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Abstract

Background—Acute allograft rejection is dependent on adaptive immunity, but it is unclear
whether the same is true for chronic rejection. Here we asked whether innate immunity alone is
sufficient for causing chronic rejection of mouse cardiac allografts.

Methods—We transplanted primarily vascularized cardiac grafts to recombinase activating gene-
knockout (RAG ™) mice that lack T and B cells but have an intact innate immune system.
Recipients were left unmanipulated, received adjuvants that stimulate innate immunity, or were
reconstituted with B-1 lymphocytes to generate natural IgM antibodies. In a second model, we
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transplanted cardiac allografts to mice that lack secondary lymphoid tissues (splenectomized aly/
aly recipients) and studied the effect of NK cell inactivation on T cell-mediated chronic rejection.

Results—Acute cardiac allograft rejection was not observed in any of the recipients. Histological
analysis of allografts harvested 50 to 90 days after transplantation to RAG ™/~ mice failed to
identify chronic vascular or parenchymal changes beyond those observed in control syngeneic
grafts. Chronic rejection of cardiac allografts parked in splenectomized aly/aly mice was observed
only after the transfer of exogenously activated T cells. NK inactivation throughout the
experiment, or during the parking period alone, reduced the severity of T cell- dependent chronic
rejection.

Conclusions—The innate immune system alone is not sufficient for causing chronic rejection.
NK cells predispose healed allografts to T cell-dependent chronic rejection and may contribute to
chronic allograft pathology.
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1. Introduction

Acute allograft rejection is dependent on the activation of donor-reactive host T cells [1]. T
cell depletion or genetic T cell deficiency in mice prevents acute rejection and leads to long-
term survival of transplanted organs [2—4]. Similarly, tolerance-induction strategies that
induce T cell deletion or block T cell activation significantly prolong allograft survival [5,
6], but chronic rejection is often observed despite demonstrable donor-specific T cell
unresponsiveness [5, 7]. Chronic rejection is also detected in patients presumed to be
tolerant and in whom immunosuppressive drugs have been withdrawn [8]. Possible reasons
for this paradox include vascular pathology caused by non-immunological factors such as
hypertension, the presence of residual anti-donor T or B cell reactivity in the ‘tolerant’ host,
or persistent T and B cell-independent innate immunity to the graft [8, 9].

That innate immune activation could lead to chronic allograft rejection was first suggested
by a study showing that mice rendered tolerant during the neonatal period or through robust
mixed hematopoietic chimerism develop chronic allograft vasculopathy [5]. The
vasculopathy was mediated by natural killer (NK) cells and could be reproduced in T and B
cell-deficient but NK-sufficient RAG ™~ recipients. The same group later determined that
NK-mediated chronic rejection did not take place unless RAG ™/~ hosts were concomitantly
infected with lymphocytic choriomeningitis virus (LCMV) virus [10] or were reconstituted
with recipient-matched CD4* T lymphocytes [11]. Since the latter observation was made in
a transplantation model in which anti-donor T cell reactivity was absent (parental hearts
transplanted to F1 recipients), the authors concluded that NK cells are necessary for the
development of chronic allograft vasculopathy but are not sufficient - cooperation with
CD4* T cells not responsive to donor alloantigens is required [11]. Additional support for a
role of NK cells in rejection independent of T cell alloreactivity derives from studies
showing that NK cells contribute to heart allograft rejection in gene knockout mice that lack
a critical T cell costimulatory molecule, CD28 [12, 13]. More recently, IL-15, a cytokine
that significantly expands and activates NK cells, has been shown to precipitate skin
allograft rejection in RAG ™~ recipients when given in large excess [14]. These studies
suggest that NK cells contribute to chronic rejection but do not clearly define whether NK
cells do so in the absence of concomitant factors such as viral infection or excess cytokines,
or whether their contribution is indirect and requires interaction with adaptive immunity.
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Here we re-addressed the question whether the innate immune system alone is sufficient for
mediating chronic allograft rejection and re-examined the role of NK cells in this process.
Using RAG ™~ mice or mice that lack secondary lymphoid tissues as recipients of primarily
vascularized cardiac grafts, we found that chronic rejection is an immunological process that
does not occur in the absence of adaptive immune activation. Although NK cells were not
sufficient to cause graft pathology, they predisposed healed allografts to T cell-dependent
chronic rejection.

2. Original Hypothesis

We hypothesized that sufficient activation of innate immunity or the presence of natural IgM
antibodies in RAG ™~ recipients of primarily vascularized cardiac allografts results in
chronic allograft rejection in the absence of adaptive immunity. We also speculated that host
NK cell alloreactivity maintains inflammation in healed cardiac allografts thereby
facilitating T cell- mediated chronic rejection.

3. Materials and Methods

3.1. Mice

BALB/c (H-29), B10.BR (H-2), (C57BL/6xBALB/c)F1 (H-224), B6 RAG1 ™~ (H-2Y), and
BALB/c RAG1 7~ mice were purchased from the Jackson Laboratory (Bar Harbor, ME). B6
and BALB/c RAG2 7~ were purchased from Taconic (Germantown, NY). Alymphoplastic
(aly/aly) mice were purchased from Clea Japan (Tokyo, Japan). All mice were housed in a
specific pathogen-free (SPF) environment. RAG1~~and RAG2 ™~ mice were used
interchangeably and are referred to as RAG 7~ mice throughout the manuscript.

3.2. Mouse procedures

All heart donors and recipients were age- (6 — 8 weeks) and sex-matched. Heterotopic
transplantation of primarily vascularized heart allografts was performed by a single
microsurgeon (QL). In this model, the pulmonary artery and ascending aorta of the heart
graft are anastomosed to the recipient’s inferior vena cava and abdominal aorta, respectively
[15]. Grafts were monitored daily by palpation for the first week and then thrice weekly.
Clinical rejection was defined as cessation of palpable heartbeat, at which time the abdomen
was opened to confirm rejection and the graft was harvested for histological analysis.
Splenectomy was performed in aly/aly mice at least one week prior to heart transplantation
according to an established procedure [16]. NK depletion of recipients, where specified, was
accomplished by injecting 250 ug of anti-NK1.1 mAb (clone PK136, BioXCell, West
Lebanon, NH) i.p. on days —1, 0, and +1 relative to heart transplantation and weekly
thereafter until day 50. Control animals received isotype-control 1gG. NK depletion was
confirmed by flow cytometric analysis of peripheral blood cells using a polyclonal PE-
conjugated anti-NKp46 mAb (R&D Systems, Minneapolis, MN) [17]. Complete Freund’s
Adjuvant (CFA, Sigma, St. Louis, MO), poly I:C, and CpG-1826 (both from InvivoGen, San
Diego, CA) were administered as indicated in Table 1. All procedures were performed in
accordance with the Institutional Animal Care and Use Committee of the University of
Pittsburgh.

3.3. Histological analysis

Heart tissue was frozen in Tissue-Tech O.C.T. compound or fixed in aqueous-buffered zinc
formalin and paraffin-embedded. Fixed sections were stained with Hematoxylin & Eosin
(H&E), Masson-Trichrome (MT), and Verhoeff VVan Gieson (VVG) elastin stain, and
analyzed in a blinded fashion by a pathologist (FKB or AJD). Acute and chronic rejection
were scored based on type and severity of cellular infiltrates, vascular pathology (including
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obliterative arteriopathy), myocyte dropout, and interstitial fibrosis. Obliterative arteriopathy
was quantitated by calculating the average ratio of intima to total vessel wall thickness in at
least 10 intra-parenchymal ateries per graft. Subepicardial vessels and those present close to
suture line were excluded from evaluation.

3.4. Analysis of graft-infiltrating cells

To quantitate NK cells that infiltrated heart grafts parked in RAG ™~ or splenectomized aly/
aly recipients, mice were sacrificed 50 days after transplantation and perfused with 20 ml
PBS + 0.5% heparin solution via the left ventricle of the native heart. Heart grafts were
removed and homogenized, RBCs were lysed in hypotonic buffer, and tissue was digested at
37°C with Collagenase 1V (350 U/ml) and DNAse | (20 ng/ml) (Sigma). Infiltrating cells
were isolated by centrifugation on a Lympholyte M gradient (CedarLane Labs, NC). NK
cells were quantitated by flow cytometry by gating on NK1.1* cells after live/dead cell
discrimination and exclusion of lineage-positive (B220*, CD4*, CD8") cells.

3.5. Adoptive cell transfer

Spleens and peripheral lymph nodes were harvested 7 days after immunizing B6 mice with
allogeneic BALB/c or (C57BL/6xBALB/c)F1 splenocytes. T cells were enriched by
negative selection using magnetic cell separation (AutoMACS, Miltenyi Biotech, Auburn,
CA). Resulting T cell purity was > 85%. 1 or 5 x 107 enriched T cells were transferred i.v.
to B6 RAG '~ or splenectomized aly/aly recipients, respectively, 50 days after
transplantation. Isolation of B-1 cells was accomplished by harvesting resident peritoneal
cells of BALB/c wt mice by peritoneal lavage and subsequent high-speed sorting of
cDshighigmhighcD231oW cells using a FACS ARIA (BD Biosciences, San Jose, CA).
Resulting purity was >95%. 1x106 B-1 cells were transferred i.p. to BALB/c RAG ™~
recipients. Serum IgM levels were measured at the indicated times by ELISA according to
the manufacturer’s instructions (Bethyl Laboratories, Montgomery, TX).

3.6. Statistical analysis

4. Results

All data are presented as mean + SD and were analyzed by either Student’s t-test or one-way
analysis of variance (ANOVA). Significance was set at p < 0.05.

4.1. Absence of acute or chronic heart allograft rejection in RAG~/~ recipients

To test whether the innate immune system alone is sufficient for chronic allograft rejection,
we performed heterotopic, vascularized, heart transplantation from B10.BR (H-2X) donors to
B6 (H-2P) RAG ™/~ recipients. All grafts continued to beat and contract for the duration of
the experiment (Table 1). Grafts were harvested between 79 and 82 days after
transplantation and analyzed for the presence of chronic rejection by light microscopy.
Although minimal intragraft inflammation and fibrosis were observed, these changes were
not significantly different from those detected in control syngeneic grafts (B6 RAG ™/~
donors to B6 RAG ™~ recipients) (Fig. 1). As previously published by our group [17] and
others [4], we confirmed that acute allograft rejection occurs in B6 RAG ™~ recipients upon
adoptive transfer of B6 T cells (Table 1).

4.2. Absence of acute or chronic heart allograft rejection in RAG™/~ recipients following
innate stimulation or reconstitution with B-1 lymphocytes

Since laboratory mice are bred and housed in SPF facilities, it is conceivable that their
innate responsiveness may be altered due to reduced exposure to pathogens. We therefore
stimulated BALB/c RAG ~/~ recipients with a variety of innate ligands before or after
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transplanting heart grafts from B6 RAG ™~ donors (Table 1). RAG™~ mice were used as
heart donors to avoid the inadvertent transfer and activation of adaptive immune cells (T and
B lymphocytes) to the host. Recipient stimulation with CFA (which contains a mixture of
TLR and non-TLR ligands) [18], CpG (TLR-9 ligand), or polyl:C (TLR-3 ligand) failed to
precipitate either acute or chronic heart allograft rejection as determined by histopathologic
analysis (Table 1). Similarly, prior immunization of RAG ™/~ mice with allogeneic donor
RAG ™~ splenocytes, a procedure previously shown to stimulate monocyte-dependent innate
alloimmunity [19], did not cause either acute or chronic heart allograft rejection (Table 1).

RAG ™~ mice lack B-1 lymphocytes, which are the source of natural IgM antibodies.
Natural IgM antibodies have been shown to bind otherwise cryptic tissue antigens that are
exposed after ischemia-reperfusion injury leading to activation of the complement system
[20]. We therefore asked whether reconstituting RAG ™~ mice with B-1 cells would lead to
chronic allograft rejection in the absence of adaptive immunity. CD5NgNgmhighcp23low
B-1 cells were sorted from resident peritoneal cells of BALB/c wt mice and transferred i.p.
to BALB/c RAG ™~ hosts. Six weeks later, the mice received B6 heart transplants. Serum
IgM levels had reached 81 + 24 ng/ml at the time of transplantation (n = 4), and had risen to
130 and 330 ng/ml 50 days later in the two mice that were tested. Despite the presence of
significant circulating IgM in the recipients (corresponding to 25 — 65% of serum IgM level
in wildtype animals), we did not observe histological hallmarks of chronic rejection at either
50 or 90 days after transplantation.

4.3. NK cells predispose healed allografts to T cell-mediated chronic rejection

We have previously shown that cardiac allografts parked for an extended period of time in
RAG ™/~ mice undergo acute rejection upon T cell reconstitution of the host [17]. Moreover,
cardiac allografts parked in either immunosuppressed, wildtype mice or splenectomized aly/
aly mice (which lack all secondary lymphoid tissues) are not rejected by the host but
undergo chronic rejection upon transfer of alloactivated T cells [21]. We therefore
hypothesized that NK cells are responsible for persistent innate immune activation in the
allograft and thus, set the stage for T cell-mediated chronic rejection. To test this hypothesis,
we first quantitated and phenotyped NK cells that infiltrated syngeneic (B6) and allogeneic
(BALB/c) heart grafts 50 days after transplantation to splenectomized aly/aly mice (n =3
mice/group; grafts pooled prior to analysis). We found approximately two-fold more NK
cells in allogeneic than syngeneic grafts (1.1 x 10% vs. 5.3 x 103 NK cells/graft,
respectively). Moreover, NK cells that infiltrated allogeneic grafts had upregulated the
activation marker CD69, albeit modestly (Fig. 2). To investigate whether NK cells
contribute to chronic rejection in this model, we transplanted either BALB/c (H-2%) or (B6 x
BALB/c)F1 (H-2°) hearts into splenectomized aly/aly (H-2P) mice and graft histology was
studied 50 days after the transfer of alloactivated T cells from B6 mice immunized with
BALBI/c splenocytes. As shown in Fig. 3, F1 (H-2°9) hearts displayed significantly less
chronic allograft vasculopathy (% intimal thickening) than BALB/c (H-29) hearts,
suggesting that inhibition of NK cell activation by F1 grafts ameliorated chronic rejection.
Alternatively, reduction of vasculopathy in these experiments could have been the result of
reduced expression of Balb/c alloantigens in the hearts rendering them less immunogenic.
Therefore, to provide further support for a role for NK cells in chronic allograft
vasculopathy, we studied a second model in which BALB/c cardiac allografts were
transplanted to splenectomized aly/aly mice and the recipients received either NK-depleting
or isotype- control antibody for 7 weeks (n = 6/group). Alloactivated T cells were
transferred one day after the last antibody injection (50 days after transplantation) and
cardiac allografts were analyzed for the presence of chronic rejection 70 — 100 days after T
cell transfer. All NK-depleted recipients exhibited mild acute and chronic rejection with
low-grade inflammation, arteritis, and mild obliterative arteriopathy (Fig. 4). In contrast, 3/6
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NK-replete recipients exhibited moderate to severe acute and chronic rejection, including
significant graft fibrosis (Fig. 4B). Quantitation of vasculopathy (% intimal thickening)
revealed significantly less chronic vasculopathy in the NK- depleted compared to the NK-
replete group as shown in Fig. 4C. Commensurate with previously published data [22],
control mice that did not receive activated T cells (n = 3) or mice that received naive T cells
50 days after transplantation (n = 4) did not develop either acute or chronic rejection (Fig.
4C and D). These data suggest that NK cells contribute to persistent innate immune
activation in the allograft that sets the stage for chronic rejection mediated by activated T
cells.

5. Discussion

We addressed in this report the fundamental question whether chronic allograft pathology
can occur in the absence of an adaptive immune response. We found that heart allografts
transplanted to mice that lack T and B cells do not develop histopathologic features of
chronic rejection, even when the recipient’s innate immune system was stimulated with
microbial ligands that activate pattern recognition receptors or if mice were reconstituted
with natural IgM antibodies. We also found that NK cells, although not sufficient to cause
graft pathology, predispose healed allografts to T cell-mediated chronic rejection long after
transplantation.

Our finding that NK cells are not sufficient for either acute or chronic rejection of a solid
organ allograft is consistent with the biology of NK cells. NK cell activation is dependent on
both the absence of inhibitory signals delivered by self-MHC (missing self) and the presence
of stimulatory ligands on the target tissue [23]. Although NK stimulatory ligands such as the
MHC I-related proteins MICA and MICB have been detected in solid grafts [24], they may
not be sufficient for full-scale activation of NK cells typically observed after viral infection
[25]. In addition, the limited proliferative capacity of NK cells could restrict the extent of
tissue damage they may cause even if they were to be activated. Exceptions could arise
however if additional factors that induce the expansion and activation of NK cells are
present in a transplant recipient. For example, Graham et al demonstrated that NK-mediated
chronic coronary allograft vasculopathy develops in RAG™~ mice infected with LCMV but
not in control uninfected recipients [10]. In addition, Kroemer et al. observed that RAG ™~
mice acutely reject skin allografts if NK cells are massively expanded by excess, exogenous
IL-15 [14]. We conclude that the most likely role of NK cells in solid organ transplantation
is the maintenance of an inflammatory state that facilitates the migration of primed T cells to
the graft. One weakness of our data is that we did not conduct extensive quantitation and
phenotypic analysis of NK cells from individual allografts instead of pooled heart
transplants.

Natural IgM antibodies have recently been proposed to mediate complement activation and
subsequent tissue pathology in rodent models of ischemia-reperfusion injury [26]. Likewise,
the transfer of either complement-fixing or non-complement-fixing donor-specific 1gG
antibodies was shown to induce chronic arterial lesions in heart allografts transplanted to
RAG ™~ recipients [27]. Our finding that natural IlgM antibodies are not sufficient to cause
graft pathology may again indicate the inability of innate immune mediators to effect
chronic rejection on their own. Alternatively, it is possible that higher titers of natural IgM
antibodies observed in mice with normal B-1 lymphocyte numbers could contribute to
chronic rejection either directly or through collaboration with adaptive immune mechanisms.

Our data also shed light on the question whether chronic allograft rejection in humans is
principally due to an ongoing host anti-donor immune response, or whether antigen-
independent factors have an equally important role [8]. Although the mouse heterotopic
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art transplantation model used in our studies differs in some respects from human

orthotopic heart transplantation, our findings demonstrate that chronic allograft rejection is
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immunological process that depends on adaptive immune mechanisms. It is likely that
mponents of the innate immune system, for example macrophages [28], serve as

downstream mediators of the pathological lesions of chronic rejection but, alone, are not
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Figure 1. Absence of chronic rejection in cardiac allografts transplanted to RAG™~ recipients
Allogeneic B10.BR hearts or syngeneic B6 RAG ™~ hearts were transplanted to B6 RAG ™/~
mice (n=7 and 6, respectively). Grafts were harvested 72 — 82 days later and stained with
H&E, MT, and VVG. Syngeneic (left panel) and allogeneic (right panel) grafts appeared
identical upon microscopic examination. There was no appreciable inflammatory infiltrate,
myocyte dropout, or obliterative arteriopathy in either graft type. Representative whole heart
sections stained with H&E are shown.
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Figure 2. Phenotype of graft-infiltrating NK cells
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Cells were isolated from allogeneic (BALB/c) and syngeneic (B6) heart grafts parked for 50
days in splenectomized B6 aly/aly mice. NK1.1 cells present within the grafts were
identified by flow cytometry by gating on the lineage negative (B220"CD4~CD87), NK1.1*
population (left panel). Expression of the activation marker CD69 on the gated cells was

then determined (right panel). N=3/group, pooled prior to analysis.
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Figure 3. Reduced chronic allograft vasculopathy in the absence of NK activity against the donor
(F1 to parental strain transplantation model)

Alloactivated T cells were transferred to B6 aly/aly-spleen recipients of either (BALB/c x
B6)F1 or BALB/c cardiac allografts 50 days after transplantation. Grafts were harvested 90
— 100 days after T cell transfer and stained with VVVG. Vasculopathy (ratio of intima to
vessel wall) in intra-parenchymal vessels was quantitated by histomorphometry. Data shown
are mean + SD (n = 5/group, p<0.05).
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Figure 4. NK depletion reduces chronic rejection in a fully allogeneic transplantation model
BALB/c cardiac allografts were parked for 50 days in splenectomized B6 aly/aly mice prior
to the transfer of alloactivated T cells. Recipients were either NK-depleted during the
parking period or remained NK-replete (isotype control). Grafts were harvested 70 — 100
days after T cell transfer and stained with H&E, MT, and VVG. (A) Representative low
power micrographs of H&E and MT stained whole allograft sections of NK-depleted (left
panel, n=6) and NK-replete mice (right panel, n=6) are shown. Note large areas of myocyte
dropout (*) and early fibrosis (blue on MT stain) present in the NK-replete but not in the
NK-depleted mouse. (B) Representative higher magnification (15x) of H&E, MT and VVG
stained sections from NK-replete mice showing intense and widespread inflammation
(arrowhead), evolving fibrosis (*) and obliterative with superimposed inflammatory arteritis
(arrow). (C) Obliterative arteriopathy (ratio of intima to vessel wall) in intra-parenchymal
vessels was quantitated by histomorphometry in NK-replete and NK-depleted mice (n = 6/
group). Pooled results from control mice that either received no T cells (n=3) or mice that
received naive T cells 70 days following transplantation (n=4) are also shown. Data are
mean * SD. ** p<0.001, *** p<0.0001. (D) Representative low power micrographs of H&E
and VVG stained allograft sections from control mice that received no T cells.
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