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Thymic Epithelium Tolerizes for Histocompatibility 
Antigens 

The role of thymic epithelium in the establishment of tissue tolerance was analyzed 
with a murine chimeric system. All T cells differentiated from birth onward in a 
thymus comprising allogeneic epithelium and syngeneic hematopietic cells. Embryon- 
ic thymic rudiments that contained no hematopietic cells fiom C3H (H-2k) donors 
were grafted to newborn athymic (nude) BALBIc (H-2d) mice. Chimeras that had 
normal T cell numbers and function rejected third-party skin grafts, but permanently 
accepted grafts syngeneic to the thymic epithelium. In vitro functional assays did not 
always correlate with the state of tolerance in vivo. Thus, pure thymic epithelium 
induces tolerance to histocompatibility antigens. 

T HE THYMUS HAS A KEY ROLE IN THE 

development of the immune system. 
Intrathymic differentiation and selec- 

tion of T lymphocytes seem to result in the 
establishment-of self major histocompatibil- 
ity complex (MHC) restriction and in toler- 
ance to self antigens. Two types of thymic 
stroma cells, endodermally derived epithelial 
cells and accessory cells of hematbpoietic 
origin, are implicated in these processes and 
are attributed different functions. Tolerance 
and clonal deletion (negative selection) of 
autoreactive lymphocytes are thought to be 
mediated by the hematopoietically derived 
dendritic cells of the medulla, whereas selec- 
tion leading to MHC-restriction (positive 
selection) may be mediated by contact of the 
differentiating lymphocytes with epithelial 
cells (EC) (1). 

Previous studies aimed at inducing allo- 
tolerance were carried out in the adult 
mouse by grafting fetal thymuses depleted 
of hemapoietic cells (HC) either by deoxy- 
guanosine treatment or by culture at low 
temperature; the results were controversial. 

J. Salaiin, I. Khazaal, F. Calman, M. Coltey, N. M. Le 
Douarin, Institut d'Embryologie cellulaire et moltcu- 
laire du CNRS et du Colltge de France, 49bis, Avenue 
de la Belle-Gabrielle, 94736 Nogent-sur-Mame a d e x ,  
France. 
A. Bandeira and A. Coutinho, Unitt d'Immunobiologie, 
Institut Pasteur, URA 359, Paris, France. 

Deoxyguanosine-treated thymuses, al- 
though expressing donor M H C  antigens, 
were not rejected when implanted into nor- 
mal or nude mice, and yet did not induce 
allotolerance [as tested in mixed lymphocyte 
reaction (MLR) and cytolytic activities (41. 
However, T cells from deoxyguanosine- 
treated thymus grafts showed H-2-restrict- 
ed specificity for antigen (1). It has also been 
found that thymic grafts depleted of H C  can 
tolerize precursors of cytolytic T cells, but 
only for the minor histocompatibility anti- 
gens carried by the thymic epithelial stroma 
(3). In contrast, thymuses cultured at low 
temperature before grafing into an athymic 
nude mouse induced tolerance in both in- 
trathymic and spleen cells, as determined by 
MLR tests (4). In none of these experiments 
was tolerance assessed through grafts of 
tissues other than the thymus itself, particu- 
larly since deoxyguanosine-treated thymus is 
not rejected even by immunocompetent al- 
logeneic hosts (2). 

In the experimental protocols above, it 
was impossible to ascertain that all the HC- 
derived cells (lymphocytes and medullary 
dendritic cells) of the thymus were com- 
pletely eliminated. Moreover, T cells devel- 
oping in those chimeras arose into the im- 
munologically mature, though deficient, 
environment of an adult animal. We, there- 

fore, investigated the roles of the endoder- 
ma1 epithelium and the HC-derived dendrit- 
ic cells in tolerance induction by grafing the 
early embryonic thymic epitheliomesenchy- 
ma1 rudiment before its invasion bv HC. If 
such an early allogeneic thymic adage is 
introduced into a nude mouse at birth, all 
the thymic-dependent T cells that develop in 
the animal would have differentiated by 
contact with the MHC alloantigens of the 
donor thymus at nearly physiologic develop- 
mental stages. Their ability to recognize 
these alloantigens as self could then be tested 
in vivo with skin grafts or with in vitro 
assavs. 

We studied thymus development in birds 
by the construction of quail and chick chi- 
meras. A chick that receives a xenogeneic 
(quail) graft of either a limb or a bursa of 
Fabricius at embryonic day 4 (E4) acutely 
rejects it after birth, when its immune sys- 
tem is mature (5) .  This could be preventid, 
however, if the epithelial thymic rudiment 
from the donor was also implanted; thus, 
thymic EC can present self antigens to the 
differentiating T cells in a tolerogenic man- 
ner. In the mouse thymus, development 
proceeds from the endoderm of the third 
branchial pouch, which starts to grow and is 
colonized bv H C  from E 1 1 onward. At E 10 
the presumptive thymic rudiment is devoid 
of H C  and is unable to develop into a 
lymphoid thymus if cultured in the absence 
of a source of H C  (6). Neither the lymphoid 
nor the macrophage or dendritic cells la- 
beled with appropriate Thy-1 and M H C  
class I1 markers, respectively, were ever 
found to be of donor type (7). We have, 
therefore, investigated whether the thymic 
euithelial comuonent has the same effect on 
the induction of tolerance to tissue grafts in 
the mouse as it has in birds (8). Fully 
allogeneic thymic epithelium reconstituted 
t h e  cell com~ar&ent of athvmic nude 
mice and induced tolerance to skin grafts of 
the donor strain. Therefore, thymic EC in 
the absence of MHC-matched thymic H C  
ensured the state of tolerance. 

Between 1 and 13 days after birth we 
grafted 10 to 15 third branchial arch regions 
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from E l 0  C3H (H-2k) embryos into ipulated nude mice in our colonies. Seven- 
BALBIc (H-2*) nude mice (n = 84). At this teen animals (20%) survived and were 
stage (25 to 34 somites), the thymic epithe- found to have T cell function, a percentage 
lium is not yet colonized by H C  (6). Sixty- similar to that obtained with syngeneic E l 0  
seven of these mice died before the age of 5 thymic grafts (8). Fifteen of the 17 animals, 
months, a death rate consistent with unman- all in good health at 5 months of age, 

Fig. 1. Tolerance to allogeneic skin grafts induced by thymic epithelium. BALBlc nude mice that had 
received C3H thymic epithelium transplants at birth were tested for their ability to reject skin grafts at 5 
to 6 months of age. Skin grafts were performed as described (8). The three tail skin grafts were from 
BALBIc (recipient haplotype), C3H (donor thymic epithelium haplotype), and third-party (C57BU6) 
mice. Skin grafts were considered as accepted when they were healthy for at least 3 months. Controls 
included BALBlc nude mice that were untreated (no grafts rejected) or reconstituted with syngeneic 
thymic epithelium (both allogeneic grafts rejected). (A) Skin grafts 12 hours and (B) 3 months after 
implantation. Only C3H (left) and BALBlc (right) grafts are tolerated; the third-party graft, C57BU6, 
(bottom) was rapidly rejected. 

0.1 
0 200 400 600 800 0 200 400 600 800 

Number responder CD4 T cells per well 

Fig. 2. Examples of LDA for determining the frequency of IL-Zproducing cells after specific in vitro 
stimulation with BALBlc (B), C3H (+), or C57BU6 (0) cells as indicated (Table 2). Individual mice 
are shown in each panel (Tables 1 and 2 and Fig. 3). Splenic responder cells were analyzed for the 
expression of CD4, and this value was used to determine the number of specifically stimulated cells in 
each well (9). 

received tail skin grafts from host (BALBIc), 
donor (C3H), and third-party (C57BLt6) 
mice. The C57BLl6 skin was rejected in 9 to 
30 days, whereas these grafts were accepted 
in control nude mice that had no thymic 
transplant. Syngeneic (BALBIc) and thymic 
epithelium donor (C3H) skin grafts were 
accepted in every case (Fig. 1). Thus, when 
the T cell compartment was reconstituted 
through C3H thymic epithelial grafts, C3H 
skin grafts were tolerated, whereas C3H and 
C57BLI6 skin grafts were rejected in pseu- 
dochimeras (BALBIc thymic rudiments 
grafted into BALBIc nude mice) (8). Al- 
though most of the experiments have in- 
volved C3H thymic grafts, C57BLl6 (E10) 
branchial pouches were implanted on 
BALBIc nude mice. Ten of 30 chimeric mice 
had a reconstituted T cell compartment and 
accepted C57BLI6 skin grafts but rejected 
C3H skin grafts after 13 to 20 days. 

Thirteen BALBIc nude mice that had 
C3H thymic epithelium grafts were killed 3 
to 5 months after receiving the skin graft. 
The mice were 9 to 12 months old and all 
were in good health. Thymic grafts from 
beneath the skin in the neck were comprised 
of cartilaginous nodules (developed from 
branchial arch mesenchyme) and at least one 
well-colonized thymus, as described in syn- 
geneic experiments (8). Immunofluores- 
cence labeling with monoclonal antibodies 
(MAb) to MHC class I1 antigen confirmed 
the donor (H-2k) phenotype of the epitheli- 
um and the exclusive recipient (H-2d) origin 
of the bone marrow-derived cells. The 
spleen and lymph nodes from these animals 
were fully reconstituted with the major lym- 
phocytes-subsets (Table 1). When compared 
to normal euthymic mice, some of the ani- 
mals had fewer T cells in the spleen or lymph 
nodes, but there were no statistically signifi- 
cant differences between nude mice reconsti- 
tuted with syngeneic or allogeneic thymic 
rudiments. Expression of some Vg families 
in peripheral CD3+ T cells was similar in 
mice with grafts from either syngeneic or 
allogeneic thymic epithelium; again, if com- 
pared to euthymic animals, some of the mice 
showed a limited representation of one or 
another family. Proliferative responses to 
the T cell mitogen concanavalin A (Con A) 
were at a reasonable level (59 to 98% and 54 
to 110% of control responses in nude mice 
that had syngeneic or allogeneic thymic 
epithelium grafts, respectively), which al- 
lowed us to investigate functional T cell 
reactivities. Allo (or self)-reactivities of sple- 
nic lymphocytes from chimeric mice and 
euthymic animals were studied in vitro for 
production of interleukin-2 (IL-2). These 
responses were quantitated by limiting dilu- 
tion analyses (LDA) in a system that detects 
every IL->producing T cell, independent 
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Table 1. Mogeneic (C3H) thymic epithelium grafts promote repopulation of the T cell compartment 
of nude mice. Spleen and lymph node cells from mice prepared as in Fig. 1 were analyzed by flow 
cytometry (FACScan, Becton and Dickinson) for the indicated markers under conditions and with 
antibodies as described (17). Only spleen cell analyses are shown, but similar results were obtained with 
lymph node lymphocytes. Standard deviations are in parenthesis. ND, not determined. For the normal 
mice, n = 3. 

Spleen cell marker 

Mice % of total spleen cells % of CD3+ cells 

CD3+ CD4' CD8' V,6 V,8.1 V,8.2 V,8.3 V,11 

Ungrafied 
ND ND ND ND 
18.5 5.7 8.1 8.3 

(24.2) (21.0) (22.7) (22.8) 
18.3 6.0 13.3 8.0 

(21.2) (20.7) (21.6) (21.0) 

TEP-3 TEP-4 TEP-5 TEP-6 

Source of effector cells BALBic t~uit~u 
BALBic normal 

Fig. 3. The specific cytolytic activiry of titrated 
splenic lymphocytes from nude animals with 
grafts and from normal euthymic BALBIc mice, 
stimulated for 5 days with irradiated (2000 rads) 
C3H (solid bars) or C57BLl6 (hatched bars) 
stimulator spleen cells, respectively, was studied in 
"Cr-release assays (18). Cytolytic units were cal- 
culated from each responder-target titration cunre 
and the response is presented as the percent of 
those obtained in each experiment with euthymic 
BALBIc mice. 

C3H normal 

C3H nu/nu (allogeneic) recipients 
16.9 5.0 ND ND Tep- 1 

Tep-2 
Tep-3 
Tep-7 
Tep-8 
Tep- 11 
Tep- 12 

13.7 4.4 4.6 5 .O 
12.7 3.8 0.6 4.7 
13.2 5.5 8.4 12.5 
7.1 5.3 13.1 6.1 

14.1 3.4 5.3 6.1 
13.1 7.8 4.9 4.6 

B A L B I c  (syngeneicj recrpiet~ts 
11.1 5.2 8.1 4.6 
13.4 5.8 ND ND 
13.5 6.4 4.1 6.6 

of proliferation (9). Six of the seven tolerant 
mice that we analyzed had similar frequen- 
cies of IL-2-producing T cells specific for 
C3H or C57BLi6 (Table 2 and Fig. 2). In 
contrast, IL-2-producing cells were infre- 
quent after stimulation with host BALBic 
cells. 

In vitro cytotoxicity tests (legend to Fig. 

Table 2. LDA of IL-2-producing cells. The frequencies of IL-2-producing CD4+ cells after specific 
stimulation were determined in an assay that detects single cells irrespective of clonal amplification in 
vitro (9). Limiting numbers of responder splenic cells were cocultured with irradiated (2000 rads) cells 
from nude mice T cell-depleted peritoneal cells (20 p1) in wells of round-bottom microtiter plates. 
Thiq-six hours later, plates were irradiated (2000 rads) and an average of 50 IL-2-dependent CTLLI2 
cells (in 5 pl) were added to each well. Foq-eight hours later, saturating amounts of Con-A-induced 
rat spleen cell supernatants were added to cultures as a source of IL-2. Incorporation of [3H]thymidine 
was measured after a 16-hour incubation with label from day 3 to day 4. Four to six responder cell 
concentrations, corresponding to 30 wells per point, were analyzed. Wells were positive when counts 
per minute were higher than the mean plus five times the standard deviation of cultures containing no 
responder cells. Frequency estimates were calculated as before, on the basis of chi-square minimizations 
(9). For the normal mice, n = 3. 

3) revealed that some tolerant animals, for 
example, the animal identified as Tep-4, may 
retain the ability to generate cytotoxic T 
lymphocytes (CTLs) that kill C3H targets as 
well as third-party, C57BLi6 allogeneic 
cells. If compared to CTL responses of 
euthymic B ~ B ~ C  mice, howeier, most 
nude mice that had C3H thymus grafts 
showed reduced cytolytic responses to do- 
nor targets, but had killer activity to third- 

Stimulator cells 
Mice 

BALBic C57BLi6 C3H 

party antigens. Two of the anim-als (Tep-3 Ungrafied normal 
1:1491-1667 

Grafied C3H 
<1:1000 
<1:1000 

1 : 985 
<1: 1000 
<1: 1000 

ND 
<1: 1000 

Gvajed B A L B / c  
< 1 : 1000 

1 : 480 
1 : 442 

and Tep-5) had little in vitro response to 
C3H stimulator cells in either IL-2 produc- 
tion or CTL assays. These animals also did Tep- 1 

Tep-2 
Tep-3 
Tep-7 
Tep-8 
Tep- 1 1 
Tep-12 

not reject C3H skin grafts: thus, they were 
made fully tolerant to antigens by the thy- 
mic epithelium transplant. We conclude that 
the peripheral T cell compartment of the 
chimeric nude mice that permanently toler- 
ated donor skin grafts is not always depleted 
o fT  cell clones directed against the tolerized 
MHC antigens. 

Our findings show that pure thymic epi- 
thelium attracts allogeneic hematopoietic 
precursors that then differentiate and repop- 
ulate the peripheral lymphoid organs. The 
immune system in these animals rejects 
third-party allogeneic tissues, whereas there 
is a long-lasting state of in vivo tolerance 
both to the thymic epithelium itself and to 
donor skin grafts. Since no autoimmune 
disorders were so far recorded in any of our 

*Ranges are shown for the ungrafted control only 

chimeric nude mice with functional T cells, equivalent functions. This conclusion is at 
we must also conclude that host bone mar- variance with the currently dominant notion 
row-derived components ensure tolerance that induction of tolerance by clonal dele- 
to the host's self antigens. It would appear, tion is a unique function of H C  in thymic 
therefore, that in tolerance induction both medulla (1) and that differentiating T cells 
lineages of thymic stroma cells may serve ignore MHC antigens of thymus epithelium 
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(2,3). As pointed out above, however, there 
is less discrepancy in the results than in the 
conclusions, for in these experiments lym- 
phocyte activities were studied in vitro, 
whereas we have assessed tissue tolerance in 
vivo. Results similar to ours were obtained 
in several other systems (lo), including ma- 
nipulations of amphibian embryos (1 I), also 
tested by tissue grafts. The fact that nude 
mice engrafted with an allogeneic thymic 
epithelium may produce T cells that respond 
to donor lymphocytes, yet simultaneously 
accept skin grafts (referred to as "split toler- 
ance"), also suggests that a complete clonal 
deletion is not necessary for inducing phys- 
iological tolerance to tissue grafts. Split tol- 
erance, which extends to divergent reactiv- 
ities in proliferative versus cytolytic tests 
(12), has been frequently observed, and the 
very use of the term indicates the unjustified 
comparison of heterogeneous categories of 
phenomena, as well as our current limita- 
tions in the understanding of these process- 
es. "Peripheral tolerance" without thymic 
clonal deletion has been shown in transgenic 
mouse models (13) and embryonic allogene- 
ic grafts (14). All of this evidence indicates 
that, in addition to the well-established 
process of clonal deletion in the thymus 
( I S ) ,  other mechanisms, such as clonal "an- 
ergyl) or "suppression," exist that do not 
involve the thymus. These prevent autoim- 
mune aggression by self-reactive clones that 
escaped thymic negative selection. 

Our experimental model is a complement 
to other systems that address the problem of 
self-nonself descrimination. Thus, it allows 
for a quasi-normal ontogeny of immuno- 
competent cells, exposing them to allogeneic 
antigens that are exclusively expressed by 
thymic epithelium. Transgenic mouse mod- 
els targeting expression of MHC antigens to 
selected tissues have shown some degree of 
"leakiness" (16) and are limited to the genes 
isolated thus far. In contrast, the appropriate 
choice of thymic epithelium donor and nude 
recipient strain combinations provides a 
means for addressing any antigenic differ- 
ences. Furthermore, by varying the age of 
euthymic recipients of E l0  thymic epitheli- 
urn, it is possible to test the importance of 
developmental state of the host immune 
system on the ability of thymic epithelial 
grafts to induce tolerance. Finally, interac- 
tions between lymphocytes that have devel- 
oped in different MHC thymic environ- 
ments can also be investigated by multiple 
allogeneic thymic epithelial grafts into nude 
mice. 

- 
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The Calcium Channel Blocker Nifedipine Attenuates 
Slow Excitatory Amino Acid Neurotoxicity 

High concentrations of  potent N-methyl-D-aspartate (NMDA) agonists can trigger 
degeneration of cultured mouse cortical neurons after an exposure of only a few 
minutes; in contrast, selective non-NMDA agonists or low levels of NMDA agonists 
require exposures of several hours to induce comparable damage. The dihydropyridine 
calcium channel antagonist nifedipine was used to test whether this slow neurotoxicity 
is mediated by a calcium influx through voltage-gated channels. Nifedipine had little 
effect on the widespread neuronal degeneration induced by brief exposure to high 
concentrations of NMDA but substantially attenuated the neurotoxicity produced by 
24-hour exposure to submaximal concentrations of  cu-amino-3-hydroxy-S-methyl-4- 
isoxazole propionate, kainate, or quinolinate. Calcium ion influx through dihydropyri- 
dine-sensitive, voltage-dependent calcium channels may be an important step in the 
neuronal injury induced by the prolonged activation of NMDA or non-NMDA 
glutamate receptors. 
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