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ABSTRACT Most of the gd T cells in the intestinal
epithelium of normal mice use the Vg1 or the Vg7 gene
segments. However, the relative proportions of gd intraepi-
thelial lymphocytes expressing either the Vg1 or the Vg7 chain
vary among different strains of mice whereas they are quite
constant between different individuals of the same strain,
suggesting that genetic factors, rather than environmental
factors, are responsible for the observed differences. To
analyze the genetic factors inf luencing the representation of
different gd T cell subsets in the intestinal epithelium, we used
available anti-T cell antigen receptor (TCR) V region-specific
mAbs against Vg1, Vg4, Vg7, and Vd4 to examine the TCR
repertoire of intraepithelial gd lymphocytes in a set of
(C57BLy63 DBAy2) recombinant inbred strains. Our results
show that the representation of different Vg and Vd gene
products among gd intestinal intraepithelial lymphocytes is
under a complex genetic control with a marked inf luence by
genes closely linked to the TCRg, TCRd, and major histo-
compatibility complex loci.

Based on the chains they use to form their T cell antigen
receptors (TCRs), T lymphocytes can be divided into two
different populations: ab T cells and gd T cells. The TCR ab
allows for recognition of small peptides in association with
products of the major histocompatibility complex (MHC)
(1–4). This phenomenon, termed ‘‘MHC restriction,’’ requires
a bias toward self-MHC in the TCR ab repertoire, which is
imposed in the thymus during the development of the ab T
cells by means of positive selection (5, 6). Developing ab T
cells also can be subject to negative selection pressures, which
contribute to the establishment of tolerance (7, 8). Negative
selection results in the deletion or inactivation of clones with
high affinity for self-MHC in combination with a self-peptide.
A different kind of interaction between certain Vb products
and endogenous retroviruses in combination with MHC class
II molecules also results in the deletion of a large fraction of
thymocytes expressing those Vb products by a mechanism that
appears to be similar to that observed in peptide-specific
negative selection (9, 10).
Much less is known about the development and selection of

gd T cells. Studies with transgenic mice have shown that
developing gd T cells can be subject to both positive and
negative selection pressures (11–14). In those studies, the
transgenic TCRs were specific for the product of anMHC class
Ib gene mapping to the T region of the MHC, and, conse-
quently, positive and negative selection of the transgenic cells

were shown to be MHC- dependent. In contrast, studies
performed on b2m-deficient and MHC class II-deficient mice
have shown that normal numbers of functionally competent gd
T cells are present in various lymphoid compartments in those
mice, suggesting that gd T cells can develop normally in the
absence of MHC molecules (15). In particular, fetal gd T cells
expressing a unique TCR were shown to require an interaction
involving their TCR for their development, but interactions
with MHC molecules were not strictly required for their
maturation (15, 16).
With the availability of Vg- and Vd-specific mAb, it has been

possible to analyze the selection of gd TCR repertoires in
different organs. Thus, analysis of CD81 gd intestinal intra-
epithelial lymphocytes (i-IEL) in different strains of mice has
shown a correlation between the presence of a high frequency
of cells expressing a Vd4-containing TCR and the expression
of a gene closely linked to the MHC class II I-E molecule (17,
18). Furthermore, similar analysis performed with mAbs spe-
cific for the Vg4 and the Vd4 chains on a panel of recombinant
inbred (RI) strains generated from C57BLy6 and DBAy2
founders (BXD) has shown that the relative representation of
different splenic gd T cell subsets defined by those mAbs is
influenced by genes closely linked to the TCRg and TCRd loci
(19). We recently produced an mAb specific for the Vg1 chain
and showed that Vg11 cells constitute a quantitatively im-
portant fraction of the mouse gd i-IEL (20). With this and
other mAbs specific for different Vg and Vd chains, we have
analyzed the genes that influence the relative representation of
different gd i-IEL subsets using the same BXD RI lines. Our
results show that, in those animals, the gd i-IEL repertoire is
influenced by genes linked to the MHC and TCR loci.

MATERIALS AND METHODS

Animals. C57BLy6 (B6), DBAy2, and (C57BLy6 3 DBAy
2)F1 (B6D2F1) mice were obtained from The Jackson Labo-
ratory or from Iffa Credo. All of the BXD RI strains were
obtained from The Jackson Laboratory. Animals were used
between 2 and 6 months of age.
Antibodies. 3A10, anti-pan-d (21), and 2.11 anti-Vg1 (20)

were purified from culture supernatant by affinity chromatog-
raphy on protein G-Sepharose (Pharmacia) and fluorescein
isothiocyanate-labeled or biotinylated by standard procedures.
Fluorescein isothiocyanate-labeled anti-Vg7 (GL1) was a kind
gift from L. Lefrancois, and biotin-labeled anti-Vd4 (GL2) was
purchased from PharMingen.
Cell Purifications, Immunofluorescence Staining, and Flow

Cytometric Analysis. The preparation of i-IELs has been
described in detail (22). i-IEL (105–106) were incubated in

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y945761-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: TCR, T cell antigen receptor; MHC, major histocom-
patibility complex; i-IEL, intestinal intraepithelial lymphocytes; RI,
recombinant inbred.

5761



staining buffer (PBSy3% fetal calf serumy0.1% NaN3) with
the indicated labeled antibodies for 30 min. on ice. After two
washes, the cells were incubated with streptavidin–
phycoerythrin (Southern Biotechnology Associates) for 15min
on ice. After another two washes, 10,000 viable cells were
analyzed using a FACScan flow cytometer (Becton Dickinson)
and the LYSYS II program. Dead cells were gated out by
staining with propidium iodide.
Statistical Analysis. The MAPMANAGER program containing

the distribution in the BXD RI strains of all known polymor-
phic genes between the B6 and DBAy2 strains was obtained
fromKenManly (Roswell Park Cancer Institute, Buffalo, NY).
For each identified gene, the BXD RI lines were distributed in
two groups according to whether they had inherited the allele
from the B6 or the DBAy2 founder strain, and the mean6 SD
of all the lines in each group was calculated for each gd i-IEL
subset. These mean values were then compared by different
statistical tests and sorted according to the Student’s t value.
The t values distributed in a Gaussian-like curve, suggesting
that most of the analyzed genes have no detectable effects on
the studied phenotype. For all gd i-IEL subsets analyzed,
however, there were a number of genes for which the mean
values of the B and D lines were statistically significant. All of
the genes that seemed to influence a particular gd i-IEL subset
were linked on the same chromosome, suggesting that only one
gene in this area was responsible for the observed differences.

RESULTS

Representation of Different gd T Cell Subsets Among gd
i-IEL in B6, DBAy2, and B6D2F1 Mice. Previous studies have
shown that .80% of the gd i-IEL of most common laboratory
mouse strains use either the Vg1 or the Vg7 chain (17, 20). The
relative proportion of gd i-IEL expressing the Vg1 or the Vg7
chain, however, varies among different strains of mice whereas

it remains quite constant among genetically identical individ-
uals. Such strain dependence is maintained even when animals
are housed under different conditions, suggesting that genetic
factors, rather than environmental factors, are responsible for
these differences. We chose to address the question of the
putative genetic control of the TCR repertoire in gd i-IEL
using B6 and DBAy2 as prototype strains. These two strains
differ in the relative representation of most gd i-IEL subsets
that can be defined with the available TCR V region specific
mAbs, and a large number of RI strains generated from (B63
DBAy2) crosses is available. Furthermore, analysis of the
splenic gd TCR repertoire in these RI lines already has been
performed (19), allowing the comparison of the genetic ele-
ments influencing the i-IEL and the splenic gd T cell popu-
lations.
The proportion of gd i-IEL expressing the Vg1, Vg7, Vg4,

or the Vd4 gene segments in B6, DBAy2, and B6D2F1 hybrid
mice is shown in Fig. 1 (Upper). In all three groups of mice,
Vg4-bearing cells constituted '6% of the total gd i-IEL (Fig.
1C). The relative proportions of gd i-IEL expressing the Vg1
or the Vg7 chains are inversely correlated in B6 and DBAy2
strains. Thus, 28.2 6 2.4% of the gd i-IEL in B6 and 52.7 6
3.8% of the gd i-IEL in DBAy2 mice express the Vg1 chain
(A). Inversely, 57.9 6 3% and 36.5 6 3.9% of the gd i-IEL
express the Vg7 in B6 and DBAy2, respectively (B). The
fraction of gd i-IEL expressing the Vd4 chain also is different
in the two strains of mice, with values of 25.5 6 1.8% and
13.5 6 1.3% in B6 and DBAy2, respectively (D). In all cases,
the frequencies observed in B6D2F1 mice resemble those
found in DBAy2 mice, demonstrating that the DBAy2 phe-
notype (high Vg1, low Vg7, and low Vd4) is dominant. These
data confirm and extend the clear strain dependence of gd
TCR subset representation in these strains (17, 19, 20).
Double staining of gd i-IEL with Vg1 or Vg7 and Vd4

specific mAbs allows the definition of four subsets, namely

FIG. 1. Representation of different gd i-IEL subsets in B6, DBAy2, and B6D2F1 mice. (Upper) i-IEL from the three mouse strains were isolated
and stained with fluorescein isothiocyanate-labeled anti-pan gdmAb and biotin-labeled anti-Vg1 (A), anti-Vg7 (B), anti-Vg4 (C), or anti-Vd4 (D)
mAbs followed by streptavidin–phycoerythrin and analyzed on a FACScan. Data are shown as the percentage of total gd i-IEL expressing the
indicated V region and correspond to the mean 6 SD of six independent determinations using two to four animals per determination. (Lower)
The same i-IEL preparations were stained with fluorescein isothiocyanate-labeled anti-Vg1 (E and F) or anti-Vg7 (G and H) mAbs together with
biotin-labeled anti-Vd4 mAb followed by streptavidin–phycoerythrin and analyzed as above.
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Vg11Vd41, Vg11Vd42, Vg71Vd41, and Vg71Vd42. The
relative frequency of each of the four subsets also is different
in B6 and DBAy2 mice (Fig. 1, Lower). Vg11Vd41 cells
constitute a small fraction of gd i-IEL in both strains (2.7 6
0.9% in B6 and 5.66 1.9% in DBAy2; Fig. 1E). Consequently,
the levels of the Vg11Vd42 cells are very similar to the total
level of Vg1 cells (25.3 6 2.2% in B6 and 44.4 6 4.3% in
DBAy2; Fig. 1F). Thus, most of the differences in the level of
Vg1 cells among the two strains can be attributed to cells
expressing Vd chains other than Vd4. The levels of Vg71Vd42

cells were 40.5 6 4.6% in B6 and 31.2 6 1.9% in DBAy2
whereas the levels of Vg71Vd41 gd cells were 21 6 4.6% and
8.9 6 1.3% in B6 and DBAy2, respectively. Thus, the differ-
ences in the frequency of gd i-IEL expressing the Vd4 chain are
mainly due to the differences in the frequency of the
Vg71Vd41 cells.
Analysis of Different gd i-IEL Subsets in Various BXD RI

Lines. To genetically map the loci that control the levels of the
different TCRgd i-IEL subsets, their relative frequencies were
analyzed in BXD RI lines (B6 and DBAy2 founders). The
representation of all four gd i-IEL subsets analyzed in the RI
lines did not fall into distinct clusters (not shown). The values
recorded in these lines formed a continuum from low to high
levels, suggesting that multiple genes control the representa-
tion of the gd i-IEL subsets. Close to 1000 polymorphic genes
have been identified in the BXDRI lines. To study the possible
influence of any of these genes on the levels of the different gd
i-IEL subsets, the BXDRI lines were distributed in two groups
for each identified gene, according to whether they had
inherited the allele from the B6 or the DBAy2 founder strain
(B and D lines). For each gd i-IEL subset, we calculated the
mean 6 SD of all the lines in each group. These mean values
were then compared by different statistical tests and sorted
according to the Student’s t test value. The t test values
distributed in a Gaussian-like curve, suggesting that most of
the analyzed genes have no detectable effects on the studied
phenotype. For all gd i-IEL subsets analyzed, however, there
were a number of genes for which the mean values of the B and
D lines were statistically significant. All of the genes that
seemed to influence a particular gd i-IEL subset were linked

on the same chromosome, suggesting that only one locus in this
area was responsible for the observed influences. Thus, the
level of Vg11Vd41 cells correlates best with the TCRg allo-
type (Fig. 2, Left). All lines that inherited the TCRg locus from
B6 expressed, like the founder strain, low levels of Vg11Vd41

cells (mean 3.146 1.16%) whereas the lines that inherited the
TCRg locus from the DBAy2 founder expressed higher levels
of Vg11Vd41 cells (mean 9.56 4.6%). Only one line, BXD32,
did not fall into the expected category. Similar distribution
analysis showed that the level of Vg71Vd41 cells correlates
best with the TCRd allotype (Fig. 2, Right). All of the lines that
inherited the TCRd locus from DBAy2 expressed, like the
founder strain, low levels of Vg71Vd41 cells (mean 86 1.89%)
whereas all lines carrying the B6 allele at the TCRd locus
expressed higher levels of Vg11Vd41 gd i-IEL (mean 19 6
6.3%).
The representation of the other two subsets, namely

Vg11Vd42 and Vg71Vd42, varied with an inverse relationship
and correlated best with the MHC locus (Fig. 3). In concor-
dance with the parental lines, H-2b lines expressed high levels
of Vg71Vd42 (mean 48 6 7.8%) and low levels of Vg11Vd42

(mean 32.76 4.2%) whereas H-2d lines expressed lower levels
of Vg71Vd42 and higher levels of Vg11Vd42 (means 27.06 6
4.9% and 49 6 9.9%, respectively). A closer scrutiny of the
quantitative levels of these two subsets reflects well the
complexity of the genetic control studied here. Thus, the
comparison of the representation of Vg71Vd42 and
Vg11Vd42 cells in the RI lines showed that, although related
to each other, their levels are not strictly the reciprocal result
of the same event (Fig. 4). This is due, in part, to the influence
of the polymorphism at the TCRg locus on the frequency of
the Vg71Vd42 subset in H-2b lines. As shown in Fig. 5, H-2b
lines can be separated into two distinct groups whose levels of
Vg71Vd42 cells correlate well with the TCRg allotype. The
H-2b lines that inherited the TCRg locus from the B6 founder
strain show a higher frequency of Vg71Vd42 gd i-IEL than the
H-2b lines that inherited the TCRg locus from the DBAy2
founder strain (means 53.7 6 2.4% and 41.2 6 2.4%, respec-
tively). Similarly, it seems clear that another locus (loci)
regulates the level of this population in H-2d mice although no

FIG. 2. The representation of Vg11Vd41 and Vg71Vd41 i-IEL subsets in the BXD RI lines correlates with the TCRg and TCRd allotypes.
(A) i-IEL from the indicated BXD strains were isolated and stained as in Fig. 1. Data shown are the percentage of total gd i-IEL expressing the
Vg11Vd41 TCR in the BXD lines distributed as to the TCRg allotype. Each point corresponds to the mean value of two to three determinations
of each BXD strain using two animals per determination. Numbers on the right of the dots denote the BXD strain number. B and D indicate the
TCRg locus inherited from the B6 and DBAy2 founder strains, respectively. The means of the values in TCRg B and TCRg D lines are 3.14 6
1.16% and 9.5 6 4.6%, respectively. According to Student’s t test, those values are different with a P , 0.001. (B) Data shown are the percentage
of total gd i-IEL expressing the Vg71Vd41 TCR in the BXD lines distributed as to the TCRd allotype. B and D indicate the TCRd locus inherited
from the B6 and DBAy2 founder strains, respectively. Numbers on the right of the dots denote the BXD strain. The means of the values in TCRd
B and TCRd D lines are 19 6 6.3% and 8 6 1.89%, respectively. According to Student’s t test, those values are not significantly different (P 5
0.19).

Immunology: Pereira et al. Proc. Natl. Acad. Sci. USA 94 (1997) 5763



obvious linkage to any precise gene could be obtained with this
kind of analysis.

DISCUSSION

In the present study, we have shown that the relative repre-
sentation of different subsets of gd i-IEL in B6 and DBAy2
mice is under a complex genetic control with marked influ-
ences by genes closely linked to the TCRg, TCRd, and MHC
loci. Altogether these results suggest that the repertoire of gd
i-IEL is influenced by cellular selection and that MHC-linked
genes play a major role in that selection. MHC-dependent
selection of the gd i-IEL repertoire has been shown in crosses
between B6 and C3H mouse strains and in different intra-H-2
congenic strains in the C57BLy10 background (17). In those
experiments, the relative representation of CD81 gd i-IEL

expressing the Vd4 chain was shown to correlate with the
expression of the I-E molecule although further experiments
indicated that expression of the I-E molecule was not sufficient
to account for the increased proportion of Vd4 cells (18, 23).
In the experiments presented here, selection through MHC-
linked genes is apparent when we analyze gdT cells not bearing
the Vd4 chain. It is possible that, in the crosses between B6 and
DBAy2 strains, MHC-linked selection affects the product of

FIG. 4. Lack of strict correlation between the representations of
the Vg11Vd42 and the Vg71Vd42 i-IEL subsets. The percentages of
Vg11Vd42 and Vg71Vd42 i-IELs from the BXD RI lines were
plotted on the x and y axes, respectively. Numbers next to the symbols
are the BXD strain number.

FIG. 5. Differences in the representation of the Vg71Vd42 i-IEL
subset in BXD lines carrying the H-2b haplotype correlate with the
TCRg allotype. The same data as in Fig. 3 were plotted. The BXD lines
were distributed as to their H-2 haplotype and TCRg allotype. The
mean values of the Vg71Vd42 subset in H-2b animals expressing the
TCRgB or the TCRgDwere 53.76 4% and 41.26 2.4%, respectively.
According to Student’s t test, those values are different with a P ,
0.017.

FIG. 3. The representation of Vg11Vd42 and Vg71Vd42 i-IEL subsets in the BXD RI lines correlates with the MHC haplotype. i-IEL from
the indicated BXD strains were isolated and stained as in Fig. 1. Data shown are the percentage of total gd i-IEL expressing the Vg7 chain but
not the Vd4 chain (A; Vg71Vd42 cells) or the Vg1 chain but not the Vd4 chain (B; Vg11Vd42 cells) in the BXD lines distributed as to the MHC
haplotype. Each point corresponds to the mean value of two to three determinations of each BXD strain using two animals per determination.
Numbers on the right of the dots denote the BXD strain number. B and D indicate the TCRg locus inherited from the B6 and DBAy2 founder
strains, respectively. The mean of the values of the Vg71Vd42 in MHC B and MHC D lines are 48 6 7.8% and 27 6 4.9%, respectively. According
to Student’s t test, those values are different with P , 0.001. The means of the values of the Vg11Vd42 in MHC B and MHC D lines are 32.75 6
4.2% and 49.1 6 9.9%, respectively. According to Student’s t test, those values are different with a P , 0.02.
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another Vd gene although MHC-linked genes also appear
responsible for the relative representation of cells expressing
the Vg1 or the Vg7 chain.
The biological significance of the MHC-linked selection of

the gd i-IEL repertoire is not clear. One possibility is that,
similar to ab T cells, gd T cells recognize their specific ligands
in the context of polymorphic MHC molecules. Although gd T
cell clones recognizing MHC class Ib and II molecules have
been described (24–28), they appear to be the exception rather
than the rule, which makes this possibility unlikely. It is still
possible, however, that certain TCRg or TCRd chains (or their
combinations) interact with endogenous ligands in the context
of MHC molecules in a ‘‘superantigen-like’’ fashion. An
alternative possibility is that polymorphic MHC molecules
select for different TCR ab specificities that, in turn, select for
different gd TCR repertoires. Analysis of gd T cell subsets in
TCR ab-deficient mice should help to clarify this issue once
these mice are placed in the correct genetic backgrounds.
Studies of mice lacking MHC class I and II molecules have

shown that their numbers of gd T cells are similar to those
found in normal animals (15, 29), suggesting that class I and II
molecules are not necessary for the development of gd T cells.
Furthermore, it has been shown that the frequency of gd i-IEL
expressing the Vd4 chain is not different between mutant and
normal mice, leading to the suggestion that MHC class I and
II genes did not play a major role in the selection of gd TCR
repertoires (23). Although it is possible that otherMHC-linked
gene(s) are responsible for the selection of gd TCR reper-
toires, we believe that a role of MHC class I or II molecules in
this selection has not been completely excluded. Thus, the
relative representation of certain gd T cell subsets can be
influenced by different loci depending on the genetic back-
ground. For example, although the relative representation on
Vg1 i-IEL is controlled by H-2-linked genes in crosses between
B6 and DBAy2 strains, we have shown that H-2b strains that
are genetically close to the B6 strain, like C57BLy10, can be
typed as Vg1 high (20). This could be the result of two different
kinds of phenomena. On the one hand, it appears clear that the
gd TCR repertoire is strongly influenced by the TCRg and
TCRd haplotypes, suggesting that different TCRg or TCRd
alleles can be submitted to different selective pressures (see
below). On the other hand, the fact that few Vg and Vd genes
are expressed by gd i-IEL makes it difficult to define the
selective pressures that influence the representation of a
particular gd subset. Selection of cells expressing a given Vg or
Vd chain will clearly influence the representation of cells
expressing other Vg and Vd chains. The total number of gd
i-IELs is limited, so increased or decreased representation of
a given gd subset will be compensated by decreased or
increased representation of other subsets, respectively. Thus,
the fact that two different strains of mice show the same TCR
repertoire among gd i-IELs does not suffice to make the
conclusion that the gd i-IELs in the two strains are subject to
identical selective pressures.
The control of the gd TCR repertoire by TCR genes may

have two different, although not mutually exclusive, explana-
tions. As stated before, it is possible that cellular selection is
V gene allele-specific. The finding that the reactivity of
Vg1yVd6-expressing gd hybridomas to heat-shock protein-
derived peptides depends on the Vg1–Cg4 allele agrees well
with this notion (30). Similar V gene allele specificity has been
shown to operate in the selection of ab T cells. Thus, studies
performed with phylogenetically distant mice have shown that
the reactivity of certain mouse mammary tumor virus products
with different Vb chains depends upon the TCRb allele (31,
32). The greater polymorphism of TCRg and TCRd genes,
compared with that of TCRb genes in the mouse, would make
this allele specificity more evident in gd cells than in ab cells.
A second, more simple explanation considers that the two

mouse strains use a different number of TCR genes. This

possibility is certainly not relevant for the TCRg genes because
80–90% of the gd i-IEL in both strains express the Vg1 or the
Vg7 chain, but it could explain, at least in part, the linkage to
the TCRd locus. In our experiments, the higher frequency of
Vd4-positive gd i-IEL in B6 mice compared with DBAy2 and
B6D2F1mice and the influence of the TCRd locus found in the
analysis of the RI strains could be simply explained, in the
absence of any cellular selection, if gd i-IEL fromDBAy2 mice
express more Vd genes than gd i-IEL from B6 mice. We are
currently analyzing this possibility.
We have shown here that the higher representation of the

Vg11Vd41 i-IEL subset correlates with the inheritance of the
TCRg allotype from the DBAy2 founder strain. Similar ge-
netic control was found in the representation of Vg42Vd41

splenic cells (likely to represent Vg11Vd41 cells) in the same
BXD RI lines (19). These results suggest that similar mecha-
nisms control the relative size of the Vg11Vd41 subset in the
spleen and in the intestinal epithelium.
From these and previous studies it appears likely that,

besides the MHC locus and the TCRg and d loci, other gene
products contribute to the differences observed in the gd TCR
repertoire. Because the frequencies observed for different
subsets relate to each other, it is expected that the products of
all three genes (MHC, TCRg, and TCRd) will, to some extent,
control the level of each of the gd T cell subsets. The fact that
a linkage to those genes appears in the crosses analyzed
suggests that few other gene products are involved in the
selection of the gd TCR repertoire. By fixing the TCRg and
TCRd allotypes, it will be possible to further analyze the role
of MHC-linked genes and to know whether the products of
other loci have an important role in this selection. Thus,
analysis, now in progress, of the representation of the different
gd T cell subsets in crosses between B6 and different BXD RI
lines carrying the B6 TCRg and TCRd allotypes but segregat-
ing at other loci should help clarify these issues.
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