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The early inflammatory response within organ allo-
grafts is initiated by ischemia/reperfusion (I/R) and
promotes subsequent alloantigen-primed T cell re-
cruitment into and rejection of the graft. Polymor-
phonuclear leukocyte (PMN)-mediated tissue damage
is a primary component of the early inflammation in
allograft rejection. We sought to compare and eluci-
date the mechanism of early PMN infiltration into
cardiac isografts and allografts. Despite identical pro-
duction of PMN attractant chemokines, PMN infiltra-
tion following reperfusion into syngeneic and alloge-
neic grafts was not equivalent. PMN infiltration into
isografts peaked at 9 to 12 hours post-transplant and
quickly resolved. In contrast, PMN infiltration into
allografts continued to elevated levels, peaking at 24
hours post-reperfusion. This amplified PMN infiltra-
tion into allografts did not resolve until 72 hours
post-reperfusion and was accompanied by marked
parenchymal necrosis. This early innate inflamma-
tory response was regulated by IFN-�-producing
CD8� T cells present in the recipient before detectable
alloantigen T cell priming. Co-culture with CD62Llow

CD8� T cells, but not CD62Lhigh CD8� or CD62Llow

CD4� T cells, harvested from naı̈ve animals induced
allogeneic endothelial cells to express IFN-�-depen-
dent chemokines. These data demonstrate CD8� T
cell-mediated attack on the vascular endothelium of
allografts within hours following organ reperfusion
that amplifies innate immune-mediated intra-graft in-
flammation and necrosis. (Am J Pathol 2004,
165:147–157)

Organ transplantation is a commonly used therapy for
end-stage organ failure. With few exceptions, trans-
planted organs are allogeneic and preventing T cell-
mediated rejection is a primary goal of post-transplant
medical care. Acute rejection is initiated by the priming of
alloreactive T cells and the recruitment of primed T cells

and other leukocytes into the allograft.1,2 This model pre-
dicts that the allograft is not subject to specific adaptive
immune detection and attack until alloreactive T cells are
primed and directed to the graft site. Although the rejec-
tion rate of allogeneic organs has been significantly re-
duced by the utilization of potent immunosuppressive
drugs, direct graft loss from acute rejection remains a
significant clinical problem. In addition, clinical studies
have shown that acute rejection episodes are a strong
predisposing risk factor for the development of trans-
plant-associated vasculopathy or chronic rejection, the
leading cause of graft loss.3–5 Thus, elucidating mecha-
nisms directing leukocyte trafficking to and interactions
with the vascular endothelium of the allograft is critical for
understanding rejection and for the development of strat-
egies to prevent graft loss.

Surgical trauma and ischemia/reperfusion (I/R) injury
are inherent consequences of the organ transplantation
procedure. Immediately following reperfusion, pro-in-
flammatory cytokines, including TNF-� and IL-1, are pro-
duced by the graft endothelium.6,7 These cytokines up-
regulate expression of major histocompatibility complex
(MHC) and adhesion molecules on the surface of the
vascular endothelium and induce the production of poly-
morphonuclear leukocyte (PMN) attractant chemokines,
including KC/CXCL1 (the murine homologue of Gro-�)
and macrophage-inflammatory protein (MIP)-2/CXCL2.
Numerous studies have demonstrated the central role of
PMN infiltration and activity in tissue damage and organ
dysfunction following reperfusion of ischemic tissues.8,9

Antagonism of KC/CXCL1 and MIP-2/CXCL2 in rodent
models of renal I/R injury attenuates PMN infiltration and
prevents renal dysfunction and mortality.10 Similar find-
ings have been reported in animal models of liver, lung,
and hind limb I/R injury.11

In clinical transplantation, these inflammatory events
negatively impact organ allografts. Longer ischemic
times are associated with a stronger inflammatory re-
sponse, delayed graft function, and increased risk of
rejection.12 However, the role of early inflammatory
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events has not been carefully examined in an organ
transplant model. Previous studies from this laboratory
demonstrated a delay in T cell infiltration into cardiac
allografts following antagonism of KC/CXCL1.13 Consis-
tent with the correlation between time of ischemia and
allograft function and survival, these studies indicate in-
nate immune regulation of antigen-specific T cell interac-
tion with allografts.

The production of KC/CXCL1 and MIP-2/CXCL2 within
the graft is a potentially important step in recruiting PMNs
and establishing inflammatory foci within the graft vascu-
lature. Since these events occur quickly in response to
the surgical trauma imposed during transplantation, the
levels of early inflammation would be expected to be
similar in isografts and allografts. The goal of this study
was to test the levels of the inflammatory response to
syngeneic and allogeneic heart grafts immediately fol-
lowing reperfusion and to elucidate mechanisms by
which the response operates. Up-regulated expression
of several cytokine genes during the early inflammatory
response to allogeneic organ transplantation has been
reported although mechanisms mediating this expres-
sion remain undefined.14,15 Herein we demonstrate an
early CD8� T cell-mediated immune response to heart
allografts before detectable recipient alloreactive T cell
priming in the lymphoid tissue draining the graft site. This
IFN-�-dependent immune response up-regulates the inten-
sity of early innate immunity that mediates intra-graft inflam-
mation and tissue necrosis following transplantation.

Materials and Methods

Mice

A/J (H-2a) and C57BL/6 (H-2b) mice were obtained
through Dr. C. Reeder at the National Cancer Institute
(Frederick, MD). C3H/HeJ (H-2k) and SJL/J (H-2s) mice
were obtained from The Jackson Laboratory (Bar Harbor,
ME). Adult males of 8 to 12 weeks of age were used
throughout this study.

Heterotopic Cardiac Transplantation

Heterotopic cardiac transplants were performed using
the method of Corry and co-workers.16 Briefly, donor
hearts were harvested and placed in chilled Ringer’s
solution (Baxter Healthcare Corporation, Deerfield, IL)
while the recipient mice were prepared. The donor heart
was anastomosed to the recipient abdominal aorta and
inferior vena cava using microsurgical techniques. On
completion of the anastomosis and organ reperfusion,
the heart grafts resumed spontaneous contraction. The
strength and quality of cardiac graft impulses were mon-
itored each day by palpation of the abdomen. Rejection
of cardiac grafts was considered complete by cessation
of impulse and was confirmed visually for each graft by
laparotomy.

Antibodies

Antibodies used for immunohistological analyses in-
cluded GK1.5 (rat anti-mouse CD4) and 53–6.7 (rat anti-
mouse CD8�) from BD Pharmingen (San Diego, CA). Rat
anti-Ly-6G mAb (RB6–8C5) was purified from culture
supernatant using Protein G-Sepharose. To deplete
CD4�, CD8�, or natural killer (NK) cells mice received a
cocktail of 100 �g of YTS191 and 100 �g of GK1.5, 100
�g of YTS169 and 100 �g of TIB105, or 100 �g of PK136,
respectively, on 3 consecutive days before cardiac trans-
plantation. Depletion of cell populations was confirmed
by FACS analysis and immunohistology.

Immunohistology

A mid-ventricular portion of the cardiac graft was embed-
ded in OCT compound (Sakura Finetek U.S.A., Torrance,
CA), immediately frozen in liquid nitrogen following har-
vest and 8-�m thick sections were prepared as previ-
ously described. Slides were immersed in phosphate-
buffered saline (PBS) for 10 minutes and 0.1% H2O2 in
PBS for 5 minutes at room temperature (RT) to eliminate
endogenous peroxidase activity. Slides were stained with
10 �g/ml GK1.5 (for CD4� cells), 53–6.7 (for CD8� cells),
F4/80 (for macrophages), or RB6–8C5 (for PMNs) in PBS
with 1% bovine serum albumin (BSA) for 1 hour at RT and
then with biotinylated rabbit anti-rat IgG (DAKO Corpora-
tion, Carpinteria, CA) diluted 1:300 in PBS for 20 minutes
at RT. The slides were developed with DAB for color
change and counter-stained by immersion in hematoxylin
for 3 minutes. Images were captured and analyzed with
Image Pro Plus (Media Cybernetics, Silver Spring, MD).
The number of positive cells was counted in a blinded
fashion in 10 random fields per slide in two non-consec-
utive sections per heart and for three hearts per time
point at �200 magnification. The counts were then nor-
malized to the area of tissue and expressed in mm2.

ELISA

Following harvest from recipients, cardiac allografts were
immediately snap-frozen in liquid nitrogen, pulverized in
liquid nitrogen, and dissolved in 500 �l of PBS with 0.01
mol/L EDTA and a proteinase inhibiting cocktail (10 �g/ml
phenylmethylsulfonyl fluoride, 2 �g/ml aprotinin, 2 �g/ml
leupeptin, 100 �g/ml Pefabloc SC, and 100 �l/ml chymo-
statin). One ml of 1.5% Triton X-200 in PBS was added
before agitation at 4°C for 30 minutes. The samples were
centrifuged at 12,000 � g for 10 minutes, the supernatant
collected and total protein concentration determined with
the Coomassie Plus Protein Assay (Pierce Biotechnology,
Rockford, IL). KC/CXCL1 and MIP-2/CXCL2 were quan-
tified by sandwich ELISA using Quantikine M kits (R&D
Systems, Minneapolis, MN) as per the manufacturer’s
instructions.

Cell Culture and Leukocyte Enrichment

The C3H (H-2k)-derived SV-40 transformed murine endo-
thelial cell line, 2F-2B, was purchased from American
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Type Culture Collection (ATCC, CRL-2168, Manassas,
VA). Cells were cultured in RPMI 1640 medium (Life
Technologies, Gaithersburg, MD) supplemented with
10% fetal bovine serum (FBS) (Sigma, St. Louis, MO), 2
mmol/L L-glutamine, 5 � 10�5 M 2-mercaptethanol, 10
mmol/L HEPES, and 20 �g/ml gentamicin. The endothe-
lial cells were seeded in 6-well plates at 2 � 104 per well
and grown for 3 days to 90% confluence. The endothelial
cells were activated with 1 ng/ml TNF-� (R&D Systems,
Minneapolis, MN) 12 hours before co-culture with T cell
populations. Spleen and lymph node suspensions from
naı̈ve C57BL/6, naı̈ve C3H, and C57BL/6 mice primed to
C3H skin grafts were centrifuged through a Lym-
pholyte-M (Cedarlane Laboratories, Ontario, Canada)
gradient and interface cells were collected. Cells were
incubated with reagents from the CD4� or CD8� T Cell
Isolation kit, respectively, (Miltenyi Biotec, Auburn, CA)
and eluted through magnetic columns as per the manu-
facturer’s instructions. To isolate naı̈ve versus memory
phenotype cells, the flow-through cells from the first se-
lection were washed and incubated with CD62L Mi-
crobeads (Miltenyi Biotec) at 1:5 dilution of the recom-
mended amount and eluted through magnetic separation
columns. The positive and negative fractions were col-
lected, counted and FACS analysis was performed to
verify purity. In all experiments, the purity of cell popula-
tions was over 90% for CD4� versus CD8� and over 80%
for CD62L high/low.

RNA Extraction, in Vitro Transcription, and
Ribonuclease Protection Assay

Following co-culture, whole endothelial cell RNA was ex-
tracted using Trizol reagent (Life Technologies). The
[32P]UTP-radiolabeled anti-sense murine monokine in-
duced by IFN-� (Mig) (cDNA generously provided by Dr.
C. Tannenbaum at The Cleveland Clinic Foundation)
and murine glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (cDNA from Pharmingen) riboprobes for RNase
protection assays (RPAs) were synthesized and purified
using MAXIscript In Vitro Transcription kit (Ambion, Aus-
tin, TX) according to the manufacturer’s protocol. Endo-
thelial cell expression of Mig and GAPDH was quantified
by RPA using RiboQuant RPA kits (BD Pharmingen) ac-
cording to the manufacturer’s protocol. The intensity of
each signal was measured with ImageQuant (Molecular
Dynamics) and standardized to the intensity of the
GAPDH signal for each sample.

ELISPOT Assay

ELISPOT assays for IFN-� were performed as previously
described.17 Briefly, ELISPOT plates (Immunospot M200
plates; Cellular Technologies Ltd, Cleveland, OH) were
coated with IFN-�-specific mAb and blocked with sterile
1% BSA in PBS. Allograft recipient spleen cells (106/well)
were plated in HL-1 media with mitomycin C-treated stim-
ulator cells (300,00/well) for 24 hours. After washing with
PBS and PBS 0.025% Tween 20, biotin-rat-anti-mouse
IFN-� detection antibody (XMG1.2 at 4 �g/ml, BD Phar-

mingen) was added and incubated overnight at 4°C.
Alkaline phosphatase-conjugated anti-biotin antibody
(Vector Laboratories, Burlingame, CA) was added for 1.5
hours at RT and the plates were developed with nitroblue
tetrazolium chloride (NBT, Bio-Rad Laboratories, Her-
cules, CA) and 5-bromo-4-chloro-3-indolyl phosphate
substrate (BCIP, Sigma Chemical Company, St. Louis,
MO). The resulting spots were counted on an Immuno-
Spot Series 2 Analyzer (Cellular Technologies Ltd).

Mixed Leukocyte Reaction Assay

Alloantigen priming of heart allograft recipients was also
tested by mixed leukocyte reaction assays (MLR) as
previously described.18 Responder T cell suspensions
were cultured with spleen cells suspensions from synge-
neic (C57BL/6), allograft donor (A/J), or third party allo-
geneic (SJL) stimulator cells. After 48 hours, cultures
were pulsed with 0.25 �Ci [3H] thymidine, incubated for
16 hours then harvested onto fiber filter mats. The amount
of 3H incorporation was determined by liquid scintillation
counting.

Results

Temporal Production of KC/CXCL1 and
MIP-2/CXCL2 in Cardiac Grafts

To test the temporal production of KC/CXCL1 and MIP-
2/CXCL2 in heart transplants, heterotopically trans-
planted C57BL/6 (H-2b) cardiac isografts or A/J (H-2a)
cardiac allografts were harvested from recipient C57BL/6
mice at multiple time points between 90 minutes and 48
hours following graft reperfusion. Heart graft protein ho-
mogenates were tested for levels of KC/CXCL1 and MIP-
2/CXCL2 production. Identical levels of KC/CXCL1 and of
MIP-2/CXCL2 protein were observed in isografts and al-
lografts over the initial 48 hours post-transplant (Figure
1). First detectable at 90 minutes, production of both
chemokines peaked at 6 to 9 hours post-reperfusion and
returned to low levels by 18 to 24 hours post-reperfusion.
KC/CXCL1 production was quantitatively higher than
MIP-2/CXCL2 in both isografts and allografts at these
early times. These results demonstrate the equivalent
production of KC/CXCL1 and MIP-2/CXCL2 in cardiac
isografts and allografts rapidly following reperfusion.

Temporal Pattern of PMN Infiltration

The equivalent production of KC/CXCL1 and MIP-2/
CXCL2 in cardiac isografts and allografts predicted a
similar magnitude and equivalent tempo of PMN infiltra-
tion into the grafts. Cardiac isografts and allografts were
retrieved at several time points following reperfusion and
mid-ventricular sections were stained with anti-Ly6G
mAb (RB6–8C5) to detect PMN infiltration (Figure 2, a to
g). Consistent with the production of KC/CXCL1 and MIP-
2/CXCL2, PMNs were observed as early as 90 minutes
post-reperfusion in both isografts and allografts (Figure
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2g). PMN infiltration increased with equivalent kinetics in
both groups until approximately 12 hours post-reperfu-
sion. After this time the number of PMNs and inflamma-
tory infiltrate observed in the isografts quickly subsided
whereas the infiltrate into the allografts continued to in-
crease. The PMN infiltrate into the allograft remained
elevated at 48 hours post-reperfusion (Figure 2, a to f)
and did not resolve until 72 hours post-reperfusion (data
not shown). At 48 hours post-reperfusion, parenchymal
necrosis in the allograft was more marked than in the
isograft controls, consistent with the increased level and
duration of PMN infiltration (Figure 3).

PMN Infiltration Following Depletion of CD4�,
CD8�, or NK Cells

The striking increase in PMN infiltration into allografts at
times after resolution in isografts indicated the ability of
the allograft recipient to detect the presence of alloge-
neic tissue as early as 12 hours post-transplant. This
suggested an adaptive immune mechanism mediating
the quantitative difference in early inflammatory cell infil-
tration. To begin to test potential mechanisms, recipient
CD4�, CD8�, or NK cells were depleted before cardiac
transplantation. At 12 hours post-reperfusion, the PMN
infiltrate into the cardiac isografts and allografts was sim-
ilar to wild-type controls for all groups (Figure 4f). How-
ever, at 24 hours post-reperfusion depletion of CD8�

cells in allograft recipients (Figure 4d) resulted in signif-
icantly fewer PMNs within the cardiac allograft paren-
chyma. PMN infiltration at 24 hours into allografts in re-
cipients depleted of CD4� (Figure 4c) or NK (Figure 4e)

cells was not significantly different from allograft controls
(Figure 4b). A similar decrease in PMN infiltration was
observed in allografts harvested from CD8 �/� recipients
(data not shown). These data indicate that in the absence
of CD8� cells the magnitude and duration of the PMN
infiltrate into cardiac allografts is comparable to levels
observed in isografts.

Role of IFN-� on Early PMN Infiltration into
Allografts

IFN-� production is a key effector function expressed by
CD8� T cells to promote allograft rejection. To test the
influence of IFN-� on early PMN infiltration into allografts,
recipients were treated with anti-IFN-� mAb (XMG1.2) 8
hours before and 8 hours following transplantation. Car-
diac allografts were harvested at 24 hours post-reperfu-
sion and sections stained to assess PMN infiltration. Al-
though treatment with anti-IFN-� antibody did not alter
PMN infiltration into isograft, the PMN infiltrate into car-
diac allografts was greatly reduced at 24 hours post-
reperfusion in recipients treated with IFN-� neutralizing
antibody compared to control-treated recipients (Figure
5c). Similar results were observed at 24 hours post-trans-
plant in A/J heart allografts retrieved from B6.IFN-��/�

recipients (Figure 5d).

Alloreactive T Cell Priming Is Detected No Earlier
than Day 3 Post-Transplant

The results indicate a rapid CD8� T cell-mediated re-
sponse to graft alloantigens that sustains and up-regu-
lates PMN infiltration into allografts 12 hours after graft
reperfusion. Although unlikely, a potential mechanism
regulating this innate immune response was the rapid
priming of allogeneic-specific CD8� T cells in response
to the vascularized graft. Therefore, cardiac allograft re-
cipient splenocytes were tested to determine the time
post-transplant when alloantigen-specific T cell priming
was first detectable. Three-day MLR assays demon-
strated recipient splenocyte proliferation in response to
A/J stimulator cells no earlier than day 3 following trans-
plantation (Figure 6). Overnight IFN-� ELISPOT assays
demonstrated a specific increase in alloreactive T cells
producing IFN-� no earlier than day 5 post-transplant.
Splenocyte reactivity to third party and syngeneic con-
trols remained low throughout the rejection process in
both assays verifying an alloantigen-specific response.
Therefore, the earliest time that alloantigen T cell priming
can be detected is substantially later than the enhanced
PMN infiltration into allografts is observed.

Memory but Not Naı̈ve CD8� T Cells Respond
to Allogeneic Endothelium

Since T cell priming was not detectable for several days
after the amplified inflammatory response was observed,
specific subpopulations of T cells from naı̈ve mice were
tested for reactivity to allogeneic endothelial cells. Based

Figure 1. Equivalent KC/CXCL1 and MIP-2/CXCL2 production in heterotopic
cardiac isografts and allografts. Cardiac isografts and allografts were retrieved
from recipients at the indicated time points following graft reperfusion.
Tissue homogenates were prepared and tested by ELISA for KC/CXCL1 and
MIP-2/CXCL2 content and normalized to total cardiac protein. a: KC/CXCL1
production peaks at 6 to 9 hours post-reperfusion in both cardiac isografts
(�) and allografts (f) and returns to low levels by 24 hours post-reperfusion.
b: MIP-2/CXCL2 levels also peak at 6 to 9 hours post-reperfusion and return
to low levels by 24 hours in both groups. All results are displayed as the mean
and SD of at least two dilutions of three to four grafts in each group for each
time point.
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on a lower threshold for activation, T cells of a memory
phenotype (eg, CD62Llow) would be expected to be
quickly reactive to allogeneic endothelium. Therefore, pu-
rified populations of CD62Lhigh and CD62Llow CD4� and
CD8� T cell from naı̈ve C57BL/6 mice (H-2b) were tested
for the ability to induce allogeneic (H-2k) endothelial cells
to express monokine induced by IFN-� (Mig/CXCL9).
Mig/CXCL9 expression is entirely dependent on IFN-�
induction and therefore Mig/CXCL9 can be considered a
specific marker of IFN-� production.19 As a positive con-
trol, CD4� and CD8� T cells derived from a C57BL/6
mouse that had previously rejected a C3H (H-2k) skin
graft induced high levels of Mig/CXCL9 expression fol-
lowing a 24 hour co-culture with the 2F-2B (H-2k) endo-
thelial cell line (Figure 7). Importantly, memory phenotype
CD8� T cells (CD62Llow) isolated from naı̈ve C57BL/6
mice (H-2b) also induced the endothelial cells to express
Mig/CXCL9 whereas naı̈ve phenotype CD8� T cells
(CD62Lhigh) isolated from the naı̈ve mice did not. Addi-
tionally, CD4� CD62Lhigh and CD62Llow T cells from na-

ı̈ve C57BL/6 mice were unable to stimulate the produc-
tion of Mig/CXCL9. Finally, co-culture with either CD8�

CD62Lhigh or CD62Llow T cells from syngeneic C3H mice
(H-2k) did not induce the endothelial cells to express
Mig/CXCL9. This result indicates that CD8� CD62Llow T
cells isolated from naı̈ve mice and without previous al-
loantigen priming produce IFN-� during interaction with
allogeneic endothelium and stimulate the endothelial
cells to express the IFN-�-dependent chemokine Mig/
CXCL9.

Discussion

Allograft rejection is initiated by inherent non-specific
injury imposed on the graft in response to ischemia and
reperfusion. Following reperfusion of an ischemic tissue,
an intra-graft inflammatory state mediated by compo-
nents of the innate immune system rapidly develops.20–23

Pro-inflammatory signals also activate donor dendritic

Figure 2. PMN infiltration into cardiac allografts is increased in magnitude and
duration compared to PMN infiltration observed in cardiac isografts controls.
Immunohistology with anti-Ly6G (RB6–8C5) demonstrates an equivalent PMN
infiltrate in cardiac isografts (a) and cardiac allografts (d) at 12 hours post-
reperfusion. Sections taken at 24 hours post-reperfusion demonstrate the reso-
lution of inflammation in isografts (b) but an enhanced PMN infiltrate into
allografts (e). This PMN dominant inflammation is maintained at 48 hours in the
allograft (f), while the isograft tissue (c) at this time appears normal. g: Quan-
tification of immunohistology demonstrates that PMN infiltration into isografts
(�) peaks around 12 hours post-reperfusion and returns to low levels by 24
hours post-reperfusion. However, PMN infiltration into allografts (f) increases to
twice that level between 12 hours and 24 hours post-reperfusion and remains
elevated beyond 48 hours post-reperfusion (*, P � 0.01). All results are displayed
as the mean and SD of at least 10 random myocardial fields from two non-
consecutive sections from three to four grafts per group counted twice in a
blinded fashion. The counts are normalized to tissue area and shown in mm2.
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cells resident within the graft to mature and emigrate to
draining lymphoid tissue where these cells prime allo-
reactive recipient T cells through the direct presentation
pathway.24,25 Following clonal proliferation and develop-
ment to effector cells, the alloantigen-primed T cells traf-
fic to the graft and are activated to express the effector
functions mediating rejection.1,2,18,26

Although allograft rejection is primarily mediated by
alloantigen-primed T cells, components of the innate im-
mune system have strong regulatory effects on the initi-
ation and activity of the adaptive immune response. De-
spite strong evidence for an important role in allograft
rejection,13 many of these early events and their down-
stream sequelae following transplantation have not been
widely studied. We initially hypothesized that the early
events at the graft vascular endothelium, principally
those mediated by PMNs, play a central, but non-alloan-
tigen-specific, role in initiating and amplifying the inflam-
matory response following transplantation. Consistent
with this model we expected to observe inflammatory
responses at levels of equal intensity in isografts and
allografts. Instead, this study provides strong evidence
for a novel adaptive immune response to the allograft that
occurs within hours following organ reperfusion. More-
over, this early IFN-�-dependent CD8� T cell-mediated
immune response is shown to regulate the intensity and
duration of innate immunity within cardiac allografts.

The assumption that post-transplant intra-graft inflam-
mation following reperfusion is solely a response to non-
specific signals proved to be false. The PMN infiltrate into
cardiac isografts and allografts followed the production
of KC/CXCL1 and MIP-2/CXCL2 and was found to be

equivalent for the initial 12 hours following reperfusion.
Although KC/CXCL1 and MIP-2/CXCL2 are among the
most potent murine PMN chemokines and therefore se-
lected for testing, it remains possible that alternative PMN
chemokines that also bind CXCR2 such as PF4/CXCL4,
ENA-78/CXCL5, or NAP-2/CXCL7 may play a role in the
differential infiltration observed in the allograft group. Af-
ter the initial 12 hours the inflammation promptly resolved
in the isograft group, but was elevated and maintained for
an extended duration in the allograft group. Previous
reports using RT-PCR indicated increased inflammatory
cytokine expression in allografts versus isografts at 24
hours post-reperfusion of murine cardiac grafts.14 We
attempted to repeat those experiments using RPA, how-
ever, little difference was noted in the expression levels of
multiple cytokines in isografts and allografts from control
and CD8�-depleted recipients. We attribute this result to
the probable local and patchy nature of this immune
attack. As noted in previous studies, intra-graft IFN-�-
dependent chemokines at day 3 post-transplant were not
uniformly expressed throughout the graft endothelium,
but rather were localized to focal regions of the vascular
endothelium.18

In addition to a quantitative elevation in PMN infiltra-
tion, tissue damage and necrosis were markedly more
apparent in the parenchyma of allografts at 48 hours
post-transplant. A previous histological study noted an
amplified infiltration of PMNs into rat renal allografts al-
though mechanisms directing this were not defined.27 Of
note, the primary antibody used in the immunohistochem-
istry of the current study to detect PMNs also reacts with
the Ly-6G antigen found on most granulocytes, including

Figure 3. Hematoxylin and eosin staining of sections of isografts and allografts retrieved at 48 post-reperfusion. Staining reveals more normal tissue in isograft
sections (a, b, and c), whereas marked tissue damage and necrosis (indicated by arrows) are observed in allografts (d, e, and f).
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eosinophils. However, ribonuclease protection assays do
not detect intra-graft eotaxin/CCL11 mRNA expression at
any time point following transplantation and H/E staining
reveals that the overwhelming majority of infiltrating cells
that stain positive with the RB6–8C5 antibody also pos-
sess a classic polymorphic nucleus suggesting a PMN.
The observed tissue damage caused by the enhanced
inflammation observed in cardiac allografts at 48 hours
post-transplant is potentially permanent and may have
considerable down-stream effects. For example, antigen
leak from the graft and/or parenchymal fibrosis may es-
tablish a state of chronic inflammation that continually
promotes the infiltration of T cells and other leukocytes
into the graft.

To elucidate the mechanism of the enhanced PMN
infiltrate into allografts, specific populations of leukocytes
were depleted in wild-type mice before cardiac allograft
transplantation. Depletion of NK or CD4� T cells had little
to no effect on the observed amplification of PMN infiltra-
tion. In contrast, depletion of CD8� T cells before trans-
plantation resulted in a significantly attenuated inflamma-

tory response to allografts that was quantitatively and
qualitatively equivalent to isografts. In addition, anti-IFN-�
mAb treatment or utilization of IFN-��/� recipients re-
sulted in a similarly attenuated inflammatory response at
these early times. The dendritic cell population that ex-
presses CD8� and produces IFN-� may also participate
in this early immune response in vivo. However, the IFN-
�-dependent increase in PMN infiltration was observed in
allo- but not iso-grafts suggesting the requirement for
CD8� T cells. In addition, co-culture experiments dem-
onstrated the ability of allogeneic endothelial cells to
stimulate highly purified CD8� T cells to induce expres-
sion of IFN-�-dependent genes. These results suggest
that CD8� T cell production of IFN-� is sufficient to pro-
mote increased PMN infiltration into allograft and that
CD8�� DC production of IFN-� in this situation would
have to be mediated through this CD8� T cell activity.
Taken together, these results indicate that the amplified
inflammatory response observed in allografts is mediated
by a population of circulating CD8� T cells that produce
IFN-� during interaction with the graft.

Figure 4. PMN infiltration at 24 hours post-reperfusion into cardiac isografts and
allografts following depletion of CD4�, CD8�, or NK cells. Immunohistology
using specific primary mAb for CD4�, CD8�, or NK cells demonstrated a greatly
attenuated PMN infiltrate into allografts in recipients depleted of CD8� cells (d)
pre-transplant. Little to no effect is observed in allograft recipients depleted of
CD4� (c) or NK cells (e) pre-transplant. Immunohistology of an isograft (a) and
an allograft (b) are shown for comparison. f: Quantification of PMN infiltration
following depletion of specific leukocyte populations pre-transplant. Depletion
of CD8� cells in cardiac allograft recipients greatly attenuates PMN infiltration (**,
P � 0.001). Depletion of CD4� cells or NK cells in allograft recipients did not
have a significant effect on PMN infiltration. Depletion of CD8� cells in cardiac
isograft recipients also did not have a significant effect on PMN infiltration. The
PMN infiltration into cardiac allografts in significantly higher than cardiac isograft
controls at 24 hours post-reperfusion (*, P � 0.01). All results are displayed as the
mean and SD of at least 10 random myocardial fields from two non-consecutive
sections from three to four grafts per group counted twice in a blinded fashion.
The counts are normalized to tissue area and shown in mm2.
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In conjunction with other studies, the current results
indicate a complex role for IFN-� in allograft rejection. We
find that IFN-� produced in allografts at these early times
post-reperfusion amplifies the inflammatory response,
particularly PMN infiltration, and parenchymal injury of
cardiac allografts. It is worth noting a recent report by
Finn and colleagues28 that demonstrated early expres-
sion of IFN-� and other pro-inflammatory cytokine genes
in cardiac allografts at 24 hours post-transplant. More-
over, this expression was not observed in recipients with
a T cell-targeted defect in NF-�B signaling. These results
provide further support for the proposal that the critical
IFN-� producing cell in allografts at early times post-

transplant is the CD8� T cell and not a CD8�� dendritic
cell. In contrast, previous studies from this and other
laboratories have indicated a protective role for IFN-� at
later times after reperfusion of vascularized allo-
grafts.29,30 Indeed, a recent study from this laboratory
found that IFN-�-deficient animals mounted a massive
PMN-mediated inflammatory response beginning at day
3 post-transplant that rejected cardiac allografts several
days earlier than wild-type controls.31 Collectively, these
studies demonstrate a complex and, at times, opposing
role for IFN-� in the immune response to allografts.32

To further elucidate this early immune attack against
the allograft, specific T cell populations were isolated and

Figure 5. Immunohistology demonstrates attenuated PMN infiltration into car-
diac allografts in IFN-�-blocked or -deleted recipients at 24 hours post-reperfu-
sion. PMN infiltration into cardiac allografts was significantly reduced in wild-type
recipients receiving IFN-�-blocking mAb (XMG1.2) (c) pre- and post-transplant.
PMN infiltration was also reduced in IFN-��/� recipients (d). Isograft (a) and
allograft (b) sections taken at 24 hours post-reperfusion are shown for compar-
ison. e: Quantification of PMN infiltration into cardiac isografts and allografts
following at 24 hours post-reperfusion when IFN-� is blocked or absent. Block-
ing INF-� with a mAb (XMG1.2) resulted in attenuated PMN infiltration into
cardiac allografts comparable to wild-type isografts (*, P � 0.01). Recipients with
a gene deletion of IFN-� showed similar results. PMN infiltration in recipients
treated with anti-IFN-� (XMG1.2) or in IFN-��/� recipients of cardiac isografts
was unchanged from control-treated isograft recipients. All results are displayed
as the mean and SD of at least 10 random myocardial fields from two non-
consecutive sections from three to four grafts per group counted twice in a
blinded fashion. The counts are normalized to tissue area and shown in mm2.
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co-cultured with allogeneic endothelial cells. CD62Llow

CD8� T cells (memory phenotype) from naı̈ve animals
responded to allogeneic vascular endothelium which in-
duced the production of the IFN-�-dependent chemo-
kine, Mig/CXCL9. No other T cell subpopulation tested
induced Mig/CXCL9 expression indicating the lack of

IFN-� production. These data suggest that pre-existing
CD62Llow CD8� T cells recognize and respond to allo-
geneic endothelium by producing IFN-� without the need
for alloantigen priming. The consequence of this re-
sponse is the early inflammatory response observed in
vascularized allografts characterized by intense PMN in-
filtration and tissue necrosis.

Animal models have demonstrated that memory T cells
induced to skin allografts accelerate the rejection of a
subsequent heart allograft.33,34 Furthermore, studies
have shown wide cross-reactivity between altered-self or
peptide primed T cell clones and allogeneic MHC mole-
cules.35,36 The frequency of alloreactivity of T cell clones
to one or more haplotypes from mice immunized to model
proteins was shown to be greater than 60%, suggesting
a great potential for cross reactivity between exogenous
peptide/self MHC molecules and peptide/allogeneic
MHC molecules.37 These studies support the clinical
problem faced by sensitized patients who have received
multiple transplants.38 The results in the current study
suggest the presence of established memory CD8� T
cells that have not been primed to alloantigens and yet
have alloreactivity. One potential source of such cells is
CD8� T cell-mediated responses to environmental anti-
gens (eg, food and microbial antigens). Recent results
have indicated that memory T cells generated in re-
sponse to viral infections can mediate rejection of skin
allografts.39 In further support of this postulate, recent
studies by Valujskikh and colleagues40 showed that
CD4� T cells isolated from animals infected with Leish-
mania major had specific alloreactivity to H-2p, but not
other haplotype, antigens and rejected H-2p skin grafts
with second order kinetics. Whereas these previous stud-
ies used graft rejection to detect memory T cells with
cross-reactivity to alloantigens, the current study sug-
gests that their activity may be more insidious. The im-
pact of this early response on acute and chronic allograft
pathology is under investigation.

An important issue regarding the memory T cells in-
volved in the regulation of early inflammation reported in
the current study is the restriction to the CD8�, and not
the CD4�, T cell compartment. Resting murine endothe-
lium has been reported to lack MHC class II expression,
providing an explanation for the little influence CD4� T
cells exhibited in promoting innate immune-mediated in-
flammation in the cardiac allografts.41 Human endothe-
lium, however, does express detectable levels of MHC
class II suggesting that both CD4� and CD8� T cells
could regulate the early inflammatory response to vascu-
larized human organs.42 Our preliminary studies indicate
that the enhanced inflammation observed in allografts is
resistant to commonly used immunosuppressive drugs.
Recipient animals pre-treated with high dose cyclospor-
ine A for 2 days before receiving a cardiac allograft,
mounted an equally strong inflammatory response to car-
diac allografts as vehicle-treated, control recipients (T.
El-Sawy, unpublished observations). This suggests that
the CD8� T cells promoting this early inflammation via
interaction with allogeneic endothelium are resistant to
calcineurin inhibitors. Based on these results we propose
that this population of memory phenotype, alloantigen

Figure 6. Alloantigen-primed T cells are not detectable in heart allograft
recipients by MLR or ELISPOT assays until day 3 to 5 post-transplant. Allo-
geneic-specific T cell priming (A/J stimulators) is first detected at day 3
following transplant by 3-day MLR assay (a) and day 5 by overnight IFN-�
ELISPOT assay (b). In each case, self-reactivity (C57BL/6 stimulators) and
reactivity to a third party (SJL stimulators) remained at background levels. In
either case, T cell priming is detected long after the early inflammatory
difference is observed.

Figure 7. Mig expression by endothelial cells following co-culture with
CD8� CD62Llow T cells derived from naı̈ve mice. RNA was purified from
endothelial cell cultures and tested from for monokine induced by � inter-
feron (Mig/CXCL9) and GAPDH levels by ribonuclease protection assay
(RPA). a: Experiment 1 shows that CD8� CD62Llow T cells (lane 3) isolated
from naı̈ve mice are reactive to allogeneic endothelium and induce the
expression of Mig/CXCL9 by the endothelial cells. CD8� CD62Lhigh T cells
isolated from the same mice (lane 2) are unable to induce the expression of
Mig/CXCL9. Endothelial cells alone (lane 1) did not express Mig/CXCL9,
whereas, as expected, specific alloantigen-primed T cells induced high levels
of Mig/CXCL9 expression (lane 4). b: Experiment 2 demonstrates the same
result for CD8� CD62Lhigh and CD8� CD62Llow T cells in lanes 4 and 5,
respectively. In addition, this experiment demonstrates that neither synge-
neic CD8� CD62Lhigh (lane 6) and CD62Llow (lane 7) CD8� nor allogeneic
CD4� CD62Lhigh (lane 2) and CD62Llow (lane 3) T cells induce the expres-
sion of Mig/CXCL9 above background levels. CD4� and CD8� T cells from
mice that had previously rejected a C3H skin graft were used as positive
controls (lanes 8 and 9, respectively) and endothelial cells without T cell
co-culture as a negative control (lane 1). c: Phosphorscreen quantification
demonstrates that the normalized intensity of allogeneic CD8� CD62Llow T
cells (lane 5) induces the expression of Mig/CXCL9 above background levels
measured in endothelial cells alone (lane 1), endothelial cells co-cultured
allogeneic CD4� CD62Lhigh (lane 2) or CD62Llow (lane 3), with allogeneic
CD8� CD62Lhigh T cells (lane 4), with syngeneic CD8� CD62Lhigh (lane 6)
or CD62Llow T cells (lane 7). The signal intensity measured from co-culture
with CD4� and CD8� T cells (lanes 8 and 9, respectively) from mice that
had previously rejected a C3H skin graft were off the scale and therefore not
plotted. The Mig/CXCL9 signal was normalized to the GAPDH signal per-
formed concurrently as an internal control within each sample.
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reactive CD8� T cells may play an important role in the
development of transplant-associated vasculopathy. We
hypothesize that chronic IFN-�-mediated damage di-
rected at the graft vasculature by this pre-existing T cell
population, under the cover of immunosuppression, may
promote the vascular disease observed in the clinical
transplantation setting that continues to be the leading
cause of graft loss.

In summary, the results presented in this study indicate
that a transplanted allogeneic organ is detected and
under attack by the recipient adaptive immune system
within hours following reperfusion. Current dogma has
assumed that inflammation is a non-specific result of the
trauma of surgery, however, in reality it is a highly coor-
dinated response by components of the innate and adap-
tive arms of the immune system. To protect clinical grafts
from this early T cell-regulated inflammatory damage and
potential down-stream vascular effects, therapeutic strat-
egies aimed at interfering with the early interaction of
recipient T cells and the graft endothelium should be
investigated.
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