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Transgenic mice expressing a T cell receptor hetemdi- 
mer specific for a fragment of pigeon cytochrome c 
plus an MHC class II molecule (I-E”) have been made. 
We find that H-2k afi transgenic mice have an overall 
increase in the number of T cells and express a lo-fold 
higher fraction of cytochrome c-reactive cells than 
H-2b mice. Surface staining of thymocytes indicates 
that in H-2b mice, T cell development is arrested at an 
intermediate stage of differentiation (CD4+8+, CD39. 
Analyses of mice carrying these T cell receptor genes 
and MHC class II I-E, constructs indicate that this de- 
velopmental block can be twemed in H-2b mice by I-E 
expression on cortical epithelial cells of the thymus. 
These data suggest that a direct T cell receptor-MHC 
interaction occurs In the thymus in the absence of 
nominal antigen and results in the enhanced export of 
T cells, consistent with the concept of “positive se- 
lection.” 

Introduction 

T cell recognition of foreign antigens is mediated through 
the T cell receptor-CD3 complex. In all known helper 
(TH) and cytotoxic (Tc) T ceils, this complex consists of 
polymorphic a and p chain subunits noncovalently as- 
sociated with at least five invariant CD3 polypeptides 
(Meuer et al., 1983; Samelson et al., 1985). Gene transfer 
of particular ap pairs is generally sufficient to transfer the 
specificity of one T cell into another (Dembic et al., 1986; 
Saito and Germain, 1987). Unlike the antigen receptors of 
B lymphocytes (the immunoglobulin molecule), which 
bind to native antigen directly, ap T cell receptors seem 
principally to recognize fragments of antigens embedded 

in MHC molecules (reviewed in Davis and Bjorkman, 
1988). This phenomenon is referred to as MHC restriction 
(Zinkernagel and Doherty, 1974). 

Many earlier experiments had indicated that, function- 
ally, the T cell repertoire is biased towards recognition of 
self-MHC, and that this bias is “learned” during T cell de- 
velopment in the thymus (Zinkernagel et al., 1978; Bevan, 
1977; Sprent, 1978; Kappler and Marrack, 1978; Fink atid 
Bevan, 1978; von Boehmer et al., 1978; Singer et al., 
1981). However, general agreement on these issues was 
never reached, as additional experiments, both with MHC 
class l-and class II-restricted T cell responses, sug- 
gested little, if any, bias in the T cell repertoire (Matzinger 
and Mirkwood, 1978; Stockinger et al., 1980; lshii et al., 
1981). The experimental designs used in all these studies 
were of two basic types: first, reconstitution of irradiated 
mice with MHC nonidentical bone marrow and/or thy- 
muses, followed by testing of immune responses in these 
mice for their MHC restriction properties (Zinkernagel et 
al., 1978; Bevan, 1977; Sprent, 1978; Kappler and Mar- 
rack, 1978; von Boehmer et al., 1978); and second, deple- 
tion of normal mouse T cell populations for alloreactivity, 
followed by testing of the remaining cells for responses re- 
stricted to that foreign MHC type (Bennink and Doherty, 
1978; Stockinger et al., 1980). 

One explanation that has been suggested to account for 
the failure of some experiments to detect a bias towards 
self-MHC recognition in the T cell repertoire is the possi- 
ble variability in construction of bone marrow chimeras 
(Singer, 1988). If donor bone marrow was not adequately 
depleted of mature T cells, the resulting chimeras would 
contain donor MHC-specific T cells. Antigen-specific T 
cell responses in such mice would then be expected to be 
restricted to both donor and recipient MHC molecules. An 
additional source of controversy surrounding some of the 
reconstitution experiments involved the extent of chime- 
rism achieved in the mice, and consequently, the identity 
and origin of the antigen-presenting cells responsible for 
priming the T cell responses for which assays were per- 
formed. To overcome these objections, some researchers 
opted for more elaborate experimental protocols, includ- 
ing transfer of T cell populations from the reconstituted 
recipients into additional mice in order to have a defined 
priming environment (Sprent, 1978; Fink and Bevan, 
1978). Others examined only those T cell responses that 
could be elicited in the absence of in vivo priming (Stock- 
inger et al., 1980; Singer et al., 1981). The net result of 
these efforts seems to be an uneasy acceptance of the 
phenomenon of positive selection, with only limited infor- 
mation about the specificity of the effect due to the hetero- 
geneity of the T cells that could respond to a given an- 
tigen. 

Among those groups supporting the concept of positive 
selection, an additional controversy has surrounded the 
identity of thymic cells responsible for imprinting this bias 
toward self-MHC recognition (Sprent et al., 1988). For 
MHC class II-specific T cells, two types of murine thymic 



cells are candidates for this function, in that they express 
class II molecules: cortical epithelial cells or bone mar- 
row-derived macrophage/dendritic cells. The experiments 
addressing this issue have analyzed T cells from irradi- 
ated and bone marrow-reconstituted mice for their MHC 
specificity. Several groups have shown for both MHC 
class I- (von Boehmer et al., 1988) and class II-restricted 
(Zinkernagel, 1982; Lo and Sprent, 1986) T cell responses 
that both normal and deoxyguanosine-treated thymus 
grafts (in which macrophage and dendritic cells have 
been destroyed, but not epithelial cells) result in the posi- 
tive selection of T cells with affinity for the MHC ex- 
pressed on the thymus graft. In conflict with these results, 
Longo and Schwartz (1980) have provided equally con- 
vincing evidence that, from the regeneration of peripheral 
T cells in long term irradiation bone marrow chimeras, the 
bone marrow-derived cells (macrophages and dendritic 
cells) are responsible for positive selection in the thymus. 
To date, this controversy has remained unresolved. 

Many of the objections described above can be over- 
come through the use of mice that are transgenic for spe- 
cific T cell receptor heterodimer pairs. In this way, a single 
ap T cell receptor of known antigen-MHC specificity can 
be expressed on a large fraction of T lymphocytes, and the 
cells expressing this receptor can be followed throughout 
T cell development. As the expression of the introduced 
T cell receptor is extremely high in the transgenics, no 
priming at all (either in vitro or in vivo) is necessary to elicit 
a response. Furthermore, physical rather than functional 
assays for measuring receptor frequency can also be uti- 
lized, overcoming the objection that the observed bias 
toward self-MHC recognition is simply the result of sup- 
pression in peripheral tissues, not positive selection. Trans- 
genie mice also provide an opportunity for accurate mea- 
surement of the extent of positive selection, in addition to 
identifying where and when during T cell development the 
selection process is occurring. But most importantly, these 
studies eliminate the heterogeneity of the response being 
analyzed and allow the influence of thymic MHC type to 
be examined with respect to a single T cell receptor of 
known specificity. 

We have developed a transgenic model utilizing T cell 
receptor a and S chain genes encoding a receptor specific 
for a class II MHC molecule plus a known peptide. This 
system allows us to express, and detect the expression 
of, each transgene either separately or together. By two 
independent assays-frequency analysis and surface 
staining-we find increased expression of this T cell re- 
ceptor in mice of the MHC type that expresses the re- 
stricting element for the receptor. In similar transgenic 
experiments, both Teh et al. (1988) and Sha et al. (1988b) 
observed a decrease in transgenic T cell receptor-posi- 
tive cells in mice of a noncompatible MHC type; in addi- 
tion, they observed predominant expression of the trans- 
gene-encoded receptor on CD8+ T cells. We observe the 
reciprocal of this class l-specific T cell receptor-CD8 pair- 
ing, as almost all of the peripheral ab-positive cells in our 
transgenics are CD4+. As a result of this selection, the 
periphery of the aB transgenics exhibit an extreme bias to- 
ward CD4 expression; this bias is also seen, though to a 

lesser extent, in the b only transgenics. Furthermore, our 
experiments show that in transgenic mice expressing an 
alternative MHC haplotype, the total number of peripheral 
T cells is significantly reduced. 

In addition, transgenic mice can also be used to ad- 
dress the issue of the identity of thymic cells influencing 
T cell development. Of particular relevance here is the 
fact that lines of mice have been developed that express 
particular MHC class II molecules in defined thymic cell 
types (van Ewijk et al., 1988; Widera et al., 1987). Specific 
deletions in the 5’ flanking regions of the class II E, gene, 
and introduction of these constructs into mice, have 
generated transgenic lines expressing the E, gene either 
in thymic macrophage/dendritic cells or predominantly in 
cortical epithelium. By crossing the T cell receptor trans- 
genes into mice expressing these E, transgenes, the role 
of each of these class II-positive thymic cell types has 
been examined. We find that expression of class II I-E mol- 
ecules on thymic cortical epithelial cells, but not on 
medullary epithelial cells, macrophages, and dendritic 
cells, is sufficient for positive selection. 

Results 

Expression of a Functional T Cell Receptor 
in Transgenic Mice 
To generate transgenic mice expressing functional 284 
specificity (Hedrick et al., 1982; Samelson et al., 1983; 
Buus et al., 1986), the rearranged a and S chain genes of 
284 were introduced separately into the germline of 
(C57BV6J x C3H/HeJ)F2 mice (Brinster et al., 1981; Con- 
stantini and Lacey, 1981; Hogan et al., 1986; Wagner et al., 
1981a, 1981b). Mice expressing the 284 a chain have 
been described previously (Ivars et al., 1988; Berg et al., 
1988). Briefly, transgenic lines were generated with two 
different a chain constructs (Figure 1A). The first, 2B4a, 
leads to expression of this a chain on 3%-5% of periph- 
eral T cells, the majority of which also express endoge- 
nous a chains (Berg et al., 1988). In contrast, mice carry- 
ing the second construct, 2B4aEH, which contains a 687 
nucleotide fragment encompassing the immunoglobulin 
heavy chain enhancer (Gillies et al., 1983; Banerji et al., 
1983), express the 284 a chain exclusively on 700/o-80% 
of peripheral T cells (Berg et al., 1988). 

On the basis of these results, we inserted the same im- 
munoglobulin heavy chain enhancer fragment into a rear- 
ranged genomic clone of the 2B4 b chain gene (Figure 
18). This clone contained 4.5 kb of S’and 3 kb of 3’flanking 
sequence from the p chain locus. Four transgenic lines ex- 
pressing this 2B4PEH construct were generated. All ex- 
periments described below were carried out with one 
such line which has integrated ~8 copies of the transgene 
and expresses the 284 p chain on 90% of peripheral T 
cells. 

To assess whether the a and b chain transgenes en- 
coded a functional T cell receptor, 2B4a+ mice were 
crossed to 2B4PEH+ mice, and the resulting unimmu- 
nized progeny (all H-2kXb) were tested for primary in vitro 
responses to cytochrome c by a proliferation assay (Brad- 
ley et al., 1980). Only mice carrying both the a and p chain 
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transgenes responded in this assay; T cells from the other 
three types of progeny from this cross (a+PE”-, a-P&+, 
and a-PEH-) all failed to proliferate in response to cyto- 
chrome c (data not shown). 

Recently, it has been found that T cell receptors using 
the VP3 gene have an intrinsic reactivity to non-MHC- 
linked antigens, MIS-2a and -3a, particularly in combina- 
tion with H-2k or H-p. Consequently, T cells carrying 
such receptors are deleted in strains of mice expressing 
this combination of genes (Pullen et al., 1988). As one of 
the parental strains used to generate our transgenic mice 
(C3HIHeJ) carries the V$deleting MIs-~~ and -3= alleles 
(Pullen et al., 1989), all of our intital progeny deleted 264P- 
positive cells, particularly those of the H-2k haplotype 
(Berg et al., 1989). Repeated backcrossing of transgenic 
mice to MIs-~~ and -3b BlO and BlO.BFl strain mice 
(Pullen et al., 1989) over three to four generations pro- 
duced progeny that were free of this effect, as judged by 
CD4:CD8 ratios and VP3 expression in peripheral T cells. 
Only those mice that were judged free of this “negative” 
selection effect (by the above criteria) were used for the 
analyses presented here. 

Influence of MHC Type on the Frequency 
of Cytochrome c-Reactive Cells 
To determine the role of the MHC in the development of 
T cells carrying this class II-restricted T cell receptor in 
the absence of MIS-2a and -3a alleles, 2B4a (H-2b) or 
2B4aEH+ (H-2b) and 2B4PEH+ (H-2kxb) transgenics were 
crossed to generate a+PEH+ or aEH+f%EH+ mice of either 
the H-2kxb or H-2b haplotype. The H-2b haplotype was 
chosen as the conterpart to H-2k since it completely lacks 
I-E expression (due to a defect in the E, gene [Mathis et 
al., 19831). The frequency of cytochrome c-reactive T cells 
in these unimmunized mice was compared by limiting di- 
lution analysis. In this assay, serial dilutions of a T cell 
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Figure 1. T Cell Receptor a and (3 Chain Con- 
structs 

Maps of the rearranged 284 a (A) and p (8) 
chain constructs used for injection into fertil- 
ized mouse eggs, indicating the position of the 
immunoglobulin heavy chain enhancer frag- 
ment introduced into both a and p chains. The 
line downstream of the 284 a VJ segment in- 
dicates the site where the rearranged VJ se- 
quences were joined to a genomic clone of the 
C, region, deleting approximately 55 kb of in- 
tervening sequence. The black square at the 
left end of the 2B4(3EH construct represents 
120 bp of bacterial vector sequence that was 
present on the DNA used for injection. Below 
the constructs are partial restriction maps indi- 
cating the following sites: S, Sall; E, EcoRI; 
Sm. Smal; C, Clal. The striped oval on each 
map indicates the restriction site used for inser- 
tion of the heavy chain enhancer fragment. 

population are plated out in replicate wells with antigen- 
presenting cells plus or minus cytochrome c. Individual 
wells are then assayed for the presence of IL-2 as a mea- 
sure of T cell activation. The dilution of cells at which 0.37 
of the wells give a negative response is a measure of the 
frequency of responding cells in the original population 
(Henry et al., 1980). 

One problem in such analyses is the background re- 
sponses of the H-2b mice for the antigen-presenting cells 
alone. Since the goal of these experiments is to examine 
the frequency of T cells expressing the 284 receptor in a 
mouse completely lacking the restricting MHC molecule 
for that receptor, it is unavoidable that T cells from these 
mice will respond to the foreign MHC on the antigen- 
presenting cells. To minimize this alloreactive response, 
we used antigen-presenting cells from mice of the BlOA(5R) 
strain. These mice express @I-Abl-E”bDd, and conse- 
quently share half of their MHC genes with H-2b mice. In 
addition, BlO.A@R) mice express a hybrid I-E molecule 
composed of I-Eak paired with I-Ebb, which binds the 
carboxy-terminal peptide of moth cytochrome c; this com- 
bination, moth cytochrome c plus I-E”, is stimulatory for 
the 284 T cell receptor (Fink et al., 1986). The alloreactive 
response of H-2b T cells against these antigen-present- 
ing cells is measurable in the control wells that lack 
cytochrome c. The value obtained was subtracted from 
the frequency of responding cells to antigen presenting 
cells plus cytochrome c, to yield the frequency of cyto- 
chrome c-specific cells. 

The data presented in Figure 2 represent a composite 
derived from limiting dilution analyses performed on three 
a+fiEH+-2hb, four a+fiEH+ H-2b (left panel), four aEH+PEH+ 
H-2kxb, and three aEH+PEH+ H-2b mice (right panel). For 
two of the a+PEH+ H-2kxb and one of the a+@E,++ H-2b 
mice, two independent experiments on the same mouse 
are shown, as an indication of the reproducibility of the 
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Figure 2. Limiting Dilution Analysis of Cytochrome c-Responsive Cells 

Precursor frequency analysis of cytochrome c-responsive cells in H-2kxb versus H-2b transgenic mice was performed. The number of T cells per 
well is plotted versus the log of the fraction of negative wells for: (A) a+&+ transgenics; (E) aEn+f3En+ transgenics. The compilation of data shown 
represents analyses of three a+bEu+ H-2kxb mice (two individulas analyzed twice each), four aff3EH+ H-2b mice (one individual analyzed twice), four 
aEu+bEn+ H-2kxb mice, and four aEu+bE u+ H-2b mice. The dilution of cells giving 0.37 negative wells was used as an estimate of the frequency of 
responding cells in the original population. These values as well as the p values for each regression are shown beside the graphs. For two of the 
five a+f3EH+ H-2b analyses, a significant response against the antigen-presenting cells was seen (see Experimental Procedures for description). 

experiments. From this analysis, we found that in the 
a+f3En+ H-2hb transgenics the frequency of cytochrome 
c-reactive T cells was between l/l30 and l/289; in con- 
trast, only l/1450 to 113458 T cells from the H-2b trans- 
genies responded in this assay (Figure 2). Similarly, the 
aEn+PEu+ H-2kxb transgenics showed a frequency of 1 to 
l/5 cytochrome c-responsive cells, while in the H-2b 
mice, only l/l5 to 1130 T cells responded to cytochrome 
c (Figure 2). As all H-2kxb transgenics showed on average 
a 5- to lO-fold higher frequency of cytochrome c-reactive 
T cells than transgenics expressing only the H-2b haplo- 
type, it seems likely that this difference results from segre- 
gation of MHC alleles, rather than any other non-MHC- 
linked genes. Furthermore, these results indicate that 
MHC expression alone, in the absence of antigen, results 
in a profound bias in the repertoire of functional T cell 
receptors found in the peripheral immune system. 

Analysis of T Cell Receptor Expression 
by Cell Surface Staining 
To examine whether the MHC-dependent functional bias 
in T cell receptor expression reflected a true physical 
difference in frequency of 2B4-positive cells, FACS analy- 
sis of transgenic mice was performed. For these experi- 
ments, 2B4aEn+BEn+ mice of both the H-2’Ub and the 
H-2b MHC types were analyzed. Our  initial observations 
indicated that high levels of expression of the 284 T cell 
receptor in H-2kxb mice had a profound effect on levels of 
CD4+ versus CD8+ peripheral T cells. Staining of periph- 
eral blood T cells from a nontransgenic littermate with 
anti-CD4 and anti-CD8 antibodies illustrates the normal 
proportion of CD4+, CD8+, and CD4-CD8- T cells 
(Figures 3A and 38). Transgenic mice expressing only the 
aEH construct have an overall decrease in the total num- 

bers of T cells, yet, excluding CD4-8- cells, maintain a 
normal ratio of CD4+:CD8+ cells; in addition, these mice 
have an abnormally high level of CD4CD8- T cells (Ivars 
et al., 1988; see Figures 3A and 38). Surprisingly, BE,++ 
transgenics showed a marked increase in CD4+ T cells, 
resulting in a 4-to 5-fold excess of CD4+ over CD8+ T 
cells (Figures 3A and 38) indicating that 2848, paired 
with presumably random endogenous a chains, has a sig- 
nificantly higher affinity for class II than for class I MHC 
in an H-2k mouse. An even more striking effect is seen in 
aEH+PEn+ transgenics, where there is a 12-fold excess of 
CD4+ over CD8+ T cells (Figures 3A and 38). We observe 
this phenomenon consistently, although quantitatively 
there is some variability. The CD4:CD8 ratio in 8EH+ 
H-2kXb transgenics is on average 4.8 + 0.3 (mean f 
SEM; n = 12) and 12 f 1.7 (n = 8) in aEu+PEH+ H-2kxb 
mice. This extreme bias toward CD4+ T cells is not ob- 
served, however, in H-2b mice, where neither 8EH+ nor 
aEu+PEn+ transgenics has a disproportionate increase in 
CD4+ T cells. On  average, the CD4:CD8 ratio in 8EH+ 
H-2b transgenics is 2.3 f 0.1 (n = 14) and in aEH+PEn+ 
H-2b transgenics is 1.7 f 0.3 (n = 8) (Figure 38). Taken 
together, these results indicate that the MHC specificity of 
a T cell receptor determines whether CD4 or CD8 is ex- 
pressed on the mature T cell, and suggests that this pro- 
cess is dependent on a direct T cell receptor-MHC inter- 
action in the thymus. Figure 38 also demonstrates the 
striking decrease in the total numbers of T cells generated 
in the aEu+f3EH+ H-2b transgenics. 

To analyze directly the influence of MHC on T cells ex- 
pressing the 284 T cell receptor, peripheral T cells were 
stained with monoclonal antibodies that recognize the a 
and 8 chains of this receptor. For the a chain, we used the 
A2B4-2 antibody (Samelson et al., 1983) which is highly 
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Figure 3. CD4 versus CD5 Expression on Peripheral Blood Cells of Transgenic Mice 

(A) CD5positive cells from peripheral blood of four individual mice, all H-2”b, were stained with anti-CD4 versus anti-CD8 As indicated on the fig- 
ure, the four samples are a normal control, an aE n+ transgenic, a BE”+ transgenic, and an aEn+BEn+ transgenic. The numbers in each quadrant 
indicate the percentage of total T cells of each phenotype. Cells were stained with directly conjugated anti-CDCPE and antiGD5-FITC. 
(8) A diagrammatic representation of the data from the four individual mice shown in (A), plus comparable data from four mice expressing only H-20 
at the MHC. This graph shows the fraction of CD4+. CD@, and CD4CDB- T cells as the percentage of total peripheral blood (after removal of red 
blood cells). These data demonstrate the relative numbers of T cells being produced in each mouse. 

specific for the rearranged 284 a chain (A. Korman, un- 
published data; Gascoigne et al., 1987; Saito and Ger-  
main, 1987). For the 8 chain, we used the KJ25 antibody 
(Pullen et al., 1988) which is specific for all T cell recep- 
tors using the VP3 gene segment in their 8 chain. In non- 
transgenic littermates, Vg3 is expressed on 3%-4% of 
peripheral T cells (data not shown). Since 2B4j3EH+ trans- 
genies express VP3 on over 90% of their T cells, the en- 
dogenous Vb3 expression in these mice is negligible. 

Co-staining of total peripheral blood lymphocytes from 
an H-2kxb aEn+j3En+ transgenic with A2842 and KJ25 
demonstrated that a significant proportion of cells were 
expressing the 284 T cell receptor (22% of peripheral 
blood, 83% of Lyl+ [CD5+] cells [T cells]; Figure 4). Of 
these, 90% are CD4+, 3% are CD8+, and 7% are 
CD4-CD8-.  In contrast, these same T cell receptor trans- 
genes expressed in an H-2b mouse result in only 6% 
aEH+j3En+ cells in peripheral blood, of which 25% are 
CD4+, 25% are CD8+, and 50% are CD4CD8-.  Further- 
more, these positive cells have in general 2-fold less sur- 
face T cell receptor than positive cells in the H-2kxb 
mouse (Figure 4). However,  the most striking contrast be- 
tween the H-2kxb and the H-2b transgenic is in the num- 
ber of 2B4+aEn+BEn+ CD4+ cells: 19.5% versus 1.5% of 
total peripheral blood. This difference, expressed as the 
percentage of total T cells, is 75% versus 150/o, which 

correlates well with the quantitative results from the limit- 
ing dilution experiments. 

MHC Antigens Influence the Fate of T Ceils 
in the Thymus 
Earlier experiments with bone marrow chimeras had indi- 
cated that positive selection of class l-restricted T cells 
occurred in the thymus (Zinkernagel et al., 1978; Fink and 
Bevan, 1978). Since the aEn+PEn+ transgenics express 
such high levels of the 284 receptor, any effects on T cell 
development should be detectable by comparing an 
H-2kxb thymus with one of an H-26 transgenic. 

To address this possibility, aEn+8En+ transgenic mouse 
thymuses were first stained with anti-CD4 and anti-CD8 
antibodies. Remarkably, the H-2b thymus showed a 5-fold 
reduction in single CD4+ T cells relative to the H-2kxb 
transgenic thymus (Figure 5A). Staining of these thy- 
muses with KJ25 versus A2B4-2 indicated that the reduc- 
tion in single-positive T cells in the H-2b thymus cor- 
related with the virtual absence of bright 2B4aEH+8EH+ T 
cells such as those seen in the H-2kxb thymus (Figure 
58). Nonetheless, the majority of CD4+CD8+ T cells in 
the H-2b thymus express both the 284 a and 284 8 
chains, but only at the low levels characteristic of imma- 
ture CD4+8+ thymocytes (Figure 58). The comparative 
staining of H-2kxb versus H-2b aEn+PEn+ thymuses has 
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Figure 4. Expression of the 284 T Cell Receptor in H-2kxb versus H-2b 
aEn+BEn+ Transgenic Mice 

Total peripheral blood cells (after removal of red blood cells) from an 
H-2”xb (left) versus an H @  (right) aEn+&+ transgenic were stained 
with KJ25 (antiYs3) followed by anti-hamster-Texas Red plus directly 
conjugated A2B4-2-FITC. The percentage of total peripheral blood lym- 
phocytes expressing both a and 5 chains of the receptor is indicated 
in the upper righthand corner of each profile. Values for each of the 
T cell subsets were obtained by four-color staining of peripheral blood 
with two additional antibodies: directly conjugated anti-CDCPE, and 
antiCD&biotin followed by avidin-APC. Similar results hav’s been ob- 
tained in five independent experiments. 

been repeated in four independent experiments, with 
similar results. In conclusion, these data indicate that the 
block in T cell maturation due to the absence of positive 
selection results in the failure of CD4+CD8+ thymocytes, 
expressing low levels of the 264 T cell receptor, to dif- 
ferentiate further. 

I-E Expression on Cortical Epithelial Cells 
Is Sufficient for Positive Selection 
To address the issue of whether the MHC molecule recog- 
nized by the 284 receptor, I-E, is responsible for positive 

A 

selection of the receptor, and if so, on which thymic cell 
type I-E expression is necessary, 284 aEn+PEn+ H-2b 
transgenic mice were crossed to several lines of trans- 
genie mice carrying either the wild-type or variants of the 
MHC class II I-E, gene (Le Meur et al., 1985; Dorn et al., 
1987; van Ewijk et al., 1988). Since these E, transgenics 
are on an H-2b background that lacks endogenous E, ex- 
pression, all surface I-E expression in these mice results 
from expression of the transgene-encoded E, gene. 
Three lines of E, transgenic mice were used for these ex- 
periments. First, E,16, which carries a 9 kb clone of the 
wild-type E, gene and expresses surface I-E in a pattern 
identical to endogenous class II. Second, WEAX21.16 
(AX), which carries a mutant of this E, gene that has a 
deletion removing the upstream regulatory element re- 
ferred to as the “X box”; in the thymus, AX transgenics ex- 
press I-E exclusively on medullary epithelial cells, den- 
dritic cells, and macrophages. Third, WEAY301.54 (AY) 
mice carry the same E, construct with a deletion remov- 
ing the upstream regulatory “Y box” element; in the thy- 
mus, these transgenics express I-E predominantly on cor- 
tical epithelial cells, although a small fraction (1%) of 
dendritic cells in the medulla are I-E positive. 

As a first step in these experiments, it was necessary to 
ascertain whether the E,“Ebb molecule would have any 
effect on development of T cells expressing the 284 
receptor. As mentioned above, the 284 receptor was origi- 
nally derived from a BIO.A mouse and is specific for pi- 
geon cytochrome c plus I-Ek; however, it also cross-reacts 
on moth cytochrome c plus EakEpb, although with re- 
duced efficiency. Thus, it seemed reasonable that E,kE,b 
expression would be sufficient to allow maturation of 2B4- 
positive T cells. Peripheral blood lymphocytes from 284 
aEH+8EH+ H-2b transgenics also carrying the wild-type 
E, transgene were stained with the A2842 (anti-2B4a) 
and KJ25 (anti-VB3) antibodies as well as anti-CD4 and 
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Figure 5. Staining of Thymocytes from H-2kxb 
versus H-2b aEn+BEn+ Transgenic Mice 

(A) Thymocytes from an H-2kxb (left) and an 
H-2b (right) aEH+5EH+ transgenic mouse were 
stained with directly conjugated anti-OX-PE 
and anti-CD&FITC. The numbers on each pro- 
file indicate the percentage of total thymocytes 
with each phenotype. 
(6) Thymocytes from an H-2kxb nontransgenic 
control (left), and H-2kxb aEH+5EHf transgenic 
(center), and an H-2b aEn+&+ transgenic 
(right) were stained with KJ25 (anti-Vg3) fol- 
lowed by anti-hamster-Texas Red plus directly 
conjugated A2S4-2-FITC. The number on each 
profile indicates the percentage of cells stain- 
ing brightly with both a and f3 chain antibodies, 
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Figure 6. Expression of the 264 Receptor in 
Transgenic Mice of Varying MHC Types 

(A) Peripheral blood (after lysis of red blood 
cells) from aEH+fJEu+ transgenic mice of vary- 
ing MHC types was analyzed by four-color 
FACS analysis; the level of aEn+BEn+ cells in 
each T cell subset is indicated as a percentage 
of total peripheral blood lymphocytes. For this 
analysis, peripheral blood lymphocytes were 
stained with KJ25 followed by anti-hamster- 
Texas Red, directly conjugated A264-2-FITC, 
directly conjugated anti-CDQPE, and anti- 
CDB-biotin followed by avidin-APC. 
(6) Precursor frequency analysis of a+pE”+AX 
versus a+BEH+AY transgenic mice was per- 
formed. For each analysis, the number of T 
cells per well versus the log of the fraction of 
negative wells was plotted. Data from two AY 
transgenics and two AX transgenics (one in- 
dividual analyzed twice) are shown. Below the 
graph the estimated frequency of responding 
cells and the p value for each regression are in- 
dicated. For one of the AX analyses, a signifi- 
cant response against the antigen-presenting 
cells was seen (see Experimental Procedures 
for description). 
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anti-CD8. As shown in Figure 6A, the high frequency of 
PBCpositive cells in these mice, particularly those of the 
CD4+ subset, exactly parallels that seen in H-2kXb trans- 
genies. In constrast, aEH+fSEu+ H-2b transgenics express 
relatively low levels of the 284 receptor, with the majority 
of receptor-positive cells being CD4-8- (Figure 6A). Hav- 
ing established that the E,kEr,b molecule could select the 
284 receptor, 284 aEn+8EH+ H-2b transgenics were 
crossed to AX and AY transgenics. Expression of the 284 
receptor on peripheral blood lymphocytes of the resulting 
aEu+fSEn+AX or aEu+PEu+AY transgenics was then ex- 
amined. The data shown in Figure 6A, from three mice of 
each type, demonstrate positive selection of the 284 
receptor in AY but not in AX transgenics. Interestingly, the 
extent of positive selection observed, as measured by the 

percentage of peripheral 284 as-postive, CD4+ cells, 
appears significantly less in the AY than in the E,18 
transgenics, or normal H-2kxb up transgenic mice. 

As an additional test for positive selection, 284 aff3EHC 
H-2b transgenics were crossed to AX and AY trans- 
genies, and peripheral blood lymphocytes from the result- 
ing a+f3En+AX and a+PE"+AY mice were analyzed for 
cytochrome c-reactive Tcells by limiting dilution analysis. 
For two a+8En+AY transgenics, the frequency of cyto- 
chrome c-reactive cells ranged from l/388 to 11543 of T 
cells (Figure 6B), a frequency about 2-to 3-fold lower than 
that found in the comparable H-2kxb transgenics (see Fig- 
ure 2). In the a+pEH+AX transgenics, one of which was 
analyzed in two independent experiments, the frequency 
of cytochrome c-reactive cells ranged from l/l123 to 
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Figure 7. CD4 versus CD8 Staining of Thymocytes from AX and AY 
uEH+PEH+ Transgenic Mice 
Thymocytes for aEH+pEH+ transgenic mice of four MHC types (H-2kxb, 
H-2b, H-2b + AY, and H-2b + AX) were stained with anti-CD4 and anti- 
CD8. The percentage of thymocytes in each subset is indicated on 
each profile. Cells were stained with directly conjugated anti-CDQPE 
and anti-CD&FITC. 

l/1501 (Figure 6B). These values are slightly higher than, 
but still in the same range as, values obtained in the 
a+PEH+ H-2b transgenics (see Figure 2). In summary, 
a+6En+ H-2b transgenics, also expressing the AY trans- 
gene, have a 3-fold higher frequency of cytochrome c-re- 
active T cells in the periphery than a+PEn+ H-2b trans- 
genies expressing the AX transgene. 

As the AX and AY transgenics also differ in expression 
of I-E on peripheral B cells and macrophages (van Ewijk 
et al., 1988) it was possible that the differences in 284 
receptor expression observed on peripheral T cells re- 
sulted not from a difference in selection in the thymus, but 
rather, from a difference in peripheral expansion of 2B4- 
positive T cells. To address this possibility, thymocytes 
from these mice were stained with anti-CD4 and antiCD8, 
and analyzed by FACS. As shown in Figure 7, the absence 
of single CD4+8- thymocytes in H-2b transgenics, result- 
ing from the absence of positive selection, is mirrored pre- 
cisely in AX transgenics; H-2kxb as well as AY trans- 
genies, however, produce large numbers of single CD4+8- 
thymocytes. These results indicate that the differences 
observed in peripheral levels of 284 receptor expression 
do result from a difference in selection in the thymus, and 
not from an inequity in peripheral expansion. 

Discussion 

The concept of positive selection has always been some- 
what paradoxical. A mature T cell is stimulated to respond 
only by the proper juxtaposition of an antigen and an MHC 
molecule, yet this type of selection necessitates a stimula- 
tory interaction between the T cell receptor and an MHC 
molecule in the thymus before exposure to antigen. Al- 

though the details of this interaction are not known, the 
fact that this type of selection occurs now seems beyond 
doubt. In particular, the T cell receptor transgenic experi- 
ments of Teh et al. (1988) and Sha et al. (1988b), in class 
I MHC-specific systems, indicated a strong effect of H-2 
type in the successful export of the transgenic T cell 
receptor-positive cells to the periphery. Kisielow et al. 
(1988b) carried this analysis further by showing that only 
those recombinant MHC strains that expressed the origi- 
nal restricting element for the receptor were capable of 
positive selection. Our  results presented here confirm and 
extend these findings in a number of important ways: we 
see marked evidence for selection in H-2k versus H-2b 
transgenic mice in an MHC class II-dependent system; 
this selection is entirely dependent on the expression of 
the original restricting element (I-E), and I-E expression on 
cortical epithelial cells in the thymus is required to pro- 
duce this effect. 

The studies of MHC class I- and class II-specific T cell 
receptors introduced into transgenic mice also demon- 
strate that the MHC specificity of a given T cell receptor 
is responsible for determining the CD4 versus CD8 
phenotype of mature T cells. In our mice, over 90% of pe- 
ripheral 284 positive cells express the CD4 molecule; Teh 
et al. (1988) and Sha et al. (1988a; 1988b) both demon- 
strate a similarly high percentage of transgene positive 
cells expresssing CD8. Since CD8 expression correlates 
with class I MHC recognition, and CD4 expression corre- 
lates with class II MHC recognition (Swain, 1983) these 
results indicate that the MHC specificity of a given T cell 
receptor determines, either by instruction or by selection, 
whether the CD4 or CD8 molecule is expressed by the 
cell. 

The data presented here are also consistent with con- 
clusions drawn from studies utilizing in vivo treatment of 
mice with anti-T cell receptor (McDuffie et al., 1986; Mar- 
rack et al., 1988) or anti-MHC class II antibodies (Kruis- 
beek et al., 1985). These studies indicated that the 
appearance of T cell receptor/CD3 dull CD4+CD8+ thy- 
mocytes was independent of T cell receptor specificity 
(McDuffie et al., 1986) and suggested that the maturation 
of such cells to T cell receptor-CD3 bright, CD4+CD8- 
T cells required interactions between the T cell receptor 
and class II MHC (Marrack et al., 1988), as well as be- 
tween CD4 and class II MHC (Kruisbeek et al., 1985). The 
fact that in the transgenic mice the 284 T cell receptor is 
preferentially expressed on CD4+ T cells only when the 
proper MHC molecule is present on the appropriate cells 
in the thymus strongly supports this interpretation. Fur- 
thermore, staining of thymuses from aEn+f3Eu+ H-2kxb 
versus H-2b transgenic mice highlights the combined role 
of T cell receptor specificity and MHC type in allowing 
maturation to T cell receptor-CD3 bright CD4+ or CD8+ 
thymocytes. 

Our  transgenic studies also indicate that positive selec- 
tion occurs late in the CD4+8+ stage, since 2B4-positive 
thymocytes develop to a relatively mature stage (CD4+8+, 
T cell receptor/CD3r0, CD!jhi) in the absence of positive 
selection (i.e., in H-2b transgenic mice). Interestingly, 
thymocyte death due to negative selection seems to occur 
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at roughly the same stage (Kappler et al., 1987,1988; Mac- 
Donald et al., 1988b, 1988c; Pullen et al., 1988; White et 
al., 1989; Fowlkes et al., 1988; Berg et al., 1989; Pircher 
et al., 1989). In a8 transgenic mice, CD4+8+ thymocytes 
expressing a self-reactive receptor are actively eliminated, 
leading to a lo- to 40-fold reduction in the overall number 
of thymocytes (Kisielow et al., 1988a; Sha et al., 1988b; 
Berg et al., 1989). In contrast, the lack of positive selec- 
tion, which also leads to the death of immature thymo- 
cytes, has a very different appearance, suggesting that 
these two types of cell death result from distinct mecha- 
nisms. 

Limiting dilution analysis on a+j3Eu+ and aEn+8EH+ 
transgenics shows only a lo-fold difference in 284 expres- 
sion in an H-2’ab versus an H-2b MHC background. 
These results are consistent with earlier observations 
from chimeric mice studies, which often showed detect- 
able levels of reactivity to antigens presented on foreign 
MHC molecules (Sprent, 1978; Bevan, 1977; Fink and 
Bevan, 1978). The reasons for this outcome might be 
different in the two systems, however. In the experiments 
with chimeric mice, a heterogeneous population of T cells 
is responding-a population that might contain detectable 
numbers of cells that cross-react on antigen plus the MHC 
of another strain. In the H-2b as compared with the H-2kxb 
transgenic mice, it appears that most of the 284 T cell 
receptor-positive cells are not allelically excluded for 8 
chain expression (15% of the KJ25+ cells also stain with 
the F23.1 monoclonal antibody, compared with <5% in the 
H-2kxb mice). In contrast, we find no evidence for expres- 
sion of a second a chain on the surface of 284 receptor- 
positive cells in either H-2b or H-2bb transgenic mice (co- 
staining of T cells with A2842 and anti-CD3 antibodies 
fails to detect cells with excess CD3 over 284 a chain on 
their surface, data not shown). In light of these results, it 
is possible that 284 receptor-positive cells in the H-2b 
transgenic mice might be selected on the basis of a sec- 
ond T cell receptor present on the cell surface, carrying 
the 284 receptor out of the thymus as an innocent by- 
stander. A similar observation has been made in the class 
l-restricted T cell receptor transgenics of von Boehmer 
and colleagues. In these mice, however, cells expressing 
the transgene-encoded receptor in the inappropriate 
MHC background are often found to be expressing a sec- 
ond a chain on their surface (H. von Boehmer, personal 
communication). 

Finally, we have presented evidence, using transgenics 
carrying MHC class II I-E, mutants, that I-E expression 
on thymic cortical epithelial cells is necessary to select 
the 284 receptor for maturation. The AY mutant, which ex- 
presses I-E on cortical epithelium as well as on a small 
number (~1%) of macrophageldendrit ic cells, does select 
the 284 receptor, while the AX mutant, which expresses 
I-E exclusively on medullary macrophageldendrit ic cells 
and epithelial cells is incapable of positive selection. Both 
AX and AY mutant lines express similar levels of I-E on 
the surface of positive cells (van Ewijk et al., 1988). In the 
accompanying paper (Benoist and Mathis, 1989) we 
reach the identical conclusion from an analysisof endoge- 
nous Vr,8 expression in these same Ea transgenics. 

Thus, in both cases, medullary class II expression is not 
sufficient for positive selection, and we suggest that the 
cortical epithelial cells of the thymus have a specialized 
role in this process. We do observe, however, a slightly 
lower level of expression of the 284 receptor in the periph- 
ery of mice expressing the AY mutant compared with the 
wild-type EUk transgene. This might indicate that thymic 
bone marrow-derived cells do play an accessory role in 
positive selection. Alternatively, this difference might re- 
flect the deficiency in I-E expression in the periphery of 
AY mice, inhibiting peripheral expansion of 2B4-positive 
cells. 

In conclusion, we have found that T cell development in 
the thymus is highly dependent on the presence in the 
cortical region of the thymus of the appropriate MHC mol- 
ecule. Positive selection apparently results from interac- 
tions of the T cell receptor with specific self-MHC mole- 
cules in the absence of the nominal antigen. One mystery 
that remains is the precise nature of the MHC complex 
presented on the surface of cortical epithelial cells which 
is responsible for this type of selection. One way of ap- 
proaching this question is to analyze the ability of natu- 
rally occurring MHC I-E variants to select the 2B4 recep- 
tor, as a way of mapping the critical residues of the MHC 
molecule involved in this selection process. In addition, 
site-directed mutants of both the I-E molecule and the T 
cell receptor a and 8 chains will be useful in ascertaining 
the molecular details of this interaction. Thus, T cell recep- 
tor transgenic mice can provide a valuable system for fu- 
ture investigations into the molecular biology and bio- 
chemistry of this developmental process. 

Experimental Procedures 

T Cell Receptor Constructs 
The 284 a chain construct was derived by joining a 2.4 kb rearranged 
284 VJ, segment to a 9 kb fragment containing the C, gene segment 
as described previously (Berg et al., 1988). A 0.7 kb fragment carrying 
the immunoglobulin heavy chain enhancer (Baneji et al., 1983; Gillies 
et al., 1983) was inserted into the JC intron, generating 2B4aEu. The 
2B45Eu construct was generated as follows: a genomic clone of the 
rearranged 284 t3 chain containing 4.5 kb of C’flanking sequence was 
cleaved at the EcoRV site in the 3’ untranslated exon of Cg, and an 
Xhol linker was inserted at this site. The resulting 9.3 kb fragment ex- 
tending from the 5’ end of the clone to this site was then ligated to a 
3.0 kb fragment carrying the B’end of the Cr,2 locus from AKR mouse 
DNA. The resulting reconstructed 284 f3 gene was cloned into pUC9, 
and the immunoglobulin heavy chain enhancer (Banerji et al., 1933; 
Gillies et al., 1983) was inserted into the unique Clal site immediately 
downstream of the Jo25 segment. The resulting 2B4ftEu construct 
contains 4.5 kb of 5’ and 3.0 kb of 3’flanking DNA. The E.16. AX, and 
AY transgenics have been described previously (Le Meur et al., 1985; 
Dorn et al., 1987; van Ewijk et al., 1988). The animals used here came 
from the ninth backcross generation on C57B1/6 mice (original trans- 
genie founders were [C57Bl/6 x BJL)F2). 

Transgenic Mice 
The 284 a chain transgenic mice have been described previously 
(lvars, 1988; Berg et al., 1988). The 2B4f3Eu construct was digested 
with Pvul and WI leaving 120 bp of bacterial vector sequences at- 
tached to the T cell receptor gene. This DNA was injected into 
[C57Bl/6J x C3HIHeJJFs eggs and implanted into foster mothers 
(Wagner, 1981a, 1981b; Constantini and lacy, 1991; Brinster. 1981; Ho- 
gan et al., 1986). Resulting progeny mice were screened for integration 
of the p chain DNA by Southern blot analysis of tail DNA. Four indepen- 
dent lines of 2B4pEu transgenics were generated, with copy numbers 
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ranging from 1 to 10. All experiments described here were done with 
a single line carrying approximately eight copies of the transgene. 
Mice from this line were crossed to 2B4a or 2B4aEu transgenics, 
which were derived from the same strain background as the 2B46En 
transgenics, but had already been backcrossed onto C57BlllOJ for 
three to four generations. ~‘6’ transgenics were derived either from 
these intercrosses or from crossing a+p+ transgenics to C57BIMOJ 
mice. 

FACS Analysis 
For fluorescence-activated cell sorter (FACS) analysis, peripheral 
blood nucleated cells, lymph node cells, or thymocytes were used 
where indicated. Red blood cells were removed from peripheral blood 
by ammonium chloride lysis. Cells were stained with the following 
monoclonal antibody reagents: KJ25 (antiVc3; Pullen et al.. 1988) ei- 
ther as supernatant or biotinylated; FITC-conjugated A2B4-2 (Samel- 
son, 1983); PEconjugated GK1.5 (Dialynas et al., 1984) for detecting 
mouse CD4 (Becton-Dickinson); FITC-conjugated or biotinylated 53- 
6.7 (Ledbetter and Herzenberg,1979) for detecting mouse CD8 (Becton- 
Dickinson); 5OOA2 (Havran et al., 1987) for detecting mouse CD3 epsi- 
lon; allophycocyanin-conjugated 53-7.3 (Ledbetter and Herzenberg, 
1979) for detecting mouse CD5 Secondary reagents were avidin-Texas 
Red (Cappel), anti-hamster-FITC (Caltag), anti-hamster-Texas Red 
(Caltag), and avidin allophycocyanin (Biomeda), as indicated in each 
figure. FACS analyses were performed essentially as described by 
Hayakawa et al. (1983). Initial attempts to co-stain peripheral T cells 
with both the a- and 8-specific antibodies suggested that they physi- 
cally blocked each other. To circumvent this problem, subsaturating 
concentrations of antibody were used to obtain binding of the two anti- 
bodies to different T cell receptor heterodimers on the same cell 
surface. 

Limiting Dilution Analysis 
Limiting dilution analyses were performed according to the protocol of 
Miller and Stutman (1982). Peripheral blood cells from the transgenic 
mice were treated with ammonium chloride to lyse red blood cells; in 
a few cases, lymph node cells from the transgenics were used as a 
source of T cells. Antigen-presenting cells were prepared as follows: 
peritoneal exudate cells from untreated BlO.A(5R) mice were treated 
with anti-thyl.2 (3OH12; Ledbetter, 1979) plus complement (Cedarlane) 
to remove T cells. Twenty-four to forty-eight replicate wells of P-fold dilu- 
tions of transgenic cells were plated with lo4 antigen presenting cells 
plus or minus 10 pM moth cytochrome c peptide per well. Cells were 
cultured for 5 days at 3pC. Supernatants from each well were then 
screened for the presence of lymphokines on HT-2 indicator cells (Wat- 
son, 1979). The number of positive and negative wells at each dilution 
of cells was determined, taking as the cutoff the mean plus three stan- 
dard deviations of the incorporation in the absence of cytochrome c 
peptide. 

For each experiment, the dilution of cells was plotted versus the log 
of the fraction of negative wells at that dilution, and a linear regression 
was calculated; this regression was used to estimate the frequency of 
responding cells in the original population assuming that the dilution 
that gives 0.37 negative wells is equivalent to one positive cell per well. 
The number of T cells in each population was determined by staining 
with anti-CDB, anti-CD4, and anti-CD8, and analysis by flow cytometry. 
In all cases but three, no significant response in the absence of 
cytochrome c peptide was observed. For two a+6Eu+ H-2b mice and 
one a+8Eu+ H-2b AX mouse, a small but significant allo-response 
against the BlO.A(BA) antigen-presenting cells was seen. For these 
three cases, the slope of the regression line generated by this allo- 
response was subtracted from the slope of the regression line gener- 
ated in the presence of cytochrome c, to produce a line whose slope 
reflects the frequency of cytochrome c-specific responding cells. For 
the first two cases, this calculated line is shown in Figure 2; for the third 
case, this calculated line is shown in Figure 7. 
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