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Abstract

Purpose of review—The T cell-dependent recognition of allogeneic tissues and organs is
complicated by the fact that both donor and host antigen-presenting cells can present donor
antigens to host T cells. As such, these pathways result in T cells that can be restricted to either
donor (“direct”) or host (‘indirect’) major histocompatibility complex (MHC). These pathways are
well recognized, but how these distinct patterns actually dictate allograft recognition is less clear.
Thus, the purpose of the review is to summarize results from preclinical animal models in an
attempt to clarify the distinct forms of allograft rejection dictated by these recognition pathways.

Recent findings—CD4* and CD8* donor MHC-restricted T cells are sufficient to reject
allografts by a T-cell receptor-mediated direct (‘cognate’) interaction using a defined array of
effector molecules. Conversely, ‘noncognate’ host MHC-restricted CD4* T cells must interact
with intermediate host-type antigen-presenting cells and so greatly amplify the response by
triggering antibody and inflammatory responses.

Summary—Importantly, ‘cognate’ CD4* and CD8* T cells have strikingly similar requirements
for rejection, suggesting that this effector mechanism is dictated by the nature of allograft
recognition rather than by T-cell subset. Conversely, ‘noncognate’ allograft recognition drives an
increasingly appreciated role for inciting innate immunity in mediating allograft injury.
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INTRODUCTION

This review focuses on T cell-dependent allograft rejection because of the central
contribution of antigen-specific T-cell recognition in marshaling allograft immunity.
Although the innate immune system plays an important role in many forms of rejection, T
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cells are generally the rate-limiting step for conventional allograft rejection as illustrated by
indefinite allograft acceptance in nearly all forms of alpha/beta T cell receptor-deficient
animal models. The notable exception is the case of bone marrow transplantation in which
natural killer (NK) cells are sufficient to eliminate allogeneic bone marrow stem cells
independently of T cells. Despite the importance of classical adaptive recognition by T cells
in transplantation, the innate immune system should be not viewed as an inert participant in
initiating the immune response. In addition to the well appreciated role of a variety of
nonspecific injury and pathogen-related signals in the activation and maturation of myeloid
lineage antigen-presenting cells (APCs), very intriguing recent results indicate that a
presumable primitive self/nonself recognition system plays an important role in the early
maturation of host monocytes to active dendritic cells [1™™]. Thus, like the germline-
encoded family of NK cell activating and inhibitory receptors that discriminate between a
variety of MHC alleles, monocytes also appear to contribute to such self/nonself
discrimination in the setting of transplantation.

General pathways of allograft recognition — direct, semidirect, and indirect

Key to the following discussion is the nature of recognition of alloantigens by the recipient
and the role of this process in ultimately shaping the specific graft rejection mechanism.
Unlike immune responses to conventional antigens, our understanding of allograft immunity
is confounded by two broad forms of donor antigen recognition that are defined by the
source of APC-presenting cells: “direct’ presentation (donor APC dependent) in which
donor-derived cells display donor major histocompatibility complex (MHC) molecules to
the recipient and ‘indirect’ presentation (host APC dependent) in which donor-derived
antigens are acquired by recipient APCs that process and present these peptides to the host.
It is essential to note that the consequence of direct donor presentation is that T cells are
restricted by ‘donor’ MHC molecules whereas indirect donor presentation results in T cells
that are ‘recipient” MHC restricted. Importantly, a third form of donor presentation is the
‘semidirect’ presentation (or ‘cross-dressing’) in which donor membrane components are
fused with recipient APCs, and thus present intact donor MHC molecules to the host [2,3].
Although this pathway may involve host APCs, it nevertheless activates T cells, mostly like
those induced by the direct pathway, therefore generating effector T cells that are donor
MHC restricted. Direct T cells specific for native allogeneic MHC:peptide complexes
account for the vast majority of the high frequency of alloreactive T cells in unprimed
animals (roughly 1-5% of naive T cells), while the corresponding initial frequency of the
indirect pathway is assumed to be lower. However, the actual magnitude of the initial
indirect response in vivo appears to be much greater than anticipated [4]. This is likely
because of an early response of NK cells that can rapidly eliminate nonself-bearing
allogeneic APCs [5,6], thus potentially blunting the direct response and diverting donor
antigens in favor of the indirect, host APC-dependent response [7].

‘Cognate’ allograft rejection — a mechanism defined by the nature of donor recognition
rather than the T-cell subset
The MHC restriction of activated, alloreactive T cells forms a fundamental distinction that
corresponds to two “‘classes’ of rejection mechanisms defined above by the nature of T-cell
receptor recognition relative to the allograft. Specifically, ‘cognate’ T cells as those that are
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donor MHC restricted and are capable of a direct, contact and donor MHC-dependent
interaction with donor target cells. Conversely, ‘noncognate’ T cells as those restricted by
host MHC molecules. These cells cannot engage graft cells via their T-cell receptor (TCR)
but rather require an interaction with an intermediate host MHC-expressing cell.

To date, the pathway involving cognate T-cell interaction appears to be a fairly well
delineated response in which T-cell engagement of the donor cell triggers a rather limited
array of effector mechanisms necessary to perform donor cell killing. Importantly, results
suggest that there are two key rate-limiting components of cognate T cell-mediated
rejection: the production of the proinflammatory cytokine IFN-y and the alternative use of
cytolytic mediators perforin and/or FasL (CD95L). For example, initial experiments showed
that CD8" T cells required IFN-y to mediate islet allograft rejection [8]. This was followed
by findings indicating that these cells had the additional requirement for the alternative use
of perforin or FasL (CD95L) and donor MHC class | expression [9]. Neither individual
perforin nor FasL deficiency alone had a dramatic impact on acute rejection. Taken together,
we hypothesize that these requirements for both cytokine production and cytolytic activity
by CD8* T cells is consistent with a ‘two-hit’ model of rejection in which IFN-y
‘conditions’ the target cell by increasing expression of molecules such as MHC class | and
FasL, thereby rendering the target sensitive to the subsequent lethal events triggered by
perforin/granzymes and/or FasL. Moreover, this type of rejection would be expected to have
a high degree of target specificity, as was noted in classic skin transplant studies in which
the hallmark feature of the cognate rejection mechanism was the cell selectivity of the
response [10]. It is important to note, however, that the requirements for CD8" T cell-
mediated rejection may not be the same for all tissues and organs.

Another, and an arguably under-recognized form of cognate allograft rejection is that
mediated by CD4* T cells. Given their broad role in orchestrating the adaptive immune
response, CD4* T cells tend to be underestimated in their role as direct effectors of graft
rejection [11,12] and tumor immunity [13]. Several years ago, we found that CD4* T cells
were both necessary and sufficient to mediate acute cardiac allograft rejection and that this
response required donor and not host MHC class Il expression [11,12]. These findings
strongly suggested a direct (cognate) form of allograft rejection. Interestingly, the
requirements for this type of CD4* T cell-mediated cardiac allograft rejection almost exactly
mirrors those for CD8* T cell-mediated islet rejection described above. Initial results
indicated that CD4*-mediated rejection required IFN-y receptor expression by the cardiac
allograft target [14]. Additional findings then showed that CD4* T cells also required
cytolytic function involving alternative use of perforin and/or FasL [15]. Thus, CD4* T cells
also could mediate primary acute allograft rejection by a contact-dependent, cytotoxic
mechanism that is classically associated with CD8* T cells. Taken together, we would posit
that the mechanism of cognate T cell-mediated rejection is defined by the nature of allograft
recognition rather than by the T cell subset involved. Specifically, both CD8* and CD4* T
cells appear capable of similar forms of contact-dependent rejection provided that the
corresponding donor MHC | and class Il target molecules, respectively, are expressed by the
allograft.
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There is a very interesting situation that blurs the distinction between “direct’ and “indirect’
alloreactivity involving CD8* T cells. There is limited but intriguing evidence for host
MHC-restricted “indirect’ (or cross-primed) CD8* T cells in a noncognate ‘type’ response.
Notably, there is an unusual circumstance in which host MHC class I-restricted CD8* T
cells can trigger the rejection of cellular (skin) but not primarily vascularized solid organ
(cardiac) allografts [16]. Valujskikh et al. [16] found that CD8" T cells specific for the male
H-Y antigen presented by self MHC class | molecules could also reject male skin grafts
from MHC-unrelated donors. Because skin grafts are revascularized by a comprised of a
significant proportion of host-derived endothelium, this is a special case in which much of
the graft-associated vascular could present the H-Y antigen “directly’ to self MHC-restricted
T cells, serving essentially as targets of a cognate rejection mechanism. Consistent with this
interpretation was the finding that the same H-Y reactive CD8" T cells could not reject
cardiac allografts that are comprised almost entirely of donor-type vasculature. As such, this
scenario clearly blurs the distinction between direct versus indirect allograft recognition by
CD8* T cells. Nonetheless, this example illustrates a key principal when considering how a
given recognition pathway ultimately impacts allograft rejection. Namely, how are donor
antigens recognized, and what is the consequence of that recognition to the transplant? In the
case of indirect, alloreactive CD8* T cells, effector cells can actually mediate a contact-
dependent, cognate-like interaction that injures the allograft only if the donor expresses the
appropriate target (i.e., host type vasculature).

Non-cognate allograft rejection: a key driver of antibody and innate mechanisms of
rejection

A major component of the allograft response is composed of T cells recognizing donor
antigens via the indirect, or host MHC-restricted pathway. Although these indirect T cells
may comprise only a minority of initial alloreactive precursor cells, they appear to rapidly
respond in vivo [4] and can have a profound biological impact on allograft survival. As
defined above, such host MHC-restricted cells cannot mediate a direct, TCR-mediated
engagement with donor cells. As such, aspects of this response have remained ambiguous,
especially in regards to the impact of these noncognate T cells on allograft injury and how
such cells ultimately contribute to allograft rejection. A key component, however, is that this
noncognate interaction requires a host MHC-expressing intermediate cell that presents
donor-derived antigens. This being the case, we propose that the impact of noncognate,
donor antigen-specific T cells on the allograft is largely dictated by the type of host APC
that is presenting the donor antigens. Current evidence points to a predominant role for host
MHC class Il-restricted CD4* T cells in marshaling two forms of antidonor, noncognate
immunity: one adaptive (antibody production) and the other innate (inflammation by
myeloid lineage cells).

Firstly, antidonor antibody responses are a clearly a primary consequence of the indirect
pathway by this noncognate form of immunity. Specifically, MHC class Il-restricted CD4*
T cells, presumably follicular helper cells interacting with host B cells presenting donor-
derived antigens (i.e., the host APC) is the prototypical means of initiating the formation of
donor-specific antibodies. However, the consequence of this antibody response to the
allograft is multifaceted. That is, antibodies participate in accentuating allograft injury in a
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variety of ways. Antibodies can have an adjuvant-like effect of enhancing ongoing T-cell
reactivity to alloantigens by acting as opsonins [17]. More recent evidence suggests that a
blended response of alloreactive CD4* T cells in addition to antibodies can result in renal
allograft rejection in mice [18]. Moreover, antibodies can interact with other innate cells,
such as macrophages [19%] and NK cells [20] by ‘arming’ them to inflict acute and chronic
antibody-mediated rejection. This is significant because even though the original antibody
response requires a noncognate CD4* T cell, the impact of the ensuing antibody response
can result in amplification of the response through innate immune cells, possibly without the
ongoing requirement of the original inciting CD4* T cell. Thus, this form of allograft injury
would be CD4" T-cell dependent, but not necessarily T cell mediated. For example, NK
cells in concert with donor-specific antibodies can inflict ongoing chronic heart allograft
rejection in the absence of any adaptive (T cell) response [20].

Alternatively, another important consequence of noncognate CD4* T-cell alloantigen
reactivity is inflammation because of direction interaction with other innate cells, notably
macrophages. Although this type of response normally occurs concurrently with other forms
of reactivity (such as cognate, allograft reactive T cells), some studies indicate that this type
of donor recognition can be sufficient to trigger acute allograft rejection. For example, auto-
reactive CD4™ T cells specific for islet-specific antigens can cause acute destruction of islet
allografts, even in the absence of antidonor antibodies or donor MHC class 11 expression
[21]. Importantly, this type of noncognate event requires the intermediate host macrophage
presenting processed islet-derived autoantigens to trigger rejection [22]. Again, although this
response is CD4* T-cell dependent, it does not appear to be directly T-cell mediated but
rather is the result of secondary licensing of macrophages resulting in an unclear form of
tissue injury. This type of rejection can also occur by noncognate alloreactive TCR
transgenic CD4" T cells recognizing donor MHC class I-derived peptides presented by host
MHC class Il-expressing cells [23]. More recent studies also highlight a role for CD4* T
cells activating host macrophages that in turn can mediate allograft rejection [6]. In this
study, once CD4* T cells had primed macrophage activation, these innate cells were then
able to adoptively transfer allograft rejection in the absence of T cells, suggesting that
macrophages themselves may have unexpected mechanisms for self/nonself discrimination.

A related dilemma especially pertinent to a noncognate form of rejection is how the
response is limited to prevent injury of adjacent self-tissues, especially in the case of
generalized inflammatory injury triggered by innate cells such as activated macrophages.
Interestingly, macrophages armed with donor-specific antibodies via Fc receptor binding
may play an important role in guiding the cellular specificity of rejection. In addition, more
recent studies indicate that programmed death-1 and, importantly, self-MHC expression play
important roles in preventing injury to adjacent tissues [24™]. It is intriguing to consider that
the same self/nonself recognition system recently described for monocytes [1™™] could
conceivably play a role in preventing injury to self-tissues during what has long been
considered to be a nonspecific innate immune response. That is, it appears likely that innate
cells show a greater degree of cellular discrimination during rejection that has been
previously considered [6]. Thus, we must reevaluate the notion that innate cells simply
trigger ‘nonspecific’ local inflammation during allograft injury.
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CONCLUSION

The primary model described in this review is that T cells have two primary recognition
patterns relative to the allograft: cognate and noncognate. Cognate T cells are capable of a
direct, TCR-mediated interaction with allograft cells and appear to require a limited range of
effector molecules. Notably, both CD4* and CD8* T cells are capable of this contact-
dependent form of T cell-mediated rejection. Conversely, noncognate T cells require an
interaction with other host MHC-expressing APCs to interact with allograft-derived
antigens, and thus are presumed to be the key mediators orchestrating the response of both B
lymphocytes and other innate cells in mediating inflammatory tissue injury. Because these
varied responses occur simultaneously and may interact and change with time, it is an
ongoing challenge to ascribe the precise role of these individual cell types within these
recognition pathways when mediating acute and chronic allograft rejection. Finally, the
greatest plasticity in directing the course of allograft immunity appears to lie within the
CD4™* T-cell-dependent indirect response. On the one hand, indirect CD4* T cells interacting
with B cells and activated macrophages can enhance allograft immunity as described above.
Alternatively, this same pathway also plays a key role for promoting allograft tolerance [25-
28]. Clearly, increased understanding of the key events involved in T cell-APC interactions
that promote allograft tolerance versus immunity will continue to be major goal of the
transplant field.
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KEY POINTS

Allografts sensitize host T-cell immunity that is both host and donor MHC
restricted.

T cells that are donor MHC restricted are capable of a cognate, TCR-mediated
interaction with graft cells whereas host MHC-restricted T cells mount a
noncognate response to the graft by requiring an interaction with intermediate
host-type APCs.

Both CD4* and CD8* T cells recognizing the graft via a cognate interaction can
mediate rejection by similar effector mechanisms requiring a combination of
IFNy production and cytolytic mediators.

A noncognate form of graft recognition is the predominate pathway inciting
both B cell-dependent humoral immunity and inflammation by host innate
myeloid lineage cells.

Curr Opin Organ Transplant. Author manuscript; available in PMC 2017 February 01.




