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ABSTRACT The experiments presented in this report
were designed to specifically examine the role of CD4-major
histocompatibility complex (MHC) class II interactions dur-
ing T cell development in vivo. We have generated transgenic
mice expressing class II molecules that cannot interact with
CD4 but that are otherwise competent to present peptides to
the T cell receptor. MHC class II expression was reconstituted
in AB gene knock-out mice by injection of a transgenic
construct encoding either the wild-type I-ABP protein or a
construct encoding a mutation designed to specifically disrupt
binding to the CD4 molecule. We demonstrate that the mu-
tation, EA137 and VA142 in the 82 domain of I-A®, is sufficient
to disrupt CD4-MHC class II interactions in vivo. Further-
more, we show that this interaction is critical for the efficient
selection of a complete repertoire of mature CD4* T helper
cells as evidenced by drastically reduced numbers of conven-
tional CD4* T cells in animals expressing the EA137/VA142
mutant I-A® and by the failure to positively select the trans-
genic AND T cell receptor on the mutated I-AP. These results
underscore the importance of the CD4-class II interaction in
the development of mature peripheral CD4* T cells.

The CD4 protein is expressed on a subset of T lymphocytes,
primarily helper T cells, that recognize foreign antigen in the
context of major histocompatibility complex (MHC) class II
proteins. T cells recognize foreign antigen, presented as pep-
tides bound to MHC molecules, by virtue of unique antigen-
specific receptors, a8 T cell receptors (TCRs), expressed on
their surface. The CD4 and CDS8 coreceptor molecules, also
required for efficient T cell recognition of peptide-MHC
complexes, interact with nonpolymorphic regions of the class
IT and class I MHC molecules, respectively. Collectively, these
interactions dictate the cellular response to foreign antigen
and result in the release of soluble mediators, antibody pro-
duction, and immune cell recruitment to the area of injury or
inflammation.

Animals deficient in CD4, CDS8, or MHC class I and class 11
molecules have provided significant insight into the functions
of these proteins during T cell development and in the
generation of peripheral immune responses. Mice lacking
MHC class II proteins, generated by targeted disruption of the
I-AB gene in H-2b haplotype mice, display a profound lack of
CD4* T cells in the periphery (1, 2); analogous results have
been obtained in MHC class I-deficient (B,-microglobulin
gene-targeted) mice that fail to generate mature peripheral
CD8" T cells (3, 4). Nevertheless, although these experiments
emphasize the importance of MHC proteins in the selection of
the T cell repertoire in the thymus, in the absence of MHC
proteins, it is impossible to assess the relative contribution of
TCR-MHC versus coreceptor-MHC interactions to T cell
development and function.
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It has been proposed that coreceptor—-MHC interactions
stabilize otherwise low-affinity TCR-MHC interactions and
that it is the trimolecular complex of coreceptor, MHC, and
TCR that provides the optimal signal for T cell activation and
for “thymic education” of developing thymocytes (5). To test
this hypothesis, a number of investigators generated transgenic
(tg) mice expressing MHC class I molecules that were altered
in the CD8 binding site in the a3 domain (6-9). These studies
demonstrate that an intact CD8-class I interaction can affect
the outcome of thymic selection either by inhibiting the
positive selection of a unique TCR specificity or by allowing
positive selection of T cells with higher TCR affinity for the
MHC-peptide complex. This is consistent with recent kinetic
analyses showing that the off rate of the TCR for its MHC-
peptide ligand is substantially decreased in the presence of
CDS8 (10). Thus, there is substantive evidence that the CD8
coreceptor, via its interaction with MHC class I molecules,
contributes to the overall avidity of the TCR-MHC complex.

Although it is assumed that the CD4 coreceptor acts simi-
larly in its association with MHC class II proteins, models
designed to explore its contribution to TCR-MHC class II
interactions have been less informative (11-14). Animals
lacking the CD4 coreceptor have been described (12-14);
these animals displayed detectable, but reduced, levels of
helper activity as measured by interleukin 2 production, anti-
body responses, and the ability to resist infection by Leishma-
nia (15). Helper cell function was presumed to reside in an
expanded population of CD4~ CD8~ o TCR™ cells, although
the effector cell population was not clearly defined (16, 17).
The simplest interpretation of these studies is that CD4-
mediated interactions are not essential for the generation of an
effective helper T cell response. However, recent studies have
shown that CD4-deficient mice fail to mount an effective
immune response when challenged with Nippostrongylus bra-
siliensis a potent inducer of T helper (Th) type 2-mediated
immunity (18). In fact, CD4-deficient mice have been shown
to have a general defect in Th2-mediated immune responses,
thus implying that CD4 may play an important role in deter-
mining effector function (18, 19). A role for CD4—class II
interactions in the regulation of memory T cell responses has
also been described (20).

The experiments presented in this report were designed to
specifically examine the role of the CD4-class II MHC
interaction during T cell development in vivo. We have gen-
erated transgenic mice expressing class II molecules that
cannot interact with CD4 but are otherwise competent to
present peptides to the TCR. MHC class II expression was
reconstituted in AB gene “knock-out” mice by injection of
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transgenic construct(s) encoding wild-type or mutant (EA37/
VA142) 1-AB® proteins. The decision to mutate residues 137
and 142 was based on in vitro studies that had shown that this
region in the B2 domain of the murine class II molecule is
important for its interaction with murine CD4 (21).

In this report, we describe the phenotype of mice carrying
the mutant AB (EA137/VA142) transgene. A feature of this
model is that animals express only the mutated class II
molecules. In this way, the repertoire of CD4 single-positive
(SP) T lymphocytes selected in vivo could be analyzed. These
animals are distinct from other systems that have been used
previously to examine CD4 coreceptor function. They differ
from mice lacking MHC class II proteins in that CD4—class 11
binding is the only interaction disrupted. Unlike CD4-deficient
mice, the fate of CD4 T cells, selected in the absence of
coreceptor interactions, can be monitored phenotypically.
Finally, they are distinct from “tailless” CD4 transgenic mice
in which CD4 signaling has been disrupted while leaving the
CD4-class II adhesive interaction intact (22). Thus, we can
specifically address the role of CD4—class I MHC interactions
during T cell ontogeny and in the generation of peripheral
immune responses.

MATERIALS AND METHODS

Constructs and Mutagenesis. The genomic construct en-
coding the wild-type sequence for I-ABP was subcloned from
the cosmid clone 15-101 (23), a gift from Per Peterson, Scripps
Clinic, San Diego, CA). For mutagenesis of residues Glu-137
and Val-142, the 2.1-kb BamHI fragment containing the g2
exon was subcloned into pBluescript II KS* (Stratagene) for
mutagenesis using the Chameleon mutagenesis kit (Strat-
agene). Nucleotides encoding Glu-137 and Val-142 were mod-
ified by using a single oligonucleotide (5'-AAGCTGTGTG-
GATGAGGCCCCCACCGTCTCCGCCGTGCCATTC-3")
and DNA sequences were confirmed by dideoxynucleotide
sequence analysis.

Transgenic Animals. The genomic sequences encoding A"
(wild type or mutant) were separated from plasmid sequences
on 40 ml of 10—-40% sucrose gradients centrifuged in an SW28
rotor for 24 h (26,000 rpm, 16°C). DNAs were microinjected
into fertilized oocytes isolated from class II-deficient (C2D)
mice (GenPharm International, Mountain View, CA); oocytes
were transferred into pseudopregnant C57BL/6J X SJL F;
female recipients (The Jackson Laboratory). Offspring were
screened by standard Southern blot hybridization of genomic
tail DNA (24). All animals used were housed in a specific
pathogen-free barrier facility (Duke University, Durham, NC).
Founder animals were bred with C2D animals to propagate the
transgenic lines. Homozygous AND (H-2% B6 X SJL) TCR
transgenics (provided by Stephen Hedrick, University of Cal-
ifornia, San Diego) were bred with C2D animals (C57BL/6
background) to generate AND'/~, I-AY~ F; heterozygotes.
The F, offspring were then mated to generate AND* C2D
animals that were mated with EA137/VA142 transgenics.

Immunohistology. Immunohistology was performed by the
Immunohistology Laboratory (Department of Pathology,
Duke University Medical Center). Briefly, acetone-fixed thy-
mus sections were incubated with biotinylated KH74 (anti-I-
AP, PharMingen) in PBS plus Fc block (50 pg/ml, PharMin-
gen) followed by an avidin-horseradish peroxidase conjugate
(Vectastain Elite ABC kit, Vector Laboratories). Staining was
visualized by incubation with 3,3’-diaminobenzidine and coun-
terstaining with Harris’ hematoxylin.

Flow Cytometry. Single cell suspensions of spleen, lymph
node, or thymus (1-2 X 10° cells) were incubated with Fc block
(50 pg/ml, PharMingen) and stained alone or in the indicated
combinations with antibodies directly conjugated to fluores-
cein isothiocyanate (FITC), phycoerythrin (PE), or biotin in a
final volume of 50 ul. Anti-CD4 (H129.19), CDS (53-6.7), and
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CD3¢ (29B) were from GIBCO/BRL; anti-I-A® (AF6-120.1),
B220/CD45R (RA3-6B2), «f TCR (H57-597), and NK1.1
(PK136) were from PharMingen. Streptavidin-Cy-Chrome
conjugate (PharMingen) was used to visualize samples stained
with biotinylated antibodies. Analyses were performed on a
FACScan (Becton Dickinson) using CELLQUEST software.

RESULTS

Expression of Wild-Type and Mutant (EA137/VA142) I-ABP
Proteins in MHC C2D Mice. The transgenic DNA construct
used to reconstitute MHC C2D mice with wild-type I-AgP is
diagrammed in Fig. 14. An additional construct, harboring a
two-amino acid alteration, EA137/VA142, in the 82 domain
was engineered by replacement of the wild-type 2.1-kb BamHI
fragment with the same fragment encoding the mutations. The
constructs were microinjected directly into fertilized oocytes
isolated from C2D mice. Integration of the AB transgene(s)
was confirmed by Southern blot hybridization of tail DNA
(Fig. 1B). Several transgenic founder lines were established for
both wild-type (four lines) and EA137/VA142 mutant (two
lines) AB constructs (Fig. 1B). Whereas initial studies were
performed with animals harboring high copy number integra-
tions, 6 copies for the wild-type reconstituted and 10 copies for
the EA137/VA142 mutant (Fig. 1B, lanes labeled with an
asterisk), a later comparison of high and low (1 or 2) copy-
number lines (both wild-type reconstituted and EA137/
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FiG.1. (A) The 10.2-kb genomic construct, derived from the Ig-101
cosmid clone, contains 2.1 kb of upstream regulatory sequence (URS),
the AB coding region within a 6.4-kb EcoRI fragment, and 1.65 kb of
3’ untranslated sequence. The AP tg construct was excised from
plasmid sequences by digestion with Sall and Xbal, purified by sucrose
gradient density centrifugation, and microinjected into fertilized oo-
cytes isolated from C2D mice. C2D mice were engineered by insertion
of the gene encoding neomycin resistance within the 81 exon of I-AP
(1, 2). (B) Southern blot of 5 ug of genomic DNA isolated from
proteinase K-treated tail samples from C57BL/6, C2D, wild-type
(WT) tg, and EA137/VA142 tg founder pups. The DNA was digested
with EcoRI, separated on 0.7% agarose gels, transferred to nylon
membranes, and probed with a 2.1-kb BamHI fragment containing the
B2 exon (PROBE in A). A 6.4-kb fragment corresponds to the
wild-type or tg allele (large arrow). A 5.2-kb fragment corresponds to
the endogenous knock-out chromosome (small arrow) due to the
addition of an EcoRI site within the neomycin-resistance gene intro-
duced into the AB locus with the gene-targeting construct.
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FiG. 2. Immunohistology of frozen thymic sections from C57BL/6 (A4), C2D (B), wild-type reconstituted tg (C), and EA137/VA142 tg (D)
mice. Sections are stained for I-A" (immunoperoxidase staining in brown); counterstaining with hematoxylin reveals thymocytes (staining in blue).
FACS profiles of gated B220" splenocytes stained for I-AP (FITC): E, C57BL/6; F, wild-type reconstituted tg; G, EA137/VA142 mutant tg. The

MFIs (X = mean) for B220™ I-A* lymphocytes are given.

VA142 mutant) yielded similar results, arguing against a gene
dose effect. This is not unexpected because assembly of AB
with endogenous A, as well as invariant chain proteins, is
likely to be the limiting factor in regulating expression levels of
class II molecules at the cell surface (25).

To analyze the tissue-specific expression of MHC class 11
molecules in transgenic animals, immunohistologic staining of
frozen sections of thymus (Fig. 2) and spleen (data not shown)
was performed. A confluent pattern of immunoperoxidase
staining, corresponding to MHC class II-positive cells, is
visible in medullary regions as opposed to a more reticular
staining in cortical regions. This pattern of I-AP expression on
thymic epithelium in both wild-type (Fig. 2C) and mutant (Fig.
2D) transgenic animals is similar to that seen in C57BL/6 (Fig.
2A) control animals, indicating that authentic class II expres-
sion is restored in thymii of transgenic animals. Further
evidence of accurate class II expression was shown by immuno-
fluorescence staining and fluorescence-activated cell sorter
(FACS) analysis of splenocytes that revealed that I-AP proteins
are expressed on B220* B lymphocytes in transgenic animals
at levels comparable to C57BL/6 controls (Fig. 2 E-G),
although there are more B220", I-A~ splenocytes in transgenic
animals as compared with C57BL/6 controls. Importantly, all
experiments presented in this report compare the transgenic
wild-type mice with transgenic EA137/VA142 AB mutant
animals. Thus, any phenotypic differences between wild-type
and mutant transgenic animals must be attributed to the
EA137/VA142 mutation rather than to differences in the level
or tissue-specific expression of the I-AP protein.

TCR and CD4 Are Expressed at Higher Levels on Double-
Positive (DP) Thymocytes in EA137/VA142 Mutant Mice. It
was important to demonstrate that the EA137/VA142 muta-
tion actually disrupted the interaction between CD4 and I-A®
MHC class II molecules in vivo. It is known that the consti-
tutive engagement of CD4 on DP thymocytes by MHC class II
molecules expressed on thymic stromal cells maintains low-
level expression of TCR on immature thymocytes (26, 27).
Consequently, a substantial increase in TCR levels is detected
when DP thymocytes are cultured in single-cell suspension at

37°Cin the absence of MHC class II-expressing epithelial cells.
Increased levels of TCR are also seen in MHC class II-
deficient mice (2, 28). To determine whether the EA137/
VA142 mutation was sufficient to disrupt CD4—class II inter-
actions in the thymus, we compared levels of TCR expression
on DP thymocytes in our wild-type reconstituted and EA137/
VA142 mutant mice with C57BL/6 and C2D animals. Thy-
mocytes were triple labeled with anti-CD4 (FITC), anti-CD8
(PE), and anti-TCRp (biotinylated followed by Cy-Chrome-
labeled streptavidin) and the levels of TCR expression on
gated CD4* CD8" DP thymocytes were plotted as histograms,
comparing wild-type reconstituted (Fig. 34 Upper) and
EA137/VA142 AB mutant (Fig. 34 Lower) mice with
C57BL/6 and C2D animals. Whereas DP thymocytes from
wild-type reconstituted animals displayed TCR levels that
were comparable to C57BL/6 DP thymocytes [wild-type mean
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F1G.3. (A) Histograms of TCR (CY-Chrome) expression on gated
CD4* CD8* thymocytes from wild-type reconstituted (Upper) and
EA137/VA142 (Lower) tg thymocytes (solid lines) overlaid on profiles
of DP thymocytes from C2D (closely spaced dots) and C57BL/6
(widely spaced dots). (B) Histograms of CD4 (FITC) expression on
gated CD4* CD8* thymocytes from wild-type reconstituted (Upper)
and EA137/VA142 (Lower) tg thymocytes (solid lines) overlaid on
profiles of DP thymocytes from C2D (closely spaced dots) and
C57BL/6 (widely spaced dots).
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fluorescence intensity, MFI(wr) = 35.0; MFI(cs781/6) = 32.07],
TCR levels on DP thymocytes from EA137/VA142 AB mutant
animals were indistinguishable from TCR levels on DP thy-
mocytes from class II-deficient animals [MFI(ga137/vA142 mutant)
= 4952, MFI(CZD) = 4962]

In addition to increased levels of TCR, increased levels of CD4
are also detected on DP thymocytes from MHC class II-deficient
animals (2, 28). Therefore, we compared CD4 levels on DP
thymocytes from wild-type reconstituted (Fig. 3B Upper) and
EA137/VA142 AB mutant (Fig. 3B Lower) mice with C57BL/6
and C2D controls. Again, wild-type reconstituted animals were
similar to C57BL/6 controls [MFIiw) = 28.07; MFL(cs7B16) =
29.57], whereas EA137/VA142 AB mutant mice were indistin-
guishable from C2D animals [MFIga137vA142 mutanyy = 49.16;
MFI(c2py = 53.85]. Thus, as measured by increased TCR and
CD4 levels on DP thymocytes, the EA137/VA142 mutation in
I-AY is sufficient to disrupt CD4~class II interactions in vivo.

Expression of the EA137 /VA142 Mutant A Protein Results
in the Inefficient Maturation of CD4* T cells. To determine
whether disruption of the CD4-MHC class II interaction in
vivo had altered the process of T cell selection in the thymus,
thymocytes were double-stained with anti-CD4 and anti-CD8
mAbs and analyzed by flow cytometry (Fig. 44 and Table 1).
Of note, there was no overall effect on cellularity; the total
number of thymocytes in transgenic animals was the same as
C57BL/6 controls. The number of CD4 SP thymocytes in
animals reconstituted with the wild-type AP transgene
(mean 12.6%, SD 2.8) was equivalent to C57BL/6
controls (mean = 12.7%, SD = 2.6). By contrast, the number
of CD4 SP thymocytes in EA137/VA142 transgenics (mean =
5.7%, SD = 1.9) was significantly lower than wild-type controls
(Student’s ¢ test, P < 0.05). This was often accompanied by an
increase in the number of CD8* SP thymocytes in EA137/
VA142 transgenics [mean = 8.1% (SD = 2.2) versus mean =
4.3% (SD = 1.6) in wild-type reconstituted animals]; a similar
phenomenon has been reported for MHC C2D mice (1, 2).
Finally, although fewer CD4" SP thymocytes are found in
animals expressing the mutated class II protein, these cells are
phenotypically similar to those found in control animals; i.e.,
CD4 SP thymocytes are TCR", CD5", and dexamethasone-
resistant. This is in marked contrast with the small population
of CD4* SP thymocytes found in MHC C2D animals (1, 29).

Few CD4* T Cells Are Found in Peripheral Lymphoid
Compartments in EA137/VA142 A Mutant Mice. To deter-
mine whether the inefficient selection of CD4* T cells in
animals expressing the mutated class II proteins resulted in
fewer numbers of CD4* T cells in peripheral lymphoid organs,
splenocytes and lymph node cells were double-stained with
anti-CD4 and anti-CD8 mAbs. The frequency of CD4* spleno-
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Table 1. Subpopulations in thymus and spleen of C57BL/6, C2D,
wild-type reconstituted, and EA137/VA142 AB mutant tg mice
EA137/
C57BL/6 C2D WT tg VA142 tg
Thymus
CD4 SP 12.7 (2.6) 2.0(0.8) 12.6(2.8) 5.7(1.9)
CD8 SP 4.0 (1.6) 5.9 (1.8) 4.3 (1.6) 8.1(2.2)
Spleen
CD3*CD4*  24.1(7.2) 2.4(0.6) 24.4(8.1) 8.8 (2.8)
CD3*CD8*  11.8(2.0) 185(3.4) 159(34) 17.9 (4.6)

Mean percent (of total lymphocytes) and SD (in parentheses) of
indicated subpopulations in thymus and spleen of C57Bl/6 (n = 8).
C2D (n = 10), wild-type (WT) reconstituted (n = 22), and EA137/
VA142 AB mutant (n = 22) tg animals. Comparing wild-type recon-
stituted and EA137/VA142 AB mutant transgenics, the differences in
the number of CD4 SP cells in the thymus and spleen are significant,
P < 0.05 and P < 0.005, respectively (Student’s ¢ test). No other
differences are significant.

cytes in EA137/VA142 AB mutant transgenics (mean = 8.8%,
SD = 2.8) was significantly lower (P < 0.005) than wild-type
reconstituted (mean = 24.4%, SD = 8.1) or C57BL/6 (mean =
241%, SD = 7.2) animals (Fig. 4B and Table 1). This
difference was also apparent in the mesenteric lymph nodes:
mean = 14.5% (SD = 2.1) in EA137/VA142 AB mutant,
mean = 51% (SD = 6.0) in wild-type reconstituted; mean =
47% (SD = 7.1) in C57BL/6 mice. The total cellularity in
peripheral lymphoid organs was unchanged and thus reflects
a true reduction in the number of CD4" T cells found in
animals expressing the mutant AB protein. No age-related
differences were detected; neonates, mice 6—8 weeks old, and
animals 12-18 months old were analyzed. Moreover, for all
experiments presented in this report, a careful comparison of
low- and high-copy-number lines (wild type and mutant)
yielded identical results. Thus, the paucity of CD4 SP cells seen
in EA137/VA142 transgenic animals is not the consequence of
gene dosage, age, or site of transgene integration; rather, it is
the direct result of mutation of the AB polypeptide in the CD4
binding region.

The reduction in the number of CD4 SP T cells selected in
EA137/VA142 AB mutant mice was further emphasized by
staining of CD3* CD4* thymocytes and peripheral T cells with
an antibody specific for the NK1.1 surface marker (30). It has
been shown previously that the majority of CD4 SP T cells
present in C2D mice belong to the NK1.1" subset, selected by
CD1 molecules in the thymus (29). Our results reveal that a
significant proportion (34-39%) of the CD3* CD4" periph-
eral T cells in animals expressing the EA137/VA142 AR
mutant transgene belong to the NKI1.1* subset (Table 2).
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F1G.4. (A) FACS profiles of C57BL/6, C2D, wild-type reconstituted, and EA137/VA142 tg thymocytes stained for CD4 (FITC) and CD8 (PE).
(B) FACS profiles of C57BL/6, C2D, wild-type reconstituted, and EA137/VA142 tg splenocytes stained for CD4 (FITC) and CDS8 (PE). (C) FACS
profiles of thymocytes isolated from H-2°/AND*, C2D/AND ™, wild-type reconstituted WT tg/AND ™, and EA137,VA142/AND™ tg thymocytes

stained for CD4 (FITC) and CD8 (PE).
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Table 2. Subpopulations of CD4", NK1.1" lymphocytes in thymus
and spleen of C57BL/6, C2D, wild-type reconstituted, and
EA137/VA142 AB mutant tg mice

EA137/
C57BL/6  C2D WTtg VAl42tg

Thymus
CD4 SP, NK1.1~ 10.0 (0.5) 25(1.2) 9.3(1.3) 4.9(0.4)
CD4 SP, NK1.1+ 1.5(0.4) 05(0.1) 1.2(0.5) 0.7(0.3)

Spleen

CD3*"CD4*NK1.1~ 20.9(0.7) 2.4(0.6) 27.0(6.9) 7.0(0.8)
CD3*CD4*NK1.1"  25(1.1) 3.0(0.7) 3.0(1.2) 2.4(0.3)

Mean percent (or total lymphocytes) and SD (in parentheses) of
indicated subpopulations in thymus and spleen of C57Bl/6, C2D,
wild-type (WT) reconstituted and EA137/VA142 AB mutant trans-
genic animals. In each case, values presented are from three to eight
animals (ages 6—8 weeks), stained in independent experiments.

Importantly, this does not reflect an expansion of the periph-
eral NK1.1 subset in EA137/VA142 AB mutant mice, but
rather a loss of conventional CD4 SP T cells, because the total
number of CD3* CD4* NKI1.1" cells is similar to wild-type
controls. Thus, there are actually only one-fourth as many
conventional CD4* NK1.1~ T cells in the periphery of EA137/
VA142 AB mutant mice, even though the proportion of
NK1.1* CD4 SP thymocytes in EA137/VA142 mice (11.5%)
is similar to wild-type (12.4%) controls. The increased pro-
portion of CD4* NK1.1* T cells found in the periphery of AB
mutant mice (26% in AB mutant versus 10% in wild type)
might indicate that fewer CD4* NKI1.1~ thymocytes reach
peripheral lymphoid compartments in these animals. Alterna-
tively, conventional CD4 T cells may not persist in the periph-
ery in EA137/VA142 AB mutant mice. The latter interpreta-
tion is consistent with a recent report showing that class II
expression in the periphery may be required for the long-term
survival of CD4" T cells (31).

Failure to Positively Select AND Transgenic TCR Thymo-
cytes in EA137/VA142 Mutant Mice. We have shown that the
EA137/VA142 mutation is sufficient to disrupt the CD4
binding site on the I-AP molecule. The simplest interpretation
of the results presented thus far is that only those class
II-restricted T cells that express TCRs of sufficient affinity for
MHC plus peptide to be selected in the absence of CD4
coreceptor function are positively selected in EA137/VA142
A mutant mice. To assess the consequences of this mutation
in a uniform population of T cells expressing a unique TCR
specificity, mice expressing the EA137/VA142 mutant I-AP
protein were bred with mice expressing the AND TCR trans-
genes (32, 33). These mice express productively rearranged
Vall, VB3 TCR genes that were originally isolated from a
hybridoma recognizing an immunodominant peptide derived
from pigeon cytochrome c¢ in the context of I-E¥, and the
transgenic TCR is expressed on >90% of CD4* peripheral T
cells in I-EX-expressing mice. Fortuitously, the AND receptor
is also positively selected in mice that express I-AP in the
thymus (34). Hence, the AND transgenic line was bred with
the EA137/VA142 AB mutant transgenic described in this
study to ask whether this mutation in the 82 domain of I-AP
interferes with the positive selection of the CD4-dependent
AND TCR.

To assess AND thymocyte development, thymocytes de-
rived from H-2Y~ AND*, C2D (I-A~/7) AND", wild-type
transgenic AND*, and EA137/VA142 transgenic AND™ mice
were stained with anti-CD4 (FITC) and anti-CD8 (PE) and
analyzed by FACS (Fig. 4C). As expected, the majority
(mean = 51.3%, SD = 4.8) of thymocytes in wild-type
[-AP-expressing animals are mature CD4 SP thymocytes with
fewer than 3% (mean = 2.5%, SD = 1.4) CD8" thymocytes
(Fig. 4C Upper Left and Lower Left). By contrast, there are few
CD4 SP (mean = 2.0%, SD = 0.8) or CD8 SP (mean = 5.7%,
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SD = 3.6) thymocytes present in C2D AND* animals (Fig. 4C
Upper Right). In the absence of an appropriate MHC ligand in
the thymus, virtually all of the transgenic thymocytes in C2D
animals fail to progress beyond the CD4" CD8* DP stage of
thymocyte development. Strikingly, few CD4 SP (mean =
2.1%, SD = 0.7) thymocytes (Fig. 4C Lower Right) or periph-
eral T cells (mean = 2.8%, SD = 1.0) were seen in doubly
transgenic EA137 VA142/AND™ mice (P < 0.005,n = 13). Of
note, there was a significant increase (P < 0.025) in the number
(mean = 15.4%, SD = 5.8) of CD8 SP thymocytes present in
these animals as compared with H-2P-expressing animals
(mean = 2.5%, SD = 1.5). Selection of AND TCR transgenic
T cells into the CD8 compartment was also seen when AND
transgenic animals were bred onto the CD4 knock-out back-
ground (35), suggesting that in the absence of a productive
CD4-class II interaction, the mismatched coreceptor may
provide signals required for positive selection.

DISCUSSION

In summary, we have shown that a two-amino acid mutation
in the B2 domain of the I-AP protein is sufficient to disrupt the
interaction of MHC class II molecules with CD4 proteins in the
thymus in vivo. When compared with wild-type controls,
animals expressing the mutated MHC class II protein dis-
played significantly reduced numbers of CD4" cells in the
thymus and in peripheral lymphoid organs. Inasmuch as it is
thought that coreceptor-MHC interactions stabilize otherwise
low-avidity TCR-MHC interactions, the simplest interpreta-
tion of our results is that immature thymocytes that commit to
the CD4 lineage in EA137/VA142 AB mutant mice express
TCRs of sufficient affinity to be positively selected in the
absence of CD4-class II interactions, although positive selec-
tion may also be facilitated by the increased levels of TCR
present on immature DP thymocytes in EA137/VA142 AB
mutant mice. Although an analysis of V3 gene usage did not
reveal an obvious lack of heterogeneity or skewing in the
overall T cell repertoire (data not shown), the inability to select
CD4* AND™ T cells in animals expressing the mutated AB
transgene demonstrates that the CD4—class II interaction is
essential for the selection of at least some TCRs and may be
essential for the generation of a complete and expansive
repertoire of helper T cells.

Despite the reduction in the number of mature CD4* T
cells, the CD4 SP cells that do appear in the periphery of
EA137/VA142 AB mutant mice function as mature helper T
cells. These animals can mount a T cell-dependent antibody
response to a complex antigen (keyhole limpet hemocyanin)
that is normal in both magnitude and isotype distribution
(unpublished results). However, experiments using defined
antigenic peptide epitopes are necessary to determine whether
functional holes in the repertoire may exist. These studies are
in progress. In addition, the animals described in this report
provide an ideal system to analyze the role of CD4-MHC class
II interactions in signaling events that occur during the devel-
opment of peripheral T cell responses. This is particularly
relevant as CD4—class II interactions have been implicated in
the regulation of memory T cell responses (20) and Th1/Th2
differentiation (18, 19).

The results presented in this report provide insight into the
role of CD4-class II MHC interactions during thymic ontog-
eny. Unlike CD4-deficient mice, the fate of CD4* T cells
selected in EA137/VA142 AB mutant animals can be moni-
tored phenotypically. The animals generated in our studies are
also distinct from tailless CD4 transgenic mice, which were
designed to investigate the role of CD4 signaling during thymic
selection. Furthermore, the interpretation of the CD4 tailless
experiments are complicated by the possible contribution of
CD4-class II adhesive interactions. In our system, we can
specifically examine the outcome of disrupting the CD4—class
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II MHC interaction while leaving other interactions intact, i.e.,
TCR-MHC, CD4-p56'k, and TCR-CD4. Moreover, this
demonstrates in vivo that the CD4-class II interaction per se
is critical for the development of an expansive repertoire of
CD47" T cells and that this region of the 82 domain of class II
is the major site of CD4 interaction.

Finally, these studies go further than analogous experiments
in the CD8-class I system in which selection of only a few
unique TCR specificities has been examined (6-9). In our
system, all of the mature CD4 SP T cells have been selected on
MHC class II molecules that cannot interact with the CD4
coreceptor. This allows us to study the complete repertoire of
class II-restricted T cells selected in the absence of CD4—class
II interactions. Analyses of antigen-specific T cell responses,
including repertoire and functional analyses, in EA137/VA145
AP mutant mice is the focus of current studies in our labora-
tory.
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