (Tef) cell-derived IFN-y to drive
the expression of B7-H1 on graft mesenchymal cells leading to Tef cell apoptosis. We describe the
negative feedback loop between graft mesenchymal and Tef cells that ultimately results in liver
transplant tolerance. Comparable elevations of T regulatory cells and myeloid-derived suppressor
cells are seen in both rejection and tolerance groups, and are not dependent on IFN-y stimulation,
suggesting a critical role of Tef cell elimination in tolerance induction. We identify potent MMIC
activity in hepatic stellate cells and liver sinusoidal endothelial cells. MMIC is unlikely exclusive
to the liver, as spontaneous acceptance of kidney allografts has been reported, although less
commonly, probably reflecting variance in MMIC activity. MMCI may represent an important
homeostatic mechanism that supports peripheral tolerance, and could be a target for the prevention
and treatment of transplant rejection. This study highlights that the graft is actively participant in
the equipoise between tolerance and rejection and warrants more attention in the search for
tolerance biomarkers.
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Introduction

Due to continuous exposure to the antigens of food and microbial from the gut, the liver has
acquired extra capacity of inducing immune tolerance, which was first recognized in the
1960s, where 12 out of 55 (23%) transplants of farmer pig livers survived long term without
immunosuppression, and the recipients accepted subsequent skin grafts from the liver
donors but not third party animals indicating the development of specific tolerance (1). A
similar phenomenon was later reported in rats (2) and mice (3). In the early 90’s, Starzl et al.
reported 11 cases of tolerance in liver transplant patients who had been withdrawn from
immunosuppression due to non-compliance or post-transplant lymphoproliferative disorder
(4). In a subsequent trial designed to wean immunosuppression in 95 liver transplant
patients, 29% achieved an immunosuppressant free state for an average of 10.8 years (5). As
of 2009, there have been 461 documented cases of attempts at weaning immunosuppression
in liver transplant recipients world-wide with 22% being completely free of
immunosuppression (6). It has been reported that the combined transplantation of a liver and
kidney or lung from the same donor protects improves survival of the non-liver graft (7).
The oral tolerance is also linked to the liver, as evidenced by the decline in tolerance
following the creation of a portocaval shunt (8). The tendency for viral and parasitic
infections to chronically persist in the liver (e.g. HBV, HCV and schistosomiasis) is also
related to the livers propensity to favor immunological tolerance (9).

To study the involved mechanisms, we developed a liver transplantation model in mice (10)
and demonstrated that liver allografts transplanted across full MHC barriers, for instance
from C57BL (H2P) to C3H (H2X), are spontaneously accepted (3). It was initially thought
that the liver graft may function like the thymus to delete T cell clones that recognize allo-
antigens. This turned out to be unlikely because lymphocytes isolated from recipients
bearing long-term surviving graft generated vigorous responses to donor antigens in vitro
(11). Invivo, adoptive transferred T cells from TCR transgenic mice in liver transplant
recipients underwent complete activation despite graft acceptance (12). This paradoxical
phenomenon has been described as “split’ (11) or ‘operational’ tolerance (6), and has also
been shown after liver transplantation in rats (13) and in other experimental models of
alloreactivity (14). The detailed mechanisms are not completely understood.

We then turned the focus on the graft, and showed that liver allograft was heavily infiltrated
with lymphocytes early post-transplant, which was gradually, but markedly reduced due to
enhancement of apoptotic death of the infiltrating lymphocytes (15). We were inspired by
the report that liver allograft was acutely rejected in interferon (IFN)-y knockout (KO)
recipients (16), which is beyond our expectation, because IFN-v, a key inflammatory
cytokine produced by T effector (Tef) cells, participates in graft rejection (13). In this study,
we analyzed the liver allografts deficient in IFN-y receptor and revealed that IFN-y
stimulation is required for elimination of the graft infiltrating Tef cells, which is mediated by
the graft mesenchymal cells.

IFN-y produced by allo-reactive Tef cells activates IFN-y signaling pathways in graft
mesenchymal cells, resulting in upregulated expression of B7-H1 which in turn facilitates
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Tef cell apoptosis. We describe the intrinsic negative feedback loop between graft
mesenchymal cells and Tef cells that leads to operational tolerance.

Materials and Methods

Mice

Results

Male C57BL/6 (B6; H-2P), BALB/c (H-2%), C3H (H-2¥), IFN-yR1™~ (H-2°) and GFP-
Foxp3 mice (H-2P) were purchased from the Jackson Laboratory (Bar Harbor, ME). B7-
H1~/~ mice were kindly provided by Dr. Lieping Chen (Johns Hopkins University Medical
School, Baltimore, MD). DES (H-2X) TCR transgenic mice expressed H-2KP specific TCR
transgene on CD8* T cells (17). All mice were maintained in a specific pathogen-free
animal facility and used under NIH guidelines. (Please see Materials and Methods in
Supporting Data for further details.)

Rejection of IFN—le"‘ liver allografts is associated with heavy graft infiltration of effector

T cells

When the liver from IFN-yR1~/~ or WT (both B6) mice was transplanted into WT C3H
recipients, none of the IFN-yR1~/~ liver grafts (n=7) survived > 15 days, whereas all WT
grafts (n=8) survived > 80 days (Fig. 1A), indicating that IFN-yR signaling is an absolute
requirement for graft acceptance. Histology showed light lymphocyte infiltration in the WT
grafts, which was limited to zone | (periportal area), while there was a dense panacinar
CD8* predominant lymphocytic infiltrates in the IFN-yR1™/~ grafts (Fig. 1B, left panels).
IFN-yR1~/~ grafts contained significantly more CD8* cells than WT controls as documented
by immunohistochemistry (Fig. 1B, middle and right panels). Flow analysis showed marked
increases in the CD8:CD4 ratio in the IFN-yR1~/~grafts, but not in the draining lymph nodes
(dLN) and spleen (Fig. 1C, left panels), suggesting that IFN-y-mediated immune regulation
is mainly orchestrated in the graft. WT allograft recipients were allowed to be followed up
long-term and a kinetic analysis of the graft infiltrating cells was notable for a gradual
decline in CD8* T cells with CD4* T cells becoming predominant (Fig. 1C, right panel).

The apoptotic elimination of T effector cells requires intact IFN-yR signaling in the liver

allograft

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of WT
and IFN-yR17/~ liver allograft sections demonstrated a marked reduction in apoptotic
activity in infiltrating lymphocytes in IFN-yR1~/~ liver allografts compared to WT controls
(Fig. 1D, upper panels). Flow analysis of graft infiltrating T cells showed a greater
frequency of TUNEL™* T cells in the WT group along with higher levels of caspase 3
(western blot) compared to IFN-le_/_ liver grafts (Fig. 1D, lower panels), highlighting the
requirement for IFN-yR signaling in the induction of T cell apoptosis. To examine the donor
specific effector T cells, carboxyfluorescein succinimidyl ester (CFSE)-labeled T cells from
DES TCR transgenic mice (H-2K) whose CD8* T cells specifically recognize donor antigen
(H-2KP) were adoptively transferred into liver allograft recipients on post-operative day
(POD) 8. The graft infiltrating cells were isolated 3 days later and analyzed for the specific
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CD8* T cells by flow cytometry using DES clonotypic mAb (17). Compared to the WT
controls, there were markedly more DES* cells in the IFN-yR1~/~ grafts, this was associated
with an enhanced proliferative response (CFSE dilution assay) and reduced apoptosis in
DES* CD8* T cells (annexin V) (Fig. 1E). These findings suggest that IFN-vy signaling in
the liver allograft mediates the elimination of effector T cells by inducing apoptosis.

The emergence of endogenous suppressor cells is not dependent on IFN-y signaling

We analyzed the Treg cells by staining for CD4, CD25 and Foxp3 in lymphocytes isolated
from the graft, dLN and spleen in liver allograft recipients. The frequency of
CD4*CD25*Foxp3* cells in the WT group was slightly and comparably increased in all
tested compartments in WT and IFN-yR17~/~ graft recipients on POD 12, compared to the
syngeneic controls (Fig. 2A), reflecting the early emergence of Treg cells in response to
alloantigen stimulation, which is independent of IFN-yR signaling. In the long-term
surviving recipients (only available in WT group), the CD4*CD25*Foxp3™* cells was
markedly increased in the graft and dLN, compared to early phase (POD 12) response, but
not in the spleen (Fig. 2A), signifying their tendency for local accumulation. The frequency
of CD4*CD25*Foxp3* cells in the long-term surviving syngeneic recipients remained at low
levels (data not shown). We monitored Treg cells using green fluorescent protein (GFP)-
Foxp3 mice (B6) as recipients of BALB/c liver allograft; these mice express GFP-Foxp3
fusion protein under the control of Foxp3 promoters (18). Kinetic analysis of peripheral
blood CD4* cells revealed a consistent slight increase in GFP* cells following allogeneic
liver (BALB/c) transplantation. In long-term surviving recipients, there was a marked
increase in GFP* cells in grafts and dLN, but not in the spleen and irrelevant LNs (Fig. 2B).
We were unable to study the patterns of GFP* cells in IFN-yR1™~ group since IFN-yR1~/~
mice are not available on BALB/c background.

The effect of IFN-y signaling on myeloid-derived suppressor cells (MDSC) was examined
by comparing CD11b*Gr-1* cells isolated from the liver grafts. As shown in Fig. 2C, there
were marked and comparable increases in CD11b*GR-1* cells in WT and IFN-yR1~/ liver
allografts, compared to syngeneic controls. They consisted of CD11b*Gr-1" and
CD11b*Gr-1!° populations, and exhibited neutrophil and monocyte morphology,
respectively (Fig. 2C). When the purified CD11b*Gr-1" or CD11b*Gr-1'° cells were added
into MLR cultures, both of them either from WT or IFN-yR1~/~ grafts markedly suppressed
the proliferative responses of CD4* and CD8 T cells (Fig. 2D), suggesting that they are
granulocytic (G)-MDSC and monocytic (M)-MDSC, respectively (19). These data indicate
that IFN-v signaling is not required for the enhancement of MDSC in liver grafts. Similar
high levels of MDSC were maintained in long-term surviving WT grafts (data not shown).

Graft non-hematopoietic NPC play a crucial role in tolerance induction

The finding that whole liver allografts are accepted across a complete MHC mismatch
whereas hepatocyte allotransplants are universally rejected (20) suggests a critical role for
graft NPC in protecting hepatocytes; we therefore focused on studying liver allograft NPC.
Kinetic analysis of MHC class I antigen expression on NPC isolated from liver allografts
revealed that the graft CD45" NPC are rapidly replaced by cells of recipient origin following
transplantation (Fig. 3A), whereas the CD45™ population remain of donor origin even in
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long-term surviving grafts (Fig. 3B) i.e. in the IFN-yR1™/~ graft, CD45% NPC were quickly
replaced by IFN-yR1*/* cells, while CD45~ NPC remained IFN-yR1~/~. This was confirmed
by the direct examination of the expression of IFN-yR1 in CD45~ NPC isolated from IFN-
vyR1 7" liver allografts at the both mRNA (g-PCR) and protein levels (flow cytometry) (Fig.
3C). These results suggest that the tolerance is unlikely to be mediated by graft
hematopoietic NPC (CD45%), while non-hematopoietic NPC (CD457) may play an
important role in this IFN-y-dependent transplant tolerance. The function of CD45~ NPC
isolated from liver grafts was tested by addition into a one-way MLR culture. CD45~ NPC
from WT grafts inhibited the T cell proliferative response as shown by CFSE dilution and
thymidine uptake assays (Fig. 3D). The inhibition of T cell proliferative response was not
attributed to overcrowded cell culture because the addition of equivalent number of dendritic
cells (DC) showed no inhibitory effect. CD45~ NPC from IFN-yR1~/~grafts largely lost their
inhibitory activity (Fig. 3D), indicating that their immunosuppressive activity requires an
intact IFN-v signaling. The direct evidence of liver NPC capable of inducing Tef cell
apoptosis was obtained by addition of CD45™ liver NPC isolated from the WT or IFN-yR™/~
mice into the MLR cultures in which the CFSE-labeled H2P specific CD8 T cells (H2K, from
DES TCR Transgenic mice) were elicited by B6 DC. Addition of WT NPC was associated
with marked inhibition of T cell proliferation, but increase in apoptosis (higher annexin V
expression in dividing CD8 specific T cells and more TUNEL™ cells,) while these changes
were markedly attenuated in IFN-yR~'~ group (Fig. 3E), indicating dependence of IFN-y
signaling pathway.

B7-H1 expression on graft non-hematopoietic NPC is critical in liver transplant tolerance

To identify the downstream effector mechanism of IFN-vy signaling, we analyzed the
expression of key surface molecules on CD45-NPC isolated from WT and IFN-yR1 " liver
allografts by flow cytometry. As expected, CD45~ NPC from IFN-yR1~/~grafts expressed
lower MHC class | and |1, CD40, CD86 and B7-H1 (Fig. 4A), reflecting the diverse effect of
IFN-y on the immunologically relevant genes (21). We noted the reduced B7-H1 expression
in IFN-yR1~/~graft, which could account for its rejection via ligation with its receptor PD-1
predominantly expressed on activated T cells, resulting in apoptosis (22). This is supported
by our previous study showing that the B7-H1 7/~ liver allograft was acutely rejected in WT
recipients (23), despite the fact that graft hematopoietic NPC were promptly replaced by B7-
H1*/* cells of recipient origin.

To precisely analyze the role of B7-H1, we generated chimeric mice by transplanting bone
marrow (BM) (B6) into lethally irradiated B7-H1~/~ (B6) mice. Five weeks later, following
confirmation of chimerism (Fig. 4B), the chimeric liver was transplanted into WT allogeneic
recipients. All chimeric grafts (n=3) were acutely rejected (Fig. 4C). The chimeric status
was reexamined by isolating graft NPC and staining for CD45 and B7-H1. CD45* NPC
became B7-H1*, while CD45~ NPC remained B7-H17/~ (Fig. 4D). These data indicate that
B7-H1 on graft non-hematopoietic NPC mediates liver transplant tolerance. The role of B7-
H1 expression on graft hematopoietic NPC was further excluded by achievement of long-
term survival of WT C3H liver that was transplanted into B7-H1~/~ recipients (B6), in
which the CD45* cells in the graft quickly became B7-H1~/~, while the CD45™ cells
remained B7-H1*/* (data not shown).
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Identification of the graft cell components that contribute to immune regulation

Immunohistochemistry demonstrated a paucity of B7-H1 expression in isografts, whereas
allografts were notable for strong B7-H1 expression, which was predominantly localized in
the sinusoids and periportal areas (Fig. 5A, upper panels). Staining with cell specific mAbs
showed that many of the B7-H1" cells were CD105* [marker for liver sinusoidal endothelial
cells (LSEC)] (24) or desmin* [marker for hepatic stellate cells (HpSC)] (25) (Fig. 5A,
middle and lower panels), suggesting a potential immunoregulatory function of these
populations. To assess their immune regulatory function, LSEC and HpSC were isolated
from liver allografts. Addition of either LSEC or HpSC into an MLR culture markedly
inhibited the T cell proliferative response, particularly CD8* T cells (Fig. 5B). The immune
regulatory function of these cells was verified in vivo by co-transplanting isolated LSEC or
HpSC with islet allografts into diabetic recipients. Co-transplantation of either LSEC or
HpSC prolonged islet allograft survival (both p<0.05, compared to islet allografts alone),
and HpSC were far superior to LSEC in protecting islet allografts from rejection (Fig. 5C).
We considered liver CD45™ cells may contain sessile Kupffer cells (KC) which are not
derived from BM (26). To examine this, expression of F4/80 on graft NPC was analyzed by
flow analysis. Almost all F4/80* cells were CD45", while very few were CD45~ or CD45/0
(Fig 5D). Actually, approximately half of the CD45~ NPC were endothelial cells (43%
CD146" and ~60% CD31*) (Supporting data Fig.1). To test the function of KC in vivo, liver
donor mice were treated with clodronate liposomes to destroy KC in the liver (27,28), which
was documented by flow and immunohistochemical analyses (Fig. E). The liver grafts
deficient in KC remained spontaneously accepted by allogeneic recipients (Fig. 5F),
suggesting that sessile KC are not critical in induction of live transplant tolerance.

Human liver non-hematopoietic NPC inhibit T cell response

Liver NPC were isolated from human liver tissue, and the CD45~ NPC were purified by
magnetic bead separation, and exposed to different concentrations of IFN-y. Exposure to
IFN-y enhanced surface expression of B7-H1 in a dose dependent manner (Fig. 5G, left
panel), suggesting induction of B7-H1 expression in an inflammatory environment. To test
their inhibitory activity, the isolated CD45~ NPC were added into a one-way MLR culture
where proliferation of CFSE labeled T cells was elicited by anti-CD3/CD28 beads, resulting
in marked inhibition of the T cell proliferative responses (Fig. 5G, right panels).

Discussion

In investigating why liver transplant tolerance requires IFN-y, we find that IFN-y
stimulation promotes apoptosis of infiltrating Tef cells tipping the immunological balance
towards tolerance. An equivalent increase in Treg cells and MDSC was seen in the rejection
(IFN-yR17") and tolerant (WT) groups. These results suggest that the enhancement of Treg
cells and MDSC alone in the early post-transplant period is not sufficient to induce liver
transplant tolerance, whereas, eliminating the alloreactive effector T cells is critical. This is
in agreement with the recent studies. Administration of Treg cells alone is inadequate to
induce transplant tolerance, whereas Treg administration coupled with T cell depletion does
(29). The requirement of IFN-y, a Tef cell-produced cytokine suggests that the alloreactive
response is absolutely required for the induction of transplant tolerance. In other word,
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rejection triggers the process of the operational tolerance. This may explain why agents
targeting T cell activation (e.g. calcineurin inhibitors) can abrogate the establishment of
tolerance in the murine organ transplant models (30,31).

We show that the IFN-y-dependent liver transplant tolerance is mediated by graft CD45~
NPC, because the CD45" cells in IFN-yR™' liver allografts are rapidly replaced by recipient
IFN-yR*'* cells after transplantation, while CD45~ NPC remain IFN-yR™~. This is
supported by the data that CD45~ NPC from WT liver allograft markedly suppress T cell
proliferative response in vitro, but not in IFN-yR1™~ group. We demonstrate that the LSEC
and HpSC isolated from liver allografts are immunosuppressive. In particular HpSC, the
important mesenchymal cells in the liver, are capable of protecting islet allografts with
>60% achieving survival >100 days. These observations along with previous reports by us
and others suggest that graft mesenchymal cells are major players in immunoregulation.
Thus, LSEC isolated from normal livers inhibit T cell proliferation in vitro by cross-
presenting antigen to CD8* T cells (32,33). We reported that quiescent HpSC are not
immunosuppressive, but become suppressive following activation by inflammatory stimuli
(25,34). Co-transplantation of activated (but not quiescent) HpSC markedly prolongs the
survival of islet allografts (34,35). T cell inhibition by HpSC is not MHC-restricted, since
HpSC from third party strain can also effectively inhibit T cell response elicited by
alloantigen in vitro (25). We note that co-transplantation with HpSC from donor or third
party strain fails to prolong islet allograft survival due to rejection of the HpSC themselves
(34). However, HpSC in liver grafts are also of donor origin, but are not rejected. The
discordant results could be explained by the existence of other tissue NPC including LSEC
to form a protection network in liver allograft. We considered that CD45™ cells could
contain sessile Kupffer cells (KC) which are not derived from BM (26), and their role in
tolerance has been controversial (36,37). The present study demonstrates that the depletion
of sessile KC in liver allografts does not break the tolerance, suggesting that KC are unlikely
to be critical.

Our data suggest that expression of B7-H1 on graft non-hematopoietic NPC is a key
molecule in mediating liver transplant tolerance. Thus, CD45~ NPC from IFN-yR1~/~ grafts
do not express B7-H1, whereas the counterparts in WT grafts express high B7-H1. The liver
allografts from chimeras (in which the B7-H1™/~ phenotype is limited to the CD45"NPC)
are acutely rejected. This is also supported by the rejection of B7-H1~/ liver allografts in
WT recipients despite the prompt repopulation of the hematopoietic NPC of recipient (B7-
H1**) origin (23). The B7-H1 expressed on graft hematopoietic NPC seems not crucial in
induction of the tolerance because we showed that WT liver allografts are accepted by B7-
H17/- recipients where the graft hematopoietic cells promptly become B7-H1~/~. The
underlying mechanisms are not completely understood. We note that, in contrast to broader
expression of B7-H1 (PDL-1), the expression of B7-DC (PDL-2) which shares the receptor
PD-1 with B7-H1, is restricted to DC, macrophages and B cells, B7-DC often shows potent
co-stimulatory activity (38). The co-inhibitory activity of B7-H1 on hematopoietic cells may
be compromised by competitions of B7-DC and other co-stimulatory molecules. The
parenchymal cells (hepatocytes) may not actively participate in B7-H1-mediated immune
tolerance because they do not express B7-H1 (Fig. 5A).
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We describe a novel mesenchyme-mediated immune control (MMIC) mechanism in the
liver allograft. The scenario is that IFN-y originating from the alloreactive Tef cells
stimulates graft mesenchymal cells resulting in upregulated B7-H1 expression that in turn
facilitates the death of Tef cells. MMIC activity represents an intrinsic negative feedback
loop between graft mesenchymal cells and Tef cells leading to establishment of operational
tolerance. The allograft is not a passive player in the face of the host immune attack, rather it
is capable of generating a robust counter response in the form of MMIC. The reliance of
MMIC on IFN-y indicates that an initial pro-inflammatory microenvironment is a
precondition for the induction of the tolerance. MMIC is mediated by graft mesenchymal
cells, which differs from graft versus host disease (GVHD) that is mediated by graft
lymphocytes, resulting in extensive host tissue damage (39). MMIC is unlikely a
phenomenon exclusive to the liver, since stellate cells exist in the kidney and pancreas, and
endothelial cells are ubiquitous (40,41). Spontaneous acceptance of kidney allografts has
been reported, although less commonly than the liver (42). The varying incidence of
spontaneous tolerance among organs may reflect the variance in their MMIC capability. The
vigorous MMIC exhibited by the liver could be explained by the presence of abundant
stellate cells in addition to endothelial cells. The potent MMIC activity of the liver is
unsurprising given its constant exposure to external antigens from gut through the portal
circulation. Moreover, HpSC display many of the characteristic features of MSC, with many
experts arguing that HpSC are liver-resident mesenchymal stem cells (MSC) (43). MSC
show immune modulatory property which is mediated by B7-H1 signaling (44). Therefore,
based on the extensive distribution of tissue resident MSC, we propose that MMIC may
represent a wider homeostatic mechanism that supports peripheral tolerance. We
hypothesize that self-reactive T eclls (low affinity) that have escaped central tolerance
mechanisms (45) encounter cognate antigens in the periphery, react, and produce
inflammatory cytokines that trigger tissue mesenchymal cells, resulting in expression of B7-
H1 to induce apoptosis in autoimmune Tef cells, and production of soluble factors, such
iC3b and retinoic acid, to promote generation of MDSC and Treg cells (46-48) (Fig. 6).
Peripheral tolerance is thus established.

Many transplant tolerance induction protocols have been tested in pilot clinical studies. All
of them have targeted manipulations of host immunity (49). Similarly, almost all of the
studies designed to identify transplant tolerance biomarkers have focused on host immunity
(50,51). Our data strongly suggest a critical role for the graft in emergence of rejection or
tolerance. More attentions should be paid to donor and graft in searching for tolerance
biomarkers. Solid organ transplantation has been successful for decades, but the outcomes of
cell transplantation (such as islet and hepatocyte transplants) remain disappointing. The lack
of appropriate mesenchymal cells to mediate MMIC activity may contribute to the poor
outcomes of cell transplants. The improvement of islet transplants by co-transplantation with
HpSC (34,35), testicular Sertoli cells (52) or MSC (53) represent endeavors to harness the
MMIC activity.

The enhancement of MMIC is an attractive therapeutic strategy for transplant rejection and
autoimmune diseases.
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Figure 1. Liver transplant toleranceis mediated by | FN-y signaling dependent elimination of

effector T cells

Liver grafts from WT or IFN-yR1~/~ mice (both B6, H2P) were transplanted into C3H (H2K)
recipients. (A) Survival of the liver allografts was compared between WT (N=8) and IFN-
YyR17/~ (n=7) groups. (B) Histology of liver allo-transplants on POD12. The graft sections
were stained with H&E (left panels) and immunohistochemistry for CD4 (red) & CD8
(green) (middle panels), and the CD4* and CD8* cells were counted and expressed as mean
cell number/high power field £ SD (n=3) (right panel). (C) Flow analyses of liver graft
infiltrating T cells. Left panels: lymphocytes isolated from the WT or IFN-yR1~/ liver
allografts on POD 12 were stained for CD4 and CD8. Syngeneic B6 liver grafts served as
control (Syn). The number is the percentage of T cell subset in total lymphocytes. CD8/CD4
ratio was calculated and displayed at the bottom. Right panel: Percentage of CD4 and CD8
cells in graft infiltrating lymphocytes isolated from the recipients bearing WT liver allograft
for 7, 14 or 40 days, and expressed as mean + SD (n=3). (D) Apoptotic activity in the liver
graft. Upper panels: the sections of liver grafts were stained for TUNEL (red). Lower
panels: T cells isolated from the liver graft were stained for TUNEL and analyzed by flow
cytometry (left). Protein isolated from these T cells was analyzed for expression of caspase 3
by Western blot (right). (E) Impact of IFN-vy signaling on specific CD8 T cell response. On
POD 3, recipients were intravenously given 1.5 x 10’CFSE-labeled T cells from DES TCR
transgenic mice (H2X). Three days later, lymphocytes were isolated from liver grafts and
stained with anti-DES and -annexin VV mAbs, and analyzed by flow cytometry gated on
DES™ cells and expressed as histograms. The number is the percentage of dividing cells and
annexin V* cells, respectively. The shaded area is isotype control. The absolute number of
DES™" cells were calculated based on flow data and expressed as mean/graft + SD (n=3).
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Figure 2. Impact of IFN-y signaling on the generation of suppressor cells
(A) Analysis of Treg cell activity. Lymphocytes isolated from liver graft, draining (d)-LN

and spleen in recipients bearing WT or IFN-yR1~/~ liver graft for 12 or >70 days (only
available in WT group). B6 syngeneic transplantation (Syn) served as control. Cells were
triple stained for CD4, CD25 and Foxp3 and analyzed by flow cytometry gated on CD4*
cells. The number is the percentage of positive cells, respectively. (B) Use of GFP-Foxp3
mice: WT BALB/c (H-29) livers were transplanted into GFP-Foxp3 (H-2P) recipients. Blood
was collected on POD 5, 10, 14, 21, 54 and >70 (upper panels). Recipients bearing long-
term surviving liver grafts (90 days) were sacrificed and lymphocytes were isolated from
liver graft, spleen, d-LN and irrelevant (i)-LN (lower panels). Cells were analyzed by flow
cytometry for GFP fluorescence in CD4* cells, and expressed as histograms. The number is
the percentage of GFP positive cells in the CD4* cell population. The data is representative
of three separate experiments. (C) Analysis of myeloid suppressor cells in grafts. The
leukocytes isolated from the liver graft on POD 12 were stained for CD11b and Gr-1 for
flow analysis. The number is the percentage of CD11b*Gr-1N9M or Gr-1oW cells. The
numbers of CD11b*Gr-1!°" and CD11b*Gr-1M9" cells per graft were calculated based on
flow analysis data and expressed as mean + SD (n=3). CD11b*Gr-1°" and CD11b*Gr-1high

Hepatology. Author manuscript; available in PMC 2016 September 01.

0OGr-1 low
B Gr-1 high



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Morita et al.

Page 19

cells were sorted out for morphological (Giemsa staining) and the following functional
studies. (D) T cell inhibitory activity: The CD11b*Gr-1°" and CD11b*Gr-1M9" cells
purified from liver allografts were used as regulators (use of DC as control for comparison),
and added at the beginning into a one-way MLR culture where CFSE labeled C3H spleen T
cells and B6 DC (at a ratio of 20:1) were used as responders and stimulators, respectively.
The regulator: DC ratio was 1:1. An MLR culture without addition of the regulators (none)
served as control. The proliferation of T cells was determined by CFSE dilution gated on
CD4" or CD8* populations. The data is representative of three separate experiments.
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Figure 3. Graft non-hematopoietic NPC regulate immune response through | FN-y signaling
(A) Graft hematopoietic NPC promptly became of recipient origin. Liver NPC were isolated

at various time points following transplantation of B6 (H-2°) livers into C3H (H-2K)
recipients (syngeneic transplantation served as control). They were stained for CD45, donor
(H-2KP) and recipient (H-2KK) MHC class I, and analyzed by flow cytometry. The data was
expressed as percentage of H-2KK* cells in CD45*population. (B) Graft non-hematopoietic
NPC remain of graft origin. NPC isolated from long-term surviving liver grafts were
analyzed by flow cytometry for CD45, H-2KP and H-2KK, and expressed as histograms.
Shaded area is isotype control. The number is the percentage of positive cells in the CD45*
or CD45™ populations, respectively. The data are representative of three separate
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experiments. (C) Expression of IFN-yR1 on graft non-hematopoietic NPC. CD45~ NPC
purified from liver grafts (POD 12) were tested for expression of IFN-yR1 in mRNA (g-
PCR) (upper panel, n=3) and protein levels (flow cytometry, lower panels). The number is
the percentage of IFN-yR1 positive cells in the CD45™ cell population. (D) Graft non-
hematopoietic cell-mediated T cell inhibition is dependent on intact IFN-y signaling. CFSE
labeled C3H spleen T cells were cultured with B6 DC at a ratio of 20:1 for 3 days. CD45~
cells from WT or IFN-le_/_ liver allografts (use of DC as regulators for comparison) were
added at the beginning into the culture at a regulator: DC ratio of 1:1. A MLR culture
without addition of the regulator cells (none) served as control. The proliferation of T cells
was determined by CFSE dilution gated on CD4* or CD8* populations (the number is the
percentage of dividing cells, upper panels) or by thymidine uptake (n=3, lower panel). (E)
Graft CD45~ NPC induce T effector cell apoptosis via IFN-y pathway in vitro. CFSE-
labeled H2P specific CD8* T cells from DES TCR transgenic mice (H2K) were cultured with
B6 DC at a ratio of 20:1 for 3 days. CD45~ NPC isolated from WT or IFN-yR17/~ liver
allograft were added at the beginning into the culture at a DC:NPC=1:1. Addition of same
number of B6 DC served as control (Cont). The cells were double stained with anti-CD8 and
-annexin V mAbs, and analyzed by flow cytometry for the proliferation of specific T cells
(CFSE dilution) gated on CD8* population (upper panels). The number is percentage of
dividing cells. Expression of annexin V was analyzed on dividing or non-diving CD8* cells.
Cell suspensions were stained with TUNEL and examined under a microscope. The number
is percentage of annexin V* cells in CD8" cells. The cell suspensions were also stained with
TUNEL (red) and examined under microscope, and counted, expressing as mean TUNEL™"
cell number (in 1000 counted cells) £ SD. The data are representative of two separated
experiments.
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Figure 4. B7-H1 mediates theimmune regulatory function of graft non-hematopoietic NPC
(A) Expression of key surface molecules on graft non-hematopoietic NPC. Expression of

CD40, CD86, B7-H1, MHC class I and Il was analyzed by flow cytometry gated on CD45~
NPC that were isolated from WT or IFN-yR1~/~ liver allograft on POD 12, expressed as
histograms. Syngeneic graft (Syn) served as control. The shaded area is isotype control. (B)
Establishment of chimeras. Transplantation of BM from WT B6 into lethally irradiated B7-
H1~~ mice as described in the Methods section. Five weeks later, chimeric status was
examined by determining expression of B7-H1 on peripheral blood cells by flow cytometry,
expressed as histograms. Blood from naive WT B6 or B7-H1~/~ mice served as controls. (C)
Liver transplant tolerance requires B7-H1 expression on graft non-hematopoietic NPC. The
liver from chimeric (n=3) or WT mice (n=8) was transplanted into WT C3H recipients.
Graft survival was compared. (D) Expression of B7-H1 on NPC of liver allografts. NPC
were isolated from chimeric or WT liver allografts on POD 5. Expression of B7-H1 was
analyzed gated on CD45" and CD45™ cells, respectively, expressed as histograms. The
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shaded area is isotype control. The number is the percentage of positive cells. The data are
representative of three separate experiments.
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Q Figure5. Identification of immunoregulatory componentsin graft non-hematopoietic NPC
-§' (A) Identification of B7-H1 positive cells in the liver graft. Liver grafts were harvested on
POD 8 following transplantation of B6 liver into C3H recipients (syngeneic grafts served as
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controls). The cryostat sections were single stained for B7-H1 (brown) (upper panels) or
triple double fluorescently stained for B7-H1(green) and CD105 or Desmin (red) and DAPI
(blue), and examined under microscope. (B) Graft LSEC and HpSC inhibit T cell
proliferative response. LSEC and HpSC isolated from the liver allografts were used as the
regulators (DC served as controls), and added at the beginning into a one-way MLR culture
in which CFSE-labeled C3H T cells were stimulated by B6 DC (T : DC = 20:1) ata
regulator: stimulator ratio of 1:1. T cell proliferative response was determined by CFSE
dilution. The number is the percentage of dividing cells. The data are representative of three
separate experiments. (C) LSEC and HpSC prolong survival of co-transplanted islet
allografts. 3x10° isolated LSEC or HpSC were mixed with 300 pancreatic islets isolated
from BALB/c mice and transplanted under the renal capsule of B6 diabetic recipients.
Recipients transplanted with islet allografts alone were used as controls. Survival of islet
allografts was determined by monitoring blood glucose as described in the Methods section.
(D) No Kupffer cells are identified in CD45~ and CD45'°" cell populations. NPC isolated
from the WT liver allograft were double stained for CD45 and F4/80 and analyzed for
expression of F4/80 in CD45M  CD45!° and CD45™ populations, expressing as histograms.
The number is percentage of F4/80* cells. (E) Depletion of graft sessile Kupffer cells. Liver
donor mice (B6) were i.v. injected with 200 pl of clodronate liposomes 3 days before
transplanted into C3H recipients. The depletion of Kupffer cells were documented by
absence of F4/80* cells by flow analysis and liver sections by immunochemical staining. (F)
Kupffer cells are not critical in liver transplant tolerance. Survival of normal and Kupffer
cell-depleted liver allografts was comparable (p>0.05). (G) Human liver non-hematopoietic
NPC inhibit T cell response. Expression of B7-H1 on human liver non-hematopoietic NPC
is enhanced by IFN-vy stimulation. Human liver CD45~ NPC were incubated with IFN-y at
various concentrations for 18 hours and stained with anti-hB7-H1 mAb for flow analysis
[demonstrated as histogram (upper panel)]. Human liver CD45~ NPC were added at the
beginning into a CFSE-labeled PBMC-derived T cell culture (at a ratio of 1:10), the
proliferation of T cells was elicited by anti-CD3/CD28 beads. No addition of NPC served as
control (None). T cell proliferative response was determined by CFSE dilution assay gated
in CD3* cells (lower panels). The data are representative of three separate experiments.
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Figure 6. Schematic of the role mesnechyme-mediated immune control (MM IC) mechanism in
peripheral T cell tolerance

Self-reactive T cells escaped from the negative selections in thymus are activated by the
cognate antigens in the periphery, produce IFN-y, and trigger the IFN-y signaling pathways
in mesenchymal cells, resulting in B7-H1 expression to induce Tef cell apoptosis, and
production of the soluble factors to promote generation of MDSC and Treg cells.
Autoreactive T cell response is thus inhibited in periphery.
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