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Abstract

Memory T cells are an important cell type in the immune system and are vital to protective immunity against invading
pathogens. However, a significant fraction of memory T cells is found to be alloreactive in transplant models, i.e. they can
readily attack and dismantle allografts in transplant models. As memory T cells are not as easily amenable as naive T cells,
memory T cells constitute a potent barrier to the induction of transplant tolerance. The key issues concerning memory T cells
in transplantation are related to the tolerability of alloreactive memory T cells and the effects of commonly used immuno-
suppressive drugs on the memory response in transplant recipients. The real challenge in the future is to selectively tolerize
alloreactive memory T cells but spare those involved in protective immunity following organ transplantation. This review will
discuss recent advances in our understating of memory T cells in transplant models, with specific emphasis on the problems
and challenges in targeting memory T cells in the induction of transplant tolerance.
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INTRODUCTION

The remarkable success of tolerance induction
strategies in transplantation has been largely restricted
to naive hosts that do not harbor significant numbers of
memory T cells, for example mice housed in a pathogen-
free environment. These strategies often produce
immunological tolerance to a foreign transplant by
exploiting the same principles that underlie tolerance to
self antigens, and these principles include deletion,
anergy, suppression, and immune deviation [13, 14, 16].
However, few such tolerizing protocols can withstand
vigorous tests in large animal models and humans, and
most protocols that work brilliantly in rodents often fail
miserably when tested in primates [8, 11]. Obviously,
many factors can potentially contribute to such a strik-
ing dichotomy between rodent and primate models, but
one outstanding issue that has attracted considerable
attention is the presence of a large number of memory
T cells in large animal models. Because of their distinct
features, memory T cells are becoming a growing con-
cern in the induction of transplant tolerance in the
clinic.

UNIQUE FEATURES OF MEMORY T CELLS

One of the fundamental features of adaptive immu-
nity is the development of memory T cells. Pheno-
typically and functionally, memory T cells are extremely
heterogeneous and consist of many different subsets.
Most memory T cells in the immune system are proge-
nies of effector cells following antigen stimulation, and
these memory T cells therefore often have well-defined
antigen specificities. As a population, antigen-specific
memory T cells carry the entire immune history of an
individual. However, certain T cells exhibit phenotypic
features of memory T cells (i.e. high levels of CD44),
but develop spontaneously, without known foreign anti-
gen exposure [33, 34]; such memory T cells have less
well-defined antigen specificities and are often called
“memory-like T cells” [29, 30, 33, 34]. As compared with
their naive counterparts, all memory T cells can replen-
ish themselves by slow but constant dividing in the
periphery [34, 43], and therefore they are long-lived
cells in the immune system.

Memory T cells are endowed with several unique
features that make such cells quite distinct from their
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naive counterparts. First, memory T cells have a much
lower activation threshold than naive T cells and are less
dependent on CD28 and CD154 costimulation for acti-
vation [20]. Second, memory T cells have a clear survival
advantage over naive cells; they are highly resistant to
apoptotic cell death and to antibody-induced depletion
therapies [19]. Third, the memory response to recall
antigens is much more robust than that of naive T cells,
and on a per-cell basis, memory T cells often generate
far more effector cells than their naive counterparts
[30]. Fourth, memory T cells have disseminated tissue
distribution and reside in both the lymphoid and the
non-lymphoid tissues (e.g. the liver, lung, and gut) [4,
18]. Finally, in contrast to naive T cells, activation of
memory T cells is not contingent on the presence of sec-
ondary lymphoid organs [2]. Clearly, memory T cells are
well equipped and uniquely positioned to mount effec-
tive recall responses against invading pathogens.
However, the heightened responses of memory T cells
also create significant problems in transplant settings.

A combination of cell surface markers can further
divide memory T cells into different subtypes. Based on
the expressions of CD44, CD62L (L-selectin), CD45
isoforms, CCRS5, CCR7, and an interleukin (IL-2)
receptor subunit (e.g. CD122), distinct subsets of mem-
ory T cells have been described in different model sys-
tems [30]. Perhaps the identification of “central memo-
ry” and “effector memory” T cells is among the most sig-
nificant findings [29]. Phenotypically, central memory
T cells are CD44"CD45ROMCCR7+*CD62L* and pref-
erentially reside in the secondary lymphoid organs such
as the spleen and lymph nodes. However, effector mem-
ory T cells are CD44"CD45ROMCCR7-CD62L" and
located primarily in the non-lymphoid tissues. Impor-
tantly, central memory T cells and effector memory
T cells also have striking functional differences. For
example, effector memory T cells exhibit potent cyto-
toxicity against target cells, but central memory T cells
lack such cytotoxic effects. Furthermore, central memo-
ry T cells readily produce copious amounts of IL-2, but
very little interferon (IFN)-y, whereas effector memory
T cells often produce large amounts of IFN-y and per-
forin, but very little IL-2 [30]. Effector memory T cells,
in contrast to central memory T cells, can readily mount
potent effector responses upon antigen stimulation [6].
The exact relationship between central memory T cells
and effector memory T cells remains to be defined. It
has been suggested that central memory T cells are the
precursors of effector memory T cells, although such
a distinction is not absolute in all models. Also, the
mechanisms that govern the preferential development
of central memory over effector memory cells or vice
versa are unclear.

Several mechanisms collectively contribute to the
generation and maintenance of a memory pool in the
immune system. Besides immunization with specific
antigens, other mechanisms also play an important role
in the generation of memory T cells, such mechanisms
including heterologous immunity [31] and homeostatic

proliferation [39]. It has been recognized recently that
memory T cells developed in response to immunization
with one particular antigen can respond to other unre-
lated antigens, thereby affecting the subsequent memo-
ry responses to a wide range of different antigens, and
this phenomenon is called heterologous immunity [30].
In transplant settings, there is solid evidence demon-
strating that memory T cells that are specific to
pathogens such as Leishmania major or lymphocytic
choriomeningitis virus can respond to a defined set of
transplant antigens [1, 23]. A major implication of het-
erologous immunity is that in humans with a normal his-
tory of vaccinations and infections, memory T cells that
are potentially reactive to transplant antigens may be
numerous. Indeed, as much as 50% of the alloreactive
T cells in the periphery express a memory phenotype in
humans [17]. Furthermore, T cells can spontaneously
undergo extensive proliferation under lymphopenic
conditions. This type of cell proliferation occurs in the
absence of foreign antigen stimulation and is often
called homeostatic proliferation [26]. Homeostatic or
lymphopenia-induced proliferation is thought to be dri-
ven by cytokine availability as well as T cell receptor
engagement, although it is unclear under conventional
conditions whether the antigens driving T cell prolifera-
tion are self peptides, peptides from commensal
microbes in the gut, other exogenous non-self antigens,
or a combination of all of these [35]. One of the key fea-
tures of homeostatic expansion is the acquisition of phe-
notypic and functional characteristics of memory T cells
[7]. In experimental models, memory T cells after home-
ostatic proliferation are potent alloreactive T cells and
can mediate prompt allograft rejection [38].

Homeostasis of memory T cells is controlled primar-
ily by the yc-cytokines IL-7 and IL-15 [33, 34]. Some cos-
timulatory molecules such as 4-1BB and OX40 also con-
tribute to the generation and survival of memory T cells
[3]. Although IL-7 and IL-15 have some overlapping
functions, IL-7 appears to be particularly important for
cell survival, whereas IL-15 is necessary to drive homeo-
static proliferation of memory T cells [10]. This applies
especially to memory CD8* T cells, while for memory
CD4* T cells, IL-7 seems to play a more conspicuous
role than IL-15 [15, 32].

CRITICAL ROLE OF MEMORY T CELLS
IN TRANSPLANT REJECTION

Memory T cells are extremely diverse, both pheno-
typically and functionally. This raises an important ques-
tion as to whether all types of memory T cells are equal-
ly effective in mediating transplant rejection or in resis-
tance to tolerance induction. There is no doubt that the
donor-specific memory T cells are potent effector cells
in mediating the rejection response. In animal models,
the most effective means of generating donor-specific
memory T cells is by priming the transplant recipients
with donor antigens [12]. In the clinical settings, donor-
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-specific memory cells are often generated by blood
transfusions, pregnancy, or failed first transplants. The
donor-specific memory T cells are known to mount
a second-set rejection response, which is extremely dif-
ficult to inhibit when it happens [37]. It has been shown
that purified memory T cells, unlike their naive counter-
parts, mediate allograft rejection without the need to
home first to the secondary lymphoid tissues, and the
rejection response is not inhibited by agents that block
CD28 and CD154 costimulation [37]. Furthermore, cen-
tral memory cells and effector memory cells appear to
be equally potent in mediating the rejection response
[21].

There is considerable interest in the role of memory-
-like T cells generated by homeostatic proliferation or
by heterologous immunity in transplant rejection [31].
We and others have demonstrated that memory T cells
post homeostatic proliferation are potent effector cells
in mediating transplant rejection [38, 39]. In contrast to
naive T cells, memory T cells developed after homeo-
static proliferation are highly resistant to certain toleriz-
ing therapies [38, 39]. Similarly, heterologous immunity
also results in the generation of memory T cells that are
alloreactive in a transplant model. For example, stimu-
lation of B6 mice with parasitic or viral antigens has
been shown to induce effector/memory T cells that are
highly responsive to alloantigens, and transplantation of
allografts onto such pathogen-challenged mice often
results in accelerated rejection [23]. Although the
pathogen-initiated “danger signals” may contribute to
the accelerated rejection response, the pathogen-
-induced memory T cells selected from the challenged
mice are clearly responsive to the donor-derived
alloantigens [23]. In certain models, memory T cells
have been suggested to be key mediators in the chronic
loss of allografts, suggesting a possibility that memory
T cells and chronic rejection may be intimately associat-
ed. Hence, regardless of their phenotypes and the
means by which they develop, memory T cells are key
players in mediating transplant rejection.

MEMORY T CELLS AS A BARRIER
TO TRANSPLANT TOLERANCE

Clearly, memory T cells are potent effector cells in
transplant rejection. A key question concerning memo-
ry T cells in transplantation is whether they are as
amendable as their naive counterparts in tolerance
induction. This is an important and clinically relevant
issue and has been actively pursued by many different
groups around the world. In spite of different model sys-
tems used to address this issue, the conclusions reached
by different groups are quite similar, i.e. memory T cells
are highly resistant to tolerance induction. In most
experimental models, tolerizing therapies that consis-
tently produce allograft tolerance in naive animals often
completely fail to do so in memory-rich animals. For
example, donor-specific transfusion (DST) plus anti-

-CD154 (MR1) induces uniform transplant tolerance to
cardiac and islet allografts in mice [37]. However, the
same protocol completely fails to block rejection in mice
pre-sensitized with the skin allografts from the same
donor [41]. Similarly, adoptive transfer of primed
donor-specific T cells into recipient mice prevents the
induction of cardiac allograft tolerance in naive mice by
the DST and MR1 protocol [37]. Other costimulation
blockade-based tolerizing protocols also fail to induce
tolerance in mice harboring memory T cells specific for
pathogens [1, 23]. The role of pathogen-specific memo-
ry T cells that are cross-reactive with alloantigens in
resistance to tolerance induction is elegantly demon-
strated in a recent report showing that virally induced
memory T cells can interfere with the most robust form
of transplant tolerance [1]. Hence, memory T cells gen-
erated either by prior exposure to alloantigens or by
pathogen infections are potent barriers to tolerance
induction in transplant models.

The overall resistance of memory T cells to toler-
ance induction also applies to memory T cells generated
by homeostatic proliferation. It has been shown that
treatment of naive B6 mice with depleting anti-CD4 and
anti-CD8 monoclonal antibodies (mAbs) induces pro-
found depletion of peripheral T cells [24, 39]. However,
not all T cells are equally sensitive to the depletion ther-
apy and a subset of residual T cells can undergo exten-
sive homeostatic proliferation in the treated mice [22,
39]. Interestingly, memory T cells generated by homeo-
static proliferation are highly resistant to the induction
of allograft tolerance by DST plus CD154 blockade
treatment [39]. In our own study, we used immunodefi-
cient mice as a tool to generate memory T cells [38].
Memory T cells generated by homeostatic proliferation
in the immunodeficient mice are also highly resistant to
CD28 and CD154 blockade-induced tolerance [38].
Thus, resistance to tolerance induction appears to be
a general feature of all types of memory T cells that are
alloreactive.

NEW APPROACHES TO TARGETING
ALLOREACTIVE MEMORY T CELLS

Clearly, memory T cells are potent effector T cells in
transplant rejection, and the presence of memory T cells
in transplant recipients hinders the induction of allo-
graft tolerance. Thus, development of therapeutic pro-
tocols that can effectively and reliably target alloreactive
memory T cells is a pressing issue in tolerance induction
in the clinic.

Most of the current immunosuppressive drugs that
are effective in blocking naive T cells have minimal
effects in preventing memory T cell-mediated rejection
[36], suggesting that the activation requirement of mem-
ory T cells is quite different from that of naive T cells in
rejection. In fact, there have been reports on the corre-
lation between the presence of pre-transplant alloreac-
tive memory T cells and acute rejection episodes that
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occurred despite tacrolimus- and sirolimus-based thera-
pies. Moreover, leukocyte depletion therapies using
antithymocyte globulin, alemtuzumab, or anti-human
CD52 mAb are less effective at eliminating pre-existing
memory T cells. Indeed, following leukocyte-depletion
treatments, effector memory CD4* T cells are a domi-
nant remaining cell type and appear to be capable of ini-
tiating rejection episodes [24]. In some studies, the com-
monly used immunosuppressive agents may impact the
ability of memory T cells to respond to alloantigens in
vitro [24]. However, their efficacy in vivo in limiting
memory T cell-mediated rejection is often less striking.

Thus there is urgent need to develop alternative
approaches to targeting alloreactive memory T cells in
transplant models. Most studies in this area are focused
on means to prevent activation and survival of memory
T cells and ways to avoid their accumulation in the
grafts. It appears that, in contrast to naive T cells, which
rely on CD28 and CD154 for activation, memory T cells
may need other alternative T cell costimulatory mole-
cules for activation and effector functions. For example,
interaction of inducible costimulator (ICOS) on T cells
with B7h (B7RP-1) on antigen-presenting cells is crucial
for the activation of previously primed T cells, including
memory T cells. Blocking the ICOS costimulatory path-
way prolongs allograft survival in rodents, particularly if
the blockade is administered at a delayed time point
after transplantation [9], suggesting that it interferes
with the recall response of primed T cells. Also,
4-1BB/4-1BBL interactions have been shown to be
important in CD8"* T cell recall responses [5]. Another
costimulatory pathway that may be important for the
recall response of memory T cells, particularly the CD4*
population, is the OX40/OX40L pathway [25, 28]. In
certain models, simultaneous blockade of the
0X40/0X40L and B7/CD28 pathways prolongs cardiac
allograft survival in recipients that had received primed
T cells [40]. Furthermore, blockade of the CD27/CD70
costimulatory pathway has been shown to lead to indef-
inite allograft survival despite the presence of memory
CDS8* T cells [27]. This finding is consistent with the
role of CD70/CD27 costimulation in the activation of
antigen-experienced CD8* T cells. Therefore, it seems
that memory T cells may require a distinct set of cos-
timulatory molecules to function properly, which may
open new opportunities for the therapeutic intervention
of memory T cells in transplant settings. Further studies
of the costimulatory requirements for memory T cells
may lead to the design of new strategies to manipulate
memory responses to allografts in addition to those
already effective in preventing rejection mediated by
naive T cells.

There have been other attempts to control memory
T cell responses in transplant models, and the findings
are equally exciting. For example, the NF-xB nuclear
translocation blocker 15-deoxyspergualin prevented
activation of donor antigen-specific memory CDS8
T cells and synergized with costimulatory blockade to
induce long-term skin allograft survival in a mouse

model [1]. Administration of the sphingosine-1 phos-
phate receptor agonist FTY720 resulted in lymphoid
sequestration of donor-specific memory CD4 T cells in
the peripheral lymph nodes, thus delaying the heart
allograft rejection in mice [42]. However, all of these
new strategies have yet to be tested and validated in
large animal models.

FUTURE CHALLENGES IN TARGETING
MEMORY T CELLS IN TRANSPLANTATION

Several key questions need to be addressed before
new strategies can be successfully designed to prevent
memory T cell-mediated rejection. These questions
include the following: 1) What are the mechanisms and
key molecular pathways involved in the generation, per-
sistence, and effector functions of alloreactive memory
T cells? 2) What are the events that regulate the survival
advantage of memory T cells in the periphery? 3) Are
alloreactive memory T cells susceptible to Treg-mediat-
ed suppression? If not, can they be rendered susceptible
by targeting certain key molecular pathways involved in
memory T cell function? 4) Are memory T cells subject
to deletion, anergy, suppression, or immune deviation in
the same way as naive T cells in tolerance induction?

Of course, the greatest challenge in the future is how
to tolerize memory T cells in an antigen-specific man-
ner, i.e. selective deletion or suppression of alloreactive
memory T cells without compromising the host’s entire
protective immunity against pathogens. However, the
sheer size of the alloreactive T cell repertoire, its cellu-
lar diversity, and the presence of extensive cross-reactiv-
ity within the memory compartment may present new
challenges, even if tolerance is successfully established.
It is highly desirable that tolerization of the alloreactive
T cells in transplant recipients should avoid drastic
alterations of the host’s T cell repertoire and the loss of
protective immunity against certain pathogens.
Otherwise, the risk of a compromised T cell repertoire
will be high.
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