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We studied T-cell clones generated from grafts of rejecting and tolerant animals and investigated the reg-
ulatory function of Th2 clones in vitro and in vivo. To prevent allograft rejection, we treated LEW strain
recipient rats of WF strain kidney grafts with CTLA4Ig to block CD28-B7 costimulation. We then iso-
lated epitope-specific T-cell clones from the engrafted tissue, using a donor-derived immunodominant
class II MHC allopeptide presented by recipient antigen-presenting cells. Acutely rejected tissue from
untreated animals yielded self-restricted, allopeptide-specific T-cell clones that produced IFN-y, where-
as clones from tolerant animals produced IL-4 and IL-10. Adoptive transfer into naive recipients of Th1
clones, but not Th2 clones, induced alloantigen-specific delayed-type hypersensitivity (DTH) responses.
In addition, Th2 clones suppressed DTH responses mediated by Th1 clones in vivo and blocked Th1 cell
proliferation and IFN-y production in vitro. A pilot human study showed that HLA-DR allopeptide-spe-
cific T-cell clones generated from patients with chronic rejection secrete Th1 cytokines, whereas those
from patients with stable graft function produce Th2 cytokines in response to donor-specific HLA-DR
allopeptides. We suggest that self-restricted alloantigen-specific Th2 clones may regulate the alloimmune

responses and promote long-term allograft survival and tolerance.

J. Clin. Invest. 107:909-916 (2001).

Introduction

T-cell recognition of alloantigen is the key primary
event that initiates allograft rejection (1). T cells recog-
nize alloantigen via two distinct yet not mutually exclu-
sive pathways (2, 3). In the direct pathway, T cells rec-
ognize intact allo-MHC molecules with an endogenous
peptide on the surface of donor antigen-presenting
cells (APCs). In the indirect pathway, T cells recognize
donor-derived peptides presented by host APCs. CD4*
T cells are the critical cells that orchestrate the whole
cascade of graft destruction (4). Once fully activated by
the T-cell-receptor-MHC-peptide (TCR-MHC-peptide)
complex and costimulatory signals, CD4* Th cells pro-
duce different cytokines which mediate various effec-
tor arms of the alloimmune response (2).

After antigenic stimulation, CD4* T cells differentiate
into two distinct populations, each producing its own
set of cytokines and mediating separate effector func-
tions (5). Th1 cells produce IL-2, TNF-B, and IFN-yand
mediate cell immunity including delayed-type hyper-
sensitivity (DTH) responses. Th2 cells produce IL-4,
IL-5, IL-10, and IL-13, which provide help for B-cell
function. These two cell populations have been shown

to mutually regulate each other’s function (6). Several
studies in autoimmune and transplantation models
show that tolerance induction, in particular by T-cell
costimulatory blockade, seems sometimes to be associ-
ated with a state of immune deviation towards pre-
dominantly Th2 cell function with inhibition of Th1
and upregulation of Th2 cytokines in the target organ
(7-10). Therefore, it has been hypothesized that Th2
cells may function as regulatory cells in tolerant ani-
mals. In the murine autoimmune encephalomyelitis
model, it has been demonstrated that Th2 clones gen-
erated from hyporesponsive animals can transfer toler-
ance to naive animals (11), providing evidence that Th2
cells can function as regulatory cells in vivo. Whether a
Th2 switch regulates alloimmune responses remains
controversial (12-14), since there are data indicating
that animals that lack IL-4 can be tolerized (15) by T-cell
costimulatory blockade. Therefore, the causality of an
association between a state of immune deviation
towards Th2 cell function and transplantation toler-
ance has not been proven.

We have previously demonstrated that self-restricted
class I MHC allopeptide-specific Th1 cell clones from
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rats undergoing acute vascularized allograft rejection 40 A

express a restricted TCR Vf repertoire and transfer 1
DTH responses in vivo (16). In this study, we compared
for the first time, to our knowledge, the functions of
self-restricted alloreactive T-cell clones generated from
grafts of rejecting and tolerant animals and analyzed
the putative regulatory functions of Th2 clones in vitro
and in vivo. Results of a pilot study in kidney trans-
plant recipients with chronic rejection or stable graft
function establish the biological relevance of our ani-
mal studies in humans. Our results confirm the regu-
latory functions of alloreactive Th2 clones and provide
an invaluable tool for the study of the functions of Th1
and Th2 clones in acute/chronic allograft rejection and
tolerance in vivo.
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Figure 1

Proliferative responses of T-cell lines from rejecting and tolerant ani-
mals to specific donor-derived MHC class Il allopeptides. AP < 0.0001
for proliferation in T-cell lines from rejecting versus tolerant animals.
No significant proliferation over base line was observed against the
nonspecific (control) allopeptide for both T-cell lines. Data are pre-

Methods

910

Animals. Inbred 200-250 g male Lewis (LEW; RT1!) rats
were used as recipients and Wistar Furth (WF; RT1v)
rats served as donors. They were purchased from Har-
lan Sprague-Dawley Inc. (Indianapolis, Indiana, USA).

Rat kidney transplantation. LEW rats underwent bilat-
eral nephrectomies and received heterotopic MHC-
incompatible WF renal allografts. For the purpose of
this study, we used two groups of animals. The first
group was unmodified and the rejecting graft was har-
vested on day 7. The second group was treated with a
single injection of human cytotoxic lymphocyte activa-
tion factor 4 (CTLA4Ig; Bristol Myers Squibb Co.,
Princeton, New Jersey, USA) on day 2 after transplant
and the graft was harvested after 100 days. This proto-
col of CTLA4Ig administration has previously been
shown by Sayegh’s group to induce long-term allograft
survival with normal renal function and donor-specif-
ic tolerance in this model (7).

Patients. Renal allograft recipients who had received
their transplants at least 6 months earlier and were
attending the renal transplant clinic at the Brigham and
Women’s Hospital were screened. All patients were on
triple therapy immunosuppression with cyclosporine,
steroids, and azathioprine. Patients of specific interest
had to be mismatched for one or more of the three can-
didate HLA-DR antigens for which synthetic peptides
were available (DR1, DR2, and DR3). Two patients with
biopsy-proven chronic allograft dysfunction with an ele-
vated serum creatinine level (22.0 mg/dl) were com-
pared with three patients with stable allograft function
(stable serum creatinine < 2.0 mg/dl). The study was
approved by the human subjects committee of the
Brigham and Women’s Hospital.

MHC allopeptides: The polymorphic RT1.B and RT1.D 3
domains of RT1" (WF) were selected and two peptides cor-
responding to residues 20-44 were synthesized commer-
cially by Quality Control Biochemicals (Hopkington,
Massachusetts, USA) as described (17). Both peptides have
been published by our group as being immunogenic in
vitro and in vivo; they induce a T cell-proliferative
response in vitro and a DTH response in vivo after immu-
nization of LEW animals (17). In addition, both peptides

sented as mean + SEM (n = 4 experiments).

induce a proliferative response in T cells of animals reject-
ing WF-vascularized allografts (18, 19). More recently, we
have shown that priming LEW recipients with the
RT1.D"B20-44 peptide prior to transplantation acceler-
ates the rejection process of vascularized WF cardiac allo-
grafts (20). Furthermore, a panel of peptides was synthe-
sized corresponding to the full-length B-chain
hypervariable regions of HLA-DRB1*0101, 1501, and
0301 (Chiron Mimotopes, Raleigh, North Carolina, USA),
as previously reported (21). The peptides used for this
study included the HLA-DRB*0101 (HLA-DRI1 residues
42-62), HLA-DRB*1501 (HLA-DR2 residues 1-21 and
41-60),and HLA-DRB*0301 (HLA-DR3 residues 21-44).

Establishment of RT1.D*[320-44 T-cell lines and clones.
Lymphocytes were isolated from the transplanted kid-
ney of rejecting (day 7) or tolerant (>100 days) LEW
recipients of fully allogeneic WF renal allografts, as
previously described (16). The cells (4 x 10°) were then
cultured with 50 pg/ml of RT1.D"B20-44 peptide and
both T-cell lines were incubated at 37°C with 5% CO,
for 4 days. The cells (2 x 10°) were repeatedly stimu-
lated with the allopeptide at 7-day intervals in the pres-
ence of irradiated LEW splenocytes as APCs (16, 22).
During the remaining period, the T-cell lines were cul-
tured in complete medium with 10% IL-2 (Collabora-
tive Biomedical, Bedford, Massachusetts, USA). T-cell
clones were then generated from the RT1.D"B20-
44-specific T-cell lines by limiting dilution, as previ-
ously described (16, 22).

Establishment of HLA-DRB—specific T-cell lines and clones.
PBLs were separated by Ficoll-Hypaque (Pharmacia
Biotech, Piscataway, New Jersey, USA) density gradient
centrifugation. The cells were then washed twice in RPMI
1640 medium (BioWhittaker Inc., Walkersville, Mary-
land, USA) containing 4% normal human serum (Nor-
malceraplus; North American Biologicals Inc., Miami,
Florida, USA), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 5 mM HEPES, 1% nonessential amino acids, and
1mM sodium pyruvate, and spun at 400 g. The cells were
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Table 1

Characterization of rat T-cell clones generated from the kidneys of a rejecting and a

tolerant animal

Flow cytometry analysis. T-cell clones
were incubated with mouse anti-rat-
CD4 (W3/25; Harlan Bioproducts for

Science Inc., Indianapolis, Indiana,

Clones Proliferation? Phenotype?  TCR V(€ .
rerat il B¢ USA) or anti-CD8 (MRC OX8; Harlan
Medium RT1.D°B20-44 RT1.B:20-44 Bioproducts for Science Inc.) mAb’s at
Rejecting a dilution of 1:100, as previously
2A2 937 + 283 34784 + 3326 1543 + 258 CD4* 5.2 described (16 22)_ The human T-cell
2F7 903 £ 217 33989 £ 7968 1560 + 273 CD4* 8.1 1 > d with . d
1F8 947 +342 38078+ 1898 1628+ 168 CcD4* 8.2 clones were stained with conjugate
2D5 895 £ 297 38975+ 5098 1693 +286 CDh4* 8.2 FITC-anti-human CD4 and FITC-anti-
1G9 964+385 415934153 1615+ 228 CD4* 9 human CD8 mAb’s (BD PharMingen
>
Tolerant San Diego, California, USA). The sam-
2F3 809 + 306 3329 + 827 863 + 381 CD4* 3.3 1 al dbvfl
2F5 877 +312 3448 + 943 920 + 307 CD4* 4 ples were analyzed by tlow cytometry on
1D2 936 + 239 3831+ 1026 983 + 493 CD4* 8.2 a Becton Dickinson FACsort (Becton
2B5 847 + 437 4240 £ 749 936 + 304 CD4* 9 Dickinson Immunocytometry Systems,
2A7 908 + 396 2979 + 583 1003 + 295 CDh4+ 13

Acpm + SEM. BPhenotype as determined by flow cytometry. “TCR VB determined by RT-PCR.

Mountain View, California, USA).

finally counted after resuspension in RPMI medium that
was the same as above except containing 10% normal
human serum. PBLs from human renal allograft recipi-
ents (4 X 10) were cultured separately with 2.5 g of the
mismatched donor-derived HLA-DR allopeptides. T-cell
clones were generated by limiting dilution from the
allopeptide-specific T-cell lines after three cycles of stim-
ulation, as described for the rat clones above.

Proliferation assay. After generation of the T-cell lines
and clones, 2.5 x 10* cells were cultured with 10 pg (this
dose was selected based on our previous publication
showing the dose response curve for Th clones’ prolif-
erative responses to this peptide [ref. 16]) of the relevant
allopeptide in 96-well U-bottom plates (Corning-Costar
Corp., Cambridge, Massachusetts, USA) containing
RPMI 1640 medium (BioWhittaker Inc.), 10% FCS (for
the rat cell lines and clones) or pooled normal human
serum (for human cell lines and clones), 100 U/ml peni-
cillin, 100 mg/ml streptomycin, 2 X 105 M 2-mercap-
toethanol and 5 mM HEPES in the presence of irradi-
ated self antigen-presenting cells (1 X 10°). Proliferation
was measured by 3[H]-thymidine (New Eng-
land Nuclear Dupont, Boston, Massachusetts,
USA) incorporation. All assays were set up in
quadruplicates, and the results expressed as
cpm + SEM.

ELISA for rat and buman IFN-y, IL-2, IL-4, IL-10,
and TGF-P. T-cell lines and clones (2.5 x 10%)
were cultured in 96-well U-bottom plates (Corn-
ing-Costar Corp.) with 10 ug of the relevant
peptide as above. Negative control wells were set
up with culture medium only. The plates were
incubated at 37°C with 5% CO, for 48 hours or

600 -

500 A

400 -

300 o

200 A

pg/ml (1:10 dilution)

100

72 hours, at which time point culture super-
natants were taken for determining IFN-y, IL-2,
IL-4, IL-10 (48 hours), and TGF-B (72 hours)

RT-PCR for TCR V3 expression. Total RNA
was extracted from the cells (5 x 106)
using the RNase total kit (QIAGEN Inc.,
Valencia, California, USA) and ¢cDNA was prepared
using the SuperScript Preamplification System for First
Strand cDNA Synthesis kit using Random Primers (Life
Technologies Inc., Gaithersburg, Maryland, USA). PCR
amplification with the GAPDH housekeeping gene was
performed to assess variations in total cDNA concen-
tration between samples. RT-PCR was performed to
compare the expression of TCR Vf} repertoire in naive
spleens, T-cell lines, and clones using 5’ primers specific
for each of the 22 rat TCR VP and for each of the 24
human TCR VB and a 3’ primer RTCP.1 from the TCR
CB region (16). Nonoverlapping oligonucleotide primer
pairs were obtained by Genosys Biotechnologies (The
Woodlands, Texas, USA). Reaction conditions included
1.25 ul cDNA, 1 uM of each 5" and 3’ primers, 10 mM
Tris-HCL, 50 nM KCl, 1.5 mM MgCl,, 0.001% (wt/vol)
gelatin, 800 UM dNTPs, and 0.625 units AmpliTaq DNA
polymerase (Perkin-Elmer Applied Biosystems, Foster
City, California, USA) in a total volume of 25 ul. The
amplifications were performed in a thermocycler (Gene
Amp. PCR System 9600, Perkin-Elmer Applied Biosys-

Il Specific allopeptide RT1.DUB20-44

800 -
[ Control peptide RT1.BUB20-44

[ Medium
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IFN-y IL-2 L4

Rejecting

IL-10 IFN-y IL-2 IL-4
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IL-10

production. Culture supernatants were assayed
by ELISA using BioSource Cytoscreen Rat and
Human ELISA Kits (BioSource International,
Camarillo, California, USA).

Figure 2

T-cell lines cytokine profile of rejecting and tolerant animals after restimula-
tion with the RT1.D¥B20-44 allopeptide. Data are presented as mean + SEM
(n = 4 experiments).
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Figure 3

T-cell clone cytokine profile patterns of rejecting and tolerant animals after
restimulation with the RT1.D¥B20-44 allopeptide. Data are presented as

Il Specific allopeptide RT1.DUB20-44

800 -

mean + SEM (n = 5 clones per group, 3 experiments).
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tems). For each primer, different thermal cycling param-
eters were used as follows: denaturation at 94°C for 15
seconds, annealing temperature between 50°C and 60°C
for 20 seconds, and extension for 1 minute (with a final
extension of 7 minutes at the end of all cycles). PCR
analysis was performed in duplicate on all cDNA sam-
ples. The amplification products were separated on 1%
agarose gel (16, 22).

DTH response. We used an adoptive transfer system to
study the functions of the Th cell clones in vivo, as previ-
ously described (16, 22). Responder LEW rats were inject-
ed intraperitoneally with the T-cell clones (20 x 10°) and
subsequently challenged S days later with a subcutaneous
injection of 10 pg of RT1.D"B20-44 or 10 ug of
RT1.D"B20-44 peptide in one ear and irradiated allo-
geneic WF spleen cells (10 X 10°) in the other ear. In sepa-
rate experiments, a mixture of the T-cell clones (10 x 10°),
10 ug of RT1.D"B20-44 allopeptide, and irradiated LEW
APCs (80 x 10°) were injected directly intradermally into
the ear of naive LEW animals. A blinded observer meas-
ured DTH responses with a micrometer caliber (Mitu-
toyo, Aurora, Illinois, USA) 48 hours after challenge. Each
measurement was performed at least four times and cal-
culated mean was used as the final result. Results were cal-
culated as A ear thickness before and after the challenge
(X102 inches). Statistical analysis of data was assessed
using the Student’s ¢ test.

Results

Generation of RT1.D*B20-44—specific T-cell lines. T-cell lines
were established by repeated stimulation of graft-infil-
trating cells from acutely rejecting and tolerant LEW
recipients of WF renal allografts with the immuno-
genic RT1.D"B20-44 allopeptide presented by recipi-
ents’ APCs. The cell lines were tested for reactivity to
the RT1.D"B20-44 allopeptide and RT1.B!B20-44 con-
trol peptide in the presence of irradiated host APCs.
After three stimulation cycles, the proliferative
response of the lines was tested against the specific
donor-derived and control allopeptides. The T-cell line

IL-10

generated from the tolerant graft had a sig-
nificantly lower proliferative response to
RT1.D"B20-44 allopeptide as compared with
the T-cell line from the rejected graft (Figure
1). The T-cell lines had no significant prolif-
eration above base line after stimulation with
the control RT1.BuB20-44 peptide.

Generation of T-cell clones. T-cell clones were
then generated by limiting dilution from the
T-cell lines after three stimulations using
RT1.D"B20-44 peptide and fresh naive irradi-
ated LEW APCs. Five T-cell clones from each
T-cell line were generated and tested for their
reactivity to the specific donor-derived and
control class I MHC allopeptides. While all
T-cell clones proliferated specifically to the
RT1.D"B20-44 but not the control
RT1.B"$20-44 allopeptide, the proliferation
of T-cell clones from the tolerant animal were
significantly lower than those from the rejecting ani-
mal (Table 1), consistent with the T cell-line data
above. No significant T-cell clone proliferation above
base line was observed after stimulation with the con-
trol peptide RT1.B4320-44.

Phenotype of the T-cell lines and clones. The phenotypic
characterization of the T-cell clones was determined by
flow cytometry using anti-CD4 and anti-CD8 mAD’s.
All of the T-cell clones were found to express CD4
(Table 1). T-cell line and clone production of a panel of
cytokines, including IL-2, IFN-y, IL-4, IL-10, and the
fibrogenic growth factor TGF-f3, were tested by ELISA
on culture supernatants after stimulation with the spe-
cific RT1.D"B20-44 or control RT1.BuB20-44 peptide.
As seen in Figures 2 and 3, the T-cell line and clones
from the rejecting graft produced IL-2 and IFN-y (Th1),
whereas the T-cell line and clones from the tolerant
graft produced IL-4 and IL-10 (Th2). TGF-B was not
i O WF splenocytes

B Specific allopeptide RT1.D4Y320-44

No cells

A

Th2 clone

Th1 clone A

ﬁ:

0 05 1
A ear thickness (x1072 inches)

1.5

Figure 4

DTH responses in LEW rats were elicited after intraperitoneal injec-
tion of the Th1 or Th2 TCR VB9 cell clones (20 x 109). Five days later,
the animals were challenged by subcutaneous injection in the ear
with RT1.D!B20-44 or whole-irradiated WF splenocytes. Changes in
ear thickness were then measured 48 hours later. Bars represent the
mean * SD A ear thickness (inches x 10-2). Naive LEW rats that are
not injected with the clones or immunized with the allopeptides do
not mount DTH responses (n = 8 animals/group, AP < 0.0001).
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Figure 5

Regulatory function of Th2 clones in vitro. (a) Proliferation of TCR VB9 Th1 clone from the rejecting animal, irradiated TCR VB9 Th2 clone
from the tolerant animal, and irradiated naive LEW T cells. 1, Th1 clone specific for RT1.D"320-44 + peptide RT1.DvB20-44. 2, irradiated
naive LEW T cells + peptide RT1.D420-44. 3, irradiated Th2 clone specific for RT1.D“B20-44 + peptide RT1.D"B20-44. 4, Th1 clone spe-
cific for RT1.D¥B20-44 + irradiated naive LEW T cells + peptide RT1.DB20-44. 5, Th1 clone + irradiated Th2 clone both specific for
RT1.D4B20-44 + peptide RT1.D“B20-44. (b) Cytokine profile of TCR VB9 Th1 clone from the rejecting animal and irradiated TCR VB9 Th2
clone from the tolerant animal after restimulation with the RT1.D!$20-44 allopeptide. 6, Th1 clone specific for RT1.D"B20-44 + peptide
RT1.D4B20-44. 7, Th2 clone specific for RT1.D"B20-44 + peptide RT1.D"B20-44. 8, irradiated Th2 clone specific for RT1.D4320-44 + pep-
tide RT1.D¥B20-44. 9, Th1 clone + irradiated Th2 clone both specific for RT1.D¥B20-44 + peptide RT1.D4320-44. Data are presented as
mean = SEM (n = 4,4P < 0.0001).

detected in any of the culture supernatants tested.
These findings indicate that at the clonal level, acute
rejection in our model is associated with a Th1 pheno-
type, and tolerance is associated with a Th2 phenotype,
thus confirming Sayegh’s group’s published data on
intragraft cytokine expression patterns in vivo (7).

The TCR Vf gene usage of the T-cell clones was also
examined. RT-PCR transcript analysis with specific rat
TCR VP primers (16) showed that the clones from
both animal groups expressed a restricted TCR V[
repertoire. As shown in Table 1, the clones derived
from each of the T-cell lines expressed different TCR
VP segments. Clones with TCR V9 were found to be
expressed in both groups and were selected for further
study. These data suggest that the TCR V[3 segment
per se does not determine the Th phenotype of an
allospecific T-cell clone.

Functions of the allopeptide-specific T-cell clones in vivo. We
have previously shown that self-restricted allopeptide
(RT1.D"B20-44) specific Thl clones transfer DTH
responses in vivo (16, 22). The functions of alloreactive
Th2-cell clones in vivo are unknown. Therefore, we test-
ed the ability of the allopeptide specific TCR V39
expressing Th1 and Th2 clones to transfer antigen-spe-
cific DTH responses in vivo. Naive LEW animals were
injected with the T-cell clones intraperitoneally and were
subsequently challenged with either RT1.D"320-44
allopeptide or irradiated allogeneic WF spleen cells.
Naive animals do not normally mount DTH responses
unless immunized with the allopeptide (17). Significant
DTH responses were elicited after injection of the Th1
but not Th2 clones (Figure 4). In order to rule out the
possibility that the lack of a DTH response observed
with adoptive transfer of the Th2 cells was secondary to
an inability of the cells to expand in vivo or migrate to
the site of antigen (ears), we injected a mixture of the Th
clones with the RT1.D"B20-44 allopeptide and irradiat-
ed APCs locally intradermally in the ears and measured

DTH responses. We obtained similar results with a A ear
thickness 0f 0.45 + 0.054 X 10-2 inches (n = 8) in animals
injected with the Th1 cell clones and a zero A ear thick-
ness (n = 8) in animals injected with the Th2 clones.
These results confirm that the alloreactive Th2 clones do
not induce antigen-specific DTH responses in vivo.
Regulatory function of Th2 clones in vitro. One of the poten-
tial functions of Th2 clones is to act as regulatory cells,
thus inhibiting the function of Th1 cells. Such functions
have been confirmed for autoreactive Th2 clones in
autoimmune disease models (11, 23). However, there are
no data on the regulatory functions of alloreactive Th2
clones. In order to study the putative regulatory functions
of the Th2 clones in vitro, we set up a coculture system
where irradiated cells (30 Gy, to inhibit their proliferation)
from the TCR VB9 Th2 clone or naive LEW T cells as con-
trol were cultured in a 1:1 ratio with cells from the TCR
VB9 Th1 clone along with irradiated (30 Gy) fresh LEW

Th1 clone cells +
irradiated Th2 clone cells A

Th1 clone cells +
irradiated naive LEW cells

O WF splenocytes

Irradiated Th2 clone cells

Irradiated naive

B Specific allopeptide RT1.DY320-44

LEW T cells
Th1 clone cells —Jj A
0 05 I 15 2
A ear thickness (x1072 inches)
Figure 6

Regulatory function of the Th2 clones in vivo. The DTH response in
LEW rats was elicited in animals injected with Th1 TCR VB9, irradiat-
ed Th2 TCR VB9 cell clones and irradiated naive LEW T cells ina 1:1
ratio. Bars represent the mean + SD A ear thickness (inches x 102,

n =8 animals/group, AP < 0.0001).
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Figure 7 a 21 . b
T-cell line proliferation to specific donor-derived 500“ B HLA-DRB-Peptide
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APCs plus allopeptide. Addition of the irradiated Th2
clone, but not of irradiated naive LEW T cells, significant-
ly inhibited the proliferative response of the Th1 clone to
the RT1.D"B20-44 allopeptide (Figure Sa). No significant
proliferation was seen when the irradiated Th2 clone spe-
cific for RT1.D"B20-44 or irradiated naive LEW T cells
were cultured alone with the allopeptide.

Cytokine analysis by ELISA of the culture supet-
natants from the coculture experiment showed a 78.2%
reduction of IFN-y but not of IL-2 production by the
Th1 clone in the presence of the irradiated Th2 clone,
but not in the presence of irradiated naive LEW T cells
(not shown), in response to the RT1.D%320-44 allopep-
tide (Figure 5b). IL-4 and IL-10 production were simi-
lar in all coculture supernatants. These data indicate
that the allopeptide-specific Th2 clones can function
as regulatory cells in vitro.

Regulatory function of Th2 clones in vivo. In order to
study the regulatory function of Th2 clones in vivo, we
injected intraperitoneally naive LEW animals with a
mixture of the Th1 and irradiated Th2 clones or irra-
diated naive LEW T cells as controls and tested for
DTH responses to the RT1.D"B20-44 allopeptide and
irradiated donor spleen cells. DTH responses to both
the RT1.D"B20-44 allopeptide and irradiated donor
splenocytes were significantly reduced when Th1 clone
cells were injected in combination with irradiated Th2
clone cells compared with animals injected with the
Th1 clone alone (Figure 6). Injection of irradiated
naive LEW T cells had no effect on the generation of a
DTH response by Thl clone cells.
These data indicate that self-restrict-
ed Th2 cells may function to regulate
both direct and indirect Th1 alloim-

Table 2

T-cell lines and clones from renal transplant recipients.
T-cell lines and, subsequently, clones were generated
by repeated stimulation of PBLs from three patients
with stable graft function and two patients with
chronic rejection with the mismatched donor-derived
HLA-DR peptides presented by irradiated recipients’
APCs. First, we tested the proliferative response of the
T-cell lines and clones to the mismatched donor
derived and irrelevant (control) HLA-DR peptides.
T-cell lines and clones generated from patients with
chronic rejection had significantly higher proliferative
responses as compared with those from patients with
stable renal allograft function (Figure 7a). No signifi-
cant proliferation above base line was seen after stim-
ulation with the irrelevant HLA-DR control peptides
in either patient group (Figure 7a).

Characterization of MHC allopeptide specific T-cell lines and
clones from buman renal transplant recipients. Further phe-
notypic characterization of the T-cell lines and clones
was carried out by flow cytometric analysis using anti-
CD4 and anti-CD8 mAb’s. All of the cell lines and
clones expressed CD4 (Table 2). The TCR V3 gene usage
of the T-cell clones was then examined using RT-PCR
transcript analysis with the 24 specific human TCR V[
primers. Results indicated that the clones from both
groups of patients expressed a restricted TCR V[3 reper-
toire with a high degree of overlap (Table 2).

Cytokine analysis of the T-cell lines and clones using ELISA.
We next examined the cytokine patterns of the donor
HLA allopeptide-specific T-cell lines and clones from

Characterization of HLA-DR allopeptide-reactive T-cell lines and clones from renal
transplant recipients

mune responses in vivo. Similarly,

. . Cellline Phenotype HLA mismatch  Peptide Cytokine TCR-VB (clones

when irradiated Th2 cells were local- R P P e P )
ly coinjected with Thi cells incrader- cD4 DR1 42-62  IL2,IFN-y 5.2,8,9,13.1,13.1,13.2
mally into the ear (see above), DTH CD4* DR3 21-44 112, IFN-y 3,5.1,8,13.1,17
responses were significantly reduced  stable
(A ear thickness: 0.1 x 102 inches, 1 cp4 DR1 42-62 14,110 5.1,5.2,6,8,9,13.1,13.1
-8 0000 ascomparedwich 2 BT B id L weein el
Th1 clones alone (0.45 + 0.054 x 102 ’ e
inches, n = 8). CR, chronic rejection.
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stable and chronically rejecting patients. T-cell line
and clone production of a panel of cytokines, includ-
ing IFN-y, IL-2, IL-4, and IL-10, and the fibrogenic
growth factor TGF-f3, was tested by ELISA on culture
supernatants after stimulation with the specific HLA
allopeptides. We found that the T-cell lines from
patients with chronic graft dysfunction produced
only the Th1 cytokines IL-2 and IFN-y, after restimu-
lation with peptide (Figure 7b). The T-cell lines gen-
erated from patients with stable graft function pro-
duced only the Th2 cytokines IL-4 and IL-10 (Figure
7b). Analysis of 31 T-cell clones confirmed without
exception this dichotomy; all 11 clones from the two
chronically rejecting patients produced Thl
cytokines, while all 20 clones from the three stable
patients produced Th2 cytokines in response to the
specific donor HLA allopeptides.

Discussion

It is thought that acute allograft rejection is predomi-
nantly a Th1-mediated immune response. However, spe-
cific cytokine gene knockout mice show that allograft
rejection can proceed in the absence of IL-2 (24) or IFN-y
(25), indicating that not all Th1-associated cytokines are
required for rejection to occur. Similar data have been
recently reported for STAT4 gene knockout mice thatare
unable to mount normal Th1 responses (26). In some
models, Th1 cytokines may also be required for tolerance
induction (25, 27, 28), possibly through the promotion
of activation-induced cell death.

Th2 cytokines suppress cell-mediated immunity (6).
Several studies in autoimmune disease and transplan-
tation models show that tolerance induction, particu-
larly by T-cell costimulatory blockade (7, 9, 10, 29), is
associated with a state of immune deviation towards
predominantly Th2 cell function with inhibition of
Th1 and upregulation of Th2 cytokines in the target
organ. Studies have been performed to examine the
role of regulatory cells in tolerance induction (30, 31).
The existence of regulatory cells in vitro through sup-
pressor assays and in vivo by adoptive transfer of a state
of infectious tolerance has been demonstrated (31, 32).
However, these regulatory cells themselves have been
difficult to clone and hence, to characterize. Recent
data from Zhang et al. has identified a CD4-/CD8"
T cell that is capable of regulating antigen-specific
CD8* T-cell mediated Fas-dependent cell death (33).
These cells, however, do not have a Th2-type cytokine
profile and do not represent the mechanism of putative
Th2-mediated T-cell regulation that has clearly been
demonstrated in a number of studies (30, 34, 35).

We have previously shown that class I MHC allopep-
tide-specific Th1 clones generated from animals reject-
ing renal allografts transferred specific DTH responses
in vivo, indicating their important role in the patho-
genesis of allograft rejection (16). In this study we gen-
erated T-cell lines and clones from long-term surviving
LEW recipients of WF kidney allografts and from acute-
ly rejecting recipients against the immunodominant

donor MHC peptide RT1.D"20-44 derived from the
B-chain of the WF RT1.D (HLA-DR-like) to study the
putative regulatory function of Th2 clones in vitro and
in vivo. We showed that class I MHC allopeptide-spe-
cific T-cell clones generated from animals primed in vivo
by immunization with the immunogenic class Il MHC
allopeptide RT1.D"20-44 expressed TCR V[39. T-cell
clones generated from animals undergoing acute rejec-
tion also expressed TCR VP9, and in addition, expressed
two additional polymorphisms, TCR VB8.2 and VP4
(16). In this study, the T-cell clones from each line, i.e.,
from rejecting and tolerant animals, generally expressed
different TCR Vf segments, and TCR VB9 was found in
both. This suggests that the physiologic processing of
alloantigen leads to the presentation of additional epi-
topes, which get preferentially recognized by particular
TCR VP polymorphisms (16, 36). The fact that all of the
T-cell lines and clones are CD4" is entirely consistent
with the hypothesis that such cells encounter alloanti-
gen in vivo in the context of self-MHC by the indirect
pathway, and are thus class Il MHC-restricted.

Here we demonstrated that the cytokine pattern, pro-
duced by the donor-specific peptide-primed T cells, is
associated with the presence or absence of allograft dys-
function. Stable graft function is associated with a Th2
pattern of cytokines, whereas allograft dysfunction is
associated with a Th1 pattern of cytokine production.
There is evidence for a causative link between the T-cell
cytokine production and the presence or absence of
graft dysfunction. This is suggested by our findings
that Th2 cytokine-producing T-cell clones suppressed
the proliferative response and also the IFN-y produc-
tion of the Th1 cytokine-producing clones, and inhib-
ited DTH responses in vivo. These findings and pub-
lished data from Sayegh’s group (7, 37) and others (38)
also argue against a link between a Th2 phenotype and
development of chronic allograft dysfunction (39).

The results of this pilot study in renal transplant
recipients provide evidence of a biological relevance for
our rat studies to humans. Certainly, a prospective-type
study where more patients are tested against a larger
number of HLA-DR molecules is required in order to
define the role and mechanisms of indirect allorecogni-
tion in chronic rejection and dissect the function of
alloreactive Th1 and Th2 clones in humans.

In summary, in this study we provide the first descrip-
tion, to our knowledge, of the characteristics and func-
tion of Th1 and Th2 alloreactive T-cell clones generated
via the indirect pathway of allorecognition. Our obser-
vations indicate that Th1 cells may play a pathogenic
role in allograft rejection, whereas Th2 cells may provide
a protective role by regulating Th1-cell clones in vivo.
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