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ABSTRACT We have generated a transgenic mouse line in
which a CD4 transgene is expressed on a significant fraction of
the mature CD8' lymphocytes but is not expressed in the
thymus. This provides an opportunity to examine the func-
tional consequences of CD4 expression in a population of class
I-selected CD8' lymphocytes. CD81 lymphocytes expressing
the CD4 transgene proliferate in response to allogeneic class I
and class II major histocompatibility complex, whereas CD81
cells from control animals proliferate only to allogeneic class I
gene products. These observations suggest that the ability of a
T-cell population to react with class II allogeneic major histo-
compatibility complex is determined by the presence of CD4.

T-cell recognition of major histocompatibility complex
(MHC) molecules is mediated by the T-cell receptor (TCR)
and CD4 or CD8. The TCR is believed to contact the
polymorphic peptide-binding site ofMHC, whereas CD4 and
CD8 bind to nonpolymorphic regions of class II and class I
MHC, respectively (1, 2). The TCR and CD4 or CD8 may
function as a complex, perhaps by binding to the same MHC
molecule (3, 4). The expression of CD4 or CD8 defines the
two major subsets of mature T cells. CD4+CD8- cells rec-
ognize antigen associated with class II MHC and are pre-
dominantly helper T cells. CD4-CD8' T cells recognize
antigen associated with class I MHC and are predominantly
cytotoxic T cells.

In addition to their ability to respond to foreign antigen
bound to self-MHC, T cells also respond to foreign MHC in
the apparent absence of antigen (alloreactivity). These re-
sponses are often measured in mixed lymphocyte reactions
(MLRs), in which unprimed T cells produce lymphokines and
proliferate in response to foreign MHC on stimulator cells. In
allogeneic MLRs, there is a correlation between CD4 or CD8
phenotype and MHC class specificity: CD4' cells proliferate
only in response to foreign class II MHC, whereas CD8' cells
respond to foreign class I MHC. In assays in which lym-
phokine production by responder T cells is not required,
CD8' cells have been observed to respond to class II MHC
(5-8). However, for assays in which T cells are required to
produce lymphokines and initiate a response to foreign MHC,
the correlation between CD4/CD8 phenotype andMHC class
specificity is absolute (5, 9, 10).
There are two molecules on class II-specific T cells that

recognize class II MHC: TCR and CD4. It is unclear which
of these molecules is responsible for the specificity for
foreign class II MHC. We have investigated this question by
using a line of mice in which a CD4 transgene is expressed on
a subset of mature CD8' cells but is not expressed in the

thymus. We find that mature CD8' cells that express the CD4
transgene proliferate both to class I and class II allogeneic
MHC. This suggests that the presence ofCD4 or CD8, rather
than the specificity of the TCR, determines whether a pop-
ulation of cells will respond to foreign class I or class II MHC.

MATERIALS AND METHODS
Production of CD4 Transgenic Mice. A 1.7-kilobase (kb)

cDNA construct containing the entire coding region ofmouse
CD4, along with 50 base pairs (bp) of 5' noncoding DNA and
300 bp of 3' noncoding DNA was ligated into the Bgl
II-BamHI sites of pMH,320 (11). The dominant control
element of the human CD2 gene (12) was inserted 3' of the
transcription unit. The entire 9-kb insert was excised with
Not I and microinjected into (C57BL/6 x CBA/Ca)F2 em-
bryos as described (13). Founders were backcrossed to
C57BL/6. RNase protection analysis was done as described
(14). Mice were obtained from The Jackson Laboratory.
Flow Cytometry. For two-color flow cytometry, lymph

node cells and thymocytes were stained with phycoerythrin-
anti-CD4 and fluorescein isothiocyanate-anti-CD8 (Becton
Dickinson) and analyzed with a FACScan flow cytometer
(Becton Dickinson). For three-color analysis, thymocytes
were stained by sequential incubation with anti-CD3 (145-
2C11), phycoerythrin-conjugated anti-hamster immunoglob-
ulin (Caltag, South San Francisco, CA), fluorescein isothio-
cyanate-anti-CD8, biotinylated anti-CD4, and allophycocy-
anin-avidin (Caltag). Data were collected using a FACS 440.
For TCR ,8-chain variable region 14 (V,814) analysis, B-cell-
depleted lymph node cells were treated sequentially with
anti-V,614 (14-2) (15), fluorescein isothiocyanate-goat anti-
rat immunoglobulin (Southern Biotechnology Associates,
Birmingham, AL), rat immunoglobulin, biotinylated anti-
CD8 (Becton Dickinson), allophycocyanin-avidin, and phy-
coerythrin-anti-CD4.
MLRs. Responders were lymph node cells that were de-

pleted of B cells by passage over plates coated with goat
anti-mouse IgM (16). CD8' responders were prepared by
panning with anti-CD8 antibody (53-6.7) and anti-rat immu-
noglobulin-coated plates (16). CD8- cells were prepared by
treating the nonadherent cells from CD8 plates with anti-CD8
antibody and complement. ResponderT cells from transgenic
mice were further purified into CD4' and CD4- subsets by
an additional panning step on plates coated with purified
anti-CD4 antibodies (H129.19). MLRs were done as de-
scribed (9). Stimulators were spleen cells from C57BL/6 mice
or from bml, or bml2 mutant mice (from The Jackson

Abbreviations: MHC, major histocompatibility complex; TCR,
T-cell receptor; MLR, mixed lymphocyte reaction; VP14, TCR
a8-chain variable region 14.
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Laboratory) that had been depleted ofT cells with anti-Thy-1
and complement. Stimulators were irradiated (1500 rads; 1
rad = 0.01 Gy) and plated at a concentration of 5 x 105 cells
per well. Responder T cells were added at the concentrations
indicated in flat-bottom 96-well plates. Cultures were treated
with [3H]thymidine after 4 days of culture and harvested 12
hr later. Data are the average of triplicates. Blocking anti-
bodies included in cultures were as follows: anti-class II, Y3P
antibody-dialyzed ascites at 1:100; and anti-CD4, H129.19
culture supernatant at 1:50.

RESULTS
Constitutive Expression of CD4 in Transgenic Mice. We

have generated a series of mouse lines expressing a CD4
transgene under control of the T-cell-specific CD2 regulatory
element. Ligation of the human CD2 regulatory element to a
f3-globin structural gene (f3CD2-A) has been previously
shown to result in the expression of f3-globin in both imma-
ture and mature T lymphocytes, such that the expression
levels correlate with, the transgene copy number (12). We
have introduced a murine CD4 cDNA into a variant of
,3CD2-A (Fig. la), such that CD4 expression should be
directed by the P-globin promoter under control of the CD2
regulatory sequences. Transgenic animals were generated by
microinjection of this construct into (C57BL/6 x CBA/Ca)
F2 embryos. In this study, we characterize the function of T
cells derived from one mouse line (J4BE-11) that contains
=50 copies of the CD4 transgene.
Flow cytometric analysis of lymph node cells from control

animals with antibodies directed against CD4 or CD8 re-
vealed the expected pattern of single-positive CD4+CD8-
and CD4-CD8+ cells; only 0.5% of cells are double-positive

(CD4+CD8+) (Fig. 2a). In contrast, in the transgenic mice,
4% of the lymph node cells are double-positive (Fig. 2b). The
presence of CD4 on 25% of the CD8+ T cells is presumably
a consequence of expression of the CD4 transgene.

Analysis of expression of the CD4 transgene in the thymus
is more difficult because most thymocytes express endoge-
nous CD4. The frequency of double-positive cells is 79% in
both the control and transgenic thymus (Fig. 2 c and d), and
the level ofCD4 expression in the CD4+CD8+ thymic T cells
is similar in control and transgenic animals. Approximately
10%o of the thymic lymphocytes from normal mice are single-
positive cells that express high levels of TCR and resemble
peripheral T cells. If the CD4 transgene were expressed in
this thymic population, we would anticipate that a significant
fraction ofCD8+ cells would also express the CD4 transgene.
The pattern of CD4 and CD8 expression on thymic lympho-
cytes expressing high levels of TCR was examined using
three-color flow cytometry (Fig. 2 e andf). The frequency of
double-positive cells in this population is roughly equivalent
in control (9.6%) and transgenic (9.1%) animals.
RNA transcripts derived from the transgenic and endoge-

nous CD4 genes can be distinguished by RNase protection
analysis. An antisense RNA probe was prepared from the
transgene. RNase protection analysis (Fig. lb) ofRNA from
peripheral lymphocytes from transgenic animals reveals two
protected fragments consistent with the expression of both
the transgenic (465 bp) and endogenous (440 bp) CD4 genes.
A single protected fragment derived from the endogenous
CD4 gene is observed with RNA from peripheral lympho-
cytes from control animals. Analysis of RNA from thymic
lymphocytes from transgenic mice reveals a protected frag-
ment reflecting expression of endogenous CD4 and a barely
detectable fragment corresponding to the expression oftrans-
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FIG. 2. CD4 and CD8 expression on T cells from normal and

transgenic mice. (a and b) Lymph node cells. (c and d) Thymocytes.
(e and f) Thymocytes gated for high levels of TCR expression.

genic CD4. In addition, a high-molecular-weight band is also
present that presumably reflects low levels of inappropriately
initiated transcripts from the transgene. These transcripts
initiate in 5' upstream sequences of P-globin and contain
multiple start and stop codons that will inhibit translation.
These RNA protection analyses, taken together with the
fluorescence-activated cell sorter data suggest that the CD4
transgene is not expressed at significant levels in the thymus
but is active in a fraction ofmature peripheral T cells resulting
in the appearance of a population of double-positive cells in
the periphery. Our results, therefore, differ from previous
studies that show that the CD2 regulatory element is active
in thymocytes and mature T cells (12).
To determine whether expression of the transgene corre-

lates with a previously described, subset of CD8' cells, we
examined a variety of T-cell markers [Pgp-1, interleukin 2
receptor, CD45R-16A (17), SM3G11, SM6C10 (18), Qa2, Jlld,
and CD3] by three-color flow cytometry. None of these
markers correlate with expression of the transgene, suggest-
ing that the CD4 transgene is probably activated or inacti-
vated in a random population of CD8' peripheral cells.

Alloreactivity ofCD4+CD8+ T cells. We have examined the
functional consequences of CD4 expression in peripheral
CD8' cells by analyzing the reactivity of CD8' cells from
transgenic and control animals to allogeneic MHC proteins.
Peripheral T cells are poorly reactive to self-MHC in the
absence of antigen but respond strongly to MHC molecules
from other strains of mice (alloreactivity). The use of stim-
ulator cells from strains of B6 mice with mutations in the
MHC locus allows us to examine the reactivity ofT cells from
transgenic mice to both class I and II allogeneic MHC
molecules. For example, spleen cells from bm12 mice mutant
in a class II gene (An) will stimulate a proliferative response
from CD4' cells but not from CD8' cells from a B6 mouse;
whereas spleen cells from the bml strain, mutant in a class I
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FIG. 3. Proliferation of T cells from normal and transgenic mice
in response to allogeneic spleen cells. Responder titration of CD8'
(a) and CD8- (b) T cells from normal (r, *) and transgenic (A, A) mice
to bml2 (U, A) and B6 (r, A) stimulator cells. Control CD8' cells were
>95% CD4-CD8', whereas transgenic CD8' cells were 71%
CD8-CD8+ and 24% CD4+CD8+. Data are the average oftriplicates,
and SDs are <25%.

gene (K), will stimulate only CD8' cells to proliferate (5, 9).
The transgenic mice used in these experiments, from the third
or fourth backcross to C57BL/6, were homozygous for H-2b.
In initial experiments, CD8' T cells were purified from the
lymph nodes of transgenic animals and nontransgenic litter-
mates. Twenty-four percent of the CD8' cells from trans-
genic animals also express CD4, whereas the CD8' cells from
control animals are all CD4-. Although transgenic and non-
transgenic CD8 cells proliferate in response to bml mutant
stimulator cells (data not shown), transgenic but not control
CD8' cells proliferate in response to the class II mutant bm12
cells (Fig. 3).
The CD8' T cells from transgenic animals consist of two

distinct subsets: a CD4-CD8' population and a CD4+CD8'
population. To determine which subset is responsible for
class II alloreactivity, we fractionated the CD8' cells from
transgenic mice into CD4+CD8' and CD4-CD8' subpopula-
tions. Reactivity against allogeneic class II is only seen with
CD4+CD8' cells (Fig. 4a), whereas a response to allogeneic
class I MHC is seen with both CD4+CD8' and CD4-CD8'
subpopulations (Fig. 4b). In addition, reactivity of transgenic
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FIG. 4. Proliferation of separated CD4+CD8', CD4-CD8', and
CD4ICD8- lymph node T cells to bml2 and B6 (3 x 10i responders
per well) (a) and bml (1 x 105 responders per well) (b). CD8'
responders were >99% CD81 by flow cytometry.
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CD8' T cells with allogeneic class II MHC is inhibited by
antibodies directed to either class II or CD4 (Fig. 5). These
antibodies also inhibit the response of normal CD4+CD8-
cells to bml2 stimulator cells but fail to inhibit the response
ofCD4-CD8' cells to the class I mutant bml stimulator cells.
These experiments indicate that the presence of CD4 on
CD8' cells renders these cells responsive to allogeneic class
II molecules.
The level of reactivity of the transgenic CD4+CD8' cells to

bml2 cells is somewhat lower than that of the CD4+CD8-
cells. This difference may, in part, be due to a lower fre-
quency of T cells responsive to bml2 cells in the CD4+CD8'
population than in the CD4' CD8- population. Alternatively,
the lower response of CD4+CD8' cells to bml2 cells may
reflect poorer lymphokine production by mature CD8' cells
relative to CD4' cells. Limiting-dilution analysis to deter-
mine the responder frequency in the two populations will be
necessary to test these possibilities. It is also possible that the
presence of CD8 on a CD4' cell inhibits the reactivity to class
II molecules (19).
CD4+CD8' Lymph Node Cells Have a Class I-Selected TCR

Repertoire. Positive selection in the thymus is thought re-
sponsible for the generation of single-positive CD4-CD8'
cells reactive with class I MHC and CD4+CD8- cells reactive
with class II MHC. One explanation for the class II allore-
activity in CD8 cells from transgenic mice is that selective
events in the thymus are altered by expression of the CD4
transgene, resulting in CD4+CD8+ cells that have TCRs
selected for reactivity with class II MHC. Although we could
not detect significant expression of the transgene in the
thymus, we cannot exclude the possibility that a small
subpopulation of thymocytes expresses the transgene and
gives rise to the peripheral CD4+CD8+ cells. If the population
of cells expressing the CD4 transgene contains both cells that
are selected for reactivity to class I and class II MHC, we
would expect that CD4+CD8+ T cells would display a rep-
ertoire of TCRs intermediate between CD4+CD8- and
CD4-CD8+ populations. To examine this possibility, we
compared the frequency of expression of the TCR a-chain
variable region, V/314, in the different subsets of T cells. In
H-2b mice, the frequency of Vf314+ cells is three to four times
higher in CD4+ cells (7-8%) than in CD8+ cells (2-3%) (15).
This skewed distribution results from positive selection in the
thymus; V,814 preferentially interacts with class II MHC,
resulting in a higher frequency in CD4+ cells. The frequency
of V,814' cells in the CD4+CD8+ population from transgenic
mice (2.8%) is similar to the frequency in CD4-CD8+ cells
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FIG. 5. Antibody blocking of transgenic CD8' anti-bml2 re-

sponse. Responses were transgenic CD8' T cells at 4 x 105 respond-
ers per well with bml2 stimulators (11,000 cpm), nontransgenic
CD4+CD8- T cells at 2 x 105 responders per well with bml2
stimulators (42,000 cpm), and nontransgenic CD4-CD8' T cells at 2
x 105 responders per well with bml stimulators (30,500 cpm).

from the same transgenic mice (2.0%) or from nontransgenic
littermates (2.1%), and the frequency of V,814 in the CD4'
CD8- cells from transgenic and nontransgenic mice is 7.5%
and 7.9o, respectively. In addition, the percentage of cells
expressing the ,8-chain variable regions Vf36, V,811, and Vf38
was similar in transgenic CD4+CD8' and CD4-CD8' cells
(data not shown). These observations provide further evi-
dence that the CD4+CD8' cells in transgenic mice, like
control CD8' cells, undergo positive selection for class I,
rather than class II, MHC recognition.

DISCUSSION
T cells recognize a complex of antigen and self-MHC. The
reactivity of T cells for allogeneic MHC implies that T cells
also have a specificity for either class I or class II MHC. For
example, a population of CD4+CD8- cells that can respond
to antigen in association with self-class II MHC also responds
to allogeneic class II but not to allogeneic class I MHC.
Furthermore, individual T-cell clones have been identified
that react with antigen and self-MHC, as well as with
allogeneic MHC. With rare exception (20), the self-MHC and
allogeneic MHC recognized by a clone are of the same class
(21, 22). Thus, a T cell may have a specificity, not only for a
particular antigen and MHC allele, but also for class I or class
II MHC.
Both the TCR and CD4 or CD8 interact with MHC on

antigen-presenting cells. The specific reactivity of a T cell for
a particular antigen and self-MHC is determined by the TCR;
transfection of rearranged TCR genes from a T-cell clone
reactive for a particular antigen and self-MHC pair will
render the recipient responsive to this antigen and MHC
complex (23, 24). An efficient response to antigen and MHC
also requires the presence of CD4 or CD8 (25-28). The
relative contribution of the TCR and CD4 or CD8 to the
specificity for allogeneic class I or class II is not clear. For
example, the failure ofCD4-CD8+ cells to proliferate to class
II allogeneic MHC could result if the TCRs that are selected
for reactivity to antigen and self-class I MHC can only
recognize allogeneic class I MHC. Alternatively, the pres-
ence of CD8 and the absence of CD4 may be responsible for
the specific reactivity of this population with allogeneic class
I MHC.

If the specificity of a T cell for class I or class II MHC is
imparted by CD4 or CD8 and not the TCR, we predict that the
introduction of CD4 into a CD8+ class I-reactive cell would
result in new reactivities to allogeneic class II MHC. We
have, therefore, generated transgenic mice that have periph-
eral CD8+ T cells also expressing CD4. This procedure
permits us to examine the alloreactivity of a population of T
cells that have been selected in the thymus for recognition of
class I MHC but that express both CD4 and CD8. We find that
these cells react with both class I and class II allogeneic
MHC. This result suggests that the ability of a T cell to
respond to allogeneic class II does not depend upon thymic
selection for recognition of self-class II MHC but rather
depends on the expression of CD4.

Although proliferative responses of CD4-CD8+ cells to
bml2 cells are consistently not observed (9, 10), previous
experiments (5) have shown that CD8+ cells respond to target
cells bearing the class II mutant bml2 in a primary cytotoxic
T-lymphocyte assay. These cytotoxic T-lymphocyte re-
sponses were only seen when cultures were supplemented
with Con A supernatants containing high concentrations of
lymphokines. In contrast, we show that CD8+ cells that
coexpress CD4 can proliferate to bml2 cells in the absence of
added lymphokines. It is interesting that for anti-bml2 re-
sponses of CD8' cells, lymphokine production, but not
cytotoxic T-lymphocyte induction, requires CD4. CD4 may
provide intracellular signals or increased avidity for stimu-
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lator cells that are required for lymphokine production but
not for cytotoxic T-lymphocyte induction.
Our results, as well as previous experiments (5, 6, 8), raise

an apparent paradox: TCRs selected for recognition of self-
class I MHC may react with either class I or class II
allogeneic MHC molecules. An explanation for this paradox
emerges from a consideration of the predicted similarities
between the structures ofMHC class I and class II. Although
class I and class II MHC molecules are structurally distinct,
the peptide-binding sites of the two classes of MHC mole-
cules are predicted to share common structural features and
common dimensions (29). Furthermore, the TCR has been
suggested to only contact bound peptide and the regions of
MHC immediately flanking the peptide pocket (30, 31).
Because these regions of MHC are highly polymorphic, the
peptide-binding sites of class I molecules from different
individuals may be as distinct from one another as they are
from the peptide-binding sites of class II MHC molecules.
Thus, a TCR selected for recognition of self-class I may be as
likely to react with foreign class II as with foreign class I
MHC. The observation that normal CD8' cells fail to pro-
liferate to allogeneic class II MHC could, therefore, be a
consequence of the absence of CD4 on these cells.
Our data do not exclude the possibility that there is some

bias for recognition of allogeneic class I MHC inherent in the
TCRs of a class I-selected population. To address this
question it will be necessary to determine the responder
frequencies for a number of different foreign class II mole-
cules. Even if such a bias exists, our data indicate that T cells
selected for class I recognition can react with allogeneic class
II MHC at a frequency sufficiently high to be readily mea-
sured in a primary MLR. These data suggest a model in which
the TCR af heterodimer determines the specificity for anti-
gen and MHC allele, whereas CD4 and CD8 primarily deter-
mine the MHC class specificity of the T-cell response.
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