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Abstract

Antigen-experienced T cells, also known as memory T cells, are functionally and phenotypically
distinct from naive T cells. Their enhanced expression of adhesion molecules and reduced
requirement for co-stimulation enables them to mount potent and rapid recall responses to
subsequent antigen encounters. Memory T cells generated in response to prior antigen exposures
can cross-react with other nonidentical, but similar, antigens. This heterologous cross-reactivity
not only enhances protective immune responses, but also engenders de novo alloimmunity. This
latter characteristic is increasingly recognized as a potential barrier to allograft acceptance that is
worthy of immunotherapeutic intervention, and several approaches have been investigated.
Calcineurin inhibition effectively controls memory T-cell responses to allografts, but this benefit
comes at the expense of increased infectious morbidity. Lymphocyte depletion eliminates
allospecific T cells but spares memory T cells to some extent, such that patients do not completely
lose protective immunity. Co-stimulation blockade is associated with reduced adverse-effect
profiles and improved graft function relative to calcineurin inhibition, but lacks efficacy in
controlling memory T-cell responses. Targeting the adhesion molecules that are upregulated on
memory T cells might offer additional means to control co-stimulation-blockade-resistant memory
T-cell responses.

A defining hallmark of adaptive or acquired immunity is the ability to generate an
anamnestic response! — a heightened responsiveness to successive antigen encounters —
which forms the basis of long-term immunity. This response is largely attributed to memory
T cells, which have long-lasting survival properties, strong effector responses and the ability
to quickly become activated in the periphery.
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Following the initial characterization of four memory T-cell subsets on the basis of surface
expression of CCR7 and CD45RAZ, it has become recognized that the surface phenotype of
amemory T cell is associated with distinct functional capabilities. The increasing ability to
investigate defined T-cell subsets and their responses to secondary antigen exposure has
facilitated the elucidation of the complex plasticity of memory T cells; the four classically
described subsets have expanded tremendously over time. This broad spectrum of antigen-
experienced cells presents a major obstacle to the stable acceptance of transplanted organs;
memory T cells are crucial mediators of allograft rejectionS. In this Review, we describe the
generation of memory T cells, the phenotypic markers associated with the best-defined
subsets, their postulated impact on allograft rejection, and immune management strategies to
mitigate their effects.

Memory T cells

Formation

Naive T cells have not encountered antigens in the periphery and require multiple stimuli to
elicit an immune response. Antigen experience — defined as an interaction between a T-cell
receptor (TCR) and its cognate antigen that is sufficient to induce T-cell differentiation —
alters numerous intracellular and extracellular properties. In a memory T cell, these changes
generally improve the efficiency and robustness of the response to subsequent antigen
encounters®. It is important to note, however, that other responses to an antigen can also
drive distinct differentiation pathways with markedly different functional outcomes, such as
T-cell exhaustion®, which lessens the capacity of a cell to carry out its effector functions.
Thus, although all memory T cells derive from antigen experience, antigen experience does
not necessarily lead to the production of memory T cells.

Two conceptual models for the development and maintenance of memory T cells have been
proposed: sequential and parallel differentiation (FIG. 1). Both of these pathways of
differentiation likely occur and considerable plasticity has been demonstrated.

Sequential differentiation—The concept of sequential differentiation proposes a step-
wise paradigm for the formation of memory T cells (FIG. 1a). When a naive T cell interacts
with its cognate antigen, it undergoes clonal expansion and acquires effector function before
contracting to one of two memory phenotypes: central memory or effector memory (note
that an effector cell is distinct from an effector memory cell)®.7. Effector memory and central
memory T cells both persist after encountering a primary antigen, but differ in several
respects. Central memory T cells move to secondary lymphoid organs, are long lived and
maintain a high proliferative capacity, making them effective at amplifying secondary
responses to subsequent antigen exposures. By contrast, effector memory T cells circulate in
the periphery, are shorter lived, and have a relatively reduced proliferative capacity — thus,
although they are superior in their ability to infiltrate areas of inflammation and exert their
effector function, they are less suited to expansion®:°.

The linear model of progression from naive to effector to memory (central or effector) T cell
proposes that the fate of a naive T cell following antigen stimulation is determined by the
duration and affinity of the TCR engagement and the nature of the ambient cytokine
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milieu210.11, Other studies using an acute infection model of lymphocytic choriomeningitis
virus (LCMV) and LCMV-specific TCR transgenic mice suggest that effector memory T
cells represent an intermediate phenotype in the transition from effector T cells to central
memory T cells”12,

Parallel differentiation—The concept of parallel differentiation proposes that following
antigen engagement, an activated T cell divides to yield two daughter cells with distinct
phenotypes and capabilities (FIG. 1b). Studies have shown that a single naive T cell can give
rise to a diverse pool of effector and memory T cells13-15, Asymmetric T-cell division
resulting from cell polarization has been observed in parent cells preparing to undergo their
first round of cell division. Formation of the immunological synapse provides a method for
stabilizing and prolonging the specific, high-affinity interaction between the TCR and the
MHC16, and this persistent polarization can result in asymmetric segregation of cell-fate
proteins during cell division, thereby enabling diverse T-cell progeny?’. Antigen encounters
or transient interactions driven by low-affinity TCR engagement, such as those that occur
during homeostatic proliferation, do not result in polarization or asymmetric daughter cell
division, supporting the idea that the immunological synapse coordinates asymmetric cell
division and parallel differentiation18,

Plasticity—Additional studies tracking cell-cycle states have shown that a subset of CD8*
T cells slow their cell cycle, reduce their proliferation and develop a central-memory-like
phenotype following the initial burst of fast-cycling effector cell proliferationl®. Thus,
activated T cells seem to have the intrinsic ability to reprogram their cell cycle to initiate
memory cell differentiation programs in parallel with the existence of a fast-cycling effector
pool. The cytokine milieu available during an antigen encounter also affects this
differentiation. For example, CD8* T cells cultured in the presence of IL-2 form primary
effector cells, whereas those cultured in the presence of 1L-15 skew directly to memory cells
that are able to mount a secondary immune response upon re-challenge?0. These studies not
only highlight the importance of environmental influences on T-cell differentiation, but also
suggest that effector differentiation is not a prerequisite for memory generation.

The spectrum of affinities encountered during an alloimmune response is broad, ranging
from low affinity, similar to that reported for exposure to autoantigens during homeostatic
proliferation, to high affinity, approximating exposure to viral antigens?L. As such,
physiologic immune responses might distinguish between immune homeostasis and effector
differentiation, whereas alloimmune responses might provide a spectrum of responses to a
variety of antigen encounters.

The available data provide well-founded support for the existence of both sequential and
parallel T-cell differentiation pathways; data to disprove either hypothesis is scarce. Taken as
a whole, it is becoming appreciated that considerable plasticity in T-cell differentiation
exists, with numerous maturation pathways between naive, effector and memory populations
(FIG. 1c). These pathways are influenced by environmental cues and cell—cell interactions.
Indeed, the fluidity of the immune system has likely been evolutionarily conserved to protect
the host from the wide array of constantly evolving pathogens. These pathways to effector
and memory differentiation also overlap with numerous programs for cell death, anergy,
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exhaustion and senescence, which will not be considered in this Review, but are equally
necessary for a truly adaptive response to pathogens.

Co-stimulation

Naive T cells require numerous signals to enter a program of differentiation. This
requirement has probably evolved as a mechanism to avoid promiscuous or unnecessary
immune activation. As well as the interaction between the antigen-presenting MHC and the
TCR, which provides the specificity of the response, another well-studied mechanism is co-
stimulation, such as that conferred by the interaction between the B7 protein on antigen-
presenting cells (APCs) and CD28 (also known as cytotoxic T-lymphocyte-associated
protein 4) on T cells, which provides confirmation of appropriate context for the
response?2:23, This second co-stimulatory signal on naive T cells is required for the
production of IL-2, which helps to promote T-cell differentiation. TCR ligation in the
absence of co-stimulation can result in antigen-specific T-cell anergy?. Following
differentiation, the expression of CD28 is markedly downregulated and the resulting
memory T cells no longer require co-stimulation for secondary immune responses. Thus, the
lack of CD28 expression is an important hallmark of an antigen-experienced cell in humans
and non-human primates2®.

The requirement for co-stimulation in T-cell differentiation forms the basis of the
development of therapeutic agents designed to block the interaction between B7 and CD28,
with the aim of rendering cells anergic that would otherwise respond to de novo
alloantigens. One such agent, belatacept — a fusion protein that specifically blocks the co-
stimulatory CD28-B7 interaction — has elevated the profile of memory T cells in transplant
immunotherapeutics, as memory T cells from prior antigen exposure that no longer require
co-stimulation might cross-react with alloantigens (see below).

Adhesion molecule expression

Following an antigen encounter in the presence of CD28 co-stimulation, a naive T cell loses
CD28 expression and gains the expression of adhesion molecules such as CD2, leukocyte
function-associated antigen-1 (LFA-1) and very late antigen-4 (VLA-4). CD2 aids T-cell
activation and adhesion by binding to LFA-3 on APCs and inflamed tissues26:27. LFA-1 and
VLA-4 bind intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1), respectively, on activated peripheral vascular endothelium at sites of
inflammation, and are involved in cell migration and extravasation required for effector
functions28-30,

Allograft rejection

Alloreactive memory T cells—Effector and memory T cells downregulate CD28 and
upregulate the expression of adhesion molecules; however, the precise triggers that induce
these differentiation pathways remain incompletely defined. Regardless, co-stimulation
promotes the differentiation of naive T cells into memory T cells. The lack of requirement
for further co-stimulation combined with the increased expression of adhesion molecules
enables these cells to quickly activate and infiltrate inflamed tissues in the periphery to exert
their effector function after re-encountering the same antigen. By their very nature, however,
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effector memory T cells are potent mediators of rejection — their low threshold requirement
for activation and high levels of adhesion molecules facilitate access to the transplanted
tissue31 — and clinical observations have revealed that increased levels of donor-specific,
cytokine-producing memory T cells correlate with high instances of rejection and poor long-
term allograft survival32:33,

Indeed, effector cells that express low levels of CD28 have been implicated in CD28-B7 co-
stimulation-blockade-resistant allograft rejection34:3%. Other subsets of CD28~ T cells that
also express high levels of CD2, LFA-1 and VLA-4, are associated with rejection mediated
by resistance to belatacept in human studies38. These data indicate that co-stimulation
blockade, although effective at inhibiting responses to de novo alloantigens, is inadequate at
inhibiting pre-existing allospecific memory T-cell responses.

Cross-reactivity—Exposure to alloantigens, as might occur through pregnancy, blood
transfusion or prior allograft transplantation, has the potential to generate populations of
donor-reactive memory T cells. Furthermore, memory T cells generated in response to prior
viral or bacterial infections also have the potential to cross-react with alloantigens3’-38. This
cross-reaction exemplifies the biological concept of heterologous immunity — memory
responses derived from non-identical but similar antigens — and is likely to have a dynamic
role in shaping the alloimmune repertoire of an individual3?. Indeed, rapidly expanding
populations of heterologous, cross-reactive memory T cells confer a survival advantage over
non-cross-reactive cells, such that heterologously reactive cells become immunodominant.
This process occurs especially in the context of viral infection, during which heterologously
reactive memory T cells from past immune experience respond quickly to new infections,
enabling the expansion and continued selection of memory T cells that yield superior
protection compared to non-cross-reactive cells*0. Notably, a breadth of alloreactivity exists
in the human immune cell repertoire, such that T cells that respond to donor antigens reside
in naive and memory compartments2141, This phenomenon is not observed in experimental
mice owing to their relatively limited antigen experience. The lack of heterologous reactivity
is a considerable difference to consider when utilizing such mice to model human
conditions.

The ability of memory T cells generated in response to prior infections to cross-react with
different antigens confers an evolutionary benefit by providing a broader spectrum of
immunity?2, thereby generating a heterologous memory that can fend off a greater variety of
pathogens with a less diverse TCR repertoire. This cross-reactivity is detrimental, however,
in the case of allotransplantation. Adams et a/. elegantly showed that memory T cells from
mice that had multiple infections could cross-react with alloantigens and mediate the
rejection of skin allografts in the setting of co-stimulation blockade®3. Specific pathogens
such as Listeria monocytogenes®, y-herpes virus® and cytomegalovirus (CMV)#647 have
been mechanistically defined in heterologous alloimmune processes. Indeed, in mice, these
infections drive T-cell differentiation and the loss of CD28 expression, leading to
indifference to CD28-B7 co-stimulation blockade3®. This type of direct alloresponse might
be an acute, rather than chronic, problem in transplant recipients, and understanding the
spectrum of phenotypes and activation criteria of memory T cells could help to elucidate a
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means of specifically targeting alloreactive T cells without compromising host protective
immunity.

The distinction in the literature between effector and memory T cell phenotypes in the
context of allograft rejection has been unclear. Lakkis and colleagues demonstrated the
dependence of naive T cells on interactions with APCs in secondary lymphoid organs for the
initiation of alloimmune responses348:49, Without these organized interactions, the immune
system remains ignorant of alloantigens, resulting in peripheral tolerance. By contrast,
memory T cells in the periphery can expand and effectively induce rejection of an allograft
independent of secondary lymphoid organs. Similarly, the presence of heterologously
alloreactive memory T cells can induce rejection despite treatment with otherwise effective
immune regimens?3,

Ischaemia and graft-intrinsic factors—Trauma and ischaemia are inherent to organ
procurement and transplantation, and invariably lead to the generation of reactive oxygen
species and the release of damage-associated molecular patterns (that is, host-derived
molecules that can induce a nonpathogenic inflammatory response) and cytokines. In the
case of transplantation, these pro-inflammatory processes might originate within the donor
before organ recovery®C. Although the response to ischaemic injury is thought to be
primarily mediated through an innate immune response, emerging evidence points towards
the existence of a substantial involvement of T cells®L. In the presence of ischaemic organ
injury®2, ambient inflammatory factors might further lower the activation thresholds of
memory T cells that have a subthreshold affinity for a given antigen. Using a mouse model
of heterotopic heart transplantation, Fairchild et a/. demonstrated that prolonged ischaemia
leads to infiltration by endogenous memory CD8* T cells and rejection in the setting of co-
stimulation blockade34.

Evidence supporting the contribution of graft-specific factors, such as complement, to
allograft rejection has also emerged®3. Pratt er a/. showed that intrinsic donor, but not
recipient, complement can trigger the prominent migration of effector memory T cells and
augment allospecific T-cell responses®, demonstrating that memory T cells can respond to
insults in the periphery through complement receptors®. Indeed, memory T cells are readily
activated not only by re-exposure to antigens, but also by factors produced as a result of
ischaemia and peripheral injury — properties that make these cells effective for rapid recall
to lytic viruses for example, but also present considerable issues in transplantation.

Targeting alloreactive memory cells

Detection

Memory T cells will have no impact on an allograft unless they are specific for certain
allogeneic antigens. Moreover, certain memory T-cell subsets have a regulatory role,
meaning that not all alloreactive T-cell memory necessarily has an adverse impact on the
transplant®6-59, Thus, it is not simply the presence of memory, but the presence of memory
with specificity to donor antigen, that poses a problem in the context of organ
transplantation. As a stochastic overlap exists between all memory T cells and the protective
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immune alloreactive population, the need for assays to detect alloreactive memory T cells is
considerable.

Historically, cytotoxicity assays, such as chromium-release assays or mixed lymphocyte
reactions, have been used to detect alloreactive memory T cells, although memory-specific
traits have not been well established. Hricik et a/.50 and Bestard er a/5061 demonstrated that
enzyme-linked immunosorbent spot assays that measure the production of interferon-y seem
to detect memory T cells in the periphery, and that this assay could be a surrogate marker for
long-term graft function and enable patient stratification. Numerous transplant immune
therapeutics are available that target molecules differentially expressed on memory T cells,
and the ability to detect and specifically target alloreactive memory T cells is paramount to
improve the outcome of transplantation.

T-cell depletion and homeostatic proliferation

One method to address the issue of the presence of alloreactive memory T cells at the time
of transplantation is to nonspecifically eliminate them. Rabbit antithymocyte globulin
(rATG) is the most commonly used induction therapy in current clinical practice; this agent
induces profound depletion of T cells and apoptosis in B-cell subsets, and interferes with the
function of dendritic cells, the development of regulatory T (Trgg) cells and remodelling of
immune cells82:63, Alemtuzumab, a monoclonal antibody preparation targeting the cell-
surface protein CD52, is also highly effective at depleting peripheral and secondary
lymphoid T and B cells®. Although rATG and alemtuzumab bring about profound T-cell
depletion, they have heterogeneous effects on naive and memory T cells. Murine and clinical
studies have demonstrated that T-cell populations show differential susceptibility to
depletion: memory cells are not depleted as effectively as naive cells, causing a
predominance of the memory phenotype during homeostatic repopulation®-67. This finding
probably explains the ability of transplant recipients to tolerate severe lymphopenia with
comparatively little opportunistic infection compared with, for example, patients with
lymphopenia as a consequence of HIV infection.

T cells generated through homeostatic repopulation differ from conventional memory T cells
in that they only require the presence of self peptide—MHC complexes® and are generated
without the need for IL-2 or CD28 co-stimulation89. These cells have been termed “pseudo-
memory’ cells to indicate initial inferior function owing to antigen-independent
differentiation, but progressively become more functionally responsive®®:67.70.71 Sener et al,
demonstrated that this phenotype might emerge from the naive compartment with a linear
shift to memory’2. Thus, not only are memory T cells resistant to depletion, but any residual
naive T cells undergo substantial homeostatic expansion that results in the acquisition of
functional memory T cells. Despite the turnover of naive T cells, co-stimulation blockade
neither suppresses homeostatic proliferation nor prevents allograft rejection, probably
because of the CD28-co-stimulation independence of T cells during homeostatic
repopulation’1:73, Irrespective, these cells maintain functional capacity, suggesting that the
benefits of T-cell depletion are reduced by the activation of homeostatic reconstitution.

Mechanistic studies have begun to reveal how homeostatic repopulation can be manipulated
to favour an allotolerant repertoire’4. Indeed, depletion therapy can induce donor-specific
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hyporesponsiveness, although the mechanisms might depend on the adjuvant
immunosuppression being used at the time of depletion’>~"7. In general, depletion might
present a unique opportunity to shape the immune cell repertoire. Studies of alemtuzumab-
mediated depletion in combination with belatacept and sirolimus (which inhibits 1L-2
production) have shown that the burst of homeostatic activation is countered by a
corresponding burst of Trgg and Breg cell generation, and that this phenomenon is
associated with exceptionally low rates of rejection’®. This approach might offer an
opportunity to specifically target the nutritional requirements of memory T cells in order to
shape the immune-cell repertoire and aid in the elimination of allospecific effector memory
T cells.

Inhibition of allospecific T-cell function

Drugs capable of impeding allospecific T-cell functions are key to the success of organ
transplantation. Two such prominent agents are calcineurin inhibitors (CNIs)79-82 and
mammalian target of rapamycin (mTOR) inhbitors, both of which form complexes with
FK506-binding proteins (FKBP) to inhibit lymphocyte activation pathways (FIG. 2), and
have distinct effects on T cells of varying states of differentiation.

Calcineurin inhibitors—The CNIs ciclosporin A and tacrolimus prevent T-cell
proliferation and cytokine production by inhibiting calcineurin and subsequent signalling by
nuclear factor of activated T cells, which effectively suppresses TCR-mediated activation
regardless of the maturation state of the cell?1, Even at low doses, CNIs prevent the
activation and maturation of naive T cells as well as simultaneously inhibiting the activation
of memory T cells and their cytokine production®3. Tacrolimus indiscriminately inhibits
CMV-specific and allospecific memory T cells, whereas belatacept results in a differential
effect based on maturation status?l. This broad, but highly effective, mode of
immunosuppression has made CNIs a front-line therapy in conventional immunosuppression
regimens, but also significantly hinders protective immunity resulting in an increased risk of
infection.

MTOR inhibitors—T-cell maturation induces various metabolic alterations that affect the
differentiation and activation of these cells; inhibiting the activation of mTOR fundamentally
alters this metabolic programming®. mTOR induces specific effects in CD4* and CD8*
memory T cells formed via homeostatic repopulation that are essential for preserving
effector function8:86, Memory CD4* T cells, in particular, depend on glycolysis for
activation and effector function through phosphatidylinositol 3-kinase signalling
downstream of mTOR87:88 whereas memory CD8" T cells are more reliant on lipid
metabolism for their activation and function89. Reliance on fatty acid oxidation could
explain why sirolimus might cause an apparent increase in the formation of pathogen-
specific memory CD8* T cells?0-92 while concurrently abating T-cell responses to
alloantigens®3. This metabolic shift could also explain how mTOR inhibition might have
tolerance-inducing effects by augmenting the formation of Treg cells®4. Thus, mTOR
inhibition, through complex mechanisms, seems to divert normal T-cell development and
memory formation by altering metabolic priority, potentially towards a phenotype that is
more amenable to long-term allograft tolerance.
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Owing to their capacity to broadly suppress T-cell responses, CNIs and mTOR inhibitors
have been readily incorporated into immunosuppressive regimens (FIG. 2). Agents with a
more discriminating effect on memory T cells would, however, be preferable, provided that
they exhibit a comparable efficacy in preventing rejection.

Blocking differentiation

The desire for targeted therapeutics has driven the development of numerous monoclonal
antibodies and fusion proteins that show a high degree of specificity for molecules relevant
to the differentiation of memory T cells. The majority of these agents have not yet been
tested in patients.

Co-stimulation blockade—Blockade of co-stimulatory molecules has been a clinical
focus in transplant immunosuppression and contributed to the FDA approval of belatacept
for use in transplantation in 2011 (REF. 95). Belatacept was developed as a potential
replacement for CNIs; its selective targeting of de novo allospecific responses has the
advantage of sparing previously acquired protective immunity, but this selectivity has
perhaps unveiled the importance of previously under-appreciated allospecific memory.
Specifically, treatment with belatacept has proven to be ineffective in a substantial minority
of patients, which has presented a hurdle to its clinical use.

In experimental models of transplantation in which immune tolerance has been achieved in
the setting of co-stimulation blockade by CTLA4-Ig, introduction of donor-specific memory
T cells has overcome this tolerance3:73.96, Furthermore, type 17 T helper (Tu17) cells, a
pro-inflammatory memory subset of CD4* T cells, express high levels of CD28 (which
binds B7). Thus, B7 inhibition by belatacept might augment the potency of T17 cells by
preventing ligation of their co-inhibitory receptors. Indeed, an increase in the frequency of
Tw17 cells was associated with acute rejection in rodent models®’.

Many other co-stimulatory molecules are under investigation as potential targets for
immunosuppressive drugs, but the majority of data are from experimental studies, with
clinical application currently in the conceptual stages. Preclinical studies of memory-specific
agents have, however, demonstrated a potential adjuvant effect when combined with current
co-stimulation blocking agents?8.99.100-103

Targeting co-stimulation and adhesion molecules—The distinct surface molecule
expression and co-stimulatory requirements of memory T cells!2:104 have been exploited
experimentally in investigations combining blockade of co-stimulation with suppression of
adhesion molecule expression (FIG. 2). For example, the LFA-3-Ig fusion protein, alefacept,
targets memory T cells in psoriasis by inducing their apoptosisi%®, prompting investigation
into its potential use in the setting of transplantation. The results of initial /n vitro studies
using alefacept in combination with co-stimulation blockade supported this strategy,
showing the depletion of CD8* memory T cells that were otherwise resistant to belatacept®.
The combined use of alefacept and belatacept in non-human primate models of kidney
transplantation resulted in the depletion of CD4* and CD8* effector memory T cells and
improvement in allograft survival compared to co-stimulation blockade alone®. However,
continued preclinical studies in kidney, islet and vascularized composite allograft tissue
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transplantation have — not unexpectedly — demonstrated a loss of protective
immunity106-108 emphasizing the critical balance of memory-directed therapy required for
protective immunity.

Similarly, studies of heterotopic heart transplants in a rodent model showed that blockade of
LFA-1 prevented the early infiltration of alloreactive memory T cells into the donor
allograft199, These results correlate with those from other studies combining co-stimulation
and adhesion molecule blockade to augment allograft survival. For example, the use of
efalizumab, an LFA-1 antagonist, in islet transplantation in patients with type 1 diabetes
mellitus improved long-term allograft survival and rates of single-donor insulin
independence in conjunction with co-stimulation blockade!19-112, Targeting VLA-4 in
conjunction with co-stimulation blockade also increased survival in rodent transplant models
compared to co-stimulation blockade alone!3. Thus, inhibition of LFA-1 or VLA-4 in
combination with co-stimulation blockade might have a synergistic effect, particularly in the
setting of heterologous memory, whereby inhibition of integrin binding might selectively
target cells that are resistant to co-stimulation blockade#?+100,

This memory-focused therapeutic strategy, although efficacious, seems to have a narrow
therapeutic window that will require additional investigation before a clinical strategy can be
adopted. Efalizumab and alefacept both showed promise in abrogating memory-specific
responses, prompting clinical trials and receiving initial commercial success for psoriasis,
but were subsequently withdrawn from the market, citing loss of endogenous viral control as
the main causel97.114, The risk:benefit balance of these agents in transplantation remains to
be defined. Similarly, VLA-4 antagonists such as natalizumab require further preclinical and
clinical studies to determine their potential in a clinical transplant setting.

Conclusions

Memory T cells, and their ability to generate an anamnestic response, are vital to protective
immunity. Their altered expression of CD28 and adhesion molecules not only explains their
physiologic value, but also provides insight into their potentially detrimental impact on
allograft survival. These characteristics have been exploited by a growing number of
immunosuppressive small molecules and biologics, and the judicious application of these
agents has the potential to more finely control alloimmune responses while preserving
protective immunity. Thus, the continued study of memory T cells and their unique
properties will aid the development of novel immunosuppression strategies and optimize the
application of currently available therapies. Furthermore, investigation into the formation of
memory stem T cells (that is, a memory T cell subset with stem-cell-like properties) and the
contribution of these cells to the immune response might provide insight into their potential
role in allograft transplantation. Dedicated pursuit in understanding the formation,
activation, and mechanisms of immunologic memory will be key to improving the success of
allotransplantation.
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Key points

Memory T cells and their ability to generate an anamnestic response are
critical for protective immunity, but contribute to allogeneic organ transplant
rejection

Allospecific memory can be generated through heterologous cross-reactivity
and homeostatic proliferation, as well as through prior exposure to allogeneic
antigens

Inhibitors of calcineurin and mammalian target of rapamycin effectively, but
non-specifically, impede memory T-cell responses

Co-stimulation blockade inhibits T-cell responses to de novo alloantigen, but
does not inhibit allospecific memory T-cell responses

Several therapeutic agents that target molecules upregulated on memory T
cells have been shown to synergize with co-stimulation blockade to mitigate
the effects of memory T cells in organ transplantation

Further investigation of memory T cells in transplantation will enhance the
application of current immunosuppression therapies, as well as guide the
development of novel agents to improve outcomes
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Figure 1. Plasticity of memory T cells
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a | Sequential differentiation of T cells as a linear model of progression from naive to
effector, then effector memory and central memory. b | Parallel differentiation occurs when
an activated T cell divides to yield two distinct daughter cells with either effector or memory
capabilities. ¢ | Combined pathway of T-cell development and memory formation integrating

models of parallel and sequential differentiation.
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Figure 2. Immunosuppressive agents target molecules that are differentially expressed on naive

and memory T cells

a | Naive T cells express high levels of CD28 and are susceptible to inhibition by belatacept.
b | Memory T cells express low levels of co-stimulatory molecules but upregulate the co-
inhibitory molecule CD2 and adhesion molecules such as leukocyte function-associated

antigen-1 (LFA-1) and very late antigen-4 (VLA-4). These molecules can also be

specifically targeted: CD?2 is inhibited by alefacept, LFA-1 is inhibited by efalizumab, and

VLA-4 is inhibited by natalizumab. Both naive and memory T cells are susceptible to

depletion using rabbit antithymocyte globulin (rATG) or alemtuzumab, which targets CD52.

Calcineurin inhibitors (for example, tacrolimus) and mTOR inhibitors (for example,

sirolimus) inhibit downstream cell signalling in naive and memory T cells during T-cell
activation and thus prevent T-cell responses. FKBP, FK506-binding protein; TCR, T-cell

receptor.
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