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Objective
This study determined the form of cellular donor MHC alloantigen necessary for the induction of
intrathymic tolerance.

Background
The authors have achieved indefinite donor-specific tolerance, to a fully MHC-disparate rat
heterotopic cardiac allograft, after the pretransplant intrathymic injection of unfractionated donor
splenocytes and a single injection of rabbit anti-rat lymphocyte serum (ALS), without subsequent
immunosuppression.

Methods
Male 4-12-week-old Buffalo (RT1b) rats underwent an intrathymic injection of either fractionated
Lewis (RT1 1) red blood cells (purified by Ficoll gradient) or T lymphocytes (purified by nylon
wool column and plastic adherence), both of which express only MHC class alloantigens, or B
lymphocytes, macrophages, and dendritic cells (purified by plastic adherence) which express
both MHC class and class 11 alloantigens. At the completion of alloantigen injection the Buffalo
recipient rats were given 1 ml of ALS intraperitoneally. Twenty-one days later a heterotopic Lewis
heart was transplanted.

Results
The intrathymic injection of the fractions of Lewis MHC class and class 11 expressing B
lymphocytes, macrophages, and dendritic cells induced a donor-specific tolerance that resulted
in indefinite Lewis cardiac allograft survival (MST > 125 days) in all recipients without further
immunosuppression, whereas groups receiving MHC class expressing red blood cell or T
lymphocyte injections plus ALS rejected Lewis cardiac allografts with a MST of 7.3 and 16.5
days, respectively, thus indicating that the MHC class 11 expressing cell is necessary for the
induction of intrathymic tolerance. Buffalo recipients with a long-term surviving Lewis cardiac
allograft, after Lewis MHC class 11 expressing cells were still able to reject a third-party heterotopic
ACI (RT1a) cardiac allograft in normal time (MST = 7.0 days), but did not reject a second Lewis
cardiac allograft (MST > 100 days). Additionally, the intrathymic injection of MHC class 11
expressing cells resulted in decreased Interleukin-2 (IL-2) production and an 80% decrease in in
vitro donor-specific cell mediated cytotoxicity, whereas the cytolytic response to a third party
was unaltered.

Conclusion
Donor MHC class 11, and not class 1, expressing cells are the cells in donor splenocytes, injected
intrathymically, responsible for the development of donor-specific allograft tolerance.
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Organ transplantation continues to be the only effec-
tive treatment for patients with end-stage isolated organ
failure. Allograft rejection, initially recognized by Meda-
war' to be the principal barrier to success ofthis therapeu-
tic approach, involves the recruitment and activation of
CD4+ helper T lymphocytes, and the recognition and
lysis of foreign cells by alloreactive CD8+ cytotoxic T
lymphocytes (CTL).2 Recent technical advances in solid
organ transplantation and pharmacologic advances in
nonspecific immunosuppression have significantly im-
proved the results of kidney, liver, heart, lung, pancreas,
and small bowel allograft transplantation over the past
decade.3-5 However, the long-term use ofsystemic immu-
nosuppression often results in drug toxicity that contin-
ues to be a major cause ofpatient morbidity and mortal-
ity.6'7 These complications could be avoided if a state of
donor-specific unresponsiveness could be achieved with-
out subsequent immunosuppression.
The normal maturation of T lymphocytes involves a

series of well-characterized phenotypic changes as stem
cells migrate from the outer cortex of the thymus to the
medulla. The interaction ofthe a/f T-cell antigen recep-
tor (TCR) with major histocompatibility complex
(MHC)-encoded molecules on thymic stroma and resi-
dent bone marrow-derived cells play opposite roles
within this developmental sequence. Maturing thymo-
cytes that bear TCR with specificity for self-peptides and
self-MHC molecules react with bone marrow-derived
antigen-presenting cells and are deleted by a process
called negative selection to result in self-tolerance.89
However, the positive selection of reactive T lympho-
cytes by bone marrow-derived cells is dependent on rec-
ognition ofself-MHC molecules'0" and self-peptides on
thymic stromal cells.'2 What dictates the selection by
these diametrically opposed events presently is unclear.
It is also unknown how immature thymocytes recognize
self-MHC molecules in the absence of foreign antigens,
while mature T lymphocyte activation is dependent on
the corecognition of both the MHC molecule and for-
eign peptide antigen.

Shimonkevitz and Bevan'3 previously demonstrated
that the transfer of semiallogeneic CD4- CD8- thymo-
cytes into the thymus of irradiated mice resulted in a
transient state of chimerism in host spleen, thymus, and
lymph nodes. Our laboratory has achieved indefinite sur-
vival of donor-specific, fully MHC-disparate cardiac al-
lografts, after the pretransplant intrathymic injection of
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unfractionated donor splenocytes and a simultaneous
single intraperitoneal injection of rabbit anti-rat lym-
phocyte serum (ALS), while donor alloantigen injections
at other sites did not prolong allograft survival.'4"15 Addi-
tionally, we have demonstrated an associated marked
decrease in donor-specific cytotoxic T-lymphocyte pre-
cursor frequency (pCTL) without alteration in the pe-
ripheral CD8+ T lymphocyte phenotypic frequencies.'5
This study demonstrates that the form of donor MHC
alloantigen placed in the thymus is critical for the induc-
tion of this donor-specific tolerance and allograft accep-
tance.

MATERIALS AND METHODS
Animals
Male Buffalo (RTlb), Lewis (RTl ), and ACI (RTlI)

rats were used at 4-12 weeks of age (approximate
weights 100-175 g), and were cared for according to spe-
cific NIH guidelines. Animals were provided a nutrition-
ally balanced rodent diet (Purina Mills, St. Louis, MO)
and water ad libitum.

Preparation and Purification of Donor
Cellular Alloantigen
Erythrocytes

Lewis red blood cells were isolated as described by
Wood et al.'6 Blood was collected into citrate-phosphate
dextrose anticoagulant or heparin by aortic puncture
and diluted 1:4 with isotonic saline before centrifuging at
300g for 10 minutes at 4 C. The supernatant and buffy
coat were removed, the erythrocyte pellet was resus-
pended in 40 ml of saline, and the process was repeated.
The erythrocytes were then resuspended in 20 ml of sa-
line, overlaid on Ficoll-Hypaque (Litton Bionetics, Ken-
sington, MD) and centrifuged at 1OOOg for 30 minutes at
room temperature. After removing the lymphocytes, the
erythrocytes were additionally purified by washing three
times, and the Ficoll separation was repeated; 25 x 106
purified Lewis red blood cells (RBC) were then resus-
pended in a volume of 75 Al of saline and were used for
intrathymic injection into a naive Buffalo recipient.

T Lymphocytes

A spleen cell suspension was prepared by passing the
excised Lewis spleen through a 60 Atm brass screen and
the erythrocytes lysed by incubating for 3-5 minutes
with Tris-ammonium chloride (0.83%) at 37 C. The re-
sulting splenocyte population was washed three times
with normal saline and resuspended in saline. The spleen
cell population was then passed over a nylon wool col-
umn (0.6 g/10 cc), and the nonadherent population was
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then incubated at 37 C for 1 hour in 100-mm plastic
petri dishes (Costar, Cambridge, MA). Nonadherent
cells were removed by three consecutive washes with
warm saline and again passed over a nylon wool column
to complete removal of adherent cells. The resultant T-
lymphocyte population was then resuspended in saline
at a concentration of25 x 1o6 cells/75 ,l for intrathymic
injection.

B Lymphocytes, Macrophages, and
Dendritic Cells

After the non-adherent Lewis spleen cells had been
removed by three consecutive washes with warm saline,
the adherent cell population was liberated by gentle pi-
petting and washing with 4 C saline. The harvested ad-
herent spleen cell population was then counted and 25
x 106 cells were placed in 75 ,ul saline for intrathymic
injection.

Injection of Cellular Alloantigen into
Recipient Thymus

Under Ketamine (0.1 ml IP/100 g) and Metafane in-
halation anesthesia, the thymus of the male Buffalo rat
was exposed through a partial upper median sternot-
omy. Direct visualization with the aid of a xl12.5 operat-
ing microscope (model OPM2 1 2T, Jenoptik, Germany)
allowed the injection of 25 x 106 Lewis cell fractions
equally into both lobes of the thymus. The recipient rat
then received 1 ml of rabbit anti-rat lymphocyte serum

(ALS, Accurate Chemical Corp., Westbury, NY) intra-
peritoneally. Control Buffalo recipients either received
no pretransplant treatment, the IP administration of 1

ml ofALS only without donor Lewis intrathymic alloan-
tigen injection, or the intrathymic injection of 25 x 106
unfractionated Lewis spleen cells only without the IP
injection of ALS.

Cardiac Transplantation
Heterotopic abdominal cardiac allografts were com-

pleted using the modified techniques of Ono and Lind-
sey.'7 The Lewis donor aorta and pulmonary artery were
anastomosed end-to-side to the Buffalo recipient's ab-
dominal aorta and inferior vena cava, respectively. Graft
function was assessed by daily palpation and rejection
was defined as cessation of cardiac contraction and was

confirmed by histologic evaluation.

Experimental Design
Age-matched Buffalo recipients were randomly as-

signed to one of six experimental groups (Table 1).
Group 1 received no pretransplant treatment before
Lewis cardiac transplantation. Group 2 received rabbit
anti-rat lymphocyte serum IP only, to deplete mature
peripheral T lymphocytes, whereas group 3 underwent
an intrathymic injection of 25 x 106 unfractionated
Lewis spleen cells without the administration of IP ALS
21 days before heterotopic Lewis cardiac transplanta-
tion. It had been determined that by 21 days after receiv-
ing 1 ml of ALS the Buffalo rat had repopulated its pe-

ripheral T-lymphocyte population based on flow cytome-
try of CD4 and CD8 T-lymphocyte differentiation
markers and a normal rejection time of cardiac (mean
survival time, MST 7.0 ± 1.0 days) and skin (MST 9.3
± 0.7 days) allografts. Group 4 Buffalo recipients re-

ceived both 25 x 106 Lewis red blood cells intrathymi-
cally and ALS. In group 5, Buffalo recipients received 25
X 106 fractionated Lewis T lymphocytes intrathymically
with ALS, whereas group 6 underwent an intrathymic
injection of 25 x 106 fractionated Lewis B lymphocytes,
macrophages, and dendritic cells (adherent cells) plus
ALS. All animals in group 1 through 6 received their
respective pretransplant treatment 21 days before hetero-
topic Lewis cardiac allografting.

Pre-transplant No. of Days of p Value vs.
Group Treatment* Rats Survival MST Control

1 No treatment 6 7, 7, 7, 8, 8, 8 7.5
2 ALS only 6 6, 6, 7, 7, 7, 8 6.8 NS
3 IT inj. only 6 5, 6, 6, 6, 7, 7 6.2 NS
4 RBC IT + ALS 6 7, 7, 7, 7, 8, 8 7.3 NS
5 T cell IT + ALS 6 7, 7, 8, 8, 9, >60 16.5 NS
6 (B cell, macrophage dendritic) 6 >100(X3), >150(X3) >125.0 p < 0.001 vs. Group 1

adherent cells IT + ALSt
Unfrac. spl. cell + IT 25 6, 7, 14, >100(x6), >153.1 p < 0.001 vs. Group 1

>200(X 1 6)

Heterotopic Lewis cardiac grafts were placed 21 days after pre-treatment.
t Splenocytes adherent to plastic dishes were >90% B cells, macrophages, and dendritic cells.
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Tumor Target Cells
The adenovirus transformed cell line A2/ASREB/IP/

F4 [As-F4 from the Lewis rat strain (RT 1')] originated in
Dr. P. Gallimore's laboratory'8 and was provided by Dr.
Donald Bellgrau (Denver, CO).'9 These tumor cells were
maintained in RPMI- 1640 supplemented with 1% L-
glutamine (GIBCO Corp., Grand Island, NY), 100,000
U/l penicillin-streptomycin, 10 mmol/1 HEPES (GIBCO
Corp., Grand Island, NY), and 5% heat-inactivated fetal
calf serum (FCS, low endotoxin, GIBCO, Grand Island,
NY). Cell monolayers were subcultured twice weekly
with trypsin-EDTA, by placing 2-4 x IO' cells in 10 ml
ofmedium in a 25-cc tissue culture flask (Coming Glass
Works, Corning, NY).

Generation of Blast Target Cells
ACI (RT la) target cells were generated as described by

Langrehr et al.20 Briefly, target cells were prepared by
culturing 7 x 106 lymph-node lymphocytes with Conca-
navalin A (2.5 ,tg/ml) in a final volume of 4 ml DMEM
supplemented with 10% FCS for 48-72 hours. At the end
of this culture period, target cells were harvested for use
in cell-mediated cytotoxicity assays.

Generation of Specific Buffalo Anti-Lewis
and Anti-ACI CTL
Lymph-node cells from nontreated control, RBC-

treated, and T-lymphocyte-treated Buffalo rats 7 days
after Lewis heart transplantation, at the cessation of car-
diac contraction, were tested for the generation of pri-
mary Buffalo anti-Lewis and anti-ACI CTL, whereas
lymph-node cells were harvested 30 days after Lewis car-
diac transplantation from tolerant Buffalo rats which re-
ceived B-lymphocyte, macrophage, and dendritic cell
treatment; 20 x 106 responding lymph-node cells were
cocultured in 10 ml of DMEM medium supplemented
with 10% FCS, 1% L-glutamine, 10 mmol/l HEPES, and
100,000 U/l of penicillin-streptomycin in 25-cc flasks
with 20 x 106 irradiated (2000 rads) Lewis or ACI lymph
node cells at 37 C in 95% air/5% CO2 for 7 days. At the
completion of this incubation period, effector cells were
harvested, washed, and resuspended in DMEM supple-
mented with 10% FCS.

51Cr Release Assay
Target cells (5 x 106) were labeled with 200 uCi 5'Cr

(Na5'CrO4, 1 mCi/ml; Amersham Corp., Arlington
Heights, IL) in 100 ,ul ofDME supplemented with 10%
FCS for 1 hour at 37 C in 95% air/5% C02, washed three
times, counted, and resuspended at 200,000 cells/ml;
2000 cells in 100 ul DME with 10% FCS were added

to 96-well V-bottom microtiter plates (ICN, Costa
Mesa, CA).

Effector cells were harvested, resuspended, diluted to
the appropriate concentration, and dispensed into the
V-bottom plates. The plates were spun at 50g for 2 min-
utes and incubated 4 hours at 37 C in 95% air/5% CO2.
At the completion of the incubation period, the plates
were spun at 5OOg and 100 gl of the supernatant was
harvested and counted on a LKB gamma counter (LKB,
1272 Clinigamma, Turku, Finland). The mean of the
triplicate samples was calculated and percent 5'Cr release
was determined according to the following equation:
percent 5'Cr = 100

x [(experimental 51Cr release - control 5'Cr release)
(maximum 5'Cr release - control 51Cr release)]

where experimental 5'Cr release represents counts from
target cells mixed with effector cells, control 5'Cr release
represents counts from target cells incubated with me-
dium alone (spontaneous release), and maximum 5'Cr
release represents counts from target cells exposed to 5%
Triton-X 100.

Cytokine Assay
The CTLL-2 lymphocyte line was obtained from

American Type Culture Collection (ATCC, Rockville,
MD) and maintained by biweekly subculture in 10%
Con A-conditioned medium. For the bioassay, 2 x 103
CTLL-2 were cultured in serial dilutions of Buffalo anti-
Lewis and Buffalo anti-ACI mixed lymphocyte culture
(MLC) supernatant (harvested 48 hours after culture ini-
tiation). On day 1, 2 uCi 3H-TdR (3H-TdR, New En-
gland Nuclear, Boston, MA) was added per well, incu-
bated for 6.5 hours, harvested on glass filter paper strips,
and counted in a liquid scintillation counter (1214 Rack-
beta, LKB, Yurku, Finland). Cytokine levels (U/ml)
were calculated using rmIL-2 (Genzyme Corporation,
Mountain View, CA) as the standard.

Tissue Collection and Histopathologic
Studies
Lewis cardiac allografts were excised from the Buffalo

recipient at the time of rejection, or long-term surviving
allografts were removed for histologic examination 100
days after transplantation. Tissues were fixed in neutral-
buffered formalin, embedded in paraffin, sectioned at
4 Am in thickness, and stained with hematoxylin and
eosin (H&E).

Statistics
Allograft survival data were evaluated for statistical

significance by the Kaplan-Meier analysis. Proliferation
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assay data is presented as the mean plus or minus the
standard deviation. For CTL data presented in this
paper, the standard error of the mean percent lysis was
< 5% of the value of the mean.

RESULTS

Effect of Lewis Cell Fractions on Lewis
Cardiac Allograft Survival
To determine which donorMHC alloantigens must be

present, during intrathymic T lymphocyte maturation,
to induce donor-specific tolerance to vascularized allo-
grafts, Lewis heterotopic cardiac allografts were per-
formed 21 days after the intrathymic injection of frac-
tionated Lewis donor cells and a simultaneous IP injec-
tion of 1 ml of ALS. The mean survival time of Lewis
cardiac allografts in Buffalo recipients receiving ALS
treatment alone was 6.8 days (Group 2) (Table 1), which
is not significantly different from Buffalo recipients re-
ceiving no pretransplant treatment (Group 1: MST = 7.5
days) or an intrathymic injection of unfractionated
Lewis spleen cells without ALS (Group 3: MST = 6.2
days). Likewise, the pretransplant intrathymic injection
of Lewis MHC class I expressing red blood cells or class I
expressing T lymphocytes plus ALS did not significantly
prolong Lewis cardiac allograft survival (Group 4: MST
= 7.3 days and Group 5: MST = 16.5 days). The pro-
longed Lewis cardiac allograft survival for one recipient
in group 5 is postulated to be secondary to contamina-
tion by class TI expressing, B lymphocyte, macrophage,
or dendritic cells. In contrast, intrathymic injection of
enriched Lewis MHC class IT-expressing cells plus ALS
treatment resulted in significantly prolonged (Group 6:
MST > 125 days, p < 0.001) Lewis cardiac allograft sur-
vival in all Buffalo recipients. This data is similar to that
obtained with intrathymic injection of unfractionated
splenocytes'5 (Table 1) and indicates that the ability to
produce a state of donor-specific unresponsiveness re-
quires MHC class II expressing cells to be placed within
the thymus where maturing T-lymphocyte populations
will be educated before replacing the peripheral T-lym-
phocyte repertoire previously depleted by the administra-
tion of ALS.
To document the donor specificity of this tolerance,

Buffalo recipients in Group 6 tolerant to Lewis cardiac
allografts underwent a second ACI or Lewis cardiac allo-
graft. Buffalo rats with a long-surviving Lewis cardiac
allograft rejected a third party ACI (RTla) cardiac allo-
graft in a normal manner (MST = 7.0 days), while a
second Lewis cardiac allograft was accepted indefinitely
(MST > 100.0 days). This provides evidence that the
induced tolerance is specific for the strain of donor
splenocytes given IT (Table 2).

Allograft Second Allograft Survival Time (days)

Heart (ACI) 7, 7, 7
Heart (Lewis) >100, >100, >100

Histopathologic Analysis of Lewis Cardiac
Allografts

Lewis cardiac allografts removed from Buffalo recipi-
ents receiving no pretransplant treatment (Group 1),
ALS treatment only (Group 2), intrathymic Lewis al-
loantigen injection only (Group 3), Lewis red blood cell
intrathymic injection with ALS (Group 4) or Lewis T
lymphocyte intrathymic injection with ALS (Group 5)
at the time of cessation of cardiac contraction demon-
strated a typical dense mononuclear cell infiltration and
associated myofibril necrosis consistent with an unmodi-
fied rejection response. In contrast, the beating Lewis
cardiac allografts removed 100 days after transplanta-
tion into a Buffalo recipient, who previously had under-
gone intrathymic injection of Lewis MHC class II ex-
pressing alloantigens with ALS, demonstrated healthy
cardiac myocytes without mononuclear cell infiltration
or evidence of tissue damage.

Effect of MHC Class I and Class 11
Expressing Lewis Alloantigens on Buffalo
Anti-Lewis and Buffalo Anti-ACI Cell-
mediated Cytotoxicity
Lymph-node cells harvested, from either Buffalo recip-

ients with a long-term tolerated Lewis cardiac allograft
after MHC class II intrathymic injection, from an
acutely rejecting Lewis cardiac allograft after the intra-
thymic injection of MHC Lewis class I alloantigens, or
from non-transplanted naive Buffalo rats, were analyzed
for Lewis- and ACI-specific cell-mediated cytotoxicity.
The intrathymic injection of Lewis MHC class TT-ex-
pressing cells, with ALS, resulted in a marked decrease in
the anti-RT 1' (Lewis) cytolytic response in comparison
to the naive control, or Lewis MHC class I intrathymi-
cally injected Buffalo recipients that demonstrated
strong cytolytic activity against the RT1 targets (Fig.
1 a). In contrast, the intrathymic injection ofLewisMHC
class II-expressing cells did not alter the third party RT 1 a
response when compared with naive controls or MHC
class I-injected recipients (Fig. lb). These data demon-
strate that the intrathymic injection of Lewis MHC class
TT expressing cells specifically induce tolerance only to

I
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Figure 1. Intrathymic injection of Lewis MHC class 11 expressing cells,
with ALS, specifically inhibits the in vitro Buffalo anti-Lewis cytotoxic re-
sponse. a: Primary Buffalo anti-Lewis specific CTL were assayed against
As-F4 (RT11) targets after the intrathymic injection of MHC class 11 ex-
pressing B lymphocytes. macrophages, and dendritic cells (0), MHC
class I-expressing red blood cells (0), or MHC class I-expressing T lym-
phocytes (1) Controls also included naive, non-thymic injected Lewis-
specific Buffalo effector cells. b: ACI (RT1d) specific CTL were analyzed
after the intrathymic injection of the same cell populations as in (a). Addi-
tionally, ACI (RT1a) specific effectors were generated from naive Buffalo
responders. All effectors were tested against ACI Con A blasted lympho-
cytes.

the donor strain injected intrathymically. and does not
globally immunosuppress the host.

DISCUSSION
The understanding of the central role that the thymus

plays in the development of the immune svstem and the
control of MHC restriction has come largely from stud-
ies with bone marrow chimeras,3 thymus-grafted
mice,' and most recently from T-cell receptor con-
structed transgenic mice.1' T-cell specificity is estab-
lished in the thymus, where the differentiating thymo-
cyte population is depleted of T lvmphocytes bearing
high affinity self-reactive TCR. while T lymphocytes
that express T-cell receptors recognizing foreign antigen
in association with self-MHC class I and class II gene
products are allowed to differentiate into mature T lvm-
phocytes. Endodermally derived thvmic epithelial cells
and accessory cells of hematopoietic origin, respectively.
are implicated in performing the contrasting functions
of positive and negative selection of differentiating thy-
mocytes. Recent evidence indicates that self-tolerance
occurs bv clonal deletion (negative selection) of autore-
active T lymphocytes, which is thought to be mediated
by the hematopoietically derived macrophage/dendritic
cells of the thymic medulla22 via a process of DNA and
nuclear fragmentation followed bv cell death termed
apoptosis. Converselv. the positive selection of MHC-
restricted T lymphocytes appears to be mediated by in-
teraction of the T cell receptor and molecules such as
CD4 and CD8 of the differentiating thymocvtes,3 with
the MHC molecules of the thymic epithelial cells in the
thvmic cortex.24

Effect of Intrathymic MHC Class 1- and
Class Il-Expressing Lewis Alloantigens on
Donor-specific IL-2 Production

The lymph-node cells harvested from Buffalo recipi-
ents after the intrathvmic injection of Lewis MHC class
II- or class I-expressing cells, or no pretransplant treat-
ment were analyzed for their production of IL-9 during
stimulation w\ith Lewis or ACI lymph-node cells. Buffalo
lymph-node cells harvested from the recipients undergo-
ing the pretransplant intrathymic injection of Lewis
MHC class Il-expressing allogeneic cells with ALS pro-

duced 50% less IL-9 upon stimulation with Lewis lymph
nodes w\hen compared with naive and Lewis MHC class
I-injected Buffalo recipients (Fig. 2a). However, the in-

trathymic injection of Lewis MHC class II-expressing
cells does not alter the recipients IL-2 production to a

third party ACI lymph-node stimulation, when com-

pared with naive and MHC class I-injected controls (Fig.
2b). These data further demonstrate that the tolerance
associated with the intrathymic injection ofdonor MHC
class II expressing cells results in a reduced production of
the cvtokine interleukin-2.
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Figure 2. Inhibition of Lewis-specific IL-2 production after the intrathymic
injection of MHC class Il-expressing Lewis allogeneic cells. a: Superna-
tants from Buffalo anti-Lewis mixed lymphocyte cultures were harvested
after 48 hours and analyzed for IL-2. Buffalo recipients underwent the
intrathymic injection of Lewis MHC class 11 adherent cells, Lewis red blood
cells, Lewis T lymphocytes, or no pretransplant treatment. b: Buffalo anti-
ACI 48-hour mixed lymphocyte culture supernatant was analyzed for IL-2
production from Buffalo recipients of intrathymic Lewis MHC class 11 ad-
herent cells, red blood cells. T lymphocytes. or no pretransplant treat-
ment.
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Our findings demonstrate that the presence of MHC
class II- expressing (B lymphocytes, macrophages, and
dendritic cells) donor allogeneic cells within the thymic
microenvironment during a period of thymocyte differ-
entiation has a markedly different effect (i.e., allograft
acceptance, decreased donor-specific cytolytic activity,
and decreased IL-2 production) than do MHC class I-ex-
pressing donor red blood cells and T lymphocytes. The
hematopoietically derived macrophages and dendritic
cells needed for tolerance induction in this model are

also necessary for the intrathymic deletion of auto-reac-
tive cells and induction of self-tolerance. Injected MHC
class II-expressing allogeneic cells probably interact with
the differentiating host thymocytes, to either delete
(clonal deletion) or functionally inactivate (clonal an-

ergy) those maturing thymocytes possessing T-cell recep-
tors with high affinity for the donor allogeneic MHC
molecule. This hypothesis is supported by the inability
to induce tolerance by the intrathymic injection of irra-
diated bone marrow cells while a naive bone marrow cell
intrathymic injection resulted in indefinite cardiac allo-
graft survival without subsequent immunosuppression
as reported by Odorico et al.25 Additionally, the intrathy-
mic inoculation of semi-allogeneic stem cells into le-
thally irradiated mice reconstituted with donor bone
marrow could induce tolerance in the recipient to the
donor alloantigen.24'26 Fuchs and Matzinger2" postulated

that the development of T-lymphocyte tolerance occur-

ring within the thymic microenvironment is due to anti-
gen exposure on the "professional antigen-presenting
cells" (macrophage and dendritic cells), while exposure
to antigen expressed on T and B lymphocytes is not capa-
ble of inducing intrathymic tolerance.
Another possible mechanism for this induction of tol-

erance via intrathymic injection ofdonor alloantigen in-
volves the migration of the inoculum from the thymus
into the peripheral circulation to function as a donor-
specific transfusion. Intravenous injection of mice with
viable MHC incompatible lymphoid cells can reduce a

donor-specific proliferation,28 donor-specific CTL gener-
ation,29'30 and T-helper cell generation3' in MLC and
enhances survival of a donor specific allograft.32'33 One
possible explanation is that the injected donor lymphoid
cells act as veto cells34'35 to produce functional deletion
rather than lymphocyte activation.3032 However, this
mechanism would have to explain the following: injec-
tion of viable semi-allogeneic Fl (A x B) lymphoid cells
into either parent A or parent B usually (but not always)
induces immune response reduction and enhanced graft
survival,32 while injection of fully allogeneic B lymphoid
cells into A seldom induces either immune response re-
duction or enhanced graft survival, although the veto
hypothesis predicts that it should. Since the veto cell is

classically described as a CD8+ T lymphocyte,35 our
achievement of donor-specific tolerance only with the
injection ofB lymphocytes, macrophages, and dendritic
cells (notT lymphocytes) indicates that a veto cell mecha-
nism is not occurring in this model."
The donor-specific unresponsiveness in the donor spe-

cific transfusion model is dependent on the injected do-
nor cells persisting in the recirculating lymphocyte pool
of the host, since the failure of these cells to persist does
not result in a reduction of donor directed immune re-
sponsiveness.36 Our laboratory has shown that the injec-
tion of donor splenocytes in sites other than the thymus
does not result in donor-specific tolerance and pro-
longed allograft survival.'5 Furthermore, to date there
have been no reports documenting donor cells present
within the recirculating lymphoid circulation in this in-
trathymic injection model of tolerance. Therefore, the
veto mechanism offunctionally deleting antigen-present-
ing cells in the recirculating lymphoid pool seems highly
unlikely.

In summary, we have demonstrated that the induction
of tolerance and prolonged allograft survival after the
intrathymic injection ofdonor allogeneic cells is depen-
dent on the presence of donor MHC class II-, and not
class I, expressing cells. These findings further increase
the understanding ofdonor MHC alloantigens necessary
for intrathymic injection to successfully induce donor-
specific intrathymic tolerance. Application ofthese prin-
ciples could have implications for clinical transplanta-
tion.
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Discussion

DR. ARNOLD G. DIETHELM (Birmingham, Alabama):
Wayne, I enjoyed your paper a great deal and it's an interesting
and yet very complex set of experiments that you have pre-
sented to us. Let me limit my comments to maybe some ofthe
mechanistic aspects. Do you think the cell needs to leave the
thymus in order to achieve this level of tolerance? In other
words, you're injecting a cell into the thymus, does that cell
undergo a change and then leave the thymus or does something
happen in the thymus that other cells that leave the thymus are
now tolerogenic. And where do these cells go if they do leave
the thymus? It would seem to me that ifthere's clonal deletion,
it couldn't all happen in that very short period oftime. Possibly
I'm wrong. And what is the timing of the ALS and the tolero-
genic effect of thymus? You mentioned, I believe, 21 days. Is
that an important time event or can it be sooner or later? Obvi-
ously the time between the injection ofthe ALS and the tolero-
genic result is critical when one considers any aspect ofclinical
transplantation. I very much enjoyed your paper. I think
you're on to a very complex subject. It's going to be interesting
to see how all of this plays out and whether or not the cells in
the thymus have to leave the thymus or if something else hap-
pens to make the animal tolerogenic.

DR. JAY C. FISH (Galveston, Texas): The Australian, Kevin
Lafferty, demonstrated 15 years ago that in a murine model if
you take the thyroid and parathyroid out and culture it for 28
days in high oxygen that all the passenger leukocytes die offand
you're left with a pure culture of follicular cells that bear only
Class I antigens. Those cells can be transplanted in the mouse
successfully without immunosuppression. Unfortunately nei-
ther he nor anyone else has been able to duplicate this finding
in higher order species. In addition it has been difficult with
other tissues. These studies demonstrate the importance of
Class II antigens in donor tissue to stimulate the allergenic
response. What we've seen today is the importance of Class II
antigen cells in the donor tissue to produce tolerance. A certain
inner logic of that might be predicted. What would be interest-
ing to know is if it works as well with other tissues such as skin
and how it works in higher order animals. I, too, am interested
in knowing the fate or the final resting place of the cells in the
inoculum to the thymus.
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