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SUMMARY

The pretransplant presence of endogenous donor-reactive memory T cells
is an established risk factor for acute rejection and poorer transplant out-
comes. A major source of these memory T cells in unsensitized recipients
is heterologously generated memory T cells expressing reactivity to donor
allogeneic MHC molecules. Multiple clinical studies have shown that the
pretransplant presence of high numbers of circulating endogenous donor-
reactive memory T cells correlates with higher incidence of acute rejection
and decreased graft function during the first-year post-transplant. These
findings have spurred investigation in preclinical models to better under-
stand mechanisms underlying endogenous donor-reactive memory T-cell-
mediated allograft injury in unsensitized graft recipients. These studies
have led to the identification of unique mechanisms underlying the activa-
tion of these memory T cells within allografts at early times after trans-
plant. In particular, optimal activation to mediate acute allograft injury is
dependent on the intensity of ischaemia–reperfusion injury. Therapeutic
strategies directed at the recruitment and activation of endogenous donor-
reactive memory T cells are effective in attenuating acute injury in allo-
grafts experiencing increased ischaemia–reperfusion injury in preclinical
models and should be translatable to clinical transplantation.
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Introduction

Transplantation is often the only effective treatment for

end-stage organ disease. The current standard of cal-

cineurin inhibitor-based immunosuppression has sub-

stantially extended the survival of organ transplants.

However, long-term graft survival continues to be lim-

ited for most transplant patients, with current median

survival rates of 12.4 years for kidney, 9.5 years for

heart and 11.6 years for liver transplants [1]. Factors

undermining current organ transplant survival include

immunosuppressive drug-mediated tissue toxicity and

the post-transplant de novo appearance of donor-

reactive T cells and donor-specific antibodies. There are

also several important pretransplant conditions that are

acknowledged risk factors exacerbating graft tissue

injury and undermining transplant longevity. These

include the ischaemic time imposed on grafts prior to

transplant that increases ischaemia–reperfusion injury

(IRI), and the pretransplant presence of donor-specific
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antibodies and/or endogenous donor-reactive memory

T cells. This review will focus on the source of such

donor-reactive memory T cells in unsensitized recipi-

ents, how these endogenous memory T cells are acti-

vated within allografts to mediate acute graft injury that

undermines early- and late-graft outcomes, and poten-

tial strategies to obviate this risk factor.

Where do endogenous memory T cells come
from in unsensitized individuals?

In general, na€ıve T cells become activated to differentiate

into effector T cells following cognate recognition of for-

eign peptide/MHC complexes and the delivery of co-

stimulation signals on antigen-presenting cells. After

immune-mediated clearance of the antigen, most effector

cells undergo apoptosis to contract the reactive reper-

toire, but a small proportion of the effector cells differen-

tiate into long-lived antigen-reactive memory T cells.

The mechanisms directing effector to memory T-cell dif-

ferentiation during primary T-cell responses remain

unclear, with several different proposed models under

investigation and have been reviewed elsewhere [2–5].
Allogeneic HLA-reactive memory T cells can be gener-

ated by exposure to allogeneic tissue and/or cells follow-

ing blood transfusions, a prior transplant, or multiple

pregnancies [6]. In clinical transplantation, such allo-

sensitized patients have a much higher risk for graft

rejection and are more difficult to manage [7–9]. How-

ever, the presence of donor-reactive memory T cells in

unsensitized recipients raises the obvious question of

where and how such memory T-cell originate. Studies in

mice have revealed two sources of memory CD8 T cells

that are generated in the absence of antigen recognition:

innate memory T cells and virtual memory T cells.

Innate memory CD8 T cells are generated in the thymus

through a process that depends on NK T-cell production

of IL-4 prior to their release into the periphery [10,11].

In contrast, virtual memory CD8 T cells are generated in

the periphery of na€ıve mice from precursors expressing

high levels of CD5, indicating T-cell receptor (TcR)

engagement with self-peptide/self-class I MHC com-

plexes [12]. One mechanism generating virtual memory

CD8 T cells is via homeostatic proliferation in lympho-

deficient environments by T-cell receptor interaction

with self-peptide/self-class I MHC complexes and stimu-

lation with cytokines such as IL-7 [13–16]. Peripheral
maintenance of both innate and virtual memory CD8 T-

cell populations is dependent on IL-15, and both popula-

tions can be activated to produce IFN-c in response to

cytokine or TcR stimulation [17]. Following such

activation, virtual memory CD8 T cells can also mediate

antigen nonspecific bystander killing activity [12].

Whether these memory T-cell populations are also pre-

sent and impact ongoing immune responses in humans

is unclear, although CD8 T cells expressing similar phe-

notypes and ex vivo functions have been described [17–
19]. Although it is unlikely that innate memory T cells

play a role in transplant rejection, it is possible that vir-

tual memory T cells are involved, especially when lym-

phoablative induction is used.

With relevance to transplant recipients, systemic T-

cell depletion induced by polyclonal (e.g. rabbit anti-

thymocyte globulin, ATG) or monoclonal (e.g. anti-

CD52 antibody, such as alemtuzumab) depleting anti-

body affects na€ıve T cells to a much greater extent than

memory T cells [20–23]. The subsequent rapid expan-

sion of T cells by homeostatic proliferation leads to an

increase in T cells expressing a memory phenotype and

function. Ayasoufi and colleagues have reported that

CD40–CD154 (CD40L) interactions between memory

CD4 T cells and B cells are required for CD8 T-cell

reconstitution and proliferation after ATG-mediated T-

cell depletion in mouse heart transplantation models

[24]. Their subsequent studies revealed that B-cell-

derived IL-1b and IL-6 also regulate this T-cell recovery

[25]. Whether these memory CD8 T cells express the

phenotype of virtual or conventional T cells has not

been closely examined to date. Nevertheless, further

understanding the mechanisms of T-cell homeostatic

proliferation and reconstitution after lymphoablative

induction therapy could be instructive for devising

strategies to diminish the generation of donor-reactive

memory T cells and improve the efficacy of this induc-

tion strategy in transplantation.

Donor-reactive memory T cells can also arise from

prior exposure to unrelated environmental antigens, an

occurrence termed heterologous immunity. The low

affinity/degenerate nature of T-cell receptor binding to

peptide/self-MHC complexes coupled with the lower

threshold of epitope and costimulation expression

required to elicit memory T-cell responses often results

in memory T-cell responses to peptide/MHC complexes

that are distinct from those that originally generated the

memory T cells. Selin and coworkers showed that prior

T-cell memory generated to viral exposure can enhance

the primary response to a different virus through recog-

nition and activation to the novel pathogen [26]. Such

heterologous memory CD8 T-cell immunity often plays

a role in responses to infectious agents although the

protection afforded is usually not as complete as that

observed to the primary infection.

Transplant International 2021; 34: 1360–1373 1361

ª 2021 Steunstichting ESOT. Published by John Wiley & Sons Ltd

Endogenous memory T cell graft injury



Heterologous memory T-cell immunity is often an

important component of immune responses to MHC-

disparate allografts in unsensitized recipients and can

undermine transplant survival. In vitro studies of

human memory T cells generated in response to

Epstein–Barr virus, cytomegalovirus, varicella zoster

virus and influenza virus infection showed that 45% of

virus-specific T-cell clones demonstrated cross-reactivity

with allogeneic HLA molecules [27]. These and other

studies demonstrating reactivity of pathogen-induced

memory T cells to allogeneic MHC molecules predict

that such heterologous immunity in transplant recipi-

ents might generate responses to an allograft and com-

promise the transplant. In support of this potential

response, Adams and colleagues have used mouse mod-

els to demonstrate that memory T cells generated by

viral infection bind tetramers of allogeneic class I MHC

molecules and produce IFN-c upon stimulation with

MHC-mismatched donor splenocytes [28]. They further

showed that the presence of these virally generated

memory T cells accelerated skin allograft rejection and

prevented tolerance induction. Several other groups

have also shown that the T-cell repertoires generated in

response to a variety of pathogens display cross-reactive

alloreactivity that impedes the development of trans-

plant tolerance [29–38].

Endogenous memory T cells expressing donor-
reactivity in clinical transplantation

The presence of endogenous memory T cells with

donor-reactivity in transplant patients significantly

impacts graft function and survival. Seminal studies by

Heeger et al. [39–43] reported that the pretransplant

presence of high numbers of donor-reactive T cells in

the peripheral blood of kidney transplant patients was

associated with an increased incidence of acute graft

rejection and poorer early graft function during the

first-year post-transplant. The donor-reactive T cells

were identified by ELISPOT assays to detect IFN-c pro-

ducing cells during overnight co-culture of recipient

peripheral blood cells and donor stimulator cells. Sev-

eral subsequent studies used similar IFN-c-producing
T-cell ELISPOT approaches to confirm the association

of pretransplant endogenous memory T cells with

increased acute rejection and decreased kidney graft

function [44–47]. Recent work has shown that the com-

position of circulating memory CD8 T cells one-year

postkidney transplant, particularly the frequency of ter-

minally differentiated effector memory CD8 T cells, can

also predict the risk of graft failure [48]. In addition,

other groups have reported that the presence of

CD45RO+ memory T cells in biopsies of heart and kid-

ney allograft patients correlates with the severity of graft

rejection [49–52]. Collectively, these observations

sparked efforts to better understand the pathogenic role

of pre-existing donor-reactive memory T cells in under-

mining transplant outcomes.

Mechanisms of endogenous memory T-cell-
mediated graft injury

Clinical studies indicating that the pretransplant pres-

ence of higher numbers of endogenous donor-reactive

memory T cells correlates with worse transplant out-

comes raised questions about the identity of these mem-

ory T cells and how they mediate graft injury. It was

assumed that laboratory mice housed under

conventional-specific pathogen-free (SPF) conditions

would lack these populations of heterologous endoge-

nous memory T cells and would not be useful for

studying endogenous memory T-cell reactivity to allo-

grafts in unsensitized recipients. This assumption

spurred many studies in rodent models using an alter-

native approach to investigate the impact of memory

CD4 and CD8 T cells on allografts by directly priming

memory T cells with skin allografts or by immunization

with allogeneic cells and then testing the activation and

function of the donor-primed memory T cells in

response to a graft from the sensitizing donor. For the

most part, these studies produced results similar to

those observed for memory T cells generated in

response to viral, bacterial and model antigens.

Initial studies from our laboratory indicated that

CD8 T cells with a memory phenotype infiltrated

heterotopically transplanted heart allografts in unsensi-

tized SPF mouse recipients within 12 h of graft vascu-

larization and their numbers within the allografts

increased with time after transplant [53,54]. This early

post-transplant allograft CD8 T-cell infiltration was

accompanied by their rapid production of IFN-c and

increased infiltration of neutrophils, findings that were

not observed in isografts. Histologically, the allografts

had obvious pockets of tissue necrosis that were depen-

dent on IFN-c and on CD8 T-cell and neutrophil infil-

tration. This histopathology occurred several days prior

to detection of the primary (i.e. na€ıve) donor-reactive

T-cell response in the recipient spleen, implicating

memory CD8 T cells as a key mechanism underlying

the allograft inflammation. Memory CD8 T-cell activa-

tion to produce IFN-c was dependent on allograft

expression of allogeneic class I MHC and memory T-
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cell expression of ICOS that was induced during their

proliferation within the allografts [55]. Notably, mem-

ory CD8 T-cell activation to expand and produce IFN-c
within the allografts during the first 1–2 days after

transplantation was not diminished by the absence of

recipient CD4 T cells or by blocking CD154- or CD28-

mediated costimulatory signals [56].

The conspicuous activation of memory CD8 T cells to

express effector functions within heart grafts expressing

allogeneic class I MHC raised questions about the ability

of the memory CD8 T cells to mediate acute rejection of

the allografts. Peri-transplant treatment with anti-LFA-1

mAb inhibited memory CD8 T-cell infiltration into allo-

grafts but also inhibited the de novo priming of donor-

reactive T cells, preventing the ability to distinguish the

impact of the endogenous donor-reactive memory CD8

T cells and the de novo primed donor-reactive T cells on

rejection of the allografts [57]. To separate these effects,

recipients were treated with anti-LFA-1 mAb on days 3

and 4 post-transplant, which allowed early memory CD8

T-cell infiltration and activation within the allografts

while maintaining inhibition of the de novo donor-

reactive T-cell response. This strategy indicated that acti-

vation of allograft infiltrating memory CD8 T cells alone

could not mediate sufficient acute graft injury to provoke

rejection. In support of this, peri-transplant treatment

with CTLA-4Ig had no effect on the infiltration and acti-

vation of endogenous memory CD8 T cells but did inhi-

bit de novo donor-reactive T-cell priming and resulted

in long-term survival of the allografts. Overall, these

results indicated that the endogenous memory CD8 T-

cell activation within allografts transplanted to unsensi-

tized recipients increased graft inflammation at early

times post-transplant but not to the intensity required to

mediate acute graft injury and rejection.

In clinical transplantation, organs from deceased

donors are typically subjected to several hours of cold

ischaemic storage (CIS) prior to transplant. Impor-

tantly, increasing times of CIS for clinical transplants

have been shown to correlate with poorer graft out-

comes [58–61]. Prolonged CIS leads to greater intensity

of IRI after vascularization through increased graft pro-

duction of reactive oxygen species and pro-

inflammatory cytokines and increased recipient leuko-

cyte infiltration (Fig. 1). In contrast, transplant proce-

dures in rodent models are typically performed as

quickly as possible, subjecting grafts to minimal (ap-

proximately 30–60 min) CIS time and do not account

for the increased inflammation and oxidative stress

caused by longer CIS time in the clinical setting. This

realization led us to test a more clinically relevant

model of transplantation where grafts are subjected to

prolonged (6–8 h) CIS prior to transplantation in antic-

ipation that graft vascularization in the recipient would

be followed by more intense IRI and possibly by

increased activation of the endogenous donor-reactive

memory CD8 T cells within the allografts.

When compared to minimal CIS, imposition of

longer CIS on allografts prior to transplant led to

marked increases in both acute phase cytokine (IL-1b,
IL-6 and TNF-a) production and in the intensity of

macrophage, neutrophil and memory CD4 and CD8 T-

cell infiltration into allografts during the first 2 days

post-transplant [62]. The longer CIS times also induced

slight increases in these inflammatory characteristics in

isografts, but not to the magnitude observed in allo-

grafts. Peri-transplant deletion of recipient CD8 T cells

attenuated the increased early post-transplant inflamma-

tory response in allografts, indicating the key role of

endogenous donor-reactive memory CD8 T cells in ele-

vating the intensity of the ongoing IRI. The increased

inflammation in allografts subjected to prolonged versus

minimal CIS was associated with marked increases in

memory CD8 T-cell proliferation and expression of

IFN-c, perforin and granzyme B. In recipients condi-

tioned with peri-transplant CTLA-4Ig, allografts sub-

jected to prolonged CIS were rejected between 15 and

25 days post-transplant whereas those subjected to min-

imal CIS survived beyond 50 days. CTLA-4Ig condition-

ing of recipients of high ischaemic allografts inhibited

the appearance of de novo primed donor-reactive T

cells in the spleen at the time of allograft rejection,

implicating increased endogenous donor-reactive CD8

T-cell activation in directly mediating the allograft rejec-

tion. In support of this, CTLA-4Ig-resistant rejection of

high ischaemic allografts was abrogated by depletion of

recipient CD8 T cells prior to transplant. These results

linked the activation of the heterologous donor-reactive

CD8 T-cell response within the allograft to the

increased CIS and intensity of IRI following graft vascu-

larization, two important risk factors undermining graft

outcomes in clinical transplantation.

The presence of donor-reactive memory CD8, and

CD4, T cells within the endogenous memory T-cell

repertoire of unsensitized recipients suggested that

expansion of those T cells reactive to donor allogeneic

class I and class II MHC molecules would be required

to achieve the pathogenic response to the allograft. Fur-

ther study revealed important differences in endogenous

memory CD8 T-cell proliferation observed within allo-

grafts subjected to prolonged versus minimal CIS.

Unlike the CD4 T cell- and CD154-independent low
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level activation of memory CD8 T cells observed in low

ischaemic allografts, the increased proliferation of

endogenous memory donor-reactive CD8 T cells within

high ischaemic allografts required help generated by

graft infiltrating endogenous memory CD4 T-cell recog-

nition of allogeneic class II MHC molecules plus deliv-

ery of costimulation through CD154 interactions with

CD40 expressed by graft cells [63]. One key product of

this help was revealed by experiments showing that high

ischaemic allografts have increased mRNA and protein

expression of the p40 subunit of the IL-12 family of

cytokines without increases in the p35 subunit of IL-12

or the p19 subunit of IL-23. The absence or neutraliza-

tion of p40 but not p35 or p19 abrogated the increased

memory CD8 T-cell proliferation observed in high

ischaemic allografts, suggesting a role for p40 homod-

imers (p40HD) in driving the proliferation. In support

of this hypothesis, high ischaemic allografts had

increased levels of p40HD protein but not p70/IL-12

(p40 + p35) heterodimers when compared with levels

in low ischaemic allografts 24–48 h after transplant.

However, increased memory CD8 T-cell proliferation

within low ischaemic allografts is induced by peri-

transplant administration of p40HD, but not IL-12 or

IL-23 heterodimers (H Tsuda, manuscript submitted).

Despite the role of p40 HD in this proliferation,

in vitro studies indicated the failure of p40HD to

directly induce proliferation of memory CD8 T cells

sorted from either the high ischaemic allografts or the

spleens of naive mice, suggesting that p40HD might

promote memory CD8 T-cell proliferation through an

indirect mechanism. This was further suggested when

administration of p40HD to recipients of allo- or iso-

grafts subjected to 30 min of CIS stimulated increased

graft levels of IL-15 but not IL-2. These results are con-

sistent with many studies indicating the key role of IL-

15 in memory CD8 T-cell and NK cell homeostasis and

proliferation [64–66].
Treatment with blocking antibodies to CD122

(shared IL-2/IL-15 receptor b chain), but not to CD25

Early Post-Transplant Gra� Inflamma�on  

Ischaemia/reperfusion

Endothelial cell + myocyte damage

Minimal CIS
Innate Immune Response
Inflammatory cytokine/chemokine production ↑
(IL-1β, IL-6, CCL2, CXCL1/2, CXCL3)

Innate cell infiltration and activity
Neutrophil ↑
Macrophage ↑

Donor-Reactive Memory T Cell Response
CD4 T cell ↑ and CD8 T cell ↑
- Infiltration and proliferation
- Expression of effector functions

(IFN-γ, Perforin, Granzyme B)

Prolonged CIS
Innate Immune Response
Inflammatory cytokine/chemokine production ↑↑
(IL-1β, IL-6, CCL2, CXCL1/2, CXCL3)

Innate cell infiltration and activity
Neutrophil ↑↑↑
Macrophage ↑↑↑

Donor-Reactive Memory T Cell Response
CD4 T cell ↑↑↑ and CD8 T cell ↑↑↑
- Infiltration and proliferation
- Expression of effector functions

(IFN-γ, Perforin, Granzyme B)

ATP↓, ROS↑, Ca2+ overload ↑

DAMPS from necrotic cells

LOW Acute Graft Injury
Sensitive to CTLA-4Ig

Prolonged graft survival

HIGH Acute Graft Injury
Resistant to CTLA-4Ig

Memory T cell-mediated acute graft injury and 
early rejection

Figure 1 Prolonged cold ischaemic storage exacerbates ischaemia–reperfusion-mediated acute graft injury leading to CTLA-4Ig-resistant rejec-

tion and worse outcomes. Ischaemia–reperfusion injury disrupts energy and ion homeostasis in cells and is characterized by decreased ATP pro-

duction, increased ROS generation and intracellular Ca2+ accumulation. These stressors cause cell damage and death with release of DAMPS

that perpetuate acute graft injury. Early after graft reperfusion in the recipient, prolonged CIS causes increased pro-inflammatory cytokine and

chemokine production, innate immune cell infiltration, and CD4+ and CD8+ T-cell activation and differentiation. This more aggressive early

post-transplant immune response leads to worse acute graft injury and CTLA-4Ig-resistant rejection.
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(IL-2 receptor-specific a chain), inhibited p40HD-

driven memory CD8 T-cell proliferation in both low

and high ischaemic allografts, directly supporting a role

for p40HD-induced IL-15 in memory CD8 T-cell prolif-

eration within the allografts (H Tsuda, manuscript sub-

mitted). It is important to note that administration of

p40HD to recipients of isografts also induced IL-15 but

low levels of graft infiltrating memory CD8 T-cell pro-

liferation, indicating the importance of alloantigen in

IL-15-mediated intra-graft proliferation. While the pro-

duction and role of p40HD in allografts had not been

previously identified, the importance of IL-15 signalling

in alloreactive memory T-cell activation has been shown

in both humans [67] and animal models [68–70]. Con-
sistent with the critical roles of p40HD and IL-15 in

endogenous memory CD8 T-cell activation within

highly ischaemic allografts, recipient treatment with

anti-CD122 or anti-p40 mAb abrogated the CTLA-4Ig-

resistant rejection of high ischaemic allografts (H Tsuda,

manuscript submitted). Furthermore, the increased

memory CD8 T-cell proliferation and CTLA-4Ig-

resistant rejection of high ischaemic allografts from wild

type donors was not observed in IL-15Ra�/� donors,

suggesting that the source of the IL-15 required for

endogenous donor-reactive memory CD8 T-cell activa-

tion is allograft- and not recipient-derived. The need for

donor IL15Ra suggests that IL-15-mediated endogenous

donor-reactive memory CD8 T-cell activation occurs via

trans-presentation and/or release of soluble IL-15/

IL15Ra complexes by donor-derived cells, but not via

IL-15 cis signalling [66, 71]. These results are in line

with studies by Adams and colleagues indicating that

anti-CD122 mAb plus costimulatory blockade with anti-

CD154 mAb plus CTLA-4Ig promotes long-term skin

allograft survival in mice and that anti-CD122 mAb

plus CTLA-4Ig extends complete MHC mismatched

kidney allograft survival in rhesus macaques [68].

The findings in mouse models testing endogenous

memory CD8 T-cell activation within allografts sub-

jected to minimal vs. prolonged CIS prior to transplant

indicate the role of increased ischaemia and alloantigen

in promoting optimal proliferation of endogenous

memory CD8 T cells within the allografts. These

increases are dependent on the helper signals generated

in high, but not low, ischaemic allografts, suggesting

that the activation and/or function of at least some

components of this help require a high ischaemic envi-

ronment. A similar approach using prolonged CIS prior

to transplant of heterotopically transplanted heart allo-

grafts indicated that the increased ischaemia increases

graft infiltrating CD4 T-cell alloreactivity through

increased IL-6 signalling and allograft dendritic cell

immunogenicity through increased TLR4 signalling

[72,73]. Importantly, administration of p40HD to recip-

ients of low ischaemic allografts induces greater endoge-

nous memory CD8 T-cell proliferation but is not

sufficient to cause CTLA-4Ig-resistant allograft rejection

(H Tsuda, manuscript submitted). The memory CD8 T

cells in this environment do not express IFN-c, perforin
and granzyme B at the high levels observed within high

ischaemic allografts, indicating the need for the

increased ischaemic environment to achieve expression

of the effector functions that mediate acute allograft

injury. It is possible that in addition to p40HD produc-

tion, other CD4 T-cell-derived helper signals are gener-

ated in the highly ischaemic environment that are

required for the endogenous memory CD8 T cells to

express the increased levels of effector function. Overall,

these findings link the high ischaemic environment with

the increases in effector function expression and the

ability of the endogenous donor-reactive memory CD8

T cells to mediate acute allograft injury.

It is likely that endogenous memory CD8 T cells with

donor-reactivity also function to mediate graft injury

following resolution of IRI. Certainly the pretransplant

presence of such T cells has been identified as a risk fac-

tor for increased acute rejection during the course of

the first year post-transplant [39–47]. In such cases, the

activation of these memory T cells would be predicted

to be resistant to standard of care immunosuppression

and possibly to costimulatory blockade. The BENEFIT

trial tested the impact of replacing the calcineurin-

inhibitor cyclosporine A with CTLA4-Ig (belatacept) in

a large cohort of kidney transplant patients [74,75]. The

rationale for this trial was to test an immunosuppressive

regimen that avoids the known nephrotoxic and other

side effects that accompany calcineurin-inhibitor use.

After seven years of follow-up, mean eGFR, graft sur-

vival and overall survival were higher among patients in

the belatacept treated cohort compared to those treated

with cyclosporine A [75]. Despite these improvements,

there was a higher incidence of acute cell-mediated

rejection with higher Banff grade classification in

patients in the belatacept treatment cohort compared to

those who received cyclosporine A [74]. Although not

directly tested, these results suggested the emergence of

a CTLA-4Ig-resistant donor-reactive T-cell response in

this subset of patients. These results spurred many stud-

ies into CTLA-4Ig-resistant activation of human mem-

ory CD4 and CD8 T-cell populations. Interestingly,

in vitro activation of memory CD28� T cells requires

exogenous IL-15 [67,76]. The identification of these T
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cells and the development of targeted therapies to miti-

gate the increased risk of acute T-cell-mediated rejection

events at later times post-transplant as well as in belata-

cept treated patients will be important to facilitating

broader adoption of this treatment approach.

Potential therapies targeting endogenous
donor-reactive memory T cells

Current standard of care transplant immunosuppression

is effective at limiting the activation of de novo donor-

reactive T cells but may not be as effective for endoge-

nous donor-reactive T cells. Thus, the risk presented by

endogenous donor-reactive memory T cells to graft

function and survival raises the need to develop strate-

gies to inhibit this mechanism of allograft injury. There

are many approaches to targeting memory T cells cur-

rently under investigation (summarized in Table 1) that

can be broadly classified as blocking memory T-cell

recruitment to the graft or blocking their activation

within the graft. Because of the relationship between the

intensity of IRI and endogenous memory T-cell activa-

tion, therapies directed at attenuating IRI and its effects

should also blunt memory T-cell activation. Work from

our laboratory indicates that recruitment and activation

of alloreactive endogenous memory T cells, especially in

a prolonged CIS environment, occurs early after graft

revascularization. This suggests that novel treatment

strategies to block endogenous memory T-cell-mediated

allograft injury should focus on this early post-

transplant window of opportunity and, unlike many

other approaches in transplant immunosuppression, will

likely not require chronic treatment.

Directed at attenuating IRI

IRI is an inherent and important mediator of tissue

injury in solid organ transplantation, and it is well

known that increased IRI correlates with worse graft out-

comes. IRI causes direct injury through the generation of

reactive oxygen species (ROS), pro-inflammatory cytoki-

nes and various damage-associated molecular patterns

(DAMPs), such as mitochondrial DNA and fragments of

extracellular matrix proteins [77,78]. Subsequent cell

death, endothelial cell dysfunction and immune system

activation act synergistically to enhance this pathology.

Studies from this and other laboratories have indicated

the relationship between increased IRI and endogenous

memory T-cell activation, suggesting that approaches to

attenuate IRI should also blunt the early donor-reactive

memory T-cell response in transplantation.

There is significant interest in developing strategies to

attenuate IRI in transplantation and other pathologies.

Although not always feasible, the most straightforward

approach to reduce IRI in transplantation is the mini-

mization of CIS time, which is known to improve out-

comes in deceased-donor transplantation [58–61].
Although preclinical studies that target ROS in trans-

plant IRI models have shown some benefit [79–82],
findings from clinical trials studying the use of antioxi-

dants or ROS scavengers in clinical transplantation have

been mixed [83–88]. Despite these results, there remains

interest in targeting ROS in transplantation, with newer,

more specific approaches under investigation [89,90].

Another approach to reduce the damage caused by IRI

is to block the key pro-inflammatory cytokines gener-

ated during this process. These include TNF-a, IL-6 and

IL-1b, each of which can be blocked with monoclonal

antibodies, soluble receptors or small molecules that are

already in use to treat autoimmune diseases. Ex vivo

organ perfusion is also known to reduce graft IRI upon

revascularization in the recipient [91–93]. Additionally,
in vitro studies have shown that the Steen solution used

as perfusate for ex vivo lung perfusion has antioxidant

effects on lung parenchymal cells and is likely to further

attenuate IRI [94]. Adoption of ex vivo organ perfusion

for deceased-donor organs is steadily increasing and its

use should help attenuate the extent of IRI-induced

donor-reactive memory T-cell activation in these trans-

plants.

Directed at recruitment of endogenous memory
CD4 and CD8 T cells

Multiple groups have shown the promise of targeting

integrins and other adhesion molecules upregulated

specifically on memory T cells to block their early infiltra-

tion into allografts. Preclinical and clinical studies have

focused on CD2 [95,96], lymphocyte function-associated

antigen-1 (LFA-1) [57,97] and very late antigen-4 (VLA-

4) [98,99], which interact with lymphocyte function-

associated antigen-3 (LFA-3), intercellular adhesion

molecule-1 (ICAM-1) and vascular cell adhesion

molecule-1 (VCAM-1), respectively, expressed on acti-

vated endothelium. In addition to their critical roles in T-

cell and NK cell adherence, ligand engagement of CD2,

LFA-1 and VLA-4 deliver costimulatory signals to the

expressing cell. Therefore, targeting these molecules may

inhibit both memory T-cell recruitment and activation to

express the effector functions mediating graft injury.

Immunosuppressive agents targeting each of these

adhesion molecules have been used clinically for other

1366 Transplant International 2021; 34: 1360–1373

ª 2021 Steunstichting ESOT. Published by John Wiley & Sons Ltd

Koritzinsky et al.



T
a
b
le

1
.
Ph

ar
m
ac
o
lo
g
ic
al

ap
p
ro
ac
h
es

to
ta
rg
et
in
g
en

d
o
g
en

o
u
s
m
em

o
ry

T
ce
lls
.

Fu
n
ct
io
n

D
ru
g
ty
p
e

D
ru
g
n
am

e(
s)

St
u
d
ie
s
in

so
lid

o
rg
an

tr
an

sp
la
n
ta
ti
o
n

(c
lin
ic
al

an
d
N
H
P)

A
p
p
ro
ve
d
cl
in
ic
al

u
se
s
fo
r
o
th
er

in
d
ic
at
io
n
s

K
ey

b
ar
ri
er
s
to

cl
in
ic
al

u
se

Ta
rg
et
in
g
m
em

o
ry

T-
ce
ll
re
cr
u
it
m
en

t
Ly
m
p
h
o
cy
te

fu
n
ct
io
n

as
so
ci
at
ed

an
ti
g
en

-1
(L
FA

-1
)

A
d
h
es
io
n
m
o
le
cu
le

o
n
T
ce
lls
,

b
in
d
s
IC
A
M
-1

o
n
ac
ti
va
te
d

en
d
o
th
el
iu
m

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

Ef
al
iz
u
m
ab

C
lin
ic
al
:
[1
0
7
]

N
H
P:

[9
7
,1
2
8
]

Ps
o
ri
as
is
(w

it
h
d
ra
w
n

fr
o
m

m
ar
ke

t)
W
it
h
d
ra
w
n
fr
o
m

m
ar
ke

t
d
u
e
to

ca
se
s
o
f
PM

L
w
it
h
ch
ro
n
ic

u
se

V
er
y
la
te

an
ti
g
en

-4
(V
LA

-4
)

A
d
h
es
io
n
m
o
le
cu
le

o
n
T
ce
lls
,

b
in
d
s
V
C
A
M
-1

o
n
ac
ti
va
te
d

en
d
o
th
el
iu
m

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

N
at
al
iz
u
m
ab

C
lin
ic
al
:

N
H
P:

M
u
lt
ip
le

sc
le
ro
si
s,

C
ro
h
n
’s
d
is
ea

se
In
cr
ea

se
d
ri
sk

o
f
PM

L

C
D
2

A
d
h
es
io
n
m
o
le
cu
le

o
n
T
ce
lls
,

b
in
d
s
LF
A
-3

o
n
ac
ti
va
te
d

en
d
o
th
el
iu
m

Fu
si
o
n
p
ro
te
in

A
le
fa
ce
p
t

C
lin
ic
al
:
[1
2
9
]

N
H
P:

[9
6
]

Ps
o
ri
as
is

D
is
co
n
ti
n
u
ed

af
te
r

su
p
p
ly

ch
ai
n
d
is
ru
p
ti
o
n

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

Si
p
liz
u
m
ab

C
lin
ic
al
:
[1
0
0
–1

0
2
]

N
H
P:

[1
0
4
]

H
u
m
an

-s
p
ec
ifi
c,

lim
it
s

ab
ili
ty

to
st
u
d
y
in

n
o
n
h
u
m
an

p
ri
m
at
es

Ta
rg
et
in
g
m
em

o
ry

T-
ce
ll
ac
ti
va
ti
o
n
an

d
p
ro
lif
er
at
io
n

C
D
4
0

C
o
st
im

u
la
to
ry

m
o
le
cu
le
,

b
in
d
s
C
D
-1
5
4

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

B
le
se
lu
m
ab

/
A
SK

P1
2
4
0
/4
D
1
1
,

Is
ca
lim

ab
/C
FZ
-

5
3
3

C
lin
ic
al
:
[1
1
8
,1
1
9
]

N
H
P:

[1
3
0
–1

3
3
]

C
D
1
5
4
/C
D
4
0
L

C
o
st
im

u
la
to
ry

lig
an

d
,
b
in
d
s

C
D
-4
0

1
st

g
en

er
at
io
n
:

C
lin
ic
al
:

N
H
P:

[1
3
4
–1

3
8
]

In
cr
ea

se
d
ri
sk

o
f

th
ro
m
b
o
em

b
o
lis
m
,

d
ev
el
o
p
m
en

t
h
al
te
d

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

R
u
p
liz
u
m
ab

/
h
u
5
C
8
,

to
ra
liz
u
m
ab

,
A
B
I7
9
3

2
n
d
g
en

er
at
io
n
:

C
lin
ic
al
:

N
H
P:

[1
1
7
]

Fa
b
’
(a
n
ti
g
en

-
b
in
d
in
g

fr
ag

m
en

t)

D
ap

ir
o
liz
u
m
ab

p
eg

o
l

Fc
-m

o
d
ifi
ed

m
o
n
o
cl
o
n
al

an
ti
b
o
d
y

Le
to
liz
u
m
ab

/B
M
S-

9
8
6
0
0
4

Fu
si
o
n
p
ro
te
in

V
IB
4
9
2
0
/

M
ED

I4
9
2
0

p
4
0

Su
b
u
n
it
o
f
IL
-1
2
cy
to
ki
n
e

fa
m
ily

m
em

b
er
s

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

U
st
ek

in
u
m
ab

,
B
ri
ak

in
u
m
ab

C
lin
ic
al
:

N
H
P:

Ps
o
ri
as
is
,
C
ro
h
n
’s

d
is
ea

se
,
U
lc
er
at
iv
e

co
lit
is

C
D
1
2
2

Sh
ar
ed

IL
-2

an
d
IL
-1
5

re
ce
p
to
r
b-
ch
ai
n

M
o
n
o
cl
o
n
al

an
ti
b
o
d
y

H
u
A
B
C
2
,
H
u
-M

ik
-

B
et
a-
1

C
lin
ic
al
:

N
H
P:

[6
8
]

Transplant International 2021; 34: 1360–1373 1367

ª 2021 Steunstichting ESOT. Published by John Wiley & Sons Ltd

Endogenous memory T cell graft injury



indications. Alefacept, a fusion protein that blocks CD2

on T cells, was originally approved as a treatment for

psoriasis [52] and showed promise as an adjunct to cos-

timulatory blockade in a nonhuman primate renal

transplant study [96]. Its production was voluntarily

discontinued in 2011 due to supply chain disruptions.

A monoclonal antibody targeting CD2 has been used in

early phase clinical trials in transplant patients [100–
102], and in vitro studies using human PBMCs have

shown its ability to selectively deplete donor-reactive

memory T cells while promoting Treg expansion [103].

Its development for use in transplant patients has been

slowed by its specificity for human CD2, which limits

the ability to perform mechanistic studies in nonhuman

primate models of transplantation [104]. Efalizumab, a

monoclonal antibody targeting a subunit of LFA-1, was

originally approved as a treatment for psoriasis

[105,106] and was tested in a phase I/II clinical trial in

renal transplantation [107]. The drug was eventually

withdrawn from the market in 2009 after three con-

firmed cases of progressive multifocal leukoen-

cephalopathy (PML), a rare but severe viral infection of

the brain, were reported in psoriasis patients who

received chronic efalizumab treatment [108,109]. Natal-

izumab, a monoclonal antibody targeting a subunit of

VLA-4, was first approved to treat multiple sclerosis

and Crohn’s disease [110,111]. Like efalizumab, natal-

izumab has also been associated with an increased risk

of PML [112]. This prompted a withdrawal of natal-

izumab from the market, but it was later reapproved

following regulatory review of longer-term safety and

efficacy data.

Directed at activation of memory CD8 T cells

Activation of donor-reactive memory CD8 T cells is a

multi-faceted process involving interactions between

donor and recipient immune cells (Fig. 2). Endogenous

memory CD4 T cells expressing CD154 stimulate graft

dendritic cells via CD40 to produce both IL-15, which

drives memory CD8 T-cell activation and proliferation,

and p40HD, which further enhances IL-15 production

by graft dendritic cells. Each of these steps represents a

potential target for blocking endogenous donor-reactive

memory T-cell-mediated allograft injury.

Blockade of CD40–CD154 costimulation has been

tested in several inflammatory and autoimmune condi-

tions. Monoclonal antibodies to CD154 have been

tested in humans in conditions ranging from transplan-

tation, to lupus nephritis and immune thrombocy-

topenic purpura (ITP) [113]. All trials of anti-CD154

monoclonal antibodies have been halted due to an

Figure 2 Endogenous memory T cells with donor reactivity mediate allograft injury. Prolonged cold ischaemic storage causes increased

ischaemia–reperfusion injury, leading to accumulation of ROS, DAMPS, and pro-inflammatory cytokines. Upregulation of key integrins on acti-

vated endothelial cells promotes infiltration of donor reactive endogenous CD8+ memory T cells early after graft reperfusion (A). Graft dendritic

cells produce p40 homodimers causing increased IL-15 production. Direct trans-presentation and/or release of soluble IL-15/IL-15Ra complex by

graft DCs stimulate activation and proliferation of donor-reactive memory T cells within the allograft (B), leading to increased effector functions

including release of IFNc, granzyme B and perforin which results in worse allograft injury (C) and CTLA-4Ig-resistant rejection (D).
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increased risk of thromboembolism observed with mul-

tiple candidates in this drug class in both patients and

nonhuman primate models [113–115]. Despite this set-

back, interest in CD40–CD154 blockade remains strong

and a new generation of antibodies designed to reduce

thromboembolism risk while maintaining efficacy in

blocking the interactions are in development. Early-

stage human trials in lupus and ITP using these candi-

dates are ongoing [116]. To date, no studies have been

published testing these newer anti-CD154 antibodies in

transplant patients, but clinical trials are ongoing and

results from preclinical studies in nonhuman primates

have been promising [117]. Although attempts to block

CD40–CD154 costimulation have primarily focused on

blocking CD154, anti-CD40 antibodies are also under

development, with one candidate, bleselumab, recently

successfully completing a phase two trial in kidney

transplant recipients [118] and another, iscalimab/CFZ-

533 currently in phase two trials [119].

In line with our mouse transplant studies indicating

the important role of p40HD in endogenous donor-

reactive memory CD8 T-cell activation within highly

ischaemic allografts, an anti-p40 mAb, ustekinumab, is

approved for use in humans to treat multiple autoim-

mune disorders [120]. Targeting IL-15 represents another

possible strategy to reducing alloreactive memory T-cell

activity. Approaches to blocking IL-15 signalling include

antagonist peptides/proteins and monoclonal antibodies.

Multiple studies in transplantation [121–123] and other

conditions [124–126] have used IL-15 antagonist proteins

to block IL-15 signalling, but this work has only been per-

formed in preclinical models. A monoclonal antibody tar-

geting CD122, a subunit of the IL-15 and IL-2 receptors,

has been tested in multiple small phase I trials for T-cell

lymphoid malignancies [70,127]. Of note, this anti-

CD122 mAb showed a favourable safety profile and

decreased CD8 T-cell IFN-c expression.
Ongoing work by multiple groups is focused on fur-

ther clarifying the factors that drive activation and pro-

liferation of alloreactive memory T cells in

transplantation. A deeper understanding of the mecha-

nisms by which these cells mediate allograft rejection

should lead to the discovery of additional potential

targets for pharmacological prevention and/or treatment

of CTLA4-Ig-resistant allograft rejection.

Conclusion

The pretransplant presence of circulating donor-reactive

memory T cells is an important prognostic factor linked

to worse graft function and outcomes. Donor-reactive

memory T cells are typically generated through three

main processes, allo-sensitization, heterologous immu-

nity, and homeostatic proliferation. Numerous preclinical

model studies have shown the promise of targeting early

infiltration and activation of memory T cells to prevent

acute allograft injury and rejection. Recent studies have

provided further insight into how endogenous donor-

reactive memory T cells infiltrate allografts and are acti-

vated to cause injury, identifying key molecular mecha-

nisms including CD40–CD154 interactions, p40

homodimers, and IL-15 signalling. The intensity of IRI is

another key driver of endogenous donor-reactive mem-

ory T-cell activation and represents an additional target

that could be included in treatment strategies designed to

attenuate donor-reactive memory T-cell-mediated graft

injury. Although no memory T-cell-specific therapy has

reached clinical use in transplantation, this remains an

important area of ongoing research. The development of

memory T-cell-specific therapies will be vital to further

improving transplant outcomes in both sensitized and

unsensitized recipients, particularly those who receive

deceased donor grafts, where increased IRI is likely to

increase the proliferation and effector function of donor-

reactive memory T cells to mediate acute graft injury that

decreases short and long-term graft survival.
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