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Organ-specific injury after transplantation presents
with a variety of clinical and pathological pheno-
types, yet the factors influencing development of
each outcome are poorly understood. Because primed
T lymphocytes must re-encounter their antigen
within the target organ to engage effector functions,
we postulated that the cellular location of antigen
within that organ could significantly impact the in-
duced pathology. We challenged female Marilyn CD4
T-cell receptor transgenic mice, in which all T cells
are specific for the male minor transplantation anti-
gen, with male heart transplants expressing the rel-
evant peptide: major histocompatibility complex on
either graft parenchymal/vascular cells or alterna-
tively, on graft-infiltrating mononuclear cells. The
two different graft donors led to equivalent activation
of recipient T cells as assessed by frequency, cell
surface marker expression, cytokine production, and
the ability to traffic to the graft. Nonetheless, if the
target antigen was expressed on graft vascular and/or
parenchymal cells, the outcome was acute graft de-
struction. In contrast, if the antigen was expressed
only on graft-infiltrating mononuclear cells the same
effector T-cell repertoire caused chronic rejection and
vasculopathy. This unique result, that target antigen
location can influence pathological outcome, has sig-
nificant implications for understanding the patho-
genesis of chronic allograft injury in humans. (Am J
Pathol 2004, 164:1407–1415)

Naı̈ve T lymphocytes are activated in secondary lym-
phoid organs in response to their specific antigens when
such antigens are expressed on professional antigen-
presenting cells (APCs) and in the context of appropriate
co-stimulatory signals.1–5 On full activation, the primed T
cells develop the ability to circulate to peripheral tis-
sues6–9 and are subject to chemoattractant signals that
facilitate diapedesis across endothelial barriers and draw
them into sites of inflammation.10–12 If the primed T lym-
phocytes then re-encounter their specific ligand in the

periphery, this interaction rapidly triggers the T cells’
effector machinery, resulting in cytotoxicity, and the re-
lease of cytokines and chemokines.2,6,8,9 The end result
is local inflammation, parenchymal cell destruction and,
ultimately, tissue injury. For most viral infections the in-
duced inflammation is local and short-lived, and results in
destruction of the infected parenchymal cells followed by
rapid resolution of the response and full healing of the
target organ. Persistent viral infections can result in con-
tinued expression of foreign antigen in the target organ
and prolonged inflammation that can lead to chronic
injury.13–15

T-cell immunity directed at transplanted tissues can
additionally persist for prolonged periods and the pattern
of injury to a given graft can differ significantly from one
instance to another. Some anti-graft immune responses
result in severe, diffuse inflammation and acute organ
loss16–20 whereas other anti-transplant immune re-
sponses culminate in subacute or chronic injury, mani-
fested by intragraft fibrosis, transplant vasculopathy, and
a slow deterioration of organ function.21–24

The features of a given immune-mediated disease pro-
cess that determine the type of injury produced are only
partially understood but may include the induced fre-
quency of responding T cells,18 the individual effector
functions used by the effector cells (including cytotoxic
lymphocyte (CTL) activity and which cytokines are pro-
duced),25–32 the size of the target organ,18,33 and the
amount of antigen expressed on the graft.18,33,34 Be-
cause activated T cells must re-encounter their specific
ligand at the target site to engage effector functions, the
cellular location of the target antigen in the end organ
could theoretically influence the induced pattern of injury,
although this issue has not been previously addressed.

After transplantation, high frequencies of recipient T
cells are activated through both the direct pathway [do-
nor major histocompatibility complex (MHC): peptide
complexes on donor APCs] and through the indirect
pathway (donor antigen processed and presented by
recipient APCs).19,20,31,35–37 The complexity of such
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transplant-reactive immune repertoires has limited our
ability to independently test whether antigen location in
the target organ affects the downstream pathological
consequences. In an effort to circumvent this limitation,
we performed a series of experiments using a CD4 T cell
receptor (TCR) transgenic mouse as transplant recipients
such that we could control the specificity of the induced
effector T cells. The results provide evidence that the
pathological characteristics of the injured target organ
can be specifically attributed to where the target antigen
is expressed in the graft at the effector stage.

Materials and Methods

Animals

Male and female C57BL/6 (H-2b) and C3H (H-2k) mice,
age 6 to 8 weeks, were purchased from The Jackson
Laboratory (Bar Harbor, ME). Male and female C57BL/
10NA;-(Tg)TCR Marilyn-(KO) Rag2 N11, N2 mice (H-2b,
Marilyn), age 6 to 8 weeks, were obtained as a generous
gift from Polly Matzinger (National Institutes of Health,
Bethesda, MD) and Olivier Lantz (INSERM, Paris,
France). All animals were maintained and bred in the
pathogen-free animal facility at the Cleveland Clinic
Foundation.

Flow Cytometry

Fluorescein isothiocyanate-conjugated anti-mouse
CD44, CD62L, biotin-conjugated anti-mouse CD44,
streptavidin-phycoerythrin, and streptavidin-PerCP were
purchased from BD PharMingen (San Diego, CA). Spleen
cells from the heart graft recipients or naı̈ve mice were
labeled and incubated on ice for 30 minutes with appro-
priate antibody followed by three washes in phosphate-
buffered saline (PBS) 0.1% bovine serum albumin. When
biotin-conjugated antibodies were used, cells were addi-
tionally incubated with streptavidin-phycoerythrin or
streptavidin-PerCP followed by three more washes in
PBS. The labeled cells were analyzed on a Becton-Dick-
inson FACScan using CellQuest software (Becton Dick-
inson, Mountain View, CA). Events (n � 10,000 to
100,000) were acquired and analyzed for each experi-
ment.

Peptides

HYDbyp (NAGFNSNRANSSRSS) and chicken ovalbumin
323-339 (OVA323--339, KISQAVHAAHAEINEAG) were
synthesized by Research Genetics, Huntsville, AL) at
�90% purity.

Placement and Evaluation of Heart and Skin
Grafts

Full thickness skin grafts were placed as performed by
our laboratory,20,31,35 bandages were removed on day 7
and the grafts were inspected daily. Rejection was de-

fined as �90% necrosis. Vascularized heterotopic car-
diac allografts were placed in the abdomen as de-
scribed20,38 and palpated daily for evidence of a
heartbeat. Rejection was defined as a loss of palpable
heartbeat. All grafts were harvested at the time of rejec-
tion or at predetermined time points after transplant. Graft
survival was compared using Kaplan-Meier analysis.

Histology and Immunohistochemistry

Formalin-fixed paraffin sections of graft tissues were
stained with hematoxylin and eosin (H&E) and for elastin
as described.20,38 For single-color immunohistochemis-
try, frozen sections of cardiac tissue were acetone-fixed,
hydrated in PBS for 10 minutes, blocked with the avidin-
biotin blocking system (DAKO, Carpinteria, CA), washed
with PBS three times, treated with 3% H2O2 (Sigma, St.
Louis, MO) for 8 to 10 minutes, washed three times in
PBS, and incubated for 60 minutes at room temperature
with biotinylated anti-CD4 (1:50 dilution in PBS-1% bo-
vine serum albumin; BD Pharmingen). After three addi-
tional PBS washes, the sections were incubated with
peroxidase-conjugated streptavidin (stock concentra-
tion, DAKO) and developed using the diaminobenzidine
substrate kit (Vector Laboratories, Burlingame, CA),
counterstained, dehydrated with ethanol, and mounted.

For two-color immunohistochemistry, frozen sections
of cardiac tissue were acetone-fixed, hydrated in PBS for
10 minutes, blocked with the biotin blocking system
(DAKO), washed with PBS three times, and incubated for
60 minutes at room temperature with biotinylated anti-H-
2/I-Ab (1:50 dilution in PBS-1% bovine serum albumin; BD
Pharmingen). After three additional PBS washes, the sec-
tions were incubated with peroxidase-conjugated
streptavidin (stock concentration, DAKO) and developed
using the Novared substrate kit (Vector Laboratories).
Sections were then washed three times in PBS, and in-
cubated for 90 minutes at room temperature with fluores-
cein isothiocyanate-conjugated anti-CD4 antibody (BD
Pharmingen). After three washes with PBS, slides were
incubated with rabbit F(ab�) alkaline-phosphatase-conju-
gated anti-fluorescein isothiocyanate (DAKO). After three
final washes in PBS the slides were developed using the
Vector Blue alkaline-phosphatase substrate kit (Vector
Laboratories). Sections were dehydrated with ethanol
and mounted for analysis.

ELISPOT Assays

Assays were performed as outlined previously in de-
tail.20,31,35,38 Briefly, MultiScreen ELISPOT plates (Milli-
pore, Bedford, MA) were coated overnight with the cap-
ture antibodies (BD Pharmingen) in sterile PBS, blocked
with sterile 1% bovine serum albumin in PBS, and
washed three times with sterile PBS. Spleen cells (0.2 to
1 � 106 per well) were plated in HL-1 medium (BioWhit-
taker, Walkersville, MD) with or without mitomycin C-
treated stimulator cells (400,000 per well) and/or soluble
antigens (HY2pb and OVAp at 0.1 to 10 �mol/L) and then
incubated at 37°C, 5% CO2 for 24 hours. After washing
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with PBS followed by PBS 0.025% Tween (PBST), detec-
tion antibodies (BD PharMingen) were added overnight.
After washing with PBST, alkaline phosphatase-conju-
gated anti-biotin antibody (Vector Laboratories) diluted
1:1000 in PBST was added for 2 hours at room temper-
ature. The plates were developed as previously de-
scribed.20,31,35,38 The resulting spots were counted on an
ImmunoSpot Series 1 Analyzer (Cellular Technology,
Cleveland, OH).20,31,35,38

Results

Experimental Rationale

We sought to design a model system in which CD4� T
cells of defined specificity could be permitted to respond
either directly to donor antigens expressed on donor graft
parenchymal/vascular cells or alternatively, to donor an-
tigens that were processed and presented only by recip-
ient APCs infiltrating the donor organ. To this end, we
studied the male H-Y transplant antigen using mouse
models of skin and heart graft rejection. Female C57BL/6
(B6) mice reject syngeneic male skin through T-cell-de-
pendent mechanisms and the peptide specificities of the
responding CD4� and CD8� anti-H-Y T cells are
known.34,39–41 The predominant MHC class II-binding
male peptide is I-Ab-restricted, derives from the Dby
gene, and is heretofore called HYDbyp.34,42 We used
female Marilyn (Mar) TCR transgenic mice, which are on
a B6 RAG�/� background and only contain CD4� T
cells that are specific for I-Ab � HYDbyp complexes,42 as
recipients for our studies. Female Mar T cells do not
cross-react with any antigen expressed on male or fe-
male allogeneic C3H (H-2k) tissues.42

Female Mar Mice Acutely Reject Syngeneic but
Not Allogeneic Male Heart Grafts

In the first set of experiments we determined the func-
tional capacity of the Mar T cells by challenging Mar
females with cardiac allografts. We reasoned that trans-
plantation of male B6 heart grafts would present donor
male antigen on donor heart-derived male I-Ab� APCs,
permitting direct priming of recipient female Mar T cells
(Figure 1). In this strain combination, the donor-derived
male antigen could also theoretically be processed and
presented by recipient APCs (I-Ab� female APCs) so as
to also activate recipient Mar T cells through the indirect
pathway (Figure 1). In contrast, when female Mar mice
are transplanted with male C3H heart grafts, the male
antigen would be expressed on endogenous graft cells in
the context of I-Ak or I-Ek and thus could not directly
interact with Mar T cells. Nonetheless, the allogeneic C3H
hearts should still prime the recipient T cells through the
indirect pathway (Figure 1) because the donor male an-
tigen can be processed and presented by recipient fe-
male I-Ab� B6 APCs. Thus, by altering the donor strain,
we can use this experimental design to permit T cells of
single specificity to become activated through either the
direct plus indirect pathways (male B6 grafts) or through

the indirect pathway alone (male C3H grafts), and deter-
mine how the recognition pathway affects the subse-
quent induced effector T-cell frequency and function,
and ultimately, graft outcome.

Female Mar mice acutely rejected male B6 heart
grafts, as all grafts ceased beating by day 35 (Figure 2).
In contrast, Mar females rejected neither male nor female
allogeneic C3H heart grafts—graft heartbeats were pal-
pable for �60 days.

Syngeneic and Allogeneic Male Heart Grafts
Equally Activate Recipient T Cells

To evaluate Mar T-cell activation after transplant, we next
performed anti-HYDbyp-specific cytokine ELISPOT as-

Figure 1. Theoretical antigen presentation pathways for MHC class II-(I-Ab)-
restricted HYDbyp after transplantation. Schematic representation of HYD-
byp antigen presentation to Mar T cells after transplantation with B6 male
(left) or C3H male (right) heart grafts.

Figure 2. Mar females reject B6 male but not C3H male heart grafts. Survival
of heart grafts transplanted in Mar female recipients is shown (n � 4 to 6 per
group). There was a statistically significant difference in graft survival be-
tween the recipients of B6 male hearts and both of the other two groups. The
one recipient of a B6 male heart graft that continued to beat was sacrificed on
day 35. Histological examination revealed diffuse mononuclear cell infiltra-
tion consistent with acute rejection.
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says using recipient spleen cells. We have previously
shown that interferon (IFN)-� production in this short-term
ex vivo assay is one marker of an activated versus a naı̈ve
T cell.20,32,35,38 To our initial surprise, the frequency of
primed, IFN-�-producing HYDbyp-specific T cells was
somewhat higher in recipients of male C3H (indirect path-
way only) versus male B6 (direct plus indirect) heart
grafts on day 7 after transplant. The frequencies of HY-
Dbyp-specific IFN-�-producers in both sets of recipients
were significantly higher than in naı̈ve controls (�10 of
50,000 spleen cells, Figure 3A). On day 14 after trans-
plant the frequency of IFN-�-producing HYDbyp-specific
spleen cells remained significantly elevated over that
found in naı̈ve Mar females but did not differ between
recipients of male C3H and B6 grafts. Specificity controls
further revealed no response to control OVA peptide in
the heart graft recipients (�10 of 50,000 spleen cells, not
shown). Spleen cells isolated from recipients of female
C3H hearts produced essentially no IFN-� in response to
male antigen (n � 3, �10 of 50,000 spleen cells, data not
shown), similar to the response in naı̈ve recipients, and
confirming that the male antigen was required to be
present in the graft to activate the recipient Mar T cells.

Flow cytometry experiments confirmed that Mar T cells
in recipients of either male C3H hearts or male B6 hearts
expressed an activated cell surface phenotype (CD44hi,
CD62Llo; Figure 3, B and C). Splenic Mar T cells isolated
from naı̈ve mice (Figure 3B) and from recipients of female
allografts (not shown) expressed a naı̈ve cell surface
phenotype (CD44lo, CD62Lhi). These results suggest that
transplantation of B6 male and C3H male heart grafts led
to equivalent activation of recipient Mar T cells. Nonethe-
less, female Mar mice rejected male B6 heart grafts but
did not reject male C3H grafts (Figure 2).

It remained possible that transplantation of a male B6
heart versus a male C3H heart preferentially induced
additional/alternate T-cell effector functions that we did
not measure through our cytokine ELISPOT and flow
cytometry assays (eg, cytotoxicity). Such alternate effec-
tor functions could theoretically influence the recipient T
cells’ ability to mediate organ destruction. To account for
this possibility we first transplanted female Mar mice with
male B6 skin grafts so as to activate recipient effector T
cells capable of mediating tissue destruction. Consistent
with published reports,42 the Mar females rejected B6
skin grafts by day 16 (n � 3) associated with induction of
donor-reactive IFN-�-producing effector T cells (�120
HYDbyp-specific IFN-�-producing cells of 100,000
spleen cells versus �10 of 100,000 spleen cells in naı̈ve
mice, n � 3, data not shown). At the time of the male skin
graft rejection (�90% necrosis, days 14 to 16 after trans-
plant) the recipients were then challenged with either
male B6 or male C3H heart allografts. As shown in Figure
4, female Mar mice primed with B6 male skin rejected B6
male heart grafts with accelerated kinetics compared to
those mice that did not receive a previous skin graft (all
grafts rejected by day 15). Rejection of male B6 skin was
therefore effective at inducing effector T cells capable of
mediating efficient cardiac allograft rejection. In contrast,
although female Mar mice primed with B6 male skin
contained effector T cells, these animals did not reject

allogeneic male heart transplants—C3H male heartbeats
were palpable for �60 days (Figure 4). These results
demonstrate that the differential outcomes of male B6
versus male C3H heart grafts cannot be attributed to
differences in T-cell specificity, frequency, or effector

Figure 3. Transplantation of B6 male and C3H male heart grafts equally
activate recipient Mar T cells. A: Spleen cells from naı̈ve mice or mice
transplanted with heart grafts at the time points noted were tested in IFN-�
and interleukin-2 ELISPOT assays for reactivity to HYDbyp. Results represent
mean plus standard errors for three to four animals per group. Responses to
HYDbyp in recipients of female C3H hearts were similar to controls (�10 of
50,000 IFN-� ELISPOTs, not shown). Reactivity to a control antigen OVA323-339

was �10 of 100,000 spleen cells, not shown. B: Representative flow cytom-
etry plots for CD44 and CD62L expression gated on splenic CD4 T cells in
naı̈ve Mar females or in Mar females 7 days after transplantation with heart
grafts. Shaded regions represent isotype controls. C: The percentage of
CD44hi and CD62Lhi Mar T cells in each group is shown as an average of two
to four animals per group. Cell surface expression on CD4 T cells from
recipients of female C3H hearts was similar to that found in naı̈ve mice (not
shown). *, P � 0.05 versus naı̈ve controls.
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function of the T cells, nor to the priming pathway (direct
versus indirect) per se.

Transplant Vasculopathy Specifically Develops
in Transplanted C3H Male Heart Grafts

To provide further insight into the mechanisms resulting
in the disparate outcome in these two groups of trans-

plant recipients we next performed a kinetic analysis of
graft histology (Figure 5). Male B6 heart grafts were rap-
idly infiltrated with large numbers of mononuclear cells
that progressed throughout 30 to 35 days to diffuse and
severe intraparenchymal infiltration. In contrast, the C3H
male hearts exhibited mononuclear cell infiltration on
days 7 to 14, but this infiltrate primarily resolved by days
21 to 30. Interestingly, the residual mononuclear cells
were found in the perivascular regions of the C3H male
hearts, particularly surrounding the larger arteries (Figure
5f). Immunohistochemical staining revealed that the infil-
trates in both the donor C3H and B6 heart grafts con-
tained CD4 T cells (Figure 6A, the recipients are Mar
RAG�/� females, so all detected CD4 T cells are Mar T
cells). Quantitative image analysis further showed that
the amount of CD4 staining did not differ in the C3H
versus the B6 male heart grafts on day 7 after transplan-
tation. Thirty-six percent versus 39%, respectively, of the
surface areas of the grafts stained positive for CD4 (mean
of five high-power fields examined per animal, n � 3 per
group, no statistical difference, data not shown). This
latter finding suggests that the effector Mar T cells can
initially traffic to both B6 male and C3H male grafts with
equivalent efficiency.

Histological examination of C3H male heart grafts on
days 60 to 70 after transplant revealed transplant vascu-
lopathy consistent with chronic immune-mediated injury
(Figure 5h, Table 1). In contrast, the female C3H hearts
examined on days 60 to 70 after transplant were essen-

Figure 4. Mar females do not reject C3H male heart grafts even in the
presence of effector T cells. Marilyn females were transplanted with B6 male
skin grafts. At the time of rejection (days 14 to 16) these animals were
transplanted with B6 male (F) or C3H male (E) heart grafts (n � 4 to 5 per
group). Graft survival of B6 male hearts transplanted into naı̈ve Mar females
(f, same data as shown in Figure 2) was added for comparison. B6 male
heart grafts transplanted into recipients primed with B6 male skin rejected
faster than the other two groups (P � 0.05, Kaplan-Meier analysis).

Figure 5. B6 male heart grafts and C3H male heart grafts transplanted in Mar females exhibit different pathological features. a to f: H&E-stained sections of cardiac
allografts obtained 7 (a, d), 14 (b, e), and 30 (c, f) days after transplantation of B6 male (a–c) or C3H male (d–f) hearts. Note the diffuse mononuclear infiltrate
in the B6 male hearts and the perivascular infiltrate particularly prominent in C3H male hearts on day 30 (black arrowhead). The photographs are fully
representative of three to four animals evaluated per group. g to i: H&E-stained sections with insets showing elastin staining of C3H male or female heart grafts
60 to 70 days after transplantation in Mar females. C3H female hearts transplanted in Mar females (g) exhibited normal histology without evidence of vasculopathy.
C3H male hearts transplanted into naı̈ve Mar females (h) or into Mar females that previously rejected B6 male skin (i) developed classic transplant vasculopathy.
j: H&E-stained female C3H heart graft in a Mar female harvested 40 days after rejection of a B6 male skin graft. Note the normal histological appearance and
absence of infiltrates or vasculopathy. The photographs are fully representative of three to four animals evaluated per group. White arrowhead, blood vessels;
*, blood vessels with vasculopathy. Original magnifications: �40 (a–f and insets); �20 (g–i).
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tially normal and were indistinguishable from syngeneic
control grafts (Figure 5g, Table 1). Minimal epicardial
inflammation and little evidence of vasculopathy were
detected in the female hearts. Quantitative analysis of the
transplant vasculopathy revealed a statistically signifi-
cant difference in the extent of vascular injury between
the male and the female heart grafts (Table 1). Both the
number of involved vessels and the amount of lumenal
narrowing per vessel (as assessed by the neointimal
index23,43) were greater in the male compared to the
female C3H cardiac allografts. C3H heart grafts placed
into Mar female recipients that previously rejected B6
male skin also exhibited vasculopathy and fibrosis on day
60 (Figure 5i). The extent of vasculopathy did not differ
from that found in C3H male grafts transplanted into naı̈ve
Mar females (not shown). Of note, the Mar recipients are

bred onto a RAG�/� background precluding any possi-
bility that the resultant vasculopathy could be attributed
to donor-reactive antibodies.

The Pattern of I-Ab Expression Differs in Male
C3H Versus B6 Grafts and Correlates with the
Differential Outcome

The striking difference in pathology between male B6 and
male C3H hearts (Figure 2) despite activation of similar
numbers of recipient antigen-specific T cells (Figure 3) is
consistent with the notion that the location of the antigen
in the target organ may contribute to determining the
pathological features of injury, independent of T-cell fre-
quency and initial priming pathway. To compare the pat-

Figure 6. Antigen expression patterns differ in B6 male versus C3H male heart grafts transplanted into Mar female recipients. A: Recipient CD4 T cells traffic to
both B6 male (a) and C3H male (b) heart grafts. Frozen graft sections were obtained on day 7 after transplant and stained with anti-CD4 mAb. The results are
fully representative of three to four animals studied per group. Quantitative image analysis using ImagePro software revealed no difference in the amount of CD4
detected between the two groups (P � 0.05, data not shown). B: Single-color immunohistochemical staining for I-Ab (c and d) or I-Ak (e) in heart grafts obtained
on day 14 after transplant. Note that I-Ab is expressed on the vascular endothelium (black arrowheads) of the B6 grafts, but in the perivascular area (and not
on the endothelium) of the C3H grafts. A representative vessel from a C3H graft stained with anti-I-Ak is shown in e as a specificity control. Each photograph is
fully representative of three individual animals studied per group. Similar expression patterns were detected at 3 weeks after transplant (not shown). C: Two-color
immunohistochemistry for I-Ab (orange) and CD4 (blue) of a B6 male heart graft (f and g) and a C3H male heart graft (h) obtained on day 21 after transplant.
Note that in the B6 heart grafts there is diffuse staining for both I-Ab and CD4 (f) and a close association between CD4 T cells and I-Ab-expressing endothelial
cells of a blood vessel (white arrowheads, g). In contrast, C3H heart grafts show co-localization of CD4 and I-Ab only in the perivascular area (h). The findings
are fully representative of three to four animals studied per group. *, Blood vessel. Original magnifications: �20 (a–b, f, h); �40 (c–e, g).
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terns of potential antigen expression in the B6 versus C3H
male grafts we next performed immunohistochemical
staining for the relevant restriction element capable of
cognate interactions with the Mar TCR, I-Ab (and for I-Ak

as a control). B6 male heart grafts stained positive for
I-Ab-expressing cells in the graft (Figure 6, B and C). In
particular, the vasculature of the B6 male hearts stained
positive for I-Ab by day 14 after transplant (Figure 6Bc)
consistent with up-regulation of endothelial cell expres-
sion of endothelial MHC class II, and providing a potential
target with which the circulating primed recipient Mar T
cells could specifically interact. I-Ab-positive cells were
also detected in C3H heart grafts infiltrating the graft
parenchyma (Figure 6Bd) on day 14 after transplant con-
sistent with graft-infiltrating recipient-derived monocytes/
macrophages. Importantly however, the vasculature of
the C3H grafts did not stain for recipient I-Ab. C3H graft
endothelium did stain positive for donor MHC class II,
I-Ak, acting as a positive control (Figure 6Be).

Two-color immunohistochemical staining (I-Ab in or-
ange and CD4 in blue) performed on day 21 after trans-
plant revealed that graft-infiltrating Mar T cells were pre-
dominantly detectable in the male C3H heart grafts in the
perivascular regions and in close proximity to infiltrating
I-Ab� cells (Figure 6Ch). This pattern was distinctly dif-
ferent from that found in the B6 male heart grafts in which
both the Mar T cells and the I-Ab-expressing cells were
detected diffusely through the graft (Figure 6Cf). In ad-
dition, Mar cells were detected in close proximity to the
I-Ab� endothelium in the B6 male hearts (Figure 6Cg). In
conjunction with our previous data these findings provide
strong correlative evidence that different patterns of an-
tigen encounter in the graft, at the effector stage, lead to
different pathological outcomes.

Effector T Cells Do Not Induce Pathology in the
Absence of Antigen in the Target Organ

As a final test of how antigen expression patterns con-
tribute to outcome (and as an additional specificity con-

trol), we reasoned that fully activated effector T cells
require their specific antigen to be expressed in the graft
to mediate pathology. We therefore engrafted female Mar
recipients with male B6 skin so as to prime recipient Mar
T cells. After skin graft destruction, we transplanted the
primed recipients with C3H female heart grafts. Despite
the activation of Mar T cells and the rapid rejection of the
donor B6 male skin (all rejected by day 14, n � 5), the
subsequently placed female heart grafts were not re-
jected (MST �40 days, n � 5, not shown). Histology
(Figure 5j) on day 40 after transplant showed no evidence
of acute or chronic pathology and there were few infiltrat-
ing mononuclear cells.

Discussion

The factors that influence the clinical and pathological
outcome of a transplanted organ include the frequencies
and specificities of the responding T cells, the priming
pathway through which these T cells are activated, and
the induced effector functions of the responding T
cells.18,25–31,33 In the present report we highlight another
factor in which the activated T cells re-encounter their
specific ligand in the target organ at the effector stage.
Our data show that heart grafts from two different donor
strains can equally activate recipient T cells of singular
specificity at similar responder frequencies and yet the
outcome of the transplanted organ differs vastly. In the
case of B6 male heart transplants, diffuse mononuclear
cell infiltration followed by graft destruction occurred
within 3 to 4 weeks after transplant. In contrast, C3H male
hearts were not acutely rejected but instead developed
evidence of chronic injury as manifested by transplant
vasculopathy. The difference in outcome can primarily be
attributed to the pattern of antigen expression in the graft
with which the effector T cell interacts at the effector
stage.

Multiple laboratories have shown that in the context of
a proinflammatory stimulus, cardiac myocytes, interstitial
cardiac DCs, and cardiac vascular endothelial cells can
up-regulate MHC class II expression on their surface to
present antigen to activated CD4� T cells.44–46 Thus,
donor B6 hearts can theoretically express I-Ab plus male
antigen on each of these cell types within the graft pro-
viding multiple targets with which to have cognate inter-
actions with the TCR expressed on the graft-infiltrating,
primed Mar T cells. If such interactions trigger T-cell
effector functions, the result would be direct injury to the
donor graft cells. In addition, recipient female monocytes/
macrophages infiltrate the male B6 graft and can theo-
retically process and present donor antigen in the context
of recipient MHC class II to the primed Mar T cells. This
latter re-encounter event should not result in direct injury
to the donor cells, but would result in local cytokine
release that would amplify inflammation and could con-
tribute to local graft injury.

In contrast, Mar T cells entering the C3H male grafts
could only have cognate interactions via their TCRs, with
graft-infiltrating recipient APCs expressing reprocessed
male antigen. The donor C3H parenchymal cells only

Table 1. Transplant Vasculopathy Develops in Male but Not
Female C3H Hearts Transplanted into Female
Marilyn Recipients

Transplanted
heart

Day
harvested

after
transplant

Number of
vessels

with NI �
10%

Cumulative
NI

C3H male 59 8/10 46%
C3H male 61 8/12 39%
C3H male 69 14/21 28%
C3H male 62 18/20 55%
C3H male 61 5/16 12.5%
C3H female 65 1/7 6%
C3H female 76 1/8 6%
C3H female 56 0/12 � 5%

Two to three elastin-stained sections of each heart graft were
analyzed by computer-assisted image analysis for both the number of
vessels with neointimal index (NI) of � 10% and the cumulative score
for all vessels computed as outlined in Materials and Methods. Both the
numbers of involved vessels and the overall NI were significantly
greater in the male versus the female heart grafts (P � 0.05).
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express the H-2k MHC restriction elements on their cell
surface, precluding the Mar T cells (specific for I-Ab �
HYDbyp) from recognizing any antigen on the donor graft
cells at this effector stage. Our data suggest that this
inability to recognize any donor cells at the effector stage
accounts for the different pathology, and ultimately the
difference in graft survival, between the B6 male and C3H
male grafts after transplantation into Mar females. It is
interesting to note that the mononuclear cell infiltrate
preferentially accumulated around the C3H male donor
vasculature throughout time (Figure 5) and that Mar T
cells co-localized with infiltrating I-Ab� APCs within that
region (Figure 6). Resultant local cytokine production, in
particular IFN-� production, may then function to amplify
the immune response and contribute to the vascular in-
jury. IFN-� can induce vasculopathy in other models,47

and thus this proinflammatory cytokine could contribute
to the development of vasculopathy seen in the male C3H
grafts in these studies.

This proposed difference in antigen expression pattern
in the graft is consistent with our immunohistochemical
staining results (Figure 6). The expression of a potential
ligand on the donor graft endothelium in B6 male hearts
may provide a relevant target for the primed T-cell im-
mune response. The induced damage to the endothelium
could precipitate thrombosis, vascular inflammation, and
ultimately ischemia to the end organ, leading to graft loss.
In addition, endothelial expression of antigen may be one
important signal mediating arrest of primed T cells at the
site of inflammation.48 In the case of the B6 male heart
graft, this mechanism could facilitate diapedesis into the
graft where the primed T cells would then interact with
other cells expressing male antigen to induce graft injury.
The extensive infiltrates in the B6 versus C3H grafts may
therefore be partially mediated by endothelial cell initi-
ated signals that preferentially draw the primed Mar T
cells into the male B6 heart.

We fully understand that although we can assess ex-
pression of I-Ab on donor and recipient cells in the graft,
we cannot actually determine how many I-Ab molecules
are bound to HYDbyp—no reagents specific for I-Ab/
HYDbyp complexes are available. Thus, it remains pos-
sible that differences in the quantity of I-Ab/HYDbyp com-
plexes found in the graft as well as the specific location of
these complexes, exist between the male C3H and male
B6 heart, and that this feature could contribute to the final
pathology. Whether or not the amount of antigen ex-
pressed in the two grafts differ, our overall conclusion
remains unchanged—antigen expression patterns in the
target organ at the effector stage can contribute to the
pathology independent of priming pathway and T-cell
frequency.

It has long been hypothesized that T cells responding
through the indirect allorecognition pathway preferen-
tially mediate chronic allograft injury,49,50 and several
correlative studies in human recipients of renal, cardiac,
and lung transplants with transplant vasculopathy sup-
port this contention.51–54 Nonetheless, a gap exists be-
tween our understanding of how T cells are activated
through the indirect pathway and how such activated T
cells predominantly induce chronic pathology. The re-

sults presented in this report provide a potential expla-
nation to bridge this gap. Our findings suggest that the
nature of the re-encounter event in the graft can be
crucial to determining the subsequent pathological char-
acteristics of the transplanted organ. Indirectly primed T
cells can solely re-encounter self-APCs expressing
cross-presented donor antigen in the graft, and cannot
directly interact with donor graft cells, a scenario that we
have now shown can preferentially lead to chronic (rather
than acute) graft injury. Thus, the results of our studies in
this highly controlled TCR transgenic mouse model have
implications potentially relevant to the pathogenesis of
chronic allograft injury in humans.
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