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Abstract

Purpose of review—Although elusive for many decades, transplantation tolerance can now be 

achieved in the clinic. This has prompted follow up investigations into its stability and longevity, 

as well as into barriers to its induction, which include memory T and B cells.

Recent findings—Clinical observations reveal that transplantation tolerance can be induced in 

adult recipients and that even episodes of acute rejection do not preclude successful weaning from 

immunosuppression to reveal tolerance. These observations appear to conflict with the currently 

accepted notion that adult transplant recipients harbor high frequencies of memory HLA-specific 

T cells that are a barrier to transplantation tolerance. We discuss how these observations may be 

rationalized, by proposing the generation of helpless effector CD8+ T cells that cannot develop 

into memory, and by highlighting recent findings on the ability of transplantation tolerance to be 

spontaneously restored after rejection. We speculate that in individuals who develop tolerance 

while on immunosuppression and then experience rejection, it is this restored tolerance that is 

revealed upon successful weaning of immunosuppression.

Summary—We have reviewed clinical and experimental data to explain how transplantation 

tolerance may be achieved in individuals who have experienced allograft rejection.
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Introduction

It is widely accepted that a high frequency of alloreactive memory T cells is the main reason 

for why tolerance-inducing therapies that succeed in mice, fail to replicate in non-human 

primates and humans. Yet, seemingly paradoxical to this paradigm, is the clinical evidence 

that transplantation tolerance can emerge in individuals who have experienced allo-

sensitization or allograft rejection. Here we review briefly the evidence that memory T cells 

and alloantibodies are important barriers to transplantation tolerance, and discuss potential 
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explanations for how tolerance can nevertheless emerge after rejection, based on recent 

observations made in the clinic and in models of tolerance in mice, pigs and non-human 

primates.

Properties of Memory T cells

Memory T cells differ from naïve T cells in a cell-intrinsic manner and display a more rapid 

response upon antigen reencounter (Fig 1). As a result of increased T cell receptor 

nanoclustering, memory T cells have a lower threshold for activation and respond to antigen 

more rapidly [1,2], divide after a shorter lag time, exhibit increased numbers of cell divisions 

coupled with lower loss rates, and more quickly elaborate effector functions [3,4]. In 

addition to increased signaling through the TCR, memory T cells express a higher level and 

broader array of co-stimulatory molecules including ICOS, CD30, TNFR4 (OX40) and 

TNFR9 (4-1BB) [5,6] that enhance TCR signaling, and that regulate effector function and 

survival. Sensitized recipients harbor higher frequencies of antigen-specific T cells and 

potentially, circulating antibodies, which also contributes to more vigorous T cell responses 

in vivo, and altered sensitivity to immunosuppression (Fig 1) [5,7,8].

Donor-specific memory is a barrier to tolerance

Sensitization in the clinic is diagnosed by the presence of donor-specific antibodies that may 

result from prior organ transplantation, pregnancy and/or blood transfusion [9▪]. These 

events likely also generate memory T cells. In addition, memory T cells developing from 

prior exposure to environmental antigens, microbiota and infections may cross-react with 

donor antigens, a phenomenon termed heterologous immunity [10] [11]. This cross-

reactivity likely explains why high frequencies of memory T cells accumulate with age in 

healthy individuals [12], although currently there is no reliable way to quantify the 

frequency of donor-specific memory T cells in the clinic, nor to determine their provenance.

Seminal studies by Valujskikh et al. [13], reported on the ability of memory allospecific 

CD4+ or CD8+ T cells primed with allogeneic skin, to prevent anti-CD154/DST-mediated 

tolerance to allogeneic hearts. Subsequently, Pattenburg et al.[14], reported that Leishmania 

infection could induce memory CD4+ that cross-reacted with alloantigens, setting the stage 

for Adams et al. [10] to report that the generation of memory T cells through heterologous 

immunity following viral infections correlated with an acquired resistance to tolerance 

induction. This resistance correlated with the number of memory T cells (>105/recipient), 

and was most effectively mediated by central memory CD8+ T cells. Extending these 

observations, Brehm MA et al [15] showed that purified virus-specific CD8+ T cells 

adoptively transferred into SCID mice were sufficient for mediating the rejection of skin 

allografts. These collectively findings supported the notion that all adults, including those 

that had not been overtly exposed to alloantigens, are likely to harbor high frequencies of 

HLA-reactive memory T cells, and provided a unifying explanation for why tolerance-

inducing therapies in laboratory mice do not translate into humans. Recent studies by Beura 

et al. [16▪▪] reported that feral and pet store mice have profound differences in both innate 

and adaptive immune systems that more closely reflect the immune systems of adult 

humans. Experimental data demonstrating these mice exhibit a resistance to transplantation 
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tolerance that is correlated with the frequency of memory donor-reactive T cells would 

directly support this hypothesis and provide a model for studying the effects of heterologous 

immunity on transplantation tolerance induction and how they may be overcome.

Because of the preponderance of evidence supporting the barrier posed by memory T cells, 

considerable effort has been spent on developing strategies that can induce tolerance in 

recipients with high frequencies of memory T cells [17]. Many of these strategies are based 

on the notion that co-stimulation requirements of memory T cells are relaxed or redundant 

due to expression of post-activation co-stimulatory molecules or to the loss of CD28 in 

CD8+ T cells [18]. Indeed, antagonists of T cell adhesion in sensitized recipients improved 

graft survival when used in conjunction with costimulation blockade although at the 

considerable cost of reduced protective immunity [19]. Moreover, stable long-term tolerance 

to fully-mismatched allografts, even with these interventions, remained elusive [19,20]. 

Taking a different approach, Yamada et al. [21] reported that memory T cell responses in 

nonhuman primates can be mitigated by a sustained effort to delete CD8+ memory T cells 

and delaying donor bone marrow transplantation to induce tolerance. The rationale for 

delaying bone marrow transplantation is that a lower inflammatory environment promotes 

quiescence of the residual host-derived memory CD8+ T cells, which in turn, favors the 

survival of the transferred bone marrow cells and their ability to induce tolerance to the 

kidney allograft.

While less extensively investigated, humoral sensitization and resulting donor-specific 

antibodies can serve as a barrier to tolerance induction or persistence. Indeed, the inability to 

induce stable tolerance and the loss of established tolerance is most likely to occur in 

patients with donor-specific antibodies [22] [23,24▪]. In an experimental mouse model of 

cardiac allotransplantation, Burns et al. [8] reported that memory B cell responses and DSA 

are potent barriers to transplant tolerance induction. DSA generated immune complexes that 

efficiently promoted alloantigen-presentation and T cell activation even in the presence of 

co-stimulation blockade [7▪]. Furthermore, because of the direct effects of DSA on the graft 

endothelium, and the ability of long-lived plasma cells to spontaneously produce antibodies 

without requiring additional stimulation, the barrier that pre-transplant and even de novo 
DSA presents to tolerance is likely to be as formidable as, if not more than, memory T cells. 

There are scant insights into how this barrier to tolerance may be overcome.

Exceptions to the memory rule: tolerance in humans

Despite experimental evidence that memory T cells effectively prevent tolerance induction, 

recent clinical data paradoxically demonstrate that adult recipients harboring memory T cells 

can successfully develop tolerance induced with stem cell plus kidney transplantation, and 

also following the successful weaning of conventional immunosuppression. Since the impact 

of memory T cells is enhanced by the conditioning or induction protocols that result in the 

depletion of naïve and the relative sparing of memory T cells [25,26], successful induction 

of tolerance in these adults is even more remarkable. One potential explanation may be that, 

while all adults have comparably high frequencies of memory CD4+ and CD8+ T cells [27▪], 

the actual frequency of donor-reactive memory T cells may be variable. So it is possible that 

the fortunate but rare individual with minimal frequencies of memory donor-reactive T cells 
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is more likely to develop tolerance (Fig 2A). Alternatively, the alloreactive memory T cells 

may have attained phenotypes that are more susceptible to tolerance induction, depending on 

the amount and duration of antigen exposure during the priming [28,29▪]. Prospective 

clinical trials on tolerance together with a reliable way to quantify the memory donor-

reactive T cell repertoire will allow this possibility to be tested (Fig 2B).

Studies on spontaneously achieved operational tolerance revealed that a quarter of those 

recipients have a history of allo-immunization prior to transplantation, as detected by the 

presence of donor-specific antibodies and even in patients that had experienced an episode 

of biopsy-proven rejection, before immunosuppression withdrawal [30▪▪]. In a prospective 

immunosuppression weaning trial of 98 liver transplant recipients, equal percentages of 

recipients experienced an episode of rejection prior to weaning in the group that went on to 

develop tolerance (29%, N=41) and in the group that did not (26%, N=57) [31]. These 

observations are clearly at odds with the paradigm that donor-reactive memory T cells, when 

present in sufficient frequencies, are potent barriers to tolerance induction. We propose these 

observations may be explained by a hypothesis, that while under conventional 

immunosuppression, rejection is mediated by donor-specific CD8+ T effector cells that fail 

to differentiate into memory T cells (Fig 2C). Indeed, it has been established that “help” 

provided by CD4+ T cells is essential for generating functional CD8+ T cell memory but not 

their differentiation into effectors [32–35]. In subsequent mechanistic studies, Janssen et al. 

[36] reported that the absence of CD4 help functionally imprints in CD8+ T cells at an early 

time point the acquisition of a distinct genetic program that results in their activation-

induced cell death during the secondary response. We speculate that infections that stimulate 

cross-reactive CD8+ T cells to differentiate into effector cells capable of mediating rejection, 

may not have stimulated the appropriate cross-reactive CD4+ T cell response. Under these 

circumstances, rejection can occur without the generation of functional donor-specific CD8+ 

memory T cells, and memory B cell responses are also prevented.

The hypothesis that helpless CD8+ T cells are unable to differentiate into memory cells 

cannot be extended to memory CD4+ T cells, which when generated, may infiltrate the graft 

to mediate CD4+ T cell-mediated rejection [37] and are proficient at providing help to B 

cells, thereby promoting humoral responses [38▪]. Thus, other explanations are required to 

reconcile the clinical observations of tolerance after rejection with the experimental data that 

memory T cells prevent tolerance induction.

Spontaneous restoration of tolerance after rejection in animal studies

Studies from experimental murine, non-human primates and swine models of transplantation 

tolerance have collectively demonstrated that established tolerance can be transiently 

abrogated by inflammatory insults to induce graft rejection [39–42▪▪]. But when the 

inflammation subsided, tolerance was spontaneously restored such that the memory of 

established tolerance dominated over the memory of rejection (Fig 2D). We therefore 

speculate that clinical tolerance revealed after the weaning of immunosuppression in 

recipients that had undergone rejection may reflect a similar scenario, whereupon these 

recipients had already acquired features of tolerance while under immunosuppression and 

the tolerance that was revealed after weaning of immunosuppression represented tolerance 
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that was spontaneously restored after the rejection event was controlled. Indeed, Rebollo-

Mesa et al. [43] recently reported that their validated signature of tolerance can identify 

patients on immunosuppression that may already be tolerant and suitable for weaning off 

immunosuppression.

In a mouse model of heart allograft tolerance, Wang et al. [39] and Miller et al. [40▪] 

reported that infection with Listeria monocytogenes resulted in the abrogation of established 

tolerance in approximately 40% of recipients. Upon clearance of the infection, tolerance 

spontaneously returned such that a donor-matched cardiac allograft, transplanted 7–42 days 

after a Listeria-mediated rejection of the first allograft, was accepted without additional 

tolerance-inducing therapy. The frequency of donor-reactive IFNγ producing T cells showed 

a transient increase post-Listeria infection, coincident with Listeria infection-induced serum 

IL-6 and IFNβ concentrations, that subsided when the inflammation receded. Indeed, IL-6 

and IFNβ were shown to be necessary and sufficient to abrogate tolerance [39], by 

promoting the ability of Tconv cells to escape regulation and to produce IFNγ. These 

studies provide a proof-of-principle that infections can transiently overcome established 

tolerance through bystander mechanisms, and that tolerance can spontaneously return when 

the infection is cleared.

In non-human primates, where tolerance was induced with transient mixed bone marrow 

chimerism, multiple injections of high-dose IL-2 restored donor-specific T cell IFNγ 
responses and precipitated kidney allograft rejection in 4 of 4 recipients. Furthermore, 

cessation of IL-2 administration promptly aborted the rejection process, and kidney graft 

function was spontaneously restored within 7 days of IL-2 cessation [41▪▪]. These 

observations confirm that established tolerance is difficult to overcome, but when it is 

overcome, the reawakening of alloreactivity is unexpectedly transient and tolerance can be 

spontaneously restored. These findings, when taken together, underscore an unexpected 

feature of robust tolerance and raise an intriguing possible explanation for the ability to 

reveal tolerance upon immunosuppression withdrawal even in individuals that had 

experienced rejection. This possibility can be tested in the clinic when unambiguous 

biomarkers for tolerance, that can be detectable despite pharmacological 

immunosuppression, become available.

Restored tolerance after rejection is eroded

An important feature of restored tolerance after rejection is that it is inferior to the original 

state of tolerance. In the model of established murine tolerance, wherein an acute infection 

with Listeria caused the full rejection of the allograft, defined as a complete loss of 

heartbeat, but where tolerance spontaneously returned to mediate the acceptance a second 

donor-matched heart transplanted 7 days later [40▪], we showed that the quality of restored 

tolerance was reduced. Treatment with anti-CD25 antibodies to deplete regulatory T cells 

was sufficient to prevent the return of tolerance and result in the rejection of the second 

donor-matched heart, whereas the same treatment had no significant effect on the acceptance 

of a second heart allograft in recipients with established tolerance but no infection [40▪]. We 

therefore reasoned that the quality of the restored tolerance was less robust compared to the 

tolerance without infection.
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Furthermore, because clinical rejection is defined by pathology long before full cessation of 

heart function, we also investigated the impact of Listeria infection that resulted in a 

rejection crisis without heartbeat cessation [44▪]. In the surviving allografts on day 8 post-

infection, graft-infiltrating cell numbers increased and there was a dramatic loss in the 

tolerance gene signature exhibited by the CD45+ cells infiltrating the allograft. The tolerance 

signature was broadly restored by day 30 post-infection but with a discernable reduction in 

the expression of a subset of genes that marked tolerance. The tolerant state after Listeria 

infection was further shown to be functionally eroded, as rejection of the long-term 

surviving graft could be induced with anti-PD-L1 blocking antibody treatment alone, a 

treatment that did not precipitate graft survival in non-infected tolerant mice. Collectively, 

those observations demonstrated that tolerance was eroded following exposure to the 

bystander immune responses elicited by infection that caused a transient reawakening of 

alloreactivity without causing the full rejection of the allograft.

Similar observations were made in a porcine model of tolerance to MHC Class-I 

mismatched kidney allografts induced with a 12-day treatment course with cyclosporine A. 

Scalea et al. [42▪▪] reported that donor-specific transfusion to re-stimulate alloreactivity, 

together with leukapheresis to induce homeostatic proliferation of remaining T cells, and the 

removal of the tolerant kidney graft to eliminate regulatory T cells, triggered rejection of 

second donor-matched kidney grafts in 7 of 10 recipients. While 3 fully rejected the freshly 

transplanted second kidney allograft, the remaining four underwent a transient rejection 

crisis but survived for >100 days without additional intervention. A donor-matched skin 

graft was placed in 2 of 4 recipients at ≥100 days after the rejection crisis had been resolved, 

and in both of these recipients, the rejection of the skin graft precipitated the rejection of the 

accepted kidney allograft. In contrast, the other 2 recipients without the skin transplant 

maintained their kidney allograft without rejection. Finally, in a single control recipient that 

received the same tolerance-breaking regimen but did not undergo a rejection crisis, 

rejection of the skin graft did not precipitate rejection of the accepted kidney graft. The 

authors concluded from these observations that the quality of tolerance had been weakened 

by the first rejection crisis.

Collectively these observations suggest that peripheral transplantation tolerance remains 

responsive to being reshaped by ongoing immunological cues, and that while a resilient 

tolerance can spontaneously return after rejection, it is eroded in quality. These observations 

have profound implications for the ability of tolerance to maintain the function of an 

allograft for the life of the recipient. They also underscore the need for tolerance to be robust 

enough to withstand erosion and to be resilient so that it can accommodate the pro-

inflammatory effects of protective immunity to infections and then still be able to return to a 

state of tolerance. This robust tolerance can be characterized by the perfect induction of 

single tolerance mechanisms, such as complete clonal deletion of donor-reactive T cells, or 

by the cooperative induction of multiple non-redundant mechanisms. Consistent with this 

latter notion are the recent observations with a mouse model of robust tolerance induced 

with anti-CD154 plus donor-splenocyte transfer, that established tolerance could be 

overcome by a combination of anti-PD-L1, anti-CD25 and the adoptive transfer of moderate 

numbers of alloreactive TCR-transgenic T cells but not through individual perturbations 

[45▪].
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Conclusion

The barrier that memory T cells pose to the induction of transplantation tolerance has been 

clearly established. These memory alloreactive T cells are generated as a result of exposure 

to alloantigen, or as a result of cross-reactivity to environment antigens, microbiota or 

infections. Hence, all adults, even those who have not been overtly exposed to alloantigens, 

will likely harbor memory HLA-reactive T cells and be resistant to tolerance induction. Yet, 

somewhat paradoxically, clinical tolerance can be induced intentionally with hematopoietic 

stem cell transplantation in adult recipients and can be revealed after conventional 

immunosuppression is stopped, even in recipients who have undergone biopsy-proven 

rejection. Here we speculate on two possible mechanisms that may reconcile these 

observations – the induction of “helpless” effector CD8+ T cells that cannot differentiate into 

memory cells, and the notion that tolerance may be resilient and come back even if 

transiently broken. It is this restored, albeit eroded, tolerance that may be revealed when 

immunosuppression is stopped in the subset of patients that had undergone prior rejection 

events.
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Key points

• Memory alloreactive T cells, generated as a result of exposure to alloantigen, 

or as a result of cross-reactivity to environment antigens, microbiota or 

infections, are detected in most adult humans and act as a barrier to successful 

induction of transplantation tolerance.

• Paradoxically, clinical tolerance can be induced intentionally with 

hematopoietic stem cell transplantation in adult recipients and can be revealed 

after conventional immunosuppression is stopped even in recipients that have 

undergone biopsy-proven rejection.

• Tolerance after rejection can be explained by the induction of “helpless” 

effector CD8+ T cells that induce rejection but cannot differentiate into 

memory cells.

• Established robust tolerance may be overcome by some infections, resulting 

in graft rejection, but may be spontaneously restored after the infection is 

cleared.

• Tolerance that returns after rejection is eroded and thus more susceptible to 

reversal.
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Figure 1. Mechanisms by which memory T and B cells resist tolerance
Memory T cells exist at higher frequencies (a) than naïve T cells and are able to infiltrate the 

allograft in sufficient numbers without having to proliferate first. Higher numbers of donor-

reactive memory T cells can arise from prior exposure to donor antigens in the form of 

pregnancy, blood transfusions or prior transplantation, or through heterologous immunity (b) 

to antigens in the environment, including prior infections. Memory T cells can themselves be 

resistant to tolerance induction on a per cell basis through having relaxed costimulation 

requirements through the expression of multiple costimulatory molecules and/or the loss of 

CD28 (c). Plasma cells, can produce donor-specific alloantibodies continuously without the 

need to be restimulated (d). Alloantibodies in turn can act to opsonize donor cells, making 

them more immunogenic to antigen-presenting cells (APCs), and enhancing T cell responses 

(e). Alloantibodies can also exert direct damage to graft endothelial cells (f).
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Figure 2. Possible ways tolerance can re-emerge after rejection
A. By chance, a recipient may have low percentages of memory cells reactive to the donor, 

which may facilitate tolerance to that donor.

B. Memory cells may have an altered phenotype based on the amount/duration of antigen 

exposure, which could allow them to be susceptible to tolerance induction.

C. Absnce of help from CD4+ cells to CD8+ cells, resulting in “helpless” CD8s that are 

impaired in their ability to act as memory cells. Absence of CD4+ help also prevents 

humoral sensitization. Fewer functional memory cells favor tolerance.

D. If tolerant T cells are exposed only to transient inflammation, they may temporarily gain 

effector functions sufficient to cause rejection, but after the inflammation subsides, they may 

become quiescient again, allowing tolerance to re-emerge.
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