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Abstract
Normal immune responses stimulated by pathogenic and environmental antigens generate memory
T cells that react with donor antigens and no currently used immunosuppressive drug completely
inhibits memory T cell function. While donor-reactive memory T cells clearly compromise graft
outcomes, mechanisms utilized by memory T cells to promote rejection are largely unknown. In the
current study we investigated how early endogenous memory cells infiltrate and express effector
function in cardiac allografts. Endogenous CD8 memory T cells in non-sensitized recipients
distinguish syngeneic vs. allogeneic cardiac allografts within 24 hours of reperfusion. CD8-
dependent production of IFN-γ and CXCL9/Mig was observed 24–72 hours post-transplant in
allografts but not isografts. CXCL9 was produced by donor cells in response to IFN-γ made by
recipient CD8 T cells reactive to donor class I MHC molecules. Activated CD8 T cells were detected
in allografts at least three days before donor-specific effector T cells producing IFN-γ were detected
in the recipient spleen. Early inflammation mediated by donor-reactive CD8 memory T cells greatly
enhanced primed effector T cell infiltration into allografts. These results suggest that strategies for
optimal inhibition of alloimmunity should include neutralization of infiltrating CD8 memory T cells
within a very narrow window after transplantation.
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Introduction
The therapeutic advantages of organ transplantation to treat end-stage organ disease are
undermined by robust T cell reactivity to allogeneic MHC molecules (1,2). Immunosuppressive
drugs currently used to inhibit T cell activation are nephrotoxic and leave patients highly
susceptible to infection and malignancy (3,4). Importantly, current immunosuppression fails
to completely abrogate acute rejection episodes as well as the development of transplant
associated vasculopathy, so-called chronic rejection (5). Among T cell populations
contributing to alloimmunity, memory T cells are now recognized as a formidable barrier to
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successful transplantation because currently used immunosuppressive drugs do not effectively
neutralize these cells. This failure is explained by the unique phenotypic and functional
properties of memory T cells including specialized trafficking patterns, reduced and alternative
costimulatory requirements, and rapid expression of effector function (6,7).

Memory T cells with reactivity to donor MHC molecules are present at varying frequencies in
all transplant recipients. While direct exposures to non-self MHC molecules via blood
transfusion, pregnancy, and prior transplantation are clearly sensitizing events (8), far more
subtle mechanisms account for nearly universal allo-sensitization. Cross-reactivity between
viral and allogeneic class I MHC molecules is well documented in rodents and humans (9–
12). Termed ‘heterologous immunity,’ this phenomenon of T cell promiscuity enhances
protective immunity against pathogens but is a major obstacle preventing successful
transplantation (13,14). Further, the generation of alloreactive memory T cells is not confined
to pathogen-associated antigen exposure. Lymphopenia-driven homeostatic proliferation
generates memory-phenotype T cells that compromise peritransplant T-cell depletion and
tolerance induction strategies (15–18). Clinical data suggest that there is predictive value in
quantifying alloreactive T cell memory pretransplant. The presence of high numbers of donor
reactive memory T cells detected in peripheral blood pre-transplant correlates with increased
risk of rejection episodes and poor post-transplant graft function in renal transplant recipients
(19,20).

CD8 memory T cells are of particular interest in transplantation because of the abundant
expression of class I MHC molecules on the allograft vasculature and parenchymal cells.
Several therapeutic regimens utilizing co-stimulatory blockade have successfully induced
long-term allograft survival or tolerance in non-sensitized mice, but these strategies fail when
donor-specific CD8 memory T cells are present pre-transplant (21,22). Approaches to induce
long-term allograft survival and/or tolerance often succeed in rodents but then prove far more
difficult in larger animals which, relative to laboratory mice, have longer and more varied
exposures to environmental antigens (14). Recently, efforts to induce mixed chimerism and
allograft tolerance were applied in a preclinical model where donor bone marrow
transplantation was delayed until four months after kidney transplantation in cynomolgus
monkeys (23). This strategy was undermined by CD8 memory T cells that survived anti-
thymocyte globulin conditioning and prevented long-term allograft survival unless depleting
anti-CD8 antibody was administered at the time of bone marrow transplantation.

Although it is well documented that anti-donor CD8 memory T cell reactivity promotes graft
rejection, when and where these memory T cells interact with donor antigens, as well as the
mechanisms used by these CD8 memory T cells to promote rejection, are entirely unknown.
While studying responses to murine cardiac iso- and allografts in naïve recipients, we observed
CD8-dependent inflammatory events within 48 hours of transplantation (24,25). Here, we have
tested the hypothesis that donor-reactive CD8 memory T cells are present in naïve mice and
can infiltrate allografts rapidly post-transplant and be activated to express effector function.
We show that graft-infiltrating CD8 memory T cells produce IFN-γ as early as 24 hours post-
transplant and create an inflammatory environment that optimizes the downstream recruitment
of primed effector T cells. Our results demonstrate that inflammation induced by endogenous
CD8 memory T cells within hours of reperfusion promotes allograft rejection.

Methods
Mice

The following mice were used: C57BL/6 (H-2b) and A/J (H-2a) mice (Charles River
Laboratories, Wilmington, MA); B6.CD90.1, B6.IFNγ−/−, BALB/C (H-2d), DBA/1 (H-2q),
and bq1 (H-2bq) mice (The Jackson Laboratory, Bar Harbor, ME); C3H (H-2k) mice (Taconic
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Farms, Germantown, NY); and, B6.CD4−/−, B6.CD8−/−, B6.Rag1−/−, B6.CXCL9−/−,
B6.IFNγR−/−, A/J.CXCL9−/− and 2C TCR transgenic mice are maintained at our facility.
B6.IFNγ−/− and 2C mice were interbred to generate B6.IFNγ−/− 2C TCR-transgenic mice.
H-2(bxq) F1 mice were generated by crossing C57BL/10 and DBA/1, and these F1 recipients
(Kb/q Db/q Lq I-Ab b/q I-Aa b/q I-Eb

b I-Ea
−) received class II disparate bq1 grafts (Kb Dq Lq I-

Ab
k I-Aa

k I-Eb
k I-Ea

k) or fully mismatched C3H grafts. All knockout and transgenic strains
had been backcrossed onto the indicated backgrounds for ≥ 10 generations. In all experiments
8–12 week old male mice were used. All animal procedures were approved by the Cleveland
Clinic Institutional Animal Care and Use Committee.

Cardiac transplantation and harvest
Heterotopic intra-abdominal cardiac transplantation was performed following the method of
Corry and coworkers (26). Total operative times averaged 45 minutes and hearts resumed
spontaneous contraction immediately upon reperfusion. At harvest the circulatory system was
drained prior to removal of the heterotopic graft, which was immediately snap-frozen in liquid
nitrogen or placed in media for digestion and purification of graft-infiltrating cells.

In-vivo antibody treatments
Allograft recipients were treated with control Ig (Sigma, St. Louis MO) or anti-CD40L mAb,
MR1 (Bio Express, West Lebanon, NH) (0.4 mg i.p. on days 0, +1), CTLA4-Ig (purified in-
house from hybridoma supernatants) (0.35 mg i.p. on days 0, +1, +2), or anti-IFN-γ mAb,
XMG1.2 (Bio Express) (0.2 mg i.p. 8 hours before and after transplantation). CD8 T cell
depletion was accomplished using a 1:1 cocktail of YTS169 and TIB105 mAbs (Bio Express)
(0.2 mg given i.p. on days −3, −2, −1, +1 post-transplant). CD8 T cell depletion was ≥ 98% in
peripheral blood.

Skin transplantation and adoptive transfer
Full-thickness donor trunk skin was transplanted onto the posteriolateral back. 8–10 weeks
later splenic cell suspensions were passed through CD3 negative selection columns (R&D
Systems, Minneapolis MN), stained, and flow sorted to greater than 98% purity using a
FACSAria (BD Biosciences, San Jose CA). Purified cell populations were adoptively
transferred to syngeneic recipients by tail vein injection.

RNA purification and qRT-PCR
Snap-frozen grafts were crushed, homogenized, and RNA was isolated using fibrous tissue kits
(Qiagen, Valencia CA). Reverse transcription and real-time PCR were performed using
commercially available reagents, probes, and a 7500 Fast Real-Time thermocycler, all from
Applied Biosystems (Foster City, CA).

Protein purification and ELISA
Snap-frozen grafts were crushed and combined with 1 mL of 1.5% Triton-X in PBS and 0.5
mL of a proteinase inhibitor cocktail (Sigma, St. Louis MO). Following 30 minutes of
incubation with shaking at 4°C and centrifugation at 12,000 × g for 10 minutes, total protein
concentrations were measured in the resulting supernatants using the bicinchoninic acid assay
(Pierce, Rockford IL). Total protein concentrations were equalized and samples were plated
in duplicate on ELISA assay plates from R&D Systems (Minneapolis MN).

IFN-γ ELISPOT
Splenic responder cells and irradiated (3000 rad) self, donor, and third-party stimulator cell
populations were co-cultured for 24 hours at 37°C in serum-free HL-1 media in 96-well plates
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coated with anti-IFN-γ capture Ab (R4-6A2, BD Biosciences, San Jose CA). After all cells
were washed from the plate, biotinylated anti-IFN-γ detecting Ab (XMG1.2, BD Biosciences)
was added, followed by anti-biotin alkaline phosphatase. Following substrate addition, the total
number of spots per well was quantified using an ImmunoSpot Series 2 Analyzer (Cellular
Technology Ltd., Shaker Heights OH) and compared to media and Concavalin A stimulated
control cultures.

Flow cytometry
Flow cytometric detection of graft-infiltrating cells was performed using a modification of the
method published by Afanasyev and colleagues (27). Briefly, harvested tissues were weighed
prior to one hour incubation at 37°C in RPMI with Type II collagenase (Sigma, St. Louis MO)
but without the addition of proteases. After incubation, samples were passed through 40 micron
filters, washed twice in RPMI, counted using a hemocytometer, and stained for common
phenotypic surface markers using commercially available antibodies (BD Bioscience, San Jose
CA; eBioscience, San Diego CA).

Statistics
Statistical analyses were performed using Kruskal-Wallis and Mann-Whitney U testing. Error
bars reflect SEM throughout.

Results
Naïve recipients distinguish allografts from isografts within the first 24 hours post-transplant

In order to determine the time point at which cardiac iso- and allografts are distinguished by
recipients, intragraft mRNA levels of IFN-γ and the IFN-γ inducible T cell chemoattractant
CXCL9 were compared in fully MHC mismatched A/J allografts or syngeneic grafts in C57BL/
6 recipients at 24, 48, and 72 hours post-transplant (Figure 1A). IFN-γ mRNA levels in
allografts were increased 3-fold relative to isografts as early as 24 hours post-transplant, and
this difference increased thereafter. Coincident with IFN-γ, CXCL9 mRNA was also
selectively elevated in allograft tissues. No significant differences were observed between
isograft and allograft levels of the neutrophil chemoattractant CXCL1.

To begin to identify a source of the IFN-γ inducing CXCL9 transcription, CXCL9 protein was
measured in iso- and allografts from wild-type recipients and CD4−/−, CD8−/− and T cell/B
cell deficient Rag1−/− allograft recipients 72 hours post-transplant (Figure 1B). CXCL9 was
produced at high levels in grafts from wild-type allogeneic recipients and was virtually
undetectable in isografts. CXCL9 was reduced to near background levels in allografts from
CD8−/− and Rag1−/− recipients, whereas allografts from CD4−/− recipients showed no decrease
relative to wild-type allograft recipients, suggesting a role for CD8 but not CD4 T cells in
CXCL9 induction. Hereafter, measurement of CXCL9 protein in cardiac grafts at 72 hours
post-transplant was used as a functional indicator to monitor CD8 T cell dependent IFN-γ
production.

Allograft cells produce CXCL9 in response to IFN-γ made by donor-reactive CD8 T cells
To test alloantigen specificity in this early response and to determine if CD8 T cells are the
critical source of IFN-γ stimulating CXCL9 production, T cell receptor transgenic 2C (reactive
to Ld) or IFN-γ−/− 2C CD8 T cells were adoptively transferred into Rag1−/− mice and these
animals then received Ld-expressing BALB/C or third-party (non-Ld-expressing) DBA/1 heart
allografts (Figure 2A). Allografts from BALB/C but not third party DBA/1 donors contained
high levels of CXCL9 72 hours after transplantation. CXCL9 was undetectable in BALB/C
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grafts transplanted into Rag1−/− mice reconstituted with IFN-γ−/− 2C CD8 T cells, although
these CD8 T cells did infiltrate the allografts (data not shown).

To confirm that donor class I MHC is the critical allogeneic determinant in this response,
CXCL9 protein levels were quantified in class I MHC syngeneic/class II MHC-disparate
allografts (Figure 2B). (C57BL/10xDBA/1)F1 mice (Kb/q Db/q Lq I-Ab

b/q I-Aa
b/q I-Eb

b I-
Ea

−) received fully allogeneic C3H (H-2k) cardiac allografts or class II MHC-disparate bq1
(Kb Dq Lq I-Ab

k I-Aa
k I-Eb

k I-Ea
k) allografts. Grafts mismatched for only class II MHC

molecules expressed nearly isograft levels of CXCL9 whereas complete MHC-disparate grafts
developed high expression of CXCL9 in these F1 recipients similar to that observed in the A/
J to C57BL/6 strain combination.

To test whether donor-derived graft cells or recipient graft-infiltrating cells produce CXCL9
in response to CD8-derived IFN-γ, A/J.CXCL9−/− grafts were transplanted into wild-type
C57BL/6 recipients, and wild-type A/J grafts were transplanted into B6.CXCL9−/− recipients
and B6.IFN-γR−/− recipients (Figure 3). CXCL9 levels were significantly reduced when
allograft cells were unable to produce CXCL9, and unaffected in recipients that cannot produce
CXCL9. Allografts from recipient mice unable to respond to IFN-γ contained the highest levels
of CXCL9, confirming that intragraft CXCL9 is primarily of donor-origin and suggesting that
CXCL9 production is both induced and limited by IFN-γ signaling.

CD8 T cells infiltrate allografts prior to the priming of donor-specific IFN-γ producing T cells
in the spleen

To directly test the infiltration of CD8 T cells into allografts early post-transplant, A/J allografts
were harvested from C57BL/6 recipients 24, 48 and 72 hours post-transplant and analyzed by
flow cytometry (Figure 4A). A population of CD8 T cells was clearly identified within
allografts as early as 24 hours post-transplant and this T cell infiltration continued to increase
thereafter. A small population of CD8 T cells was also observed infiltrating cardiac isografts
at 24 hours post-transplant (data not shown) but because this population did not increase
thereafter or correlate with CD8-dependent CXCL9 production the reactivity of these cells was
not investigated further.

At 48 hours post-transplant, graft-infiltrating CD8 T cells were purified and compared with an
equal number of CD8+ splenocytes taken from the same animals (Figure 4B). Relative to their
splenic counterparts, graft infiltrating CD8 T cells expressed cell surface markers associated
with an activated phenotype including increased CD44, reduced CD62L, and downregulated
IL-7 receptor. Allograft-infiltrating CD8+ cells were CCR7-negative and distinct from the
splenic IL-15Rhi population which most likely represents CD8+ NKT cells (28).

In all preceding experiments, donor-specific alloimmunity in the graft appeared faster than a
donor-stimulated primary immune response is expected to develop from naïve precursors. To
directly test whether early CXCL9 production is induced by alloreactive CD8 T cells that
undergo priming in the spleen, IFN-γ ELISPOT assays were used to detect the presence of
donor-specific priming during days 1–5 post-transplant (Figure 4C). Donor-specific T cells
producing IFN-γ were not evident until the fourth or fifth post-transplant day in the spleen,
indicating that the CD8 T cells infiltrating cardiac allografts within 24 hours of reperfusion
express effector function without activation in the spleen.

Early intragraft CXCL9 production is restored in CD8−/− recipients by transferred donor-
specific CD44hi memory CD8 T cells

To test the capacity of different CD8 populations to induce early CXCL9 production in cardiac
allografts, an adoptive transfer model was used. Six weeks after wild-type C57BL/6 mice
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rejected A/J skin grafts, CD44lo and CD44hi CD8 cells were purified by cell sorting from the
spleens of these sensitized mice and adoptively transferred into non-sensitized CD8−/− mice
that received A/J or third-party DBA/1 cardiac allografts (Figure 5A and 5B). CD44hi but not
CD44lo cells infiltrated A/J allografts 72 hours post-transplant. Infiltration of these CD8
memory T cells into third party DBA/1 allografts was markedly decreased. Primed CD8
effector T cells purified from the spleens of wild-type C57BL/6 recipients of A/J cardiac
allografts seven days after transplantation were also capable of infiltrating A/J cardiac
allografts in CD8−/− recipients. More CD8 memory T cells trafficked to the A/J allografts than
CD8 effector T cells, but the efficiency of transfer may have differed between these two
populations as suggested by the numbers of CD8 T cells detected in the CD8−/− recipient
spleens. Cellular infiltration into cardiac allografts and reactivity to the allograft correlated
with intragraft expression levels of IFN-γ and CXCL9 mRNA (Figure 5C). When equal
numbers of central (CD62Lhi) and effector (CD62Llo) memory T cells were sorted and
transferred, effector memory CD8 T cells infiltrated the allografts more efficiently than central
memory cells (Figure 5D).

Co-stimulatory blockade fails to reduce early intragraft CXCL9 production
Because memory T cells have decreased costimulatory requirements for activation and often
utilize alternative costimulatory molecules (21,22,29), the ability of anti-CD40L and CTLA4-
Ig to inhibit early CXCL9 production was tested as an indicator of early CD8 T cell mediated
IFN-γ production (Figure 6). Neither reagent blocked early CXCL9 production. In contrast,
anti-IFN-γ antibody effectively reduced early CXCL9 production in the cardiac allografts.

Early CD8 memory T cell responses promote subsequent infiltration of primed effector T
cells

During the normal course of acute cardiac allograft rejection, naive T cells undergo priming
in the spleen and subsequently migrate to the allograft and express effector functions that
mediate rejection. To test the hypothesis that early CD8 memory T cell mediated graft
inflammation promotes recruitment of primed effector T cells to the graft following effector
T cell priming in the spleen, the endogenous CD8 memory T cell response in groups of wild-
type recipients was preserved or eliminated by treatment with control Ig or depleting anti-CD8
antibodies prior to transplantation of A/J cardiac allografts. At day 2 post-transplant, CD90.1
congenic CD4 effector T cells primed against A/J alloantigens were adoptively transferred and
their ability to infiltrate allografts in control and CD8 T cell depleted recipients was compared
after 48 hours. A greater than 50% reduction was observed in the percentage (Figure 7A) and
total number (Figure 7B) of primed CD90.1 CD4 T cells infiltrating allografts in the absence
of an early endogenous CD8 memory T cell response. Associated with this reduced infiltration
of transferred effector CD4 T cells, intragraft IFN-γ and CXCL9 levels were decreased by CD8
T cell depletion and reduced endogenous T cell infiltration (Figure 7C and 7D).

Discussion
Outcome-based studies have clearly established a harmful role for CD8 memory T cells in
organ transplantation. This study was initiated to address kinetic and mechanistic aspects of
CD8 memory T cell reactivity in cardiac allografts. In wild-type allograft recipients, we
observed CD8 T cells within allograft parenchyma as early as 24 hours post-transplant. These
CD8 T cells displayed an activated phenotype, reacted to allogeneic class I MHC, and were
activated to produce IFN-γ before donor-specific IFN-γ producing effector T cells were primed
in the spleen. Adoptive transfer of donor-reactive CD8 memory T cells restored intragraft IFN-
γ production in CD8−/− allograft recipients at this early timepoint. IFN-γ increased the intensity
of post-transplant inflammation, in part by inducing CXCL9 production in allograft cells. We
focused upon CXCL9 among IFN-γ-induced genes because of studies demonstrating roles for
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graft-derived CXCR3 ligands in recruiting T cells into cardiac allografts (30,31). In this report,
depletion of the endogenous CD8 T cell response in wild-type mice reduced intragraft IFN-γ
and CXCL9 levels early post-transplant and attenuated subsequent graft infiltration by primed
T cells. These results demonstrate that inflammatory events promoting allograft rejection are
initiated within hours of reperfusion by graft infiltrating CD8 memory T cells.

Heterologous CD8 T cell immunity may have evolved to amplify local inflammation necessary
to facilitate recruitment of primed effector T cells from lymphoid priming sites to virally
infected tissues. A unique feature of solid organ transplantation is the intense tissue
inflammation induced immediately following the combined insults of surgical trauma,
ischemia, and reperfusion. We suggest that this inflammation directs CD8 memory T cells into
allograft tissues and promotes their activation. CD8 memory T cells then, in turn, are activated
by donor alloantigens and optimize rejection by sustaining and enhancing inflammation during
the 4–6 days required for donor-specific priming to peak in the spleen. When conventional
immunosuppression blocks naïve T cell priming, graft-infiltrating CD8 memory T cells are
likely to perpetuate an inflammatory cycle that is destructive in and of itself. The finding that
CD8 T cells can contribute to transplant arteriosclerosis despite CD154 blockade (32) is
consistent with this hypothesis.

Many therapies which successfully prolong allograft survival in murine models have failed in
non-human primate trials, and the greater numbers of memory T cells found in larger animals
are thought to contribute substantially to these treatment failures (14). Laboratory mice are
deliberately housed in relatively clean cages to protect them from pathogenic exposure.
Although often referred to as naïve, these mice do have populations of ‘memory’ T cells which
can be generated by homeostasis or limited environmental exposures and are capable of
functioning as alloreactive effectors. We have observed early allo-specific CXCL9 production
in three different strain combinations tested to date and these results likely reflect that rapid
graft infiltration by CD8 memory T cells is common across strains and species. This rapid CD8
memory T cell reactivity is apt to be highly increased in human populations with lifelong
exposure to diverse pathogens and other environmental antigens.

Surprisingly, we found that early CD8 memory T cell reactivity appeared completely intact in
CD4−/− animals (Figure 1B). The role of CD4 T cell help in the development of robust CD8
memory remains poorly understood (33). Among transplantation studies, conflicting findings
of competent and defective CD8 memory T cell formation in response to alloantigen priming
have been reported (34, 35). In our experiments, CD4−/− animals had no prior exposure to
alloantigens and the observed memory response must derive from TCR cross-reactivity.
Therefore, studies which report completely functional CD8 T cell memory development in the
absence of CD4 help following some viral infections best support our model (36).

CD4 memory T cells are also known to facilitate allograft rejection. Whereas alloreactive CD4
memory T cells function within secondary lymphoid organs providing help for CD8 T cell and
B cell responses (37), this report shows that CD8, and not CD4, memory T cells function within
the allograft parenchyma early post-transplant. We did detect a small population of CD4 cells
infiltrating allografts early, but this population did not increase in size with time post-transplant
and as yet we have not identified inflammatory markers expressed coincident with their
presence in the allograft. These cells are most likely CD4 memory T cells but the low levels
of class II MHC on murine endothelial cells may be insufficient for their activation.

If an immune response generating effector T cells that cross-react with donor antigens is
ongoing at the time of transplantation, either overtly or subclinically, these primed T cells may
add to the insult rendered by alloreactive CD8 T cell memory (3,38). In our adoptive transfer
model donor-primed CD8 effector T cells were compared with donor-reactive CD8 memory
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cells. Effector cells also infiltrated allografts rapidly post-transplant and promoted
inflammation. These data underscore the importance of addressing ongoing causes of immune
activation prior to transplantation.

High expression of class I MHC on allograft vasculature and activation of effector CD8 T cells
via direct pathway recognition of alloendothelial cells has been reported in other model systems
(39–41). Our current finding that CD8 memory cells enhance effector cell infiltration parallels
our previous observation of CD8-dependent neutrophil infiltration and tissue damage within
12–24 hours post-transplant in cardiac allo- but not iso- grafts (25). Taken together, these
studies suggest that CD8 memory T cells are activated early and play an important role in
regulating leukocyte interactions with the endothelial barrier and infiltration into the graft
parenchymal tissue.

Though perhaps vital for host-defense, memory T cell crossreactivity severely compromises
outcomes in transplantation and there is an urgent need for deeper understanding of
mechanisms used by memory cells to destroy allografts. CD8 memory T cells consistently lie
beyond the reach of currently used therapies and are a major obstacle for clinicians and patients.
This report stresses the rapidity with which CD8 memory T cells infiltrate allografts post-
transplant and are activated to promote an inflammatory environment that optimizes leukocyte
recruitment. Our demonstration that adaptive alloimmunity can be immediate implies that
clinical intervention to neutralize CD8 memory T cell function should accompany allograft
reperfusion.
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Figure 1.
Early induction of IFN-γ and CXCL9 in allografts is CD8 T cell dependent. A. C57BL/6 mice
received syngeneic or complete MHC mismatched A/J cardiac allografts. Groups of 4 iso- (—)
and allografts ( - - ) were harvested 24, 48, and 72 hours post-transplant, RNA was isolated
from total graft homogenates, and relative real-time PCR was used to measure cytokine and
chemokine expression. Data are normalized relative to isograft expression levels at 24 hours
post-transplant. (  = p ≤ 0.05) B. Wild-type C57BL/6, B6.CD4−/−, B6.CD8−/− or
B6.Rag1−/− mice received syngeneic or A/J cardiac allografts. Groups of 5 grafts were
harvested 72 hours post-transplant and intragraft levels of CXCL9 were measured by ELISA.
(  = p ≤ 0.0001,  = p ≤ 0.002)
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Figure 2.
Early CXCL9 production requires IFN-γ produced by class I MHC alloreactive CD8 T cells.
A. Ld-reactive 2C TCR-transgenic CD8 cells or IFN-γ−/− 2C cells were adoptively transferred
into Rag1−/− mice. After 10 weeks BALB/C (Ld-expressing) or DBA/1 (Ld null) hearts were
transplanted into groups (n = 4) of reconstituted Rag1−/− recipients and graft CXCL9 proteins
levels were measured by ELISA 72 hours post-transplant. (  = p ≤ 0.05 vs. BALB/C ≤
Rag1−/− + 2C) B. (C57BL/10xDBA/1)F1 mice received syngeneic, class II MHC-disparate
bq1, or complete MHC-disparate C3H cardiac allografts. Protein levels of CXCL9 were
measured in groups of 5 grafts harvested 72 hours after transplantation. (  = p ≤ 0.005 vs.
complete MHC disparity)
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Figure 3.
Donor cells are the major source of CXCL9 produced in the graft early post-transplant. Wild-
type, B6.CXCL9−/−, or B6.IFN-γR−/− mice received wild-type syngeneic, wild-type A/J, or A/
J.CXCL9−/− cardiac allografts. Protein levels of CXCL9 were measured in groups of 5 grafts
harvested 72 hours after transplantation. (  = p ≤ 0.01)
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Figure 4.
Activated CD8 T cells infiltrate allografts before donor-specific T cell priming is detected in
the spleen. A. Flow cytometry was used to detect C57BL/6 CD8 T cells infiltrating A/J cardiac
allografts 24, 48, and 72 hours post-transplant. Representative data from 3 independent
experiments are shown. B. Cardiac grafts and spleens were removed from C57BL/6 recipients
of A/J allografts 48 hours after transplantation. Equal numbers of splenic and graft-infiltrating
CD8 cells were isolated by flow sorting and stained for further analysis. Representative data
are shown. C. Spleens were harvested from non-transplanted mice or C57BL/6 recipients of
A/J cardiac allografts on days 1–5 post-transplant. Splenocytes were mixed with A/J (■) or
third party DBA/1 (□) stimulator cells in 24-hour IFN-γ ELISPOT assays. (n = 3/group,  =
p ≤ 0.05,  = p ≤ 0.005)
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Figure 5.
Adoptive transfer of CD8+CD44hi memory cells restores early CXCL9 production in
CD8−/− allograft recipients. A/J skin grafts were placed on C57BL/6 mice and 8–10 weeks
later naïve (CD8+CD44lo) and memory (CD8+CD44hi) cell populations were flow-sort purified
from spleens and 5 × 106 cells were adoptively transferred to B6.CD8−/− mice which then
received either A/J or DBA/1 cardiac allografts. For adoptive transfer of primed T cells, CD8
T cells were isolated from spleens of C57BL/6 mice actively rejecting A/J cardiac allografts
at day 7 post-transplant. A. Flow cytometric detection of adoptively transferred CD8 T cells
infiltrating allografts in CD8−/− recipients 72 hours post-transplant. Representative data are
shown. B. Quantification of the adoptively transferred CD8 T cell populations within spleens
and allografts 72 hours post-transplant (n = 4/group,  = p ≤ 0.05). C. Quantification of IFN-
γ and CXCL9 mRNA within allografts 72 hours post-transplant and normalized to expression
levels in the no-transfer control group (n = 4/group,  = p ≤ 0.05). D. Using the experimental
design described above, 2 × 105 central memory (CD8+CD44hiCD62Lhi) or effector memory
(CD8+CD44hiCD62Llo) cells were flow-sort purified and adoptively transferred into CD8−/−

recipients of A/J cardiac allografts. Quantification of graft-infiltration by the adoptively
transferred CD8 T cells 72 hours after transplantation is shown (n = 4/group).
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Figure 6.
Early CD8 T cell alloreactivity is not inhibited by α-CD40L mAb or CTLA4-Ig. C57BL/6
recipients of A/J cardiac allografts were treated with control Ig or α-CD40L mAb (0.4 mg on
day 0, +1), CTLA4-Ig (0.35 mg on day 0, +1, +2), or α-IFN-γ (0.2 mg 8 hours before and after
transplantation). Protein levels of CXCL9 were measured in grafts harvested 72 hours after
transplantation (n ≥ 3 group and the experiment was performed twice with identical results,

 = p ≤ 0.05 vs. IgG).
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Figure 7.
Early CD8 memory T cell alloreactivity enhances recruitment of primed effector T cells to the
allograft. Wild-type C57BL/6 mice were treated with control Ig or CD8 depleting antibodies
(0.2 mg on days −3, −2, −1, +1). On day 0 mice received A/J cardiac allografts. On day +2, 8
× 106 purified CD90.1 CD4+ cells from spleens of wild-type CD90.1 C57BL/6 mice rejecting
A/J cardiac allografts on day 7 post-transplant were adoptively transferred and 48 hours later
allografts were harvested and graft-infiltrating CD90.1 CD4+ T cells were detected using flow
cytometry. A. Representative data illustrating the gating strategy used to identify the graft-
infiltrating CD4+ CD90.1 test population. B. Quantification of the total number of graft-
infiltrating CD4+ CD90.1 cells (n = 6/group,  = p ≤ 0.05). C–D. Relative mRNA quantification
of IFN-γ and CXCL9 in grafts harvested from IgG and γ-CD8 treated recipients 4 days after
transplantation and 48 hours after adoptive transfer. Data are normalized to a sample randomly
chosen from the γ-CD8 treated group (n = 6/group,  = p ≤ 0.05).
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