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ABSTRACT T lymphocytes mature in the thymus to be-
come functional T cells. Studies with chimeric mice and T cell
receptor (TCR) transgenic (tg) mice have indicated that the
major histocompatibility gene complex (MHC) of thymic
radio-resistant (presumed to be epithelial) cells positively
select the MHC-restricted T cell repertoire. Surprisingly, mice
without a thymus reconstituted with an MHC-incompatible
thymus generate effector T cells which are, in general, specific
for the host and not for the thymic MHC. The present study
reanalyzed this longstanding paradox in nude mice that were
reconstituted with an MHC-incompatible thymus plus or
minus immunologically defective bone marrow-derived cells
or in nude mice expressing a transgenic T cell receptor. A
pathway of thymus-dependent but thymic MHC-independent
T cell maturation is revealed where expansion of the antiviral
T cell repertoire depends on the MHC of bone marrow-derived
cells. These results indicate an alternative, if not a general,
pathway of T cell maturation and selection: the thymus may
function essentially as an organ promoting T cell receptor
expression; T cell specificity, however, reflects repertoire
expansion plus cell survival and effector T cell induction
driven by the MHC of bone marrow-derived cells. Therefore
pure thymus defects can be efficiently reconstituted by allo-
and xenogeneic thymic grafts.

Evidence for a key role of the major histocompatibility gene
complex (MHC) of the radio-resistant part of the thymus in
positively selecting MHC-restricted specificities of T cells has
been obtained from two types of experiments. First, thymec-
tomized and lethally irradiated H-2® F1 recipient mice re-
constituted with lymphohemopoietic H-2*® stem cells, or
thymus-deficient H-2** F1 nude mice, both grafted with an
H-22 thymus, generated T cells restricted virtually exclusively
to the thymic H-2* (reviewed in refs. 1-4). The collective
evidence from many experiments with irradiation chimeras
[except for some double irradiation chimeras (5, 6)], and
reconstituted nude mice (3, 7-12) rendered the possibility
unlikely, but not completely impossible, that lymphohemopoi-
etic cells contributed importantly to positive selection of T cells
in the thymus. Second, T cell receptor (TCR) transgenic (tg)
precursor T cells were shown to mature only in a thymus with
the corresponding MHC (13-16). Nevertheless, these two sets
of results were discussed and questioned (17-19) (reviewed in
refs. 2, 4) from the very beginning because positive selection
was rarely absolute. Key questions raised were whether the
results with chimeras reflected (7) true positive selection by the
thymic epithelial MHC determining the TCR repertoire gen-
erated independently of the immunizing antigen, (if) “sup-
pressive mechanisms” caused by allogeneic combinations of
bone marrow-derived cells, thymus grafts, and irradiated or
nude hosts used, (iii) specificity determined by the immunizing
antigen alone as presented by bone marrow-derived cells, or
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(iv) combinations of the above possibilities. The above sum-
marized experimental results were in fact in contrast to
variable findings with H-2-incompatible irradiation chimeras
(17, 20, 21) or with H-2* lymphocytes acutely depleted of
anti-H-2 alloreactive T cells (18) and some experiments with
irradiation bone marrow chimeras that implied either a vari-
able role of antigen-presenting cells in positive selection (5, 11)
or in expansion/survival of selected T cells (22-25), or at a
level of induction, only without a need for positive selection
(19) (reviewed in ref. 4). Additionally, some early experiments
with chimeras suggested that sometimes the antigen-
presenting cells of the chimeric host played a limiting role in
induction of mature T cells (17, 19, 20, 26, 27). These latter
experiments were partially based, however, on complicated
protocols that require adoptive transfers (20) or multiple
restimulations in vitro [and undefined multiple minor histo-
compatibility antigens (17)] or on assays that used hapten-
specific (and often crossreactive) T cell responses (9); most
experiments used few titrations so that the relevance of these
data has remained unclear. On the other hand, experiments
that used intrathymic transfer of cell lines (28-30) or adeno-
virus-induced expression of new MHC antigens in the thymus
(31) suggested that perhaps positive selection by MHC ex-
pressed on thymic epithelial cells alone was possible. Surpris-
ingly, studies with nude mice reconstituted with completely
histoincompatible thymic grafts contradicted the decisive role
of thymic epithelial cells in positive selection. Nude H-2¢ mice
reconstituted with an incompatible H-2" thymus graft devel-
oped effector T cells exclusively restricted to the host H-2¢
(32). A possible key difference between thymically reconsti-
tuted nude vs. radiation bone marrow chimeras may have been
that nude mice expressed the same MHC on all cells except for
the allogeneic MHC on thymic epithelial and stromal cells. In
contrast, irradiation bone marrow and thymically reconstituted
chimeras may possess low unknown numbers of radioresistent
peripheral lymphohemopoietic cells (33), follicular dendritic
cells (34), lymphocytes, and other somatic cells that could still
somehow be involved in shaping the T cell repertoire (re-
viewed in refs. 1, 2, 4).

The present studies took advantage of new mutant mice, to
make a fresh attempt at examining the role of the MHC of
bone marrow-derived cells in selecting T cell repertoires in
thymus-deficient mice reconstituted with an allogeneic thy-
mus. The experiments presented here confirm a key role of the
thymic epithelial cells in T cell repertoire maturation. This
step, at least under the conditions tested in nude mice, can be
thymic MHC-independent and can be fulfilled by xenogeneic
thymus grafts. The results reveal a key role of bone marrow-
derived cells in T cell repertoire selection/expansion, in ad-
dition to their accepted role in T cell induction.

Abbreviations: MHC, major histocompatibility gene complex; TCR, T
cell receptor; tg, transgenic; LCMV, lymphocytic choriomeningitis
virus; CTL, cytotoxic T lymphocyte; pfu, plaque-forming units.

*To whom reprint requests should be addressed. e-mail: rolf.
zinkernagel @pty.usz.ch.
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MATERIALS AND METHODS

Experimental Animals. All mice, except where noted, were
bred at the Institute for Experimental Animals, University of
Ziirich, and kept under specific pathogen-free conditions and
in sterile Laminar flow conditions after reconstitution. The
locally bred nude ICR are positive for H-2L9 and negative for
H-2%. Nude BALB/c (H-29), nude C57BL/6 (H-2%), and nude
F; were purchased from BRL, Fiillinsdorf, Switzerland; nude
CBA (H-2*) were purchased from CRC, London. SCID (H-2¢)
mice were from Iffa Credo, Orléans, France; breeding pairs of
SCID (H-2¥) on a C3H background had been obtained from
the Jackson Laboratory; RAG 190 mice were from S.
Tonegawa, Massachusetts Institute of Technology, Boston;
MHC class 1 + 1190 mice were a gift from D. Mathis and C.
Benoist, Strasbourg, France, and were bred locally. RAG 1%0
(H-2 and H-2¢) were a gift from the Basel Institute of
Immunology, Basel, Switzerland. The TCR tg line 318 has
been described elsewhere (35).

Cell Lines, Dendritic Cells, Cr-Release Assay, and Virus.
MC57G (H-2%), 1929 (H-2%), EL-4 (H-2%), and P815 (H-2¢)
cells (from the American Type Culture Collection) have been
used widely. The Cr-release assay and lymphocytic chorio-
meningitis virus (LCMV) (WE strain) have been previously
described (12, 35).

Reconstitution. Recipient nude mice were irradiated with
4.5 Gy 1 day before reconstitution. Thymi of 14- to 15-day-old
fetal donors or thymic fragments of adult mice were trans-
planted under the kidney capsule under general anesthesia;
fetal liver cells or adult spleen cells plus bone marrow cells
(2-5 X 107) were transfused i.v. on the same day (32, 36).

Flow Cytometric Analysis. Peripheral blood or splenic cells
were stained with the following antibodies and were analyzed
in a FACScan (Becton Dickinson) (12, 35): anti-CD4FITC
(cat. 01064D), anti-CD8 FITC (cat. 031113), anti-CDS8 biotin
(cat. 01042D), anti-Va2 PE (cat. 01655A), FITC-anti-VB8 1.2
(cat. 01342¢), TRI-anti-VB8 1.2 (cat. 01342c), anti-DP biotin
(cat. 06112D), anti-D9 biotin (cat. 06132D), and anti-D9 biotin
(cat. 06162) were from PharMingen; anti-q (30-5-7 was a gift
of U. Koszinowski and H. Hengel, Maximilian University of
Munich, Germany).

RESULTS

Characterization of the Experimental Model. Nude mice of
H-29, H-2b, H-24, H-2% or of H-2"4 F; type were reconstituted
with thymic grafts of various allogeneic H-2 types alone or
together with immunologically inert lymphohemopoietic cells
from genetically T and B cell-defective thymus donor mice
(i.e., from SCID or RAG-1%° mice). Several of these nude mice
were examined at 14-16 days of fetal life or as young adults
before and after 3-5 months of reconstitution for histological
evidence of thymus rudiments; they were always tiny and were
devoid of lymphocytes (reviewed in refs. 8, 37) (36, 38).

Initially, some of the original key experiments were re-
peated: (H-2" xH-2%) F; nude mice (irradiated with 4.5 Gy)
were reconstituted with H-2°> RAG-1%° or H-2¢ SCID or H-2¢
RAG-1% thymic grafts from day 14 to 15 fetal donors (or
thymus fragments of adult mice with identical results, not
shown). After 12-16 weeks, these reconstituted mice were
immunized with LCMV [2 X 10? plaque-forming units (pfu)
i.v.]. In a primary cytotoxic T lymphocyte (CTL) assay 8 days
later, the specific cytotoxic T cell response was found to be
restricted to the thymic H-2 (Table 1, Exp. 1), and virus had
been eliminated from spleen and liver (results not shown).
These data confirmed earlier results (reviewed in refs. 1, 36)
and, because immunodeficient donors were used, established
unequivocally that possibly contaminating T or B cells from the
graft could not have skewed H-2 restriction via H-2-specific
“suppressive mechanisms” (reviewed in refs. 1, 2, 4, 16).
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Reconstitution of Nude Mice with Completely MHC-
Incompatible Thymus Grafts Plus or Minus Immunodefective
Bone Marrow-Derived Cells. In a second series of experi-
ments, nude H-2° mice treated with an H-2 incompatible H-2*-
thymic graft under the kidney capsule alone generated host
H-2b-restricted but not thymic H-2%-restricted effector T cells
(Table 1, Exp. 2). Virus was below detectable levels in spleens
and livers (not shown). Spleen cells from unprimed chimeras
were also transferred to irradiated (8.5 Gy H-2® x H-2%) F,
recipients that then were infected with LCMV or to H-2X nude
recipients. Eight days later, only chimeric donor, but not
reconstituting thymic H-2-restricted CTL activity, was mea-
sured (data not shown). These data confirmed our earlier
results (32) and indicated that the observed lack of thymic
H-2-restricted effector T cell activity is not caused simply by
absence of appropriate antigenic-specific stimulation.

In parallel experiments, we attempted to imitate the postu-
lated possibility that irradiation bone marrow chimeras may
contain low levels of surviving lymphohemopoietic cells that
could influence positive selection (see above). Therefore, nude
mice were reconstituted with a thymic graft plus bone marrow-
derived cells from H-2-incompatible and immune-defective
SCID or RAG-1%0 donors. The thymic grafts exhibited con-
ventional thymic cortex and medulla when examined histolog-
ically (not shown). Surprisingly, and in contrast to thymus-only
reconstituted nude mice, nude H-2" mice given a thymus plus
T and B cell-defective bone marrow-derived cells from H-2%
RAG-1% mice mounted a response specific for both host and
donor H-2; sometimes the response was biased for donor H-2*
(Table 1, Exp. 2). As a control, we tested several nude mice
reconstituted with bone-marrow cells and/or spleen cells from
allogeneic SCID or RAG 190 mice alone without a thymus
graft; as expected, these mice failed to generate antiviral T cell
responses (not shown). These results were confirmed in addi-
tional experiments where nude ICR (H-29) mice were recon-
stituted with H-2> RAG-1%° thymi with or without the addition
of immunodeficient H-2> RAG-1%0 bone marrow, fetal liver,
or spleen cells. These latter mice were infected with LCMV
and tested for primary and secondary cytotoxic T cell activity
against H-2® or H-24 targets infected with LCMV or pulsed
with the corresponding T cell epitope peptides (12). Again,
nude host H-24-restricted but no donor H-2%-restricted pri-
mary and secondary CTLs were generated in thymus-only
reconstituted mice, but both host- and donor-restricted T cell
responses were mounted if the reconstitution included immu-
nodefective lymphohemopoietic cells (Table 2, Exp. 3). These
experiments indicated that mice bearing a fetal thymic graft
alone or a thymic plus lymphohemopoietic graft were tolerant
to the allogeneic thymic MHC as tested by CTL responses.
Together with contrasting earlier results (32, 39), but not
others (reviewed in ref. 40), this question needs further
evaluation. Corresponding results were obtained with H-2°
nude mice reconstituted with H-2¢ SCID or BALB/c (H-29)
nude mice with a RAG 1%0 (H-2b) allogeneic thymic graft plus
or minus T plus B cell-defective bone marrow-derived cells
(not shown). Taken together, the presented results document
a decisive role of the MHC of lymphohemopoietic but not of
the thymic MHC in selection of the general and specific T cell
repertoire in nude mice. The results were obtained with several
H-2 haplotype combinations; therefore, the findings seem
generally valid, and it is unlikely that unrecognized crossre-
activities or complementation phenomena could explain the
results.

Reconstitution with MHC Class I + II° and Rat Thymic
Grafts. Nude C57BL/6 (H-2") mice were reconstituted with
d16 fetal thymi from MHC class I + 1190 H-2° or from
near-term Lewis rat donors (Table 3). These chimeras
mounted a good primary anti-LCMV CTL response 12-16
weeks after reconstitution. In the same series of experiments,
we also tested some ICR nude (H-29) mice reconstituted with
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Table 1.
marrow-derived cells
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H-2 restriction of nude T cells after reconstitution with thymus grafts without or together with immunodefective bone

Donor

Specific lysis of targets, (%)

Bone marrow-

Exp. Recipient* Thymus derived cells MC57 (H-2Y) P185 (H-29)
LCMV Uninf. pl18 Uninf.

1 Nude (H-2> X H-29) H-2b None 84 4 15 6
(C57BL/6 x BALB/c) F1 RAGY/0 74 3 5 7
H-24 None 19 10 64 6
SCID 11 1 70 3
H-24 None 2 56 1

RAGY/0 <1 <1 46

MC57 (H-2") 1929 (H-2%)
2 Nude (H-2%) C57BL/6 (>95%) H-2k None (<8%) 69 7 14 15
RAGY/0 52 5 11 12
35 1 7 7
24 2 5 4
Nude (H-2°) CS7BL/6 (>95%) H-2k None 99 14 19 25
RAGY/0 77 7 12 14
42 1 4 14
32 3 3 17
Nude (H-2®) C57BL/6 (60%) H-2k H-2k (40%) 23 35 70 19
RAGY/0 RAGY/0 14 11 74 22
7 5 69 14
9 2 44 8
Nude (H-2%) C57BL/6 (50%) H-2k H-2% (50%) 68 11 7 35
RAGY/0 RAGY/0 49 5 67 24
27 3 60 16
12 1 44 12
Controls:

C3H (H-2%) 16 12 76 30
C57BL/6 (H-2b) 97 9 32 27

The data shown are representative for three comparable experiments for Exp. 1, a total of four to eight mice each tested in Exp. 2 and 3. uninf.,

uninfected.

*Mice were infected with 102 pfu of LCMV; 7 or 8 days later, CTL activity was tested in a 5-h assay on the indicated targets at spleen cell-to-target
cell ratios of 90, 30, 10, or 3:1 [except for Exp. 1 and controls, where only 90 and 30 or 90 are shown (top to bottom)]. Bold values are significant
above relevant controls (p < 0.1). Numbers in parentheses are % of lymphocytes of the indicated H-2.

fetal MHC-Class I° (82-microglobulin®?) thymi; these thymic
chimeras also mounted a primary H-2b-restricted conventional
antiviral CTL response 8 days after LCMV infection (not
shown). This is in contrast to MHC-class I?° mice, which when
infected as adults fail to mount an efficient CD8* T cell
response (25, 41).

T Cell Maturation in Nude Mice Expressing a tg TCR. To
analyze further the role of thymus-independent peripheral
selection of the T cell repertoire, a second experimental
approach was used. If the thymus was essentially an organ
promoting TCR rearrangement and expression independent
of thymic MHC, highly frequent T cells with an already
rearranged tg TCR* may expand in the absence of a thymus,
but may depend on the fitting MHC on lymphohemopoietic
cells. To test this possibility, we crossed mice transgenic for
a TCR specific for LCMV-GP p33 plus DY [line 318 TCR
Va2, VB8.2, H-2° (15)] to nude (H-29) mice and screened for
nude tg TCR* offspring that expressed H-2%9 or H-299, We
first examined euthymic H-294 that possessed the tg TCR as
revealed by PCR typing (15); these mice failed to express the
318 TCR above background level when analyzed by FACS
with a Va2-specific antibody (Fig. 1). LCMV-immune
splenocytes of euthymic tg TCR* H-294 mice failed to lyse

p33 + DP targets, but lysed p118 + H24d targets (legend to
Table 4). In contrast, euthymic H-2"4 mice possessing the tg
TCR were positive by PCR typing and expressed Va2 tg
TCR™ T cells at the expected level of about 50% of CD8*
T cells (Fig. 1); their LCMV-immune spleen cells lysed p33
+ DP targets efficiently (legend to Table 4). These results
showed that the 318 TCR was neither positively nor nega-
tively selected in ICR (H-29) mice (Fig. 1). When blood
lymphocytes of nude mice that were positive for the tg TCR
by PCR were tested by FACS for Va?™ VB8 1.2% tg TCR
CD8™* T cells (Fig. 1) or were analyzed for Va2™ CD4~ CD8*
cells (Table 4), selective expansion of tg TCR* CD8* T cells
was evident in H-2%4 but not in H-294 tg TCR™ nude mice
(Table 4; Fig. 1); in TCR™ H-2%9, nude mice numbers of
CD4~ 8" T cells were increased at least 10 times (Table 4;
Fig. 1). As expected from earlier reports on (possibly
oligoclonal) T cells in nude mice expressing CD8 and/or
TCR-Va or VB (refs. 42, 43, but note that relevant back-
ground values for fetally thymectomized mice are not avail-
able), the total number of CD8* T cells and tg TCR* T cells
in nu/nu mice was about 10- to 100-fold lower, respectively,
than in thymus-competent mice (Table 4). After infection
with LCMV, all nude mice had comparable total spleen cell
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Table 2. H-2 restriction of nude T cells after reconstitution with thymus grafts without or together with immunodefective bone
marrow-derived cells
Specific lysis of targets, (%)
Secondary response after
restimulation with
ICR
Primary response C57BL/6 (H-2Y) (H-29)
Donor MC57 (H-2%) DBA1 (H-29) MC57 (H-2%) DBA1 (H-29)
Bone marrow-
Exp. Recipient* Thymus derived cells LCMV Uninf. pl18 Uninf. LCMV  Uninf. pl18 Uninf.
3 Nude (H-29) H-2° None <1 23 80 <1 9 <1 88 27
ICR (>95%) RAGY/0 <1 16 55 <1 5 <1 90 11
3 1 35 <1 3 <1 68 3
<1 <1 13 <1 3 <1 41 <1
Nude (H-29) H-2° H-2° 70 <1 80 <1 92 <1 86 26
ICR (70%) RAGY?  RAGY0 (30%) 45 2 80 2 67 <1 71 6
38 <1 58 <1 40 <1 49 3
17 <1 34 <1 18 <1 25 3
Controls:
ICR (H-29) 6 2 69 <1 ¥ 82 105 27
C57BL/6 (H-2%) 81 12 27 24 100 30 T 96

The data shown are representative for three comparable experiments for Exp. 1, a total of four to eight mice each tested in Exp. 2 and 3; uninf.,

uninfected.

*Mice were infected with 102 pfu of LCMV; 7 or 8 days later, CTL activity was tested in a 5-h assay on the indicated targets at spleen cell-to-target
cell ratios of 90, 30, 10, or 3:1 (top to bottom). Secondary restimulation in vitro for Exp. 3 was for 5 days with infected indicated irradiated
splenocytes as stimulator cells. Cultures were used undiluted or diluted 3-, 9-, or 27-fold (top to bottom) and assayed in the standard >'Cr release
assay for 5 h. Bold values are significant above relevant controls (p < 0.1). Numbers in parentheses are % of lymphocytes of the indicated H-2.

TAlloreactive CTL activity lysed infected and uninfected targets comparably.

numbers within a factor of 2-3. H-24 tg TCR* nude mice
generated a potent cytotoxic tg T cell response specific for
p33 + DP and no response to p118 + L4 (Table 4). In
contrast, H-294 nude mice that were typed positive for the
tg TCR by PCR did not exhibit measurable primary LCMV
plus DP or L4 specific cytotoxic T cell activity (Table 4). Day
7-immune CD4~ CD8* T cells of tg TCR™ nude H-2%4 mice
mostly expressed the tg TCR (i.e., >90%, Table 3, 12.8/13.4;

Table 3. The capacity of MHC-deficient murine thymi or rat
thymi to reconstitute CD8* T cell maturation and effector function
in nude mice

Specific lysis of target cells, (%)

b
Donor MC57 (H-2%)
Recipient Thymus LCMV Uninf.
Nude (H-2%) MHC 72 <1
C57BL/6 Class 10/0 74 <1
Class 110/0 50 <1
(H-2) 47 <1
Nude (H-2%) Lewis 80 7
C57BL/6 (Rat)? 54 3
31 2
19 1
Nude (H-2%) None 5 3
Control:
C57BL/6 None 85 6

Control values for LCMV-immune but H-2 incompatible effector
CTLs or normal spleen cells were below 10% on peptide loaded or
infected or normal targets. One example of two to three tested similar
thymically reconstituted nude mice infected with 102 pfu of LCMV (8
days previously) is shown. Effector-to-target cell ratios were 90, 30, 10,
3:1 or 90:1. Bold values represent significant values above various
controls (p < 0.1).
uninf., uninfected.

8.7/9.4); the proportion had increased at least 10-fold and
therefore tg TCR™ T cells were overall at least 100-fold, but
probably considerably more numerous than in the various
control nude mice (Table 4 and Fig. 1). These tg TCR* CD8"
T cells exhibited levels of CD8 and TCR expression within
normal ranges. Thus the tg 318 TCR matured in nude mice
expanded (although less than in thymus competent controls)
independent of a thymus but dependent on the MHC of bone
marrow-derived cells.

DISCUSSION

Together, the two series of experiments with nude mice
question the exclusive role of thymic epithelial cells in shaping
the TCR repertoire and document an important role of bone
marrow-derived cells in this process. The results indicate that,
under the usual very low T cell precursor frequency conditions
in nude mice, specific effector T cells can mature only depen-
dent on a grafted thymus, which apparently functions largely
as a differentiation and TCR-gene rearrangement-promoting
organ for T cells. In contrast, specific TCR tg precursor T cells

nu/nu nu/+
TCR+ TCR- TCR+ TCR+ TCR- TCR+
b/q b/q a/q biq b/g a/q
59] 31555  19]25 28] [28] 58440 3712 a4
Vs S | o f
g9l | a72 11.8‘ C 94 274 | 5arg
VB8.1 2+
FiG. 1. Positive selection of tg TCR* T cells in nude H-2%4 but not

nude H-294 mice. Expression of the tg TCR318 (D® + LCMV-GP33-
41,Va2*,VB81.2%) on CD8" T cells in (ICR nu/nu H-29 X TCR318
H-2) X ICR nu/nu H-29 offspring. Mice that were nu/nu or nu/+
were typed by PCR as tg TCR* or tg TCR™. Peripheral blood
lymphocytes of 8- to 15-wk-old mice were gated on CD8™ to determine
percentage of the Va2* VB8 1.2% cells (Upper Right).
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Table 4. Maturation of tg TCR"™ CD8" T cells in nude mice: Dependence on host MHC

Specific lysis of targets (%)

CD4-CD8* (%)f MC57 H-2b DBAI H-2b
CD4-CD8*V a 2%(%) p33 Nor. pl18 Nor.
Naive d7 LCMV

Mouse* blood spleen
nu/nu <0.1 0.5 9 5 9 <1
TCR 318* <0.1 0.1 3 9 7 <1
H-29/a <1 2 3 <1
1 1 2 <1
nu/nu <0.1 0.6 9 10 5 <1
TCR 318* <0.1 0.1 7 10 7 <1
H-29/4 6 5 4 <1
5 7 5 <1
nu/nu 0.9 134 65 16 10 10
TCR 318+ 0.7 12.8 55 14 14 6
H-2b/a 23 7 10 <1
14 6 7 <1
nu/nu 15 9.4 73 17 16 18
TCR 318* 1.1 8.7 47 15 18 10
H-2b/4 25 6 10 6
9 1 2 <1

Controls:

ICR 8.0 18.2 16 15 65 <1
H-29/4 0.5 0.6 10 7 70 <1
C57BL/6 12.2 50.4 100 10 15 15
H-2b/b 1.1 4.5 93 10 16 18
TCR 318 154 28.4 44 12 14 15
H-2b/b 8 18 24 4 9 2

Significant values are bold. Nor., normal targets.

*Mice were infected i.v. with 10? pfu of LCMV-WE and CTL activity tested in a standard >!Cr release assay. Spontaneous release was <15% on
MC57 and <20% on DBA 1 targets; the % lysis figures shown are for 90, 30, 10, and 3:1 or 90, 30:1 target cells from top to bottom.

TThe results are expressed as % of living nucleated cells and are representative of 8 H-29/4 and 10 H-2%/9 nude tg TCR* mice tested. LCMV immune
spleen cells from euthymic nu/+TCR 318 H-29/d mice lysed p 33 MC57 targets tested at 5, 1, 1, or 1% vs. normal MC57 6, 4, 1, or 1%, p118 DBA1
targets to 91, 92, 67, 42% vs. normal DBAL1 targets 11, 18, 17, or 16%. Thus there is no relevant positive selection of functional tgTCR on H-24

(see also Fig. 1).

with an already rearranged tg TCR, which are at least 10*-10°
times more frequent than other precursor T cells, are able to
mature in the absence of a thymus. Expansion of these
TCR-matured or tg TCR™* precursor T cells seems to be largely
guided by MHC-expressing lymphohemopoietic cells (22-24).
Earlier findings of limited alloreactivity found particularly in
aged nude mice (44) probably reflect similar thymus-
independent expansion mechanisms where the relatively high
frequency of alloreactive or hapten-specific T cells may be-
come detectable. Together, these data are compatible with
several earlier findings suggesting that alloreactivity derives
largely from crossreactivity of self-MHC-restricted T cells
(reviewed in refs. 14, 45, 46), and they could perhaps suggest
that TCR interact with MHC peptide complexes in a more
random fashion than has been suggested by available crystal-
lographic analyses so far (reviewed in ref. 47).

The present experiments with nude mice reconstituted with
a histoincompatible or even xenogeneic thymic graft estab-
lished that the MHC of the thymic epithelium is not really
limiting the TCR repertoire that is shaped by the MHC of bone
marrow-derived cells. Nevertheless, attempts at dissecting the
relative importance of bone marrow-derived cells in repertoire
selection/expansion vs. survival-promotion vs. induction of
effector T cells have not been successful so far. We have
obtained only negative evidence that the induction step alone
is limiting (32). If antigen-specific induction by antigen-

presenting cells expressing the thymic MHC alone had limited
demonstration of thymus-allogeneically restricted nude recip-
ient T cells, one should have expected that this specificity is
revealed after adoptive immunization experiments. The neg-
ative results therefore indicate that there is an antigen-
independent general selection/expansion/survival mechanism
(22, 24, 25, 48) yielding increased relative precursor frequen-
cies of CTL corresponding to the MHC of bone marrow-
derived cells. Whether this reflects crossreactivity between
MHC alleles or even xenogeneic and host MHC or suggests
that TCR-MHC interactions represent a continuous spectrum
of specificities from which effector T cells are induced (see also
proposal in ref. 4) remains open. In the absence of direct and
clearer results on an exclusive role of thymic epithelial cells in
TCR repertoire selection, the meaning of the term “positive
selection” may have to be changed to reflect general selection/
expansion/survival and, as stated above, to also include in-
duction. A clear dissection of these interrelated steps remains
to be done, but may be difficult to obtain.

In conclusion, the new experimental mutant mice discov-
ered and developed during the past 20 years made it possible
to take a fresh look at the role of the radio-resistant thymus,
i.e., thymus epithelial cells, vs. that of lymphohemopoietic cells
in T cell repertoire selection. Together with earlier experi-
mental evidence from thymus and bone marrow chimeras, this
study indicates that MHC-restricted T cell maturation and
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expansion is most efficient if thymus and T cell precursors and
bone marrow-derived cells all share the same MHC. Although
the thymus is critically important for T cell maturation result-
ing in TCR expression, apparently independently of thymic
MHC, our results reveal an alternative, if not perhaps a
general, pathway of T cell repertoire selection/expansion
driven by the MHC of bone marrow-derived cells. Therefore,
positive and negative selection, although most efficiently done
in the thymus, may not depend on distinct cell types and may
not represent two separable steps, but could result from one
single affinity/avidity-driven event in any organized lymphoid
tissue. Accordingly positive but also negative selection usually
takes place in the thymus not by absolute necessity, but because
all three events, i.e., thymus-enhanced TCR expression, T cell
expansion, and T cell deletion, usually coincide, i.e., are very
close with respect to timing and localization (reviewed in refs.
3, 16, 49-51). Our results have obvious medical implications
because they help to explain that MHC incompatible and even
xenogeneic thymus transplants may offer thymus-deficient
patients functional reconstitution of protective host MHC
restricted T cells (7, 8, 21, 32, 52).
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