
of the total phenotypic variance). These loci 
and their effects should be investieated in 

u 

commercial pig populations as they may have 
a potential use in marker assisted selection 
(16). 
\ ,  

Populations of domesticated animals and 
their wild ancestors provide a valuable source 
of genetic diversity that may be exploited to 
develop animal models for quantitative traits 
of biological and medical interest. The large 
effect of the chromosome 4 OTL on fat . - 
deposition makes it a potential model for 
human obesity, an important polygenic syn- 
drome with a strong environmental influence 
(1 7). Polygenic disease traits are difficult to 
dissect genetically in studies of humans and a 
random genome approach, as used in this 
study, would be arduous. A more rewarding 
approach may be to study genetic variation at 
candidate genes identified in an animal mod- - 
el. Comparative gene mapping of porcine 
chromosome 4 is therefore of interest. Only 
three type I anchor loci ( IB ) ,  suitable for 
comparative mapping, have yet been mapped 
to this chromosome: ATPlAl, ATPlBl, and 
GBA (Fig. 1). The corresponding loci in 
humans are all found on chromosome 1, 
which thus may contain one or more of the 
QTLs detected in this study. In the mouse, 
several single gene mutations giving an obese 
phenotype have been described. Two of 
these, db (diabetes) on chromosome 4 and fat 
(fat) on chromosome 8. are closelv linked to . , 

genes whose homologs are on human chromo- 
some 1 (1 9). The mouse mutants have not vet 
been clbndd, but flanking coding sequenLes 
may be mapped in the pig genome to test the 
possibility of homology to the major locus for 
fatness described here. 

This experiment and the statistical meth- 
od employed were designed to detect QTLs 
that were fixed for alternative alleles in the 
two founder populations. The statistical pow- 
er is reduced for detecting QTLs where a 
significant proportion of the total genetic 
variance is due to segregation within the 
founder populations. The rather limited size 
of the F, generation implies that only QTLs 
with fairly large effects were expected to reach 
statistical significance (20). Thus, QTLs with 
more moderate effects considered nonsignifi- 
cant in this study may be corroborated by an 
increase in the family size. The results of the 
present study provide a strong impetus for 
more extensive experiments with the aim to 
further advance our understanding of quanti- 
tative trait loci. 
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A Subset of CD4+ Thymocytes Selected 
by MHC Class I Molecules 

Albert Bendelac,* Nigel Killeen, Dan R. Littman, 
Ronald H. Schwartz 

To complete their maturation, most immature thymocytes depend on the simultaneous 
engagement of their antigen receptor [ap T cell receptor (TCR)] and their CD4 or CD8 
coreceptors with major histocompatibility complex class II or I ligands, respectively. How- 
ever, a normal subset of mature ap TCR+ thymocytes did not follow these rules. These 
thymocytes expressed NKI . I  and a restricted set of ap TCRs that are intrinsically class 
I-reactive because their positive selection was class I-dependent but CD8-independent. 
These cells were CD4+ and CD4-8- but never CD8+, because the presence of CD8 
caused negative selection. Thus, neither CD4 nor CD8 contributes signals that direct their 
maturation into the CD4+ and CD4-8- lineages. 

During the positive selection of CD4+8+ bearing class 11-specific TeRs are recruited 
double-positive precursor thymocytes, cells into the CD4 lineage. The CD4-and CD8 
bearing major histocompatibility complex molecules can bind to nonpolymorphic re- 
(MHC) class I-specific ap TCRs are re- gions of the class I1 or I molecules (I), 
cruited into the CD8 lineage, whereas cells respectively, and may therefore increase the 

aviditv of TCR-MHC interactions involved 
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Although class I and CD8 molecules or 
class I1 and CD4 molecules are required for 
the generation of most CD8+ or CD4+ 
lymphocytes, respectively (3-7), the pre- 
cise contribution of CD4 and CD8 during 
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positive selection remains a matter of inves- 
tigation (8 and 9). 

A minor subset of mature CD4+ cells in 
class II-deficient (class 11-) mice provides 
an apparent exception to the coreceptor- 
MHC match imposed by positive selection 
(6). An understanding of the thymic selec- 
tion requirements of these cells may lead to 
general insight into the nature of lineage 
commitment for developing thymocytes. 
Although such cells might be selected on 
some cryptic or unusual class I1 molecule, 
such as H-20, they might also be selected 
on class I molecules or belong to a separate 
pathway that does not need TCR-MHC 
interaction for selection. In addition, 
CD4-8- cells with helper activity were 
identified in CD4-deficient (CD4-) mice 
(lo), suggesting that CD4 engagement is 
not required for the positive selection of 
every helper cell. 

We identified in normal mice a subset 
of thymocytes that expresses CD4 but uses 
class I for positive selection. Because of 
its distinctive phenotype, it was possible 
to investigate its thymic selection require- 
ments and determine the nature of its 
lineage committment. In adult mice, 10 
to 25% of mature [heat-stable antigen 
(HSAloW)] thymocytes express features of 
activation that are more prominent and 
stable than most thymocytes, including the 
functional potential to secrete lymphokines 
such as interleukins-4. -5. and -10 and , , 

y-interferon, as well as several activation- 
memory surface markers (1 1-15). Among 
adult C57BLJ6 HSAloW thymocytes, a ho- 
mogeneous CD44highNKl. 1 + subset can 
be found that includes mainly CD4+ and 
CD4-8- and virtually no CD8+ cells (Fig. 
1, A to C, and Table 1). Other activation 
markers coexpressed on this subset include 
a Ly6Cf 3G1 l'OwLECAM-llOw membrane 

Table 1. Distribution and TCR-V, repertoire 
analysis of subsets of mature thymocytes in 
adult C57BU6 mice (33). TCR Vp percentages 
are normalized to the percentage of ( ~ p  TCR+ 
cells in each subset (85% for the CD44h1gh- 
CD4-8- cells, >98% for the other subsets). 
The results are averages of five experiments in 
which individual thymuses or pools from 4 to 15 
mice were analyzed. Standard errors were less 
than 20% of the mean value for TCR V, deter- 
minations. 

HSAloW 
Thymic thymo- 

v, (%) 

subset cytes 
(%) ",8 v,7 v,2 ",6 

CD44loW thymocytes 
CD4+ 58 2 1 2 7 7  
CD8+ 24 25 6 6 11 

CD44h1gh thymocytes 
CD4+ 10 52 14 6 2 
CD4-8- 7 69 14 8 1 
CD8+ 0.7 39 9 8 8 

phenotype, a larger size, and a lower level 
of surface TCR (16). The TCR repertoire 
was similar for both CD4+ and CD4-8- 
cells but different from the mainstream 
thymocytes. The CD44h'ghNKl. 1 + thy- 
mocytes used mainly TCR Vp8 (14, 15, 
17), as well as V 7 and Vp2, chains, 
whereas other TCR ep chains were under- 
represented (Fig. 1D and Table 1). The 
V, chain usage was also restricted and was 
similar for CD4+ and CD4-8- cells (18), 
suggesting that their (YP TCR repertoire is 
largely identical. We refer to this popu1.a- 
tion as mature NK1. l+TCRapf  thymo- 
cytes, because NK1.l is the only marker 
that allows the identification of a 'set of 
CD4+ and CD4-8- T cells in the periph- 
ery with a similar TCR repertoire, hence- 

forth called the canonical repertoire (15, 
19-21). 

In P2 microglobulin-deficient mice 
(P2MP), which do not express surface class I 
molecules and do not positively select ma- 
ture CD8+ thymocytes (7), the mature 
NKl. 1 + TCRorPf cells that predominantly 
expre.ss Vp8, Vp7, and Vp2 were absent from 
the CD4-8- and CD4+ subsets (Fig. 1E and 
Table 2). Because it was possible that the 
CD4+ cells were "normally" selected on 
some class I- or P2M-derived peptides pre- 
sented by class I1 molecules or were first 
selected on class I1 molecules and second- 
arily cross-reacted on class I ligands, we 
examined class II-deficient mice for these 
cells, which were found in normal amounts 
(Fig. IF and Table 2). It is unlikely, there- 

cM4, 
Fig. 1. CD44h1ghNKl . l +  mature thymo- ,mmlTII. N CD8.1 TD+ 
cytes in normal and MHC class I and II 
and CD418 mutant mice (33). (A to D) 
Normal mice: Staining of mature (HSAloW) 
thymocytes for CD44 and CD4, CD8, 8 ; , c '  . .  :. 
NKl . I ,  andTCR Vp8 shows that CD44h1gh 27.: ,, 

cells from normal adult C57BU6 mice ,?&*:;. belona to the CD4+ and CD4-8- subsets ' +. 
[coinpare (A) and (B)], coexpress (C) CM4 
NKl . I ,  and include (D) a predominant 
TCR V 8+ population. (E to N) Transgenic 
mice: $aining of mature (HSAIOW) thymocytes from (E) p,M-, MHC class I-, (F) A,-, MHC class 11-, 
(G) CD8-, (H) CD4-, (I) CD4+huCD2+, expressing the human CD2 gene under the control of the 
mouse CD4 promoter; (J) CD4-huCD2+, CD4- expressing the human CD2 gene under the control 
of the mouse CD4 promoter, (K) control antibody-treated, (L) anti-CDLtreated, (M) CD8.1 Tg-, 
transgene-negative littermate control, and (N) CD8.1 Tg+. Dot plot displays are pre-gated on (YP 
TCR+ cells (>95% of the HSAloW thymocytes). The lower proportion of CD44h1gh cells in mice from 
the anti-CD4 (K and L) and the CD8.1 transgenic (M and N) experiments is due to their younger age 
(5 weeks). Anti-human CD2-PE staining (Amac) correlates with CD4 staining in CD4+huCD2+ mice 
(24). Thymocytes from anti-CD4-treated mice, stained with biotinylated YTA3.1.2 anti-CD4, whose 
binding is unaffected by the antibody (HI .29) used in vivo, displayed a down-modulated expression 
of CD4 (three- to fourfold) as a consequence of in vivo antibody binding, which is taken into account 
in the gate used to score CD4+ cells in (L). 
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fore, that the activated status of the 
NKl. 1 + CD4+ cells is related to some reac- 
tivity toward self class I1 ligands in vivo, as 
was recently suggested (22). The few ma- 
ture CD4+ cells previously identified in the 
periphery of class 11- mice are in an acti- 
vated state (6), and their TCR repertoire 
was also skewed toward the canonical 
NK1+TCRapf repertoire, suggesting that 
they include this population (16). Invariant 
chain-deficient mice (23), which represent 
another model of class I1 expression deficien- 
cy, showed similar results (16). 

Mice genetically deficient in CD4 (4) 
also generated normal amounts of the 
NK1.l +TCRaPf cells, which were com- 
pletely included within the CD4-8- subset 
(Fig. 1H) and expressed the canonical TCR 
repertoire (Table 2). To rule out any in- 
volvement of CD4 in the selection of the 
CD4+ subset, we examined CD4-deficient 
mice in which a human CD2 transgene 
(huCD2) driven by the CD4 promoter was 
introduced. Such mice express the human 
CD2 surface protein in lieu of mouse CD4 
(24). These mice generated the NKl. 1 + - 
TCRa@+ population in the huCDZf (indi- 
cating transcriptional activity of the CD4 
promoter) and huCD2- subsets (Fig. 1, I 
and J). Similarly, mice treated from birth 
with nondepleting antibodies to CD4 had 
few mainstream CD4+ cells but had normal 
NKl.lfTCRap+ cells in both the CD4+ 
and CD4- compartments (Fig. 1, K and L) . 
Both huCDZf CD4- and anti-CD4-treated 
mice displayed the canonical TCR reper- 
toire in their NK1.lf TCRaPf subset (1 6). 
These results demonstrate that NK1.1+- 
TCRap+ CD4+ cells need not use CD4 to 
be positively selected. 

To address the paradox that cells depen- 

Table 2. TCR V, repertoire of CD44h'gh thymo- 
cytes in mutant mice (33). The repertoire is 
shown for the whole CD44h'gh population (it 
does not significantly differ between CD4+ and 
CD4-8- cells). All thymocytes are CD44h1gh, 
except where indicated. At least four individual 
mice were analyzed in each group. Standard 
errors were less than 20% of the mean value for 
TCR V, determinations presented in the table 
and less than 30% for thymus size. Values 
significantly different from the normal controls 
are underlined. ND, not determined. 

Thymus v, (%) 

Mouse Fj:f 
control) Vp8 Vp7 V,2 ''06 

Normal* 100 22 3 7 8 
Normal 59 14 7 2 
AD- 85 64 12 7 2 
CD4- 99 66 13 ND ND 
P2M- 8 8 2 0 2 4  6 
CD8- 69 60 19 KD ND 
Anti-CD8 97 58 22 7 3 
CD8.1Tg 34 2 6 4 3 
*CD44Iow thyrnocytes. 

dent on class I expression are selectively 
absent from the CD8 lineage, we tested 
whether CD8 expression results in deletion: 
Cells that do not appear in a particular 
lineage may be missing because of negative 
selection rather than from the absence of 
positive selection (25). Mice expressing 
CD8.1-a and -P transgenes driven by the 
CD2 promoter express CD8.1 from the 
TcRap-"~CD8+ immature stage until 
the mature CD4+ and CD8+ stages ( 8 ) ,  
and the size of their thymus was decreased 
by 66% on average (Table 2). These mice 
generated both of the mainstream CD4+ 
and CD8+ populations as well as the 
NKl. 1 + TCRa@+ thymocytes in normal 
relative proportions (Fig. 1, M and N). The 
NK1.l +TCRaP+ population, however, 
had lost its characteristically skewed TCR 
repertoire (Table 2), resembling more the 
rare set of NK1.l +TCRaP+ CD8+ thymo- 
cytes observed in normal mice (Table I), 
whereas the mainstream CD4+ and CD8+ 
subsets did not change their TCR Vp rep- 
ertoire (1 6). This result was found for both 
the CD4+8.2- and CD4-8.2- NK1.1+ 
subsets and was not due to the particular 
alleles of the CD8-a and -P transgenes 
because C57BLI6 mice congenic for the 
alleles of CD8 did not differ (1 6). The net 
effect of CD8 expression, therefore, was a 
major and selective depletion of the canon- 
ical population of NK1. 1+Vp8+, Vp7+, 
and Vp2 + cells. 

We next determined whether CD8 con- 
tributed to the positive selection of these 
class I-reactive CD4+ and CD4-8- cells by 
analyzing CD8 deficient mice (5) and mice 
treated from birth with antibodies to CD8. 
We found -that the absolute number of 
NK1.l +TCRapf cells and the general 
skewing of their TCR repertoire were con- 
served (Fig. 1G and Table 2). However, 
some subtle changes were observed, such as 
an increase of Vp7+ cells from 14% to 19 to 
22%. This relative increase, which was 
found both in CD8-deficient mice and in 

normal mice treated with anti-CD8 from 
birth, ranged from 34 to 57% above the cell 
populations of littermate controls in four 
separate experiments, including a total of 
17 experimental versus 16 control mice, 
and was observed in both CD4+- and 
CD4-8-NKl. 1 + TCRaP+ cells. This result 
shows that, although CD8 is not necessary 
for the selection of most of the CD4+ - and 
CD4-8-NKl. 1 + TCRaP+ cells, it does in- 
fluence (by modifying their positive or neg- 
ative selection) their TCR repertoire. 
Therefore, it must be expressed in some 
amount during their thymic selection. 

To determine the type of MHC-present- 
ing cells involved in the selection of the 
NK1.1 +TCRaPf thymocytes, we created 
fetal liver radiation chimeras, in which 
either the hematopoietic donor cells or the 
irradiated recipients (and thus the thymic 
epithelium) were class I-deficient (Fig. 2). 
Although the dev'elopment of the main- 
stream CD8+ thymocytes required class I 
expression by the recipient (26), the 
NKl.l+TCRa@+ thymocytes of either 
CD4+ and CD4-8- lineages were selected 
exclusively when class I molecules were 
present on donor hematopoietic cells, as 
was reported for the CD4-8- subset (27). 
Analysis of these chimeras at different time 
points after reconstitution confirmed that 
class I+ into class I- fetal liver chimeras did 
not even show a delay in the generation of 
their NK1.l +TCRaPf population by com- 
parison to the class I+ into class If 
pseudochimeras (1 6). The failure to select 
NKl.lf  TCRaP+ cells in the class I- into 
class I+ fetal liver radiation chimeras was 
not due to some intrinsic defect of the class 
I-deficient thyrnocytes themselves, because 
in mixed fetal liver radiation chimeras 
(class I+ irradiated recipients reconstituted 
with a mixture of class I+ and class I- fetal 
liver cells) class I- thymocytes did generate 
the canonical NK1.lf TCRaPf thymocyte 
subset (16). Thus, in contrast with the 
mainstream thymic population, NK1.1+- 

A &,m"&m+ B &m--*&W 

S 
. .  - .. . 

NK-1.1 

Fig. 2. Fetal liver radiation chimeras (34). CD4 and NK1.l staining of mature (HSAIOW) thymocyte 
preparations from the four chimeric combinations of P2M- or P,M+ fetal liver cells and lethally 
irradiated recipients. Percentages of TCR V,8+ cells among TCRaP+NKl .I - and TCRaP'NKl .l + 

subsets were 23 and 60%, respectively, in (A), 23 and 31% in (B), 20 and 60% in (C), and 26 and 
29% in (D). More than 95% of mature thymocytes in the chimeras were of donor origin stained by 
anti-MHC I .  Dot plots are from thymocytes analyzed at day 49 after reconstitution, an early time 
point, which explains the lower proportion of NK1.1+ cells seen here compared to that observed in 
older mice shown in Fig. 1 .  
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TCRaP+ cells are exclusively selected by 
interaction with MHC on hematopoietic 
elements. 

Finally, we investigated whether the 
NK1.l +TCRaP+ cells were primarily de- 
rived from a bona fide thymic selection 
process. It could be argued that, because 
they differ from the mainstream population 
in that they require the expression of MHC 
ligands on cells derived from bone marrow 
and not on thvmic e~ithelial cells for their 
generation and becaise they are undetect- 
able in the neonatal thymus and tend to 
accumulate in the adult thymus (Fig. 3A), 
they might be generated extrathymically 
and recirculate back to the thymus (20) or 
even represent thymocytes that do not un- 
dergo positive selection and get expanded 
in response to environmental antigens 
(27). Fetal thymic organ cultures were set 
up at day 13 or 14 of fetal life, and Fig. 3B 
shows one of three experiments in which 
we observed both CD4+ and CD4-8- cells 
bearing the NK1.l marker as well as TCRs 
skewed toward Vp7 and Vp8 (see legend to 
Fig. 3). They were detected rather late (day 
22 of culture), presumably because their 
rate of production is low. Thus, the rela- 
tively large proportion of these cells among 
mature thymocytes of adult mice (-10 to 
25%) is due to an accumulation related to 
their slow turnover rate (2 1). In addition, 
cells recirculating from the periphery back 
to the thymus in congenically marked thy- 
mic chimeras did not contribute to this 
subset (28). Thus, the NKl.l+TCRaP+ 
population can be generated by selection on 
purely endogenous self ligands inside the 
thymus. 

We have thus identified a homogeneous 
set of mature, a p  TCR+ thymocytes that 
displays an unusual phenotype and a core- 
ceptor expression pattern (CD4+ or 
CD4-8-, but not CD8+) apparently un- 
matched with the selecting class I mole- 
cule. This subset is the normal counterpart 
of a significant fraction of the CD4+ cells 
observed in class 11- mice (6) and of some 
of the CD4-8- cells (1 0) previously report- 
ed in CD4- mice. Its ~ositive selection 
depended on class I presented by thymic 

cells of hematopoietic origin and was driven 
by self, not foreign, antigens. By the use of 
transgenic mice under- or overexpressing 
CD4-CD8 or MHC molecules, we found 
that the TCRs expressed by these thymo- 
cytes are apparently intrinsically class I-re- 
active in that thev did not reauire CD8 for 
their positive selection and were deleted 
upon the constitutive expression of CD8. 
The CD4+ cells were selected on class I 
molecules in the absence of CD4-class I1 
interaction, showing that CD4 is not re- 
quired to select all CD4+ cells. In this 
subset, engagement of the class I-specific 
TCRs at the double-positive stage of thy- 
mocyte development might induce stochas- 
tic down-modulation of CD4 or CD8, with 
CD4+ cells being subsequently rescued be- 
cause of their intrinsic affinity for class I. 
However, CD8+ cells are deleted because 
the persistence of CD8, after TCR levels 
are up-regulated, makes them pass the 
threshold affinity for negative selection. 
How then are mature cells with the unusual 
CD4-8- phenotype selected? One model is 
that TCR engagement during positive se- 
lection of double-positive thymocytes may 
also induce simultaneous down-modulation 
of both CD4 and CD8. an event that mav 
have been previously unrecognized because 
few a P  TCRs have enough intrinsic affinity 
for MHC ligands, in the absence of CD4 or 
CD8, to allow the rescue of thymocytes in 
the double-negative pathway. Alternative- 
ly, the CD4-8- subset may result from the 
early engagement of the class I-reactive 
TCRs at the immature CD8+ (before the 
CD4+8+) stage, because this engagement 
in vitro induces down-modulation of the 
coreceptor* (29). Such a rescue from nega- 
tive selection by coreceptor modulation 
may also operate in TCR transgenic mice 
(30) - 

Whether the selection rules of the 
NK1.l +TCRorPf thymocytes reflect those 
of the mainstream a P  TCR+ pathway, 
applied to unusual conditions of class I 
ligand presentation, or whether they delin- 
eate a distinct lineage, which may depend 
on the expression of molecules of the NK 
lineage and their interaction with class I 

Fig. 3. lntrathymic generation and accumulation CD4+ 
of the NKl.ltTCRap+ population. (A) Kinetics 
of accumulation of mature (HSAIOW) CD44high 106 f 4 ~ ~ 4 4 1 "  18% 
and CD44Iow, TCR V,8+ thymocytes in vivo. The $D4+ 

number of mature CD44"gh thymocytes in- 1' lo5 C D ~ ~ ~ ~ Q ~  
creases 100-fold between the first and the sev- = 104 CD4-8- 

lo i; enth weeks of life, while that of CD44IoW in- 
C CD4-8- 

creases threefold (35). (B and C) Generation of lo3 40% 
the NK1 .1+TCRapt subset in fetal thymic organ 102 
culture. Mature (HSAloW) (0) CD4+ and (C) 0 5 10 15 20 
CD4-8- (8 and 5%, respectively, of the HSAloW Time (weeks) NK-1.1 
cells at day 22, with the remaining cells being 
mainly CD8+apTCR+ and y&TCR+ cells) were stained for N K l . l .  The percentages of V,8+ and 
V,7+ cells were 18 and 2%, respectively, in the CD4+NKl. l -  subset, 46 and 11% in the 
CD4+NK1.1+ subset, and 39 and 7% in the CD4-8- NK1.1+ subset (36). 
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molecules (3 1 ) , remains to be determined. 
The class I ligand recognized by the restrict- 
ed set of a p  TCRs that are used by the 
NKl.l+TCRaP+ thymocytes is likely a 
nonpolymorphic class I molecule, because 
of the lack of influence of the MHC haplo- 
type on this TCR repertoire (18). The 
identification of this ligand represents the 
next step in the dissection of this differen- 
tiation pathway, which might be endowed 
with a specialized function (32). 
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