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Abstract
Differences in levels of environmentally induced memory T cells that cross-react with donor MHC
molecules are postulated to account for the efficacy of allograft tolerance inducing strategies in
rodents versus their failure in nonhuman primates and human transplant patients. Strategies to
study the impact of donor-reactive memory T cells on allografts in rodents have relied on the pre-
transplant induction of memory T cells cross-reactive with donor allogeneic MHC molecules
through recipient viral infection, priming directly with donor antigen, or adoptive transfer of
donor-antigen primed memory T cells. Each approach accelerates allograft rejection and confers
resistance to tolerance induction, but also biases the T cell repertoire to strong donor-reactivity.
The ability of endogenous memory T cells within unprimed mice to directly reject an allograft is
unknown. Here we show a direct association between increased duration of cold ischemic allograft
storage and numbers and enhanced functions of early graft infiltrating endogenous CD8 memory T
cells. These T cells directly mediate rejection of allografts subjected to prolonged ischemia and
this rejection is resistant to costimulatory blockade. These findings recapitulate the clinically
significant impact of endogenous memory T cells with donor reactivity in a mouse transplant
model in the absence of prior recipient priming.
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Introduction
High numbers of donor-reactive memory T cells in the peripheral blood of patients prior to
transplant are associated with increased incidence of delayed graft function and acute
rejection episodes (1, 2). These memory T cells are induced through prior infections and
other environmental exposures and many exhibit heterologous immunity, cross-reactivity
with unrelated pathogens and allogeneic MHC molecules. While strategies inducing
tolerance and long-term allograft acceptance have been successfully implemented in rodent
models, few if any have shown equal efficacy when translated to nonhuman primate (NHP)
models and human transplant patients (3-6). A critical distinction between mice housed in
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pathogen-free conditions and NHPs or human patients is their acquired immune history.
This difference in levels of heterologous immunity has been postulated to account for the
failure of tolerance-inducing strategies in NHP models (7), as memory T cells, are rapidly
activated and resistant to costimulatory blockade therapies (8-11).

Current strategies studying the impact of memory T cells on allograft outcomes in rodent
models have relied primarily on the pre-transplant induction of memory T cells cross-
reactive with donor allogeneic MHC molecules through recipient viral infection, priming
directly with donor antigen, or the adoptive transfer of donor-antigen primed memory T
cells (12-16). These approaches accelerate allograft rejection and undermine costimulatory
blockade-induced tolerance strategies. However, even unprimed mice possess a repertoire of
endogenous memory T cells, a proportion of which are alloreactive (16). We previously
documented the infiltration of endogenous CD8+CD62Llow memory T cells into cardiac
allografts of “naïve” unprimed recipients within hours of graft reperfusion and their
activation by donor class I MHC to proliferate and produce IFN-γ (16). In keeping with
prior observations, however, the large numbers of early infiltrating memory CD8 T cells
within the allograft and their expression of effector mediators are insufficient to directly
mediate graft rejection (17). These data suggest that the priming strategies currently used to
generate and study costimulatory blockade resistant heterologous memory T cell responses
in mice bias the T cell response to strong reactivity to donor antigens and raises questions
about the robustness of endogenous memory T cell repertoires in unprimed mice. Whether
naïve unmanipulated mice that have not been subjected to these priming strategies contain
endogenous memory T cells capable of rejecting an allograft has not been previously
investigated.

In seeking to understand why endogenous memory CD8 T cells within unprimed mice are
unable to mediate cardiac allograft rejection, we realized that the donor grafts in these
studies were subjected to minimal cold ischemic storage (0.5 h) prior to transplant, a
protocol that is not only clinically unrealistic, but may minimize the activity of early graft
infiltrating endogenous memory T cells and maximize the efficacy of tolerance-inducing
strategies. Considering the critical role of ischemia-reperfusion injury (IRI) on allograft
outcome (18-25), we tested the impact of increased duration of cold ischemic storage on
early endogenous memory CD8 T cell infiltration and functions in cardiac allografts. Our
results reveal a direct association between increased duration of cold ischemia and numbers
of endogenous memory CD8 T cells in the graft within 48 h of reperfusion. The endogenous
memory CD8 T cells are activated to directly mediate marked myocyte injury and the failure
of allografts, but not isografts, subjected to prolonged ischemic storage. Inhibition of
endogenous memory CD8 T cell graft infiltration attenuates this injury and prolongs graft
survival equivalent to allografts subjected to minimal cold ischemia. These results bring the
impact of endogenous alloreactive memory T cell responses observed in mouse models
closer to those observed in NHP recipients and clinical transplant patients without prior
biasing of the endogenous memory T cell repertoire to strong donor-reactivity.

Materials and Methods
Mice

Colonies of C57BL/6 (H-2b) and A/J (H-2a) mice were purchased from Charles River
Laboratories (Wilmington, MA, USA). Male mice, 8–10 weeks of age, were used and all
procedures involving animals were approved by the Institutional Animal Care and Use
Committee at the Cleveland Clinic.
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In vivo antibody treatments
Animals were treated on days–1 and 0 or on days +3 and +4 with 0.2 mg i.p. anti-LFA-1
mAb (rat IgG2b, clone FD441.8 from Bio X Cell, West Lebanon, NH, USA) or control rat
IgG (Sigma-Aldrich, St. Louis, MO, USA). CD8 or CD4 T cell depletion was accomplished
using a 1:1 cocktail of YTS169 and TIB105 or YTS191 and GK1.5 (Bio X Cell),
respectively, 0.2mg given i.p. on days -3,-2,-1 and weekly following transplant. CD8 and
CD4 T cell depletion was ≥ 98% in peripheral blood. A single dose of 0.5mg anti-TNFα
mAb (XT-3.11, Bio X Cell) was given i.v. on day 0. Neutralizing IL-6 mAb (R&D Systems,
Minneapolis, MN, USA) was administered i.p. 0.1 mg on days 0,+1. CTLA4Ig (Bio X Cell)
was given at a daily dose of 0.25mg i.p. on days 0,+1.

Heterotopic cardiac transplantation and recovery
Standard methods of murine heterotopic intra-abdominal cardiac transplantation and
recovery were adapted from the method of Corry et al. as previously reported by our
laboratory (16, 26).

Flow cytometry analysis
Flow cytometric detection of graft-infiltrating cells was performed using a modification of
the method published by Afanasyev and colleagues (27). Quantification of each leukocyte
population was calculated as previously described (28). For intracellular staining tissue cells
were ex vivo stimulated with PMA (10 ng/ml) and ionomycin (1mM) for 4 hrs in the
presence of 2 mM monensin (Calbiochem, San Diego, CA) during the last 2 hrs. Cells were
immediately fixed with 4% paraformaldehyde, permeabilized, and stained with
fluorescence-conjugated Abs to IFN-γ, perforin, and granzyme B.

RNA extraction and quantitative analysis of chemokines
RNA was isolated from grafts using Fibrous Tissue kits (QIAGEN, Valencia, CA) and
reverse transcribed using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA) as previously described (28). Duplicate runs of 3–4 RNA samples per group were
tested and the data for each group are expressed as mean test cytokine expression level ±
SEM.

ELISPOT
Donor-reactive T cells producing IL-2 and IFN-γ were enumerated by ELISPOT assay as
previously detailed using whole splenocytes from cardiac graft recipients (29). After
development with the chromagen, the total number of spots per well was quantified using an
ImmunoSpot Series 2 Analyzer (Cellular Technology Ltd., Shaker Heights, OH, USA).

Immunohistochemistry
A midventricular portion of the cardiac graft was embedded in OCT compound (Sakura
Finetek, Torrance, CA, USA) and immediately frozen in liquid nitrogen after recovery, and
6-μm-thick sections were prepared and stained as previously described (28). For some
slides, methanol-fixed sections were stained with hematoxylin and eosin (H&E). Images
were captured and analyzed with Image-Pro Plus (Media Cybernetics, Silver Springs, MD,
USA).

Statistics
Data analysis was performed using GraphPad Prism Pro (GraphPad Software Inc, San Diego
CA). Cardiac allograft survival was plotted using Kaplan-Meier cumulative survival curves
and differences in survival between groups determined using the Log-rank (Mantel-Cox)
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test. Differences between groups for cellular infiltration, RNA expression levels, and
ELISPOT numbers were evaluated by unpaired Students' t-test to determine significance
throughout; p < 0.05 was considered a significant difference. Error bars throughout indicate
SEM.

Results
Prolonged cold ischemia promotes accelerated allograft rejection in anti-LFA-1 mAb
treated recipients

Administration of anti-LFA-1 mAb to recipients of cardiac allografts on days 3 and 4 after
transplantation does not affect early memory T cell infiltration and activation within the
grafts, but delays primary effector T cell priming and their infiltration into the grafts.
However, anti-LFA-1 mAb given to allograft recipients on days 3 and 4 post-transplant to
test the impact of endogenous memory CD8 T cells on complete MHC-mismatched cardiac
allograft survival indicated their early infiltration and proliferation in the grafts, but failed to
indicate a role for these T cells in directly provoking rejection (17, 29). Since these
allografts were subjected to minimal cold ischemic storage times before transplant (0.5 h),
the impact of increased cold ischemic storage on endogenous memory T cell mediated
allograft rejection was tested. A/J (H-2a) cardiac allografts were preserved in University of
Wisconsin (UW) solution for 0.5 h (minimal) or 8 h (prolonged) at 4°C prior to
transplantation to groups of C57BL/6 (H-2b) mice treated with control IgG or anti-LFA-1
mAb on days 3 and 4 post-transplant (Figure 1A). In grafts subjected to minimal ischemia,
anti-LFA-1 mAb extended allograft survival to a mean survival time (MST) of 19 days,
whereas the survival of allografts subjected to prolonged ischemia was significantly
shortened (MST = day 11). Donor-reactive T cells producing IFN-γ and IL-2 were at low/
undetectable numbers on day 9 post-transplant in spleens of anti-LFA-1 mAb-treated
recipients rejecting allografts subjected to the prolonged ischemic storage, suggesting
rejection was not mediated by primary effector T cells developing from donor-reactive
precursor T cells in response to donor antigens (Figure 1B). This accelerated rejection in
grafts subjected to prolonged cold ischemia was confirmed histologically by increased
myocyte damage and leukocyte infiltration (Figure 1C). Importantly, isografts subjected to
prolonged cold ischemic storage survived over 100 days.

Prolonged cold ischemia increases early infiltration of innate and adaptive leukocytes into
allografts

The impact of increased cold ischemic storage of donor cardiac grafts on early cellular
infiltration was tested by storing allografts or isografts for 0.5, 4, or 8 h prior to
transplantation. The grafts were recovered 48 h after reperfusion and graft infiltrating
neutrophils, macrophages, CD4, and CD8 T cells were quantified (Figure 2A). Compared to
grafts subjected to minimal cold ischemia, neutrophil and macrophage infiltration increased
2-3 fold in both iso- and allografts subjected to 4 and 8 h of cold storage. While a small, but
detectable population of CD4 and CD8 T lymphocytes was observed in iso- and allo-grafts
subjected to minimal cold ischemia, a 2-4 fold step-wise increase in numbers was seen only
in allografts subjected to prolonged cold storage and only a minor increase was observed in
isografts. Further staining of graft infiltrating CD4 and CD8 T cells for markers of activation
and memory revealed that the cells were of an activated effector/memory,
CD44highCD62Llow, phenotype (data not shown). While NK cells and γδ T cells were
detectable in cardiac allografts at this early time-point, their infiltration was not found to be
significantly impacted by prolonged cold ischemic graft storage (Supplemental Figure 1).
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Prolonged ischemia induces increased acute phase cytokine production in allografts
To test mechanisms induced by prolonged ischemia which may direct early CD8 memory T
cell infiltration into cardiac grafts, isografts subjected to minimal or prolonged cold ischemia
were transplanted and intra-graft mRNA levels of acute phase cytokines (TNFα, IL-1β, and
IL-6), neutrophil (CXCL1/KC) and macrophage (CCL2/MCP-1) chemoattractants, and
genes associated with memory CD8 T cell infiltration and activation (IFN-γ, CXCL9/MIG,
CXCL10/IP-10, and ICOS) were quantified by qPCR (Figure 2B). Isografts were used as
they allow study of the impact of ischemic duration on graft inflammation and injury in the
absence of a donor-antigen reactive immune response. Isografts subjected to prolonged
ischemia prior to transplantation had significantly higher expression of TNFα, IL-1β, IL-6,
and CXCL1 at 48 h after reperfusion. When cardiac allograft recipients were treated with
anti-TNFα or anti-IL-6 mAb at the time of reperfusion, the number of CD8 T cells,
macrophages, and neutrophils infiltrating allografts subjected to prolonged ischemia was
significantly decreased to the levels observed in allografts subjected to minimal cold
ischemia when assessed at 48 h post-transplant (Figure 2C). Combining anti-TNFα and anti-
IL-6 treatment at the time of reperfusion did not provide further synergistic dampening of
early leukocyte infiltration (data not shown).

Prolonged cold ischemia increases the effector functions expressed by early infiltrating
memory CD8 T cells

Memory CD8 T cells typically produce IFN-γ and TNFα and express perforin, granzyme B,
and FasL, mediators of target cell apoptosis (30). To investigate the effects of early
endogenous memory CD8 T cell infiltration on early graft inflammation, allografts subjected
to prolonged ischemia were transplanted to WT mice treated with control IgG or CD8 T cell
depleting antibody (Figure 3A). Compared to allografts subjected to minimal ischemic
times, allografts subjected to prolonged ischemia had 40-50 fold increased mRNA levels of
IFN-γ and perforin and heightened FasL and TNFα expression. The expression of these
effector molecules derived predominantly from the activities of the early infiltrating memory
CD8 T cells as recipients depleted of CD8 T cells had markedly reduced levels at this early
time-point. To directly interrogate the capacity of endogenous memory CD8 T cells to
express effector function, intracellular staining of early graft infiltrating memory CD8 T
cells for IFN-γ, perforin, and granzyme B demonstrated that while memory CD8 T cells in
grafts subjected to minimal 0.5 h ischemia had a basal level of effector molecule expression
similar to CD8 T cells within the naïve spleen, memory CD8 T cells infiltrating grafts
subjected to 8 h of ischemia had significantly elevated intracellular IFN-γ, perforin, and
granzyme B (Figure 3B). The absence of early allograft infiltrating memory CD8 T cells
also reduced acute phase cytokine expression (IL-1β, IL-6), and neutrophil (CXCL1/KC)
and effector T cell chemoattractants (CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES)
within allografts at 48 h post-transplant (Figure 3C), indicating that the effector functions
expressed by these early memory CD8 T cells play a crucial role in propagating early tissue
inflammation in grafts subjected to prolonged ischemia.

Endogenous memory CD8 T cells mediate severe allograft injury and rejection
To test the impact of increased endogenous memory CD8 T cell infiltration and activation
on the viability of allografts subjected to prolonged cold ischemic storage, allografts
subjected to minimal or prolonged ischemia were harvested on day 5 post-transplant for
histopathologic evaluation (Figure 4). Compared to allografts subjected to 0.5 h of cold
ischemia, allografts subjected to 8 h of cold ischemia had more intense inflammatory cell
infiltrates, loss of myocyte nuclei, and prominent karyorrhexis (nuclear fragmentation),
characteristic of heightened graft necrosis and apoptosis. Depletion of CD8 T cells from
recipients of allografts subjected to prolonged ischemia resulted in greatly ameliorated graft
histopathology with reductions in cellular infiltration and myocyte damage to levels lower
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than observed in grafts subjected to minimal ischemia. Treatment with anti-CD8 mAb did
not deplete recipient NK or γδ T cells further implicating CD8 T cells as the major
mechanism of acute graft damage at this time (Supplemental Figure 2).

Increasing the duration of ischemia did not result in a marked change in allograft survival of
untreated C57BL/6 recipients (Figure 5A), most likely due to the strength of the alloimmune
response to the complete MHC-mismatched grafts. To more accurately test the impact of
endogenous CD8 memory T cells on allograft outcome, a strategy was needed to separate
the activities of the endogenous memory CD8 T cells from the donor-reactive primary
effector T cells that develop in the spleen. CTLA4-Ig inhibits the development of primary
effector T cells but not the infiltration and activation of endogenous memory CD8 T cells in
the allograft (31). While CTLA4-Ig was able to extend survival of grafts subjected to 0.5 h
of ischemia to 40-60 days, grafts subjected to 8 h of cold ischemia all rejected by day 17 in
CTLA4-Ig treated recipients (Figure 5A). This resistance to costimulatory blockade was
alleviated when CD8 T cells were depleted from the recipient prior to and following the
transplant. Donor-reactive primary effector T cell development in the spleens of recipients
of allografts subjected to minimal or prolonged ischemic storage was absent at the time of
rejection (Figure 5B), further implicating early infiltrating memory CD8 T cells as the
primary mediators rejecting allografts subjected to prolonged cold ischemic storage in
CTLA4-Ig treated recipients.

Peri-transplant CD4 T cell depleting therapies prolong allograft survival in mouse models by
inhibiting de novo primary effector CD8 T cell development, an observation reminiscent of
the inability of endogenous memory CD8 T cells to provoke graft failure when the allograft
is subjected to minimal cold ischemic storage prior to transplantation (32-34). The impact of
prolonged cold ischemic storage was tested on the efficacy of CD4-depleting monoclonal
antibody (mAb) treatment to achieve prolonged allograft survival. Anti-CD4 mAb given at
the time of transplantation prolonged survival of allografts subjected to minimal ischemia
past day 70 post-transplant (Figure 5C). In contrast, this strategy was largely ineffective for
allografts subjected to prolonged ischemia with rejection of the cardiac allografts observed
as early as day 14 post-transplant. Despite the rapid allograft rejection, anti-CD4 mAb
treatment completely inhibited de novo primary effector T cell development in the recipient
spleen when assessed at the time of graft rejection (Figure 5B). These data further indicate
that early infiltrating endogenous CD8 memory T cells are able to directly reject cardiac
allografts subjected to prolonged cold ischemia independent of either memory CD4 T cells
or primary donor-reactive CD8 T cells which require CD4 T cell help for development into
effector cells.

To address whether targeting the early infiltration of these memory T cells could
therapeutically prolong allograft survival we took advantage of the ability of peri-transplant
anti-LFA-1 antibody treatment to inhibit early T cell graft infiltration. Anti-LFA-1 antibody
given on days -1 and 0 prolonged survival of allografts subjected to minimal or prolonged
ischemia nearly identically, with a MST of 33 days (Figure 6A). This prolongation in
allograft survival was accompanied by the ability of anti-LFA-1 mAb to inhibit endogenous
memory CD8 T cell infiltration into allografts subjected to 8 h prolonged cold ischemic
storage (Figure 6B).

Discussion
While memory T cells are highly specific for their priming antigen, they maintain a diverse
T cell receptor repertoire and can be degenerate in the number of antigens that they can
recognize (35). Many memory T cells generated in response to viruses and bacteria exhibit
heterologous immunity, cross-reactivity with unrelated pathogens and allogeneic MHC
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molecules, and have a detrimental effect on allograft outcome (1, 2, 12, 36-38). Despite their
recognition as a major barrier to successful transplantation and tolerance induction,
however, the extent of graft injury directly mediated by endogenous memory T cells with
reactivity to allograft antigens remains poorly delineated. Current strategies relying on
induction of memory T cells cross-reactive with donor allogeneic MHC molecules through
recipient viral infection, pre-sensitization directly with donor antigen, or the adoptive
transfer of donor-antigen primed memory T cells render tolerance induction protocols with
donor-specific transfusion and/or costimulation blockade ineffective (12-16). Such studies
have demonstrated that a critical threshold of prior viral infection(s) and/or donor-specific
memory T cells is required to resist tolerance induction.

We have previously documented the substantial presence of endogenous CD8 memory T
cells within naïve unprimed mice which distinguish allogeneic from syngeneic grafts, react
with donor class I MHC, and rapidly infiltrate cardiac allografts within hours of graft
reperfusion (16, 39). Despite proliferating extensively within the graft and producing IFN-γ,
these endogenous CD8 memory T cells from unmanipulated recipients exhibited insufficient
effector functions to directly mediate allograft rejection (17). These findings suggest that the
priming strategies currently used to generate donor-reactive memory responses in rodents
disproportionately biases the T cell response to strong reactivity to donor antigens. While
such approaches yield accelerated allograft rejection and resistance to costimulatory
blockade induced tolerance, the degree to which the endogenous memory T cell repertoire
has been skewed in such rodent models is rarely seen naturally in NHPs and human patients.

IRI is also an inherent component and pathological challenge of transplantation
detrimentally impacting graft outcome. Organs from unrelated living donors have superior
graft function and survival compared to grafts from deceased donors and longer periods of
ischemia imposed on grafts correlate with poorer function and survival (18-25). The
inflammation associated with reperfusion injury is largely initiated by oxygen radical
generation, complement activation, and endothelial cell dysfunction and these deleterious
effects are exacerbated following prolonged ischemia (40-42). While these and many other
key biochemical mediators of IRI are now identified, cellular mediators of the inflammation
within grafts subjected to increased ischemia remain poorly defined. Importantly, the impact
of increased ischemic time on the infiltration and effector functions of donor-reactive
memory T cells has not been previously investigated.

This study connects the detrimental graft outcomes associated with prolonged graft ischemia
and endogenous heterologous memory T cell responses. We report that endogenous donor-
reactive memory CD8 T cells of “naïve” unprimed mice are activated to directly mediate
cardiac allograft rejection following prolonged cold ischemic graft storage. Prolonged cold
ischemic allograft storage resulted in heightened early cellular infiltration that appears to be
mediated, at least in part, by increased production of acute phase cytokines including IL-1β,
IL-6, and TNFα as cytokine neutralization markedly attenuates leukocyte infiltration into
grafts subjected to prolonged cold ischemia. Interestingly, recipient CD8 T cell depletion
prior to transplant markedly decreases early acute phase cytokine and chemokine expression
within grafts subjected to prolonged ischemia. The heightened myocyte inflammation and
graft damage associated with prolonged ischemic storage was alleviated by recipient CD8 T
cell depletion prior to transplant, implicating these T cells in the early inflammation and
directly or indirectly mediating this graft injury. Allografts subjected to prolonged ischemia
were resistant to the effects of CTLA4-Ig therapy, which significantly prolonged survival of
allografts subjected to minimal cold ischemia. Renal transplant patients treated with
Belatacept, a second generation CTLA4-Ig recently approved for use in human
transplantation, experienced increased incidence and severity of acute rejection episodes
despite superior renal function when compared to cyclosporine treatment (43) and one factor
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postulated to contribute to this increased acute rejection is the activity of endogenous
memory T cells resistant to costimulatory blockade. Consistent with these clinical
observations, depletion of CD8 T cells prior to transplantation alleviated costimulatory
blockade resistance in murine recipients of prolonged ischemic allografts. Alternatively,
depletion of CD4 T cells had minimal impact on early graft inflammation or rejection of
allografts subjected to prolonged ischemic storage, indicating that the role of endogenous
memory CD4 T cells in the acute rejection of the allografts is largely dispensable. It should
be noted that in recipients depleted of CD8 T cells alone, primary effector CD4 T cells are
fully capable of being primed and mediating cardiac allograft rejection as previously
published (Supplemental Figure 3) (33, 34, 44).

Our previous studies demonstrated that the early endogenous memory CD8 T cells
infiltrating cardiac allografts subjected to minimal ischemic times react specifically against
donor class I MHC, which induces their proliferation and production of IFN-γ (16). To
directly investigate the antigen-specificity of this early endogenous memory CD8 T cell
response, we previously took advantage of available TCR-transgenic systems and found that
adoptive transfer of Ld-reactive TCR-transgenic memory CD8 T cells only induced IFN-γ
and subsequent CXCL9 production in Ld-expressing grafts and not Ld-null grafts, evidence
supporting a donor-specific response in this early inflammation. Similarly, adoptive transfer
of polyclonal donor-antigen primed memory CD8 T cells preferentially infiltrated and
induced IFN-γ and CXCL9 in donor-specific grafts rather than third-party allografts (16).
The findings presented in this paper report that the infiltration of endogenous memory CD8
T cells is markedly increased in cardiac allografts versus isografts subjected to prolonged
cold storage (Figure 2) and is in keeping with a donor-specific response. Moreover,
intragraft elevations in expression of CD8 T cell effector molecules IFN-γ, FasL, perforin,
and granzyme were seen in allografts subjected to prolonged cold ischemic storage, but not
in isografts (Figure 2B, Figure 3A). While cardiac allografts subjected to prolonged
ischemia are acutely rejected, isografts survive long-term following prolonged cold storage,
indicating that recognition of allogeneic MHC is a critical determinant of the inflammation
observed in this model. Our intent in the current studies was to avoid using donor-reactive T
cells that were biased to strong allograft reactivity, precluding us from using TCR-transgenic
animals or transferred memory T cells from donor antigen primed recipients. It is important
to consider the potential differences in alloreactivities of the endogenous memory CD8 T
cells investigated in our studies, which are likely to have reactivity to multiple allogeneic
class I MHC alleles, and those biased to strong donor reactivity, such as transgenic T cells,
that are less likely to express such poly-alloreactivities. Although the data in this report are
consistent with an antigen-specific endogenous memory CD8 T cell response, our current
studies do not formally distinguish the specificity of T cells in the allograft. We are in the
process of more rigorous experiments to test the donor-reactivities and functions of these
endogenous memory CD8 T cells in grafts subjected to prolonged cold ischemic storage and
are interested in comparing these T cells to memory CD8 T cells generated through prior
donor antigen priming.

In light of the impact of endogenous memory CD8 T cells in clinical transplantation and the
results in the current studies demonstrating their ability to directly mediate marked allograft
injury and graft failure, strategies to interfere with their graft infiltration should improve
transplant outcomes. Our previous studies have demonstrated the ability to inhibit
infiltration of endogenous memory CD8 T cells into allografts subjected to minimal
ischemia by neutralization of acute phase cytokines and by integrin blockade at the time of
reperfusion. Peri-transplant neutralization of TNFα markedly attenuates the early
inflammatory response in allografts by decreasing early leukocyte graft infiltration,
inhibiting alloreactive T cell-priming, and promoting long-term allograft survival when
combined with costimulatory blockade therapy (28). LFA-1 antagonism is very effective in
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inhibiting acute rejection and prolonging allograft survival in rodents (29, 45-48). Clinically,
anti-TNFα mAb and TNFR-binding proteins are currently being used to treat many
inflammatory diseases and our studies suggest these reagents may have some efficacy in
diminishing early IRI-induced graft inflammation (49-51). Although anti-LFA-1 antibody is
not currently available for clinical use, targeting other trafficking molecules on endogenous
memory CD8 T cells may serve the same purpose and warrants further investigation.

In summary, these studies implicate an important role for endogenous memory CD8 T cells
in directly mediating allograft injury and demonstrate that these T cells can directly provoke
graft failure in mice without prior recipient priming to bias the endogenous memory T cell
repertoire to strong donor reactivity. This recapitulates the impact of endogenous
heterologous immunity seen in clinical transplantation. Studies using this clinically relevant
strategy should provide a more accurate basis for translating experimental strategies to NHP
models and clinical transplant patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Prolonged cold ischemia promotes accelerated allograft rejection in anti-LFA-1 mAb
treated recipients
(A) Groups of 4-6 C57BL/6 recipient mice received syngeneic or complete MHC-
mismatched A/J cardiac allografts subjected to minimal (0.5 h) or prolonged (8 h) cold
ischemia and were treated with 200 μg control rat IgG or with anti-LFA-1 mAb on days 3
and 4 post-transplant. **p < 0.01 versus 8 h+anti-LFA-1 (d3,4), (B) Spleens were harvested
from control and anti-LFA-1 mAb treated C57BL/6 allograft recipients on day 9 post-
transplant. The number of donor-reactive splenocytes producing IFN-γ and IL-2 in each
allograft recipient group was determined by ELISPOT assay. ***p < 0.001 (C) On day 12
post-transplant, cardiac allografts subjected to 0.5 or 8 h cold ischemia were harvested from
C57BL/6 recipients treated with anti-LFA-1 mAb on days 3 and 4 post-transplant. Prepared
sections were stained with hematoxylin-eosin, anti-F4/80 mAb to detect macrophages, anti-
CD4 mAb, or with anti-CD8 mAb. Magnification, 100×.
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Figure 2. Prolonged cold ischemia increases early infiltration of innate and adaptive leukocytes
into cardiac allografts
(A) Groups of 4-5 C57BL/6 recipient mice received syngeneic or complete MHC-
mismatched A/J cardiac allografts subjected to 0.5, 4, or 8 h cold ischemia prior to
transplantation. Grafts were recovered 48 h post-transplant, digested to prepare single cell
suspensions, and graft infiltrating cells were analyzed and quantified by antibody staining
and flow cytometry. *p < 0.05, **p < 0.01 (B) Groups of 4-5 C57BL/6 recipient mice
received syngeneic isografts subjected to 0.5 or 4 h cold ischemic storage prior to
transplantation. Grafts were recovered 48 h post-transplant, whole cell RNA was isolated
from graft homogenates, and quantitative real-time PCR was used to measure expression
levels of mRNA encoding the indicated cytokines and chemokines. Differences in mRNA
are expressed relative to isografts subjected to 0.5 h ischemia. *p < 0.05, **p < 0.01 (C)
Groups of 4-6 C57BL/6 recipient mice received complete MHC-mismatched A/J cardiac
allografts subjected to 0.5 or 4 h cold ischemia and were treated with 200 μg control rat IgG
or with 500 μg anti-TNFα mAb on day 0 or 100 μg anti-IL-6 mAb on days 0 and 1 post-
transplant. Graft infiltrating cells were quantified 48 h post-transplant. *p < 0.05, **p < 0.01
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Figure 3. Prolonged cold ischemia increases the effector functions expressed by early infiltrating
memory CD8 T cells
Groups of 4-5 C57BL/6 recipient mice received complete MHC-mismatched A/J cardiac
allografts subjected to 0.5 or 8 h cold ischemia and were treated with 200 μg control rat IgG
or with anti-CD8 mAb on days -3,-2,-1 prior to transplant. (A) Grafts were recovered 48 h
post-transplant, whole cell RNA was isolated from graft homogenates, and quantitative real-
time PCR was used to measure expression levels of mRNA encoding T cell effector
molecules. Differences in mRNA levels are expressed relative to isografts subjected to 0.5 h
ischemia. **p < 0.01, ***p < 0.001 (B) Grafts were recovered 48 h post-transplant, digested
to prepare single cell suspensions, and intracellular staining of graft infiltrating memory
CD8 T cells was performed using antibodies against IFN-γ, perforin, and granzyme B. (C)
Quantitative real-time PCR was used to measure expression levels of mRNA encoding the
indicated cytokines and chemokines from graft homogenates 48 h post-transplant. *p < 0.05,
**p < 0.01
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Figure 4. Early infiltrating memory CD8 T cells mediate allograft injury
Groups of 4 C57BL/6 recipient mice received complete MHC-mismatched A/J cardiac
allografts subjected to 0.5 or 8 h cold ischemia and were treated with 200 μg control rat IgG
or anti-CD8 mAb on days -3,-2,-1 prior to transplant. Grafts were recovered 5 days post-
transplant and prepared sections were stained with hematoxylin-eosin. Magnification: top
panels 100×, bottom panels 400×.
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Figure 5. Early allograft infiltrating memory CD8 T cells detrimentally affect graft survival
(A) Survival of complete MHC-mismatched A/J cardiac allografts (n = 4-6) subjected to 0.5
or 8 h cold ischemia in recipients treated with 200 μg control rat IgG or 250 μg CTLA4-Ig
mAb on days 0 and 1 post-transplant. CD8 T cell depletion was performed by treating
recipients with 200 μg anti-CD8 mAb on days -3,-2,-1 prior to transplant and weekly
thereafter. **p < 0.01 versus 0.5 h+CTLA4-Ig (B) At the time of graft rejection, spleens
were harvested from transplant recipients and the number of donor-reactive T cells
producing IFN-γ and IL-2 in each allograft recipient group was determined by ELISPOT
assay. ***p < 0.001 (C) Survival of cardiac allografts (n = 4-8) subjected to 0.5 or 8 h cold
ischemia in recipients depleted of CD4 T cells by treatment with 200 μg anti-CD4 mAb on
days -3,-2,-1 prior to transplant and weekly thereafter. **p < 0.01
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Figure 6. Pre-transplant treatment with anti-LFA-1 mAb eliminates the survival deficit in grafts
subjected to prolonged ischemia
(A) Survival of complete MHC-mismatched A/J cardiac allografts (n = 4-5) subjected to 0.5
or 8 h cold ischemia in recipients treated with 200 μg control rat IgG or anti-LFA-1 mAb on
days -1 and 0. (B) Grafts were recovered 48 h post-transplant, digested, and graft infiltrating
cells were analyzed and quantified by antibody staining and flow cytometry. **p < 0.01
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