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Analysis of T Cell Responses in Liver Allograft Recipients
Evidence for Deletion of Donor-specific Cytotoxic T Cells in the Peripheral Circulation

James M. Mathew, J. Wallis Marsh, Brian Susskind, and T. Mohanakumar
Washington University School ofMedicine, Department of Surgery, St. Louis, Missouri 63110

Abstract

Analysis of cell-mediated lympholysis in long-term liver allo-
graft recipients indicated that there was a donor-specific unre-
sponsiveness that could not be reversed by the addition of rIL-2
and/or mixed lymphocyte culture supernatant or by nonspe-
cific stimulation of the cultures with PHA. Stimulation of recipi-
ent cells with semisyngeneic cells having both donor and third-
party HLAantigens failed to reveal the presence of cytotoxic T
cells (CTL) specific to the donor, whereas the CTL response to
third-party antigens remained normal. Removal of B lympho-
cytes from the responding cell population did not influence the
responses. Furthermore, limiting dilution analysis showed that
the liver transplant recipients did not have detectable levels of
CTL precursors (Clip) reactive to the donor antigens,
whereas their CTLp to third-party antigens remained normal.
Donor-specific ClTLp were present before and during the early
post-transplant period; these cells were eliminated from the
peripheral circulation by 10 mo after transplantation. Taken
together, these results indicate that there is a deletion of CTLp
specific to donor MHCantigens in the peripheral circulation of
long-term liver allograft recipients that may account in part for
the success of liver transplantation across MHCbarriers. (J.
Clin. Invest. 1993. 91:900-906.) Key words: mechanism * pe-
ripheral tolerance * liver transplantation * cell-mediated lym-
pholysis * limiting dilution analysis

Introduction

Identification of the immunological mechanisms involved in
organ allograft rejection and acceptance is still an area of con-
troversy. However, clinical and experimental observations indi-
cate that several different inductive, effector, and regulatory
immunological events, either singly or in combination, bring
about the rejection or acceptance of allografted organs. Thus,
antibodies and cytotoxic T cells (CTL)' against major histo-
compatibility antigens (MHC) of the allograft (1), antibody-
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1. Abbreviations used in this paper: CML, cell-mediated lympholysis;
CTL, cytotoxic T cells; CTLp, CTL precursors; LCL, lymphoblastoid
cell lines; LDA, limiting dilution analysis; MLR, mixed lymphocyte
reaction; MR, maximum release; SR, spontaneous release.

dependent cellular cytotoxicity (2), and delayed-type hypersen-
sitivity reactions (3) are some of the effector mechanisms
thought to play important roles in allograft rejection. Mecha-
nisms for the immunological adaptation of the allograft in an
antigen-specific manner are thought to include clonal deletion
of antidonor alloreactive cells, active suppression of alloreac-
tive clonotypes by suppressor T cells, and negative modulation
of alloreactive T cells by anticlonotypic immunoglobulins
(4-7).

It has been recognized that hepatic allografts are to an ex-
tent immunologically "privileged" (8). Both human and ani-
mal livers can be transplanted into presensitized recipients
without immediate graft injury (8-1 1 ). Further, liver grafting
induces a state of systemic tolerance specific to donor antigens,
such that the recipient will also subsequently accept other or-
gan grafts of the same MHC(1 1-14). The bulk of experimen-
tal animal research in liver transplantation has focused on es-
tablishing why hepatic allografts display these unique proper-
ties. The anatomical structure of the liver, organ size ( 14),
differences in the expression of class I and II MHCalloantigens
( 15), secretion of soluble HLAantigens into the general circu-
lation ( 13, 16), elaboration of enhancing anti-Ia antibodies
(17), induction of suppressor cells ( 18), and deletion of donor
reactive lymphocytes ( 19) are some of the reasons proposed to
explain the specific tolerance manifested by the animal liver
allografts. However, the mechanism of liver allograft accep-
tance in the human is essentially a matter of conjecture based
on extrapolation from findings in animal models. In this com-
munication we present evidence that long-term liver allograft
recipients show donor-specific unresponsiveness in the periph-
eral circulation, as measured by cell-mediated lympholysis
(CML) and limiting dilution analysis (LDA). Furthermore,
such unresponsiveness could not be overcome by exogenous
addition of helper factors or by nonspecific stimulation with
mitogens, indicating that there is peripheral tolerance to the
donor HLA antigens. Our data also suggest that the peripheral
tolerance is mediated by deletion of CTL precursors (CTLp)
against the donor HLA antigens.

Methods

Subjects
The subjects of these experiments were liver transplant recipients who
had well-functioning allografts for > 1 yr, unless otherwise mentioned.
These patients will be referred to as long-term liver allograft recipients.
There were 10 patients, 3 females and 7 males, whose age ranged from
29.9 to 68.9 yr (mean 46.6 yr).

Indications for transplantation and the number of patients were
chronic active hepatitis B, 2; Budd-Chiari, 1; Caroli's disease, 1;
chronic hepatitis C, 1; chronic active non-A non-B hepatitis, 1; primary
biliary cirrhosis, 1; Byler's disease with hepatoma, 1; cryptogenic cirrho-
sis, 1; and alcoholic cirrhosis, 1. All liver grafts were primary except for
one patient with a second graft who lost his first graft to recurrence of
his hepatitis B.
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Immunosuppression was with Cyclosporine/ Prednisone±Azathio-
prine in eight patients. The other two received immunosuppression
with FK506/Prednisone as a part of a randomized trial. One of these
patients was later switched to Cyclosporine because of neurotoxicity.
Rejection episodes were treated with steroid bolus/recycles and/or
OKT3 monoclonal antibody.

The HLA phenotypes of the liver transplant recipients, the donors,
and other stimulator cells used in the various experiments are given in
Table I. HLA typing was performed using standard microcytotoxicity
testing.

Cells and cell preparations
PBLs. After obtaining informed consent from the patients, 50 ml of
heparinized blood was collected and the PBLs were isolated by density
gradient centrifugation over Ficoll-Hypaque (Pharmacia Inc., Piscata-
way, NJ) (20).

Lymphoblastoid cell lines (LCLs). Splenic B lymphocytes or
lymph node B lymphocytes from the liver donors were transformed
with EBV obtained from the marmoset cell line B95-8 (20). All LCLs
were cultured in RPMI 1640 supplemented with 15% newborn calf
serum (Gibco Laboratories, Grand Island, NY), 2 mML-glutamine,
and 100 U/iml each penicillin and streptomycin.

Stimulator cells. Stimulator cells were LCLs and fresh or cryopre-
served spleen cells from the donor and third-party individuals. The
third-party individuals were those who did not share HLA antigens

Table I. The HLA Phenotypes of the Recipients
and Stimulators of the Study

Subject type Name/# HLA

1. Recipient JA A 2/29; B44/-; DR4/-; DQw3/-
Donor JK Al 1/29; B44/51; DR4/7; DQw2/3
Third SL A33/68; B17/-; DRw6/10; DQw2/3

2. Recipient CB Not typed
Donor EJ0804 A 2/3; B 8/35; DR8/11; DQw3/-
Third EAN395 A24/-; B14/27; DR3/4; DQw2/3/7

3. Recipient ME A 2/24; B 7/62; DR2/11; DQwl/-
Donor GH A 2/24; B60/62; DR4/-; DQw3/-
Third CJY630 A 1/69; B13/41; DR7/-; DQw2/-

4. Recipient DE A 2/24; B27/44; DR 1/15; DQwl/-
Donor EAT500 A 1/30; B 8/18; DR3/-; DQw2/-
Third EJN778 A25/29; B51/58; DRwl 1/-; DQw-/-

5. Recipient BH1 A 2/11; B 8/44; DR3/13; DQwl/2
Donor DD1021 A 1/24; B49/57; DR4/13; DQwl/3
Third SL A33/68; B17/-; DRw6/10; DQwl/-

6. Recipient MK A 1/3; B17/55; DR3/-; DQwl/2
Donor AL A 1/2; B 8/35; DR2/3; DQwl/-
Third MM Al 1/30; B 18/62; DR3/9; DQw2/3

7. Recipient RC Not typed
Donor MM Al 1/30; B 18/62; DR3/9; DQw2/3
Third CE2953 A 3/3 1; B42/51; DR 1/12; DQwl/-
Semisyngeneic SP A 3/30; B42/62; DR2/10; DQwl/-

8. Recipient RE A 2/-; B39/44; DR4/-; DQwl/3/6
Donor DJT397 A 2/29; B41/45; DRI 1/14; DQw-/-
Third EFW145 A 1/68; B53/58; DR12/15; DQwl/-
Semisyngeneic EJN778 A25/29; B51/58; DRwl 1/-; DQw-/-

9. Recipient EF A 2/32; B35/44; DRw6/7; DQwl/2
Donor RR A 2/33; B35/51; DR7/10; DQwl/2
Third EAN407 A 1/24; B 7/8; DR2/12; DQwl/3/7
Semisyngeneic BH2 A 1/-; B35/51; DR l/w8; DQw1/4

10. Recipient CS A 1/-; B 8/21; DR3/7; DQw2/-
Donor EBZ369 A 2/-; B 7/44; DR4/15; DQwl/3/6
Third CE2953 A 3/3 1; B42/51; DR 1/12; DQwl/-
Semisyngeneic DD2047 A 2/3; B35/44; DR 1/13; DQwl/6

11. Recipient FW A 2/36; B35/-; DR 1/3; DQwl/-
Donor CE2953 A 3/3 1; B42/51; DR 1/12; DQwl/-
Third MM Al 1/30; B18/62; DR3/9; DQw2/3
Semisyngeneic SP A 3/30; B42/62; DR2/10; DQwl/-

with the donor or the recipient. Before use, stimulator cells were irra-
diated at 5,000 or 3,000 rads for LCLs and spleen cells, respectively.

CML. The procedure for bulk CMLcultures is a modification of
the method described earlier (21 ). Briefly, 1 X I07 recipient PBLs were
mixed with irradiated stimulator donor or third-party spleen cells ( 1
X 107) or LCL (5 X 106) in 20 ml of culture medium in a T-25 culture
flask and incubated at 370C in 5%CO2. After 7 d, recovered cells were
counted by trypan blue exclusion and used as effector cells for CTL
activity against donor and third-party targets as described below.

S)Chromium-labeled target cells. Target cells were either LCL or
PHAblasts from spleen cells induced with 0.5% PHA(Wellcome Diag-
nostics, Dartford, England) for 4 d. On the day of assay, 2 X 106 cells in
250 ,1 of culture medium were incubated with 250 ,gCi of Na5"CrO4
(New England Nuclear, Boston, MA) for 1 h at 370C. The target cells
were then washed four times with RPMI 1640 medium containing 5%
newborn calf serum.

5"Cr-release CTL assay. Chromium-release assays were conducted
by adding graded number of effector cells and 5 x 103 5"Cr-labeled
target cells (50:1 to 3.125:1 effector/target ratio) in quadruplicate to
wells of 96-well round-bottom culture plates in a total volume of 0.2 ml
of culture medium. After 5 h of incubation at 370C in 5%C02, culture
supernatants were harvested using a Skatron collection system (Ska-
tron, Inc., Sterling, VA) and counted using a gammacounter. Sponta-
neous release (SR) and maximum release (MR) were determined by
adding target cells to wells containing 0.2 ml of culture medium or 1%
Triton X-100, respectively. Percent specific lysis was defined as:

Percent specific lysis = CPM(sample) - CPM(SR) X 100.
CPM(MR) - CPM(SR)

LDA. Estimation of the CTLp frequencies in PBL from liver allo-
graft recipients was performed using LDA as described earlier (21).
Briefly, PBL were separated into adherent and nonadherent fractions
using a nylon wool column. The nonadherent cells were found to be
> 95%T cells as assessed by direct immunofluorescence and were used
as responder cells. 24 replicate cultures for each T cell dose were set up
in 96-well round-bottom plates. Each culture received irradiated stimu-
lator cells ( 1 X I05 spleen cells or 5 X I04 LCL) and 5 x 104 irradiated
autologous non-T feeder cells in a total of 0.2 ml culture medium
containing mixed lymphocyte reaction (MLR) supernatant (50% vol/
vol) and 10 U/ml recombinant IL-2 (Genzyme Corp., Boston, MA).
After 7 d, 5 X 103 5'Cr-labeled target cells were added and a 5-h chro-
mium-release assay was performed as described above.

The mean of 24 SRwells (containing only the labeled target cells,
stimulators, irradiated feeder cells, and media) was calculated and
three standard deviations were added to the mean to arrive at a value
for positive cultures. Data was plotted as log fraction nonresponding
cultures versus T cell dose. Calculation of CTLp frequencies was based
on Poisson distribution statistics as described by Lefkovits and Wald-
mann (22, 23) and was determined using a computer program by Tas-
well (24).

Results

CML in long-term liver allograft recipients. Analysis of the
CTL functions of long-term liver allograft recipients in the
CMLassay revealed that the donor-specific response was ab-
sent compared with easily detectable CTL activity against
third-party HLAantigens not shared with the donor (Fig. 1 A).
This phenomenon was observed in all seven recipients ana-
lyzed. Even increasing the effector/target ratio to 100:1 in the
chromium-release assay did not bring about any significant
change in the response to the donor, whereas increased specific
lysis was observed against the third-party targets (Fig. 1 B).
Further, the absence of donor-specific responses was not due to
the inability of the donor LCLs to function as effective target
cells, as most of the donor cells were also used as third-party
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Table II. Semisyngeneic Stimulator Cells are Able
40 50 to Induce Response to Donor Haplotype when Used

I _ |1 to Stimulate CMLfrom Another Recipient
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Figure 1. CMLunresponsiveness specific to the donor antigens in
long-term liver allograft recipients: PBL from liver allograft recipients,
who had accepted the graft for > 1 yr were cultured for 7 d with either
donor or third-party LCLs to generate CTL. (A) Data represents the
mean of the percentage of specific lysis (±SD) at E/T ratio of 50:1
(recipients RC, RE, EF, JF, BH, CS, and FW). (B) CTL responses

of a typical CML(recipient FW) at various E/T ratios.

cells for a different recipient and were found to be competent as

antigens and targets. (Part of the data presented in Table II

illustrates this point.) Our results thus indicated a specific unre-

sponsiveness in CMLto the donor antigens in long-term liver
allograft recipients.

Helper functions in long-term liver allograft recipients. To
rule out the possibility that the observed donor-specific unre-

sponsiveness was due to a defect in the elaboration of helper
factors, CMLcultures were supplemented with 25 U/ml rIL-2
and MLRculture supernatants (25% vol/vol) at their initia-
tion. After the 7-d culture period, however, no improvement in
the CTL activity against the donor targets was observed (Fig.
2). Furthermore, addition of up to 100 U/ml rIL-2 did not
bring about improvement in the specific lysis (data not
shown). Similarly, comparable levels of MLRagainst the do-
nor and third-party antigens were observed in these patients
(stimulation index from 5 to 74). These observations demon-
strated that the helper cell functions of these patients were not
compromised and that CTL unresponsiveness apparently is
not merely due to a deficit in the production of helper factors
during culture.

Nonspecific stimulation of CML cultures. To determine
whether nonspecific stimulation by mitogens could reveal the
presence of a donor-specific CTL response, PBL from long-
term liver allograft recipients were stimulated with an optimal

Responder Stimulator Target Specific lysis

(%)

RC Donor (MM) MM 0
Third (CE 2953) CE 2953 52
Semisyngeneic (SP) SP 24
Semisyngeneic (SP) MM 1
Semisyngeneic (SP) CE 2953 12

FW Donor (CE 2953) CE2953 0
Third (MM) MM 62
Semisyngeneic (SP) SP 7
Semisyngeneic (SP) CE2953 1
Semisyngeneic (SP) MM 19

CMLassays were carried out in two long-term liver transplant recipi-
ents. The SP semisyngeneic cells shared half the HLAantigens with
MM(donor of RC) and the other half with CE 2953 (donor of FW)
(Table I). The effector/target ratios were 50:1.

dose of PHA for 2 d followed by the addition of irradiated
donor or third-party LCLs. Subsequent chromium-release as-
say on day 7 did not show any significant improvement in the
specific lysis of labeled donor LCLs, whereas normal CTLactiv-
ity against third-party target was observed (Fig. 2). Thus, even
polyclonal stimulation by a mitogen could not restore the do-
nor-specific responses.

Presentation of the donor HLA antigens on semisyngeneic
cells. To test the possibility that donor cells may be exerting a
specific modulatory effect on the cultures, the recipient PBL
were stimulated with a semisyngeneic LCL that shared some
HLA antigens with the donor and some with a third-party.
Subsequently, CTL responses to the stimulating cells, donor

STIMULATOR / TARGET

DONOR/ DONOR

THIRD / THIRD

DONOR+IL-2 / DONOR

THIRD+IL-2 / THIRD

PHA+DONOR/ DONOR

PHA+THIRD / THIRD

0 5 10 15 20 25

PERCENTSPECIFIC LYSIS

Figure 2. Exogenous addition of helper factors, as well as non-specific
stimulation of the responding cells, failed to reveal donor-specific
CTLs. CMLcultures were carried out against donor and third-party
LCLs in the presence of 25 U/ml rIL-2 plus MLRculture supernatant
(25% vol/vol) or the cultures were stimulated with optimal dose of
0.5% PHA for 2 d followed by the addition of irradiated donor or

third-party LCLs. Data presented are the mean percentage specific
lysis (±SD) at an E/T ratio of 50:1 from four long-term recipients
(RC, EF, BH, and FW).
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STIMULATOR I TARGET
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0 10 20 30 40

PERCENTSPECIFIC LYSIS

Figure 3. Donor-specific CMLresponses could not be observed even
upon presentation of the donor HLA antigens on semisyngeneic cells
(SEMISYN) that shared some HLA antigens with the donor and
some with the third party. CMLwere carried out with the indicated
stimulator/target combinations in five long-term liver allograft recip-
ients (RC, RE, EF, CS, and FW). Each bar represents the mean per-
cent specific lysis±SD.

cells, and third-party cells were monitored. The results (Fig. 3)
demonstrated that presentation ofthe donor antigens on a semi-
syngeneic cell could not overcome the specific unresponsive-
ness, whereas the antithird-party response was not compro-
mised. However, the same semisyngeneic stimulators could in-
duce responses to the donor haplotype when they were used to
stimulate CMLs from other recipients (Table II).

Depletion of B cells from the responder cell populations
from CMLcultures. It has been reported that a number of liver
allograft recipients develop antiidiotypic antibodies specific to
antibodies against donor HLA antigens in their sera after liver
transplantation (7). To rule out the possibility that in vitro-
synthesized antiidiotypic antibodies influenced the develop-
ment of CTL in our cultures, B cells were depleted from the
responder cells by nylon wool adherence before the assays. The
nonadherent fraction was found to contain < 1% B cells by
immunofluorescence. Removal of the nylon wool adherent
cells did not influence the CTL responses to the third-party;
also no improvement in the responses to donor cells was seen
(Fig. 4). Similar results were also obtained in LDA irrespective
of whether the nylon wool-adherent cells were added back or
not (data not shown).

CTLp in long-term liver allograft recipients. Donor-specific
unresponsiveness as observed by bulk CMLcould be due to
either suppression or elimination of the donor reactive cells
from the peripheral circulation. To distinguish between these
two possibilities, LDA were carried out to enumerate the
CTLp. The results indicated that there was complete absence of
donor-specific CTLp in the peripheral blood of five of six liver
transplant recipients tested after 1 y of transplantation (Table
III). Further, even in the patient (D.E.) with the residual CTLp
to the donor, there was a definite decrease at 13 mopost-trans-
plant from the normal level of CTLs before the allografting
( 1:30,000). The unresponsiveness is not due to the immuno-
suppressive regimen on which the patients are maintained,
since the CTLp against third-party HLA antigens remained
normal.

Kinetic analysis of the development of the donor-specific
unresponsiveness. To monitor at what time point after trans-
plantation the elimination of the donor reactive CTLp in the
peripheral blood took place, a kinetic study was initiated in
seven patients. Further, such a study should reveal the effects, if
any, of the immunosuppression on the patients' responses to
the donor antigens. The kinetics studies revealed that normal
levels of CTLp could be detected not only on the day of liver
transplantation but also during the early posttransplant period
(0-5 mo) when the immunosuppressive therapy was at the
highest level. Representative results of two patients are shown
in Fig. 5 A and B. More interestingly, the kinetic study com-
pleted in one patient (Fig. 5 A), indicated that the donor-speci-
fic CTLp disappeared from the peripheral circulation after 10
mo of transplantation, even though the third-party response
remained normal (Table III, R.E.).

Discussion

The mechanisms for immunologic adaptation to liver allo-
grafts in an antigen-specific fashion are under investigation in a
number of laboratories and are a matter of controversy. Several
reasons have been proposed for successful liver transplantation
even across positive crossmatch. These include unique archi-
tecture of the liver ( 14), the distribution of HLAantigens ( 15),
the ability of the liver to absorb the antibodies (25), the re-
moval of antibodies by MHCantigens shed from the liver allo-
graft (8), and regulation by idiotype-antiidiotype network (7).
Studies at the cellular level in rat and mouse liver allograft
models have indicated that donor-specific suppressor cells are
induced in long-term survivors ( 18) or that there is a selective
clonal deletion of host antidonor CTL in low rejecting recipi-
ents ( 19). Studies in the human liver transplant recipients have
confirmed the finding that donor HLA antigens are upregu-

25

CO)
CO 20

5-/C.)
0)

10 /
z
w
M 50.)

0 10 20 30 40 50

EFFECTOR: TARGETRATIO

Figure 4. Removal of the B lymphocytes from the responding cell
populations could not overcome the donor-specific unresponsiveness.
CMLwere carried out with the whole peripheral blood lymphocytes
(solid lines) or after removing the nylon wool column adherent cells
(dotted lines) in recipient FW. The nylon wool nonadherent cells
were > 95% T cells as assessed by direct immunofluorescence. The
triangles represent the donor and the squares indicate the third-party
responses.
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Figure 5. Kinetics of the donor-specific CTLp in liver transplant re-
cipients. The CTLp frequencies in patient RE (A) were pretransplant,
1:28,000; 1 moposttransplant, 1:59,000; and 10 moposttransplant,
nil. Similarly, the donor-specific CTLp frequencies in the patient CB
(B) were pretransplant, 1:28,000; 1 mo posttransplant, 1:17,000; and
4 mo posttransplant, 1:16,000.

lated in the allograft ( 16, 26) and subsequently shed into the
general circulation and that this may be modulating the im-
mune response ( 16). Further, the presence ofantiidiotypic anti-

Table III. Cytotoxic T Lymphocyte Precursors in the PBL
of Long-Term Liver Allograft Recipients

CTLp per 106 T cells*
Allograft
recipient Donor Third

ME NDt 18 (11-26)0
JA ND 111(72-142)
MK ND 250 (166-333)
BH ND 111 (72-142)
RE ND 27 (18-37)
DE 6 (3-10) 50 (43-58)

CTLp frequencies against the donor and third-party LCLs were esti-
mated by LDA. * Nylon wool column nonadherent cells were con-
sidered to be T cells. * The CTLp could not be detected (ND) at the
maximum dose of T cells used (100,000 per well) for LDA against
donor. § Values in the parenthesis indicate the 95% confidence
interval.

bodies has been documented, especially during the early phase
of posttransplant period (7).

The results presented here clearly indicate that there is a
donor-specific unresponsiveness in CMLin long-term liver al-
lograft recipients. This unresponsiveness is not a nonspecific
phenomenon caused by the immunosuppression on which the
patients are maintained, as the CTL response to third-party
antigens remained within a normal level (Figs. 1-4 and Tables
II and III). Further, in the kinetic studies, normal donor and
third-party responses were detected in the early phase of the
posttransplant period when the immunosuppressive regimen
was at its maximum (Fig. 5).

Exogenous addition of 25 U/ml IL-2 and MLCsuperna-
tant (25% vol/vol) to the CMLcultures did not induce CTL
development (Fig. 2). Increasing the concentration of the IL-2
up to 100 U/ml also did not bring about the abrogation of the
specific unresponsiveness. Thus, the mechanism of absence of
CMLresponses is different from the CMLunresponsiveness
observed in renal allograft tolerance (27), where addition of
exogenous IL-2 to cultures could overcome the specific unre-
sponsiveness. Moreover, normal levels of MLRresponses were
obtained in the long-term liver transplant recipients. Further,
only the third-party response and not the donor-specific re-
sponse was obtained when the responding recipient cells were
presented with the two types of antigens on a single semisyn-
geneic stimulator cell (Fig. 3). These results strongly argue
against a defect in the helper cell functions in the liver allograft
recipients.

Previous studies from our laboratories (7), as well as un-
published results with the sera from some of the present liver
transplant subjects, indicate that donor-specific antiidiotypic
and anticlonotypic antibodies are produced in liver patients,
especially during the early phase of the posttransplant period.
In this context, it was possible that antiidiotypic and anticlono-
typic antibodies, secreted in vitro by the B cells in the respond-
ing recipient cell population, might be downregulating the cul-
tures. Therefore, the B cells were depleted from the responder
cells before the CMLassay. Likewise, non-T feeder cells were
not added back to LDAcultures. In both experiments, no influ-
ence of nylon wool adherent cells was observed, indicating the
absence of regulatory activity by in vitro synthesized antiidio-
typic or anticlonotypic antibodies (Fig. 4).

It may be possible that the donor cells are exerting a specific
modulatory effect on the CMLcultures, thus masking the re-
sponses to the donor HLA antigens. To test this, the recipient
PBLwere stimulated with the donor HLAantigens on semisyn-
geneic cells. All five cases studied still failed to elicit donor-spe-
cific CTL functions (Fig. 3). One patient, however, showed
donor-specific CTL responses at 15 mo, but not at 21 mopost-
transplantation, when stimulated with semisyngeneic LCL but
not with the donor LCL. Thus, there maybe a transition period
before the onset of deletion, during which donor-specific unre-
sponsiveness can be bypassed by presenting donor HLA anti-
gens on semisyngeneic cells. In all the cases, the CTL response
against HLAantigens immunologically unrelated to the donor
was not suppressed when both sets of determinants were pre-
sented on the same semisyngeneic cell. This finding is evidence
against the role for both veto cells (28) and suppressor cells
(29) affecting antidonor unresponsiveness in CMLcultures.

In marked contrast to the studies of Vanderkrchhove et al.
(30), who examined kidney allograft acceptance, nonspecific
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stimulation of the cultures with PHAdid not reveal the pres-
ence of donor-specific CTL in the peripheral circulation of
long-term liver allograft recipients. The absence ofPHA-induci-
ble donor-specific response suggested that anergy (31 ) was not
the cause of the observed unresponsiveness. However, anergy
could not be totally ruled out as we did not screen for the
absence of putative donor-specific T cell receptors. Similarly, if
active suppression of recipient CTL were occurring, one would
expect a measurable response at low T cell doses in the LDA
(22, 23). Furthermore, presentation of the donor antigens on
semisyngeneic cells could not overcome the donor-specific
unresponsiveness (Fig. 3). In addition, depletion of the non-T
cells from the responder cells in CMLand LDAdid not restore
anti-donor responsiveness, indicating that these cells were not a
cause of suppression (Fig. 4). The results of these experiments
suggest that neither active suppression nor anergy can explain
recipient unresponsiveness to the donor antigens.

The results of the LDA are more striking (Table III). No
donor-specific CTLp were found in the peripheral circulation
of five out of six liver allograft recipients after 1 yr of transplan-
tation, and the one exceptional case might be only a matter of
delayed kinetics. Further, in the kinetics studies, normal donor
and third-party responses were detected in the early phase of
the posttransplant period even when the immunosuppressive
regimen was at its maximum (Fig. 5, A and B). More interest-
ingly, the kinetics studies completed in one patient showed that
the donor-specific CTLp disappeared after 10 moof transplan-
tation. Thus, the LDA studies clearly indicated that the donor-
specific CTLp were deleted from the peripheral circulation of
long-term liver transplant recipients.

It should be noted that the present study has looked at the
donor-specific responses of liver transplant recipients only in
the peripheral circulation. It is possible that the specific T cells
are sequestered in the graft itself. However, we have not been
able to culture donor-specific T cells from liver biopsies taken
at times other than during rejection episodes (unpublished ob-
servations). This suggests that activated donor-specific cells are
either deleted or depleted in successfully allografted livers also.

Taking all the observations together, the mechanism of
unresponsiveness appears to be the deletion of donor reactive
CTLp from the peripheral circulation of liver transplant recipi-
ents who have accepted the allograft for > 1 yr. The unrespon-
siveness was not a nonspecific phenomenon caused by the im-
munosuppressive therapy, since good third-party responses
were consistently observed in all the patients studied and nor-
mal levels of donor reactive CTLs were found during the early
phase of the posttransplant period in the subjects of the kinetics
study. A number of direct and indirect data presented argue
that the unresponsiveness is not due to defective helper func-
tions. Further, results of experiments where B lymphocytes
were depleted from CMLand LDA indicated that the in vitro
synthesized antiidiotypic antibodies or anticlonotypic antibod-
ies were not downregulating the donor-specific responses in
cultures. Similarly, any role for veto cell and suppressor cell
activities can be ruled out, as normal CTL activity was ob-
served against the third-party antigens but not against the do-
nor antigens when both sets of determinants were presented on
the same semisyngeneic cell. This finding, as well as the obser-
vation that nonspecific stimulation with PHAcould not restore
donor-specific response, indicated that anergy was not operat-
ing in this unresponsiveness. The profile of the LDA and esti-

mation of CTLp clearly indicated that the unresponsiveness
was determined by deletion of donor reactive cells. Thus, a
long-term goal in transplantation biology, i.e., deletion of spe-
cific CTLp against the donor antigens, has been achieved in
liver transplantation. Understanding the mechanism of this de-
letion will aid us in our approach to complete acceptance of all
organ transplants.
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