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Introduction
T-cell recognition of alloantigens is the central
and primary event initiating the rejection process,
ultimately leading to the complete destruction of
engrafted organs. It is generally accepted that there
are 2 distinct pathways of allorecognition, each
generating specific subsets of cells. T cells can either
recognize intact allo-MHC (major histocompatibility complex) molecules on the surface of donor cells
(via the direct pathway) or recognize them as
processed allopeptides on the surface of self-antigenpresenting cells (APCs) (via the indirect pathway of
allorecognition). There is increasing evidence that
indirect allorecognition plays an important role in
chronic allograft rejection. In this study, we investigated the functional role of class II MHC- specific
allorecognition after both small bowel transplantation (SBTx) and kidney transplantation (KTx) in
the rat.
Materials and Methods
Class II MHC Peptides
Eight overlapping peptides of 25 amino acids each,
representing the full-length sequence of the β chain
hypervariable domain of the donor strain RT1.Bu
(HLA-DQ like) and RT1.Du (HLA-DR like) were
synthesized, as previously described.1-5 Their im-
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munogenicity was analyzed by testing for lymphocyte proliferation in vitro and DTH responses
1,2,6
in vivo. In this study, the immunogenic peptide
u
RT1.D (20-44) was tested and the nonimmunogenic
allopeptide RT1.Bu(20-44) was used as a control.
Experimental Model
Lewis (LEW) (RT1l) recipients of Wistar Furth
(WF) (RT1u) allografts (Harlan Sprague Dawley,
Indianapolis, IN) were immunized subcutaneously
on day –7 in the footpad (100 µ g each) with the
immunogenic peptide RT1.Du(20-44) (group 1) or
with the nonimmunogenic control peptide
RT1.Bu(20-44) (group 2). Immunized animals
were then transplanted with either small bowel or
kidney (WF) allografts and were again injected
with RT1.Du(20-44) (group 1), or RT1.Bu(20-44)
(group 2) (200 µ g peptide in 2-ml phosphatebuffered saline on day 0 intraperitoneally). Small
bowel transplants were performed using a standard
technique as described earlier.7 The kidneys were
grafted heterotopically, with removal of the contralateral native kidney on the day of transplantation in animals from groups 1 and 2, or after 10
days in animals from groups 3 and 4. Recipients in
groups 3 and 4, with small bowel or kidney grafts,
were treated with cyclosporine (CsA; SBTx: 20
mg/kg from days 0 to 13, KTx: 5 mg/d0-4) and
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Table 1
Group
1
2
3
4
5
6

IMMUNOMODULATING TREATMENT PROTOCOL OF SMALL BOWEL TRANSPLANTATION (SBTX)
AND KIDNEY TRANSPLANTATION (KTX) GROUPS
Immunization Days –7 and 0

Immunization Days +20 and 27

CSA

—
1
RT1.Du(20-44)
RT1.Bu(20-44)
—
—

—
1
+
+
+
—

u

RT1.D (20-44)
RT1.Bu(20-44)
—
—
—
—

Survival after SBTX Days, Mean ± SD
3.5 ± 0.6
4.0 ± 0.8
33.7 ± 4.1
69.7 ± 65.5
>250
5.3 ± 0.5

N

Survival after KTX Days, Mean ± SD

4
4
6
4
6
6

4.0 ± 0.7
5.6 ± 0.9
37.0 ± 13.6
49.5 ± 11.2
51.0 ± 10.0
7.5 ± 1.6

N

5
5
5
6
6
6

CsA = cyclosporin A; SD = standard deviation; n = number of animals per group.

challenged with RT1.Du(20-44) (group 3) or
RT1.Bu(20-44) (group 4) on days 20 and 27 after
transplantation, or left without immunization
(group 5), or without both CsA treatment and peptide immunization (group 6) (Table 1). The additional protocol of CsA in groups 3 and 4 was used
to reliably treat the initial component of acute rejection, which requires a comparably higher dose of
CsA after grafting a small bowel than after kidney
transplantation. Animals were sacrificed during
end-stage allograft failure.
Peptide Proliferation Assays
Splenocytes and lymph node (LN) lymphocytes
(3 × 105) were cultured in RPMI 1640 medium
(Bio-Whittaker, Walkersville, MD) containing
10% fetal calf serum, 100 U/ml penicillin, 100 µ g/
ml streptomycin, 2 × 10-5 M 2-mercaptoethanol, and
5 mM HEPES with 10 µ g of RT1.Du(20-44), or
u
RT1.B (20-44) peptide in 96-well U-bottom plates
(Costar, Cambridge, MA). All assays were set up in
quadruplicate. Cells cultured in media, without
the addition of peptide, served as negative controls. Cells incubated in media and 50 µ g/ml of
Concanavalin A (ConA, Sigma, Aldrich, St. Louis,
MO) acted as positive controls. The plates were incubated for 96 h at 37 °C, with [3H] thymidine (1
µ Ci/well) added for the final 6 hours of culture.
The proliferation was assayed by measuring the incorporation of lymphocyte DNA. The data are expressed in counts per minute (CPM ± SEM).
Enzyme Linked-Immunosorbent Assay (ELISA)
for Rat IFN-γ , IL-2, IL-4, IL-10
The cultured supernatants from the proliferation
assays were harvested after 48 h incubation at 37 °C
sagepub.com
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with 5% CO2 to determine IFN- γ , IL-2, IL-4, and
IL-10 production. Culture supernatants were assayed by ELISA using BioSource Cytoscreen Rat
ELISA Kits (BioSource, Camarillo, CA).
RNAse Protection Assay
To analyze a whole panel of cytokines relevant for
inflammatory events, RNase protection was performed using the RiboquantTM Multi-Probe RNase
Protection assay system (BD Pharmingen, San
Diego, CA). For this technique, a cocktail of RNA
templates for cytokines, and control RNA radiolabelled with 32P and hybridized with the RNA extracted from the allografts was used. For each sample, RNA was isolated using Trizol. The RNA was
then hybridized with a 32P-labelled cytokine template, HCK-1 (Pharmigen), and run on a polyacrylamide urea gel. Finally, the RNA was analyzed by
a phosphoimager using Imagequant software, allowing accurate quantification of mRNA.
Results
Animal Survival
Unmodified animals in group 6 rejected their allografts after 5.3 ± 0.5 (SBTx, n = 6) and 7.5 ± 1.6
days (KTx, n = 6). The mean survival of SB control
animals (group 5) was > 250 days (4/5 without
signs of chronic rejection, with secondary transplanted WF heart and skin being specifically accepted) versus 51.0 ± 10.0 days for kidney transplant recipients (group 5, n = 6). Animals
immunized with the nonimmunogenic RT1.Bu
(20-44) peptide, and treated with CsA (group 4),
rejected their grafts after 69.7 ± 65.5 (1/6 survived
> 250 days, SBTx) and 49.5 ± 11.2 (KTx, n = 4)
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days. In contrast, group 3 animals, immunized
with RT1.Du(20-44) peptide and treated with CsA,
rejected their grafts in an accelerated fashion (day
33.7 ± 4.1 SBTx, n = 6 or 37.0 ± 13.6 KTx, n = 5).
The animals that were immunized with RT1.Du
(20-44), and left without additional CsA (group 1),
rejected their allografts after 3.5 ± 0.6 (SBTx, n =
4) and 4.0 ± 0.7 (KTx, n = 5) days versus 4.0 ± 0.8
(SBTx, n = 4) and 5.6 ± 0.9 (KTx, n = 5) days for
animals immunized with the nonimmunogenic
RT1.Bu(20-44) peptide (Table 1). These data confirm the specificity of the observed effect of a donor
class II MHC peptide priming in accelerating small
bowel and kidney allograft rejection.
Peptide Proliferation Assays
Animals bearing kidney allografts and immunized
u
with RT1.B (20-44) (group 4) demonstrated an
identical low reactivity to the specific RT1.Du
(20-44) and RT1.Bu(20-44) peptide (splenocytes:
2001 ± 276 versus 2084 ± 415 CPM ± SEM, LN:
2763 ± 788 versus 2507 ± 343 CPM ± SEM). In
contrast, splenocytes and LN lymphocytes from
group 3 animals, immunized with the RT1.Du
(20-44) peptide, showed a significant reactivity to
the specific peptide RT1.Du(20-44), compared
with the nonimmunogenic peptide RT1.Bu(20-44)
(splenocytes: 14776 ± 2599 versus 721 ± 239, LN:
15521 ± 1377 versus 853 ± 381 CPM ± SEM).
Proliferation of splenocytes and LN lymphocytes,
in absence of peptide, was 661 ± 125 versus 759 ±
137 CPM ± SEM (group 4) and 741 ± 231 versus
822 ± 174 CPM ± SEM (group 3), respectively.
The proliferative responses of splenocytes and LN
lymphocytes, incubated with ConA, were 38375 ±
3527 versus 37083 ± 2236 (group 4) and 38008 ±
4123 versus 37016 ± 5438 CPM ± SEM (group 3),
respectively.
ELISA for Rat IFN-γ , IL-2, IL-4, IL-10
Cytokine analysis by ELISA of the culture supernatants obtained from the proliferation assays was
performed. Splenocytes from the animals immunized with RT1.Bu(20-44) (group 4) produced
IFN-γ , in response to the specific peptide RT1.Du
(20-44), or to the nonimmunogenic peptide
RT1.Bu(20-44) (184 ± 11 versus 59 ± 7 pg/ml),
IL-2 (125 ± 7 versus 60 ± 6 pg/ml), IL-4 (102 ± 19
184
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pg/ml versus 42 ± 9), and IL-10 (193 ± 7 versus 85
± 4 pg/ml). In contrast, splenocytes and LN lymphocytes from animals immunized with the
RT1.Du(20-44) peptide (group 3) produced higher
amonts of IFN-γ response to the specific peptide
RT1.Du(20-44), or to the nonimmunogenic peptide RT1.Bu(20-44) (401 ± 87 versus 84 ± 15
pg/ml), IL-2 (337 ± 13 versus 115 ± 7 pg/ml), but
lesser Il-4 (34 ± 12 versus 28 ± 2 pg/ml) and IL-10
(80 ± 10 versus 56 ± 6). These findings indicate
that immunization with peptide RT1.Du(20-44)
mediates the relevant inflammatory cytokines involved in the acceleration of the allograft rejection.
RNAse Protection Assay
Acutely and accelerated rejected allografts from
u
animals primed with the immunogenic RT1.D
(20-44) peptide showed IL-2, –4, –6, IFN-γ, TNFβ (groups 1 and 3), and TNF-α gene expression in
group 1 kidneys. In contrast to RT1.Bu(20-44) immunized animals, those immunization with
RT1.Du(20-44) expressed high levels of IL-6, and
less predominant, but significantly different IFN-γ
(both cytokines P < 0.0001) in small bowel and
kidney allografts (groups 1 and 3), whereas nonimmunogenic RT1.Bu(20-44) peptide-immunized animals demonstrated higher levels of IL-4 (groups 2
and 4) (P < 0.0001) than those immunized with
RT1.Du(20-44). These results confirm the production of the cytokines measured by ELISA and clearly demonstrate a Th1 cytokine profile in kidneys
from RT1.Du(20-44) immunized animals, which is
related to the severity of the allograft rejection.
Discussion
These data demonstrate for the 1st time that T
cells primed in vivo via the indirect pathway with
donor class II MHC-specific peptides can mediate
a specific immune response after both kidney and
small bowel transplantation. These results are in accordance with recently published data obtained by
others using the same peptides in a heart transplant
model.8 This indicates a uniform immune response
in the recipient, independent of the type of transplanted organ, after priming with donor class II peptides via the indirect pathway of allorecognition.
It has been suggested that early acute allograft rejection is predominantly mediated by the direct
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pathway of allorecognition, as organ allografts
contain a significant number of donor-derived
passenger cells, with the APCs presenting a high
density of intact allo-MHC molecules. This seems
to be important for the small bowel, because this
organ contains a higher number of passenger cells
than organs such as the heart or the kidney. However, there is increasing evidence that indirect allorecognition also has a significant role in mediating allograft rejection. Several reports demonstrate
that T cells, primed by the indirect pathway, are
present during acute allograft rejection in experimental transplant models, as well as in hu2,4,6,9-11
It has been suggested that transplant
mans.
recipients are primed to donor class II MHC peptides via the indirect pathway during the course of
acute or subacute rejection episodes.11 Over the
long term, this T cell–mediated process persists and
may be responsible for the induction of chronic allograft rejection.12,13 In fact, the precursor frequency of donor allopeptide–specific T cells increased
significantly under these circumstances. Therefore,
this may have implications in terms of novel therapeutic strategies—and may be particularly important after small bowel transplantation since this
organ undergoes acute rejection episodes more
frequently during the early phase after transplantation. Due to the large amount of passenger cells
within the bowel, this organ contains an immense
source of alloantigen (MHC class I and II) that
can be shed from these passenger cells as intact
antigens and, in a soluble form, trigger cellular
processes via the indirect pathway. Although acute
rejection, via the direct pathway, may be treated
successfully in this case with interventional immunosuppressive therapy, indirect primed T cells
may subsequently induce and/or perpetuate chronic cellular processes.
In our previous study with T cell lines and clones,
generated from long-term surviving LEW recipients of WF kidney allografts and from acutely rejecting recipients against the immunodominant
donor MHC peptide RT1.Du(20-44), we demonstrated that the cytokine pattern, produced by the
donor-specific peptide-primed T cells, is associated
with the presence or absence of allograft disfuntion.
Stable graft function is associated with a Th2 pattern of cytokines, IL-4 and IL-10, whereas allograft
sagepub.com
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dysfuntion is associated with Th1 cytokine production, IFN-γ and IL-2.14 In this study, we found a
correlation between acute rejection and the expression of a predominantly Th1 cytokine profile, and
between long-term survival and the expression of
IL-4 and IL-10 in supernatants of splenocytes obtained from small bowel transplant recipients. The
current findings in peptide-primed recipients could
relate to the direct effects of the Th1 cytokine
IFN-γ , or arise as a result of the induction of alloantibodies and their binding to the graft, or both.
These data were confirmed by the cytokine gene
expression of TNF-α /β , IFN-γ , IL-2, in acutely rejected allografts. Moreover, animals immunized
u
with RT1.D (20-44) rejected their allografts consistently in an accelerated manner, which was reflected by gene expression of IL-4/IFN-γ in the SB
and renal allografts. Animals immunized with the
immunogenic RT1.Du(20-44) peptide expressed
higher levels of IFN-γ than IL-4, compared with
animals immunized with the nonimmunogenic
RT1.Bu(20-44) peptide, which expressed more IL-4
than IFN-γ . These results, coupled with our recent
data on allopeptide-specific T cell clones, clearly
demonstrate that indirectly primed Th1 cells
specifically target the allograft (DTH), resulting in
severe cellular rejection. Moreover, the immunization of transplanted animals with the immunogenic
peptide RT1.Du(20-44) at a critical time point after transplantation (days 20 and 27) resulted in
acute rejection, which occurred in an accelerated
manner when compared with nonimmunized controls. However, animals that were immunized at
this late time point with the nonimmunogenic peptide RT1.Bu(20-44) rejected their renal allografts
acutely like the controls, or had late acute rejection
after small bowel transplantation. This indicates an
immunodulatory role for MHC-derived peptides
acting at several different stages in T cell activation
and proliferation, with clear dominance of the immunogenic peptides. Thus, priming through the
indirect pathway can accelerate or induce allograft
rejection. This study indicates the importance of
the indirect pathway and may have implications
for the development of new therapeutic strategies using such peptides in combination with additional immunosuppressants to achieve allospecific
tolerance.
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