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Abstract

Allograft vasculopathy (AV) has emerged as the major obstacle to long-term
survival in clinical heart transplantation. Immune events are implicated in the
development of AV, but the cellular and molecular mechanisms involved remain unclear.

In this thesis, we examined the role of T cell subsets (CD4" and CD8") and the
effector mechanisms involved using knockout mice and adoptive cell transfer in a fully
MHC-mismatched murine aortic allograft model of AV.

The inhibition of CD8+ T cells or cytotoxic T lymphocyte (CTL) effector
mechanisms led to preservation of medial smooth muscle cells and attenuation of AV. In
contrast, CD4 deficient mice exhibited striking medial smooth muscle loss and intimal
hyperplasia which was similar in extent to wildtype recipients. Moreover, CDS8" T cells
are essential to the development of AV in the presence of cyclosporine A-based
immunosuppression.

The transfer of allo-primed CD8" T lymphocytes into immunodeficient
recombinase activating gene knockout (RAG™) mouse recipients of aortic allografts
resulted in the development of AV, confirming that CD8" effector T cells are sufficient to
induce AV. In addition, we established that CD8" T cell-mediated AV occurs by contact-
dependent direct cytolysis and bya distinct interferon -y-dependent indirect effector
pathway. Furthermore, AV mediated byCD8 * T cells, but not CD4" T cells, is refractory
to cyclosporine A treatment. Given the resistance of this cell type to conventional
immunosuppression these results may have important therapeutic implications. The
development of novel immunosuppressive agents capable of inhibiting CD8" T cells

might prevent AV in the clinic.
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Chapter 1



1.0 General Introduction

Congestive heart failure (CHF) is the leading cause of hospitalization and death in
the industrialized world, affecting up to 2% of the adult general population (Sutton,
1990). The incidence of CHF has increased during the past 3 decades, and it will continue
to increase. This increase is related to the development of effective palliative therapies,
which have extended the lives of CHF patients. Our aging population contributes further
to this increase. Heart failure affects more than 400,000 Canadians, with over 50,000 new
cases diagnosed annually (Johansen et al, 2003). The treatment of CHF represents a
tremendous economic burden on both public and private systems of financing health care
worldwide. In the United States, more than $34 billion is spent annually for the care of
CHF patients (O'Connell and Bristow, 1994). Similarly, medical costs related to CHF
represent 1% of total health expenditures in Western Europe (Eriksson, 1995). The
prognosis for patients with CHF is poor and is comparable to even the worst
malignancies. As many as 50% of patients with CHF die within 4 years, whereas 50% of
patients with end-stage heart disease die within 1 year (Schocken ef al, 1992).

Over the last two decades heart transplantation has evolved as the most effective
therapy for end-stage heart disease (Légaré et al, 1999). Despite being a well-established
treatment for end-stage organ failure, solid organ transplantation continues to be limited
by rejection (Hayry et al, 1993, Azuma et al, 1997, Hosenpud et al., 2001). Transplant
rejection has been clinically classified on the basis of histopathologic features into acute
and chronic allograft rejection. This classification scheme implies a temporal sequence of

events resulting from discrete pathologic mechanisms (Shirwan, 1999). However, this



may not be the case in the strictest sense given that similar immune mechanisms have
been implicated in acute and chronic rejection and that these pathologic features often co-
exist in the same graft (Bolton e al, 1989, Hall, 1991, Shirwan, 1999).

There is considerable evidence that acute allograft rejection is a T cell mediated
phenomenon (Lubaroff, 1973, Hall et al, 1978, Bolton et al, 1989) directed against allo-
antigens, primarily those of the major histocompatibility complex (MHC), expressed by
the graft (Pescovitz et al, 1984, Shoskes and Wood, 1994, Gould and Auchincloss, 1999).
The anti-graft immune response is initiated upon T cell recognition of allo-antigen by
direct and indirect antigen presentation pathways leading to the activation and
proliferation of allo-reactive T cell clones (Shoskes and Wood, 1994, Gould and
Auchincloss, 1999). It is thought that CD8" cytotoxic T lymphocytes (CTL) and CD4" T
helper cells, once activated, exert discrete injurious effector mechanisms capable of
allograft destruction leading to organ failure (Turvey and Wood, 1999, Libby and Pober,
2001). T helper cells elaborate pro-inflammatory cytokines and chemokines, which are
involved in macrophage recruitment to the graft, and mediate delayed type
hypersensitivity (DTH)-like intragraft responses (Shirwan, 1999, Libby and Pober, 2001).
CTL and macrophages mediate graft-directed cytotoxicity through the engagement of
death receptors expressed by graft parenchymal and vascular cells or alternatively by the
release of potent effector molecules (Shirwan, 1999, Libby and Pober, 2001).

At the molecular level, graft cell damage by CTL is mediated by two major
pathways of direct cytotoxicity (Kagi ef al, 1994, Berke, 1995, Nagata and Golstein,
1995). The granule-exocytosis pathway involves the release of macromolecules contained

within membrane-bound vesicles of mature effector CTL. These macromolecules include



the pore-forming protein perforin and cytotoxic proteases (granzymes) capable of
initiating programmed cell death or apoptosis (Kagi et al, 1994, Berke, 1995).
Alternatively, Fas ligand (FasL)-bearing activated CTL engage Fas death receptor-
expressing target cells and this ligand-receptor interaction leads to the initiation of an
intracellular signalling cascade resulting in target cell apoptosis (Kagi et al, 1994, Berke,
1995, Nagata and Golstein, 1995).

The development of novel immunosuppressive agents capable of effectively
inhibiting acute rejection has facilitated the widespread acceptance of organ
transplantation as a viable treatment modality for organ failure (Calne et al, 1978).
Although modern immunosuppression has dramatically improved early transplant
survival, failure of cardiac allografts due to chronic rejection has emerged as a major
clinical problem (Hosenpud et al., 2001). Chronic rejection is the leading cause of patient
mortality and late allograft failure beyond the first post-transplant year (Uretsky et al,
1992, Schnetzler et al, 1998, Hosenpud ef al., 2001). More than 50% of transplanted
hearts display significant pathologic features of chronic rejection within 5 years of
transplantation (Olivari et al, 1989).

Chronic rejection poses a diagnostic dilemma since most patients do not develop
angina pectoris. The first clinical presentation is often progressive cardiac failure,
ventricular arrhythmia or sudden death (von Scheidt W, 2000). The most common and
intractable pathélogic presentation of chronic rejection is a diffuse, concentric intimal
proliferative lesion within the epicardial coronary arteries of the transplanted heart,
termed allograft vasculopathy (AV) (Figure 1, Libby and Pober, 2001). Of the three most

commonly transplanted solid organs (kidney, liver and heart), the relationship of AV to



late graft failure seems most clear for heart allografts, however AV has been described in
all solid organ transplants (Hayry et al., 1993). Indeed, AV has been vsuggested to
contribute to irreversible organ damage in non-cardiac transplants (Azuma et al., 1997).

Similar to acute rejection, AV develops as a result of T cell-driven immune
responses directed against the graft vasculature (Hall, 1991, Ensminger et al, 2002). It has
been suggested that CD4" T helper cells play the dominant role (Shi et al, 1996,
Ensminger ef al, 2002, Yamada et al, 2003); however recent evidence suggests that AV
may be less dependent than acute rejection on T helper cell function (Han ef al, 2000).
Moreover, there is anecdotal evidence suggesting that effector CTL are resistant to
cyclosporine A (Horsburgh et al, 1980, Bishop et al, 1992, Bujan et al, 2001, Hruban et
al, 1990, Libby and Pober, 2001), implicating these cells in the failure of current
calcineurin inhibitor-based pharmacotherapy.

This thesis will evaluate the role of CD8" CTL in the development of AV using a
murine aortic allograft model (Mennander ef al, 1991, Koulack et al, 1995). It will
address a variety of aspects of this topic including the effector mechanisms employed by
CDS8" T cells to injure the graft leading to the repair and remodelling process
characteristic of AV. The central hypothesis is that CD8" T cells are capable of mediating
robust AV and that under conditions of clinical immunosuppression this CD8"-mediated

pathway results in the observed vascular disease.



Figure 1. Characteristic histopathologic features of AV.

Representative photomicrographs of human proximal left anterior descending (LAD)
coronary artery from a normal heart (a) and from a cardiac allograft explanted 8 years
post-transplantation due to severe AV (b). These photomicrographs are constructed from
composite photomicrographs captured at 40x magnification and stained with hematoxylin

and eosin.
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2.0 Background

2.1 T cell Activation

Over 3 decades ago, Bretscher and Cohn proposed the two signal hypothesis in
the activation of B lymphocytes to produce antibody to explain Ehrlich’s observation of
“horror autotoxicus” (Bretscher and Cohn, 1970). In this model, the recognition of
foreign antigen by B lymphocytes (signal 1) without signal 2 results in the
unresponsiveness of the antibody producing cell. T helper cell-derived cytokines and
signalling molecules provide the necessary signal 2 following recognition of an antigenic
epitope processed by the B cell.

Lafferty and Cunningham adapted the two signal hypothesis to explain the
activation of T lymphocytes (Lafferty and Cunningham, 1975). In their model, the
delivery of signal 1 was achieved following interaction between antigen and the T cell
receptor. They further postulated that a stimulator cell-derived product with co-
stimulatory activity provides the necessary signal 2 required for conversion of the T cell
from a resting to an activated state. This model was later refined to state that activation
results from T cell recognition of antigen in the context of an MHC molecule providing
signal 1, while signal 2 results from the interaction of co-stimulatory molecules,

expressed by an antigen presenting cell (APC), with its cognate receptor on the T cell

(Carreno and Collins, 2002, Schwartz, 2003).
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2.1.1 Signal1

The T cell receptor is a heterodimer of o and B, or y and § chains linked by
disulphide bridges (Davis and Bjorkman, 1988, Van Der Merwe and Davis, 2003). The
mature T cell receptor (TCR), after gene rearrangement, confers antigen specificity to
each individual T cell clone, and interacts with the peptide-MHC complexes presented on
the surface of the APC (Schwartz, 1985, Van Der Merwe and Davis, 2003). The
intracytoplasmic domain of the TCR is insufficient in length for signal transduction by
itself and for this purpose it associates with the CD3 complex (Clevers et al, 1988). CD4
and CD8 co-receptors are expressed with the TCR/CD3 complex on T helper cells and
CTL, respectively (Janeway, 1992). These proteins bind to the non-polymorphic regions
of MHC molecules and act to strengthen or prolong the TCR-MHC/peptide interaction,
thus facilitating optimal transduction of signal 1 (Norment ef al, 1988, Garcia et al,
1996).

Upon TCR-MHC binding, signal transduction is initiated by CD45-mediated
dephosphorylation (Hermiston e al, 2003) of two members of the src family of protein
tyrosine kinases (PTK), pS6Lck and p5S9Fyn (Samelson e al, 1990, Abraham et al, 1991,
Samelson, 2002). Activated p56Lck and p59Fyn then phosphorylate tyrosine residues
present in the intracytoplasmic domains of € and £ chains of the CD3 complex (Latour et
al, 2001). This allows for their association with another PTK known as ZAP-70 which is
subsequently involved in the phosphorylation and activation of phospholipase C (PLCy;)

(Chan et al, 1994, Latour et al, 2001). PLCy; is then involved in the cleavage of plasma
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membrane phospholipids to form the second messengers inositol 1,4,5-triphosphate (1P3)
and diacylglycerol (DAG) (Samelson, 2002).

In the first signalling pathway, DAG mediates the activation of protein kinase C
(PKC) which in turn phosphorylates the inhibitory protein IkB causing it to dissociate
from nuclear factor-kappa B (NF-xB) (Karin and Ben-Neriah, 2000, Isakov and Altman,
2002). This allows for the nuclear translocation of NF-kB where it binds to a specific
region of the IL-2 gene promoter sequence (Baeuerle and Henkel, 1994, Baldwin, 1996).

In the second pathway, IP; triggers the release of Ca®* from intracellular stores
thereby facilitating the calcium-dependent activation of calmodulin (Lewis, 2001).
Together, Ca®" and calmodulin mediate the activation of calcineurin which possesses
potent phosphatase activity capable of dephosphorylating the cytoplasmic component of
the nuclear factor of activated T lymphocytes (NFAT) (Rao ef al, 1997). It is at this point
in the intracellular signalling cascade where the calcineurin inhibitors cyclosporine A
(CyA) and FK-506 (tacrolimus) act to interrupt T cell activation through signal 1
blockade (Shevach, 1985, Sigal and Dumont, 1992). The active form of NFAT then
translocates into the nucleus where it associates with the AP-1 complex composed of c-
Jun and c-Fos and binds a distinct site within the promoter region of the IL-2 gene (Rao
et al, 1997).

Together, NF-xB and NFAT initiate IL-2 gene transcription which is an important
growth factor involved in the induction of T cell proliferation (Minami et al, 1993).
However, this requirement for IL-2 as a T cell growth factor may not be absolute
(Sepulveda et al, 1999). Specifically, CD8" T cells have been suggested to posses less

stringent IL-2 requirements for antigen-driven activation (Sepulveda et al, 1999, Dai et



12

al, 2000, van Stipdonk et al, 2001, Li et al, 2001, Jones et al, 2002, Weng et al, 2002).
Alternatively, CD8" T cells may produce sufficient amounts of IL-2 which can function
in an autocrine fashion leading to activation and subsequent proliferation (van Stipdonk
et al, 2001). Given this data, it is not surprising that a subset of CTL have been identified
as being resistant to signal 1 blockade by treatment with the calcineurin inhibitor CyA
(Horsburgh ef al, 1980).

There is clear evidence that robust T cell activation still occurs despite blockade
of IL-2 signalling through treatment with calcineurin inhibitors (Li et al, 2001) or when
more completely interrupted using IL-2 knockout mice (Steiger ef al, 1995). These data
suggest that the proliferative signal conferred by IL-2 ligation of the IL-2 receptor on the
T cell is dispensable for T cell activation. Indeed, other cytokines including IL-4, IL-7,
IL-12, and IL-15, among others, have been implicated as surrogate growth factors
capable of promoting the activation and proliferation of CD8" T cells (Kanegane and
Tosato, 1996, Huang et al, 2000, Li et al, 2001, Ferrari-Lacraz et al, 2001, Schluns et al,
2002, Kieper et al, 2002, Schmidt and Mescher, 2002, Weng et al, 2002). Thus, the
availability of cognate antigen as well as growth factors provided by APC and T helper
cells act to regulate the activation of naive CD8" T cells into mature effector CTL. In
addition, a subset of CD4" CD25" T cells function as a negative regulator of CD§" T
cells, inhibiting their activation and effector function providing a further level of control
over CTL immunity (Piccirillo and Shevach, 2001, van Maurik ef al, 2002). However, the
impact of immunosuppressive agents on the regulatory function of CD4" CD25" T cells
remains unclear and may have profound implications for the development of

transplantation tolerance through allo-immune regulation (Wood and Sakaguchi, 2003).
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2.1.2 Signal 2

The activation of second messenger pathways that occurs upon interaction of the
TCR with the peptide-MHC complex is not sufficient for optimal T cell activation. Quill
and Schwartz demonstrated this when T cells exposed to purified MHC molecules
inserted into liposomes which were pulsed with processed peptide failed to proliferate
(Quill and Schwartz, 1987). Similarly, T cell clones stimulated with the mitogen
concanavalin A in the absence of antigen presenting cells fail to proliferate despite the
generation of second messengers resulting from an intact signal 1 (Mueller et al, 1989).
As aresult, modulation of signal 2 is an attractive therapeutic option because the
manipulation of co-stimulatory signals might provide a means either to enhance or to
terminate immune responses.

The second signal, so-called co-stimulation, is provided through various
molecules utilizing distinct mechanisms that physically reorganize the TCR complex,
lower the threshold for TCR signalling, amplify T cell activation and modify the outcome
of antigenic activation, preventing anergy or death (Carreno and Collins, 2002, Sharpe
and Freeman, 2002). Several cell surface receptors including LFA-1, ICAM-1 and VLA-
4, initially investigated for their role in cell adhesion, have been implicated in T cell co-
stimulation (Mondino and Jenkins, 1994, Chirathaworn et al. 2002, Kohlmeier ef al,
2003). However, the interaction of the CD28 superfamily of receptors on T cells with
their ligands, B7-1 (CD80), and B7-2 (CD86) on the APC have garnered the most interest
as co-stimulatory molecules for T cell activation (Carreno and Collins, 2002, Sharpe and

Freeman, 2002). CD80 and CD86 have a dual specificity for two CD28 superfamily
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members, the stimulatory receptor CD28 and the inhibitory receptor CTLA-4 (CD152)
(Carreno and Collins, 2002, Sharpe and Freeman, 2002). CTLA-4 is the higher-affinity
receptor for CD80 and CD86 (Linsley et al, 1994). CD28 is constitutively expressed on
the surface of T cells, whereas CTLA-4 expression is rapidly up-regulated following T-
cell activation (Carreno and Collins, 2002). On most APC populations, CD86 is
expressed constitutively at low levels and is rapidly up-regulated, whereas CD80 is
induced much later after activation has occurred (Hathcock et al, 1994). CD80 and CD86
have largely overlapping functions, yet they are differentially expressed by different cell
types or at different times during an immune response (Sharpe and Freeman, 2002).

A critical role for CD28 as a co-stimulatory molecule in the activation of T cells
was established when Su and colleagues found that concurrent stimulation through the
TCR and CD28 resulted in a 30-fold increase in Jun kinase (JNK) activity, a necessary
protein tyrosine kinase (PTK) for the phosphorylation of c-Jun and activation of the AP-1
complex (Su et al, 1994). However, stimulation through the TCR or CD28 alone resulted
in minimal JNK activity confirming the importance of CD28 in T cell co-stimulation (Su
et al, 1994). Further evidence supporting a pivotal role for CD28-mediated co-stimulation
in the activation of T cells was obtained using a potent inhibitory fusion protein construct
of CTLA-4 and an immunoglobulin constant chain, referred to as CTLA-4Ig (Linsley et
al, 1991). In transplantation models, CTLA-4Ig treatment is able to abolish T cell-
mediated acute rejection responses in vivo (Turka et al, 1992, Lenschow et al, 1992).
However, transplantation experiments with CD28-deficient mice later demonstrated that
T cell-mediated acute rejection of skin allografts remains intact in the absence of co-

stimulation through CD28 (Kawali et al, 1996). Szot and colleagues later demonstrated
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that CD28 blockade-resistant CD8" T cells are involved in the rejection of cardiac
allografts by CD28-deficient recipients, implicating alternate co-stimulatory pathways in
the activation of this subset of CD8" T cells (Szot et al, 2001).

The CD40-CD40 ligand (CD154) receptor-ligand pair has also been suggested to
contribute to the co-stimulation of T cells. CD40 is expressed by dendritic cells, activated
macrophages and B cells, whereas CD154 is found almost exclusively on T cells
(Banchereau et al, 1994). Interestingly, CD154-deficient animals exhibited profound
defects in T cell activation in vitro and in vivo indicating that this receptor —ligand pair
might be directly involved in T cell co-stimulation (Grewal et al, 1995, Grewal et al,
1996). However, it has been hypothesized that T cells from CD154-deficient mice are
incapable of properly conditioning APCs such that the CD40-CD154 interaction was
involved in the up-regulation of CD80 and CD86 on the APC and CD28 on the T cell
compromising CD28-mediated co-stimulation (Yang and Wilson, 1996). Nonetheless,
there is strong evidence that CD4" T cells (Blazar et al, 1997, Blazar et al, 1998) and
CDS8" T cells (Borrow et al, 1996, Schoenberger et al, 1998, Clarke, 2000, Bourgeois et
al, 2002) require an intact CD40-CD154 interaction for optimal activation and effector
~ function. In contrast, other groups have identified a subset of CD8" T cells which under
certain circumstances can be activated independehtly of the CD40-CD154 interaction
(Whitmire ef al, 1996, Whitmire et al, 1999, Gao et al, 2000, Guo et al, 2001). Recently,
Jones and colleagues have demonstrated that CD4" T cell-mediated cardiac allograft
rejection is sensitive to CD40-CD154 blockade, whereas a subset of CD8" T cells

remained fully functional, capable of mediating acute rejection (Jones et al, 2000).
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In a transplantation model, Larsen and colleagues demonstrated that simultaneous
blockade of B7/CD28 and CD40/CD154 is effective in abrogating acute and chronic
rejection of murine cardiac allografts (Larsen ef al/, 1998). Similarly, Li and colleagues
found that combined co-stimulatory blockade successfully abrogated acute rejection of
murine cardiac allografts (Li ef al, 1999). Interestingly, rapamycin was synergistic in
preventing rejection, whereas when CyA was added to co-stimulatory blockade, rejection
promptly re-appeared (Li et al, 1999). Treatment with rapamycin results in a G1 arrest of
many cell types including T cells, largely through inhibition of down-stream IL-2
signalling. However, interruption of IL-2 signalling occurs at a functionally distinct
location of the pathway from calcineurin inhibitors such that the permissive signal for
activation induced cell death (AICD) is maintained despite rapamycin treatment (Li et al,
1999). Thus, from the point of view of the establishment of peripheral tolerance through
co-stimulatory blockade, rapamycin does not break tolerance by maintaining the
necessary proximal IL-2 signal which promotes AICD (Li et al, 1999). However, other
groups, using high responder strain mice, have shown that co-stimulation resistant cells
remain functionally intact and are capable of rejecting allografts despite a similar
treatment regimen (Newell ef al, 1999, Williams et al, 2000, Ha et al, 2001). Larsen’s
group later showed that this co-stimulatory blockade resistant rejection is mediated by
asialo GM1" CD8" T cells (Trambley et al, 1999). Antigen-specific CD8" T cells have
been found to rapidly up-regulate surface expression of natural killer (NK) cell associated
markers upon activation, particularly in high responder strain C57BL/6 mice (Oughton
and Kerkvliet, 1999, Slifka et al, 2000, Assarsson et al, 2000). Furthermore, there is

evidence from these high responder strain mice (Trambley et al, 1999) and in humans
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(Inaba et al, 1987, Young and Steinman, 1990) that CD4 "help" is not always required to
generate CD8" CTL.

The persistence of rejection and apparent T cell activation despite blockade of
CD28-B7 and CD40-CD‘1 54 signalling implies the activity of other non-conventional co-
stimulatory molecules. Recently, inducible co-stimulator (ICOS) a distinct, yet
functionally related molecule to CD28, capable of providing the necessary signal 2 for T
cell activation, has been discovered (Hutloff ef al, 1999). It was initially thought that
ICOS played a more prominent role within the co-stimulation of CD4" T cells (Lohning
et al, 2003). However, ICOS-B7H signalling has been shown to be important for CD8' T
cell mediated cytotoxicity against tumour cells in vivo (Liu et al, 2001, Wallin et al,
2001).

Ozkaynak and colleagues examined the impact of ICOS-B7H signalling in a
murine model of acute and chronic cardiac allograft rejection using blocking anti-ICOS
monoclonal anitbodies or ICOS-deficient mice bred onto the C57BL/6 background
(Ozkaynak et al, 2001). They demonstrated that animals treated with CD154 blockade
alone exhibited a profound up-regulation of ICOS by T lymphocytes indicating that co-
stimulation provided through ICOS-B7H signalling might rescue T cell activation
capable of mediating transplant rejection (Ozkaynak et al, 2001). Contrary to initial
reports that ICOS may be expressed mostly by CD4" T cells, the authors found that both
CD4" and CD8" T cell subsets were inhibited by anti-ICOS therapy (Ozkaynak et al,
2001). Interestingly, when ICOS blockade was added to anti-CD154 treatment, acute and
chronic rejection were inhibited within fully mismatched BALB/c cardiac allografts

transplanted into high responder CD57BL/6 recipients (Ozkaynak et al, 2001).
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The co-stimulatory requirements of CD4" and CD8" T cells can be further
distinguished by the importance of the 4-1BB—4-1BB ligand interaction during T cell
activation (Laderach et al, 2002). For instance, the expansion of LCMV virus-specific
CD8" or CD4" T cells is differentially affected in mice respectively lacking 4-1BB ligand
or CD154 (Tan et al, 1999). Shuford et al.demonstrated that signalling through 4 -1BB
preferentially induces the IL-2-independent proliferation of CD8" T cells while also
enhancing CTL activity and the production of interferon-y (Shuford et al, 1997). Later,
Takahashi ef al. demonstrated that 4-1BB stimulation significantly increases the survival
of superantigen-activated CD8" T cells in vivo (Takahashi et al, 1999). The promotion of
CD8" T cell proliferation and survival by 4-1BB stimulation appears to be mediated, at
least in part, through the enhanced expression of Bcl-xL, an anti-apoptotic BCL-2 family
member (Lee ef al, 2002). As described above, the blockade of traditional co-stimulatory
molecules fails to inhibit rejection in high responder strain mice where CD8" T cells are
sufficient to mediate rejection (Trambley ef al, 1999). In an intestinal allograft model
utilizing high responder recipients, blocking the 4-1BB pathway significantly inhibited
rejection mediated by CD8" but not CD4" T cells (Wang et al, 2003). This correlated
with a disruption of priming of allo-specific CD8" T cells, whereas CD4" T cell
activation remained largely intact (Wang et al, 2003). Taken together, these results
indicate that 4-1BB has a crucial role in the generation of effector cytotoxic T
lymphocytes by enhancing their proliferative capacity and survival while supporting a
type 1 cytotoxic T cell (Tcl) phenotype capable of mediating graft rejection (Shuford et

al, 1997).



19

2.2 Cytotoxic T Lymphocyte Effector Mechanisms

Killing activity exerted by cytotoxic T lymphocytes (CTL) against offending
pathogens is integral to the survival of humans and animals alike. Initially it was believed
that membrane damage was sufficient to cause cell death. However, it is now apparent
that the destruction of target cells by CTL is a multifaceted process composed of complex
pathways leading to apoptotic or necrotic cell death (Barry and Bleackley, 2002). This
was first appreciated in experiments where antibody and complement damage was
observed to be restricted to the plasma membrane, while lymphocytes produced a more
general internal disintegration of the target cell, including the nucleus (Russell ef al,
1980). Apoptosis or programmed cell death results from activation of an enzymatic
cascade intrinsic to the cell. It is characterized by preservation of the plasma membrane,
membrane blebbing, condensation of chromatin, and fragmentation of nuclear DNA. This
leads to a ‘silent’ form of cell loss, distinguishing it from the intense inflammatory
response incited by necrotic cell death (Barry and Bleackley, 2002).

It has been established that the two dominant mechanisms of contact-dependent,
lymphocyte-mediated cytotoxicity are the granule-exocytosis and the Fas-Fas ligand
(FasL) pathways (Kagi et al, 1994). Although this interpretation is true in that measurable
CTL activity is mediated almost exclusively by the granule exocytosis and Fas pathways
(Kagi ef al, 1994), emerging experimentation has uncovered other cytotoxic effector
molecules. As such, it may be more useful to consider the two mechanisms as those
initiated by Fas-associated Death Domain (FADD) via a target cell death receptor and

those that require the pore forming protein perforin (Russell and Ley, 2002).
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Experiments using Fas-deficient (Ipr) or FasL-deficient (g/d) mice have
demonstrated that Fas (CD95) is the most physiologically important receptor initiating
death through the recruitment of FADD and caspase 8 (Nagata and Golstein, 1995,
Krammer, 2000). However, other members of the tumour necrosis factor (TNF) receptor
pathway, including tumour necrosis factor-related apoptosis-inducing ligand TRAIL)
receptor, converge on FADD as well (Kuang et al, 2000). Moreover, the granule-
exocytosis pathway represents a series of parallel pathways that involve the delivery, into
the target cell cytoplasm, of several cytotoxic granules including various granzymes and
the more recently described granulysin (Trambas and Griffiths, 2003). Several modes of
entry have been described, but each is dependent on perforin for their eventual liberation
from membrane-bound vesicles, which is an absolute requirement for cytotoxicity to
occur (Trambas and Griffiths, 2003).

Naive or precursor CD8" CTL do not possess a readily available cytotoxic
armamentarium rendering them incapable of target cell killing (Russell and Ley, 2002).
Upon antigen-driven activation, a rapid induction of cytotoxic effector molecules
including granule components and TNF-related ligands confers maximal CTL activity
after several days of stimulation (Russell and Ley, 2002). CTL-target conjugate
formation, based on an antigen-specific TCR-MHC class I and peptide interaction (signal
1), initiates the development of an immunological synapse (Stinchcombe et al, 2001).
This synapse formation is bolstered by adhesion molecules such that the interaction
between LFA-1 and target-derived ICAM-1 provides signal 2 (Lancki et al, 1987). These
two signals lead to triggering, whereby the CTL reorients its cytotoxic effector molecules

contained in vesicles to the region of receptor activation and releases the granule
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components into the intercellular cleft between the killer and the target (Trambas and
Griffiths, 2003).

In the granule-exocytosis pathway of killing, granzymes or granulysin gain entry
into the target cell through poly-perforin pores in the plasma membrane of the target
(Barry and Bleackley, 2002). Alternatively, cytotoxic granules can be internalized by the
cation-independent mannose-6-P receptor (CI-MPR) and subsequently released from
endocytic vesicles by perforin (Russell and Ley, 2002). Once in the cytoplasm, there are
numerous substrates for granzymes to act upon including caspase 3 and the pro-apoptotic
BCL-2 family member BID (BCL-2 interacting domain; Barry and Bleackley, 2002). In
particular, granzyme B is capable of activating the mitochondrial as well as caspase-
dependent pathways of apoptosis (Barry and Bleackley, 2002). More recently, granzyme
B has been shown to cause DNA fragmentation by directly activating apoptotic nucleases
(Thomas et al, 2000). Nonetheless, a crucial role for perforin in this pathway is clear
since CTL from perforin-deficient mice are unable to induce membrane damage or
apoptosis via granule-exocytosis, rendering them susceptible to infection and
tumorigenesis (Kagi et al, 1994, van den Broek et al, 1996). However, CTL activity
against Fas-expressing targets remains fully intact in these mice (Kagi ef al, 1994).

Similarly, the expression of the TNF family of ligands including FasL and TRAIL
requires antigen-driven activation (Russell and Ley, 2002). However, maximal induction
occurs up to two hours after TCR stimulation and the long half-life of ligand on the
surface allows effector cells to continue to display cytotoxic activity in the absence of
TCR stimulation leading to the phenomenon of bystander killing (Wang et al/, 1996). This

pathway appears to be active in all CTL but it is most commonly utilized by CD4" Th1l
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cells (Ju e al, 1994). Thus, CD4" CTL are capable of the promiscuous killing of non-
MHC class II-bearing targets after initial TCR stimulation (Wang ef al, 1996). This could
have important implications in transplant rejection, as relatively few cells express MHC
class II, but once stimulated these CD4" CTL are capable of killing all death receptor-
expressing cells in the vicinity.

In the Fas-FasL pathway, CTL-derived FasL engages the Fas death receptor of the
target leading to a cascade of events involving FADD and caspase 8, depending on the
target cell type (Scaffidi ef al, 1998, Barry and Bleackley, 2002). The cytoplasmic region
of Fas contains a death domain that, upon ligand-induced clustering, forms a binding site
for the adaptor protein FADD. FADD, through its death effector domain, can recruit pro-
caspase 8 to the complex. Receptor-associated procaspase 8 undergoes autocatalytic
activation to caspase 8 (also known as FLICE), which can then cleave and activate
effector caspases 3, 6, and 7 at aspartic acid residues (Barry and Bleackley, 2002).
Activated effector caspases cleave a variety of cellular protein substrates while initiating
endonucleases, leading to DNA fragmentation and apoptotic cell death. Activated caspase
8 can also cleave a small cytosolic protein called BID, enabling BID to bind to
mitochondria and to release cytochrome ¢ into the cytoplasm. Released cytochrome ¢
binds to apoptosis-activating factor 1 (APAF-1), forming a complex (apoptosome) that in
the presence of ATP can bind and promote autocatalytic activation of procaspase 9 (Barry
and Bleackley, 2002). Caspase 9, like caspase 8, can cleave and activate effector
caspases. In some cell types (type 1) sufficient amounts of caspase 8 are activated at the

death-inducing signaling complex (DISC) so as to efficiently initiate apoptosis, whereas
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others (type 2) form less caspase 8 and must use the mitochondrial pathway to amplify the
Fas signal (Scaffidi er al, 1998).

CD8" CTL also produce several cytokines, such as TNF and IFN-y that have
cytotoxic activity when secreted in the vicinity of target cells (Lattime and Stutman,
1992, Ruegg et al, 1998). IFN-y produced by CTL up-regulates the expression of MHC
class I (Gobin et al, 1999) and Fas (Mullbacher et al, 2002) by target cells and may
thereby potentiate direct recognition and contact-dependent killing. For example, IFN-y
has recently been implicated as an indirect effector molecule in the rejection of skin
grafts by CD8" T cells (Valujskikh et al, 2002). However, in these experiments IFN-y
may be exerting its effect by the potentiation of direct recognition and killing of
recipient-derived neo-vasculature, necessary for survival of the skin graft (Valujskikh et
al, 2002). These data implicate cross-primed CTL-derived IFN-y as an important effector
involved in the destruction of tumour neo-vasculature necessary for tumour growth and
subsequent metastasis (Waldmann, 2002). In addition, CD8" T cell-derived IFN-y is
capable of mediating delayed type hypersensitivity (DTH)-like reactions, whereby
macrophages are specifically recruited and activated to exert killing activity (Muller ef al,
1994).

There is emerging evidence of an important regulatory role for IFN-y in CTL-
mediated contact-dependent killing of tumour targets (Lukacher, 2002). Malmberg and
colleagues pre-treated ovarian tumour targets with IFN-y to enhance MHC class 1
expression to boost CTL recognition and killing (Malmberg et al, 2002). Interestingly,
they observed reduced killing activity in these experiments (Malmberg et al, 2002). It

was previously described that CD8" CTL express inhibitory natural killer cell receptors
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(iNKR) such as CD94/NKG2A, which are up-regulated in response to IFN-y (McMahon
and Raulet, 2001). This led to the hypothesis that ligation of iNKR on the CTL, up-
regulated by IFN-y was responsible for the diminished killing activity. Indeed, when
antibodies to CD94 were added to the culture, killing activity was restored (Malmberg et
al, 2002). Moreover, ligation of iNKR, by non-classical MHC class I molecules such as
Qa-1, potently inhibits CTL killing while inducing IFN-y production, further promoting
iNKR expression (Lukacher, 2002). Consistent with this hypothesis is the observation of
enhanced killing activity by CD8" CTL-derived from IFN-y-deficient mice in vitro
(Saleem et al, 1996) and robust acute rejection of cardiac allografts despite co-

stimulatory blockade in vivo (Bishop et al, 2001).

2.3 Acute Rejection

Upon transplantation of a vascularized cardiac allograft, donor dendritic cells
migrate from the graft through the circulation to the spleen (Larsen ef al, 1990). These
professional APCs persist in the spleen for several days and associate primarily with
CD4", but also with CD8" T cells of the host (Larsen et al, 1990). Host T cell recognition
of foreign class I and class I MHC molecules, expressed on donor dendritic cells, leads
to T cell activation and is thought to initiate acute allograft rejection (Larsen et al, 1990,
Lechler er al, 2001). Both CD4" Th cells and CD8" CTL are thought to be involved in
acute allograft rejection by mechanisms involving DTH-like responses and T cell-
mediated cytotoxicity, respectively (Lowry et al, 1983, Mason ef al, 1984, Dengler and

Pober, 2000). The relative importance of CD4" and CD8" T cells in allograft rejection
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remains a contentious issue. Most adoptive transfer and cell depletion experiments
indicate that CD4" Th cells play a dominant role in this process (Hall, 1991). Under most
circumstances, CD4" T cells reject allogeneic tissues irrespective of the presence of CD8"
T cells (Hall, 1991, Shelton et al, 1992, Bishop et al, 1993, Morton et al, 1993), while the
reverse is not always true (Hall 1991, Bishop et al. 1992, Bishop ef al. 1993).

Bishop and colleagues have demonstrated that at early stages following heart
transplantation, CD4" T cells are the dominant T cell subset in the graft (Bishop et al,
1992). However, at later stages CD8" T cells constitute the majority of graft infiltrating
cells. Although graft destruction strongly correlated with CD8" CTL infiltration, this
appears to CD4" T cell-dependent, as depletion of CD4" T cells from recipient mice prior
to transplantation resulted in abrogation of the CD8" infiltrate and prolonged allograft
survival (Bishop et al, 1992). Krieger observed similar results while using a different
mouse strain combination for their transplants (Krieger et al, 1996).

In a later study, Bishop and colleagues showed that treatment with rIL-2 of
transplant recipients depleted of CD4" T cells restored CD8" infiltration, but did not
result in the generation of CTL activity and graft rejection (Bishop et al, 1993). In
addition, depletion of CD8" T cells in this system did not inhibit acute rejection
demonstrating that CD4" T cells were both necessary and sufficient to initiate graft
destruction (Bishop et al, 1993). The authors argued that the development of CTL activity
was dependent on CD4" T cells and that other factors in addition to IL-2 were important
in activation of CTL (Bishop et al, 1993).

In a complimentary line of experimentation, Krieger and colleagues observed

indefinite cardiac allograft survival in CD4-deficient (CD4™") recipients (Krieger et al,
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1996). Moreover, the adoptive transfer of CD4" T cells into CD4”" mice restored the
ability of these mice to acutely reject hearts (Krieger ef al, 1996). Taken together, these
results indicate that CD8" CTL are dispensable for acute rejection and that they require
CD4" T cell help in order to contribute to the rejection process.

One explanation of these findings is that CTL activity is not essential in the
development of acute allograft rejection. Another is that, unconventional pathways of
CTL induction are active in the absence of CD8" T cells, and that these take part in the
rejection process. The significant redundancy of immune effector mechanisms would
suggest that the latter is a serious possibility. For example, transplantation of CD8-
deficient (CD8"") mice with MHC class I-disparate skin grafts leads to prompt rejection
of these grafts (Dalloul e al, 1996). Interestingly, in this model rejection was associated
with the development of a highly lytic population of CD4~ CD8 TCR ap ™™4 (DN) T
cells (Dalloul et al, 1996). Moreover, in vitro studies demonstrated that activation of
CD4" T cells in the absence of CD8" T cells leads to development of CD4" CTL capable
of killing allogeneic targets by the granule-exocytosis pathway (Williams and Engelhard,
1997), normally utilized by CD8" CTL for target cell killing (Kagi et al, 1994, Russell
and Ley, 2002). Recent studies in a rat Small intestinal transplantation model have
confirmed in vivo that depletion of CD8" T cells does not reduce intragraft expression of
granzyme B and perforin (Krams et a/, 1998). In this in vivo model apoptosis of graft
parenchymal cells was not reduced and graft rejection was unimpeded (Krams et al,
1998). These data suggest that in the absence of CD8" T cells other pathways of cytotoxic

activity are induced, which are capable of mediating acute allograft rejection.
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The studies above show that CD8" T cells are not required or even sufficient to
reject grafts. However, this evidence does not rule out the possibility that CDS8" T cells
significantly contribute to the acute rejection of solid organ allografts under normal
conditions. Studies employing the adoptive transfer of previously allo-sensitized CD8" T
cells have demonstrated a significant role for CD8" T cells in acute allograft rejection
(Prowse et al, 1983, Hall et al, 1985). In addition, CD8" T cells have been shown to
mediate rejection of MHC class I mismatched skin grafts independently of CD4" T cells
(Rosenberg et al, 1986). Rosenberg and colleagues utilized high responder strain
C57BL/6 mice as recipients, which contain a population of helper-independent CD8* T
cells capable of providing sufficient IL-2 production for autocrine stimulation leading to
development of CTL in the absence of CD4" T cells (Roopenian ef al, 1983, Andrus et al,
1984). |

It has been appreciated that CD8" CTL, through recognition of donor MHC class
I, are the major effector cell implicated in the destruction of cardiac myocytes in
transplanted hearts (Libby and Zhao, 2003). Indeed, intense apoptosis of cardiac
myocytes has been described in heart allografts undergoing acute rej ecti‘on (Shaddy,
1997). Until recently, it was felt that the activation of CD8" CTL is dependent on CD4"™ T
helper function. Kreisel and colleagues have demonstrated that IFN-y-stimulated mouse
vascular endothelial cells are capable of activating naive CD8" T cells in a B7-dependent
manner in vitro (Kreisel et al, 2002). Moreover, they demonstrated that these CTL had
the ability to produce IFN-y and IL-2 and exhibited an effector CTL phenotype. In a
separate study, these authors demonstrated that vascular endothelial cells are indeed

capable of activating CD8" CTL in vivo leading to the acute rejection of cardiac allografts
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(Kreisel et al, 2002). Similarly, Halamaynd colleagues have shown that 2C tr ansgenic
(H-2L%specific clone) CD8" T cells are suffient to initiate acute cardiac allograft
rejection in the absence of CD4" T cells (Halamay et al, 2002). Again, these 2C mice are
bred onto a C57BL/6 background and exhibit helper-independent proliferative and CTL
responses to the 2C allo-antigen (Halamay et al, 2002). These data clearly implicate a
role for CD8" T cells in the acute rejection process, particularly since CD8" CTL from
humans might exhibit similar helper-independent function (Inaba et al, 1987, Young and
Steinman, 1990).

In humans, the appearance of transcripts for granzyme B and perforin in kidney
(Lipman et al, 1994, Strehlau ef al, 1997) or heart (Legros-Maida et al, 1994) biopsies
strongly correlates with acute rejection episodes. Expression of these markers is reduced
following immunosuppressive therapy (Legros-Maida et al, 1994). Similarly, a
correlation between acute rejection and granzyme A expression was found in biopsies of
human cardiac allografts (Alpert er al, 1995). Wever and colleagues developed
infiltrating cell lines from human renal biopsies, and noted that these CTL use the
granule-exocytosis pathway to kill proximal tubular epithelial cell targets derived from
the corresponding biopsies (Wever et al, 1998). Similar results correlating the expression
of CTL-specific cytotoxic molecules and acute allograft rejection have been obtained in
murine models of transplantation (Chen et al, 1993, McDiarmid ef al, 1995, Chen et al,
1996, Krams et al, 1998). Although acute allograft rejection can occur in the absence of
CTL, identification of CTL effector molecules appears to be a good predictor of allograft

rejection.
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Allograft rejection is thought to be primarily mediated by DTH and cytotoxic T-
lymphocyte activity both of which are dependent on type 1 cytokines (Hall, 1991).
Indeed, type 1 cytokines are often found in grafts undergoing acute rejection (Dallman,
1993). Various pharmacologic interventions such as treatment with cyclosporine A
(Takeuchi et al, 1992), rapamycin (Ferraresso ef al. 1994), anti-CD4 monoclonal
antibody (Takeuchi et al, 1992, Siegling et al, 1994, Mottramet al, 1995 and Binder et
al, 1996), and CTLA-4Ig (Sayegh et al, 1995) result in down-regulation of type 1
immunity yielding prolongation of graft survival.

IFN-y transcription has been consistently detected in cardiac and renal grafts
undergoing acute rejection, and because in some cases long term allograft survival was
associated with decreased IFN-y expression, researchers have proposed that this cytokine
mediates acute allograft rejection (Dallman, 1993). However, some data suggests that the
role of IFN-y in acute rejection may be more complex than was previously thought.
Lakkis and co-workers have shown that IFN-y transcripts persist in long surviving cardiac
allografts in mice treated with CTLA4-1g (Lakkis ef al, 1997). In addition it has been
demonstrated that both IFN-y-deficient (Saleem et al, 1996) and IFN-yR-deficient
(Steiger et al, 1998) mice are capable of acutely rejecting cardiac and islet allografts,
respectively, suggesting that this cytokine is not essential for acute rejection.

Perhaps most surprising were the results obtained by Konieczny and co-workers,
demonstrating that IFN-y-deficient mice fail to accept cardiac and skin allografts
following combined co-stimulatory blockade with CTLA4-Ig and anti-CD154
(Konieczny et al, 1998). Moreover, injection of anti-IFN-y monoclonal antibody into

wildtype allograft recipients undergoing treatment with co-stimulatory blockade led to
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prompt acute allograft rejection, suggesting that IFN-y may be required for tolerance
induction rather than rejection (Konieczny et al, 1998). The mechanisms by which IFN-y
may mediate tolerance are not clear, however it has been suggested that IFN-y could be
involved in the negative regulation allo-reactive T cell expansion (Konieczny ef al. 1998)
and CTL activity (Lukacher, 2002). In support of this are studies demonstrating that the
presence of [FN-y leads to decreased allo-specific T cell proliferation and CTL activity in

response to challenge in vitro (Dalton ef al, 1993, Konieczny et al, 1998, Lukacher,

2002).

2.4 T Lymphocytes in Native Atherosclerosis

The localization of immune cells including macrophages and lymphocytes in
human atherosclerotic lesions has implicated the involvement of innate and adaptive
immunity in the pathogenesis of atherosclerosis (Hansson, 2001). This has prompted
significant interest in the field of inflammation and immunity as they pertain to
atherosclerosis (Binder et al, 2002, Libby, 2002). Consequently, the prevailing view has
become that atherosclerosis is a chronic inflammatory disease induced by a lipid
disturbance at sites of hemodynamic shear stress within the arterial wall, leading to the
induction of an over-exuberant fibroproliferative repair process (Hansson et al, 2002,
Libby, 2002).

T lymphocytes are among the earliest cell types to infiltrate the early fatty streak
lesion of human atherosclerosis (Hansson ef al, 2002). T cell clonal expansion has been

demonstrated in lesions from animal models and humans (Ross, 1999). The exact nature
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of the inciting pathogen(s) in atherosclerosis remain(s) uncertain. Numerous candidate
pathogens have been identified in animal models or as risk factors by epidemiologic
studies (Ross, 1999). The most likely culprit is oxidized forms of LDL (oxLDL)
(Kearney, 2000), but emerging evidence implicating microbial antigens derived from
infectious agents such as Chlamydia pneumoniae have garnered attention recently (Libby,
2002).

Nonetheless, the majority of vessel wall infiltrating T cells express an
effector/memory phenotype and specifically recognize oxLDL (Kearney, 2000, Binder ef
al, 2002, Libby, 2002). Moreover, detection of anti-oxLDL IgG antibodies, distinct from
natural low-avidity germline-encoded IgM antibodies, in atherosclerotic patients and
hypercholesterolemic mice support a role for ox-LDL specific lymphocytes in
atherogenesis (Kearney, 2000). The presence of IgG antibodies in sera derived from
humans and animals with atherosclerosis suggests the activity of T cells in providing the
necessary signals for B cell antibody class switch.

The inhibition of lesion formation in atherogenic mice treated with co-stimulatory
blockade, by interruption of the CD40-CD154 interaction, provides further evidence of an
important role for T cells (Mach et al, 1998). Similarly, Lutgens et al showed a profound
reduction in atherosclerosis in apolipoprotein e-deficient (Apoe” ) CD154-deficient mice
(Lutgens et al, 1999). Moreover, two independent reports showed that delayed treatment
with anti-CD154 blockade was effective in preventing the progression of atherosclerosis
by stabilizing the plaque and potentially preventing clinically significant events related to
rupture (Schénbeck et al, 2000, Lutgens et al, 2000). These data support an important

role for activated T lymphocytes in atherogenesis.
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Most T cells identified in lesions from humans and animal models are CD4"
afTCR" and resemble the Thl lineage through secretion of IFN-y, and IL-2 (Hansson,
2001). Moderate numbers of CD8" Tc1 cells are also present which exhibit cytolytic
activity and antigen-specific secretion of IFN-y (Binder et al, 2002, Gupta et al, 1997).

The elaboration of IFN-y leads to complex cross-talk between T lymphocytes and
macrophages which are ultimately pro-atherogenic. Th2 lymphocytes are found less
frequently in early lesions but become more prominent in advanced lesions and function
to counteract the pro-atherogenic effects of the Thl lineage (Pinderski-Oslund et al,
1999). Th2-derived IL-10 acts to stabilize plaques by decreasing lipid content, and
enhancing the smooth muscle cellular and collagen components of the atheroma (Mallat
et al, 1999). These effects can be primarily attributed to antagonizing the pro-atherogenic
and plaque destabilizing effects of Thl-secreted IFN-y (Gupta ef al, 1997).

Zhou and colleagues more directly assessed the impact of T cells in
atherosclerosis using adoptive cell transfer into immunodeficient chow-fed Apoe” SCID
mice under physiologic levels of lipid stress (Zhou et al, 2000). They observed a marked
reduction in fatty streak lesions in unreconstituted Apoe'/ " SCID mice compared to
controls indicating that T lymphocytes, while not obligatory, do play a major role in
forming the early fatty streak lesion (Zhou e al, 2000). Moreover, the transfer of CD4™ T
cells into Apoe”” SCID hosts resulted in a substantial increase in lesion size which was
accompanied by marked T cell infiltration, IFN-y production and enhanced MHC class II
expression (Zhou et al, 2000). In contrast, other groups performed similar experiments
using immunodeficient mice under conditions of severe lipid stress and observed no

attenuation of disease (Daugherty et al, 1997, Dansky et al, 1997). However, in the
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setting of severe hypercholesterolemia significant activation of innate immunity, by the
engagement of highly conserved pattern recognition receptors by oxidized LDL species,
is sufficient to trigger atherogenesis (Hansson, 2001). Thus, in the presence of severe
lipid stress, far beyond what is observed in humans, atherogenesis appears to be
lymphocyte-independent. Taken together, these data are consistent with the hypothesis
that under physiologically relevant levels of hypercholesterolemia T cell- immunity plays
a major role in atherogenesis.

In addition, T lymphocytes play a major role in the development of plaque
instability and subsequent rupture leading to clinically significant sequelae characterized
by the acute coronary syndrome (Libby et al, 2002). Emerging evidence supports a role
for T lymphocytes and intense pro-inflammatory responses at sites of plaque instability
capable of precipitating myocardial infarction (Van der Wal et al, 1994). T lymphocytes
are but one cell type capable of igniting such intense inflammation by elaboration of the
cytokine IFN-y resulting in recruitment of activated macrophages and other T
lymphocytes (Mach et al, 1999). T-lymphocyte-derived IFN-y incites inflammation,
inhibits smooth muscle cell proliferation while promoting apoptosis, prevents collagen
deposition and enhances the activity of matrix metalloproteinases which ultimately lead
to rupture and tissue factor-mediated thrombosis (Hansson, 2001). A physical disruption
of the atheromatous plaque precipitates thrombus formation in the vast majority of cases
(Davies, 1995). Smooth muscle cells are the primary producer of interstitial collagen that
provides strength to the fibrous cap. Inhibition of smooth muscle cell proliferation and
synthetic capacity renders the fibrous cap vulnerable to rupture and exposes tissue factor

precipitating thrombosis (Libby, 2002). Further, T lymphocyte-derived IFN-y results in
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potentiation of smooth muscle cell apoptosis leading to the formation of a necrotic core
resulting in further instability (Hansson, 2001). These integral players have been found in
abundance in both human plaques and advanced lesions of atherosclerosis prone mice.
Interruption of T cell-derived IFN-y results in greater plaque stability with less frequent
complications associated with plaque rupture (Libby, 2002). Moreover, expression of IL-
10 by Th2 lymphocytes directly opposes the pro-atherogenic effects of IFN-y and further
promotes stabilization of atherosclerotic lesions (Pinderski et al, 2002). Thus, while not
necessary for plaque initiation under conditions of severe lipid stress, activated T
lymphocytes play a major role in the development of clinically significant atherosclerosis

characterized by myocardial infarction and sudden cardiac death.

2.5 Allograft Vasculopathy

The median survival of heart transplants performed in Canada is 8 to 9 years
(Légaré et al, 1999). Heart transplant recipients are treated with combination
immunosuppressive therapy which ablates acute rejection thereby prolonging graft
survival. However, late graft failure primarily due to chronic allograft rejection has
emerged as a major problem in clinical heart transplantation (Hosenpud et al, 2001). The
most common and intractable pathological presentation of chronic rejection in cardiac
transplants is a concentric intimal proliferative response within the arteries of
transplanted organs termed allograft vasculopathy (AV). AV bears many similarities to
native atherosclerosis in terms of its pathophysiology; however patients with AV have no

symptoms of angina pectoris (Uretsky ef al, 1992). When present, AV often progresses
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rapidly leading to ventricular arrhythmias, silent myocardial infarction, congestive heart
failure and sudden death (Uretsky et al, 1992). Currently, there is no effective therapy
capable of limiting the mortality and morbidity associated with AV. Conventional
revascularization strategies are ineffective because of the diffuse nature of the disease and
re-transplantation is marred by poor results while also compounding the already critical
problem of organ shortage (von Scheidt W, 2000).

The two most widely used and well characterized animal models of AV are the
murine heterotopic heart transplant (Corry et al, 1974) and aortic interposition allograft
(Koulack ef al, 1995). In the first model, a donor heart is transplanted heterotopically into
the abdomen of the recipient such that the heart receives modified perfusion from the
abdominal aorta and venous drainage via the vena cava. Anastamosis of the donor and
recipient aortae provides coronary perfusion to the graft myocardium, while venous
outflow is achieved by anastamosis of the donor pulmonary artery to the recipient inferior
vena cava. In this regard, the left ventricle is rendered non-functional and remains empty
throughout the cardiac cycle. This represents a substantial deviation from the normal
functional characteristics of human cardiac allografts and might have profound
implications on the pathophysiology of AV observed in this model. Similar to human
transplantation, the murine cardiac allograft requires some form of immunosuppressive
therapy to prevent acute rejection prior to the development of AV within the coronary
arteries which forms many weeks later.

In the second model, a short segment of abdominal aorta is interposed
orthotopically into the abdominal aorta of the recipient, where it develops AV in

histoincompatible strain combinations (Koulack ez a/, 1995). The aortic interposition
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graft model lacks the parenchyma of a heart allograft and as such does not require
immunosuppression in order to prolong graft survival sufficiently to form AV. For this
reason, this model has come under intense scrutiny because some feel it does not
adequately represent the pathophysiology of AV occurring within whole organ
transplants (Pober, 2002). However, this model has several advantages including its
consistency and the ease of quantifying lesion formation. Moreover, Ensminger ef al have
shown that the degree of intimal hyperplasia is highly concordant between aortic
allografts and whole organ transplants in a combined heterotopic heart and aortic
allograft model (Ensminger et al, 2000). A similar correlation was found in allograft
aortas and coronary arteries of human transplants undergoing AV (Mehra et al, 1997).
Furthermore, we (Légaré ef al, 2001, Johnson et g/, 2002) and others (Hillebrands et al,
2001) have found that immunosuppression using cyclosporine A, which ameliorates acute
rejection in this model, does not affect the generation of AV. In fact, data from both
immunosuppressed (Hillebrands et al, 2001, Johnson et al, 2002) and non-
immunosuppressed (Shimizu ef al, 2001, Johnson et al, 2002) animal models including
aortic allografts (Shimizu ef al, 2001, Hillebrands et al, 2001, Johnson et al, 2002) and
whole organ transplants (Shimizu et al, 2001, Hillebrands et al, 2001, Saiura et al, 2001)
have conclusively demonstrated that recipient-derived cells form the neointimal lesion
(Skaro ef al, 2002). These observations using the aortic allograft model have been pivotal
in revising the previously accepted hypothesis regarding the etiology of AV.

In arterial allografts, AV is characterized by a chronic perivascular infiltrate
present in the adventitia of the vessel wall (Plissonnier ef al, 1995). Immunocytochemical

analysis of these allografts reveals that these cells are predominantly monocytes as well
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as CD4" and CD8" T lymphocytes (Plissonnier ef al, 1995). Another striking feature of
AV is the gradual disappearance of vascular smooth muscle cells from the medial
compartment (Mennander et al, 1991, Adams et al, 1992, Hirsch et al, 1998) with a
concurrent CD8" T cell infiltration (Plissonnier ef al, 1995). Perhaps the most clinically
relevant pathologic feature of AV is a progressive intimal hyperplasia which becomes
occlusive over time eventually leading to ischemic graft failure (Libby and Pober, 2001).
While the intimal lesion is a hallmark of AV, inward vessel remodelling may also play a
role in the hemodynamic compromise of AV (Pethig et al, 1998, Pasterkamp et al, 2000).
However, the clinical significance of inward vessel remodelling remains to be formally
evaluated in human transplants.

The pathogenesis of AV combines immune and non-immune driving forces
activating a complex cascade of injurious events in the graft arterial tree leading to
uncontrolled vascular remodelling characterized by progressive lumenal narrowing.
Concomitant parenchymal fibrosis occurs in response to ischemia due to lumen loss and
restricted perfusion (Libby and Pober, 2001). Immunological factors implicated in AV
include the degree of histoincompatibility and the number of acute rejection episodes |
(Libby and Pober, 2001). Non-immunogenic risk factors for the development of AV
include ischemia-reperfusion, serum cholesterol and age of the donor and recipient
(Johnson, 1992). Ischemic injury during organ procurement and transplantation has been
identified as a particularly important factor (Gaudin et a/, 1994). Gaudin et al, for
example, showed that perioperative ischemic injury predicts the development of AV in

humans (Gaudin et a/, 1994). Since prolonged ischemic time enhances the development
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of AV in allografts but not syngeneic grafts, ischemic injury by itself is not sufficient to
induce AV (Knight et al, 1997).

AV is clearly an immunological phenomenon in that inbred animals receiving
syngeneic transplants exhibit neither intimal hyperplasia nor medial smooth muscle cell
loss (Mennander ef al, 1993). Moreover, allo-sensitization by the administration of donor
type splenocytes prior to allo-transplantation profoundly accelerates the development of
AV (Kolb ef al, 1996). Studies involving the interruption of T cell function including
gene knockout strategies, antibody depletion, and inhibition of T cell activation by co-
stimulatory blockade have all demonstrated the importance of cell-mediated immune
responses in the development of AV (Shi et al, 1996, Larsen et al, 1996, Allan et al,
1997, Ensminger et al, 2000, Ensminger ef al, 2002, Szeto et al, 2002, Yamada A et al,
2003). The role of humoral responses remains unclear with the evidence to date
suggesting that allo-antibody is not required (Chow et al, 1996), but nonetheless capable
of inducing AV (Russell et al, 1994, Russell et al, 1997, Hancock et al, 1998).

AV, like acute rejection, is a T lymphocyte-dependent process where allo-reactive
T cells target the graft vasculature triggering abnormal repair and remodelling responses
within the vessel wall (Hall, 1991, Ensminger et al, 2002). The relative contribution of
the T cell subsets in eliciting AV remains a controversial issue. The majority of evidence
supports a dominant role for CD4" T cells in the generation of AV (Shi et al, 1996,
Ensminger et al, 2002, Yamada et al, 2003). Shi and colleagues demonstrated that CD4™
recipients of carotid allografts do not develop AV, whereas intimal lesion formation
occurs unhindered in CD8”" recipients (Shi et al, 1996). Similarly, Ensminger and

colleagues showed that reconstitution of T cell-deficient athymic nude or recombinase-
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activating gene knockout mice, which lack T cells and B cells, with CD4" but not CD§" T
cells led to the generation of AV in MHC class I-mismatched aortic allografts (Ensminger
et al, 2002). AV generated by these CD4" T cells must be occurring through the indirect
allo-recognition pathway (Ensminger et al, 2002). Similarly, Yamada and colleagues
demonstrated that long surviving MHC class II-deficient cardiac allografts from
recipients depleted of CD8" T cells developed AV also via cross-primed CD4" T cells
(Yamada et al, 2003). Taken together, these data suggest that CD4" T cells are necessary
for the development of AV while also implicating CD4" T cells primed by the indirect
allo-recognition pathway in the rejection process.

More recently, it has been suggested that AV may be less dependent than acute
rejection on T helper function (Han ef al, 2000). Han and colleagues, using anti-CD4
antibody transgenic mice as recipients, which are completely devoid of CD4" T cells by
endogenous depletion, showed that fully mismatched cardiac allografts developed AV
mediated by infiltrating CD8" T cells (Han et al, 2000). The CD8" T cells from these
high responder strain C57BL/6 background mice have been previously shown to be
helper-independent (Roopenian et al, 1983, Andrus et al, 1984), presumably allowing
their activation and effector function capable of generating AV (Han et al, 2000). This
fully disparate model of AV more closely approximates human AV, since human cardiac
transplantation is performed across a complete MHC mismatch. Other models of AV
employing variable degrees of histoincompatibility are artificial and preferentially elicit
the allo-reactivity of a particular T cell subset.

Allan and co-workers, using an MHC class I mismatched inbred miniature swine

cardiac allograft model demonstrated that anti-CD8 monoclonal antibody therapy in
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addition to CyA was effective in ameliorating AV (Allan et al, 1997). Animals treated
with CyA alone developed florid AV in association with an intense CD8" T cell
infiltration of the graft (Allan et al, 1997). Moreover, there is anecdotal evidence
suggesting that effector CTL are resistant to cyclosporine A (Horsburgh et al, 1980,
Bishop et al, 1992, Bujan et al, 2001, Hruban ef al, 1990, Libby and Pober, 2001),
potentially implicating these cells in the failure of current calcineurin inhibitor-based

pharmacotherapy.

2.5.1 Inmunosuppression and AV

Given that acute (Hall, 1991, Yamada ef a/, 2003) and chronic rejection (Hall,
1991, Ensminger et al, 2002) are both dependent on T cell function and that the
prevailing belief is that the CD4" T cell subset plays the dominant role (Hall, 1991,
Ensminger et al, 2002, Yamada A et al, 2003), current immunosuppressive drugs have
been tailored to address the activation, cytokine production, and proliferation of these
cells. Most of these drugs are small organic compounds originally isolated from
microorganisms and later shown to possess immunosuppressant properties. The
remainder were specifically engineered and organically synthesized to exploit different
targets within the pathways of T cell activation and effector function (Denton et al, 1999,
Libby and Pober, 2001). Each of these drugs has discrete modes of action which serve to
inhibit the immune response to the transplanted organ. However, they also produce toxic
side-effects, not the least of which is non-specific immunosuppression, which limits their

effective use in clinical transplantation (Denton e? al, 1999).
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Multi-drug regimens were developed to minimize toxicity while maintaining a
sufficient level of immunosuppression to prevent acute rejection (Denton ef al, 1999, von
Scheidt W, 2000). Most transplant centers currently use combination
immunopharmacotherapy which includes the use of a calcineurin inhibitor (cyclosporine
A or tacrolimus), anti-proliferative agent (azathioprine or mycophenolate mofetil) and
corticosteroids. The overall level of immunosuppression is closely monitored to minimize
the complications of infection and post-transplant lymphoproliferative disease. Despite
the use of multiple drugs with complementary modes of action (Nair et al, 1995), sparing
of certain resistant effector limbs of the immune system capable of generating AV has
become apparent.

The calcineurin inhibitors cyclosporine A (CyA) and tacrolimus (FK-506) are the
foundation of current immunosuppressive regimens in clinical transplantation. After
binding their respective immunophilin receptors (cyclophilin and FK-binding protein 12),
the resulting complex inhibits the enzyme calcineurin which is necessary for IL-2 gene
transcription. Interruption of this positive signal for T cell activation potently suppresses
the cell-mediated immunity responsible for acute rejection (Jamieson et al, 1979, Légaré
et al, 2001). Despite this beneficial effect, CyA in particular has been implicated in
augmenting AV in a rat aortic allograft model (Mennander et al, 1991). It has been
postulated that this occurs through cyclosporine A-induced up-regulation of the pro-
fibrogenic cytokine transforming growth factor (TGF)-B (Shin et al, 1998) Parenchymal
fibrosis within renal allografts receiving long-term CyA therapy has also been described
and might occur through a similar pathway (Bennett et al, 1996). However, no such

mechanism has been implicated with the use of Tacrolimus (van Riemsdijk et al, 2002)
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and despite further improvement in the rates of acute rejection, AV still occurs largely
unimpeded (Crespo-Leiro ef al, 2002).

More recently, another report has refuted the claim that CyA exacerbates AV
using a minor mismatched (Lewis to Fisher 344) rat heart allograft model (Richter et al,
2002). In their study, treatment with 12 mg/kg/d CyA resulted in mild attenuation of AV,
while no difference from control animals was observed in the 3 mg/kg/d CyA-treated
animals (Richter ef al, 2002). Interestingly, the 12 mg/kg/d CyA treated animals
exhibited drug levels in excess of 2200 ng/ml which is 4-fold greater than those permitted
in humans and is certain to result in nephrotoxicity in the clinical setting (Richter ef al,
2002). Despite this, neither group of CyA-treated animals experienced an exacerbation in
the degree of AV indicating that CyA, even at doses toxic to humans, does not promote
the development of AV (Richter et al, 2002).

Another important implication in the failure of calcineurin inhibitor-based
immunosuppression is the emerging sentiment that certain effector limbs of the immune
response are resistant and thus spared from immunosuppression (Libby and Pober, 2001).
The importance of these subsets of T cells might be overlooked in animal models of
allograft vasculopathy where immunosuppression is not commonly employed (Ensminger
et al, 2002, Yamada et al, 2003). Indeed, CD8-dependent mechanisms may play a
dominant role in clinical transplantation where CD4" T cell function is substantially
inhibited by current calcineurin-inhibitor based immunosuppressive regimens (Horsburgh
et al, 1980, Hruban et al, 1990, Bujan ef al, 2001, Bishop et al, 1992).

Horsburgh and co-workers first identified a CyA-resistant population of CTL over

twenty years ago (Horsburgh ef al/, 1980). Later, Hruban and colleagues observed in
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human cardiac allografts undergoing AV that predominantly CD8" T cells infiltrated
these grafts despite the calcineurin inhibitor-based immunosuppression their patients
received (Hruban et al, 1990). Those allografts with no AV specifically lacked this CD8"
T cell-associated endothelialitis leading the authors to speculate that AV is the result of
CTL immune responses directed against the endothelium despite immunosuppression
(Hruban et al, 1990). Bujan et al observed in the Lewis to Fisher 344 heart allograft
model that AV was associated with the infiltration of ED1" macrophages and CD8" T
lymphocytes despite daily treatment of 5 mg/kg of CyA (Bujan et al, 2001). This is in
striking contrast to non-immunosuppressed animals where allografts undergoing AV
show CD4" and CD8" T cell infiltration (Plissonnier ef al, 1995, Ensminger et al, 2002,
and our unpublished observations). Furthermore, when Bishop and colleagues examined
the draining lymph nodes of sponge allograft recipients treated with calcineurin
inhibitors, particularly those animals treated with CyA, they found that most if not all
primed T cells were of the CD8" subset (Bishop et al, 1992). This anecdotal evidence
supports the hypothesis that CD4" and CD8" T cells exhibit differential susceptibility to
calcineurin inhibitors with CD8" T effector function being relatively resistant to this
commonly used immunosuppressive agent.

Interestingly, there are many recent reports of a subset of CD8" T cells from high
responder strain mice and humans (Inaba et a/, 1987, Young and Steinman, 1990) which
are IL-2 independent (Li et al, 2001, Jones et al, 2002, Weng et al, 2002). IL-15 may act
as a rescue cytokine which promotes attainment and proliferation of the memory
phenotype; whereas in certain circumstances IL-2 acts to limit the proliferation of

memory CD8" T cells (Ku et al, 2000). Responsiveness to these T cell growth factors by
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CD8" T cells still relies upon strong TCR signalling, which is undoubtedly provided by
the robust stimulation encountered in response to allo-antigen (Gett ef al, 2003). This lack
of dependence on IL-2 signalling for activation and proliferation of CD8" T cells in lieu
of other growth promoting cytokines such as IL-15 would predict that CDS8" T cells are
resistant to calcineurin inhibitors. However, this question has not been directly addressed
in a transplant model of AV.

Rapamycin is produced by Streptomyces hygroscopicus and was first isolated
from soil samples retrieved from Easter Island. It is a macrolide antibiotic with potent
anti-fungal activity and later found to be structurally very similar to FK-506 (Sigal and
Dumont, 1992, Ghosh et al, 2002). This similarity prompted its evaluation as an
immunosuppressant. Although both FK-506 and rapamycin bind to the same intracellular
immunophilin receptor FKBP12, their mechanisms of action significantly diverge as the
rapamycin-FKBP12 complex inhibits the serine-threonine kinase mamatian target of
rapamycin (mTOR) (Brown et al, 1994). This results in a G1 arrest of many cell types
including T cells, largely through inhibition of down-stream IL-2 signalling. However,
interruption of IL-2 signalling occurs down-stream of IL-2 receptor signal transduction
termed signal 3, such that the permissive signal for AICD is maintained despite
rapamycin treatment (Li ef al, 1999). Thus, from the point of view of the establishment of
peripheral tolerance through co-stimulatory blockade, rapamycin does not break tolerance
by maintaining the necessary proximal IL-2 signal which promotes AICD (Li ef al,

1999).
Another advantage to rapamycin is the avoidance of significant nephrotoxicity as

a result of calcineurin inhibitor-mediated inhibition of nitric oxide synthase (Attur ef al,
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2000) which is essential for autoregulatory functions governing renal perfusion (Baylis
and Qiu, 1996). Most importantly, the well described antiproliferative effects of
rapamycin on various cell types including endothelium and vascular smooth muscle cells
would intuitively be favourable in the prevention of AV (Marx et al, 1995, Mohacsi et al,
1997). Many immunosuppressant drugs including CyA, FK506, leflunomide and
mycophenolate mofetil exhibit varying degrees of inhibitory effects on the proliferation

- of rat and human endothelium and smooth muscle cells, but this occurs mostly at or near
toxic levels of these drugs (Mohacsi et al, 1997). In contrast, rapamycin exhibits the most
profound antiproliferative effects well within the therapeutic range of the drug effectively
avoiding major side-effects and toxicity (Mohacsi et al, 1997).

Morris and Billingham first showed the efficacy of rapamycin in preventing AV
within a rat cardiac allograft model (Meiser et al, 1991). Since then, rapamycin has been
shown to prevent chronic rejection of heart, renal, and small bowel allografts in various
small animal (Schmid et al, 1995, Murphy et al, 2003) and nonhuman primate models
(Tkonen et al, 2000). Moreover, rapamycin has been shown to not only inhibit but also
reverse the development of AV in rat (Poston ef al, 1999, Gregory et al, 1993) and non-
human primate models (Ikonen et al, 2000) of AV.

Interestingly, Slavik ef al have identified a subset of CD8" T cells from human
individuals which are resistant to the antiproliferative effects of rapamycin (Slavik et al,
2001). They showed that when rapamycin is co-cultured with either freshly purified
human CD8" T cells or CD8" T cell clones that proliferation still occurs. This
proliferative response was highly dependent on the strength of the TCR signal and the

presence of co-stimulation, as they could inhibit the proliferation of this specific subset of
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rapamycin-resistant CD8" T cells by adding suboptimal concentrations of antigen or anti-
CD3 and anti-CD28 (Slavik et al, 2001). Moreover, they could similarly inhibit this
proliferative response through the addition of anti-IL2 monoclonal antibody indicating
that this rapamycin-resistant CD8" T cell subset was dependent on IL-2 and not IL-15.
Another group performed similar experiments using human CD8" T cells and found that
neither CyA nor rapamycin were able to completely inhibit the proliferative responses of
these cells (Combates ef al, 1995). When rapamycin and CyA were used in combination
there was a synergistic inhibition of CD8" T cell proliferation indicating that together
these two drugs might more adequately address the expansion of allo-reactive CD8" T
cells in vitro (Combates et al, 1995). However, it is important to point out that in their
experiments, Combates and colleagues used a drug concentration of rapamycin which
was well within the level that would be expected in vivo without causing toxicity. In
contrast, the CyA used in these experiments was well above acceptable levels observed in
human cardiac transplantation (Combates ef al, 1995). This level is more than 2-fold what
is clinically permissible again bringing into question the ability of calcineurin inhibitors
to block CD8" T cell activity within its non-toxic range. It would have been interesting to
note whether the activity of these CD8" T cells could have been rescued by the addition
of the exogenous T cell growth factors IL-2, IL4, or IL-15. Sources of these cytokines are
plentiful in the context of allo-transplantation i# vive and would most certainly determine
the failure of immunosuppressive drug regimens using rapamycin. Nonetheless,
rapamycin seems to more adequately address the function and activity of CD8" T cells

and is likely to be more ideally suited for the prevention of AV. The functional
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significance of rapamycin-resistant CD8" T cells will have to be further elucidated as we

await the results of long-term studies using rapamycin in clinical transplantation.

2.5.2 Type 1 Cytokines in Allograft Vasculopathy

Upon activation, T cells differentiate into multiple lineages of T helper cells (Thl,
Th2, Th3 and maybe others) based on the cytokine milieu in which activation occurs
resulting in distinct cytokine secretion profiles (Mosmann ef al., 1986). In the presence of
IL-12 and IFN-y, Th1 cells develop and secrete IL-2, TNF-B, and IFN-y, whereas IL-4
yields Th2 cells which produce IL4, IL6, IL-10 and IL-13 (Mosmann et al., 1986). These
distinct subsets of CD4" T helper cells lead to dissimilar immune responses. Th1 cells are
generally involved in protective immunity against bacterial and viral pathogens as well as
autoimmunity, whereas Th2 responses are implicated in allergy and atopic disease
(Heinzel et al., 1989). CD8" T cells were later demonstrated to exhibit similar cytokine
secretion profiles as differentiating T helper cells allowing there classification into type 1
and 2 cytotoxic T cells (Tcl and Tc2) (Li et al, 1997).

Type 1 immune responses play a major role in the development of various acute
and chronic inflammatory diseases including multiple sclerosis (MS; Horwitz ef al,
1997). In a murine model of MS (experimental allergic encephalomyelitis), treatment
with agents which inhibit IFN-y release, such as the 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor atorvastatin, led to significant inhibition of
IFN-y production by both Th1 and Tc1 cells and remission of neurologic disease

(Youssef et al., 2002). As mentioned above, the type 1 cytokine interferon-y has been
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strongly implicated in the development of native atherosclerosis, particularly in the
potentiation of plaque instability and the genesis of acute coronary syndromes (Gupta et
al, 1997). Similarly, IFN-y is involved in the development of AV (Russell et al, 1994,
Raisanen-Sokolowski et al, 1997, Nagano et al, 1997, Raisanen-Sokolowski et al, 1998,
Nagano et al, 1998). In wildtype mouse heart transplant recipients, AV was markedly
attenuated after the administration of neutralizing anti-IFN-y antibodies (Russell ez al,
1994). Using an IFN-y gene knockout strategy, two independent groups demonstrated
that TFN-y-deficient recipients develop little or no intimal hyperplasia, emphasizing the
importance of IFN-y in the development of AV (Raisanen-Sokolowski et al, 1997,
Nagano ef al, 1997, Raisanen-Sokolowski et al, 1998, Nagano et al, 1998). Furthermore,
therapies such as HMG-CoA reductase inhibitors and angiotensin II receptor 1 (AT-1)
blockers which cause immune deviation to type 2 responses, thereby limiting IFN-y
production, exhibit some efficacy in attenuating AV (Kobashigawa et al, 1995, Richter et
al, 2000). These data from animal models and humans support an important role for IFN-
v in the development of AV.

Interestingly, Nagano and colleagues observed significant parenchymal rejection,
presumably due to residual acute responses, in hearts from IFN-y-deficient recipients
which exhibited no AV (Nagano et al, 1997). Similarly, others have demonstrated that
acute cardiac allograft rejection proceeds normally in IFN-y-deficient mice (Saleem et al,
1996, Zand et al, 2000). In fact, Halloran and colleagues have shown that [FN-y may
have an early protective effect on murine cardiac and renal allografts by preventing

immune-mediated collapse of the graft microcirculation leading to early necrosis

(Halloran et al, 2001). Thus IFN-y has diverse and potentially contradictory effects on
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organ allograft survival, acting both on the immune system and on the graft itself, the net
effect depending on the time post-transplant (Konieczny et al, 1998, Halloran et al,
2001). These data also suggest IFN-y-dependent effectors are obligatory for the
generation of AV, yet non-essential in the development of acute parenchymal rejection
and imply distinct mechanisms for these pathologies.

Tellides and colleagues later showed that IFN-y treatment of immunodeficient
SCID-beige mouse recipients of human or pig vessel allografts leads to the development
of AV (Tellides et al, 2000). The authors claimed that IFN-y is species-specific in its
ability to elicit responses such that only pig cells will respond to pig IFN y and human
IFN-y only stimulates human cells (Tellides et al, 2000). This would predict donor origin
of the lesion cells in their experiments, as only the graft itself is able to respond to the
IFN-y (Tellides et al, 2000). However, this is in direct conflict with emerging evidence
from our lab (Johnson et al, 2002, reviewed in Skaro et al, 2002) and others (Hillebrands
et al, 2001, Saiura et al, 2001, Shimizu et al, 2001) indicating that the lesion cells of AV
are recipient-derived.

Moreover, Tellides and colleagues further theorized that IFN-y led to the up-
regulation of platelet derived growth factor (PDGF)-B receptors and thus potentiated
smooth muscle cell mitogenesis exerted by PDGF (Tellides et al, 2000). However, other
groups have demonstrated that IFN-y exerts a negative effect on smooth muscle cell
proliferation (Nunokawa and Tanaka, 1992, Shimokado et al, 1994). Nonetheless, these
data imply a pivotal role for IFN-y in the generation of AV. It remains to be elucidated

whether IFN-y is involved in the cytolytic cell-induced apoptosis of vascular wall
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components or the recruitment of leukocytes and potentially lesion cells through the

induction of IFN-y-inducible chemokines.

2.5.3 Type 2 Cytokines in AV

As mentioned above, immune deviation from type 1 to type 2 mediated responses
by drugs such as HMG-CoA reductase inhibitors and AT-1 receptor antagonists results in
attenuation of AV. Several groups have evaluated the role of type 2 cytokines in AV
foresceing a potentially protective role for the anti-inflammatory cytokines IL-10 and
TGF-B (Koglin ef al, 1998, Furukawa et al, 1999, de Groot-Kruseman et al, 1999, Koglin
et al, 2000). Furukawa and colleagues examined the role of IL-10 in the development of
AV using a MHC class [I-mismatch murine cardiac allograft model (Furukawa et al,
1999). Interestingly, they observed exaggerated AV mediated by increased numbers of
graft infiltrating CD8" CTL in animals treated with exogenous IL-10 (Furukawa et al,
1999). This is counterintuitive given that AV is mediated preferentially by a type 1
cytokine response (Raisanen-Sokolowski A et al, 1997, Koglin et al, 2000) and that IL-
10 would naturally antagonize this effect. Moreover, in this MHC II disparate model
activation of CD8" T cells would require indirect presentation (cross-priming) in order
for effector CTL to develop. However, IL-10 has been previously described to exert
potent chemoattractant activity for human CD8" T cells i vitro (Jinquan et al, 1993). In
addition, IL-10 promotes the differentiation of CD8" T cells into effector CTL (Chen and
Zlotnik, 1991) capable of direct cytolysis as well as mediating DTH (Li et al, 1997).

Thus, it is conceivable that CD8" T cells recruited and stimulated in response to IL-10 are
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mediating AV in this model (Furukawa et al., 1999). Not surprisingly, neutralizing IL-10
antibody had no impact on the development of AV in the class II disparate model, which
appeared to be mediated in large part by infiltrating Th1 cells (Furukawa et al, 1999).
Therefore, while AV seems to be Th1l dominated, immune deviation through
administration of IL-10 is not beneficial and might in fact be detrimental to the allograft.

Koglin and colleagues evaluated the role of TGF-f in the development of AV
(Koglin et al, 1998). They found that C57BL/6 TGF-B; knockout recipients of fully
mismatched CBA cardiac allografts developed more severe AV than wildtype control
mice (Koglin et al, 1998). They also found up-regulation of STAT4, IFN-y and IL-2
expressed by graft infiltrating T lymphocytes, whereas type 2 cytokine levels were
unchanged (Koglin et a/, 1998). These data are more in keeping with the anti-
inflammatory properties of TGF-. This suggests that TGF-B,, when present, antagonizes
type 1 responses and acts to attenuate AV. However, TGF-f has also been shown to have
pro-fibrogenic effects under certain circumstances (Workalemahu et al, 2003). Indeed,
TGF-B production in response to calcineurin inhibitor-induced nephrotoxicity has been
observed in chronic allograft nephropathy (Khanna et al, 2002). Alternatively, one might
foresee the beneficial effects of TGF-f on the induction of T regulatory cells which
would serve to dampen allo-reactive T cells and inhibit responses leading to AV
(Cobbold et al, 2003).

Koglin and colleagues studied the impact of immune deviation on the
development of AV using STAT4 and STAT6 deficient mice (Koglin et al, 2000).
STAT6” mice showed no change in the magnitude of AV indicating that type 2

immunity is dispensable for lesion development (Koglin ez al, 2000). However, STAT4”
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recipients exhibited marked mitigation of AV indicating that type 1 responses are
dominant in the pathogenesis of AV (Koglin et al, 2000). However, in the absence of
STAT4 signalling AV still develops (Koglin et al, 2000). This data would suggest that
residual type 1 immunity and/or type 2 responses are capable of mediating AV in this
situation. It is possible that type 2 cytokines lead to the recruitment of effector cells such
as eosinophils which are capable of damaging the allograft leading to the abnormal repair

and remodelling processes implicated in the development of AV (Nolan et al, 1995).

2.5.4 Interferon-y-inducible Chemokines in AV

The importance of chemokines and chemokines receptors in the recruitment and
infiltration of allografts by leukocytes leading to rejection has been a focus of intense
research (Hancock, 2002). An attractive strategy in the prevention of acute and chronic
rejection of organ allografts has been to interrupt the signals mediated by chemokines
derived from inflamed tissues with their cognate chemokine receptors on infiltrating
leukocytes. There are a myriad of chemokine-chemokine receptor pairs each with a
distinct role in various types of immune responses (Hancock, 2002). Some of these
chemokine receptors are quite promiscuous and bind multiple chemokines further
complicating the issue (Hancock, 2002). However, amid the vast array of these molecules
the CXCR3 chemokine receptor has been shown to be important in the infiltration of Thl
and Tcl cells into inflamed tissues (Nakajima et al, 2002). Interestingly, CXCR3

recognizes a family of three interferon-y inducible chemokines which include IFN-y-

inducible protein of 10 kD (IP-10), monokine induced by IFN-y (MIG) and interferon-
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inducible T cell o chemoattractant (I-TAC) (Nelson and Krensky, 2001, Hancock, 2002).

Given the established importance of IFN-y in the development of AV, the involvement of
the CXCR3-binding chemokines has become an attractive area of study.

It has been theorized that the important role of IFN-y is exerted through the
release of this family of chemokines resulting in the recruitment of leukocytes which act
to damage the graft (Nelson and Krensky, 2001, Hancock, 2002). Alternatively, these
chemokines might be involved in the recruitment of recipient-derived lesion forming cells
(o-actin” smooth muscle-like cells) from the circulation to the subendothelial space. In
support of this, Wang and colleagues demonstrated that IP-10 is a potent mitogenic and
chemotactic factor for vascular smooth musclé cells in vitro (Wang et al, 1996).
Moreover, IP-10 mRNA was up-regulated when smooth muscle cells were challenged ix
vitro with either IFN-y or IL-1B (Wang et al, 1996). Similarly, enhanced expression of
IP-10 mRNA is observed in rat carotid artery after injury mediated by balloon
angioplasty (Wang et al, 1996). However, this latter hypothesis remains to be directly
evaluated in humans or animal models of transplantation.

Hancock’s group first examined the role of CXCR3 in the development of acute
and chronic rejection within cardiac allografts using CXCR3-deficient mice (Hancock et
al, 2000). They found that CyA-treated (10 mg/kg/d) CXC3” mice exhibited permanent
engraftment of fully mismatched cardiac allografts with no histologic evidence of AV
(Hancock et al, 2000). It is important to note that this dose of CyA was only able to
prolong graft survival by 3 d in wildtype recipients (Hancock et al, 2000). They found a
significantly reduced number of infiltrating T lymphocytes (CD4" and CD8") and

macrophages in allografts from CXCR3™ mice (Hancock ef al, 2000). Similarly, they
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found that anti-CXCR3 monoclonal antibody was able to indefinitely prolong allograft
survival in CyA-treated wildtype mice even if started after the onset of rejection
(Hancock et al, 2000). Rejection in wildtype mice was associated with a profound
increase in the expression of IFN-y, IP-10, I-TAC and MIG (Hancock et al, 2000). These
data would indicate that CXCR3 and its family of chemokines are important in the
recruitment and activation of allo-reactive T lymphocytes capable of mediating acute and
chronic allograft rejection.

Yun and colleagues examined the role of MIG in the development of AV using a
murine cardiac allograft model with an isolated MHC II mismatch (Yun et a/, 2002).
They found that macrophage derived MIG was important in the recruitment of CD4" T
lymphocytes during the development of AV (Yun et al, 2002). When MIG was
neutralized using a monoclonal antibody there was a significant reduction in intimal
thickening (Yun et al, 2002). Moreover, the presence of CD4" T cells was necessary for
sustained macrophage production of MIG (Yun et al, 2002). This would imply some sort
of positive feedback loop, whereby CD4" T cells provide the source of IFN-y leading to
macrophage production of MIG and further recruitment of CD4" T lymphocytes. It is not
surprising that CD8" T lymphocytes play a less profound role under the experimental
conditions of an isolated MHC II mismatch. However, CD8" T lymphocytes can also
mediate DTH-like immune responses and under certain circumstances are a plentiful
source of IFN-y (Stinn et al, 1998).

Recently, Zhao and colleagues evaluated a subset of their cardiac transplant
patients and found a positive correlation between the expression of CXCR3-binding

chemokines and AV (Zhao et al, 2002). Only allograft hearts contained mRNA for
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CXCR3-binding chemokines while normal hearts did not (Zhao ef al, 2002).
Furthermore, they observed a persistent elevation of IP-10 and ITAC, whereas
macrophage derived MIG was only elevated during acute rejection episodes (Zhao ef al,
2002).

In another recent report Hancock er al showed that donor-derived IP-10 was
important in early leukocyte trafficking to the allograft (Hancock er al, 2001). Moreover,
once leukocyte infiltration, in response to IP-10, had occurred, the up-regulation of MIG
and I-TAC closely followed (Hancock et al, 2001). Transplantation of cardiac allografts
from IP-10-deficient mice into wildtype recipients led to prolonged graft survival in the
absence of immunosuppression and correlated with significantly reduced leukocyte
infiltration (Hancock et al, 2001). Unfortunately they did not add low-dose
immunosuppression and evaluate these grafts for the presence of AV at later time points.
Nonetheless, modulation of IFN-y and its associated chemokines through novel drug
therapies might be successful in preventing AV. These data provide important new

therapeutic targets for exploitation by scientists and industry alike.
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2.6 Objectives

The specific objectives of the research performed in this thesis are:

1) To assess the T cell subsets (CD4" and CD8") and effector mechanisms involved
in the generation of medial smooth muscle cell apoptosis and its relationship to

the development of the intimal occlusive lesion characteristic of AV.

2) Assess the role of CD8" T cells in mediating AV in immunosuppressed animals.

3) Assess the involvement of contact-dependent, direct cytolytic and indirect effector

mechanisms employed by CD8" T cells in the allo-immune mediated injury of

aortic allografts leading to the development of AV.
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3.0 Materials and Methods

3.1.0 Chapter 4

3.1.1 Animals

Male 6-8 wk old C3H/HeJ (C3H; H-2), and C3.MRL-Tnfisf6%" (Fas™; Ipr; H-2¥)
mice were used as donors. Male 6-8 wk old C57BL/6J (B6; H-2"), B6.129S2-Cd4™ M
(CD4™; H-2%), B6.129S2-Cd8a™™** (CD8™; H-2"), B6.129P2-B2m™ " (B2m™; H-2"),
C57BL6/I-Pfp™5% (pfy"; H-2%), and B6Smn.C3H-FasL#“ (FasL™; gld; H-2"), mice
were used as recipients. Syngrafts from B6 donors transplanted into B6 recipients served
as negative controls. Allografts from C3H donors transplanted into wildtype B6
recipients served as positive controls. Experimental groups consisted of C3H donors and
CD4”, CD8", B2m™, pfp”", or FasL™" recipients. In addition, F as” donor aortas were
transplanted into pfp” recipients to completely inhibit CTL activity.

All mice were >25 g and were purchased from Jackson Laboratories (Bar Harbor,
ME) and maintained in the Carleton animal care facility with food and water ad libitum.
Sentinel mice were serologically negative for all viral pathogens. All animal
experimentation was undertaken in compliance with the guidelines of the Canadian

Council on Animal Care.
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3.1.2 Aortic Transplantation

Infrarenal abdominal aortic interposition transplantation was performed as we
have previously described (Koulack et al, 1995). Briefly, donor C3H strain mice were
anaesthetized with intraperitoneal sodium pentobarbital (5 mg/kg) and the abdomen was
entered through a midline laparotomy incision. The infrarenal abdominal aorta was
exposed and carefully dissected free from the adjacent inferior vena cava. A 10 mm aortic
segment was excised and flushed with heparinized saline prior to allo-transplantation.
Recipient B6 mice were anaesthetized and the abdominal aorta was similarly exposed and
a microvascular clamp was applied to obtain proximal and distal control prior to division
with microsurgical scissors. The donor aorta was implanted orthotopically by an end-to-
end microsurgical anastomotic technique using sterile interrupted 11-O nylon sutures
(Pike Surgical).

Grafts were harvested at 14 and 60 d post-transplant, with 5-10 animals per group
per time point. Harvested grafts were flushed with heparinized saline before fixing in 4%
buffered formalin at 4 C overnight and then transferred to phosphate buffered saline
(PBS) until processing. Aortic tissues were embedded in paraffin and Spm sections were
prepared. Eight cross sections per aortic graft were stained with hematoxylin and eosin
(H&E) for general histology and digital-assisted morphometric analysis. Sections were

also stained for apoptotic nuclei and a-smooth muscle actin immunocytochemistry.
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3.1.3 Immunosuppression

Wildtype and CD8™ B6 recipients of aortic allografts were injected
subcutaneously with aqueous cyclosporine A (CyA; Sandimmune™, Novartis, Canada)
50 and 70 mg/kg/d until harvest. This daily dose of CyA has been shown in our
laboratory to prevent the acute rejection of cardiac allografts in the C3H to C57BL/6

strain combination.

3.1.4 In Situ Detection of Apoptosis by TUNEL

Nine sections each from control and experimental aortic grafts harvested at 14 d
post-transplant were subjected to the terminal deoxytransferase-mediated dUTP nick end
labeling (TUNEL) assay for the in situ detection of apoptotic nuclei as we have
previously described (Légaré et al, 2000). Briefly, sections were de-paraffinized in
xylene and hydrated in a graded series of ethanol into 0.1 mol/L PBS followed by
digestion with RNase A (100pg/mL in PBS; Boehringer Mannheim, Laval PQ) in a
humidified chamber for 40 min at 37°C. Slides were washed fhree times in 2x standard
saline citrate buffer. Endogenous peroxidase activity was quenched in 0.15% hydrogen
peroxide in 0.1 mol/L PBS for 25 minutes at room temperature, rinsed in 0.1 mol/L PBS,
and digested with proteinase K (20pg/ml in Tris-EDTA buffer; Boehringer Mannheim,
Laval, PQ) at 37°C for 1 min. Slides were then incubated in cold 2mg/ml glycine (Sigma,
St Louis, MO) before incubation with ethanol: acetic acid (2:1) at -20°C for 10 min.

Slides were rinsed with 2x standard saline citrate buffer and treated with Equilibration
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Buffer (Apoptag™ Kit, Oncor, Gaithersburg, MD) for 20 min. Sections were then
incubated with TdT (Apoptag™ Kit, Oncor) in Reaction Buffer (Apoptag™ Kit, Oncor)
at 37°C for 2 hr and the reaction was terminated by washing with 2x standard saline
citrate buffer. Digoxigenin labeled nucleotides were detected by incubation with an anti-
digoxigenin peroxidase-conjugated antibody in 0.1% Tween 20 (Apoptag™ Kit, Oncor)
following the manufacturer’s instructions. Staining was visualized with diaminobenzidine
in 0.01% H,0, and methyl green (Sigma) was used as a counterstain. Normal mouse
intestine was used as a positive control tissue. For negative controls, distilled water was
substituted for the TdT enzyme. Apoptotic nuclei were quantified by counting the number
of TUNEL-positive nuclei within the media of each aortic graft cross section using a

microscope at 400X magnification.

3.1.5 Digitized Image Analysis of Tissue Sections

Formalin-fixed and paraffin-embedded tissues were used for conventional
histology as previously described (Légaré et al, 2000). Eight sections from each graft
were analyzed by light microscopy using a Zeiss Axiovert 200 microscope (Karl Zeiss,
Thornwood, NY) and images were captured using a Spot Cooled AxioCam color digital
camera (Carl Zeiss). Digital image analysis was performed in a blinded fashion and
intimal and medial areas were measured using Scion Image software (Scion Corp.,
Frederick, MD) as previously described (Légaré et al, 2000). The intima to media ratio

was then calculated to control for donor variation and section obliquity and concurrently
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reflects both the medial and intimal events characteristic of AV. Area calculations were

performed for control and experimental groups at 60 d post-transplantation.

3.1.6 Immunocytochemistry

Sections were de-paraffinized in xylene, hydrated, washed in PBS, and digested
with 20pg/mL proteinase K (Boehringer Mannheim, Laval, PQ) in Tris-EDTA.
Endogenous peroxidase activity was blocked with 3% H,0, in methanol. Avidin/biotin
blocking was performed using the Vector® Avidin/biotin blocking kit following the
manufacturer’s instructions (Vector Labs Inc. Burlingame, CA). The primary antibody
was a monoclonal anti-a smooth muscle actin antibody (1A4; 1:100; Sigma, St Louis,
Missouri). Secondary antibody was a polyclonal biotinylated anti-mouse IgG reagent
(1:50; Vector Labs Inc.). Sections were washed in PBS and incubated with a peroxidase
avidin/biotin complex (Vector Labs, Inc.). Staining was visualized with
diaminobenzidine in 0.01% H,0, and sections were counterstained using methyl green

(Sigma).

3.1.7 Isolation and Primary Culture of Vascular Smooth Muscle Cells

Segments of abdominal and thoracic aorta were aseptically recovered from 4 to 6
wk old C3H wildtype and Fas™ Ipr mice within a laminar flow hood. The adventitia was
excised under magnification using a dissecting microscope. The lumen of the vessel was

flushed with SmM ethylenediaminetetraacetic acid (EDTA) (Invitrogen, Burlington, ON)
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to denude the endothelium. The remaining medial layer of the aorta was then cut
longitudinally and plated in uncoated 6 well culture plates (Corning, NY). The aortic
explants were covered with a sterile stainless steal mesh screen and 1 mL of RPMI 1640
(ICN, Aurora, OH) supplemented with 100 units/ml of penicillin, 100 pg/ml streptomycin
(Invitrogen,), 2.5 pg/mL fungizone (Invitrogen), 20% fetal bovine serum (FBS)
(Invitrogen), 20 mM HEPES (Invitrogen) and 50 uM 2-ME (Sigma) was added to allow
the cells to grow beyond the mesh. After the cells had reached confluence, these passage

1 cells were incubated in trypsin-EDTA from( Invitrogen) at 37°C for 4 min and were

split into T75 flasks from (Corning).

3.1.8 Vascular Smooth Muscle Cell Phenotypic Analysis

Smooth muscle cell phenotype was confirmed by the presence of
immunoreactivity for a-actin (anti-o.-smooth muscle acth mAb clone 1A4; Sigma; 1:100)
in more than 95% of the cells and was performed as described above. All experiments

were performed using smooth muscle cells from passages 3 to 5.

3.1.9 CTL Mediated Killing of Vascular Smooth Muscle Cells In Vitro

To identify the contribution of cytolytic effector mechanisms utilized by CTL in
the killing of vascular smooth muscle cells in vitro, CTL were cultured with smooth
muscle cell (SMC) targets in an in vitro CTL assay. Briefly, primed, purified CTL from

B6 wildtype and perforin-deficient mice, expanded in vitro for 72 h, were prepared as
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effector cells. [ H]-Thymidine (100 uCi for 24 h at 37°C)-labeled allogeneic C3H
wildtype and /pr smooth muscle cells were used as targets. Radiolabeling of SMC targets
was facilitated by exposure to 5 ng/ml PDGF-BB (Sigma, St. Louis, MO) in the culture
medium. The effector and target cells were plated in flat-bottom 96-well microtiter plates
(1x10* target cells/well) at effector to target cell ratios ranging from 25:1 to 3:1 in RPMI
1640 medium. After incubation at 37°C for 4 h, the plates were harvested using an
automatic cell harvester (Skatron, Sterling, VA) as previously described (Liwski and Lee,
1999, Liwski et al, 2000). Specific apoptosis was calculated using the following formula:
% specific apoptosis = ([’H]TdR in targets at Tqp, - [PH]TdR in effector/targets at Tay) /

(PH]TdR in targets at Tyy) x 100%.
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3.2.0 Chapter 5

3.2.1 Animals

Male 6 wk old BALB/cJ (BALB/c; H-2%), C3H/HeJ (C3H; H-25), C3.MRL-
Tnfrsf6” (Ipr; H-2%), C57BL/6 (B6; H-2%), C57BL/6J-B2m™ V™ (B6 $2m™; H-2%),
MRL/MpJ (MRL; H-2¥) and MRL.129P2(B6)-B2m™ U (MRL p2m™; H-2¥) mice were
used as donors. Male 8 wk old B6.129S7-RAG-1™*" (B6 RAG-1""; H-2%), and
C3H.129S6(B6)-Rag2™ N12 (C3H RAG-2""; H-2¥) mice were used as recipients. Male 6
wk old B6, C3H, C57BL/6-Pip™ % (pfp; H-2%), B6Smn.C3-Tnfsf65™ (gld; H-2%), and
B6.lZ9S7-Ifng’m1Ts (IFN-y'/'; H-2°) were used as cell donors for adoptive transfer and in

vitro culture.

3.2.2 Aortic Transplantation

Abdominal aortas were transplanted as described above (Koulack ef al, 1995). In

these experiments aortic graft and spleen harvest were performed at 60 d following

transplantation.
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3.2.3 Allo-immunization

Stimulator BALB/c splenocytes were isolated as previously described (Liwski ef
al, 2000), for in vivo allo-immunization of B6 cell donors. Briefly, BALB/c stimulator
cells were isolated and inactivated by adding mitomycin C 25 pg/ml (Sigma, St. Louis,
MO) for 30 min. Groups of 6 wk old male B6 mice (4 mice per group) were immunized
intraperitoneally with 5 x 107 mitomycin C-treated BALB/c splenocytes in 200 pl of
PBS. On day 7 after immunization all mice were sacrificed by cervical dislocation and
splenocytes were isolated and either whole T cells or CD8" T cells were purified as
described below. We have previously shown this immunization protocol to be effective in

generating robust CTL and proliferative responses from T cell populations (Liwski et al,

2000).

3.2.4 Whole T cell and CD8" T cell isolation

Seven days following allo-immunization, spleens were harvested and splenocyte
suspensions were purged of erythrocytes as previously described (Liwski et al, 2000).
Whole T cells were enriched by nylon wool (Polysciences, Warrington, PA) followed by
passage through CD3 immunocolumns (R&D Systems, Minneapolis, MN). For CD8" T
cell isolation, whole T cell suspensions were purified by negative selection with CD8
immunocolumns (R&D Systems) (13). CD8 purity was > 93% with no CD4" or B220"
contaminants. To control for null cell effects in the CD8" transfer population, prior to

nylon wool enrichment and passage through CD8 immunocolumns splenocytes were
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treated with anti-CD8 mADb (0.2ug/10° cells; clone YTS169.4; Cedarlane, Mississauga,
ON) and low-tox-M rabbit complement (Cedarlane).

For CD4" and CD8" T cell isolation by positive selection, enriched T cell
populations were incubated with anti L3T4 (anti-CD4) and anti-Ly-2 (CD8a) magnetic
beads (Miltenyi Biotec, Sunnyvale, CA). The cell suspension was pelleted and adjusted to
1x107 cells per 100p] of 2% FBS (Invitrogen) in PBS on ice. Ten microlitres of antibody-
labeled beads; either anti-L3T4 (anti-CD4) or anti-Ly-2 (CD8a) was added to the 100pl
cell suspension at a concentration of 10 pl antibody per 10 cells, and the solution
incubated in the dark at 4°C for 15 min. After incubation with antibody, the solution was
pelleted, washed twice in cold 2% PBS, resuspended in 500ul of the 2% PBS solution
and placed on a pre-washed (with 2% PBS) column that was suspended within a
magnetic field (Miltenyi Biotec). The effluent was discarded. The column removed from
the magnet and the cells adherent to the magnetic beads were freed by washing them free
of the column. The cells were then pelleted, resuspended in serum-free RPMI, and cells
counted. Isolated cells were typically >99% pure as determined by flow cytometric

analysis and appeared viable by exclusion of trypan blue.

3.2.5 FACS Analysis

Cells (1 x 106) were washed twice in PBS containing 1% FBS. Cells were
incubated in the dark with 2 pg/ml of anti-CD4 mADbD (rat IgG2, anti mouse; clone YTS
191.1; Cedarlane), anti CD8a mAb (rat IgG2;, anti-mouse; clone YTS 169.4; Cedarlane)

anti-B220 FITC mAb (mouse [gG2;, anti-mouse; clone 5a-8; Cedarlane), or isotype
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control (rat [gG2y; Cedarlane) at 4°C for 30 min. Cells were then washed three times,
fixed in serum-free RPMI containing 0.1% paraformaldehyde and stored at 4°C
overnight. FACS analysis was performed on a FACSCalibur using CellQuest software

(Becton Dickinson, Mountain View, CA).
3.2.6 Direct Cytotoxic T lymphocyte (dCTL) activity

Ex vivo: alle specific dCTL activity was assessed to confirm allo-activation. Briefly,
freshly purified, primed B6 whole T and CD8" T cells were cultured in the presence of
[PH]-Thymidine ([’H]-TdR)-labeled allogeneic P815 (H-2% ATCC) or third party
BW5147.3 (H-25; ATCC) tumor cell targets at effector to target cell ratios ranging from

50:1 to 6:1. The plates were incubated for 18h at 37°C and after harvesting apoptosis was

calculated based on the loss of [°H] due to DNA fragmentation as described above.

In vitro: To assess direct killing in the absence of the granule-exocytosis and Fas-Fas
ligand pathways, primed, purified CD8" T cells from B6 perforin-deficient mice,

expanded in vitro for 72 h, were prepared as effector cells and [’H]-Thymidine-labeled

allogeneic C3H /pr Concanavalin A lymphoblasts were used as target cells. Cells were
plated at effector to target cell ratios ranging from 25:1 to 3:1. After incubation at 37°C

for 4 h, the plates were harvested and specific apoptosis assessed.
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3.2.7 Adoptive cell transfer

Twenty-four hours after transplantation, B6 RAG-1"" recipients were injected

intraperitoneally with 1x10” primed whole T cells, or primed purified CD8" T cells.

3.2.8 Histology and Digital Assisted Morphometry

Formalin-fixed and paraffin-embedded tissues were used. Eight sections from
each graft were stained with Verhoeff elastin stain. Digitized images were captured using
a Zeiss Axiovert 200 & AxioCam camera (Carl Zeiss, Thornwood, NY) and the intimal
and medial areas were measured using Scion Image software (Scion Corp., Frederick,

MD) as described above.

3.2.9 Antibodies and Reagents

Primary monoclonal antibodies used for immunocytochemistry were anti-CD3e
(145-2C11), anti CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD11b (M1/70), and anti- |
CD19 (1D3) purchased from PharMingen (SanDiego, CA). Secondary antibodies
included biotinylated polyclonal anti-rat (PharMingen) and biotinylated anti-hamster IgG

cocktail (G70-204, G94-56, PharMingen).
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3.2.10 Immunocytochemistry

Six micron frozen sections were stained with the following primary antibodies:
anti-CD3e (145-2C11; 1:50), anti-CD4 (RM4-5; 1:25), anti-CD8 (53-6.7;1:50), anti-
CD11b (M1/70; 1:50), and anti-CD19 (1D3; 1:25) purchased from PharMingen
(SanDiego, CA). Primary antibody was detected with biotinylated anti-hamster IgG
cocktail (G70-204, G94-56; 1:50; PharMingen) for CD3e and polyclonal anti-rat IgG
antibody (1:50; PharMingen) for CD4, CD8, CD11b, and CD19 followed by treatment
with peroxidase avidin/biotin complex (Vector, Burlingame, CA), and 3, 3’-
diaminobenzidine as the chromogen. As a negative control, species and 1gG isotype

matched antibodies were used in place of primary antibody (PharMingen).

3.2.11 Statistics

Data are presented as mean + standard error of the mean (SEM) for each

experimental group. One-way ANOVA and the Tukey-Kramer multiple comparisons test

or Student’s ¢ test were used. Values of p < 0.05 were considered significant.
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4.1 Introduction

Orthotopic cardiac transplantation is an established therapy in the treatment of
end-stage heart failure in selected patients. The discovery of immunosuppressive agents
which effectively ablate acute rejection has facilitated the widespread use of this
therapeutic modality. Despite these advances, chronic rejection has emerged as the
leading cause of death beyond the first post-transplant year and the most frequent cause
of late graft failure (Hosenpud et al, 2001). Current immunosuppressive therapies do not
inhibit the development of AV (Tilney et al, 1991, Kuo and Monaco, 1993, MacDonald
et al, 1994, Koskinen ef al, 1995) and re-transplantation is marred by both poor results
and a critical shortage of organs (Srivastava et al, 2000).

Due to the absence of angina in most patients, the first clinical presentation is
often progressive cardiac failure, ventricular arrhythmia or sudden death (von Scheidt W,
2000). The most common and clinically significant pathological feature of chronic
rejection in heart transplants is allograft vasculopathy (AV). While there are organ
specific changes associated with chronic rejection, AV has been described in all solid
organ transplants (Hayry et al, 1993). AV is central to late graft failure following heart
transplantation, and has been suggested to contribute to irreversible organ damage in non-
cardiac transplants (Azuma et al, 1997). Of the three most commonly transplanted solid
organs (kidney, liver and heart), the relationship of AV to late graft failure seems most
clear for heart allografts.

The pathogenesis of AV combines immune and non-immune driving forces

activating a complex cascade of injurious events in the graft arterial tree leading to
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uncontrolled vascular remodeling characterized by progressive lumenal narrowing.
Concomitant parenchymal fibrosis occurs in response to ischemia due to lumen loss and
restricted perfusion (Libby and Pober, 2001). The failure of current management
strategies is the result of an incomplete understanding of this rejection process.

There is strong evidence from T cell-deficient (athymic nude) animals, which do
not develop AV, implicating T cell-derived immune responses in the disease process
(Hall, 1991, Ensminger et al, 2002). However, the relative contribution of T cell subsets
(CD4" and CD8") to the development of AV remains controversial. Moreover, the
effector mechanisms utilized by CD4" and CD8" T cells to damage the allograft,
triggering the over-exuberant repair and vascular remodeling process characteristic of
AV, are poorly understood.

The majority of evidence suggests that CD4™ T helper cells play the major role in
the generation of AV (Shi et al, 1996, Ensminger et al, 2002, Yamada et al, 2003). Shi et
al claimed that CD4" T helper cells, macrophages and allo-antibody are required for
intimal lesion development in a murine loop carotid allograft model, while CD8" T cells
and NK cells are not necessary (Shi et al, 1996). Similarly, Ensminger and colleagues
suggested that CD8" T cell effectors and allo-antibody production are dependent on
indirectly primed T helper cells (Ensminger et al, 2002).

However, there is accumulating evidence that the development of AV is less
dependent than acute rejection on CD4" T cell helper function (Han et al, 2000). Han and
colleagues, using anti-CD4 antibody transgenic mice that are devoid of CD4" T cells by
endogenous depletion, showed that AV still occurs despite the absence of T helper cells

(Han et al, 2000). This lack of dependence on CD4" T cells suggests an important role for
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CD8" T lymphocytes. Allan ef al demonstrated the impact of CD8" T cells by inhibiting
the development of AV in MHC class [ mismatched cardiac allografts in miniature swine
using anti-CD8 monoclonal antibody therapy (Allan ez al, 1997). Indeed, CD8-dependent
mechanisms may play a dominant role in clinical transplantation where CD4" T cell
function is substantially inhibited by current calcineurin-inhibitor based
immunosuppressive regimens (Bishop et al, 1992, Bujan et al, 2001, Hruban ef al, 1990,
Libby and Pober, 2001).

In both human cardiac transplants and murine aortic allografts, AV is
characterized by the formation of a progressive neointimal lesion within the epicardial
coronary arteries that becomes occlusive over time. Ensminger et al have shown that the
degree of intimal hyperplasia is highly concordant between aortic allografts and whole
organ transplants in a combined heterotopic heart and aortic allograft model (Ensminger
et al, 2000). A similar correlation was found in allograft aortas and coronary arteries of
human transplants undergoing AV (Mehra et al, 1997).

The occlusive lesion consists of a-actin” smooth muscle-like cells and various
infiltrating leukocytes. In animal models the underlying media has been closely examined
and smooth muscle cell (SMC) loss in this compartment is evident (Hirsch et al., 1998).
In human cardiac transplants less attention has been paid to vascular SMC and conflicting
reports exist regarding medial events during AV (Hayry et al, 1992, Billingham, 1994,
Geraghty et al, 1996). A close examination of human coronary arteries undergoing AV,
however, reveals significant medial SMC loss associated with areas of intimal lesion

formation (Figure 1).
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Until very recently, it was generally accepted that the neointimal lesion
characteristic of AV was populated by donor SMC transmigration from the graft media
with subsequent proliferation within the subendothelial space (Akyurek et al, 1996,
Bojakowski et al, 2000). The stimulus for this differentiation and migration was
suggested to be growth factors (e.g. basic fibroblast growth factor, bFGF; platelet-derived
growth factor, PDGF) released by platelets and endothelial cells subjected to ischemic
and immune-mediated damage (Billingham, 1994). Ischemic damage contributes to the
extent of lesion formation (Ewel et al, 1993, Gaudin et al, 1994, Andersen et al, 1995,
Knight er al, 1997), but is not itself sufficient to cause intimal hyperplasia since
syngeneic transplants do not show signs of AV (Hirsch et al, 1998).

The hypothesis based on SMC migration has been refuted by recent evidence that
the neointimal cells are of recipient, not donor origin (Shimizu et al, 2001, Saiura et al,
2001, Li et al., 2001, Hillebrands et al, 2001, Johnson et al, 2002, Hillebrands et al,
2003). For example, Shimizu and colleagues, using a transgenic mouse in which all
somatic cells express the LacZ gene and gene product (3-gal), have demonstrated that the
neointimal lesion of AV in cardiac and aortic allografts is entirely composed of cells of
recipient origin (Shimizu ef al, 2001). We have recently confirmed and extended this
work in a rat aortic allograft model using primers for specific Class | MHC genes and
polymerase chain reaction (PCR; Johnson et al, 2002). In this model, we also
demonstrated that immunosuppression, to ablate acute rejection, did not change the
recipient origin of the cells within the neointima (Johnson e al, 2002). Similarly,
recipient origin of neointimal cells has recently been demonstrated in human renal

allografts (Grimm et al, 2001).



77

Given the above, depletion of SMC from the vascular media of grafts undergoing
AV can no longer be convincingly argued to be due to transmigration of SMC to the
subendothelial space. Evidence from animal models suggests that medial SMC are being
destroyed by allo-immune responses (Hirsch ez al, 1998). We have shown that apoptosis
occurs within the medial SMC compartment during the early stages of AV (Légaré et al,
2000). Concurrently, we have demonstrated increased expression of cytotoxic molecules
associated with killer T lymphocytes in grafts undergoing AV (Hirsch ef al, 1998). We
therefore hypothesized that cytolytic CD8" T cells induce apoptosis of vascular SMC and
that medial damage contributes to the generation of AV.

In this study we examined the contribution of CD4" and CD8" T cell subsets to
the generation of early medial SMC destruction and the induction of vascular remodeling,
which are hallmark pathological features of AV. Moreover, we studied the impact of
impairment of recipient cytotoxic T cell (CTL) function on the progression of medial
smooth muscle cell loss and intimal lesion formation. Our data supports the hypothesis
that CD8" T cells are responsible for the induction of apoptosis within medial SMC of
allografts undergoing AV. Moreover, CD8" T cells were capable of generating a robust
allo-immune response which triggers vascular remodeling in the absence of CD4" T cell
helper function. This study also demonstrates that CTL activity plays a critical role in the
destruction of medial SMC leading to the development of AV. Given that CD8" T cells
have been shown to be relatively resistant to standard, clinical immunosuppressive agents
(Bishop et al, 1992, Bujan et al, 2001, Hruban ef al, 1990, Libby and Pober, 2001), these
data might explain the limited efficacy of current transplant pharmacotherapy (Hosenpud

et al,2001).
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4.2 Results

4.2.1 Early medial apoptosis is mediated by CD8" T cells through pathways of direct

cytolysis

To assess the role of CD8" T cells in the development of early medial destruction,
a hallmark feature of AV, C3H aortic allografts were transplanted into either C57BL/6
(B6) CD8 alpha chain knockout (CD8'/ 7 or Bomicroglobulin knockout (B2m'/') mice.
Since preliminary experimentation in wildtype mice showed peak medial smooth muscle
cell (SMC) apoptosis is evident at 14 d post-transplantation, grafts were harvested from
knockout mice at this time point. We found that wildtype controls receiving syngeneic
aortic grafts showed virtually no medial apoptosis (Figures 2 and 3), while allografts into
wildtype B6 recipients showed a marked, and highly significant (p<0.0001) increase in
medial apoptotic activity (Figures 2 and 3). Allografts from a CD8-depleted environment
(CD8” and p2m™) exhibited a significant (p<0.001) reduction in medial SMC apoptosis
when compared to allografts from wildtype B6 mice (Figure 3).

Given that depletion of CD8" T cells resulted in a marked reduction in early
medial SMC apoptosis and that CD8" T cells are known to lyse target cells through direct
cytolysis, we sought to determine the role of CTL killing pathways in this process. To
assess the contribution of the two major arms of the cytolytic response, mice deficient in
either of the main pathways of cytolysis were used as allograft recipients. C3H aortic
grafts were transplanted into perforin-deficient (pﬁ)'/') mice, which are incapable of

mediating cytotoxicity through the granule-exocytosis pathway, and into g/d mice which
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lack Fas Ligand rendering them incapable of killing by the Fas/FasL interaction.
Recipient mice with impaired pathways of cytolysis, either perforin- or Fas ligand-
deficient, also showed significantly (p< 0.01; p< 0.001, respectively) reduced levels of
medial apoptosis similar to CD8-deficient animals (Figure 3). Therefore, the lack of
either CD8" T cells or inhibition of cytotoxic mediators, expressed mainly but not
exclusively by CD8" T cells, significantly reduces, but does not eliminate, early medial

SMC apoptosis.

4.2.2 The role of CD4" and CD8" T cell subsets and pathways of cytolysis in late medial

SMC loss

The demonstration of reduced medial cell apoptosis at the 14 d time point
suggests a potential long-term preservation of medial cells in animals lacking CD8" CTL
activity. To quantify the extent of medial destruction late in the course of AV, medial
area measurements were performed by digital morphometry at 8§ wk post-transplantation
and expressed as a percentage of the medial area of an undamaged syngeneic transplant.
Allogeneic aortic grafts into wildtype mice showed a marked (43.1% + 6.901) decline in
medial area relative to syngeneic grafts into wildtype mice (Figure 4). Grafts transplanted
into CD4”" mice showed a similar reduction in medial area (37.2% = 2.624; Figure 4),
whereas the CD8-depleted environment of CD8” and BZm"’ “mice promoted medial area
preservation (both p<(0.001; Figure 4).

Aortic grafts from recipient environments with impaired pathways of direct

cytolysis, by interruption of perforin or FasL. were also subjected to medial area
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measurements to assess the contribution of the major pathways of cytolysis to the
generation of late medial SMC destruction. Aortic grafts from pfp”” mice with disruption
of the granule-exocytosis pathway exhibited a significant preservation in medial area
compared to wildtype allografts (p<0.001; Figure 4). Similarly, when the Fas/FasL
pathway was inhibited in FasL” mice and pfp”" recipients of Fas death receptor-deficient
(Ipr) aortic allografts, a significant preservation (both p<0.001) of medial area was
observed (Figure 4).

To confirm that medial area measurements accurately represented the degree of
SMC loss, a-smooth muscle actin immunocytochemistry was performed on control and
experimental grafts. Numerous a-actin” cells were visualized within the medial
compartment of control syngeneic aortic grafts transplanted into wildtype mice (Figure
5). In control allogeneic grafts, SMC loss in the media was evident and a-actin” smooth
muscle-like cells could be seen to populate the neointima (Figure 5). However, some
residual o-actin® medial smooth muscle cells could be visualized in allografts derived
from a CD8-deficient environment (Figure 5) and those where the Fas/FasL pathway of
cytolysis were interrupted (FasL™” recipients and /pr grafts into pﬁa'/' recipients; Figure 5)
indicating that the medial area measurements are consistent with the degree of medial

SMC damage observed at 8 wk post-transplantation..
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4.2.3 CD8" T cell-mediated direct cytolysis of vascular smooth muscle cells in vitro

Having implicated CD8" T cells and pathways of cytolysis in the destruction of
medial smooth muscle cells at early and late time points during the generation of AV, we
assessed the relative contribution of the major pathways of direct cytolysis used by CD8"
T cells in an in vitro CTL assay with smooth muscle cells as targets. Mouse vascular
smooth muscle cells derived from aortic explants of wildtype C3H (H-2*) and Fas-
deficient C3H /pr (H-2%) mice morphologically resembled mature SMC with expression
of a-actin (Figure 6) and a low level of surface MHC class I (data not shown).

As expected, primed wildtype CD8" T cells induced substantial killing of
allogeneic wildtype smooth muscle cell targets in vitro (Figure 7). When the granule-
exocytosis pathway was interrupted by using perforin-deficient (pﬁ)'/ 7) effector cells
killing activity against smooth muscle cell targets was preserved (Figure 7). Disruption of
the Fas-FasL pathway by using /pr smooth muscle cell targets resulted in a significant
reduction in CTL activity (Figure 7). CTL activity was completely ablated when both
pathways were interrupted simultaneously by using pﬁ)'/' effector cells against /pr SMC
targets (Figure 7). These data indicate that CTL lyse vascular SMC targets in vitro

primarily through the Fas-FasL interaction.



82

4.2.4 CD8" T cell-mediated direct cytolysis contributes to the generation of AV

The data above show that early SMC apoptosis and late medial damage are partly
ameliorated in animals lacking CD8" T cells or with genetically impaired cytolytic
activity. The data also demonstrate the eventual loss, although incomplete in some
instances, of SMC in all groups except syngeneic controls. In order to determine the
impact of functional impairment of CD8" CTL on the generation of clinically significant
AV lesions, we assessed the degree of intimal hyperplasia at 8 wk post-transplantation
using digital morphometry.

Intimal and medial areas were defined by internal and external elastic laminae
respectively, and intimal thickening was expressed as the intima to media ratio.
Syngeneic transplants, like native aortic segments, showed no intimal lesion and
exhibited a normal single cell thick intimal layer (Figure 8 and 9). Allografts in fully
immunocompetent wildtype mice, however, showed substantial AV lesions characterized
by medial smooth muscle cell loss and intimal hyperplasia (Figures 8 and 9). Similarly,
aortic allografts into CD4” mice exhibited marked AV, which was similar in extent and
nature to allografts from a wildtype environment (Figures 8 and 9). However, allografts
in CD8-depleted (CD8” and B2m™) recipients showed significantly reduced intimal
thickening compared to WT (p<0.001 and p<0.05, respectively) and CD4™ (p<0.001 and
p<0.01, respectively) animals (Figures 8 and 9). This indicates that CD8" T cells, while
not necessary, are sufficient and perhaps play a more significant role in the generation of

intimal hyperplasia in this fully MHC disparate murine aortic allograft model of AV.
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Having established that CD8" T cells are important in the induction of medial
damage and the subsequent generation of AV, we then examined the role of direct
pathways of cytolysis commonly employed by CD8" T cells in target cell killing.
Recipient mice with impaired pathways of cytolysis through interruption of perforin or
Fas ligand or both pathways were assessed for the generation of intimal thickening.
Aortic allografts from pjjv'/ " recipients, in which the granule-exocytosis pathway was
interrupted, showed no significant change in intimal thickening (Figure 8 and 9).
Interruption of the Fas/FasL pathway in g/d mice showed a significant reduction (p<0.05;
Figure 8 and 9) in intimal hyperplasia implicating an important role for this interaction in
the generation of AV. However, when both the granule-exocytosis and Fas/FasL
pathways were interrupted simultaneously, as seen in pfp'/ “recipients of /pr aortic
allografts, there was a marked (almost 70 percent) mitigation in intimal thickening,
indicating that both pathways of classical CTL activity, mainly employed by but not
exclusive to CD8" T cells, play an important role in the generation of AV (p<0.001;

Figure 8 and 9).

4.2.5 AV in cyclosporine A-treated mice occurs by a CD8" T cell-dependent process

The generation of AV within aortic allografts in the absence of
immunosuppression could potentially be due to CD8" T cell-mediated acute rejection
responses. To demonstrate an important role for CD8" T cells in the generation of AV in
the clinically relevant setting of cyclosporine A (CyA)-based immunosuppression, fully

mismatched C3H aortic allografts were transplanted into wildtype and CD8” recipients
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treated with CyA. Prior to these experiments we transplanted C3H cardiac allografts into
wildtype B6 recipients treated with a similar dose of CyA to establish that acute rejection
was eliminated. As expected, untreated cardiac allografts were promptly rejected within
12 d of transplantation, whereas CyA-treated (50 mg/kg/d) cardiac allografts remained
functionally intact and survived to greater than 60 d.

Having established that CyA (50 mg/kg/d) is capable of inhibiting acute rejection
through prolongation of cardiac allograft survival, we transplanted C3H aortic allografts
into wildtype and CD8™ mice treated with CyA. Allografts from wildtype mice treated
with CyA (50 mg/kg/d) exhibited marked intimal hyperplasia and medial smooth muscle
cell loss (Figure 10). However, allografts from CD8”" recipients treated with CyA 50
mg/kg/d exhibited normal vessel morphology with no evidence of intimal hyperplasia or
medial smooth muscle cell loss. These data indicate that in the presence of CyA, at doses
capable of inhibiting acute rejection, AV develops through a CD8" T cell-dependent

process.
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4.3 Discussion

AV is thought to result from a low-grade allo-immune response directed against
the graft endothelium. This has been suggested to lead to cytokine and growth factor
cascades which result in SMC de-differentiation, migration from the media, and
proliferation to form an occlusive neointima which eventually leads to ischemic graft
failure (Hayry et al, 1993, Hayry et al, 1995). The evidence to support this hypothesis is
circumstantial and recently we (Johnson et al, 2002) and others (Shimizu et al, 2001,
Saiura et al, 2001, Li et al, 2001, Hillebrands et al, 2001, Hillebrands et al, 2003) have
provided substantial data which contradicts this hypothesis. For example, we have
previously demonstrated that the loss of SMC in the media of grafts undergoing AV is
due to apoptosis, and not migration (Hirsch et al, 1998). Others (Koglin and Russell,
1999) have also demonstrated apoptosis in AV.

We have provided further direct evidence, in a rat aortic allograft model (by PCR
analysis of MHC Class I haplotype), that the a-actin’ smooth muscle-like cells in the
expanding neointima are of recipient, not donor origin (Johnson et a/, 2002). This
confirms that graft (donor) SMC migration is not responsible for the accumulation of
smooth muscle-like cells in the subendothelial space forming the occlusive neointima.
Recently, other groups have provided further compelling evidence, in other rodent
models (Shimizu et al, 2001, Saiura et al, 2001, Li et al, 2001, Hillebrands et al, 2001,
Hillebrands et al, 2003) and humans (Grimm et al, 2001), of a recipient-derived lesion.
These data have necessitated a re-evaluation of the previously accepted mechanism of
AV. This new hypothesis must explain the loss of SMC by a process which does not

include de-differentiation and migration out of the medial compartment. Loss of SMC
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from the media is undoubtedly immune mediated since it does not occur in syngeneic
transplants or immune-incompetent animals (Koulack et al, 1995, Koulack et al, 1996,
Shi et al, 1996, Russell et al, 1997) but what remains unanswered is the mechanism by

which it occurs and its pathological significance.

In acute rejection, there is convincing evidence that CD4" T cells play a dominant
role. For example, long term graft acceptance occurs in CD4 knockout recipient mice but
CDS8 knockout mice exhibit normal acute rejection (Krieger et al, 1996, Krieger et al,
1997). However, in adoptive transfer experiments graft rejection occurs faster if CDh4"
and CD8" cells are transferred together (Hall et al, 1990), suggesting that CDS8" T cells
play a role under normal conditions. Such a role appears to be linked to the activities of
CD4" T cells, but that link may not be essential in all cases (Jones et al, 2000). Recently,
Kreisel and colleagues have demonstrated that CD8" T cells activated by non-
hematopoietic antigen presenting cells are capable of mediating acute rejection of cardiac

allografts in the absence of CD4" T cells (Kreisel et al, 2002).

Allograft vasculopathy is also a T cell dependent pathology (Hall, 1991,
Ensminger et al, 2002) but the contribution of T cell subsets is less clear. Although the
effector mechanisms employed by allo-specific T cells have been well characterized,
little is known regarding their role in the generation of AV. The development of AV
seems less dependent than acute rejection on CD4" T cell helper function. Han et al
found that AV occurs in anti-CD4 antibody transgenic mice, which are devoid of CD4™ T
cells by endogenous depletion (Han et al., 2000), suggesting an important role for CD8"

T cells. Allan et al have directly implicated CD8" T cells by inhibiting the development
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of AV within cardiac allografts using depleting anti-CD8 monoclonal antibody therapy in

their MHC class I disparate miniature swine model (Allan et al., 1997).

There is accumulating evidence to suggest that CD8" T cell effector mechanisms
play a significant role in AV by inducing apoptotic events in the transplant vasculature
(Hirsch et al, 1998, Koglin and Russell, 1999, White et al, 1997). In aortic grafts, anti-
CD8 antibody therapy significantly reduces medial apoptosis (Légaré et al, 2000).
Further, we have demonstrated abundant granzyme B, perforin and FasL expression in
grafts undergoing AV (Hirsch et al, 1998). This data implicates CD8" CTL but is not
incontrovertible since non T ceﬂ sources of these factors have been associated with
apoptosis (Ogura et al, 2001).

To assess the role of CD8" T cells and the major CTL killing pathways in the
induction of medial cell damage, aortic interposition transplants were performed using

- CD4 and CD8 knockout recipient mice. Allografts placed into an immune-deficient
environment lacking CD8" T cells by CD8-a and B,microglobulin gene deletion, showed
a marked reduction in apoptosis within the medial cell compartment at 2 wk post-
transplant. Allografts transplanted into immune environments with impaired CTL
pathways (either by perforin or Fas ligand gene deletion), commonly used by, but not
exclusive to, CD8" T cells, also showed a similar reduction in SMC cell apoptosis at this
time point. These data provide strong evidence to support the hypothesis that CD8" CTL
play an important role in medial cell destruction by inducing apoptosis of SMC in
transplants undergoing AV. Since, medial apoptotic activity was not completely ablated
by depletion of CD8" T cells or cytolytic impairment, significant redundancy in the early

anti-graft response exists. Other potential mediators of this early apoptosis include
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residual CTL activity mediated by CD4" T cells, innate immune effectors and allo-
antibody induced apoptosis.

Assessment of medial apoptosis at 2 wk post-transplant is a static representation
of a very dynamic rejection process. Medial damage at later stages (8 wk post-transplant)
was assessed by medial area measurements and expressed as a percentage of the medial
area of an undamaged syngeneic aortic graft. To confirm that a reduction in the observed
medial area measurements reflected a loss of vascular smooth muscle cells, a-smooth
muscle actin immunostaining was used to differentiate medial SMC. As expected,
allografts from wildtype mice showed substantial medial SMC loss when compared to
syngeneic controls. Impairment of CD8" CTL effector cells by deletion or by inhibiting
cytolysis resulted in significant medial area preservation and partial sparing of a-
actin’ medial smooth muscle cells indicating that the area measurements are reliable.
Despite the residual medial damage observed in experimental allografts, where CD8" T
cells or CTL pathways were inhibited, a potential role for CD8" T cell-mediated smooth
muscle cell apoptosis in the generation of AV can be postulated. Although the current
accepted hypothesis regarding the etiology of AV suggests that endothelial disruption is a
necessary step in the development of AV, these data, which are consistent with arterial
injury models, implicate smooth muscle cell damage as a possible inciting stimulus for
the vascular remodelling process observed in AV.

Graft loss from AV is primarily due to the arteriosclerotic lesion which impedes
blood flow within the transplanted heart eventually leading to ischemic organ failure
necessitating re-transplantation. It was therefore of interest to examine the role of CD8"

CTL activity on the generation of this lesion, especially given the data that early medial
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apoptotic events are compromised in CD8-deficient animals. Others have also examined
the development of the neointimal lesion in the absence of CD8" cells with conflicting
results. Depletion of CD8" T cells by antibody treatment in a rat heterotopic heart model
showed CD8" cells to be unnecessary for lesion formation (Forbes et al, 1994). Similarly,
Szeto and colleagues found that CD8" T cells were neither necessary nor sufficient to
induce cardiac aﬂograft vasculopathy in rat chimeric hearts (Szeto et al, 2002).
Ensminger ef al using adoptive transfer of T cell subsets into nude or RAG” mice
showed that cross-primed CD4" T cells were sufficient to induce AV in MHC class I
disparate aortic allografts, while CD8" T cells were not (Ensminger et al, 2002).

In contrast, heterotopic heart transplants carried out in CD8" T cell depleted (by
anti-CD8 monoclonal antibody treatment) inbred miniature swine showed no evidence of
lesion formation (Allan et al, 1997). These results would indicate that CD8" T cells are
essential for the development of intimal hyperplasia in this model. Studies using cardiac
grafts transplanted into mice depleted of CD4" T cells showed evidence of lesion
formation coinciding with the presence of CD8" T cells (Han et al, 2000). Moreover,
experiments using anti-CD40L (CD154) co-stimulatory blockade have suggested an
important role for CD8" T cells in the development of graft arteriosclerosis (Ensminger et
al, 2000).

In the present study, using the fully MHC disparate mouse aortic allograft model,
the lack of CD8" T cells in CD8” and f2m™ mice resulted in significant attenuation of
AV compared to allografts from wildtype and CD4” mice. This finding supports an
important role for CD8" T cells in the murine aortic allograft model of AV. The AV

observed in non-immunosuppressed aortic allografts seems to be mediated mostly but not
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exclusively by CD8" T cells. Moreover, when allo-transplantation was performed under
CyA-based immunosuppression, animals which lack CD8" T cells showed no evidence of
pathology, while wildtype mice with normal CD8" T cell effector function developed
significant AV. Moreover, a similar dose of CyA was successful in eliminating the acute
rejection response to a cardiac allograft in the identical strain combination indicating that
acute rejection responses are not necessarily implicated in the generation of vasculopathy.
The differential susceptibility of CD4" and CD8" T cell subsets to CyA-based
immunosuppression (Horsburgh et al, 1980, Hruban et al, 1990, Bujan et al, 2001,
Bishop et al, 1992) might explain the limited efficacy of current transplant
pharmacotherapy in ameliorating AV.

Effector CD8" T cells commonly, but not exclusively utilize direct pathways of
cytolysis to kill allogeneic target cells. Subbotin and colleagues have suggested a critical
role for Fas ligand (FasL) mediated killing in the development of AV by demonstrating
the complete abrogation of lesion formation in recipient g/d mice which lack FasL
(Subbotin et al, 1999). However, the interpretation of their data is complicated by the age
dependent immune hyporesponsiveness observed in gld mice and its subsequent effects
on the kinetics of graft rejection. Djamali et al showed that 6wk old gld mice manifest
normal acute rejection of cardiac allografts, whereas 13 wk old g/d mice exhibit
significantly prolonged graft survival (Djamalief a/ , 1998). Since the animals used by
Subbotin et al were up to 12 wk old at the time of transplant and nearly 18 wk old at
harvest, immune dysregulation and not Fas/FasL interruption is implicated in the

abrogation of AV in their study.
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Recently, Krupnick and colleagues have suggested that the granule-exocytosis
pathway is more important than the Fas/FasL pathway in the killing of allogeneic
endothelial cells (Krupnick er al, 2002). However, susceptibility to killing in their 4 h in
vitro CTL assay does not necessarily reflect in vivo killing, which occurs in an
inflammatory milieu. For example, Li et al showed that interferon-y, commonly present
in an allograft environment, induces sensitivity of human endothelium to Fas/FasL
mediated apoptosis in vitro (Li et al, 2002). Here we demonstrate that the Fas/FasL
interaction is important in the induction of medial smooth muscle cell apoptosis both in
vitro and in vivo during the generation of AV. However, the most marked reduction in
clinically significant intimal hyperplasia was when both pathways of direct cytolysis were
inhibited simultaneously indicating the involvement of both pathways in the pathogenesis
of AV. It is entirely possible that CTL-mediated allo-responses against both the graft
endothelium and vascular smooth muscle cells occur during the initiation of the AV
process. Moreover, Fas-sensitive smooth muscle cells would be predictably injured via
CTL-derived FasL, while damage to the Fas-resistant endothelium may be largely
mediated by granule-exocytosis.

Thus, the evidence presented here suggests that CD8" CTL induce medial SMC
damage primarily via an apoptotic mechanism employing Fas ligand and
perforin/granzymes as effectors. This study provides strong in vivo evidence that CD8"
CTL are inducing medial smooth muscle cell loss via apoptosis. The 8 wk data confirm
that in the absence of CD8" CTL activity, medial SMC killing is partially ameliorated.
However, residual medial SMC destruction is clearly apparent and likely occurs through

redundant immune effector pathways. Despite the widely accepted theory that allo-
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immune destruction of the endothelium leads to the development of AV (Mennander et
al, 1993, Libby and Pober, 2001), it is possible that a relationship between medial SMC
damage and intimal proliferation exists. In non-transplant vascular injury models there is
evidence that at least partial medial damage is essential for neointimal lesion formation
(Reidy, 1985). The evidence suggests that a threshold of medial damage, as opposed to
endothelial damage, predicts the extent of intimal thickening during vessel remodeling
(Bjorkerud et al, 1969, Clowes et al, 1983, Reidy, 1985). Complete destruction of the
medial SMC population is not required for the formation of the intimal lesion in vascular
injury models (Bjorkerud et al, 1969, Cloweset al, 1983, Reidy, 1985, Linder et al,
1993). Thus, even in the absence of CD8" CTL, the early medial damage caused by
redundant pathways could be sufficient to cause the residual neointimal lesion formation
observed during cytolytic impairment.

If the redundant pathways are mediated by CD4" T cells they may play much less
of arole in clinical transplantation where CyA-based immunosuppression is common.
This is because CD4" T cells are very sensitive to the effects of CyA whereas CD8" T
cells are relatively resistant (Bishop et al, 1992, Bujan et al, 2001, Hruban et al, 1990,
Libby and Pober, 2001). For example, CD4" T cell mediated allo-DTH responses are
down regulated by CyA (Bretscher and Havele, 1992), whereas CD8" T cell mediated
allo-CTL responses are unaffected (Kroczek et al, 1987). Further evidence that CD4" T
cell (but not CD8" T cell) thymic maturation events are affected by cyclosporine A
suggests a potential global downregulation of CD4" T cell activity upstream to peripheral
T cell activation (Takeuchi et al, 1989). Thus, in the clinical situation, CD8" T cell

dependent mechanisms may play a dominant role in the development of AV. Therapies
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which specifically address the activation, proliferation and effector function of CD8"
CTL might be more effective in the treatment and prevention of AV within human heart

transplants.
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Figure 1. Human cardiac allografts explanted due to severe AV exhibit medial smooth
muscle cell loss in addition to intimal hyperplasia.

Representative photomicrographs of human left anterior descending (LAD) coronary
artery from a cardiac allograft explanted 4 years post-transplantation due to severe AV.
The patient suffered from diffuse allograft vasculopathy resulting in ischemic cardiac
failure necessitating re-transplantation. (a) There is a marked intimal occlusive lesion as
well as a paucity of vascular smooth muscle cells in the contracted media. (H&E; 200x
magnification). (b) Same section at 400x magnification. Arrows indicate internal and

external elastic laminae; L indicates the intimal lesion.
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Figure 2. Aortic allografts undergoing AV exhibit early medial cell apoptosis.
Representative photomicrographs from (a) syngraft and (b) wildtype allograft serial cross
sections at 14 d post-transplant. Sections stained using TUNEL technique to detect
apoptotic nuclei. Arrows indicate internal and external elastic laminae. 200x

magnification.
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Figure 3. Deletion of CD8" T cells or inhibition of CTL effector molecules inhibits
early medial cell apoptosis.

Apoptotic (TUNEL") nuclei per cross section of syngeneic grafts in wildtype recipients,
allogeneic grafts in wildtype recipients and allogeneic grafts in environments depleted of
CD8" T cells (CD8” and B2m'/ ) and allografts in environments deficient in CTL
pathways of cytolysis (perforin- and FasL-deficient) was determined at 2 weeks post-
transplant. CD8”" (n=>5; p<0.001), B2m™ (n=6; p<0.001), perforin-deficient (P’ n=5;
p<0.01), and FasL-deficient (n=4; p<0.001) groups are significantly different from

wildtype allograft (n=5) controls. Data are expressed as mean + SEM.
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Figure 4. Deletion of CD8" T cells or CTL effector molecules promotes late medial
area preservation.

The degree of medial preservation is expressed as a percentage reduction from the medial
area of undamaged syngeneic aortic grafts for allografts in wildtype recipients (Allograft)
and allogeneic grafts in environments depleted of CD8" T cells (CD8” and p2m™) and
allografts in environments deficient in CD8" CTL pathways of cytolysis (perforin- and
FasL-deficient) was determined at 8 wk post-transplant. CD8™ (n=6), B2m'/ " (n=6),
perforin-deficient (Pfp™"; n=5; ), and FasL-deficient (FasL™; n=5; ) groups are
significantly different from allograft controls (n=6; p<0.001) and CD4™" recipients (n=10;

p<0.001). Data are expressed as mean = SEM.
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Figure 5. Deletion of CD8" T cells or CTL effector molecules leads to preservation of
a-actin’ medial smooth muscle cells.

Representative photomicrographs at 8 wk post-transplant showing immunocytochemistry
detecting a-actin (clone 1A4) positive smooth muscle cells from wildtype grafts into (a)
syngeneic control, (b) allogeneic wildtype control, (¢) CD4™" recipient, (d) CD8”
recipient, (e) FasL” recipient, and (f) Fas-deficient Ipr allograft into a perforin-deficient
recipient. Arrows indicate internal and external elastic laminae. Photographed at 200x

magnification.
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Figure 6. Vascular smooth muscle cells from aortic explants express a-actin during in
vitro culture.

Representative photomicrographs of cultured vascular smooth muscle cells from aortic
explants derived from (a) wildtype C3H/HelJ and (b) Fas-deficient C3H Ipr mice

immunostained with a-actin (clone 1A4). Photoghraphed at 400x magnification.
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Figure 7. CD8" T cells lyse vascular smooth muscle cell targets in vitro primarily
through the Fas/FasL interaction.
CDS8" T cells, freshly purified from allo-primed animals were tested for killing activity in

an in vitro CTL assay. Allogeneic C3H H2¥ vascular smooth muscletargets from
wildtype (m, ®) and Fas-deficient /pr (O, O) mice were incubated with primed CDS'T
cells from wildtype (m, O) or perforin-deficient (®, O) C57BL/6 mice. No killing of

third party targets was observed. Both wildtype and /pr targets were susceptible to killing

mediated by anti-H2-D¥ antibody and complement. Non-specific lysis was <10%.
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Figure 8. Role of T cell subsets and CTL effector molecules in the generation of AV.
Representative photomicrographs of (a) control syngraft, (b) wildtype control allograft,
(¢) allograft into CD47 recipient, (d) allograft into a CD8” recipient, (e) allograft into
BZm'/' recipient, (f) allograft into perforin-deficient recipient, (g) allograft into Fas ligand-
deficient recipient, and (h) Fas-deficient /pr allograft into perforin-deficient recipient.

Photoghraphed at 200x magnification.
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Figure 9. Inhibition of CD8" T cells or CTL effector molecules attenuates AV.
Intima to media ratios for syngeneic grafts in wildtype recipients, allogeneic grafts in
wildtype recipients, allogeneic grafts in environments depleted of CD8" T cells (CD8'/ )
and [32m'/ "), allogeneic grafts in environments deficient in pathways of cytolysis
(perforin- and FasL-deficient), and Fas-deficient [pr allografts in perforin-deficient
recipients were determined at 8 wk post-transplant. Wildtype allografts in CD8™ (n=5;
p<0.001), B2m”" (n=5; p<0.05; p<0.01), FasL™”" (n=5; p<0.05; p<0.01) and Fas™
allografts in perforin-deficient (Pfp”": n=10; p<0.001) are significantly different from
wildtype allograft controls (n=6) and CD4™ recipients (n=10). Data are expressed as

mean + SEM.
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Figure 10. AV in immunosuppressed animals is a CD8" T cell-dependent process.
Representative photomicrographs of allografts from wildtype B6 recipients (a and ¢) and
B6 CD8”" recipients (b and d) treated with cyclosporine A 50 mg/kg/d or 70 mg/kg/d,
respectively. CD8” recipients did not develop AV at either dose. The AV observed in
wildtype B6 .recipients treated with cyclosporine A is dependent on the presence and

functionality of CD8" T cells; n=4-5 animals per group; scale bars = 200 pm.



113

FIGURE 10



Chapter 5

114



115

5.0 CD8" T Lymphocytes Mediate Allograft Vasculopathy by
Direct Cytolysis and by an Interferon-y-Dependent Indirect

Effector Pathway
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5.1 Introduction

Heart transplantation is the only treatment option for many patients suffering from
end-stage heart failure. Although modern immunosuppression has dramatically improved
early survival by ameliorating acute rejection, loss of cardiac grafts due to AV has
emerged as the major limitation in heart transplantation (Hosenpud et al., 2001). More
than 50% of transplanted hearts will fail within 10 years, primarily from the pathologic
effects of AV (Hosenpud et al., 2001). AV consists of a concentric thickening of the
intimal layer of the epicardial coronary arteries, leading to lumenal occlusion, thrombosis
and eventually ischemic organ failure (Billingham, 1994). It is also characterized by a
leukocytic infiltrate in the adventitia and loss of smooth muscle cells from the media
(Hirsch et al., 1998). Current immunosuppressive regimens do not inhibit AV (Hosenpud
et al., 2001) and conventional revascularization strategies are ineffective because of the
diffuse nature of the disease (Billingham, 1994).

The exact cellular and molecular events responsible for AV are not known. It is
clearly T cell mediated, in that T cell-deficient athymic nude animals do not exhibit AV
(Hall, 1991, Ensminger et al., 2002), although recent evidence suggests that innate
immunity may also contribute to lesion formation (Russell et al., 2001). While some have
suggested that CD4" T cells are required for the generation of AV (Ensminger et al.,
2002, Yamada et al., 2003), others (Han et al., 2000) have shown that AV occurs in anti-
CD#4 antibody transgenic mice that are devoid of CD4" T cells by endogenous depletion
(Han et al., 2000). We have shown that marked apoptosis occurs within the medial SMC

compartment during the early stages of AV with a concomitant upregulation of mRNA
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for cytotoxic T lymphocyte derived mediators of target cell apoptosis (Hirsch et al.,
1998). These data suggest an important role for CD8" T cells in AV.

CD8" T lymphocyte effects on AV could be mediated through either direct
cytolysis (Hirsch et al., 1998, Légaré et al., 2000) or through indirect effector pathways
(Nagano et al., 1998, Delfs et al., 2001). The available evidence suggests that direct
cytolytic activity leading to apoptosis in the transplant vasculature could contribute
significantly to AV (Hirsch et al., 1998, Légaré ef al., 2000). Alternatively, indirect
effector mechanisms mediated by type 1 cytokines could also contribute to AV (Nagano
et al., 1998, Delfs et al., 2001). These direct and indirect events have been suggested as
inciting stimuli leading to the vascular remodeling and neointimal hyperplasia that are
characteristic of AV (Delfs et al., 2001).

Our data in this study demonstrate that CD8" T cells can induce AV in the
absence of CD4" T cells or antibody, and that CTL-mediated direct cytolysis and
interferon-y-dependent non-CTL effector pathways are both involved. Given that CD8" T
cells have been suggested to be less sensitive than CD4" T cells to calcineurin inhibition
(Bishop et al., 1992, Bujan et al., 2001, Hruban et al., 1990, Libby and Pober, 2001),
these data might explain the limited efficacy of current immunosuppressive therapy in

preventing AV.
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5.2 Results

The experimental system used in this study entailed the adoptive transfer of
effector CD8" T cells into immunodeficient recombinase activating gene-1 knockout
(RAG-17 *) mice that lack functional B cell and T cell compartments. The C57BL/6 (B6)
RAG-17 recipient mice were transplanted with fully mismatched BALB/c aortic
allografts prior to reconstitution with primed B6 effector T cell subsets. In this study we
restricted our observations to the effector limb of AV, by allowing primary antigen
activation to occur in the wildtype host and subsequently transferring specific populations

of effector T cells into immunodeficient mice.

5.2.1 Generation of primed effector CD8" T cells

Primed whole T cell populations were derived by immunizing wildtype B6
animals with BALB/c splenocytes. Primed CD8" T cells were purified from the enriched
T cell populations (Figure 1, Table 1) by negative selection using immunocolumns as
described above and contained no detectable CD4" or B220" cells (Figure 2, Table 1). To
confirm that immunization had led to allo-activation, we tested freshly purified, primed
CD8" T cells for direct CTL activity ex vivo. The allo-primed CD8" T cells killed (up to
70% specific apoptosis) allogeneic (H-2% targets, but not third party (H-2¥) targets
(Figure 3). In contrast, CD8" T cells isolated from naive B6 mice did not kill (Figure 3).
Deletion of CD8" cells or asialo GM1" cells from allo-primed whole T cell populations

eliminated ex vivo killing (Figure 3).
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Similarly, when either primed whole T cell or primed, purified CD8" T cell
populations were cultured in a secondary mixed lymphocyte reaction (MLR) with
mitomycin C-inactivated allogeneic stimulators, significant proliferation of responder
cells was detected (Figure 4). In contrast, whole T cells and purified CD8" T cells derived
from naive B6 mice exhibited reduced proliferation in a primary MLR (Figure 4).
Antigen specificity was demonstrated by the diminished proliferation of allo-primed
CD8" T cells in response to third-party (H-2k) stimulators (Figure 4). Taken together,
these data would suggest that allo-immunization is effective in generating effector whole
T cell and CD8" T cell populations exhibiting both proliferative capacity and killing
activity of allogeneic stimulators and targets, respectively.

Having demonstrated successful priming of whole T cell and CD8" T cell
populations, we then confirmed the survival of these cells in vivo after transfer into
immunodeficient RAG-17" mice that did not receive transplants. Two weeks after the
transfer of 1x10” primed B6 whole T cells, or primed, purified B6 CD8" T cells into the
B6 RAG-1"" mice, spleen samples were analyzed by fluorescence activated cell sorting
(FACS) analysis or immunocytochemistry. Despite the lack of further allo-antigen
exposure in vivo, immunodeficient mice injected with whole T cells exhibited successful
reconstitution of both the CD4" and CD8" T cell compartments (Figure 5), while mice
injected with primed, purified CD8" T cells showed successful reconstitution of only the
CDS8" T cell compartment (Figure 5). This confirms that the transferred CD8" T cell
population is viable, able to reconstitute the immunodeficient host and uncontaminated
with CD4" T cells (Figure 5). Neither whole T cell injection nor CD8" T cell injection

reconstituted the B cell compartment (Figure 6).
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5.2.2 Role of CD8" effector T cells in the generation of AV

After demonstrating that priming led to the generation of allo-specific B6 CD8™ T
cells capable of direct CTL activity ex vivo, we assessed their ability to generate AV in
B6 RAG-17 recipients of fully mismatched BALB/c aortic allografts. We observed no
AV in allografts transplanted into unreconstituted RAG-1"" mice whereas reconstitution
with allo-primed whole T cells or with purified, allo-primed CD8" T cells led to the
generation of robust AV with a marked intimal lesion, virtually complete loss of medial
SMC, and a profound adventitial mononuclear cell infiltrate (Figure 7). Wildtype
recipients, RAG-17" recipients reconstituted with primed whole T cells, and RAG-17"
recipients reconstituted with primed CD8" T cells all developed intimal hyperplasia at
similar levels (Figure 8).

In order to confirm that the AV observed in RAG-17 recipients reconstituted with
primed, purified CD8" T cells was not due to the small (5-7%) population of null (non-T
and non-B) cells within the transfer inoculum, we deleted CD8" cells from the transfer
population using anti-CD8 monoclonal antibody and complement-mediated lysis prior to
nylon-wool enrichment and passage through CD8 immunocolumns. A similar number of
null cells (1 x 107) derived from allo-immunized B6 mice were then transferred into B6
RAG-17 recipients of BALB/c allografts and assessed for the development of AV.
Deletion of CD8" cells from the purified CD8" T cell transfer population abrogated AV
(Figure 7 and 8). Moreover, highly purified, primed CD8" T cells, with a purity in excess
of 99% (Figure 9), isolated using a positive selection technique for subsequent adoptive

transfer into immunodeficient recipients yielded similar results to negative selection
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purification (Figure 10 and 11). These two observations confirm that the small population
of null cells in the negatively selected primed CD8" T cell preparation are not responsible
for the development of AV.

To eliminate the contribution of concurrent ischemic vessel injury we performed
adoptive transfer 4 and 7 d after transplantation where the initial non-specific
inflammatory response to ischemia would be attenuated. Our results were unchanged
indicating that robust CD8" T cell allo-responses mediate AV irrespective of early
ischemic injury (Figure 12).

The infiltration of transferred effector CD8" T cells into the grafts undergoing AV
was confirmed by immunocytochemistry. As expected, allografts harvested from
unreconstituted RAG-17" recipients did not contain CD4" or CD8" cells (Figure 13).
Allografts harvested from RAG-1"" mice reconstituted with whole T cells exhibited
infiltration by both T cell (CD4" and CD8") subsets (Figure 13). Allografts harvested
from CD8" T cell-reconstituted RAG-1"" mice showed CD8" T cells localized
predominantly within the media with no CD4" T cells in the grafts (Figure 13).

Serum samples from CD8" T cell reconstituted RAG-17" allograft recipients were
taken and subsequently analyzed for the presence of allo-specific immunoglobulin G
(IgG) by FACS analysis. There was no detectable allo-specific IgG in the serum derived
from CD8" T cell injected immunodeficient mice (Figure 14). In contrast, serum
harvested from wildtype B6 mice, which exhibited marked rejection of aortic allografts,
contained significant levels of allo-specific immunoglobulin (Figure 14). To confirm that
other classes of immunoglobulin such as IgM, which might not have been detected by

FACS analysis, were indeed not present, we assayed serum from CD8" T cell
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reconstituted RAG-1"" for killing activity against allogeneic splenocytes in a
complement-dependent cytotoxicity assay. Serum from wildtype B6 mice showed dose-
dependent cytotoxicity (IDsg 1:1024), while serum from CD8" T cell reconstituted
immunodeficient mice did not (Figure 15). These data confirm that transferred effector
CDS8" T cells migrate to the graft and mediate AV in the absence of CD4" T cells or B

cell activity.

5.2.3 Disruption of cytotoxic mediators eliminates in vitro CTL killing

We examined the role of direct cytolytic and non-CTL effector mechanisms in
CDS8" T cell mediated AV. We first assessed direct killing in vitro by using primed CD8"
T cells with targeted deletions of effector molecules necessary for the granule-exocytosis
and Fas-Fas ligand pathways of cytotoxicity.

When the granule-exocytosis pathway was interrupted, by using perforin deficient
(pfp) effector cells, killing of alle targets was not reduced (Figure 16). Likewise,
interruption of the Fas-FasL pathway, by using Fas receptor deficient (/pr) target cells,
did not reduce killing (Figure 16). However, when both pathways were interrupted, by
using pfp effector cells against [pr targets, complete abrogation of killing activity was
observed (Figure 16). These data confirm that, at least in vitro, minor pathways of

cytotoxicity are not relevant in this system.
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5.2.4 CD8'T cell-mediated direct cytolysis contributes to the generation of AV

When primed CD8" T cells from B6 FasL-deficient (g/d) mice or B6 perforin
deficient (pfp) mice were used to reconstitute B6 RAG-17" allograft recipients we
observed robust AV (Figure 17), confirming that neither CTL pathway is essential for the
generation of AV. When we blocked both of the major pathways of cytotoxicity
simultaneously by transferring primed CD8" T cells derived from pfp animals into RAG-
17" recipients transplanted with /pr aortic allografts, the mice exhibited attenuated AV
lesions. The AV lesions were characterized by both intimal hyperplasia and medial SMC
loss (Figure 17), but there was an almost 50% reduction in intimal hyperplasia compared
to wildtype controls (Figure 18; p<0.01) suggesting an important, but not essential, role
for direct killing in the etiology of AV, as well as the activity of some alternate non-CTL

CDS8" T cell effector pathway.

5.2.5 A distinct CD8" T cell non-CTL effector pathway is capable of generating AV and

is interferon-y-dependent

To examine the contribution of non-CTL effector mechanisms we transferred
purified, primed C3H CD8" T cells into immunodeficient C3H RAG-2" recipients of
aortic allografts from B6 B2microglobulin-deficient (B6 B2m'/ 7) donors. [32m'/' mice are
profoundly deficient in surface Class I MHC (Grusby et al., 1993) and are referred to as
MHC I-deficient mice. We (Figure 19) and others (Zijlstra ef al., 1990, Apasov et al.,

1993, Glas et al., 1992) have shown that cells from such mice are not susceptible to direct
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killing. The cells do, however, produce Class I peptides that can be presented by recipient
dendritic cells and used to engage the transferred effector CD8" T cells. Such CD8" T
cells may then mediate killing by indirect non-CTL means. Indeed, MHC I-deficient
allografts transplanted into RAG-2"" recipients reconstituted with primed, purified CD8"
T cells from wildtype C3H mice exhibited substantial AV (Figure 20), but the extent of
intimal hyperplasia was reduced by approximately one third when compared to wildtype
control allografts (Figure 21; p=0.0406). These data support the involvement of non-
cytolytic effector pathways in CD8" T cell-mediated AV.

* Having implicated non-cytolytic CD8" T cell effectors in the generation of AV,
we postulated that interferon-y (IFN-y) would be a prime mediator of this pathway. To
confirm both the indirect non-CTL effect and a role for IFN-y in this pathway, we used
primed, purified CD8" T cells from IFN-y”" mice to reconstitute RAG-1"" recipients of
MHC I-deficient allografts. Primed CD8" T cells from IFN-y”" mice were unable to
generate AV in these allografts despite a significant CD8" T cell infiltrate (Figure 22).
‘Interestingly, primed CD8" T cells from IFN-y”" mice triggered AV in wildtype allografts
(Figure 22). These data confirm that an indirect non-CTL pathway is involved in the
observed AV in MHC I-deficient allografts and that IFN-y is the essential mediator of this

process.
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5.2.6 CD8" T cell-mediated AV is refractory to cyclosporine A treatment.

Primed, highly purified CD4" and CD8" T cell subsets are sufficient to induce AV
in non-immunosuppressed RAG™" allograft recipients (Figure 23). In contrast, only
primed, highly purified CD8" T cells remained capable of inducing AV in the presence of
cyclosporine A (50 mg/kg/d) treatment, whereas CD4" T cells did not (Figure 23). CD4"
T cell function is potently inhibited by the addition of immunosuppression, whereas

CD8" T cell effectors are relatively resistant to cyclosporine A (Figure 24).
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5.3 Discussion

It is widely accepted that various non-specific inflammatory events contribute to
the generation of AV (Schmid et al., 1997). Ischemic injury during organ procurement
and transplantation has been identified as a particularly important factor. Gaudin et al, for
example, showed that perioperative ischemic injury predicts the development of AV in
humans (Gaudin et al., 1994). Although many immune and non-immune factors
contribute to the generation of AV (Schmid et al., 1997), it is well established that in the
absence of effective T cell activity (by using athymic nude, severe combined
immunodeficient (SCID), RAG-deficient animals or very high dose immunosuppression)
AV does not occur (Hall, 1991, Ensminger et al., 2002, Russell et al., 1994, Delfs et al.,
2001, Hillebrands ef al., 2001). In this study T and B cell deficient RAG-1"" mice did not
exhibit AV.

Some have suggested that CD4" T helper cells are necessary for the generation of
AV (Ensminger et al., 2002, Yamada et al., 2003). However, we (using CD4 knockout
mice; see chapter 2) and others (using endogenous antibody depletion; Han et al., 2000)
have found that AV is not dependent on the activities of CD4" T cells. This is of
considerable importance given the fact that CD8" T cells appear to be relatively resistant
to the actions of current calcineurin pathway based immunosuppressive therapies (Bishop
et al., 1992, Bujan ef al., 2001, Hruban et al., 1990, Libby and Pober, 2001) and the fact
that such therapies do not ablate AV (Hosenpud et al., 2001).

In this study we utilize adoptive transfer into immunodeficient RAG-17 recipients

to examine the contribution of CD8" effector T cells to the generation of AV. One caveat
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of cell transfer systems into immunodeficient hosts is the potential for homeostasis-driven
proliferation of elements in the transferred population (Goldrath ef al., 2000). Such
homeostatic proliferation results in cells with a functional state similar to that of the
memory CD8" T cell phenotype capable of cytokine production and effector function
(Schluns et al., 2000, Ge et al., 2002). For this reason we restricted our observations to
the effector limb, by allowing primary antigen activation to occur in the wildtype host
and subsequently transferring effector T cell populations; thus avoiding the issue of
homeostasis-driven proliferation.

We demonstrate here that primed CD8" T cells are sufficient to generate AV.
Transferred purified effector CD8" T cells induced robust AV in RAG-17" mice which
lack both T cells and B cells. When CD8" cells were deleted from this transfer population
AV induction was abrogated, confirming that the AV lesions seen are completely
dependent on effector CD8" T cells. Moreover, when highly purified CD8" T cells
isolated by positive selection were used in the adoptive transfer AV was again observed.
While the intimal lesion is a hallmark of AV (Billingham, 1994), we recognize that
inward vessel remodeling may also play a role in the hemodynamic compromise of AV
(Pethig et al., 1998, Pésterkamp et al., 2000). However, the relative contribution of these
two processes remains unclear.

CDS8" effector T cells are capable of direct cytolysis (Hirsch et al., 1998, Légaré et
al., 2000), but they also produce cytokines which mediate DTH-like immune responses
(Nagano et al., 1998, Delfs et al., 2001). We first examined the contribution of direct
CTL-mediated killing. When either the granule-exocytosis or the FasL. pathway was

blocked independently, AV lesion formation was unimpeded. These data are in contrast



128

to the observations of Subbotin and colleagues (Subbotin e al., 1999), who claimed that
Fas-FasL interactions were critical for AV. Complicating the interpretation of their data,
however, is the age dependent expression of immunological hyporesponsiveness in the
gld mice they used (Djamali et al., 1998). For example, Djamali et al showed that 6wk
old gld mice exhibit normal acute rejection but 13wk old mice exhibit long term graft
survival (Djamali ef al., 1998). While the CD8" T cells used in our experiments were
derived from 6 wk old g/d mice, Subbotin ef al used 10-12 wk old g/d mice at the start of
their experimentation (18 wk old at harvest) at which time the immunological
competency of these animals is in question (Subbotin ef al., 1999).

When both pathways were blocked concurrently we observed a significant
attenuation of CD8" T cell-mediated AV indicating that direct killing plays a major role
in the induction of AV. However, since complete inhibition of AV was not seen, other
pathways must be active. Since simultaneous blockade of both cytolytic pathways
eliminated direct killing in vitro, minor pathways of cytotoxicity are unlikely to be active
within this system. Given that unreconstituted recipients do not develop lesions, NK cells
of the host are not implicated. Although, indirect CD8" T cell effectors might recruit and
activate RAG-17"-derived macrophages or NK cells in a DTH-like manner capable of
damaging the allograft. Taken together this data indicates that non-CTL effector
mechanisms contribute to CD8" T cell mediated AV.

We investigated this non-CTL effector pathway by evaluating the ability of allo-
primed CD8" T cells to reject MHC I-deficient grafts. CD8" T cells are unable to directly
interact with such grafts (Zijlstra et al., 1990, Apasov et al., 1993, Glas et al., 1992, Qian

et al., 1996). In our study, primed CD8" T cells generated AV in these allografts despite
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the mitigation of direct killing. Moreover, primed CD8" T cells generated by
immunization with allogeneic wildtype cells do not kill these MHC I-deficient targets in
vitro (Figure 19, Glas ef al., 1992) confirming our in vivo observations. This data strongly
supports the hypothesis that non-CTL effectors are implicated in the generation of AV in
MHC I-deficient allografts, as well as in Ipr grafts of pfp reconstituted RAG-I'/ " mice in
which pathways of direct cytolysis are attenuated.

Interferon-y (IFN-y) would be a likely mediator of such non-CTL effector
mechanisms (Nagano ef al., 1998, Delfs et al., 2001). Graft infiltrating CD8'T
lymphocytes produce significant amounts of [IFN-y (Stinn et al., 1998, Valujskikh et al.,
2001) and IFN-y could potentiate PDGF-induced effects on the cells forming the
neointimal lesion (Tellides et al., 2000) as well as inducing DTH-like cell mediated
responses (Muller et al, 1994). Other groups have previously demonstrated an important
role for host-derived IFN-y in the development of AV as IFN-y”" recipients exhibit
markedly, although not completely, attenuated AV (Nagano et al., 1997, Raisanen-
Sokolowski et al., 1997, Raisanen-Sokolowski ef al., 1998). Similarly, in this study
primed CD8" T cells from IFN-y” mie transferred into immunodeficient recipients of
wildtype allografts generated robust AV, albeit significantly reduced when compared to
wildtype CD8" T cells. However, transfer of allo-primed CD8" T cells from IFN-y'/' mice
into RAG-17" recipients where the direct CTL effector pathways are blocked did not
induce AV, thus demonstrating that the observed non-CTL effector pathway is IFN-y
dependent.

A role for CD8" effector T cells in AV may explain its resistance to calcineurin

inhibitor based immunosuppressive treatments which primarily target CD4" T cell
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activation (Bishop et al., 1992, Bujan et al., 2001, Hruban et al., 1990, Libby and Pober,
2001). This correlates with our evidence (Johnson et al., 2002, Légaré et al, 2001) and
the evidence of others (Hillebrands ef al., 2001) that in animal models moderate
calcineurin inhibition ablates CD4" T cell mediated acute rejection but has little to no
effect on AV. Indeed, we have found that B6 CD8" T cells transferred into RAG-17"
allograft recipients treated with cyclosporine A (50 mg/kg/d) developed AV, whereas
similarly treated RAG-17" recipients reconstituted with CD4" T cells did not (Figure 23
and 24). This demonstrates a relationship between CD8" T cell effector function and AV
in the context of effective CD4" T cell immunosuppression. Moreover, the activity of
non-CTL effector CD8" T cells might be particularly implicated in the failure of modern
transplant pharmacotherapy, since indirect pathways, in general, are thought to be most
resistant to calcineurin inhibition (Lee et al., 2001, Sawyer et al., 1993, Hornick et al.,

2000).
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Figure 1. Characterization of splenocyte populations prior to and following T cell
enrichment.

Splenocytes (a) isolated from allo-immunized C57BL/6 mice were subjected to nylon
wool T cell enrichment (b). Splenocytes and enriched T cells were then labeled with
FITC-anti CD4 (red), FITC-anti-B220 (blue), and FITC-ant: CD8 (purple) monoclonal
antibodies and fluorescence activated cell sorting (FACS) analysis was performed to
assess the purity of the isolated cell populations. Background fluorescence was
determined using FITC-rat IgG2y, (isotype control; black). These enriched T cells were
subsequently subjected to either whole T cell or CD8" T cell isolation using either

negative or positive selection techniques. Data are representative of 10 experiments.



132

a) Splenocytes

80

80

—Isotype Control
——CD4
------ B220
~—CD8

Count

16 1

b) Enriched T cells

100

- B220
~—CD8

EVENTS

FL1-HEIGHT

FIGURE 1



133

Figure 2. Purity of whole T cells and CD8" T cells using negative selection isolation
technique.

Spleen T cells from allo-immunized C57BL/6 mice were isolated by nylon wool
enrichment. For whole T cell isolation by negative selection, enriched T cells were
subsequently passed through CD3 immunocolumns to eliminate B cells and other non-T
cells (a). Similarly, CD8" T cells were isolated by negative selection from enriched T cell
populations by passage through CD8 immunocolumns to eliminate CD4" T cells and B
cells (b). Whole T cells and CD8" T cells were then labelled with FITC-anti-CD4 (red),
FITC-anti B220 (blue), FITC-anti CD8 (purple), and PE-anti afFCR (not shown)
monoclonal antibodies and FACS analysis was performed to assess the purity of the
isolated cell populations. Background fluorescence was determined by using FITC-rat
IgG2y (isotype control; black). Whole T cell and CD8" T cells populations were
subsequently utilized for in vitro assays and in vivo adoptive transfer experimentation.

Data are representative of 10 experiments.
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CDh4 B220 CD8  offTCR

Splenocytes 28.3%1.5 51.0£3.2 13.4+2.1 —
Enriched T cells 49.6t4.6 6.41+2.4 36.7t4.5 —
T cells ¢ Selection) 56.6+3.8 0.5£0.2 36.0+3.7 93.4+2.4
CDS8" T cells (- Selection) 0.6+0.2 0.6£0.2 93.6+2.6 91.2+1.5
T cells (+ Selection) 56.5£3.6 0.4+0.3 37.3+2.3 98.4+1.1
CDS8’ T cells (+ Selection) 0.5+0.2 0.440.1 99.0+0.9 97.6+1.3

TABLE 1. Purity of adoptive cell transfer populations.

Splenocytes, nylon wool enriched T cells, whole T cells and purified CD8" T cells
isolated by either positive or negative selection techniques were assessed for CD4, B220,
CD8 and affCR expression by FACS analysis. Data shown are expressed as mean =+

SEM of positively stained cells and are representative of n=5-10 experiments.
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Figure 3. Generation of primed allo-specific CD8" CTL.
(a) CDS" T cells, freshly purified from allo-primed animals were tested for killing

activity in an ex vivo direct CTL assay. Allogeneic targets were incubated with naive
CD8+ T cells (A), or primed CD8" T cells (m). Third party targets were also used (A, D).
(b) Whole T cells from naive (A), or primed (M) animals were tested for CTL activity
against allogeneic targets. Primed whole T cells treated with anti-CD8 (A) or anti-
asialoGM1 (0J) monoclonal antibodies and complement were also tested. Data shown are

expressed as mean + SEM and are representative of seven separate experiments (***

p<0.001, ANOVA).
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Figure 4. Allo-immunization leads to generation of effector CD8" T cells with
proliferative capacity.

Allo-specific proliferation in a secondary mixed lymphocyte reaction (MLR) of primed
CD8" T cells (a) and whole T cells (b) was assessed by 3H-Thymidine incorporation.
CDS8" T cells (a) and whole T cells (b) from unimmunized (naive) C57BL/6 mice served
as a primary MLR control. Purified CD8" T cells and whole T cells were activated in the
presence of mitomycin C-treated, T cell-depleted, BALB/c (allogeneic) or C3H (third
party) stimulator splenocytes, at a responder to stimulator ratio of 4:1. Data shown are

expressed as mean + SEM of 3 experiments (*** p<0.001, ANOVA).
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Figure 5. Reconstitution of RA G-1"" mice with syngeneic primed allo-reactive cells.
Two weeks after reconstitution, splenocytes from RAG-1"" mice were probed with anti-
CD4 (blue), anti-CD8 (red), and isotype control (black) monoclonal antibodies to confirm
survival of transferred cells. Unreconstituted RAG-17" mice (a); whole T cell
reconstituted mice (b); and CD8" T cell reconstituted mice (¢) were assayed. Experiment

shown is representative of three separate experiments.
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Figure 6. Adoptive transfer of whole T cells or CD8" T cells did not reconstitute the B
cell compartment of immunodeficient mice.

Two weeks after reconstitution, 5 um frozen sections of spleen tissue were probed with
anti-CD19 monoclonal antibody immunocytochemistry to detect the presence of B cells.
Spleen tissue from wildtype C57BL/6 (a); from whole T cell injected RAG-17 (b); and
from CD8" T cell injected RAG-17" (¢) mice was immunostained. Photomicrographs are

representative of n=3 per group; scale bars = 200 pm.
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Figure 7. Primed CD8" T lymphocytes induce AV.
Representative photomicrographs of aortic allografts from an unreconstituted RAG-17"
mouse (a); from a RAG-17" mouse reconstituted with allo-primed whole T cells (b); or

allo-primed, purified CD8" T cells (c); or allo-primed null cells (non-CD8") (d); n=5-9

animals per group; scale bars = 200 pm.
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Figure 8. CD8" T cell-mediated intimal hyperplasia is similar in extent to AV observed
in wildtype recipients.

Digital image analysis of histological sections from aortic allografts shows intimal area
calculations for the five groups: wildtype recipients, unreconstituted RAG-1"" recipients,
primed whole T cell reconstituted RAG-17" recipients, primed CD8" T cell reconstituted
recipients, and primed non-CD8" cell reconstituted RAG-17" recipients; n=5-9 for the

groups (***, p<0.001, ANOVA).
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Figure 9. Purity of whole T cells and CD8" T cells using positive selection isolation
technique.

Spleen T cells from allo-immunized C57BL/6 mice were isolated by nylon wool
enrichment. Whole T cells were subsequently positively selected from enriched T cell
populations using anti-CD90 (Thy 1.2) microbeads followed by magnetic column
separation (a). Similarly, CD8" T cells were positively selected from enriched T cell
populations using anti-CD8 microbeads followed by magnetic column separation (b).
Purified whole T cells and CD8" T cells were then labelled with FITC-anti CD4 (red),
FITC-anti B220 (blue), FITC-ant: CD8 (purple), and PE-anti affCR (not shown)
monoclonal antibodies and FACS analysis was performed to assess the purity of the
isolated cell populations. Background fluorescence was determined by using FITC-rat
IgG2, (isotype control; black). Whole T cell and CD8" T cells populations were
subsequently utilized for in vitro assays and in vivo adoptive transfer experimentation.

Data are representative of 10 experiments.
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Figure 10. Highly purified CD8" T cells isolated by positive selection induce AV.

CDS8" T cells isolated to >99% purity by positive selection were assessed for their ability
to induce AV in aortic allografts transplanted into RAG-1"" recipients. Representative
photomicrographs of aortic allografts from RAG-1 ”~ mice reconstituted with allo-primed,

highly purified whole T cells (a); or allo-primed, highly purified CD8" T cells (b); n=6

per group; scale bars =200 pm.
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Figure 11. Intimal hyperplasia mediated by highly purified CD8" T cells is similar in
extent to AV observed in whole T cell reconstituted immunodeficient recipients.
Digital image analysis of histological sections from aortic allografts shows intimal area
calculations for the two groups: allo-primed, highly purified whole T cell reconstituted
RAG-17 recipients, and allo-primed, highly purified CD8" T cell reconstituted RAG-17"

recipients; n=6 for the groups.
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Figure 12. AV in CD8" T cell reconstituted RAG-1 " mice occurs irrespective of
concurrent ischemic injury.

To control for concurrent ischemic graft injury, RAG-17 allograft recipients were
reconstituted with primed, purified CD8" T cells 24, 96, and 168 h after transplantation.
Digital image analysis of histological sections from aortic allografts shows intimal area

calculations for the three groups; n=4-9 for the groups.
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Figure 13. Graft infiltration by lymphocyte subsets after reconstitution of RAG-1 "
recipients.

Panels a, ¢ and e are probed with anti-CD4. Tissue represents allografts from
unreconstituted RAG-1"" mice (a); RAG-17" mice reconstituted with primed whole T
cells (¢); or RAG-17" mice reconstituted with primed CD8" T cells (e). Panels b, d and f
are probed with anti-CD8 and represent similar reconstitution as noted for a, ¢ and e

above. Micrographs representative of n=5-9 per group; scale bars = 200 um.
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Figure 14. CD8" T cell reconstituted RAG-1"" mice do not produce allo-specific IgG.
Serum from CD8" T cell reconstituted RAG-1"" (red) and wildtype (purple; antiserum)
recipients with rejected allografts was incubated with allogeneic T cells. No serum
incubated with allogeneic T cells (media; black) and antiserum incubated with syngeneic
T cells (blue) served as negative controls. These allogeneic and syngeneic T cells were
subsequently labeled with FITC-anti mouse IgG and FACS analysis was performed to

detect the presence of allo-specific IgG.



Media + Allogeneic Cells

Antiserum + Syngeneic Cells
Antiserum + Aliogeneic Celis

CD8+ T cell RAG-1-/- + Allogeneic Cells

88

|

1
Z a0
&
| Ml\} \
ni i
i i
Al LTV
- fw‘p[l# {i }( . M{J ! jq h}&l‘]*f‘ulv'll s \“w I ]
10 1d ¢ 1 N

FL1-HEIGHT

Figure 14

159



160

Figure 15. CD8" T cell reconstituted RAG-1 “ mice do not produce antibodies capable
of complement-dependent cytotoxicity.

To confirm that the AV observed in CD8" T cell reconstituted RAG-1"" mice was
independent of cytotoxic antibody, serial dilutions of serum collected from these animals
was incubated with allogeneic splenocytes and complement. Dead cells were stained with
trypan blue and quantified by cell counting using a hemocytometer. Antiserum from

wildtype recipients and naive mice left untransplanted served as positive and negative

controls respectively. Data are shown as mean + SEM of three separate experiments.
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Figure 16. Ablation of CTL activity by interruption of cytotoxic mediators.

Wildtype allogeneic lymphoblast targets were incubated in an in vitro CTL assay with

wildtype CTL (m), or with CTL from perforin-deficient mice (O). Fas-deficient targets

were incubated with wildtype CTL (®), or CTL from perforin-deficient mice (O).

Representative of four separate experiments (*** p<0.001, ANOV A). Non-specific lysis

was <5%.
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Figure 17. Contribution of CD8" T cell-mediated direct cytolysis to AV.

Wildtype allografts were transplanted into RAG-17" mice which received primed CD8" T
cells from either wildtype mice (a), F asL”" mice (b), or from perforin-deficient mice (c¢).
These combinations block either the Fas-FasL pathway (b) or the granule-exocytosis
pathway (c) of killing. Also examined were allografts from Fas™ mice transplanted into
RAG-17" mice reconstituted with primed CD8" T cells from perforin-deficient mice (d)
(interrupts both major pathways of cytotoxicity). Micrographs are representative of n=>5-

6 in all groups; scale bars = 200 pum.
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Figure 18. Ablation of mediators of direct cytotoxicity attenuates AV.

Digital image analysis of sections yielded quantitative data of the extent of intimal
hyperplasia in the five groups: unreconstituted RAG-17" recipients of a wildtype allograft;
primed wildtype CD8" T cell reconstituted RAG-1"" recipients of a wildtype allograft;
primed FasL-deficient CD8" T cell reconstituted RAG-1" recipients of a wildtype
allograft; primed perforin-deficient CD8" T cell reconstituted RAG-17 recipients of a
wildtype allograft; and primed perforin-deficient CD8" T cell reconstituted RAG-17-

recipients of a Fas-deficient allograft; n=5-6 in all groups (**, p<0.01, ANOVA).
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Figure 19. Ablation of CTL activity by interruption of target derived MHC Class 1.
Wildtype CTL were incubated with wildtype () and $2microglobulin-deficient (O;
MHC-I” 7) allogeneic targets in an in vitro CTL assay. Third party control targets were

also tested and no killing was observed. Representative of 3 separate experiments (***

p<0.001, ANOVA). Non-specific lysis was <5%.
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Figure 20. Contribution of indirect effectors to CD8" T cell-mediated AV.
Representative photomicrographs of aortic allografts from wildtype B6 (a), or B6 p2m™”
(b) mice were transplanted into C3H RAG-2" recipients receiving primed, purified CD8"
T cells from wildtype C3H mice. C3H RAQ " recipient of B6 p2m™" allograft left
unreconstituted (c). AV in p2m”" grafts is due to indirect CD8" T cell mediated effects.

Scale bars = 200 um.
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Figure 21. Direct CTL activity and a non-CTL indirect effector pathway are involved in
CD8' T cell-mediated AV.

Allografts from wildtype B6 or B6 B2m” mice were transplanted into C3H RAG-2"
recipients receiving primed, purified CD8" T cells from wildtype C3H mice. Digital
image analysis of histologic sections quantified the intimal lesion area in these groups;

n=4 for the groups (¥, p=0.0406, Unpaired T-test).
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Figure 22. AV mediated by indirect CD8" T effector cells is interferon-y dependent.
Representative photomicrographs of allografts from wildtype MRL mice transplanted
into B6 RAG-17" mice reconstituted with CD8" T cells from interferon—y'/ " mice (a);
allografts from MRL p2m™ mice transplanted into B6 RAG-17" mice reconstituted with
primed, purified CD8" T cells from wildtype B6 mice (b); or reconstituted with primed,
purified CD8" T cells from B6 interferon-y”” mice (c) and probed with anti-CD$8

immunocytochemistry (d); n=5 for the groups; scale bars =100 pm.
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Figure 23. CD8" T cell-mediated AV is relatively resistant to cyclosporine A.
Representative photomicrographs of wildtype C3H aortic allografts from B6 RAG-17"
recipients reconstituted with primed, highly purified CD4" T cells (a and ¢) or primed,
highly purified CD8" T cells (b and d) left untreated (a and b) or treated with
cyclosporine A 50 mg/kg/d (c and d). Treatment with cyclosporine A ablates CD4" T cell
mediated AV, whereas CD8" T cells are resistant; n=4-5 animals per group; scale bars =

200 pm.
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Figure 24. Differential sensitivity of CD4" and CD8" T cell subsets to cyclosporine A.
Intimal area ratios of untreated to cyclosporine A-treated C57BL/6 RAG-17" allograft
recipients reconstituted with primed, highly purified CD4" T cells or primed, highly

purified CD8" T cells. n=4-5 for the groups (*, p=0.0308, Unpaired T-test).
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6.0 Discussion

In this thesis, I have demonstrated that CD8" T cells play a significant role in the
development of AV. In fully MHC-mismatched murine aortic interposition allografts,
CDS8" T cells generated medial smooth muscle cell loss and intimal hyperplasia by
contact-dependent cytotoxicity and by an interferon-y-dependent indirect effector
pathway. Moreover, in the presence of clinically-relevant immunosuppression with
cyclosporine A, the effector activity of CD8" T cells was demonstrated to be absolutely
essential to the generation AV. This strongly suggests that calcineurin inhibitor-resistant

CD8" T cells may be implicated in the failure of modern transplant pharmacotherapy.

The murine aortic allograft model pioneered by Pekka Hayry and colleagues
(Mennander et al, 1991) has been used by many investigators over the years, but recently
it has come under criticism because some feel it does not adequately represent the
pathophysiology of AV occurring within whole organ transplants (Pober, 2002). The
aortic interposition graft lacks the parenchyma of a heart allograft and as such does not
require immunosuppression in order to prolong graft survival sufficiently to form AV. In
addition, it has been argued that intimal expansion in vessel allografts can result from any
form of injury, including those better described as acute or subacute rather than chronic

(Pober, 2002).

Contrary to this proposition, | have demonstrated in this thesis that AV still occurs
in the presence of optimal immunosuppression capable of prolonging cardiac allograft
survival greater than 60 d. Furthermore, others (Hillebrands et al, 2001, Légaré er al,

2001, Johnson et al, 2002) have found that immunosuppression using cyclosporine A,



182

which ameliorates acute rejection in this model, does not affect the generation of AV. In
fact, data from both immunosuppressed (Hillebrands ef al, 2001, Johnson et al, 2002) and
non-immunosuppressed (Shimizu et al, 2001, Johnson et al, 2002) animal models which
included aortic allografts (Shimizu et al, 2001, Hillebrands et al, 2001, Johnson et al,
2002) and whole organ transplants (Shimizu et a/, 2001, Hillebrands et al, 2001, Saiura et
al, 2001) have conclusively demonstrated a similar origin of the neointimal lesion cells
(Skaro et al, 2002). Further, AV only occurs in the presence of robust allo-immunity and
not in unreconstituted immunodeficient RAG™ mice, which is consistent with data from
cardiac allografts (Delfs et al, 2001). Moreover, it has been shown that the degree of
intimal hyperplasia is highly concordant between aortic allografts and whole organ
transplants in a combined heterotopic heart and aortic allograft model (Ensminger et al,
2000). A similar correlation was found in allograft aortas and coronary arteries of human
transplants undergoing AV (Mehra ef al, 1997). Taken together, these data support the

position that the etiology of the lesion is similar in solid organ and aortic allografts.

To date, AV research has focused on allo-recognition and destruction of graft
endothelium. This was thought to initiate leukocyte infiltration, production of cytokines,
chemokines and growth factors (Hayry et al, 1993, Libby and Pober, 2001) and
subsequent vascular SMC de-differentiation and migration to form an occlusive
neointima (Hayry er al, 1993, Hayry et al, 1995, Bojakowski et al, 2000). Loss of SMC
from the media is undoubtedly immune mediated since it does not occur in syngeneic
transplants or immune-incompetent animals (Koulack et al, 1995, Koulack et al, 1996,
Shi er al, 1996, Russell et al, 1997), but what remains unanswered is the mechanism by

which it occurs and its pathological significance.
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Few studies have addressed allo-immune mediated smooth muscle cell injury in
the de-population of the vascular media. For example, we have previously demonstrated
that the loss of SMC in the media of grafts undergoing AV is due to apoptosis, and not
migration (Hirsch et al, 1998). Others (Koglin and Russell, 1999) have also demonstrated
apoptosis in AV. Upon close examination of human pathologic specimens from hearts
explanted due to severe AV, striking thinning and loss of medial smooth muscle cells is
apparent.

In an aortic interposition graft model, the degree of medial SMC loss and intimal
hyperplasia were directly proportional to the duration of allogeneic exposure (Mennander
and Hayry, 1996, Hare et al, 1999), suggesting that medial destruction occurs by allo-
immune mechanisms and may be linked to the development of intimal hyperplasia.
Despite the suggestion that medial damage and intimal proliferation are differentially
regulated (Mennander et al, 1993), other provocative evidence from arterial injury
models has long suggested otherwise (Reidy and Silver, 1985, Reidy, 1985).

In arterial injury models, robust intimal hyperplasia is dependent on and
proportional to the extent of medial SMC injury (Reidy, 1985). When endothelial cells
are injured alone by mechanical means, no intimal thickening or medial SMC
proliferation is observed (Reidy and Silver, 1985, Reidy, 1985). Moreover, after
mechanical endothelial injury, even in the presence of sustained damage through lipid
stress in hypercholesterolemic rats, no intimal thickening is observed (Clowes ef al,
1976). However, when both endothelial and medial damage are incurred there is
increased expression of PDGF, transforming growth factor (TGF)-f3, insulin like growth

factor (IGF) and epidermal growth factor (EGF) concurrent with the development of
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intimal thickening (Hayry ef al, 1995). In contrast to AV, the intimal lesion observed in
mechanical injury models is transient, presumably because the lesion is allowed to heal in
the absence of further injury, whereas AV manifests as a result of ongoing allo-immunity.

We have previously demonstrated that medial smooth muscle cell loss within
allograft vessels occurs by apoptotic cell death and that CTL-derived mediators of
apoptosis including Fas ligand, perforin and granzyme B are concomitantly up-regulated
(Hirsch et al, 1998). This led us to believe that medial de-population might be the result
of allo-CTL responses directed against the vascular media instead of transmigration. In a
subsequent study, we depleted CD8" T cells from rat aortic allograft recipients and found
that medial preservation was indeed apparent suggesting an important role for CD8" T
cells in the medial smooth muscle cell loss observed in AV (Légaré¢ et al, 2000).
However, the development of intimal hyperplasia in these allografts, despite the depletion
of CD8" T cells, suggested that these two pathologies may be differentially regulated
(Légaré et al, 2000). Alternatively, residual CD8" T cells or other cytotoxic effectors
might have generated sufficient medial damage to trigger intimal hyperplasia. This latter
explanation is consistent with arterial injury models where medial destruction need not be
complete for lesion formation to occur (Reidy and Silver, 1985, Reidy, 1985). Thus, a
potential relationship between smooth muscle cell loss and intimal hyperplasia provided
the impetus to more closely examine the mechanism by which medial destruction occurs
in relation to the development of AV.

In this thesis we sought to elucidate the contribution of CD4" and CD8" T cell
subsets in the generation of AV. In particular, we paid careful attention to medial events

as they relate to the induction of intimal hyperplasia. In these experiments aortic



185

allografts from C3H/HeJ mice were transplanted into high responder C57BL/6 mice
which were either wildtype or disrupted for CD4" or CD8" T cells. We also evaluated the
involvement of effector mechanisms employed by CD‘8+ T cells in the destruction of
target cells. For example, allografts were tranéplanted into Fas ligand-deficient (g/d) and
perforin-deficient (pfp”") mice to determine the role of the Fas-Fas ligand (FasL) and
granule-exocytosis pathways in medial SMC apoptosis.

Allografts placed into wildtype C57BL/6 recipients developed maximal apoptosis,
measured by in situ-TUNEL staining, at 14 d post-transplant. Therefore, allografts placed
into immune-deficient recipients were analyzed at this time point. Allografts from mice
lacking CD8" T cells by CD8-a and Bymicroglobulin gene deletion, showed a marked
reduction in apoptosis within the medial cell compartment. Ailografts transplanted into
immune environments with impaired CTL pathways (either by perforin or Fas ligand
gene deletion), showed a similar reduction in medial cell apoptosis at this time point.

The residual apoptotic activity can likely be explained by the redundancy of the
major CTL-killing pathways. Alternatively, other potential mediators of this early
apoptosis include residual CTL activity through minor pathways of cytotoxicity, which
can be mediated by CD4" CTL and innate immune effectors. Recently, antibody-
dependent pathways of apoptosis have been described which might be active in our
experiments (Plissonnier ef al, 2000). Nonetheless, these data confirm that CD8" CTL are
involved in the induction of apoptosis within the vascular media. This evidence is
consistent with our previous data from the rat aortic allograft model where medial
apoptosis was inhibited by depletion of CD8" T cells using anti-CD8 monoclonal

antibody treatment (Légaré et al, 2000).
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Further indirect evidence regarding the mechanism of medial SMC de-population
has emerged after careful analysis of the nature and origin of the lesion cells, previously
purported to be the result of donor-derived SMC migration (Hayry ef al, 1993, Hayry et
al, 1995, Bojakowski et al, 2000). The evidence to support this hypothesis is
circumstantial and recently we (Johnson et al, 2002) and others (Shimizu ef al, 2001,
Saiura et al, 2001, Li et al, 2001, Hillebrands et al, 2001, Hillebrands et al, 2003) have
provided substantial contradictory data. In a rat aortic allograft model, using strain
specific PCR of the MHC Class I haplotype, we have demonstrated that the a-actin”
smooth muscle-like cells in the expanding neointima are of recipient, not donor origin
(Johnson et al, 2002). This confirms that donor SMC migration is not responsible for the
accumulation of smooth muscle-like cells in the subendothelial space forming the
occlusive neointima. Recently, other groups have provided further compelling evidence,
in other rodent models (Shimizu et al, 2001, Saiura et al, 2001, Li et al, 2001,
Hillebrands et al, 2001, Hillebrands et a/, 2003) and humans (Grimmet a/, 2001), of a
recipient-derived lesion. Thus, it can no longer be convincingly argued that medial SMC
loss is the result of transmigration. Taken together these data indicate that the medial
smooth muscle cell loss observed in allografts undergoing AV is the result of CTL-
induced apoptosis.

Given that medial apoptotic activity was not completely ablated by depletion of
CDS8" T cells or cytolytic impairment, significant redundancy in the early anti-graft
response exists. It is well-established that the two dominant mechanisms of contact-
dependent, lymphocyte-mediated cytotoxicity are the granule-exocytosis and the Fas-

FasL pathways (Kagi et al, 1994). Moreover, it has been demonstrated in experimental
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systems that these pathways of CTL killing are redundant, such that inhibition of either
pathway alone is ineffective in disrupting all killing activity in vifro (Kagi et al, 1994).
However, these studies are limited by the fact that the lymphoblast target cells utilized in
these experiments do not necessarily reflect the mechanisms involved in smooth muscle
cell killing. Moreover, the in vitro CTL assay is also limited by the artificial nature in
which it approximates complex in vivo events. Nonetheless, valuable insight into the
mechanisms involved in CTL-mediated killing of vascular smooth muscle cells can be
gained by in vitro analysis.

As such, we isolated vascular smooth muscle cells from aortic explants derived
from wildtype and Fas-deficient [pr C3H mice for use as targets in our killing assay.
Wildtype vascular SMC targets were killed by primed CTL from wildtype and perforin-
deficient mice in a dose-dependent manner. In contrast, [pr SMC targets were less-
susceptible to killing by both wildtype and perforin-deficient CD8" T cells. These lpr
targets were, however, killed effectively when treated with anti-H-2D" and complement.
These data suggest that the Fas-Fasl, pathway of cytotoxicity is particularly important in
CTL-mediated killing of vascular smooth muscle cells in vitro.

Fukuo and colleagues have shown that nitric oxide release in response to
macrophage-derived IL-1p causes up-regulation of vascular smooth muscle cell Fas
expression increasing their susceptibility to apoptosis (Fukuo et al, 1996). Furthermore,
Schaub and co-workers have demonstrated that smooth muscle cell apoptosis mediated
by Fas/FADD activation imot silent (Schaub et al, 2000). Fas-induced apoptosis leads to
up-regulation of the chemokines monocyte-chemoattractant protein-1 and interleukin-8,

which cause massive infiltration of macrophages in vivo (Schaub et al, 2000). The
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induction of a pro-inflammatory program by apoptotic vascular smooth muscle cells may
contribute to the pathogenesis of AV. Thus, in models of AV within vessels with a large
muscular component, a more pronounced role for CD8" T cells can be postulated, given
that here we have demonstrated the involvement of CD8" CTL in medial smooth muscle
cell apoptosis.

In the experiments outlined in this thesis, the impairment of recipient cytolytic
activity in vivo was effective in reducing early medial apoptosis. However, it is possible
that the inhibition of apoptosis is transient and that the progression of medial damage is
only delayed by interruption of the major pathways of cytotoxicity. Moreover, the
assessment of medial apoptosis at 14 d post-transplant is a static image of a dynamic
process. To confirm that attenuation of early apoptotic events translated into preservation
of medial elements at later stages, medial area measurements performed at 60 d post-
transplant were expressed as a percentage of the medial area of an undamaged syngeneic
aortic graft. Medial damage was most profound in wildtype and CD4 knockout recipients,
whereas inhibition of CD8" T cells or CTL effector pathways conferred protection
against medial destruction. Interruption of the Fas-FasL pathway had the most profound
impact on medial sparing and was consistent with the data obtained from the in vitro CTL
assay, confirming an important role for this pathway in the development of medial
damage.

To confirm that a reduction in the observed medial area measurements reflected
the degree of medial damage, a-smooth muscle actin immunostaining was used to
identify residual smooth muscle cells. Allografts from wildtype and CD4 knockout mice

showed complete medial de-population with no visible a-actin immunoreactivity. In



189

contrast, inhibition of CD8" T cells or impairment of cytotoxic mediators resulted in
partial sparing of a-actin” medial smooth muscle cells. These data suggest that the medial
damage observed in AV is mediated in part by CD8" T cells through contact-dependent
cytotoxicity. Moreover, the Fas-Fal pathway is particularly implicated in the
development of medial damage in non-immunosuppressed aortic allografts. The
elucidation of the mechanisms involved in the destruction of the vascular media leading
to structural collapse could have profound implications since these events might
exacerbate the inward vessel remodelling which contributes to the hemodynamic
compromise of AV (Pethig e al, 1998, Pasterkamp et al, 2000). Nonetheless, intimal
hyperplasia remains the sine qua non of allograft vasculopathy.

Graft loss from AV is primarily due to the arteriosclerotic lesion which impedes
blood flow within the transplanted heart eventually leading to ischemic organ failure
(Shirwan et al, 1999). We have clearly implicated CD8" T cells and CTL effector
mechanisms in the allo-immune destruction of medial smooth muscle cells. A possible
link between medial damage and the evolution of intimal hyperplasia may exist. To this
end, we assessed the development of AV in fully MHC disparate mouse aortic allografts
transplanted into animals lacking CD4" T cells (CD4™), CD8" T cells (CD8” and p2m™),
and CTL effector molecules. We performed computer-assisted digital morphometric
analysis and calculated a ratio of the intimal to medial area. The lack of CD8" T cells in
CD8” and B2m'/ " mice resulted in significant attenuation of lesion formatiowompared to
allografts from wildtype and CD4” mice. These data support an important role for CD8"

T cells in the development of the neointimal lesion. However, these results contradict the
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popular viewpoint that, similar to acute rejection, CD4" T cells are paramount in the

initiation of AV (Shi et al, 1996, Ensminger et al, 2002, Yamada et al, 2003).

Shi and co-workers showed that AV does not occur in CD4 knockout mice,
implicating a critical role for CD4" T cells in AV (Shi ef al, 1996). Moreover, in their
experiments with B2m'/ “mice they observed no reduction in AV (Shi et al, 1996).
Ensminger and colleagues, using adoptive transfer of T cell subsets into immunodeficient
mice, demonstrated that CD4" T cells and not CD8" T cells were capable of inducing AV
within MHC class I-mismatched aortic allografts, via the indirect pathway of allo-
recognition (Ensminger et al, 2002). Similarly, Yamada et al confirmed that indirectly-
primed CD4" T cells are capable of mediating AV in murine cardiac allografts (Yamada

et al, 2003).

Discrepancies in the published literature might reflect differences between the
aortic and carotid loop models. In particular, the muscular component of the media is
substantially larger in the mouse aorta (and in the human coronary artery) than in the
mouse carotid loop. Our data have implicated medial smooth muscle cells as a target for
CD8" CTL. In the event that CTL-mediated smooth muscle cell apoptosis fuels the
intimal hyperplastic response, AV in the aorta would be predictably more dependent on
CD8" CTL activity. In addition, the inconsistencies might be related to the different strain
combination used in the experiments, which may tend to favourcertain responses. For
example, high responder mice possess helper-independent CD8" T cells which contribute
to immunopathology (Sun et al, 2001). Ensminger and co-workers used CD8" T cells
from the relatively low responder strain CBA/Ca mice, which might be dependent on

CD4" T cell help for activation and effector function (Ensminger ef al, 2002). Similarly,
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Shi and co-workers transplanted B10.A(2R) (H-2h2) carotid allografts into B6129F; (H-
2°) recipients (Shi et al, 1996).

These studies used non-immunosuppressed allografts (Shi et al, 1996, Ensminger
et al, 2002, Yamada et al, 2003) where potentially dominant CD4-mediated acute
responses might manifest as vasculopathy. Indeed, the prevailing hypothesis is that CD4"
T cells play a central role in acute cardiac allograft rejection. For example, long-term
graft acceptance occurs in CD4 knockout recipient mice, whereas CD8 knockout mice
develop typical acute rejection responses (Krieger et al, 1996, Krieger et al, 1997). Thus,
it is imperative that immunosuppression, capable of abrogating acute cardiac allograft
rejection, be employed when assessing the contribution of CD4" T cells to the

development of clinically relevant AV.

In the third study, Yamada and colleagues interrupted CD4" T cell direct allo-
recognition concurrently with CD8" T cell-depletion which allowed for prolongation of
cardiac allograft survival sufficient for AV formation (Yamada et al, 2003). However,
they did not evaluate the contribution of these cells in the presence of pharmaceutical
immunosuppression. Moreover, in their model, directly primed CD8" T cells generated
acute rejection, yet they did not examine the potential involvement of indirectly-primed

CDS8" T cells in AV.

To more accurately assess the impact of CD4" T cells in AV, Han and co-workers
transplanted cardiac allografts into anti-CD4 transgenic mice which are completely
devoid of CD4" T cells by endogenous antibody depletion (Han et al, 2000). These mice
had significantly less peripheral CD4" T cells in comparison to CD4 and MHC class I

knockout mice by flow cytometric analysis (Han et al, 2000). When these mice were used
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as recipients, skin graft survival was significantly prolonged compared to CD4 and MHC
class II knockout mice confirming the functional significance of improved CD4 depletion
in vivo (Han et al, 2000). This skin graft survival was further prolonged by the addition of
anti-CD8 treatment verifying the integrity of CD8 responses in these high responder mice
(Han et al, 2000). BALB/c hearts into these mice and wildtype mice treated with anti-
CD4 survived >100 d, but had striking evidence of AV, which was associated with a
CD8" T cell infiltration of the allograft (Han et al, 2000). This data indicates that CD8" T
cell-mediated AV occurs in the absence of peripheral CD4" T cells and suggests that the
development of AV seems less dependent than acute rejection on CD4" T cell helper

function.

I believe that CD4" T cells are sufficient to initiate AV and that they play a crucial
role in this pathology under experimental conditions which necessitate their activity in
the helper-dependent activation of CTL. However, our data supports the hypothesis that,
while not necessary, CD8" T cells play a more prominent role than CD4" T cells in the
development of AV within this non-immunosuppressed high responder aortic allograft
model. In these mice exists a population of CD4™ CD8” aTCR" cells with helper activity
capable of supporting the activation of CD8" T cells in the absence of CD4" T cells
(Locksley et al, 1993, Han et al, 2000). Nevertheless, data from wildtype C57BL/6
transplant recipients depleted of CD4" cells by monoclonal antibody treatment and anti-
CD4 transgenic mice, in which this helper population are not present, develop AV,

further supporting our observations (Han e al, 2000).

Although the effector mechanisms employed by allo-specific T cells have been

well characterized, little is known regarding their role in the development of intimal
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hyperplasia. It was therefore of interest to examine the role of CTL activity in the
generation of the neointimal lesion, in lieu of the involvement of these effectors in medial
apoptosis. We transplanted wildtype C3H allografts into perforin- and Fas Ligand-
deficient C57BL/6 mice, as well as C3H Fas-deficient allografts into perforin-deficient
recipients, where both major pathways of cytotoxicity are interrupted simultaneously. In
these experiments, inhibition of the granule-exocytosis pathway alone showed no
reduction in intimal lesion formation compared to wildtype recipients. Interruption of
Fas-FasL mediated killing resulted in some inhibition of intimal hyperplasia supporting
an important role for this pathway in the development of AV. However, simultaneous
inhibition of the major pathways of cytotoxicity resulted in the greatest reduction in
intimal hyperplasia, even surpassing the reduction in AV observed in CD8-deficient
(CD8" and p2m™) animals.
Interestingly, CD4" CTL are known to kill target cells predominantly by the Fas-
FasL pathway (Russell and Ley, 2002). Despite the fact that relatively few graft cells
express MHC class II, CD4" CTL can be activated to initiate bystander killing after
priming by graft endothelium, which up-regulate MHC class II expression in response to
inflammatory mediators (Russell and Ley, 2002). Thus, the interruption of the Fas-FasL
pathway also limits CD4" CTL activity, conferring an additional benefit to the inhibition
of CD8" T cells alone. In particular, a population of CD4" cytotoxic T cells, which kill
primarily by the Fas-FasL pathway, have been described in CD8-deficient mice (Dalloul
et al, 1996). Taken together, the data presented in this thesis suppors an important role
for the Fas-FasL pathway in the destruction of medial SMC and the induction of intimal

hyperplasia. Some involvement of the granule-exocytosis pathway is implied given that a
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further reduction in AV is observed when this pathway is inhibited in addition to the Fas-
FasL interaction. This data is consistent with accumulating evidence suggesting that
CD8" T cell cytotoxic mechanisms play a significant role in AV by inducing apoptotic
events in the transplant vasculature (Hirsch ef al, 1998, Koglin and Russell, 1999, White
et al, 1997).

Subbotin and colleagues have suggested a critical role for FasL-mediated killing
in the development of AV by demonstrating the complete abrogation of lesion formation
in recipient gld mice which lack FasL (Subbotin et al, 1999). Although our data supports
an important role for the Fas-FasL interaction, AV still develops in our model using gld '
mice. Their results can be explained by the age-dependent immune hypo-responsiveness
observed in gld mice. In fact, Djamali et al showed that 6 wk old g/d mice develop
typical acute rejection of cardiac allografts, whereas 13 wk old g/d mice exhibit
significantly prolonged graft survival (Djamali et al, 1998). Since the animals used by
Subbotin et al were up to 12 wk old at the time of transplant and nearly 18 wk old at
harvest, immune dysregulation and not Fas-FasL interruption is implicated in the
abrogation of AV in their study (Subbotin et al, 1999). In our experiments, we used gld
mice which were 6 wk old at the time of transplant. CD8" T cells derived from these mice
exhibited robust killing activity in our in vitro assay confirming the intact nature of their
CTL effector function. Thus, while our data supports an important role for the Fas-FasL
interaction, it demonstrates that this interaction is not required for medial cell destruction
or intimal hyperplasia during the progression of AV.

Recently, Krupnick and colleagues have suggested that the granule-exocytosis

pathway is important in the killing of allogeneic endothelial cells in vitro with only a
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minor contribution by the Fas-FasL pathway (Krupnick et al, 2002). However,
susceptibility to killing in a 4 h in vitro CTL assay does not necessarily reflect in vivo
killing, which occurs in an inflammatory milieu. Other groups have also showed that
endothelium bear a striking resistance to apoptosis induced by the Fas-FasL interaction
despite significant Fas expression (Zheng et al, 2000, Zheng et al, 2002). Similarly,
Yasukawa et al have suggested that granule-exocytosis is the primary killing pathway
utilized by CD4" and CD8" T cells in humans (Yasukawa et al, 2000). However, Li et al
showed that interferon-y, commonly present in an allograft environment, induces
sensitivity of human endothelium to Fas-FasL mediated apoptosis in vitro (Li et al,
2002). Here, I have demonstrated that the Fas-FasL interaction is important in the
induction of medial smooth muscle cell apoptosis in vitro and in vivo during the
generation of AV. However, the most marked reduction in clinically significant intimal
hyperplasia was observed when both pathways of direct cytolysis were inhibited
simultaneously indicating that both killing pathways are involved in the pathogenesis of
AV.

Since intimal hyperplasia and medial destruction are not completely inhibited
when both killing pathways were blocked, either minor pathways of killing or other
redundant non-CTL effector pathways are capable of inducing AV. These potentially
include DTH-like responses through the secretion of the pro-inflammatory cytokine IFN-
v and allo-antibody mediated humoral responses. To investigate the contribution of allo-
antibody in the medial SMC destruction and intimal hyperplasia observed in the absence
of CTL activity, we passively transferred anti-serum from allo-sensitized wildtype mice

into immunodeficient RAG™ allograft recipients. This anti-serum was shown to be
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specific for allogeneic cells and exhibited marked complement-dependent cytotoxicity in
vitro. However, there was no medial damage or intimal hyperplasia observed in these
animals indicating that allo-antibody is not involved. In contrast, Russell and colleagues,
using a similar dose of anti-serum, showed that allo-antibody was capable of inducing
AV in severe combined immunodeficient (SCID) recipients of cardiac allografts (Russell
et al, 1994). However, they observed CD3" cells in their experimental animals and these
residual T cells could easily be responsible for the development of AV in their model
(Russell et al, 1994). In our experiments with RAG™ animals no residual T cells could be
demonstrated. Current experimentation in our laboratory is underway to confirm these
results by performing adoptive transfer of allo-activated antibody producing non-T cells
into RAG™ mice.

It is important to remember that non-CD8" T cell sources of cytotoxic mediators
have been associated with apoptosis (Ogura et al, 2001). In humans, endothelium exhibit
constitutive expression of MHC class II, whereas mice up-regulate its expression in
response to inflammation (Hasegawa ef al, 1998, Pober, 1999). Thus, allograft
endothelium can stimulate or elicit responses from CD4" T cells. Indeed, allo-recognition
of graft endothelium by T cell subsets has been identified as an important step in the
initiation of graft rejection (Fyfe et al, 1994). Although, the current accepted hypothesis
regarding the etiology of AV suggests that endothelial disruption is a necessary step in
the development of AV, our data link smooth muscle cell damage as a possible inciting
stimulus for the vascular remodelling process observed in AV. It is likely that CTL-
mediated allo-responses against both the graft endothelium and vascular smooth muscle

cells occur during the initiation of the AV process. Fas-sensitive smooth muscle cells are
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susceptible to apoptosis via CTL-derived FasL, while damage to Fas-resistant
endothelium is largely mediated by granule-exocytosis (Geng et al, 1997, Krupnick et al,
2002).

The human coronary artery, much like the mouse aorta, has many layers of medial
smooth muscle cells, which serve as a CTL target and might augment responses directed
against the graft endothelium leading to the development of AV. Studies in arterial injury
models suggest that a threshold of medial damage, as opposed to endothelial disruption,
predicts the extent of intimal thickening during vessel remodelling (Bjorkerud et al, 1969,
Clowes et al, 1983, Reidy, 1985). Thus, even in the absence of CD8" CTL, the residual
medial damage caused by redundant immune effectors could be sufficient to cause the
neointimal lesion formation observed during cytolytic impairment.

Current experimentation in our laboratory is focused on determining the impact of
endothelial versus medial damage in the progression of AV. In the situation where the
graft endothelium and media are of different strain origin, by creating a chimeric aortic
segment, we can evaluate allo-responses directed against the media or intima in isolation.
To achieve this we treated aortic segments with intralumenal ethylenediaminetetraacetic
acid (EDTA) to denude the intimal layer. We confirmed successful denudation by
submitting EDTA-treated and untreated aortic segments to anti-platelet-endothelial cell
adhesion molecule (PECAM) immunocytochemistry and both transmission and scanning
electron microscopy. By scanning microscopy EDTA-treated aortas showed a complete
loss of the endothelial layer, whereas untreated vessels contained a relatively normal
intima (Appendix 1). Similarly, anti-PECAM immunostaining clearly demonstrated the

presence of intact endothelium in untreated vessels. In contrast, EDTA treatment resulted



198

in a complete loss of anti-PECAM immunoreactivity (Appendix 1). These denuded C3H
aortic segments will then be transplanted into immunodeficient RAG™ mice, which will
result in re-endothelialization in the absence of further immune injury. After 21 d, we will
confirm re-endothelialization by anti-PECAM and MHC class I immunocytochemistry
and SEM. Once re-endothelialization has been confirmed, similarly treated aortic
segments will be re-transplanted into either wildtype C3H or C57BL/6 mice. Thus, when
these chimeric grafts are re-transplanted into C3H recipients, the endothelium will be
recognized as foreign and the media as self. In contrast, when re-transplanted into
C57BL/6 recipients, the endothelium is self and the media will be recognized as foreign.
This will allow for the evaluation of whether damage to endothelium, or medial smooth
muscle cells, or both are required for lesion formation.

If the redundant pathways involved in the generation of AV in the absence of
CD8" CTL activity are CD4" T cell mediated, they may play a less significant role in
clinical transplantation where CyA-based immunosuppression is common. There is
anecdotal evidence which suggests that CD4" T cells are sensitive to the effects of CyA,
whereas CD8" T cells are relatively resistant (Horsburgh ef al, 1980, Bishop et al, 1992,
Bujan et al, 2001, Hruban ef al, 1990, Libby and Pober, 2001). For example, CD4" T cell
mediated allo-DTH responses are down-regulated by CyA (Bretscher and Havele, 1992),
while CD8" T cell mediated allo-CTL responses remain unaffected (Kroczek et al, 1987).
In fact, a CyA-resistant CTL population was identified more than twenty years ago
(Horsburgh et al, 1980). Further evidence that CD4" T cell, but not CD8" T cell, thymic
maturation events are affected by CyA suggests a potential global down-regulation of

CD4" T cell activity beyond peripheral T cell activation (Takeuchi ef al, 1989). Thus, in
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the clinical situation, CD8" T cell-dependent mechanisms may play a dominant role in

the development of AV.

The evidence provided in this thesis suggests that the AV observed in non-
immunosuppressed aortic allografts is mediated mostly, but not exclusively, by CD8+ T
cells. However, CD8" T cells also contribute to acute rejection under normal
circumstances, given that graft rejection occurs more rapidly in the presence of both
CD4" and CD8" T cells in adoptive transfer experiments (Hall et al, 1990). More
recently, there is evidence that CD8" T cells can be activated to trigger acute allograft
rejection by APCs in a helper-independent manner (Jones ef al, 2000, Halamayer al,

2002, Kreisel et al, 2002).

Jones and ce workers demonstrated that anti-CD154 treatment is capable of
inhibiting CD4" T cell function, whereas CD8" T cells are spared and remain active,
capable of mediating acute rejection (Jones ef al, 2000). Halamay and colleagues, using
2C transgenic mice depleted of residual CD4" T cells as recipients, showed that CD8' T
cells are sufficient to mediate acute cardiac allograft rejection (Halamay et al, 2002).
Moreover, Kreisel et al observed that endothelial cells are capable of activating CD8" T
cells in vitro and in vivo (Kreisel et al, 2002). In a separate study, they found that CD8" T
cells activated by non-hematopoietic cells, in the absence of CD4" T cells, were capable
of triggering the acute rejection of cardiac allografts (Kreisel er al, 2002). These data
indicate that while not necessary, CD8" T cells contribute to the acute rejection of cardiac
allografts and can do so in the absence of CD4" T cell influence.

Given that CD8" T cells can mediate acute fejection responses against cardiac

allografts in the absence of CD4" T cells (Kreisel et al, 2002), it is important to rule out
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the involvement of CD8" T cell mediated acute responses in the rejection of aortic
allografts in our non-immunosuppressed system. Therefore, allo-transplantation was
performed under CyA-based immunosuppression to inhibit responses which would
normally be involved in the acute rejection of whole-organ transplants. In our
experiments wildtype recipients developed significant AV despite CyA treatment with up
to 70 mg/kg/d. In contrast, animals which lack CD8" T cells showed no evidence of
pathology. It is important to nofe that a similar dose of CyA was successful in eliminating
the acute rejection response to a cardiac allograft in the identical strain combination
confirming that CD8" T cell-mediated acute rejection responses are not implicated in the
vasculopathy observed in our aortic allografts. The differential susceptibility of CD4" and
CDS8" T cell subsets to CyA-based immunosuppression might explain the limited efficacy
of current transplant pharmacotherapy in ameliorating AV. This data demonstrates that
the AV observed in our system is dependent on CD8" T cell activity in the presence of
CyA-based immunosuppression.

Despite our data, the involvement of CD8" T cells and CTL effector mechanisms
in the development of the intimal proliferative lesion remains a contentious issue. Some
have suggested that CD8" T cells are not involved in the progression of AV (Forbes et al,
1994, Shi et al, 1996, Szeto et al, 2002, Ensminger et al, 2002). Others have shown that
depletion of CD8" T cells prevents the development of intimal hyperplasia (Allan et al,
1997). While our experimentation using CD4 and CD8 knockout mice provides useful
evidence regarding the role of T cell subsets in the development of AV, this data is
limited by well described compensatory mechanisms in these animals. For instance, CD4

knockout mice possess a population of CD4 CD8 afTCR" cells which exhibit
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significant helper activity capable of contributing to the alleged helper-independent
activation of CD8" T cells (Locksley et al, 1993). Similarly, CD8 knockout mice contain
a population of CD4” ofCR ™e™ediae sutstoxic T cells which kill allogeneic targets
primarily by the Fas-FasL pathway (Dalloul ez al, 1996).

The use of antibody depletion strategies in wildtype mice has the advantage of
avoiding such problems. However, the difficulty with this type of experimentation is that
cells which escape depletion can complicate the interpretation of the results. The adoptive
transfer of T cell subsets into immunodeficient RAG™ mice offers a complement‘ary line
of experimentation, which facilitates the precise evaluation of effector mechanisms
employed by CD8" T cells in the generation of AV. Moreover, this model addresses the
question of whether CD8" T cells are alone sufficient to induce AV. This type of
experimentation is, however limited by the ability to isolate and purify T cell subsets
from splenocyte populations of wildtype mice. Indeed, any contaminating cells would
render the data uninterpretable.

A further consideration when utilizing adoptive cell transfer into immunodeficient
mice is the contribution of innate effectors stimulated by ischemic graft injury. Ischemic
injury during organ procurement and transplantation has been identified as a particularly
important factor (Gaudin et al, 1994). For instance, Gaudin ef al showed that ischemic
graft injury promotes the generation of AV in human heart transplants (Gaudin et al,
1994). Although many immune and non-immune factors are involved in the pathogenesis
of AV (Schmid et al, 1997), in the absence of effective T cell activity (by using athymic
nude, SCID, RAG-deficient animals or very high dose immunosuppression) AV does not

occur (Hall, 1991, Russell et al, 1994, Delfs et al, 2001, Hillebrands et al, 2001,
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Ensminger et al, 2002). This is confirmed in our experiments where immunodeficient
RAG-17" mice did not exhibit AV in the absence of reconstitution. Moreover, when
adoptive transfer of primed CD8" T cells was performed 94 and 168 h after
transplantation, when inflammation due to ischemia had subsided, there was no
difference in AV observed. These data indicate that while ischemia is an important factor,
AV in our model is dependent on potent allo-immune responses triggered by the transfer
of primed CD8" T cells.

Another caveat of cell transfer systems into immunodeficient hosts is the potential
for homeostasis-driven proliferation of elements within the cell transfer population
(Goldrath et al, 2000). In immunodeficient RAG " mice the B and T lymphocyte
compartments are empty such that innate signals which act to maintain the homeostasis of
these cell populations become active. The exposure to growth promoting cytokines, such
as IL-7 is usually limited in a crowded cell compartment, but is not in these
immunodeficient mice (Murali-Krishna ef al, 1999). Thus, upon transfer into the
immunodeficient environment, naive and memory T cells proliferate in response to these
signals in order to fill the void compartment. Such homeostasis-driven proliferation
results in cells with a functional state similar to that of the memory CD8" T cell
phenotype capable of cytokine production and effector function (Schluns et al, 2000, Ge
et al, 2002). For this reason we restricted our observations to the effector limb, by
allowing primary allo-antigen activation to occur in the wildtype host and subsequently
transferring effector T cell populations; thus avoiding the issue of homeostasis-driven
proliferation. Memory T cell populations also exhibit this phenomenon; however a stable

effector phenotype is maintained (Tan et al, 2002).
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Prior to thein vivo adoptive transfer experiments, we confirmed that our allo-
immunization protocol was effective in generating CTL capable of killing allogeneic
targets in vitro. Allo-primed CTL exhibited efficient killing of allogeneic but not third
party targets, while naive CD8" T cells did not kill. Interestingly, deletion of CDS8" or
asialo GM1™ cells from allo-primed T cell populations abrogated in vitro killing,
indicating that a population of asialo GM1* CD8" T cells are responsible for the cytotoxic
activity observed. This is consistent with data from other groups who have demonstrated
that antigen-specific CD8" T cells up-regulate surface expression of NK cell associated
markers upon activation, particularly in high responder C57BL/6 mice (Oughton and
Kerkvliet, 1999, Slifka et al, 2000, Assarsson ef al, 2000). This subset of CTL has been
implicated in co-stimulatory blockade resistant rejection of skin allografts (Trambley et
al, 1999). Moreover, the generation of mature CTL in C57BL/6 mice (Roopenian ef al,
1983, Andrus et al, 1984) and in humans (Inaba et al, 1987, Young and Steinman, 1990)
is under certain circumstances T helper cell-independent.

In this thesis we examined whether the adoptive transfer of primed, purified CD8"
T cells was sufficient to induce AV within aortic allografts transplanted into
immunodeficient recipients. The purified effector CD8" T cells when transferred into
RAG-17" mice, which lack both T cells and B cells, induced robust AV, demonstrating
that primed CD8" T cells are sufficient to generate AV. When CD8" cells were deleted
from this transfer population AV induction was abrogated, confirming that the AV
lesions seen are completely dependent on effector CD8™ T cells. Moreover, when highly
purified CD8" T cells, isolated by positive selection, were used in the adoptive transfer

AV was again observed. These data are in contrast to other published reports where CD4"
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T cells but not CD8" T cells were capable of inducing AV (Ensminger et al, 2002).
However, Ensminger and colleagues used naive CD8" T cells in their adoptive transfer
experiments. Thus, in their strain combination the activation of CD8" T cells was
dependent on CD4" T cell helper function (Ensminger et al, 2002). To confirm that our
results did not represent a strain specific phenomenon, we performed CD8" T cell
adoptive transfer using the reverse strain combination. Indeed, C3H CD8" T cells
generated robust AV in C57BL/6 aortic allografts. Even when primed CD8" T cells from
type 2 responder BALB/c mice were used in the adoptive transfer, AV was still apparent
further substantiating our observations.

The participation of CD8" T cells in the development of the neointimal lesion has
been extensively studied, but has yielded conflicting results (Forbes et al, 1994, Shi et al,
1996, Allan et al, 1997, Han et al, 2000, Ensminger et al, 2000, Szeto et al, 2002,
Ensminger ef al, 2002). Depletion of CD8" T cells by antibody treatment in a rat
heterotopic heart model had no impact on lesion formation (Forbes ef al, 1994). Forbes
and colleagues used a non-immunosuppressed minor-mismatch model where indirectly-
primed CD4" T cells remain active. In the presence of immunosuppression, where CD4"
T cell function is inhibited, CD8-depletion would undoubtedly have a greater impact on
the development of AV.

Shi and colleagues used f2microglobulin-deficient mice, which lack surface
MHC class I expression such that only few CD8" T cells undergo positive selection, as
recipients of loop carotid allografts (Shi ez al, 1996). They observed that p2m-deficient

mice develop robust AV indicating that CD8" T cells are not required (Shi et al, 1996).
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However, these animals have a population of CD4" CTL, as well as residual CD8" T cells
which complicates the interpretation of their data.

Szeto and colleagues developed a model whereby donor hearts are re-populated
with recipient type APCs by bone marrow transplantation (Szeto et al, 2002).
Interestingly, these chimeric hearts do not reject acutely, but develop cardiac allograft
vasculopathy (Szeto et al, 2002). Given that all the graft APCs are of recipient haplotype,
the authors theorized that direct allo-recognition by CD4" T cells is inhibited leaving only
the indirect pathway for CD4" T cells. They then demonstrated that depletion of CD4" T
cells, but not CD8" T cells inhibited the development of AV (Szeto et al, 2002).
However, this model is in direct conflict with their earlier work which implicated direct
allo-recognition by CD8" T cells in acute cardiac allograft rejection (Kreisel et al, 2002).
Moreover, other groups have described the acute rejection of heart allografts mediated by
CDS8" T cells with help provided by indirectly primed CD4" T cells (Yamada et al, 2003).
This discrepancy in CD8" T cell function can potentially be explained by the low
responder strain of recipients used in their experimentation (Stepkowski and Ito, 1990,

Alfrey et al, 1995, Qi et al, 1997).

Allan and colleagues performed heterotopic heart transplants between MHC class
I-disparate partially inbred miniature swine treated with CyA immunosuppression (Allan
et al, 1997). Animals treated with CyA alone had evidence of severe parenchymal
rejection, as well as marked intimal hyperplasia characteristic of AV evident by 28 d
(Allan et al, 1997). However, when anti-CD8 monoclonal antibody therapy was added to
CyA treatment, AV was completely inhibited despite the persistence of severe

parenchymal rejection (Allan ef al, 1997). These results would indicate that CD8" T cells
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are essential for the development of early intimal hyperplasia in this model. However, the
persistence of parenchymal rejection despite concurrent CyA and anti-CD8 treatment
implies the ongoing activity of indirectly-primed CD4" T cells, or alternatively residual
CDS8" T cells in their system. While, the inhibition of CD8" T cells abrogated early AV,
likely mediated by direct recognition of foreign MHC class I, they did not rule out the
possibility that indirectly primed CD4" T cells might trigger intimal hyperplasia in a
delayed manner. Furthermore, by using sub-therapeutic immunosuppression, AV can be
potentiated by vessel injury mediated by the acute responses of CD8" T cells which might

be silenced by a more clinically relevant dose of CyA.

In numerous experimental models, blockade of the CD40-CD154 co-stimulatory
interaction leads to prolonged allograft survival through the inhibition of acute rejection
mediated by CD4" T cells (Ensminger et al, 2000,) depending on the donor and recipient
strain combination (van Maurik ef al, 2002) and the ability of CD8" T cells to mediate
acute rejection (Jones et al, 2000, Zhai et al, 2002). Experimental models of AV using
anti-CD154 co-stimulatory blockade have suggested an important role for CD8" T cells
in the development of AV (Ensminger et al, 2000). For example, BALB/c aortic
allografts transplanted into CS7BL/6 recipients treated with anti-CD154 develop the
hallmark features of AV (Ensminger et al, 2000). However, the addition of anti-CD8
treatment prevented the development of intimal hyperplasia, indicating that co-
stimulatory resistant CD8" are involved in the development of AV in this model
(Ensminger et al, 2000). However, the question arises in high responder strain
combinations, where co-stimulatory resistant CD8" T cells are capable of mediating acute

allograft rejection (Jones et al, 2000, Zhai et al, 2002), whether acute CD8 responses
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initiated the rejection of the aortic tissue manifesting as vasculopathy in the absence of
immunosuppression. Taken together, these data indicate that CD8" T cells are not
required for lesion formation in non-immunosuppressed models of AV. However, under
certain circumstances, where effector CTL develop independently of CD4" T cell help,
CD8" T cells play a more prominent role in the development of AV.

The development of a model in which primed CD8" T cells induce AV in the
absence of other lymphocytic components of the immune system allows for the precise
discrimination of effector mechanisms involved in CD8" T cell mediated AV. CD8"
effector T cells exert contact-dependent cytotoxicity (Hirsch ef al, 1998, Légaré et al,
2000), as well as producing cytokines which mediate DTH-like immune responses
(Nagano et al, 1998, Delfs et al, 2001) capable of mediating AV. Our previous
experimentation using knockout mice demonstrated that AV occurred through redundant
immune pathways despite the inhibition of CD8" CTL. Although other groups have
implicated CD4" T cells, innate and humoral immunity in AV (Russell e al, 1994, Shi et
al, 1996, Russell ef al, 2001, Ensminger ef al, 2002, Yamada et al, 2003), CD8" T cell
non-CTL effector mechanisms could potentially be involved.

Having established an important role for contact-dependent CTL effector function
using knockout mice, we first examined the role of direct killing in CD8" T cell-mediated
AV in our adoptive transfer system. Interestingly, when either the granule-exocytosis or
the Fas-FasL pathways were blocked independently, AV lesion formation was
unimpeded. These data confirm that AV proceeds normally despite the interruption of the
Fas-FaslL. interaction and refute the observations of Subbotin and co-workers (Subbotin et

al, 1999). While blockade of the Fas-FasL pathway conferred some medial protection,
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damage in this compartment was still evident and might be involved in the induction of
the intimal lesion. It is likely that prior allo-sensitization generates a robust CTL response
capable of triggering graft damage by the granule exocytosis-pathway. Moreover, these
primed CD8" T cells exhibit an increased capacity for the early production of interferon-y
and enhanced potential to mediate DTH which might be involved in graft injury and AV
induction (Walzer ef al, 2000). Alternatively, medial injury and intimal hyperplasia might
be differentially regulated such that distinct CD8" T cell effector mechanisms are
involved in the induction of these two potentially separate events. For example, our data
suggests that the Fas-FasL interaction is involved in the destruction of medial smooth
muscle cells, whereas Krupnick and co-workers have suggested that the granule-
exocytosis pathway is primarily involved in endothelial cell apoptosis in vitro (Krupnick
et al, 2002).

To evaluate the involvement of the major pathways of contact-dependent
cytotoxicity in CD8" T cell mediated AV, we transplanted Fas-deficient aortic allografts
into RAG-17" recipients reconstituted with primed CD8" T cells from perforin-deficient
mice. When both pathways were blocked simultaneously in the adoptive transfer model,
AV was significantly attenuated, indicating that contact-dependent direct killing plays a
major role in the induction of AV. However, since AV was not completely inhibited,
other redundant CD8" T cell effector pathways must be active. It is possible that minor
pathways of cytotoxicity including apoptosis induced by TRAIL and TNF might be
active in our system. To examine this possibility we performed in vitro CTL assays. The
simultaneous blockade of the granule-exocytosis and Fas-FasL pathways eliminated

direct killing of allogeneic lymphoblast and vascular smooth muscle cell targets in vitro,
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indicating that minor pathways of cytotoxicity are unlikely to be active within our
system. To further clarify this, we could have used TNF receptor superfamily 1 and 2
double knockout mice as aortic allograft donors in conjunction with primed CD8" T cells
from perforin-deficient mice. These donors are not susceptible to killing by FasL, TRAIL
or TNF. However, limited availability of this mouse precluded its use in our
experimentation. |

Alternatively, NK cells of the immunodeficient host could potentially be involved
in the generation of AV in the absence of CD8" CTL activity, since these recipient cells
" maintain an intact perforin/granzyme system capable of injuring the allograft. Indeed,
Russell and colleagues have implicated innate effectors in the development of cardiac
allograft vasculopathy in there immunodeficient mouse model (Russell ef al, 2001).
However, only a small proportion of RAG™ animals exhibited evidence of AV (Russell et
al, 2001). Interestingly, 25% of syngeneic transplants into RAG™ also developed
proximal coronary lesions complicating the interpretation of their results (Russell e al,
2001). This might have been the result of excessive gréft ischemic times which are
capable of promoting AV even in isografts (Furukawa et al, 2002). In our
experimentation, given that unreconstituted recipients do not develop lesions, NK cells of
the host are not alone implicated in the induction of AV. Although, indirect CD8" T cell
effectors, through secretion of IFN-y, might recruit and activate RAG-1"-derived
macrophages or NK cells in a DTH-like manner capable of damaging the allograft. Taken
together this data indicates that non-CTL effector mechanisms might contribute to CD8"

T cell mediated AV.
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To more definitively clarify the existence of an indirect CD8" T cell effector
pathway we designed a system whereby CTL are unable to stably interact with target
cells such that all contact-dependent killing including the minor pathways of cytotoxicity
are inhibited. MHC class I-restricted CD8" T cells are unable to directly interact with
B2microglobulin-deficient allografts since they lack surface MHC class I expression
(Zijlstra et al, 1990, Glas et al, 1992, Apasov et al, 1993, Qian et al, 1996). However,
some have suggested that a small percentage of class I heavy chains, not detectable by
conventional immunocytochemistry or flow cytometric analysis, are present on the cell
surface in the absence of p2microglobulin (Glas ef al, 1992, Apasov et al, 1993). The
functional significance of these residual heavy chains is a contentious issue.
B2microglobulin-deficient target cells are generally not susceptible to CTL-mediated
lysis after priming with wildtype cells (Zijlstra et al, 1990, Glas ef al, 1992, Apasov et al,
1993). Even CTL primed with f2microglobulin-deficient cells showed significantly
reduced killing of MHC class I-deficient targets in vitro (Glas et al, 1992). In our hands,
primed CD8" T cells generated by immunization with allogeneic wildtype cells do not
kill these p2microglobulin-deficient targets in vitro. However, susceptibility to killing in
vitro does not necessarily reflect the complex events of target recognition and CTL
killing in vivo. Glas and co-workers have speculated that the B2microglobulin-deficient
mouse is not a suitable donor for models of transplantation, since recipient derived
B2microglobulin might allow for proper folding and surface MHC class I expression
(Glas et al, 1992). However, even when we performed CTL assays in the presence of
fetal bovine serum or normal mouse serum, no killing of f2microglobulin-deficient

targets was observed. Indeed, these target cells were not killed when incubated with anti-
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H-2D* and complement. Moreover, Qian et a/ demonstrated that B2microglobulin-
deficient cardiac and hepatic allografts exhibit prolonged survival likely on the basis of
impaired CD8" T cell direct allo-recognition (Qian et al, 1996). Taken together, these
data indicate that the B2microglobulin-deficient allograft is suitable for preveﬁting direct
CDS8" T cell responses, allowing for the evaluation of contact-independent non-CTL
CD8" T cell effectors.

We investigated this non-CTL effector pathway by evaluating the ability of allo-
primed CD8" T cells to reject MHC I-deficient aortic allografts. In our study, primed
CDS8" T cells generated AV in these allografts despite the mitigation of direct killing.
This data strongly supports the hypothesis that non-CTL effectors are implicated in the
geﬁeration of AV in MHC I-deficient allografts, as well as in [pr grafts of pfp
reconstituted RAG-17" mice in which pathways of direct cytolysis are attenuated.

Alternatively, NK cells of the immunodeficient host might be directly involved in
the generation of AV, since MHC-deficient cells are particularly targeted by these innate
effectors (Bix et al, 1991, Liao et al, 1991). However, MHC class I-deficient allografts
from unreconstituted RAG-17" mice showed no evidence of AV with normal vessel
morphology, indicating that NK cells are unable to mediate AV in the absence of primed
CD8" T cells in this system. Thus, the residual class I heavy chains may not be functional
as a CTL target, but may inhibit lysis mediated by NK cells. Chung and colleagues have
suggested that the TCR and NK receptors recognize distinct portions of MHC molecules
(Natarajan et al, 1999, Chung et al, 1999). This same group later demonstrated that the
inhibitory NK cell receptor Ly49A has crucial contacts with both H-2D? and

B2microglobulin (Wang et al, 2002). Moreover, some groups have suggested that
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allogeneic MHC class I molecules confer partial protection against NK cell reactivity
(Ohlen et al, 1995). In addition RAG-deficient mice exhibit reduced cytotoxicity which
might explain the absence of rejection in our model (Shultz et al, 2000).

The type 1 cytokine interferon-y (IFN-y) has been strongly implicated in the
development of native atherosclerosis, especially in the evolution of plaque rupture
leading to myocardial infarction (Gupta ef al, 1997). Similarly, IFN-y is involved in the
development of AV, since IFN-y-deficient recipients exhibit either no AV or markedly
attenuated lesions (Russell ef al, 1994, Raisanen-Sokolowski et al, 1997, Nagano et al,
1997, Raisanen-Sokolowski ef al, 1998, Nagano et al, 1998). As such, IFN-y is a
potential candidate cytokine involved in contact-independent CD8" T cell effector
mechanisms (Nagano ef al, 1998, Delfs et al, 2001).

In various transplant models, graft infiltrating CD8" T lymphocytes have been
demonstrated to produce significant amounts of IFN-y (Stinn et al, 1998, Valujskikh et al,
2001). IFN-y is integral to the recruitment and activation of macrophages, as well as NK
cells, and is involved in the induction of DTH-like cell mediated responses which might
potentially trigger AV (Muller et al, 1994). More recently, it has been suggested that
IFN-y might exert its effect on lesion cells through the potentiation of PDGF-induced
mitogenesis leading to the recruitment and expansion of the neointima (Tellides et al,
2000). However, the experiments performed by Tellides and co-workers would predict
for a donor-derived lesion (Tellides er al, 2000), which is in direct conflict with
convincing data suggesting a recipient origin (Hillebrands et al, 2001, Saiura et al, 2001,

Shimizu et al, 2001, Johnson et al, 2002, Skaro ef al, 2002). Delfs and colleagues

demonstrated that IFN-yhi Tcl cells, when transferred into immunodeficient hosts,
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generated early graft vasculitis followed by AV, whereas Tc2 cells promoted graft
infiltration by eosinophils with no evidence of AV (Delfs et al, 2001).

In our study, the transfer of primed CD8" T cells from IFN-y-deficient mice into
RAG-1"" recipients of wildtype allografts generated robust AV. This is in contrast to data
from other groups which supports a critical role for host-derived IFN-y in lesion
development, as IFN-y-deficient recipients exhibit almost complete abrogation of AV
(Nagano et al, 1997, Raisanen-Sokolowski et al, 1997, Raisanen-Sokolowski ef al, 1998).
Interestingly, these IFN-y-deficient recipients mount typical acute rejection responses
directed against cardiac allografts (Nagano et al, 1997). Moreover, CTL from IFN-y-
deficient mice exhibit exaggerated CTL activity (Saleem et al, 1996), which is likely the
result of reduced expression of inhibitory NK receptors (McMahon and Raulet, 2001,
Malmberg et al, 2002). These iNKR, when ligated, potently inhibit CTL activity while
inducing further IFN-y expression (Lukacher, 2002). Thus, it is feasible that IFN-y-
~ deficient CD8" T cells mediate the acute injury of aortic allografts which manifests as
vasculopathy in the absence of immunosuppression.

Strikingly, the adoptive transfer of allo-primed CD8" T cells from IFN-y-deficient
mice into RAG-17" recipients of MHC class I-deficient aortic allografts, where the
contact-dependent direct CTL effector pathways are inhibited, did not induce AV, thus
demonstrating that the observed non-CTL effector pathway is IFN-y-dependent. These
data suggest that CD8" T cell-mediated AV occurs at least in part by classical contact-
dependent cytotoxicity and by an IFN-y-dependent non-CTL effector pathway in the non-
immunosuppressed aortic allograft model. Alternatively, IFN-y-dependent up-regulation

of the alleged residual MHC class I within f2microglobulin-deficient grafts might be
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necessary for direct recognition and contact-dependent killing. This possibility can be
ruled out by using f2microglobulin and K® D® double knockout mice as graft donors,
such that there is no residual surface expression of MHC class Ia or Ib molecules,
preventing CD8" T cell direct allo-recognition and CTL triggering. Nonetheless, Tellides
and co-workers have demonstrated that injection of immunodeficient recipients with

rIFN-y leads to the generation of AV (Tellides et al, 2000). Taken together, this evidence

supports a role for CD8" T cell-derived IFN-y as an inciting stimulus in the development
of AV.

Another possible role for [FN-y in the development of AV might relate to
chemokines which are specifically induced by this pro-inflammatory cytokine. The
importance of chemokines and chemokine receptors in the recruitment and infiltration of
allografts by leukocytes, which are the main effectors of AV, has been the focus of
intense research (Hancock, 2002). The CXCR3 chemokine receptor has been shown to be
important in the infiltration of Th1 and Tcl c;lls into inflamed tissues (Nakajima ef al,
2002). CXCR3 recognizes a family of three interferon-y inducible chemokines which
include IFN-y-inducible protein of 10 kD (IP-10), monokine induced by IFN-y (MIG) and
interferon-inducible T cell o chemoattractant (I-TAC) (Nelson and Krensky, 2001,
Hancock, 2002).

Hancock’s group first examined the role of CXCR3 in the development of acute
rejection and AV in cardiac allografts using CXCR3-deficient mice (Hancock et al,
2000). They found that CyA-treated (10 mg/kg/d) CXC3™" mice exhibited permanent
engraftment of fully mismatched cardiac allografts with no histological evidence of AV

(Hancock et al, 2000). This dose of CyA was sub-therapeutic as it was only able to
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prolong graft survival by 3 d in wildtype recipients (Hancock et al, 2000). They found a
significantly reduced number of infiltrating T lymphocytes (CD4" and CD8") and
macrophages in allografts from CXCR3™ mice (Hancock et al, 2000). Similarly, they
found that anti-CXCR3 monoclonal antibody was able to indefinitely prolong allograft
survival in CyA-treated wildtype mice even if started after the onset of rejection
(Hancock et al, 2000). Concurrently, rejection in wildtype mice was associated with a
profound increase in the expression of IFN-y, IP-10, I-TAC and MIG (Hancock et al,
2000). These data suggest that CXCR3 and its family of chemokines are important in the
recruitment and activation of allo-reactive T lymphocytes capable of mediating acute
rejection and AV.

The data above indicate that the important role of IFN-y is exerted through the
release of CXCR3-binding chemokines resulting in the recruitment of leukocytes which
act to damage the graft (Nelson and Krensky, 2001, Hancock, 2002). Alternatively, these
chemokines might be involved in the recruitment of recipient-derived lesion forming cells
(a-actin” smooth muscle-like cells) from the circulation to the subendothelial space.
These lesion cells may be homing to the same chemokine signals which act as
chemoattractants for effector leukocytes. In support of this, Wang and colleagues
demonstrated that IP-10 is a potent mitogenic and chemotactic factor for vascular smooth
muscle cells in vitro (Wang ef al, 1996). Moreover, IP-10 mRNA was up-regulated when
smooth muscle cells were challenged in vitro with either IFN-y or IL-1p (Wang et al,
1996). Similarly, enhanced expression of [P-10 mRNA is observed in rat carotid artery
after injury mediated by balloon angioplasty (Wang et al, 1996). However, this latter

hypothesis remains to be directly evaluated in humans or animal models of
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transplantation, particularly in the setting of immunosuppression where some of these
signals may be dampened.

A role for CD8" effector T cells in AV may explain its resistance to calcineurin
inhibitor based immunosuppressive treatments which primarily target CD4" T cell
activation (Bishop et al., 1992, Bujan et al., 2001, Hruban et al., 1990, Libby and Pober,
2001). This correlates with our evidence (Johnson et al., 2002, Légaré et al, 2001) and
the evidence of others (Hillebrands ef al., 2001) that in animal models moderate
calcineurin inhibition ablates CD4" T cell mediated acute rejection but has little to no
effect on AV. Indeed, we have found that C57BL/6 CD8-deficient recipients of C3H
aortic allografts exhibit no AV when treated with CyA (=50 mg/kg/d), whereas wildtype
C57BL/6 mice develop significant lesions at even higher doses (70 mg/kg/d) of CyA. To
confirm the differential susceptibility of CD4" and CD8" T cell subsets to CyA, we
generated primed T cell subsets under CyA-based immunosuppression (50 mg/kg/d).
Following allo-activation these T cell subsets were adoptively transferred into RAG™
recipients of aortic allografts treated with CyA (50 mg/kg/d). As expected, adoptive
transfer of both CD4" and CD8" T cells into untreated RAG™ recipients generated
significant AV. However, CyA-treated CD8" T cells remained capable of inducing AV,
whereas similarly treated CD4" T cells did not. This demonstrates a relationship between
CD8" T cell effector function and AV in the context of effective CD4" T cell
immunosuppression. These results will need clarification in the presence of more
clinically-relevant triple therapy, which is widely used after clinical heart transplantation.
However, given the non-specific modes of action of anti-proliferative agents

(mycophenolate mofetil and azathioprine) and corticosteroids, more complete CDS8'T
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cell inhibition is unlikely. Moreover, the activity of non-CTL effector CDS8" T cells are
particularly implicated in the failure of modern transplant pharmacotherapy, since
indirect pathways, in general, are thought to be most resistant to calcineurin inhibition

(Lee et al, 2001, Sawyer et al, 1993, Hornick ef al, 2000).
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7.0 Appendix 1. Creation of a chimeric aortic segment.

Representative scanning electron photomicrographs of C3H aortic segments treated with
EDTA (a) or left untreated (b). To confirm de-endothelialization, EDTA-treated (c) and
untreated (d) aortas were immunostained with anti-PECAM monoclonal antibody.
EDTA-treated vessels exhibit complete denudation of the intima. These denuded aortic
segments will be re-endothelialized in RAG™ and then re-transplanted into either
wildtype C57BL/6 or C3H mice to assess the role of endothelial versus medial damage in

the development of AV.
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