17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

between 100,000 and 200,000 years younger than
the Triassic-Jurassic boundary.

P. E. Olsen and P. M. Galton, Palaeontol. Afi. 25,
87 (1984).

The phytosaur ichnotaxon Apatepus occurs about
180 m below the Orange Mountain Basalt (N.
Resch, personal communication) roughly 160 m
below the estimated position of the Triassic-Jurassic
boundary. The procolophonid reptile Hypsognathus
[C. W. Gilmore, Proc. U.S. Natl. Mus. 73,1 (1928)]
has been found roughly 120 m below the same
basalt. Sedimentary cycles are not expressed in the
areas which produced these remains, but by extrapo-
lating from further southwest where cycles are pres-
ent (without a change in total thickness of the
formation) and under the rationale outlined in (16),
these forms should be about 800,000 and 600,000
years older than the Triassic-Jurassic boundary, re-
spectively.

Under close scrutiny the three apparent originations
shown in Fig. 2 (Gephyrosauridae, Heterodonto-
sauridae, and Megalosauridac) are questionable: ei-
ther the stratigraphically oldest specimens assigned
to the families are poorly dated or their taxonomic
assignment is very doubtful.

All three of the families limited to the Carnian are
monotypic and known from single formations and
one or two localities; their ranges must be regarded
as extremely questionable.

A. Hallam, Palacggeqgr. Palaeoclim. Pal l. 35,1
(1981); J. J. Sepkoski, in Patterns and Processes in the
History of Life, D. M. Raup and D. Jablonski, Eds.
(Springer-Verlag, Heildelberg, 1986), pp. 277-
295.

R. T. Bakker, in Patterns of Evolution as Illustrated by
the Fossil Record, A. Hallam, Ed. (Elsevier, Amster-
dam, 1977), pp. 439-468.

L. W. Alvarez, W. Alvarez, F. Asaro, H. V. Michel,
Science 208, 1095 (1980); W. Alvarez, E. G. Kauft-
man, F. Surlyk, L. W. Alvarez, F. Asaro, H. V.
Michel, #bid. 223, 1135 (1984).

W. Alvarez, L. W. Alvarez, F. Asaro, H. V. Michel,
ibid., p. 1183.

C. H. Simonds et al., J. Geophys. Res. 83, 2773
(1978).

J. Bor-Ming, R.J. Floran, C. H. Simonds, iid., p.
2709.

S. H. Wolfe [ibid. 76, 5424 (1971)] provided two
interpretations of his K-Ar dates. One (favored by
Wolfe) regards the age of the impact to be 286 to
296 million years ago (corrected) followed after 70
million years by impact-triggered monzonite volca-
nism at 215 million * 4 million years (corrected). In
the second hypothesis a date of 206 + 6 million
years (corrected) from a highly shocked pseudo-
tachylite is interpreted as the time of outgassing due
to impact. All dates are corrected using new K and
Rb decay constants [W. B. Harland, A. V. Cox, P.
G. Llewllyn, A. G. Smith, R. Walters, A Geologic
Time Scale (Cambridge Univ. Press, London,
1982)]. All the older ages would be due to argon
retained from the Grenville-age parent rocks. We
find a 70-million-year lag between impact and volca-
nism implausible and favor the age from the most
completely outgassed sample (206 = 6 million
years). In addition, J. B. Shepard [thesis, Princeton
University (1986)] has produced an “’Ar/*°Ar date
of 212.9 + 0.4 million years from a sanidine sepa-
rate to which the argon retention argument can also
be applied.

Another giant impact structure thought to be of
carly Mesozoic age is the Puchezh-Katuni structure
in the Soviet Union which could be Early Triassic to
Late Jurassic in age [V. I. Feldman, L. V. Sazonova,
A. A. Nozova, Int. Geol. Rey. 27, 68 (1985)].

The Triassic time scale of D. Webb [J. Geol. Soc.
Australia 28, 107 (1981)], with a Triassic-Jurassic
boundary date of 200 million years ago, is used here.
It agrees with the mean and modal K-Ar and
“Ar/Ar dates for Newark Supergroup igneous
rocks (based on a compilation by R. Hayden using
corrected dates) and the U-Pb dates of D. L.
Kimbrough and J. M. Mattinson [Geol: Soc. Am.
Abst. Prog. 16, 559 (1985), and personal communi-
cation]. However, other time scales give the bound-
ary date as from 193 to 213 million years with
uncertainties ranging from =5 to *15 million years.
Jurassic time scale adapted from W. J. Kennedy and
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G. S. Odin [in Numerical Dating in Stratigraphy, G.
S. Odin, Ed. (Wiley, New York, 1982), pp. 557—
592] by fixing the Triassic-Jurassic boundary at 200
million years and scaling the position of the Hettan-
gian-Sinemurian boundary by the number of am-
monite zones. Other boundary dates are unaltered.

30. Geographic coordinates of localities are as follows:
Blue Sac, 45°23'50"N to 45°24'15"N, 64°06'30"W
to 64°10'00"W; Five Islands, 45°23'20" to 40"N,
64°04'50"W; McKay head, 45°23'40"N, 64°13'00"
to 50"W; Wasson Bluff, 45°23'40"N, 64°14'00" to
30"W.
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Organ-Resident, Nonlymphoid Cells Suppress
Proliferation of Autoimmune T-Helper Lymphocytes

RAcHEL R. Casr1, FraNCOIS G. ROBERGE, ROBERT B. NUSSENBLATT

Local presentation of autoantigen by organ-resident cells inappropriately expressing Ia
determinants has been implicated in organ-specific autoimmunity. Experimental
autoimmune uveoretinitis, induced in rats by immunization with retinal soluble
antigen, is used as a model of organ-specific autoimmunity. In an in vitro system
derived from this model, uveitogenic rat T-helper lymphocytes specific to the retinal
soluble antigen, or control T-helper lymphocytes reactive to the purified protein
derivative of tuberculin, were cocultured with Ia-expressing syngeneic retinal glial cells
(Miiller cells) in the presence of specific antigen. Antigen presentation was not
apparent under ordinary culture conditions, and the Miiller cells profoundly sup-
pressed the proliferative response of primed T-helper lymphocytes to antigen present-
ed on conventional antigen-presenting cells, as well as their subsequent interleukin-2
(IL-2)—dependent expansion. Suppression of proliferation was accompanied by inhibi-
tion of IL-2 production in response to antigen, as well as by reduction in high-affinity
IL-2 receptor expression, and proceeded via a contact-dependent mechanism. These
results suggest a role for locally acting suppression mechanisms in immune regulation

and maintenance of tissue homeostasis.

N ORGAN-SPECIFIC AUTOIMMUNE DIS-

ease the range of interactions between

the component cells of a target tissue
and the infiltrating autoreactive T cells is
largely unknown. Recent observations have
suggested active participation of organ-resi-
dent cells in tissue-specific autoimmunity.
For example, vascular endothelial cells and
brain glial cells (astrocytes) are able to ex-
press major histocompatibility complex
(MHC) class II determinants (Ia) (the re-
stricting elements of self-recognition by the
immune system), to present antigen, and to
produce interleukin-1 (IL-1)-like factors (I,
2). In fact, presentation of autoantigen by
organ-resident cells aberrantly expressing Ia
determinants was suggested as one of the
major underlying causes in the induction
and maintenance of the autoimmune state
(3). Control of autoimmunity has been at-
tributed to central suppression mechanisms

(4); very little is known about locally acting
mechanisms of suppression.

Experimental autoimmune uveoretinitis
(EAU), like experimental allergic encephalo-
myelitis and adjuvant arthritis (5), serves as a
model of organ-specific autoimmune disease
and is mediated by T lymphocytes (6, 7).
The disease can be induced in rats by immu-
nization with the retinal soluble antigen
(SAg) (a 48-kilodalton protein participating
in light signal transduction), or by adoptive
transfer of SAg-specific T-helper (Ty) lym-
phocytes (6, 7). EAU is basically a delayed-
type hypersensitivity reaction to SAg and
manifests itself as an ocular inflammation
resulting in irreversible damage to photo-
receptor cells, of which the SAg is a major
constituent. Retinal glial cells (Miiller cells)

Laboratory of Immunology, National Eye Institute, Na-
tional Institutes of Health, Bethesda, MD 20892.
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as well as other resident cells in the eye are
capable of expressing Ia determinants (8, 9).
Miiller cells are a major structural compo-
nent of the neural retina, closely associated
with the photoreceptor cells and ensheath-
ing the retinal blood vessels (10). Thus, they
constitute the second barrier after the retinal
vascular blood-brain barrier, which an infil-
trating lymphocyte must pass in order to
penetrate into the eye. We are able to grow
essentially pure monolayer cultures of Miill-
er cells from adult rat retinas in the presence
of spleen concanavalin A (Con A) condi-
tioned medium (SCM), which contains an
unidentified growth factor for these cells.
Characterization of these cultures by immu-
noperoxidase staining showed that they are
positive for the glial cell marker glial fibril-
lary acidic protein, positive for the Miiller
cell marker (detectable with a monoclonal
antibody developed in this laboratory), and
contain about 30% Ia-positive cells (8).

In experiments designed to test the capac-
ity of irradiated Miiller cells to act as anti-
gen-presenting cells (APCs) to a uveito-
genic, SAg-specific Ty lymphocyte line
(TuS) (6), we noted that not only was

Table 1. Inhibitory effect of Miiller cells on
antigen-driven  proliferation of SAg-specific
(TuS) and PPD-specific (TyP) cells lines. Long-
term cultures of T-helper lymphocytes (Ty) and
Miiller cells (Mu) were generated from Lewis rats
and maintained as described (6, 8). The assays
were carried out in a 1:1 mixture of the culture
media from each of the two cell types [minimal
essential medium with 10% fetal bovine serum
and RPMI 1640, with 1.5% rat serum; each
culture contained additional supplements as de-
scribed (6, 8)]. Rested Ty cells (2 X 10%) and
APCs (syngeneic thymocytes irradiated with
3000 R) (4 x 10°) were incubated with antigen
in the presence or absence of 1 x 10* Miller cells
(irradiated with 3000 R) in 96-well tissue culture
trays (Costar), in triplicate 0.2-ml cultures. In the
wells where coculture with Miiller cells was to be
delayed by 24 hours, the Miiller and the TyS
cultures were plated separately at time 0, and the
lymphocyte cultures were quantitatively trans-
ferred into the Miiller cell wells at 24 hours of
incubation. All cultures were incubated for 60
hours. One microcurie of [*H]thymidine was
added to each well during the last 14 hours. The
background radioactivity of Miiller cells alone was
0.4 x 1072 cpm. Standard errors were less than
10% of the mean. ND, not done. Numbers in
parentheses represent percent of inhibition.

[*H]Thymidine uptake

Culture (cpm X 107%)
TuS TuP
MuTyAPCAg* 35 (97.6) 7.9 (90.1)
Mu(24h)-Tr- 183 (88.1) ND
APC-Agt

Tu-APC-Ag 153.5 80.1
Mu-Ty-APC 3.2 0.8
Ty-APC 2.7 0.5

*SAg or PPD (10 pg/ml) in TyS and TyP cultures,
respectively. tCoculture with Miiller cells started af-
ter 24 hours of activation with antigen and APCs.
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antigen not presented, as judged by prolif-
eration and measured by [*H]thymidine
incorporation of the TyS cells, but even the
background counts of the TyS cells were
inhibited. When we included Miiller cells in
the regular antigen stimulation system, con-
taining rested TyS, antigen and convention-
al APCs (irradiated syngeneic thymocytes),
proliferation of the cells in response to anti-
gen was inhibited by about 90% (Table 1).
Suppression was effective even when the
Miiller cells were added 24 hours after the
beginning of culture when maximal titers of
IL-2 had already been produced by the TyS
cells in response to antigen. The inhibitory
effect was not confined to SAg-specific cells
because the TyP control line, specific to the
purified protein derivative of tuberculin
(PPD), was inhibited to a similar extent (Ta-
ble 1). The inhibition did not appear to
involve a cytotoxic effect, since Ty cells recov-
ered from the cocultures were fully viable.
Suppression of proliferation was accom-
panied by partial inhibition of IL-2 produc-
tion in response to antigen and partial inhi-
bition of IL-2 receptor generation by the Ty
cells, as assayed by support of the growth of
an IL-2—dependent cloned murine lympho-
cyte line (CTLL) by supernatants of sup-
pressed cultures, and by binding of '*I-
labeled IL-2 (11) to the TyS cells, respec-
tively (Fig. 1, a and b). It is interesting that
mainly the high-affinity form of the IL-2

Fig. 1. (A) Inhibition of IL-2 production and (B)
inhibition of IL-2 receptor generation, in TyS
responding to antigen presented on conventional
APCs, by Miiller (Mu) cells in coculture. (A)
Rested TS cells (2 X 10*) and APCs (4 % 10%)
were incubated in the presence or absence of
irradiated Miiller cells (1 x 10*) and of SAg (10
pg/ml) in triplicate 0.2-ml cultures, as for prolif-
eration assays. The supernatants (sup) were col-
lected at 24 hours and serial dilutions were as-
sayed on triplicate 0.2-ml cultures of 5 x 10°
CTLL cells, which were treated after 40 hours of
incubation with 1 uCi of [*H]thymidine per well
for 8 hours. Shown are results obtained at 1:16
supernatant dilution * standard errors. (B) TuS
at 2 x 10° cells per milliliter and APCs at
2.5 x 10° cells per milliliter were activated with
SAg (5 pg/ml) on confluent or slightly subcon-
fluent monolayers of Miiller cells in 150-cm?
culture flasks (Falcon) for 60 hours. The cells
were recovered by shaking the flasks and were
separated from APC debris by centrifugation over
Ficoll (Isolymph, TEVA, Jerusalem) and washed.
The cells were assayed for IL-2 receptor expres-
sion (and compared with TyS activated in parallel
without the presence of Miiller cells and with
nonactivated TyS) by direct binding of '*’I-
labeled IL-2 (New England Nuclear) essentially
as described by Robb et al. (11), except that the
last wash in oil was omitted. All dilutions of '*I-
labeled IL-2 were assayed in triplicate on 5 X 10°
lymphocytes. Nonspecific background binding of
125T-labeled IL-2 was determined under the same
conditions on 5 x 10° sheep erythrocytes. The
nonspecific binding in individual experiments was
constant over the whole range of '**I-labeled IL-2

receptor (detected at '*’I-labeled IL-2 con-
centrations of 0.1 nM or less), which is the
functional form in terms of cellular prolif-
eration (12), appeared to be affected (Fig.
1b). This may suggest that the interaction
with the Miiller cells was interfering with
the assembly of the receptor into its high-
affinity form (I3), rather than with the
synthesis of the receptor molecule.

The suppression did not appear to involve
consumption of IL-2 or IL-1 by the Miiller
cells, since addition of excess lymphokine, in
the form of rat SCM or recombinant human
IL-2 and IL-1 (separately or in combina-
tion), did not abrogate or even diminish the
suppression. Moreover, Miiller cells do not
absorb IL-2 activity from supernatants con-
taining a known IL-2 titer and do not stain
with monoclonal antibodies to the rat IL-2
receptor (14). Thus, the inhibition of IL-2
receptor generation may represent a primary
phenomenon rather than a result of subopti-
mal lymphokine production in the system.

We hypothesized that the partial inhibi-
tion of antigen-driven IL-2 production and
high-affinity IL-2 receptor generation could
not fully account for the extent of suppres-
sion of TyS cell proliferation and that there
had to be an additional inhibitory effect
acting later in the activation pathway. We
could thus be dealing with a multistage
suppression mechanism. This interpretation
was further supported by the finding that

A
|5 TyS-APC-SAg
& MuTys-APC-SAg [
g TuS-APC R
a Mu-TyS-APC
3 0.5UIL-2
8 Mu sup +0.5IL-2
B Indicator CTLL (cpm/1000)
B
15 1 Activated 2.
2 g,
3 2
o 24
o 104 3
= 92
b o
£ 102 10t 100 10t 10
g s % IL-2 added (nM)
@
o
0 T T S iaaai

102 101 100 101 102
IL-2 added (nM)

dilutions, and was between 0.3% and 1.6% of the
counts added (depending on the batch of *°I-
labeled IL-2). Results are expressed after back-
ground subtraction, as a plot of the percent of IL-
2 bound versus the concentration of IL-2 added
(nanomolar) for expansion of the high-affinity
binding range, and as counts per minute of IL-2
bound versus concentration of IL-2 added for
expansion of the low-affinity range (inset). Stan-
dard errors were less than, or equal to, 10% of the
mean.
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coculture with Miiller cells was also effective
in inhibiting fully activated TyS cells, after
they had already been exposed to antigen on
APCs for 60 hours and required only IL-2
for continued proliferation. The activated
TuS cells were separated from APCs on a
Ficoll density gradient, washed, and cul-
tured for an additional 60 hours on mono-
layers of Miiller cells in the presence of
exogenously supplied IL-2. Under these
conditions, proliferation of the TyS cells
was inhibited by about 50% compared to
control TyS, which were recultured in paral-
lel without Miiller cells. Paradoxically, addi-
tion of the specific antigen to this culture
system resulted in a significant potentiation
of the suppression, up to 80% compared to
the control cells. Addition of an irrelevant
antigen did not have this effect. High-affini-
ty, but now low-affinity, IL-2 receptor
expression was diminished in preactivated
TuS cells incubated on monolayers of Miill-
er cells compared to the same cells cultured
without Miiller cells.

Having eliminated consumption of IL-2
by Miiller cells as a possible suppression
mechanism, we investigated whether the
inhibition might be due to release of prosta-
glandins or leukotrienes, which are known
to be suppressive in some systems (15). We
tested the following inhibitors of arachidon-
ic acid metabolism: indomethacin (inhibits
cyclooxygenase and thereby prostaglan-
dins), nordihydroguaiaretic acid (inhibits li-
poxygenase and thereby leukotrienes) and
p-bromophenacetyl bromide (inhibits phos-
pholipase A, suppressing production of
both leukotrienes and prostaglandins).
None of these was able to reverse the inhibi-
tory effect of Miiller cells. We next tried to
identify a putative inhibitory substance in
supernatants of Miiller cell cultures. Howev-
er, addition of Miiller cell supernatants or
supernatants of cocultures of Miiller cells
and TyS cells to cultures of TyS cells react-
ing to antigen did not result in any detect-
able inhibition.

To differentiate between suppression by a
labile inhibitory factor and suppression me-
diated by direct contact, we devised a one-
step assay system using directly communi-
cating cultures of Miiller and TyS cells. The
method is based on plating the producer and
the responder cultures in connected adjacent
wells of a modified 96-well tissue culture
tray, so as to allow free passage of the
culture supernatant, but not of the cells,
between the communicating wells (16). This
method obviates the use of semipermeable
membranes between the cultures, thus elim-
inating the possibility that a putative inhibi-
tor might be binding to the membrane, and
allows labeling and harvesting of replicate
cultures in the usual way. The results of this
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assay clearly showed that the Miiller and the
TyuS cells must reside in the same well in
order for the suppression to be effective
(Table 2). Even in cultures in which one of
the paired wells contained both TyS and
Miiller cells and the other TyS cells alone
(with APCs and antigen added to both), the
inhibition affected those TyS cells that were
in physical contact with the Miiller cells; this
result suggests that contact with the helper
cells does not induce production of a soluble
mediator of suppression. We believe that the
contact-dependence of the inhibitory effect
might explain the antigen-mediated potenti-
ation of suppression exerted on the IL-2—
supported growth of already activated TyS
cells: the TyS cells may be binding to anti-
gen displayed on the Miiller cell surface,
resulting in closer contact and thus facilitat-
ing inhibition. Increased clumping of Miill-
er and TyS cells, which occurred consistent-
ly in the presence of antigen, may support
this explanation.

Long-term local presentation of autoanti-
gen by organ-resident cells aberrantly ex-
pressing Ia determinants was thought to be
one of the major underlying causes in the
induction and maintenance of the autoim-
mune state (3). Expression of such determi-
nants is readily induced on many organ-

Table 2. Requirement for close contact between
TuS cells and Miiller (Mu) cells for effective
inhibition of Ty$S proliferation. The specified
cultures were seeded in each of quadruplicate 0.2-
ml connected wells, in a modified 96-well culture
tray (16). The Il symbol denotes the communicat-
ing cultures. Each 0.2-m! well contained 2 x 10*
TuS (+ 4 X 10° APCs) and 1 x 10* Miiller cells
(irradiated with 3000 R), individually or in cocul-
ture. After the cells were allowed to settle for 2
hours, supernatants of the paired cultures were
brought into contact and the antigen was added
in a volume of 10 ul to the specified cultures, to
the final concentration of 10 ug/ml. Culture
medium was as described in Table 1. The cultures
were incubated for 60 hours and were exposed to
1 pCi of [*H]thymidine per well for the last 14
hours. Standard errors were less than 10% of the
mean,

[*H]Thymidine uptake
(cpm x 1073%)
Culture
S-Antigen No
added stimulant
None
1l
TuS-APC 59.3 0.1
Mu 39 3.7
Il
TuS-APC 44.5 0.1
None
1l
Mu-TxS-APC 5.3 3.8
TuS-APC 42.8 0.1
1
Mu-TyS-APC 3.3 3.6

resident cells by +y-interferon not only in
vitro but also in vivo (17). If any cell
displaying MHC class II determinants is
capable of antigen presentation, as has been
suggested by the studies on Ia-expressing
nonlymphoid cells and on L cells transfected
with Ia genes (I, 3, 18), autoimmunity
could be a potential sequel to any inflamma-
tory situation where y-interferon is pro-
duced. Our studies show that an organ-
resident cell that expresses Ia determinants
not only does not present antigen, but is
actually capable of inhibiting antigen-in-
duced activation as well as the subsequent
IL-2—dependent expansion of primed auto-
immune TyS lymphocytes. In this context,
it may be interesting that the inhibition
appears to be independent of Ia expression
by the Miiller cells, since Miiller cells that
had been deprived of SCM and became Ia-
negative were equally efficient in suppress-
ing antigen-driven proliferation of TyS.
Suppression of IL-2-supported prolifera-
tion was not reversible by monoclonal anti-
bodies to two different rat I-A determinants
and an I-E determinant, at concentrations
that inhibited Ia-restricted presentation of
antigen by conventional APCs. Moreover,
Miiller cells were able to inhibit T cell
proliferation across allogeneic and even
across xenogeneic barriers (14). The eye has
for a long time been considered an immuno-
logically privileged site, exempt from certain
immune reactions, similar to the brain and
the hamster cheek pouch (19). This has been
attributed to lack of lymphatic drainage of
the interior of the globe. An intriguing
question is whether cells such as the Miiller
cell might contribute to the phenomenon of
immune privilege.

Muiiller cells are typically spared in various
human ocular inflammatory conditions, and
a commonly described sequel of ocular in-
flammation is the development of gliosis
(20). In EAU the acute stage of the disease
is followed by healing and scar formation, in
which Miiller cells appear to play an active
role (21). We have previously shown that
normal Miiller cells from adult rat retinas are
induced to proliferate in the presence of
activated lymphocyte-monocyte products
and that supernatants from Ty cells under-
going activation by antigen presented on
syngeneic APCs are particularly effective in
inducing this function (5). It is conceivable
that these organ-resident cells, which are in
close physical association with the photo-
receptor cells that are the target of the
autoimmune attack in EAU, may be activat-
ed by inflammatory cell products to prolifer-
ate and to act as a local suppression mecha-
nism.

On the basis of the results reported here,
we suggest that local immune reactions
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might in some cases be controlled by mecha-
nisms not involving suppressor T cells. Such
mechanisms could play a role in protecting
the integrity of organ structures from auto-
immune attack, or from bystander damage
during local inflammatory reactions, by
curbing in situ the activation and clonal
expansion of immune T lymphocytes.
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Tolerance Induced by Thymic Epithelial

Grafts in Birds

Hiroxko OHKI, CLAUDE MARTIN, CATHERINE CORBEL,
MonNIQUE CoLTEY, NICOLE M. LE DOUARIN

Grafts of the anterior limb bud introduced at embryonic day 4 between histoincom-
patible chick embryos were subject to chronic, mild rejection beginning from several
weeks to several months after birth. In contrast, quail wing buds similarly grafted into
chickens started to be rejected at the first or second week after birth and finally
autoamputated. Embryonic thymus epithelium from donor quail (before it had been
colonized by hemopoietic cells) was grafted into chicks. A chimeric thymic epithelial
stroma was generated in which the lymphocytes of the chick acquired the capacity to
recognize the grafted limb as self either permanently or for a protracted period of time.
In such thymic chimeras the grafted wings were not rejected.

ELF AND NONSELF RECOGNITION I§
acquired during development and is
then maintained throughout life. The
thymus plays a central role in immunologi-
cal recognition of self and nonself. T lym-
phocytes that have differentiated in the thy-
mus become able to recognize, through a
surface receptor, foreign antigens in associa-
tion with molecules encoded by the major
histocompatibility complex (MHC) (1-4).
Although the role of intrathymic differen-
tiation is important in MHC restriction of T
cells, the selection process of the T cell
repertoire in the thymus is not understood.
In particular, the respective roles of the
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stable endodermal component of the thymic
stroma and of the macrophages and dendrit-
ic cells of hemopoietic origin are not known.
Both cell types express class I and class II
MHC antigens from early embryonic stages
onward in mammals (5) and birds (6).
Attempts have been made to induce allo-
tolerance in the adult mouse by grafting fetal
thymuses depleted of their lymphocytes by
deoxyguanosine or by culture at low tem-
perature; these experiments have yielded
controversial results. The grafted thymus,
although expressing donor MHC antigens,
survives for a long time in an allogeneic
environment; nevertheless, it fails to induce

allotolerance as tested in mixed lymphocyte
reactions (MLR) when grafted into a nor-
mal histoincompatible recipient (7). How-
ever, thymuses cultured at low temperature
before grafting, introduced into an athymic
nude mouse, induce tolerance, as judged by
MLR with both intrathymic and spleen cells
(8). Thymic epithelium grafts (after deoxy-
guanosine treatment) can tolerize precursors
of cytolytic T cells, but only for the minor
and not the major histocompatibility anti-
gens carried by the thymic epithelial cells
(9). In fact, none of these experiments re-
solves if the induction of tolerance to self-
MHC products is mediated through the
thymic epithelium itself or by remaining
cells of the dendritic and macrophage lin-
eages, because neither method completely
eliminates the latter category of cells.

We have investigated the establishment of
tissue tolerance during ontogeny to see to
what extent early embryonic grafting of
allogeneic tissues leads to tolerance when
the host’s immune system is exposed to
foreign antigens during development (that
is, in the embryo itself). We grafted limb
buds at day 4 of embryonic development
(E4) between chick embryos of different
histoincompatible haplotypes, and the em-
bryos were allowed to hatch.

The allogeneic wing grew normally and
did not show signs of rejection for a period
of time varying from 1 to 5 months. Such
signs eventually always appeared, however,
showing that partial, but not complete, tol-
erance of the graft could be induced by early
embryonic grafting experiments.

We then devised a system in which rejec-
tion of the embryonic graft takes place
acutely as soon as the young chicken’s im-
mune system becomes mature (that is, dur-
ing the second week after hatching). This
was achieved in 100% of cases by xenogene-
ic grafting of quail embryonic limb buds
onto chick recipients under conditions simi-
lar to those for allogeneic transplantations.
In this model, grafts of quail thymic epithe-
lium introduced before seeding of the epi-
thelium by hemopoietic cells induced toler-
ance of the foreign limb.

The grafts were carried out as in Fig. la.
Some of the chickens used in these experi-
ments were partly inbred strains of the B14
and B19 genotypes; in other experiments
they were F1 embryos of the inbred strains
B15 x B21 (10). Fourteen chimeras
hatched out of 114 grafted embryos. In
most cases, the grafted wing was well
formed and mobile. In others, the wing was
somewhat shortened. Further development
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