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Predominant expression of the Th2 response
in chronic cardiac allograft rejection

Abstract Chronic rejection is the
main cause of late allograft failure in
patients. CD4+ T cells activated by
indirect recognition of alloantigens
are implicated in this rejection reac-
tion. However, the type of T cell
response (Thl vs Th2) that contrib-
utes to chronic rejection has not
been fully investigated. The purpose
of this study is to examine whether
chronic rejection is associated with a
polarized T-cell response in a rat
cardiac allograft model, where long-
term graft survival is achieved by
intrathymic immunomodulation
with donor class I, RT1.Aa, allo-
peptides. All long-surviving allo-
grafts showed histological evidence
of chronic rejection. Chronic rejec-
tion was associated with high levels
of intragraft Th2 cytokines and the

Th2-regulated alloantibodies. The
Th2 response was systemic, since
long-surviving allografts with
chronic rejection had high levels of
serum IL-10. The predominance of
the Th2 cytokines demonstrates that
the Th2 response was not sufficient
for the prevention of chronic rejec-
tion in this model. The predominant
expression of Th2 cytokines,
together with the presence of Th2-
regulated alloantibodies, suggests
that the Th2 response may play a
role in the development of chronic
rejection.
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Introduction

Chronic rejection is the major cause of long-term allo-
graft failure. The main features of chronic rejection are
arteriosclerosis, interstitial fibrosis, and a gradual de-
cline of organ function. Although the etiology of chronic
rejection is multifactorial, immune responses generated
by the foreign histocompatibility antigens play the most
critical role [8, 25]. Importantly, traditional immuno-
suppressive protocols, while effectively preventing acute
rejection, do not prevent chronic rejection [6, 37, 40].
This is at least partly due to a lack of understanding of
the type of immunosuppression necessary to prevent the
alloreactive responses that precipitate chronic rejection.

A better characterization of the immune responses that
are involved in chronic rejection may allow the designing
of effective therapies that will ameliorate this type of
rejection.

T-cell response to allografts is dictated by two distinct
pathways of recognition of foreign histocompatibility
antigens: direct and indirect [3, 13, 37]. The direct
pathway involves recognition of intact allogeneic major
histocompatibility complex (MHC) molecules on the
surface of donor antigen-presenting cells (APCs) and
initiates vigorous immune responses that precipitate
acute allograft rejection [21, 38]. The indirect pathway
involves recognition of histocompatibility antigens as
peptides presented by syngeneic MHC molecules on the
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surface of either donor or recipient APCs [3, 13, 37].
There are accumulating data in the literature suggesting
that indirect recognition plays a critical role in chronic
rejection [6, 23, 42]. For example, Ciubotariu et al. [6]
demonstrated a direct correlation between T-cell
response to allopeptides (corresponding to the hyper-
variable regions of 32 HLA-DR alleles) and the devel-
opment of coronary artery vasculopathy in a large
population of cardiac allograft recipients. Similar data
were reported by Vella et al. [42] in kidney allograft
recipients experiencing chronic rejection. Direct experi-
mental data for the role of indirect recognition in
chronic allograft rejection were recently provided by Lee
et al. [23], who demonstrated that pre-immunization of
pigs with donor class-I allopeptides promoted the
development of chronic cardiac allograft rejection.

Although there are definitive experimental data
implicating indirect recognition in chronic rejection, the
type of alloreactive responses generated by this pathway
that produce the lesions of chronic rejection are not well
investigated. CD4+ T cells can be divided into at least
two distinct subsets, Thl and Th2, based on their pat-
tern of cytokine production and effector function [28].
The Thl response has been associated with acute allo-
graft rejection, whereas the Th2 response has been
implicated in long-term allograft survival in several
experimental settings [37]. For example, cytokines pro-
duced by Th2 cells, such as IL-4 and IL-10, are ex-
pressed in long-surviving allografts with minimal levels
of Thl cytokines, IL-2 and IFN-y [5, 41]. It is unclear,
however, if the Th2 response actively contributes to
graft acceptance or is only the byproduct of complex
immunological responses that lead to long-term sur-
vival. We have recently hypothesized that a Th2 re-
sponse may actively promote the development of
chronic rejection by regulating a complex array of
molecular and cellular interactions [37]. Although direct
experimental evidence supporting this contention is
lacking, the role of Th2 cells in humoral immunity, and
the importance of alloantibodies in the development of
chronic rejection, are consistent with this hypothesis [7,
37]. Furthermore, a few recent studies produced exper-
imental evidence indicating that immune deviation to
the Th2 response is not sufficient for successful
engraftment of allogeneic organs, and increased
expression of the Th2 cytokine IL-4 within the graft is
responsible for the development of transplant arterio-
sclerosis {2, 11].

The purpose of this study is to characterize the type
of T-cell responses associated with chronic rejection.
Cardiac allografts in the PVG.R8-to-PVG.1U rat-strain
combination, which were disparate for one class-I
MHC, RT1.Aa molecule, were used for this purpose.
We previously demonstrated that intrathymic immune
modulation with donor RT1.Aa allopeptides, under the

cover of transient immunosuppression with anti-lym-
phocyte serum, induced hypo-responsiveness to donor
but not third party allografts in this model. The majority
of allografts (~75%) survived long term (> 100 days),
whereas a small portion of the grafts (~25%) underwent
either acute or delayed rejection. Intrathymic immuno-
modulation with donor peptides, however, was not
sufficient to induce transplantation tolerance, since a
significant number of long-surviving allografts showed
evidence of chronic rejection [39]. We here analyze car-
diac graft recipients with chronic, delayed, and acute
rejection for intragraft and systemic expression of
cytokines and alloantibody isotypes to determine whe-
ther these forms of rejection are associated with selected
types of T-cell responses. Our results demonstrate that
there is a hierarchy in the T-cell response associated with
different types of allograft rejection: grafts with acute
rejection predominantly expressed the Thl cytokines;
those with delayed rejection expressed a mixture of Thl
and Th2 cytokines, whereas grafts with chronic rejection
primarily expressed the Th2 cytokines. Taken together,
these data demonstrate that a Th2 response is not suf-
ficient for the prevention of chronic rejection in this
model. The possible role of the Th2 response in the
development of chronic rejection is discussed.

Materials and methods

Animals

PVG.1U (RT1.AuBuDuCu) and PVG.R8 (RT1.AaBuDuCu) rats
were purchased from Harlan Sprague-Dawley (Indianapolis, Ili.,
USA). All animals brought into the experimental colony were
certified virus-free, and the colony was monitored regularly for
accidental contamination with infectious diseases. Age-matched (8
to 16-week-old) male animals were used throughout this study. All
research protocols and general animal care were approved by the
Institutional Animal Care and Use Committee and conform to
the “Principles of Laboratory Animal Care” (NIH publication No.
86-23, revised 1985).

Intrathymic immune modulation

Long-term survival of cardiac allografts was induced by intrathy-
mic injection of graft recipients with three donor RT1.Aa peptides
(0.3-1.0 mg/peptide), either individually or as a mixture of various
peptide combinations, as previously described [26]. At the com-
pletion of this procedure, each rat was given 1 ml of rabbit anti-rat
lymphocyte serum (ALS) (Accurate Chemical, Westbury, NY.,
USA) intraperitoneally. Rats that were intrathymically given either
PBS or an unrelated peptide of 18 residues corresponding to the rat
TCR V1 CDR2 domain served as negative controls.

We performed intra-abdominal heterotopic cardiac grafting,
using PVG.1U rats as recipients for PVG.R8 donor hearts 7 days
after intrathymic injection as described previously [26]. Syngeneic
PVG.1U heart grafts were used as controls. Ventricular contrac-
tions were assessed daily by palpation. Rejection was defined as the
day heartbeat ceased.
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Cytokine ELISA

We measured the levels of cytokines (IL-2, IL-4, IL-10 and IFN-
v} in the sera of graft recipients, using the Cytoscreen Immuno-
assay Kit according to the manufacturer’s instructions (BioSource
International, Camarillo, Calif., USA). Serum samples were col-
lected from rat recipients at different time points after trans-
plantation. Standards of known concentrations, various dilutions
of sera samples, and cytokine-specific biotinylated secondary
antibodies were added to 96-well microtiter plates that had been
coated with primary antibodies directed at individual rat cyto-
kines. After the samples had been incubated for 3 h at room
temperature, the plates were washed thoroughly with washing
buffer four times and the samples were incubated with 100 pl
HRP-streptavidin/well for 30 min at room temperature. After the
samples had been further washed four times, 100 pl of stabilized
chromogen (tetramethylbenzidine) was added to each well and the
samples were incubated for 30 min in the dark. The reaction was
stopped by addition of a stop solution. The optical density values
were detected at 450 nm by a multi-label counter (Victor, Wallac,
Gaithersburg, Md., USA) and expressed as nanograms per mil-
liliter based on values obtained from standards of known con-
centration.

Histology

Immunohistological changes were studied in allografts harvested
from long-term survivors (n=8; >200 days), short-term survi-
vors (n=2; 102 and 131 days), mid-term rejecters (n=6; 15-100
days), and acute rejecters (n=4; 5-7 days). Syngeneic grafts in
na recipients (r=35; 90 days) and those in recipients intrathy-
mically manipulated with allogeneic antigens served as controls
(n=2; 182-183 days). At harvest, all grafts were washed with
0.9% NaCl and divided into three sections (basal, midsection,
and apical). The mid-ventricular sections were further divided
into two portions, one of which was embedded in O.C.T. com-
pound (Tissue-Tek, Miles, Elkhart, Ind.,, USA) and frozen by
immersion in an isopentane solution. The frozen blocks were
stored at -70 °C for immunohistological analysis. The remaining
portions of the graft were fixed in 10% buffered formalin solu-
tion for hematoxylin and eosin (H&E) and elastic staining for
assessment of general pathological changes. For each graft, three
sections (the atria and base of the ventricles, mid ventricles, and
ventricular apex) were observed under a light microscope, and
histological scores were estimated. We assessed the intimal pro-
liferation scores by analyzing eight to ten vessels per graft.
Histological changes were evaluated on the following categories:
vascular intimal proliferation, perivascular infiltration, myo-
cardial infiltration, myocardial fibrosis, vasculitis, myocardial
necrosis, and interstitial hemorrhage. Histological changes were
scored blind and graded for individual lesions on a scale con-
sisting of 0 (none) 1+ (mild), 2+ (moderate), and 3+ (severe)
{91.

We measured the numbers of infiltrates present in the myo-
cardium by counting cell nuclei/field for each graft. Ten high-
power fields (400x) were randomly counted for each heart graft.
The numbers of infiltrates present on the fields were calculated
and expressed as the average numbers of cells per high-power
field.

Elastic staining was performed on all heart grafts in addition
to routine H&E histological examination. An elastic stain kit was
used in accordance with the manufacturer’s instructions (Sigma
Diagnostics, St. Louis, Mo., USA). Tissue sections were stained
in hematoxylin-iodine—ferric chloride solution and differentiated
by the use of a dilute ferric chloride solution. We used Van
Gieson solution to stain for internal as well as external elastic
membrane.

Immunohistochemistry

The deposition of alloantibodies and selected cytokines was
examined by the use of standard immuno-peroxidase techniques
[91. Briefly, S-um cryostat sections were prepared from heart allo-
grafts from different groups. The cryostat sections were incubated
with primary antibody for 60 min in a humidified chamber at room
temperature. The primary antibodies used in this study included:
mouse anti-rat IgG1 (clone RG-88, Sigma), mouse anti-rat 1gG2a
(clone R2A-2, Sigma), mouse anti-rat IgG2b (clone R2B-8, Sigma),
mouse anti-rat [gG2c (clone MARG?2c¢-3, Sigma), mouse anti-rat
IgM (clone RTM-32, Sigma), mouse anti-rat [FN-y (clone DB-1,
Serotec, England), mouse anti-rat IL-4 (clone MRC OX-81, Sero-
tec), mouse anti-rat 1L-10 (clone A5-7, Pharmingen, San Diego,
Calif., USA), and rabbit anti-rat TNF-x (Serotec). After three
washes in PBS (pH 7.4), the section slides were stained with sec-
ondary antibodies, HRP-conjugated rabbit anti-mouse or HRP-
conjugated swine anti-rabbit immunoglobulins (Dako, Carpinteria,
Calif., USA), at 1:100 dilution in PBS for 30 min at room tem-
perature. After final washes in PBS, tissue sections were incubated
with DAB substrate for the localization of peroxidase activity
(FAST DAB, Sigma). Tissue slides were counterstained with di-
Iuted hematoxylin. Sections of heart tissue from na PVG.R8 rats or
syngeneic grafts served as controls. Immunostaining was assessed
via a semi-quantitative scoring system ranging from negative (-),
trace positive (+), to strong positive (+ + +).

Results

Intrathymic immune modulation with class-I
allopeptides does not prevent chronic rejection

We previously demonstrated that administration of one
to three RT1.Aa allopeptides to the thymus under the
cover of immunosuppression with anti-lymphocyte ser-
um 7 days before transplantation resulted in indefinite
survival of more than 75% of PVG.R8 hearts trans-
planted into PVG.1U rats [26]. The remainder of the
grafts had either acute (5-10 days) or delayed rejection
(15-100 days). One-half of long-surviving allografts that
were analyzed ~100 days post-transplantation revealed
incidences of chronic rejection [39]. The lack of chronic
rejection in the remaining allografts may be due to their
analysis too early in the post-transplantation period
rather than transplantation tolerance induced by intra-
thymic immune modulation. In this study, we histolog-
ically analyzed long-term allografts at later times
post-transplantation for incidence of chronic rejection.
All long-term allografts (n=238) that were analyzed
>200 days post-transplantation revealed mild-to-severe
evidence of chronic rejection, including a mild degree of
myocardial infiltration by mononuclear cells, mild myo-
cardial fibrosis, and various degrees of vessel wall thick-
ening, ranging from focal intimal thickening to total
vascular obliteration (Fig. 1A and Table 1). These find-
ings are consistent with our previous studies [39] and a
recent study demonstrating that intrathymic immune
modulation with allogeneic cells prevented acute but not
chronic rejection [20]. Allografts with delayed rejection
(15-82 days; n==6) showed dense mononuclear cell infil-
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Fig. 1A-D Tissue sections
from a long-surviving allograft
(A), harvested at 300 days; an
allograft with delayed rejection
(B), harvested at rejection: 44
days; a syngeneic graft from a
na recipient (C), harvested at 90
days; a syngeneic graft from a
recipient intrathymically
manipulated with alloantigen
(D), harvested at 183 days.
Unlike the allograft with de-
layed rejection (B) that shows
severe mononuclear cell infil-
tration, interstitial edema, and
necrosis, the allograft with
chronic rejection (A) exhibited
transplant vasculopathy caused
by excessive hyperplasia in the
intima (original magnification:
x200). Syngeneic grafts C and D
did not show any sign of
chronic rejection. Stains: H&E
(B) and Elastic/Van Gieson
(A, C and D)

Table 1 Histopathological scores. Syngeneicgrafts scored negative for all the indicated histological parameters. PTx post-transplant, M7
myocardial infiltration, PV perivascular infiltration, MF myocardial fibrosis, MN myocardial necrosis, /H interstitial hemorrhage, IP

intimal proliferation, Vas vasculitis

Cardiac grafts Harvest Eday PTx"

Histological score®

MIP PVI MF MN IH P Vas
Long-term survival 300 368 £131° 1.0 2.0 0 0 1.0 0
360 380+ 158 1.0 0.5 0 0 0.5 0
300 452+155 0 2.0 0 0 2.0 0
300 442 £139 0 1.0 0 0 0.5 0
385 504+ 106 1.0 2.0 0 0 2.0 0
366 403+ 147 1.0 1.0 0 0 0.5 0
Delayed rejection 15 724+155 3.0 3.0 2.0 1.0 2.0 2.0
23 754+142 2.0 1.0 1.0 2.0 1.5 1.5
44 765+171 1.0 2.0 0 0 2.0 2.0
63 768 £ 151 2.0 3.0 0 0 2.5 0
79 576 +£126 1.0 1.0 0 0 1.5 0
82 4244+ 140 2.0 3.0 g 10 2.5 0

*Histopathological scoring ranged from 0 (none) to 3 (severe)
Post-transplant
“Values represent mean number of cells = SD per high-powerfield

tration, moderate-to-severe myocardial fibrosis, severe
vascular proliferative lesions, and lesions related to acute
episodes of allograft rejection, such as vasculitis, inter-
stitial hemorrhage, and myocardial necrosis (Fig. 1B). In
marked contrast to cardiac allografts with long-term
survival or delayed rejection, syngeneic allografts lacked
any sign of histopathological changes that were pertinent
to chronic rejection (Fig. 1C and D), providing evidence

for the importance of alloreactive immunity in the
mediation of chronic rejection in this model.

Predominant expression of intragraft Th2 cytokines
in chronic rejection

The nature of alloreactive responses that promote
chronic allograft rejection has not been fully elucidated.
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We previously hypothesized that the Th2 response may
contribute to the initiation and/or maintenance of
chronic rejection via its influence on humoral responses
[37]. Cytokines elaborated by Th2 cells, such as IL-4, IL-
5, and IL-6, serve as growth and differentiation factors
for B cells [37]. We, therefore, investigated allografts
with acute, delayed, and chronic rejection for intragraft
and systemic cytokine expression at the protein level to
test whether chronic rejection is associated with prefer-
ential activation of the Th2 response. Allografts with
chronic rejection had high levels of Th2 cytokines, 11.-4
and IL-10, and low-to-undetectable levels of Thl cyto-
kines, TNF-a and IFN-y, as determined by immuno-
histological staining via antibodies specific for these
cytokines (Fig. 2A). The expression levels of IL-4 and
IL-10 in the long-surviving allografts (> 200 days) with
chronic rejection did not significantly vary from graft to
graft and scored as high (+ +) and moderate (+),
respectively. Similar levels of expression were observed
for IL-10 in allografts at 100-140 days post-transplan-
tation. In contrast, 1L.-4 showed reduced levels of
expression (+ ) in allografts analyzed 100-140 days post-
transplantation when compared with those (+ +) for

Fig. 2A, B Histology sections A~
from allografts with chronic (A) &
and delayed (B) rejection. A is
representative of grafts at >200
days while B is representative of
grafts at 35-82 days (original
magnification: x200). Allografts
with chronic rejection expressed
high levels of IL-4 and moder-
ate to undetectable levels of
IFN-y and TNF-o. This pattern
of cytokine expression was
completely reversed in allo-
grafts with delayed rejection
that expressed high levels of
IFN-y and TNF-« and moder-
ate levels of TL-4

allografts at > 200 days post-transplantation. In marked
contrast, allografts undergoing acute rejection (6 days)
expressed high levels of TNF-¢ and IFN-y and unde-
tectable levels of IL-4 and IL-10 cytokines (data not
shown). Allografts undergoing delayed rejection (15-82
days), on the other hand, expressed a mixed pattern of
cytokines with high levels of Thl and moderate levels of
Th2 cytokines (Fig. 2B). Unlike allografts, syngeneic
grafts had undetectable levels of all the cytokines
examined.

High levels of systemic IL-10 in chronic rejection

We next investigated sera from recipients of allografts
with chronic, delayed, and acute rejection to test if the
cytokine response was systemic. There were high levels
of IL-10 (> 10 nmol/l} in sera of graft recipients with
chronic rejection (Fig. 3A). IL-10 was first detectable in
sera of long-term survivors by day 14 post-transplanta-
tion, gradually increasing to peak levels on days 50150,
and showed a gradual decline thereafter (Fig. 3B). The
decline in IL-10 levels in long-term allograft survivors,
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Fig. 3A, B Levels of IL-10. A Serum samples from graft recipients
with acute rejection (4.Rej; 6 days post-transplantation), delayed
rejection (D.Rej;15-82 days post-transplantation), and long-term
survival {Longterm; > 200 days post-transplantation), and from na
rats that did not undergo transplantation (Na). B Serum samples
from long-term survivors at various times after transplantation.
The data are expressed as the mean of triplicate samples for each
animal tested. The sensitivity of this assay is 39 pg/ml. A# animal
number

however, did not reach background levels in more than
90% of graft recipients analyzed over 200 days post-
transplantation. In marked contrast, sera from recipi-
ents with acute graft rejection had undetectable levels of
IL-10. Graft recipients with delayed rejection had
moderate levels of IL-10. Sera from na rats served as
control with no detectable levels of IL-10. We did not
detect systemic expression of IL-2, IL-4, and IFN-y in
recipients of allografts, regardless of the type of rejection
reaction and the time of serum harvest (data not shown).

Alloantibody response in chronic rejection
Th2 cytokines are critical to the B-cell production of

selected immunoglobulin isotypes such as IgGl and
IgG2a in the rat [15]. The predominant expression of

Th2 cytokines in long-surviving allografts undergoing
chronic rejection, therefore, led us to examine the in-
tragraft deposition of alloantibodies, because the Th2
response is important to humoral immunity [29]. Addi-
tionally, alloantibodies have been implicated in the
pathogenesis of chronic rejection in several experimental
systems [7, 34, 36]. Long-surviving allografts had mod-
erate intragraft deposition of IgGl, IgG2a, trace
amounts of 1gG2b, and no detectable levels of IgM and
IgG2c antibodies (Fig. 4A). Allografts with delayed
rejection harvested from intrathymically manipulated
recipients had considerable deposition of IgM, 1gGl1,
trace amounts of IgG2c, and relatively higher levels of
IgG2a and IgG2b (Fig. 4B). Acutely rejecting allografts
from unmanipulated control recipients had abundant
levels of intragraft IgM, trace levels of IgG2a, and
undetectable IgGl, IgG2b, and 1gG2c isotypes. In con-
trast, syngeneic grafts had no detectable levels of any Ig
subclasses examined (data not shown).

Discussion

The development of potent immunosuppressive agents
has markedly reduced the loss of allografts from acute
rejection. These immunosuppressive agents, however,
are inadequate for averting late graft loss caused by
chronic rejection. There is increasing evidence that
indirect allo-recognition plays a critical role in chronic
rejection [6, 23, 42]. However, the types of alloreactive
responses generated by this pathway that precipitate
chronic rejection are not well characterized. We have
recently hypothesized that indirect recognition of allo-
geneic antigens late in transplantation may preferen-
tially generate a Th2 response, and that this response
may play a critical role in the pathogenesis of chronic
rejection [37]. A series of experimental studies impli-
cated a Thl response in acute allograft rejection and a
Th2 response in long-term allograft survival [37]. It is
unclear, however, if the Th2 response actively con-
tributes to graft acceptance or is only the byproduct of
complex immunological responses that lead to long-
term survival. Inasmuch as the Th2 response is
important for humoral immunity and alloantibodies
play a critical role in chronic rejection [7], the Th2
response may act to promote the development of
chronic rejection rather than induce/maintain trans-
plantation tolerance.

We herein demonstrated that chronic rejection in our
model was associated with high levels of Th2 cytokines,
IL-4 and IL-10, and moderate-to-undetectable levels of
Th1 cytokines, TNF-a and IFN-y. In marked contrast,
allograft recipients with acute rejection had only Thl
cytokines. Intrathymically manipulated graft recipients
with delayed rejection had features of both acute and
chronic rejection. Moreover, they showed a mixed
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Fig. 4A, B Antibody deposi-
tion in cardiac allografts with
acute and chronic rejection.
Tissue sections were harvested
from allografts with chronic
rejection (A, representative of
grafts at >200 days) and
delayed rejection (B, represen-
tative of grafts at 35-82 days).
Original magnification: x200.
Allografts with delayed rejec-
tion revealed the deposition of
all the Ig isotypes examined,
whereas allografts with chronic
rejection primarily showed
moderate deposition of IgG1
and IgGG2a with undetectable
levels of IgM, IgG2b and IgG2c
isotypes

pattern of cytokine expression, predominated by the Thl pro-inflammatory IFN-y and TNF-x cytokines, com-
cytokines, IFN-y and TNF-a. It is, therefore, tempting pared with the Th2 cytokines in the grafts with delayed
for us to speculate that the high levels of expression of rejection, may eventually shift the immune balance
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towards a Thl response that precipitates delayed acute
rejection.

The Th2 response was systemic, as evidenced by ex-
tremely high levels of IL-10 (in the nanomoles per liter
range) in the sera of chronically rejecting animals. There
was a direct correlation between the serum levels of IL-
10 and long-term allograft survival. All the allograft
recipients that displayed high levels of IL-10 early in
transplantation had prolonged graft survival. In marked
contrast, allograft recipients that did not systemically
express IL-10 rejected their grafts acutely, and those
with moderate systemic expression of IL-10 had delayed
rejection. The systemic expression of IL-10 in this model
is of great interest, because this cytokine is synthesized
by the Th2 cells in rodents and has been shown to spe-
cifically inhibit inflammatory responses mediated by
the Thl cells by several molecular mechanisms. IL-10
downregulates the expression of MHC, transporters
associated with antigen processing, and B7 molecules on
antigen presenting cells [27, 35]. IL-10 inhibits the infil-
tration of dendritic cells to the site of inflammation and
impairs their function to stimulate Thl but not Th2 cells
[30]. IL-10 also downregulates metalloproteinases by
directly inhibiting their synthesis by smooth muscle cells
and macrophages and by stimulating the synthesis of
their inhibitors by macrophages [22]. The negative reg-
ulation of these enzymes results in extracellular matrix
accumulation in the intima, and the development of
transplant arteriosclerosis [19]. IL-10 may, therefore,
serve as an immunoregulatory molecule to downregulate
the Thl response to prevent acute rejection early post-
transplantation and regulate alloantibody production
and extracellular matrix production late post-trans-
plantation, thereby plausibly promoting chronic rejec-
tion. This notion is consistent with a recent study
demonstrating that exogenous IL-10 administration in
mice leads to exacerbated allograft arteriosclerosis [14].

IL-10 regulates B cells for differentiation and pro-
duction of antibody [33]. Alloantibodies have been
implicated in the pathogenesis of chronic rejection in
experimental as well as clinical settings [10, 32, 34, 36].
In animal experiments, direct evidence for the involve-
ment of alloantibodies in chronic rejection was provided
by studies in which B cell-deficient mice were used as
graft recipients. Transplant vascular arteriosclerosis was
shown to be significantly reduced in arterial transplants
performed across various histocompatibility differences
when IgM knockout mice that lack functional B cells
were used as allograft recipients [36]. Similarly, the
adoptive transfer of alloimmune serum to graft recipi-
ents that lacking an alloantibody response results in the
development of the lesions of chronic rejection [10, 17,
34]. Alloantibodies may manifest their effect by cross-
linking class-I molecules on the surface of endothelial
cells and smooth muscle cells in the allograft, and by
doing so, activate these cells for the synthesis of growth

factors and receptors required for smooth muscle cell
migration and proliferation in the intima [17, 18]. Con-
sistent with this hypothesis is our demonstration of the
deposition of IgGl and IgG2a antibody isotypes in
chronically rejecting allografts. These isotypes have been
shown to be regulated by Th2 cytokines in the rat [15,
31]. Our data are also consistent with a study demon-
strating that intrathymic immunomodulation with do-
nor splenocytes results in intragraft deposition of IgG1
and IgG2a antibodies in a rat allograft model [4].
Interestingly, allografts in a similar rat intrathymic
immune modulation model were recently shown to
undergo chronic rejection [20].

Our data demonstrate that intrathymic immune
modulation with class-I allopeptides preferentially in-
duces intragraft and systemic expression of Th2 cyto-
kines associated with long-term allograft survival. A Th2
response in this model, however, does not prevent
chronic rejection, since long-surviving allografts showed
extensive evidence of chronic rejection. Qur findings,
therefore, suggest that the Th2 response may play a
critical role in the prevention of acute allograft rejection
by down-regulating the Th1 response, but this response
in itself is not sufficient to prevent chronic allograft
rejection. Indeed, the Th2 response may initiate and/or
perpetuate the process of chronic rejection by regulating
the production of specific alloantibodies. This conten-
tion is consistent with several recent observations that
long-term cardiac graft survival in a hamster-to-rat
xenogeneic system induced by cyclosporin-A treatment
is associated with the predominant expression of the Th2
cytokines and anti-apoptotic genes [1, 24]. These xeno-
geneic grafts, like the allografts described in this report,
displayed extensive evidence of chronic rejection. Of
direct relevance to our observations is a recent study
demonstrating that treatment of graft recipients with
antibodies to TCR or CD80/86 results in long-term graft
survival in a murine cardiac allograft model [16]. Grafts
in the TCR group developed chronic rejection, with high
levels of expression of the Th2 cytokines. In marked
contrast, allografts in the CD80/86 group did not de-
velop chronic rejection and lacked the expression of Th2
cytokines. Direct evidence for the involvement of the
Th2 response in chronic rejection was recently provided
by two different studies performed in murine models.
Chronic rejection of aortic allografts was prevented by
the treatment of graft recipients with antibodies against
IL-4 [12]. In another model, the administration of IL-10
to the recipients of heart allografts resulted in increased
numbers of Th2 cytokines and accelerated chronic
rejection [14].

We have previously demonstrated that the long-term
graft survivors in this model had detectable levels of
donor microchimerism in several tissues (the heart,
kidney, liver, skin, bone marrow, thymus, and lymph
nodes), using primers specific for the donor class-I
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RT1.Aa gene in PCR [39]. Although there were no
clinical signs of graft versus host disease (GvVHD), it is
quite likely that the long-term graft recipients may have
developed chronic GvHD, since the animals were not
assessed for histopathological changes related to GVHD.
Therefore, the Th2 response observed in this model
might be a reflection of graft-versus-host, rather than
host-versus-graft, reactions. Further experimentation is
needed if one is to address this possibility.

In summary, these observations are consistent with
our recent hypothesis that a Th2 response may be
important to the initiation/maintenance of chronic
rejection [37]. The Th2 response may work in parallel
with activated endothelial cells and B cells in the graft to
facilitate the synthesis and elaboration of alloantibodies

and a series of growth hormones, cytokines, and their
receptors on smooth muscle cells to drive the prolifera-
tion of these cells in the intima and stimulate the
development of graft vasculopathy. However, our data
do not provide direct support for the role of the Th2
response in chronic rejection. The Th2 response ob-
served in this model may simply be a byproduct of
immunological mechanisms that precipitate chronic
rejection, rather than being the cause of chronic rejec-
tion. Further studies in experimental and clinical settings
are needed if the role of the Th2 response in chronic
rejection is to be addressed.

Acknowledgments The authors thank Dr. S. Koksoy for critical
review of the manuscript.

References

1. Bach FH, Ferran C, Hechenleitner P, 7. Cramer DV, Shirwan H (1998) The 13. Fangmann J, Dalchau R, Fabre JW
Mark W, Koyamada N, Miyatake T, importance of humoral immune re- (1992) Rejection of skin allografts by
Winkler H, Badrichani A, Candinas D, sponses in chronic rejection. Transplant indirect allorecognition of donor class 1
Hancock WW (1997) Accommodation Rev 12:166-176 major histocompatibility complex pep-
of vascularized xenografts: expression 8. Cramer DV, Qian S, Harnaha J, tides. J Exp Med 175:1521-1529
of “protective genes” by donor endo- Chapman FA, Estes LW, Starzl TE, 14, Furukawa Y, Becker G, Stinn JL, Shi-
thelial cells in a host th2 cytokine envi- Makowka L (1989) Cardiac transplan- mizu K, Libby P, Mitchell RN (1999)
ronment. Nat Med 3:196-204 tation in the rat. I. The effect of histo- Interleukin-10 (IL-10) augments allo-

2. Barbara JA, Turvey SE, Kingsley CI, compatibility differences on graft graft arterial disease: paradoxical effects
Spriewald BM, Hara M, Witzke O, arteriosclerosis. Transplantation of IL-10 in vivo. Am J Pathol 155:1929-
Morris PJ, Wood KJ (2000) Islet allo- 47:414-419 1939
graft rejection can be mediated by 9. Cramer DV, Wu GD, Chapman FA, 15. Gracie JA, Bradley JA (1997) Interleu-
CD4 +, alloantigen experienced, direct Cajulis E, Wang HK, Makowka L kin-12 induces interferon-g-dependent
pathway T cells of TH1 and TH2 cyto- (1992) Lymphocyte subsets and histo- switching of IgG alloantibody subclass.
kine phenotype. Transplantation pathological changes associated with Eur J Immunol 26:1217-1221
70:1641-1649 the development of heart transplant 16. Hamano K, Rawsthorne M-A, Bushell

3. Benichou G, Takizawa PA, Olson CA, arteriosclerosis. J Heart Lung Trans- AR, Morris PJ, Wood KJ (1996) Evi-
McMillan M, Sercarz EE (1992) Donor plant 11:458-466 dence that the continued presence of the
major histocompatibility complex 10. Dubel L, Farges O, Johanet C, Sebagh organ graft and not peripheral donor
(MHC) peptides are presented by re- M, Bismuth H (1998) High incidence of microchimerism is essential for mainte-
cipient MHC molecules during graft antitissue antibodies in patients experi- nance of tolerance to alloantigen in vivo
rejection. J Exp Med 175:305-308 encing chronic liver allograft rejection. in anti-CD4 treated recipients. Trans-

4. Binder J, Hancock WW, Watschinger Transplantation 65:1072-1075 plantation 62:856-860
B, Wasowska B, Sayegh MH, Kupiec- 11. Ensminger SM, Spriewald BM, Witzke  17. Hancock WW, Buelow R, Sayegh MH,
Weglinski JW (1995) The alioantibody O, Morrison K, Van Maurik A, Morris Turka LA (1998) Antibody-induced
network following intrathymic immu- PJ, Rose ML, Wood KJ (2000) Intra- transplant arteriosclerosis is prevented
nomodulation of sensitized rat recipi- graft interleukin-4 mRNA expression by graft expression of anti-oxidant and
ents of cardiac allografts. after short-term CD154 blockade may anti-apoptotic genes. Nat Med 4:1392—
Transplantation 59:590-597 trigger delayed development of trans- 1396

5. Chen N, Field EH (1995) Enhanced plant arteriosclerosis in the absence of  18. Harris PE, Bian H, Reed EF (1997)
type 2 and diminished type 1 cytokines CD8+ T cells. Transplantation 70:955- Induction of high affinity fibroblast
in neonatal tolerance. Transplantation 963 growth factor receptor expression and
59:933-941 12. Ensminger SM, Spriewald BM, Soren- proliferation in human endothelial cells

6. Ciubotariu R, Liu Z, Colovai AI, Ho E, sen HV, Witzke O, Flashman EG, Bu- by anti-HLA antibodies: a possible
Itescu S, Ravalii S, Hardy MA, Corte- shell A, Morris PJ, Rose ML, mechanism for transplant atherosclero-
sini R, Rose EA, Suciu-Foca N (1998) Rahemtulla A, Wood KJ (2001) Critical sis. J Immunol 159:5697-5704
Persistent allopeptide reactivity and role for IL-4 in the development of 19. Hayry P, Aavik E, Loubtchhenkov M,

epitope spreading in chronic rejection of
organ allografts. J Clin Invest 101:398—
405

transplant arteriosclerosis in the ab-
sence of CD40-CD154 costimulation.
J Immunol 167:532-541

Myllarniemi M, Koskinen P, Lemstrom
K (1999) Problem of chronic rejection.
Graft 1:154-160



571

20.

21.

22.

23.

24.

25.

26.

Hillebrands J1., Raue HP, Klatter FA,
Hylkema MN, Platteel I, Hardonk-
Wubbena A, Nieuwenhuis P, Rozing J
(2001) Intrathymic immune modulation
prevents acute rejection but not the
development of graft arteriosclerosis
(chronic rejection). Transplantation
71:914-924

Hurley CK, Steiner N, Wagner A,
Geiger MJ, Eckels DD, Rosen-Bronson
S (1993) Nonrandom T cell receptor
usage in the allorecognition of HLA-
DRI microvariation. J Immunol
150:1314-1324

Lacraz S, Nicod LP, Chicheportiche R,
Welgus HG, Dayer JM (1995) IL-10
inhibits metalloproteinase and stimu-
lates TIMP-1 production in human
mononuclear phagocytes. J Clin Invest
96:2304-2310

Lee RS, Yamada K, Houser SL,
Womer KL, Maloney ME, Rose HS,
Sayegh MH, Madsen JC (2001) Indirect
recognition of allopeptides promotes
the development of cardiac allograft
vasculopathy. Proc Natl Acad Sci

U S A 98:3276-3281

Mark W, Hechenleitner P, Candinas D,
Miyatake T, Koyamada N, Margreiter
R, Hancock WW, Bach FH (1997)
Xenograft accommodation is accompa-
nied by intragraft Th2 cytokines and
vascular expression of protective genes.
Xenotransplantation 4:154-160
Mennander A, Tiisala S, Halttunen J,
Yilmaz S, Paavonen T, Hayry P (1991)
Chronic rejection in rat aortic allo-
grafts. An experimental model for
transplant arteriosclerosis. Arterioscler
Thromb 11:671-680

Mhoyan A, Cramer DV, Baquerizo A,
Shirwan H (1997) Induction of allograft
nonresponsiveness after intrathymic
inoculation with donor class I allopep-
tides: 1. Correlation of graft survival
with anti-donor IgG antibody sub-
classes. Transplantation 64:1665-1670

27.

28.

29.

30.

3L

32

33.

34

35.

Moore KW, O’Garra A, de Waal
Malefyt R, Vieira P, Mosmann TR
(1993) Interleukin-10. Ann Rev Immu-
nol 11:165-190

Mosmann TR, Coffman RL (1987) Two
types of mouse helper T-cell clone.
Implications for immune regulation.
Immunol Today 8:223-227

Mosmann TR, Coffman RL (1989) TH1
and TH2 cells: different patterns of
lymphokine secretion lead to different
functional properties. Ann Rev Immu-
nol 7:145-173

Qin Z, Noffz G, Mohaupt M,
Blankenstein T (1997) Interleukin-10
prevents dendritic cell accumulation
and vaccination with granulocyte-
macrophage colony-stimulating factor
gene-modified tumor cells. J Immunol
159:770-776

Reemtsen BL, Kato H, Wang TS,
Busuttil RW, Kupiec-Weglinski JW,
Goss JA (1999) Intrathymic immuno-
modulation and the “infectious” toler-
ance pathway in allograft recipients.

J Surg Res 84:1-7

Rose EA, Smith CR, Petrossian GA,
Barr ML, Reemtsma K (1989) Humoral
immune responses after cardiac trans-
plantation: correlation with fatal rejec-
tion and graft atherosclerosis. Surgery
106:203-207

Rousset F, Peyrol S, Garcia E, Vezzio
N, Andujar M, Grimaud JA,
Banchereau J (1995) Long-term cul-
tured CD40-activated B lymphocytes
differentiate into plasma cells in
response to IL-10 but not IL-4.

Int Immunol 7:1243-1253

Russell PS, Chase CM, Winn HJ, Col-
vin RB (1994) Coronary atherosclerosis
in transplanted mouse hearts. I1.
Importance of humoral immunity.

J Immunol 152:5135-5141
Salazar-Onfray F, Charo J, Petersson
M, Freland S, Noffz G, Qin Z, Blan-
kenstein T, Ljunggren H-G, Kiessling R
(1997) Down-regulation of the expres-
sion and function of the transporter
associated with antigen processing in
murine tumor cell lines expressing
IL-10. J Immunol 159:3195-3202

36.

37.

38.

39.

40.

41.

42.

Shi C, Lee WS, He Q, Zhang D,
Fletcher DLJ, Newell JB, Haber E
(1996) Immunologic basis of transplant-
associated arteriosclerosis. Proc Natl
Acad Sci U S A 93:4051-4056

Shirwan H (1999) Chronic allograft
rejection: do the Th2 cells preferentially
induced by indirect recognition play a
dominant role? Transplantation 68:715-
726

Shirwan H, Barwari L, Cramer DV
(1997) Alloantigen recognition is medi-
ated by T cell receptors expressing re-
stricted Vb gene and diverse CDR3 loop
and Jb gene repertoires. Immunology
90:572-577

Shirwan H, Wu GD, Barwari L, Liu A,
Cramer DV (1997) Induction of allo-
graft nonresponsiveness after intrathy-
mic inoculation with donor

class Iallopeptides. II. Evidence for
persistent chronic rejection despite high
levels of donor microchimerism. Trans-
plantation 64:1671-1676

SivaSai KSR, Smith MA, Poindexter
NJ, Sundaresan SR, Trulock EP, Lynch
JP, Cooper ID, Patterson GA, Moha-
nakumar T (1999) Indirect recognition
of donor HLA class I peptides in lung
transplant recipients with bronchiolitis
obliterans syndrome. Transplantation
67:1094-1098

Takeuchi T, Lowry RP, Konieczny B
(1992) Heart allografts in murine sys-
tems: the differential activation of Th2-
like effector cells in peripheral tolerance.
Transplantation 53:1281-1294

Vella JP, Spadafora-Ferreira M,
Murphy B, Alexander SI, Harmon W,
Carpenter CB, Sayegh MH (1997)
Indirect allorecognition of major histo-
compatibility complex allopeptides in
human renal transplant recipients with
chronic graft dysfunction. Transplanta-
tion 64:795-800





