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Graft loss from chronic rejection has become the major obstacle to the
long-term success of whole organ transplantation. In cardiac allo-
grafts, chronic rejection is manifested as a diffuse and accelerated
form of arteriosclerosis, termed cardiac allograft vasculopathy. It has
been suggested that T-cell recognition of processed alloantigens
(allopeptides) presented by recipient antigen-presenting cells
through the indirect pathway of allorecognition plays a critical role in
the development and progression of chronic rejection. However,
definitive preclinical evidence to support this hypothesis is lacking. To
examine the role of indirect allorecognition in a clinically relevant
large animal model of cardiac allograft vasculopathy, we immunized
MHC inbred miniature swine with synthetic polymorphic peptides
spanning the a1 domain of an allogeneic donor-derived swine leu-
kocyte antigen class I gene. Pigs immunized with swine leukocyte
antigen class I allopeptides showed in vitro proliferative responses
and in vivo delayed-type hypersensitivity responses to the allogeneic
peptides. Donor MHC class I disparate hearts transplanted into pep-
tide-immunized cyclosporine-treated pigs not only rejected faster
than unimmunized cyclosporine-treated controls (mean survival
time 5 5.5 1y21.7 vs. 54.7 1y23.8 days, P < 0.001), but they also
developed obstructive fibroproliferative coronary artery lesions much
earlier than unimmunized controls (<9 vs. >30 days). These results
definitively link indirect allorecognition and cardiac allograft vascu-
lopathy.

Graft loss from chronic rejection affects all organs to varying
degrees and has become the major obstacle to the long-term

success of whole organ transplantation. In cardiac allografts,
chronic rejection is manifested as a diffuse and accelerated form
of atherosclerosis, termed cardiac allograft vasculopathy (CAV).
Hearts are particularly susceptible to chronic rejection, because
the vascular lesions usually progress to vessel occlusion, myo-
cardial infarction, and graft failure. At present, the immunobio-
logical mechanisms underlying CAV are unknown, and an
effective means of preventing this disease is not available.

After organ transplantation, there are two distinct yet non-
mutually exclusive pathways by which T cells recognize alloge-
neic MHC antigens and initiate the rejection process (1). Direct
allorecognition occurs when host CD41 T cells recognize intact
allo-MHC molecules on the surface of donor antigen-presenting
cells (APCs). Indirect recognition occurs when host CD41 T cells
respond to processed alloantigen presented as peptides bound to
self-MHC class II molecules on self-APCs.

One theory of chronic rejection suggests that after transplanta-
tion, a small number of host CD41 T cells are indirectly primed
against a restricted repertoire of immunodominant peptides. Early
posttransplant, the actions of these self-MHC-restricted T cells are
overshadowed by the larger number of T lymphocytes that are
directly primed by professional APCs present in the newly en-
grafted tissue (i.e., donor passenger leukocytes) (2). Over time,
however, donor passenger leukocytes are depleted from the allo-
graft (3), whereas recipient APCs continually infiltrate the allograft
and processypresent shed donor allopeptides. This process results
in the diminishing importance of alloresponses mediated by directly
primed T cells (4) and the predominance of a lingering low-grade

alloresponse mediated by indirectly primed T cells. It is generally
believed that endothelial cell injury is the final pathway to CAV,
similar to nontransplant atherosclerosis (5). Indirectly primed
CD41 T cells could facilitate endothelial injury by providing help
for alloantibody formation, by promoting lymphokine secretion
required for macrophage and cytotoxic T-cell activity, andyor by
producing growth factors for smooth muscle cells (6–8).

The important role of indirect allorecognition in chronic
rejection is supported by two relevant observations in human
organ allograft recipients. First, T cells from renal, cardiac, and
lung transplant recipients with chronic rejection show evidence
of reactivity to donor HLA allopeptides (6, 9–11). Second,
patients with CAV demonstrate evidence of donor-specific
hyporesponsiveness to directly presented but not indirectly pre-
sented donor HLA antigens (6, 9).

Although the indirect allorecognition theory is compelling,
definitive experimental evidence linking indirect allorecognition
and chronic rejection in a large animal system is lacking. In this
article, we use a unique and clinically relevant large animal
model of chronic rejection to show that indirect allorecognition
of donor antigen by host T cells not only can induce but also can
accelerate CAV. Our observations define a mechanistic link
between indirect alloreactivity and chronic rejection and provide
the rationale to develop novel and rational therapies to prevent
this process in human transplant recipients.

Materials and Methods
Animals. Swine leukocyte antigen (SLA)gg (class Ic, class IId) donors
and class I disparate SLAdd (class Id, class IId) recipients between
the ages of 2 and 3 months were generously provided by David H.
Sachs (Massachusetts General Hospital) from his herd of partially
inbred MGH Miniature Swine (12). All animal care and procedures
were performed in compliance with both the Principles of Labora-
tory Animal Care (40) and the Guide for the Care and Use of
Laboratory Animals (41).

Synthetic SLA Class Ic Peptides. Most of the polymorphic sites of
two known class I SLA loci in the pig (designated P1 and P14)
are contained within the hypervariable regions of the a1 and a2
domains, as demonstrated by the comparison of the SLA class Ic

PC14 a1 sequence to the corresponding SLA class Id PC14 a1
sequence (13).

Three peptides spanning the full length of the hypervariable
regions of the SLA class Ic PC14 a1 helix were synthesized and
labeled peptide 1 [amino acids (aa) 3–27], peptide 2 (aa 45–59),
and peptide 3 (aa 60–85). An allogeneic class II peptide, DRb1

c
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(aa 24–42), was synthesized for use as a negative-control pep-
tide. Peptide purity was .90%, as verified by HPLC and mass
spectrometry.

Heterotopic Cardiac Transplantation. Heterotopic cardiac trans-
plantation was performed and allograft function monitored as
previously described (14). Cyclosporine (CyA), generously pro-
vided by Novartis (Hanover, NJ), was administered intrave-
nously to selected recipients at 10–13 mgykgyday beginning on
the day of surgery (POD 0) and continuing until POD 11, on the
basis of earlier results (15).

Experimental Design. Naı̈ve SLAdd (Id, IId) miniature swine were s.c.
immunized with a mixture of the three allogeneic SLA class Ic PC14
peptides (500 mg of each peptide in complete Freund’s adjuvant)
approximately 3 weeks before receiving heterotopic class I mis-
matched SLAgg (Ic, IId) hearts and 12 days of CyA. Two weeks after
immunization and 1 week before transplantation, splenocytes from
the prospective recipients were tested for in vitro proliferative
responses against individual allogeneic peptides. At the same time,
the immunized pigs were rechallenged with individual peptides to
evaluate in vivo delayed-type hypersensitivity (DTH) responses.
Three control groups included, (i) two SLAdd (Id, IId) recipients of
class I mismatched SLAgg (Ic, IId) hearts that were not immunized
and did not receive CyA; (ii) three SLAdd (Id, IId) recipients of class
I mismatched SLAgg (Ic, IId) hearts that were not immunized but
received CyA; and (iii) two SLAdd (Id, IId) recipients of class I
mismatched SLAgg (Ic, IId) hearts that were immunized with the
irrelevant class II DRb1

c (aa 24–42) peptide and received CyA.

DTH Responses. DTH responses were evaluated approximately 2
weeks after immunization with peptides by injecting 200 mg of
individual peptide in 0.1 ml PBS intradermally into the neck of
the pig. PBS was used as a negative control, whereas 100 mg of
Mycobacterium tuberculosis H37 RA was used as a positive
control. Width of induration was measured at 48 h after injection
by blinded observers by using calipers. Positive responses were
.10 mm, indeterminate responses were .5 mm and ,10 mm,
and negative responses were ,5 mm of induration.

Peptide Proliferation Assay. Two weeks after immunization, splenic
tissue was harvested and splenocytes separated over a Ficoll
gradient. T cells and antigen-presenting cells (APCs) were sepa-
rated by nylon-wool adherence. To prevent contamination of
responder cells with donor APCs, which may have migrated from
the graft into the recipient spleen and thus may have provided a
source for direct alloantigen presentation, nylon-wool nonadherent
(thereby APC-depleted) splenocytes were used as responders and
naı̈ve nylon wool-adherent peripheral blood mononuclear cells
(PBMCs) that were pulsed in vitro with class I peptides were used
as APCs. Irradiated naı̈ve nylon-wool adherent PBMCs to be used

as APCs were preincubated with 50 mgyml of individual allopep-
tides for 2 h at 37°C. The cells were then washed to remove excess
peptides before being added to nylon-wool nonadherent T cells
from spleen or PBMC (2 3 105) in a peptide proliferation assay for
5 days in triplicate plates, as previously described (16). [3H]Thy-
midine (1 mCiywell) was added for a 5- to 6-h period at the end of
the culture, and [3H]thymidine incorporation was measured by
b-scintillation counting. Stimulation index for each peptide equaled
experimental cpmymedia control cpm. For controls, splenocytes
from 10 naı̈ve nontransplanted SLAdd pigs were tested against each
of the three allogeneic class I PC14 peptides. The average maximum
stimulation index (SI) of all 30 naı̈ve responses was 1.2 (Table 1.).
Adding three standard errors resulted in a SI of 2.2. Therefore, a
SI .2.3 was considered to be significant.

Flow Cytometry. Sera from animals were tested for antidonor IgM
and IgG antibodies during the course of rejection, as previously
described (16).

ELISA. ELISA kits specific for porcine IFN-g and IL-10 were
purchased from BioSource International (Camarillo, CA). Su-
pernatants harvested on day 2–3 of incubation were tested for
IFN-g and IL-10, following the manufacturer’s instructions.

ELISPOT Assay. ELISPOT plates (Immunospot M-200, Cellular
Technologies, Cleveland, OH) were coated with anti-swine
IFN-g capture antibodies (Biosource International). After
blocking and washing, responder cells (3 3 105) were added to
duplicate wells with or without stimulators or antigens for 24 h.
After washing, the anti-swine IFN-g-biotinylated mAb detection
antibody (Biosource International) was added, followed by
streptavidin–horseradish peroxidase. The plates were developed
by using 3-amino-9-ethylcarbazole (Sigma), and the resulting
spots were counted on a computer-assisted ELISPOT image
analyzer (Cellular Technologies).

Histology and Immunohistology. Formalin-fixed tissue was stained
with hematoxylinyeosin, Masson’s trichrome stain, and Verhoeff
stain, and evaluated by a blinded observer. Acute interstitial
rejection was scored from 0 to 4 on the basis of the International
Society for Heart and Lung Transplantation system (17). Vessel-
wall thickening was scored as 0 (normal artery), 1 (,10% occlu-
sion), 2 (.10% ,50% occlusion), and 3 (.50% luminal occlusion)
and the average score recorded (14). Frozen tissue sections were
stained with anti-a smooth muscle actin mAb (clone 1A4, Sigma)
and saturating concentrations of goat anti-swine IgM-FITC and
IgG-FITC (Kirkegaard & Perry Laboratories).

Statistical Analysis. Two-tail Student’s t tests were used to com-
pare graft survival times. Differences in survival time were
deemed significant when P , 0.05.

Table 1. In vitro proliferative responses to SLA class Ic PC14 peptides

Animal no. Treatment
Graft survival,

days
Posttransplant
day of assay

Proliferative, response SIycpm

Peptide 1 Peptide 2 Peptide 3 Media

13384 None 7 8 1.2y332 3.6y1034 4.7y1336 285
30 0.3y582 1.6y3305 3.9y7935 2043

168 7.3y3823 1.3y698 4.0y2101 525
13896 None 7 0 0.2y61 1.2y305 2.1y555 252

7 2.5y329 2.0y264 15.9y2096 132
13495 CyA* 52 59 2.1y655 2.2y676 2.4y721 306
13262 CyA 59 49 1.3y417 17.1y5338 4.8y1486 312
† None 1.2 1.5 0.9

*CyA 10–13 mgykg IV on POD 0–11.
†Average SI of 10 naı̈ve SLAdd pigs.
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Results
Indirect Allorecognition of Donor MHC Class I Peptides After Rejection
of Cardiac Allografts. To determine whether self-restricted T-cell
recognition of donor class I MHC peptides occurred during the
acute rejection of a class I mismatched cardiac allograft, splenocytes
were harvested from two untreated SLAdd pigs that had acutely
rejected class I disparate SLAgg hearts. The recipient splenocytes
were tested for in vitro proliferative responses directed against the
three donor class Ic PC14 peptides. Table 1 demonstrates that
immediately after acute rejection, APC-depleted splenocytes from
both acutely rejecting swine displayed sensitization to donor class I
peptides, presented in the context of self MHC class II molecules
on self APCs. Stimulation indices were consistently positive (.2.3)
against PC14 peptide 3 (SI 5 4.7 and 15.9). Recipient no. 13384 also
showed sensitization to PC14 peptide 2 (SI 5 3.6), whereas no.
13896 had lower reactivity to PC14 peptide 1 (SI 5 2.5). By POD
30, the proliferative responses in no. 13384 were limited to PC14

peptide 3 (SI 5 3.9). By POD 168, reactivity in pig no. 13384
continued to be detected against PC14 peptide 3 (SI 5 4.0);
however, new reactivity developed against PC14 peptide 1 (SI 5
7.3), suggesting that the specificity of T-cell responses to donor
antigens changes during the progression of rejection (intramolec-
ular epitope spreading), as has been demonstrated in humans with
acute cardiac allograft rejection (18).

Reactivity against donor class I peptides was also examined in
two SLAdd pigs that were treated with a 12-day course of CyA
and rejected class I mismatched SLAgg hearts in a more chronic
fashion after .50 days. Our previous studies have shown that
CyA-treated recipients bearing class I disparate hearts devel-
oped CAV by POD 28 (15). By the time of allograft rejection,
strong proliferative responses were detected in pig no. 13262
against PC14 peptides 2 (SI 5 17.1) and 3 (SI 5 4.8), whereas
pig no. 13495 showed a weaker response to PC14 peptide 3 (SI 5
2.4). These data demonstrate that after both acute and chronic
rejection, swine transplanted with class I mismatched hearts
were sensitized to polymorphic donor class I peptides through
the indirect pathway of allorecognition.

DTH Responses to Allogeneic Class I MHC Peptides in Peptide-Immu-
nized Swine. To confirm indirect presentation in vivo, DTH re-
sponses to the donor class I SLA peptides were analyzed in four pigs
immunized with the PC14 class Ic peptides. Table 2 shows that only
PC14 peptide 3 elicited a positive DTH response in the primed
animals. All immunized pigs showed brisk DTH responses to the M.
tuberculosis H37 RA positive control and negative responses to PBS
control. These results confirmed indirect alloantigen presentation
in vivo and validated the immunogenicity of specific class I SLA
allopeptides. In addition, two pigs immunized with the negative
control peptide, DRb1

c, demonstrated positive DTH responses
directed against the DR peptide (Table 2).

Immunization of Recipient Pigs with Donor Class I MHC Peptides
Promotes CAV in Class I Mismatched Hearts. To determine the role
of donor class I peptides in the development of CAV, four SLAdd

Table 2. DTH responses in pigs immunized with class Ic PC14 or
control peptides

Animal

DTH responses, mm of induration*

Peptide 1 Peptide 2 Peptide 3 PBS DRb1c † MTB

13511§ 0.0 0.0 20.0 0.0 ND‡ 19.0
13692§ 0.0 0.0 28.0 0.0 ND 20.5
14071§ 0.0 0.0 25.0 0.0 ND 16.0
14311§ 0.0 0.0 25.5 0.0 ND 17.5
13914\ ND ND ND 0.0 20.0 17.0
14146\ ND ND ND 0.0 14.0 24.5

*Measurements represent the average of two independent readings.
†Control peptide.
‡Not done.
§Immunized with PC14 peptides 1–3.
\Immunized with DRb1c control peptide.

Table 3. Graft survival and histology of class I disparate cardiac allografts

Treatment Animal
Graft survival,

days

Histology at week*

1 2 3 4 5 6 7 8

None 13384 7 Interstitial†: 4
Vascular‡: 0

None 13896 7 Interstitial: 4
Vascular: 0

CyA‡ 13262 59 Interstitial: 1b 3b 1b 3b
Vascular: 0 0 0 3

CyA 13397 53 Interstitial: 3a 3b 4
Vascular: 0 0 3

CyA 13495 52 Interstitial: 3a 4
Vascular: 0 3

PC14 #1–3 1 CyA 13511 8 Interstitial: 4
Vascular: 2

PC14 #1–3 1 CyA 13692 5 Interstitial: 4
Vascular: 3

PC14 #1–3 1 CyA 14071 4 Interstitial: 4
Vascular: 1

PC14 #1–3 1 CyA 14311 5 Interstitial: 4
Vascular: 3

DRb1c 1 CyA 13914 .60 Interstitial: 3a 3a 3a 3a 3a 3a
Vascular: 0 0 0 0 0 0

DRb1c 1 CyA 14146 .30 Interstitial: 3a 3b 3b
Vascular: 0 0 0

*Last datapoint in each row represents the postmortem specimen.
†Grading based on the scoring system presented in Results.
‡CyA 10–13 mgykg IV on POD 0–11.
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pigs immunized with the mixture of PC14 class Ic peptides were
transplanted with class I mismatched SLAgg hearts under the
cover of a 12-day course of CyA. Control animals that were
unimmunized but treated with CyA rejected their class I mis-
matched hearts in 59, 53, and 52 days (Table 3). Serial biopsies
of these allografts revealed the development of coronary artery
intimal proliferation but not until more than 4 weeks after
transplantation (Table 3), which is similar to our previous
findings (15). In stark contrast, recipients immunized with the
mixture of PC14 class Ic peptides rejected their SLAgg hearts in
an accelerated manner (POD 4, 5, 5, and 8), while still receiving
CyA (P , 0.001, Table 3). Moreover, as early as POD 5,
allografts from the PC14-immunized recipients exhibited the
characteristic fibroproliferative intimal lesions of CAV. Indeed,
three of the four hearts developed high-grade intimal thickening
(grade 2–3) between POD 5 and 8 (Table 3). The characteristics
of these arterial lesions were identical to those observed in
human heart transplant recipients undergoing chronic rejection
(19). The intima of the affected coronary arteries and arterioles
were thickened (Fig. 1a) because of collagen deposition (Fig. 1b)
and smooth muscle cell accumulation (Fig. 1c). In many cases,
this process resulted in complete luminal occlusion (Fig. 1b).
Immunization with the irrelevant control peptide, DRb1

c, did not
accelerate rejection of a class I disparate heart nor did it
accelerate the development of CAV (Table 3, Fig. 1d). However,
immunization of four additional pigs with a mixture of class Ic

peptides spanning the hypervariable region of the a1 helix of the
second classical swine class I gene, PC1, also resulted in accel-
eration of intimal proliferation (data not shown). Together,
these data demonstrate that indirect allorecognition of donor
MHC peptides can induce and accelerate the intimal prolifera-
tion characteristic of cardiac allograft vasculopathy.

Proliferative Responses Against Donor Class I Peptides in Immunized
Transplant Recipients. To assess in vitro reactivity to individual
class I allopeptides, proliferation assays were performed with
splenocytes from the peptide-immunized recipients bearing class
I disparate hearts. Table 4 (which is published as supplemental
data on the PNAS web site, www.pnas.org) shows that the PC14
peptide-immunized pigs showed strong reactivity to PC14 pep-
tide 3 after immunization but before heart transplantation (SI 5
216, 167, 13.7, and 26.4). Of note, all four pigs demonstrated
augmented reactivity against donor SLAgg cells after peptide
immunization (SI 5 191, 205, 48.4, and 71) when compared with
naı̈ve controls (SI 5 6.3) (supplemental Table 4). Responses to
third-party class I disparate SLAhh (class Ia, class IId) stimulator
cells were minimal except for pig no. 13692, which generated an
isolated heightened third-party response after immunization.
This may have been because of assay variability or crossreactive
antigens. After rejection of SLAgg hearts, all pigs maintained
reactivity to PC14 peptide 3, and two of four recipients gained
sensitization to PC14 peptide 1, again confirming self-restricted
T-cell allorecognition of donor class I peptides during allograft
rejection.

Cytokine Responses in Peptide-Immunized Recipients. To character-
ize the nature of the T-cell response generated against class I
allopeptides, cytokine profiles of T cells from pigs immunized
with the mixture of PC14 peptides were analyzed after restimu-
lation with individual PC14 peptides. An analysis was done of the
relative production of IFN-g and IL-10 by T cells from peptide-
immunized swine after restimulation in vitro with PC14 peptides
1, 2, and 3 and before heart transplantation. There was signif-
icant production of IFN-g in response to peptide 3 but no IFN-g
production in response to peptides 1 or 2. IL-10 was not
produced in response to any of the PC14 peptides (data not
shown).

To assess the frequency of T cells responding to allogeneic

peptide, swine-specific ELISPOT assays were performed. ELIS-
POT wells for IFN-g revealed that after rejection, the peptide-
immunized rejecter had approximately seven times as many
spots in response to PC 14 peptide 3 as the unimmunized acute
rejecter pig (41–68y3 3 105 vs. 6–9y3 3 105) (Fig. 2). Naı̈ve
responders produced no spots to allogeneic class I peptide, and
less than three spots were detected against the other two peptides
in all of the responders. These data are consistent with the
observation that only PC14 peptide 3 induced a positive DTH

Fig. 1. Histological analysis of cardiac allografts. (a) Voerhoeff elastin stain
of the rejected cardiac allograft from recipient no. 13511 on POD 5 (3100).
Asterisk indicates internal elastic lamina. (b) Trichrome stain of the rejected
cardiac allograft from recipient no. 13692 on POD 5 (3100). Blue staining
indicates the presence of collagen within occluding neointima, as indicated by
transparent arrow. (c) a-Actin staining of the rejected cardiac allograft from
recipient no. 13692 on POD 5 showing smooth muscle cell accumulation within
the intima, indicated by filled arrow (3100). (d) Voerhoff elastin stain of
cardiac allograft from DRb1

c control pig no. 13914 at POD 15 showing no
intimal thickening (3100). (e) Immunofluorescent staining for IgM on the
rejected cardiac allograft from recipient no. 13692 on POD 5 showing anti-
body deposition along the arteriolar endothelium (3250). ( f) Immunofluo-
rescent staining for IgG on the rejected cardiac allograft from recipient no.
13692 on POD 5 showing antibody deposition along arteriolar endothelium
(3250). Naı̈ve control hearts did not stain for antibody.
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response after immunization and suggest that immunization with
the immunogenic PC14 peptide 3 generated a predominantly
Th1-type response in vivo.

Alloantibody Production in Peptide-Immunized Transplant Recipients.
Sera collected from peptide-immunized animals before and
after cardiac transplantation were analyzed for the presence of
donor-specific IgM and IgG by flow cytometry. Immunization
with the PC14 peptide mixture accelerated the production of
antidonor IgM in heart-transplant recipients as compared with
unimmunized CyA-treated and DRb1

c-immunized control pigs
(Fig. 3). The production of antidonor IgM in the peptide-
immunized pigs was even faster and more robust than that
detected in the unimmunized and nonimmunosuppressed recip-
ients (Fig. 3). In contrast, minimal antidonor IgG was detected
in the PC14 peptide-immunized pigs by the time of rejection
(data not shown). To determine whether the absence of anti-
donor IgG in the sera of peptide-immunized animals was
because of antibody absorption by graft endothelium, immuno-
fluorescent staining was performed on specimens from hearts
rejected by peptide-immunized animals. Significant amounts of
antidonor IgM (Fig. 1e) and antidonor IgG (Fig. 1f ) were present
on the arteriolar endothelium, suggesting that IgM and IgG
alloantibodies were both generated in response to peptide
immunization, but that the kinetics of alloantibody production
varied between the two isotypes.

Discussion
Chronic rejection is the primary limitation to long-term
success in organ transplantation; therefore, understanding the
pathogenesis of this process is of major clinical importance.
This study was undertaken to establish the role of indirect
allorecognition in a clinically relevant model of cardiac allo-
graft vasculopathy. We used MHC-inbred miniature swine as
recipients of allogeneic cardiac allografts because the porcine
MHC (SLA) is well characterized, allowing us to synthesize
donor SLA peptides; in addition, miniature swine provide the
only reproducible model of chronic cardiac allograft rejection
in large animals (19). Furthermore, this preclinical system

circumvents some of the important limitations inherent in
rodent models, including the known differences that exist in
immunity and atherogenesis between large animals (including
humans) and rodent species. For instance, rodents do not
constitutively express class II MHC antigens on their coronary
vascular endothelium, whereas larger animals, including hu-
mans, do express these important transplant antigens (20).
Likewise, the pig is more similar to humans in its cardiovas-
cular morphology and physiology (21) and its susceptibility to
atherosclerosis (22, 23).

Our data clearly indicate that indirect allorecognition occurs
during acute (24, i) and chronic rejection but most importantly, that
indirect allorecognition of donor antigen promotes development of
allograft vasculopathy, the sine qua non of chronic organ transplant
rejection. We show that indirect allorecognition of donor MHC
class I peptides not only induced but greatly accelerated the
development of the fibroproliferative intimal lesions associated
with CAV. As early as POD 5, severe intimal lesions had developed
in the cardiac allografts of peptide-immunized recipients. We have
transplanted over 18 class I mismatched hearts with CyA alone and,
in each case, the hearts survived more than 35 days, and vascular
lesions were never observed before POD 28 (15). Given this high
degree of reproducibility, differences from these results obtained in
small numbers of MHC inbred animals provide significant infor-
mation. Histologically, the arterial lesions exhibited both collagen
and smooth muscle cell accumulation and, in some cases, resulted
in complete luminal occlusion. These lesions reproduced with
fidelity the vascular lesions observed in human heart-transplant
recipients undergoing chronic rejection. The rapidity with which
peptide immunization induced intimal proliferation was surprising.
However, a recent detailed electron microscopic analysis of trans-
plant arteriopathy demonstrated that smooth muscle cells can
migrate from media to intima within a week of transplantation (25).
This finding suggests that the chronicity of CAV in human trans-
plantation relates more to the lingering tempo of the inciting
immune response than to the time needed for the formation of
atheromatous vascular lesions. Of note, our model is limited in its
ability to distinguish whether the early lesions induced in the
peptide-sensitized pigs were generated by the same mechanisms as

iVella, J. P., Magee, C., Vos, L., Carpenter, C. B. & Sayegh, M. H. (1997) J. Am. Soc. Nephrol.
8, 668 (abstr.).

Fig. 2. ELISPOT detection of swine reactivity to allogeneic PC14 peptide 3.
Representative IFN-g ELISPOT wells by using 3 3 105 pig responder splenocytes
per well plus PC14 peptide 3 (50 mgyml) are shown. Responder splenocytes
were harvested from peptide-immunized CyA-treated rejecter pig no. 14071
(Top), unimmunized acute rejecter pig no. 13384 (Middle), and a naı̈ve pig
(Bottom).

Fig. 3. Immunization with allogeneic donor class Ic peptides accelerated the
generation of anti-donor IgM in host sera. Flow cytometric analysis was
performed to evaluate the levels of antidonor IgM in sera from unimmunized
acute rejecters (nos. 13384 and 13896), unimmunized, CyA-treated pigs (nos.
13495 and 13262), PC14-peptide-immunized, CyA-treated pigs (nos. 13692,
13511, 14071, and 14311), and DRb1

c-peptide-immunized, CyA-treated pig
(nos. 13914 and 14146).
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the lesions observed in grafts surviving over 2 months, although the
vascular lesions were histologically identical.

Together, these data provide evidence that indirect allorecogni-
tion of a limited number of antigenic determinants plays a major
role in the pathogenesis of chronic CAV. These findings are
supported by rodent studies that have suggested that CAV may be
initiated by CD41 T cells that recognize MHC antigens via the
indirect pathway of allorecognition (26–30) and by recent human
studies that have demonstrated the persistence of donor specific
MHC allopeptide T-cell reactivity in patients with chronic rejection
of cardiac (6, 9) kidney (10), and lung (11) allografts.

Obviously, transplant recipients do not get primed by immu-
nization with donor peptides in adjuvant. However, our data and
data from rodents and humans indicate that CD41 T cells from
transplant recipients are primed to donor alloantigen presented
by recipient APCs during the course of rejecting a graft, albeit
with a low precursor frequency (27). Thus, indirectly primed
CD41 T cells may promote chronic rejection by effecting a
low-grade smoldering alloimmune response, as has been sug-
gested in several studies in human recipients of cardiac and
kidney grafts (2, 6, 10). Interestingly, these studies also showed,
as do we in our model, that because of epitope shifting or
spreading, there is continuous activation of naive CD41 T cells
by new epitopes. The exact mechanisms of epitope spreading are
unclear, but it is a phenomenon that has been established in
autoimmune diseases, such as diabetes, multiple sclerosis, and
arthritis, where CD41 T cells recognize and respond to new
peptide determinants of specific autoantigens. These diseases
are clinically and morphologically characterized by the same
progressive course as chronic rejection.

The immune effector mechanism that actually activates the
endothelium and initiates atherogenesis is not known. We show
that IFN-g production is significantly up-regulated in peptide-
immunized recipients that developed early vascular lesions.
IFN-g has been shown to play a role in the initiation of the

cascade of events that lead to CAV in rodent models (31).
Furthermore, IFN-g has recently been shown to induce athero-
sclerosis in the absence of leukocytes (32). Perhaps a low-level
DTH-like response, mediated by IFN-g-producing CD41 T cells
that have been primed by donor peptides, activates macrophages
and endothelial cells, leading to the proliferation of smooth
muscle cells and ultimately CAV (27). Alternatively, CD41 T
cells reactive via the indirect pathway could initiate chronic
rejection by providing help for alloantibody production (33) or
CD81 T cell effector functions (34).

Effectively suppressing or eliminating T cells with indirect
allospecificity represents a significant clinical challenge because,
(i) donor allopeptides are continuous shed from an allograft, (ii)
CD41 T cells are able to recognize new allodeterminants (donor
peptides) and thereby expand the host’s T-cell repertoire over
time through epitope spreading, and (iii) there is evidence that
current clinically available immunosuppressive agents do not
effectively prevent indirect allorecognition (35). Thus, devising
novel strategies for the induction of tolerance in T cells with
indirect allospecificity may be the most effective strategy to
prevent chronic rejection and prolong the lifespan of organ
allografts (15). We are attempting to achieve this goal by using
protocols to, (i) induce mixed hematopoietic chimerism (36), (ii)
cotransplant vascularized and functional donor thymus (37), and
(iii) block T-cell costimulation (38, 39).
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