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Recognition of MHC TL Gene Products
by 70 T Cells

Luc Van Kaer®, Min Wu*, YosHiaki [cHIKawa®, Kouichr Ito**,
MARC BossEVILLE®, SUZANNE OsTRAND-RosEnBErRGY, DoNal B, MurpHY® &
SusuMU ToNEGAwA®

INTRODUCTION

In the immune system of vertebrates, lymphocytes recognize antigen via cell-
surface immunoglobulin (Ig) and T-cell receptors (TCR). The most intriguing
property of these molecules is their structural variability, much of which originates
from the ability of the gene scgments encoding these receptors to undergo somatic
DNA rearrangements (Tonegawa 1983, Davis & Bjorkman 1988). All TCR were
originally thought to be disulfide-linked heterodimers composed of variable a
and fi chains, which are associated with the non-variable CD3 complex. However,
the search for genes encoding TCR a and Jf chains revealed a third T cell-specific
gene, 7, which also undergoes somatic rearrangement during T-cell differentiation
(Saito et al. 1984). The discovery of the y gene led to the identification of a second
TCE which is a heterodimer composed of the variable y chain disulfide-linked to
a fourth variable & chain (Brenner et al. 1986, Lew et al. 1986). The yd TCR is
also associated with the CD3 complex. Lymphocytes expressing 36 TCR appear
before those expressing aff TCR during thymic ontogeny (Bank et al. 1986, Lew
et al. 1986, Nakanishi et al. 1987, Itohara et al. 1989), but represent only a minor
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population of T cells in adult thymus and peripheral lymphoid organs (< 35%)
i Bluestone et al. 1987, Borst et al. 1988, Itohara et al. 1989). However, ;8 T cells
predominate (50-100%) in mouse epidermis (Koning et al. 1987, Kuziel et al.
1987), in epithelial lavers of the small intestine (Bonneville et al. 1988, Goodman &
Lefranceis 1988), in lung (Augustin et al. 1989), and in female reproductive
organs (Itohara et al. 1990). Particularly intriguing is the observation that »d T
cells that reside in these different epithelial locations compose distinct subsets
with different TCR repertoires and diversity. Thus, most T cells associated with
mouse epidermis (dendritic epidermis cells, DEC, or skin-associated intraepithelial
lymphocytes, s-IEL) bear homogeneous TCR encoded by V. 3 and V, § gene
segments (Asarnow et al. 1988; see Heilig & Tonegawa 1987 for the nomenclature
of mouse ¥ gene segments, and Elliott et al. 1988 for the nomenclature of 4 gene
segments), intraepithelial lymphoeytes of the gut (i-IEL) bear diverse TCR that
are preferentially encoded by Vo-containing y genes (Bonneville et al. 1988,
Asarnow et al, 1989), and 4 cells associated with the mucosal epithelia of uterus,
vagina, and tongue (vut-IEL) use homogeneous TCR encoded by Vg yand V, 4
genes (Itohara et al. 1990).

To elucidate the biological role of yd T cells, it is essential to obtain information
on the ligands that they recognize. In this review, we will summarize our recent
studies on the role of MHC TL region-encoded class | molecules as ligands for
74 T cells and discuss these findings with respect to the possible functions of 34
T cells.

1. THE KNé yd TCR RECOGNIZES A TL REGION-CONTROLLED
DETERMINANT

In order to study the ligand specificity of pd T cells, we prepared hybridomas
from fetal and adult C37BL/6 thymocytes expressing a variety of 4 TCRs (lto
et al. 1989). These hybridomas were first tested for their ability to respond when
their TCRs were crosslinked. It was previously shown that crosslinking of TCR
afi usually induces the proliferation of normal T cells, while the same stimulus
promotes growth inhibition in hybridomas (Ashwell et al. 1987). Thus, hybridom-
as were cultured with Fc receptor-positive A-20 B-lymphoma cells in the presence
of anti-CD3 mAb and growth inhibition was measured by incorporation of ['H]-
thymidine into the DNA of the hybridomas, Hybridomas that tested positive in
this assay were then screened for their reactivity with stimulator cells from various
origins. We identified one hybridoma, KN6, containing rearranged V,J,C, y and
WV.D,D.J,C 4 genes, whose growth was inhibited by svngeneic (C37BL/6) but not
by allogeneic (BALB/c) cells (Bonneville et al. 1989). KN6 growth was inhibited
efficiently by thymocytes, splenocytes, and peritoneal exudate cells. The response
to syngeneic cells was observed in all CD3-positive subclones of the KN6 hybrid-
oma but not in CD3-negative subclones, indicating that growth inhibition was
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mediated by an interaction with the KN6 3d TCR. Further evidence for this came
from the observation that KN6 growth inhibition could be specifically reversed
by antibodies directed against the KNé yd TCR (Bonneville et al. 1989). Finally,
genes encoding the y and § chains of hybridoma K N6 were cloned and introduced
into the germline of mice (Ishida et al. 1990). Most of the pd T cells in these
animals expressed the KN6 38 TCR and proliferated in mixed lymphocyte culture
in response to C57BL/6 but not BALB/c cells (Table I; Bonneville et al. 1990).
These data formally prove that KN6 recognition of syngeneic C37BL/6 cells is
controlled by y and § TCR genes.

Specificity of the KN6 74 TCR was further examined by analyzing the ability
of peritoneal exudate cells from a variety of mouse strains to stimulate KN6
proliferation. Three levels of proliferative response were observed: strong (e.g.
strains C3TBL/6, 129, and SM), intermediate (e.g. strain AKR), or no response
{e.g. strain BALB/c) (Table I). Most strains tested in this assay clearly stimulated
a KIN6 response, demonstrating that the KN6 ligand is expressed in many differ-
ent mouse strains. This suggested that the KN6 ligand is not very polymorphic
and is therefore not encoded by any of the highly polvmorphic class | or class I1
genes. A more likely candidate was one of the large number of low-polymorphic
class | genes of unknown function that map in the Q. TL. or M (formerly called
Hmt) regions of the H-2 gene complex (Fischer Lindahl et al. 1989, Flaherty et
al. 1990). That the KN6 ligand is controlled by a gene linked to the MHC was
demonstrated by results with congenic and recombinant strains (Table [). In
particular, data with recombinants Bé-Tig" and A-Tla" (Fig. 1.A) demonstrated

TABLE 1
The KN6 ligand is expressed in peritoneal exudate cells from various strains of mice and is
controlied by the MHC

Stimulator cells* K.N6 proliferative response
C37BL/6 (H-2, CS7BL/10 (H-2%), 129 (H-2%**, strong

C3IH.SW (H-2%), SM (H-2Y)

A (H-2°). BIO.A (H-29), A.CA (H-29, BIO.M (H-2),  imtermediate

AKR (H-2%)., CBA (H-2*), C3H (H-2%), BI0.BR (H-
2%, P (H-27), B10.G (H-29), BIO.RIII (H-Z), BI0.S (H-
7). B10.PL{73NS) (H-2%)

BALB/c (H-2%), BI0.D2 (H-2) none

Approximately 10* CD4~, CDE" spleen T cells (>95% KN6 yd TCR™ and no detectable
aff cells) from KN6 transgenic mice (H-2%) were cultured with irradiated (1500 rads)
peritoneal cxudate cells from the indicated strains of mice. Afiter 72 h of culture cells were
pulse-labeled with [*H]-thymidine (1 xCi per well) for 6 h.

*The H-2 haplotype origin of the different strains of mice is indicated in parentheses.
**Strain 129 is usuvally listed as H-2® but differences in the expression of TL determinants
relative to the strains C37BL/6 and C37BL/10 have been observed (Shen et al. 1982).
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that the KN6 lizand is controlled by a gene mapping distal to the Q region, and
results with recombinant strain MA R1 (Fig. 1.B) showed further that this gene
maps proximal to the M region gene Pgk-2. Together with the molecular data
below, this places the gene controlling the KN6 ligand in the TL region.

2, THE GENE EMCODING THE KN6 LIGAND IS A NOVEL TL" CLASS |
GENE (T22%)

In order to further characterize the gene controlling the KN6 ligand, we searched
for cell lines that activate KN6 proliferation. Among other cell lines, KN6 cells
responded to an embryonic carcinoma (EC) cell line, PCC3 (Bonneville et al.
1989, Ito et al. 1990). This is particularly interesting since it has been shown that
PCC3 cells do not express any detectable or significant levels of class [ H-2K., -
D. or -L meolecules (Maher & Dove 1984) or mRENA (Morello et al. 1982).
respectively, and at least some EC cell lines are known to express TL region class
I-like genes (Stern et al. 1986, Ostrand-Rosenberg et al. 1989), including PCC3
{Oudshoorn-Snoek & Demant 1990). This confirmed our previous data that KN6
cells recognize a determinant distinct from the classical MHC class I molecules.
In addition, this result suggested that PCC3 cells would be a good source for
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Figure I. The ligand recognized by KN6 is controlled by the H-2 TL region. Approximately
10° CD4-, CDE™ spleen T cells from KNG transgenic mice were cultured with 2.5 x 10
irradiated (1500 rads) peritoncal exudate cells from the listed sirains of mice. Cells were
cultured for 3 d and then pulsed with [PH]-thymidine (1 wCi/well) for 6 h. The data are
expressed as mean cpm and standard deviations of triplicate experiments. KN6 stimulatory
responses are classified into three tyvpes: + +. strong response; +, intermediate response;
and —. no response detecled. Crossover positions in the recombinant strains are indicated
by vertical bars. The Hmt region is now referred to as the M region.
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construction of a cDNA library to isolate a cDNA encoding the KN6 ligand.
Such a library was constructed and screened with a probe, pH2-1la (Steinmetz
et al. 1981). that hybridizes with exon IV of all known class I genes (Weiss et al.
1984). Eight cDNA clones were isolated and sequenced. Five different types of
cDNA were identified (Table LI): two types of clone corresponded to known
region transcripts, the third type exhibited a high degree of nucleotide sequence
homology with ) region sequences and therefore most probably corresponds to
a novel (Q region transcript, and the remaining two tvpes of clone (clones PCC3-
4 and -27. hereafter referred to as PCC3-4/27, and clone PCC3-24) were highly
homologous (> 88%) with other class I sequences in the fourth exon, but differed
substantially elsewhere from all known class [ sequences (Ito et al. 1990). Since
this pattern of nucleotide sequence homology is expected for genes encoded by
the TL region (Flaherty et al. 1990), we speculated that these cDNAs most likely
are derived from hitherto unsequenced TL region genes. The two types of cDNA
clone were 96% homologous in the coding regions.

Formal proof that the PCC3-4/27 cDNA encodes the KNG ligand came from
studies with mouse L cells transfected with plasmids containing cDNA under
the control of the metallothionein promoter. Stably transfected cells were tested
for their KN6-stimulatory capacity. L cells transfected with PCC3-4 or PCC3-
27 were recognized by KN6, whereas non-transfected cells, vector-transfected
cells, or PCC3-24 transfectants were not (Fig. 2). This interaction could be
inhibited in a dose-dependent fashion by preincubation of the responder KN6
cells with anti-KN6 mAb (Ito et al. 1990), demonstrating that it is yd TCR-
mediated.
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Figure 2. KNG 96 T cells recognize mouse L cells transfected with the PCC3-4 and PCC3-
27 ¢cDMNA clones. Approximately 10° responder cells from a short-term KN6 »d T-cell line
(= 99% KNG 74 T cells) were cultured with 2.5 = 10* irradiated {3000 rads) L cells or L cell
transfectants. For each transfectant the result for two independent clones is presented. KNG
proliferation was assessed by the incorporation of ['H]-thymidine (1 pCi/well) into the
DMNA of the responder cells, The data are presented as mean cpm and standard deviations
of triplicate samples.
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The TL region of strain 129/Sv, from which the PCC3 cell line was derived.
has not been characterized at the molecular level. This strain is usually listed as
H-2" but differences have been observed in expression of TL region determinants
in these mice relative to strains C37BL/6 and C57BL/10 (Shen et al. 1982). To
isolate the CS7BL/6 counterpart of PCC3-4/27, a cDNA library from this strain
was screened with a probe (pTL4-2, see Fig. 3.A) that hybridized only with the
PCC3-4/27 and PCC3-24 clones among all class I cDNAs isolated from PCC3
cells. Two types of cDNA were isolated and a representative clone of each type
iclone B6-6 and clone B6-8) was sequenced.

Clone B6-§ was highly homologous to PCC3-24 (Table III), indicating that it
is the C37BL/6 counterpart of this cDNA clone. However, B6-8 contams an 11
bp duplication in exon 111, causing a frameshift and premature termination of
the putative polypeptide product, and therefore cannot encode a complete class
I molecule (Ito et al. 1990). Hybridization studies with cosmid clones that contain
TL region class I genes previously isolated from C57BL/10 DNA and nuclectide
sequencing showed that cDNA clone B6-8 corresponds to 7107 (Ito et al. 1990).

Clone B6-6 differed from PCC3-4/27 only in a single nucleotide, which did not
cause an amino acid substitution (Table 111, and Ito et al. 1990). Thus, the KN6
ligands in strains 129/Sv and CS57BL/6 are identical at the amino acid level.
Hybridization studies with pTL4-1 and pTL4-2 probes (Fig. 3.A) and cosmids
containing 13 of the 15 previously described TL® region class I genes (T1°-T13",
see Fig. 4) (Weiss et al. 1984, Brown et al. 1988) suggested that the gene encoding
the KNé ligand was unique. Although T/4° and T15° genes were not available
for this analysis, it is unlikely that either encodes the KN6 ligand because the
Ti4" gene is known to be defective and a TI5*-derived probe did not hybridize
with T/0" {Brown et al. 1988). The gene encoding the KNGO ligand gene was
isolated by screening a newly prepared C37BL/6 cosmid library with an oligonuc-
leotide probe, pTL4-3 (Fig. 3.A), that hybridizes with the KNG ligand gene but
not with the closely related T/0° gene. We isolated one cosmid, mapped the ligand
gene within the cosmid, and determined its nucleotide sequence. As expected, the

Figure 3. Restriction fragment length polvmorphism (RFLP) analysis maps the T22° gene
in the H-2 TL region. (A) Schematic illustration of hybridization probes pTL4-1 and pTL4-
2 used for the RFLP mapping, and probe pTL4-3, used for the cloning of gene T22° L,
leader peptide; a,. @, and a,. three extracellular domains: TM, transmembrane domain;
CY, cyvtoplasmic domain. Restriction sites: B, BamHI; Bs, BspMI: E, EcoRI.

(B) Southern blot analysis of genomic DNA from parental and H-2 recombinant strains.
BamHI-digested genomic DNA isolated from the thymus of the indicated strains of mice
was analyzed with the pTL4-2 {left panel) or pTL4-1 (right panel) probes,

{C} Schematic representation of the H-2 region carried by recombinant and parental
strains, and summary of the detected DNA fragments. The Hmt region is now referred to
as the M region.
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TABLE I

Class I transeripis in PCC3 embryonic carcimoma (EC) cells
Clone Identity Full length?
PCC3-30 I nucleotide difference with 07" in the exons no
PCC3-116
PCC3-122
PCC3-8 identical to Q8" in the exons no
PCC3-10 a novel () region gene transcript? no
PCC3-4 a novel TL region gene transcript? yes
PCC3-27
PCC3-24 a novel TL region gene transcript? yes

sequence was identical to the B6-6 sequence in its exons. This novel TL® region
class I gene was originally designated 27° (Ito et al. 1990), but under the newly
proposed H-2 class [ gene nomenclature it is now called 722° (Fig. 4, and Klein
et al. 1990).

To demonstrate unambiguously that the 722" gene maps within the TL region,
Southern blot analysis was conducted with genomic DNA from several MHC
recombinant strains. Based on detection of restriction fragment length polvmor-
phisms (RFLPs) with specific hybridization probes (pTL4-1 and pTL4-2, see Fig.
3.A), data with recombinant strains A-Tfa®/Boy and B6-Tla*/Boy show that T22°
maps distal to the Q region, and data with recombinants B6.CAS3(R9) and
B6.CAS3(R4) show further that the gene maps proximal to the M region, within
the TL region.

3. THE KNé6 LIGAND GENE BELONGS TO A NOVEL TL®* GENE CLUSTER

In the BALB/c mouse, two clusters of TL region genes, TL%-A (T7/4-T11%) and
TLY-B (T16°-T23% (Fig. 4; Fisher et al. 1985, Transy et al. 1987) were previously
identified. The TL*-A and TL%B clusters are related by duplication. The TL®A
but not the TL®B counterpart had been detected in strain C57BL/6 (Weiss et al.
1984). It was previously shown that genes T10° and TH(¥ are allelic (Brown et al.
1988), and TI0" and T22* are believed to be related by duplication (Fisher et al.
1985). Since T22" and TI0" are closely related, we suspected that T22° may be
the BALB/c allele of T22°. We sequenced a part of both TI(? and T22 and
isolated and sequenced cDNAs (represented by clones BALB-1 and BAIB-2)
corresponding to these genes. Clone BALB-1 was identical to gene 722 in its
exons and differed by only 5 nucleotides from the B6-6 cDNA (which 15 identical
to gene T22" in its exons) (Table I11). However, the BALB-1 ¢cDNA contained a
small deletion at the start of exon IT, which leads to a frameshift and premature

m



TABLE 111
Mumber of nucleotide differences among PCCI-A427-relaved cDNA clones

PCCI-4/27  PCC3-24 Bi-6 Bo-8 BALR-1 BALB-2 SM-
(T2 (T (r22% (T (7229 {THr) (7221
PCC3-4/27 (T22'7) il
PCC3-24 (TH0'™) 43 0
Bo-6 (7227 [ 42 il
Bo-8 {T10") 43 # 42 0
BALB-1 (7224 f 45 5 45 0
BALB-2 (T 23 46 ] 43 23 i
SM-1 {122 | 42 0 42 5 22 i
AKR-3 (T2 4 45 3 45 8 25 3

AKR-3
(1229

]

Only the protein-cncoding region was compared. Deletions and duplications (sec To et al. 1990; and lehikawa et al., in preparation) were
not counted as nucleotide differences. The designations (following the new nomenclature proposed by Klein et al. 1990} for the genes

corresponding (o the cDMNAs are indicated in parentheses.
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Figure 4. TL region genes in 129, C57BL/10(6) and BALB/c mice. The newly identified TL
region gene cluster of strain CSTBL/10(6), cluster TL"B, is indicated along with previously
identified TL gene clusters in C37BL/10(6) and BALB/c. The designation for the genes
follows the nomenclature proposed by Klein et al. (1990), old designations for the genes
discussed in this paper are indicated in parcntheses. The ¢cDNA clones described in this
study are also shown.

termination of translation (Ito et al. 1990), demonstrating that BALB-1 cDNA
cannol encode a complete class I molecule. This deletion was shown to be due
to a defect in the splice acceptor site in the intron [-exon 11 boundary of the 722
gene (Ito et al. 1990), indicating that this gene is structurally defective (Fig. 4).
This result also explains the molecular basis for the failure of TLY strains (BALB/
c. B10.D2; Table I) to stimulate proliferation of KN6 cells. Clone BALB-2 was
identical to the T/0* gene in its exons and did not contain any structural defects
(Figs. 4 and 6; Tto et al. 1990),

The pan-class I probe, pH2-1la, detected 2 other genes in the 722°-containing
cosmid, genes 26° and 37° (Fig. 4). By nucleotide sequencing and comparison to
TL gene sequences from BALB/c (Fisher et al. 1985, 1989, Transy et al. 1987,
Brorson et al, 1989a), 26" and 37" were shown to be allelic to the BALB/c genes
T271% and T23° respectively (Fig. 4, and Ito et al. 1990, unpublished results).
Because of this allelic relationship, 26" and 37" were renamed T2J° and T23°,
respectively (Fig. 4, and Klein et al. 1990). Thus, TL® C57BL/6 DNA contains
at least some of the homologues (727, T22, T23) of the BALB/c TL*B cluster.
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4. STRUCTURAL FEATURES OF THE T2 PRODUCT
4.1. a, and a; domains - pepride binding

The role of conventional MHC class [ products as antigen-presenting molecules
to CD8* TCR afi* cells has been well-established (for review see Townsend &
Bodmer 1989). The three-dimensional structure of one of these MHC class [
molecules, human HLA-A2_ has recently been determined by X-ray erystallogra-
phy (Bjorkman et al. 1987a. 1987b). Of the three extracellular domains, a;, a,
and a;, the first two domains consist of a platform of eight antiparallel f-strands
topped by two a-helices, forming a deep groove (Fig. 5). It has been proposed
that this groove forms the binding site for antigen-derived peptides (Bjorkman
et al. 1987h). The third domain (a;) constitutes a classical immunoglobulin-like
domain. which is non-covalently linked with f2-microglobulin.

Figure 5. Schematic representation of the a, and a, domain structure of HLA-A2 and the
probable locations of deletions and N-linked glycosylation sites in the T22" proicin. Num-
bers designate a-carbons of HLA-AZ amino acids, Assuming the polvpeptide chain folding
of the T22" protein is similar, the possible locations of the deletions present in T22° are
indicated on the HLA-A2 structure (solid bonds). Large filled circles indicate the ends to
be joined after deletion. Large open circles with a label CHO indicate the locations of
potential N-linked glycosylation sites in the T22" protein.
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The amino acid sequence homology between T22° and HLA-A2 in the q, and
a, domains is 34% and 39%. respectively (Fig. 6). Secondary structure analysis
by the Chou & Fasman (1978) method suggests that the o, and a, domains of
the T22® protein could fold into a f-sheet and a-helices structure not grossly
different from that of HLA-AZ2, In addition, T22" contains the two conserved
cysteine residues, in its o, domain, that are involved in an intradomain disulfide
bond. This raises the possibility that T22* might function as a peptide-presenting
molecule. However, several differences between the T22" and HLA-A2 amino
acid sequences are noteworthy. First, there is a 13 amino acid deletion in the
middle of the T22" a, domain (Fig. 6). However, the two ends remaining after
this deletion (positions 134 and 148) can be near each other should the T22"
protein adopt the HLA-AZ2 structure (Fig. 3). Thus, the deletion may not disrupt
the remainder of the putative peptide-binding site, but rather only one end.
Second, there is another deletion of three amino acids in the a, domain (Fig. 6),
which might disrupt the 45 pocket at the left end (Fig. 3) of the site (Garret et
al. 1989). Third, there are two new N-linked oligosaccharide sites at residues 129
{NPS) and 130 (N5T) (Figs. 5 and 6). The former would probably direct the
oligosaccharide away from the site and the latter could direct an oligosaccharide
into the region of the deletion covering the binding groove at the right end (D,

Figure . Comparison of the a,, @, and a; domain amino acid sequences of the T22"related
proteins with those of some mouse, ral and human class [ or class [-like molecules. Amino
acid sequences of the T22° T22'% T22%, T22* TI0'™ and TI(Y proteins are aligned with
those of one H-2K (H-2K"), one H-2D (H-2D¥), two Q (Q1* and QI07), three TL (T3,
TI8, and T23%), and two M (Thy19.]1 and Mb-1) region products, two mouse CDN
molecules (mCD1.1 and mCD1.2), the neonatal rat Fe receptor (p31), and two human class
I molecules {HLA-A2 and HLA-Aw6E). The g, and a, domains of the mCDI1.1, mCD1.2
and p51 products were not included in the comparison because of their low homoloagy with
the same domains in other class T molecules. A dash indicates that a residue is identical to
that found in he T22" sequence. Open spaces indicate gaps introduced to optimize the
alignment. Amino acid numbering follows the HLA-A2 sequence. Asparagine (N) residues
of potential N-linked glycosylation sites (NXS or NXT) and the conserved cysteines (C) in
the a. and a; domains are boxed. The symbols under the amino acid sequences of the
and a, domains designate HLA-AZ2 residues that have been judged by X-ray crystallography
(Biorkman et al. 1987h) to be in the vicinity of the recognition site for processed Toreign
antigen: asterisks, residues pointing toward the site; vertical lines, residues on an e-helix
pointing up, away from the membrane-proximal immuneglobulin-like domain; flled cireles,
residugs on an a-helix pointing away from the site, The arrows under the amine acid
sequences of the a; domain indicate residues in HLA-A2 that contribute 1o the binding of
CD& (Salter et al. 1990). Below the sequences is a schematic representation of the secundary
structure of HLA-A2 (Bjorkman et al. 1987a) arrows, fS-strands; loops, a-helices; bars,
turns and bends. The sequences were obtained from Bradbury < al. (1988), Parham et al.
(1982), Singer et al. (1988), Brorson et al. {1989h), Simister & Mostov (1989), Watts et al.
(1989), [to et al. (1990), and Ichikawa et al. (in preparation).
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Wiley. personal communication) (Fig. 5). Finally, the 12 residues after the 13-
residue deletion are very different from most class I sequences. Moreover, these
residues contain a proline (position 154, Fig. 6), and the Chou & Fasman analysis
does not give a high a-helix propensity in this region. This could mean that the
lower a-helix is partially disrupted at the right end (see Fig. 5). Despite these
differences, T22" could still function by presenting peptides.

4.2 a; domain — 2-microglobulin and CD8 binding

One interesting issue concerning the T22° gene and its alleles is whether their
products bind f2-microglobulin. Many class | and MHC class I-like molecules
are known to bind f2-microglobulin. These include the classical class | molecules
H-2K. D, and L (Klein et al. 1981), other class | products controlled by genes
mapping in the Q (e.g.. Qa-2 [Michaelson et al. 1981] and Q10 [Devlin et al.
19835]), TL {e.g., the classical thymus leukemia antigens [Yokoyama et al. 1982]
and T23! [Cochet et al. 1989]), and M (e.g.. Hmt [Fischer Lindahl & Langhorne
1981]) regions, human CD1 (Terhorst et al. 1981), and the neonatal rat Fc receptor
p3l (Simister & Mostov 1989). Based on the proposed structure of the HLA-
A2 molecule, f2-microglobulin is paired with the a; domain, making several
interdomain contacts. and interacts with some parts of the a;, and a, domains
{Bjorkman et al. 1987a). In its @, domain, T22" and its allelic products are highly
homologous with HLA-A2 and with many other class | molecules known to bind
fi2-microglobulin (Fig. 6). In addition, many of the residues in HLA-A2 which
have been proposed to be in contact with f2-microglobulin are shared by these
722 gene products (residues 6, 8, 10, 12, 25, and 35 in a), residues 94, 96, 115,
117, and 119 in a,, and residues 188, 204, 206, 231, 233, 234, 237, 238, 242, and
244 in ay; Bjorkman et al. 1987a). These results suggest that T22" (and its allelic
producis) binds f2-microglobulin. This hypothesis is supported by our recent
observation that the cells from f2-microglobulin-deficient mice (Zijlstra et al.
1990) fail to stimulate KN6 cells in vitre (P. Pereira, M. Zijlstra, R. Jaenisch &
S. T.. unpublished observations).

CD8 molecules on T cells facilitate the interaction of aff TCR with the peptide-
MHC class 1 molecular complex by binding with the a; domain of the class [
molecule. The amino acid residues within the a; domain of HLA-A?2 that contrib-
ute to the CD8 binding have been identified and shown to be in three clusters
(Fig. 6, and Salter et al. 1990), the most critical being in the negatively charged
loop at positions 223-229 (Fig. 6). Many of these residues are shared by T22%
The conservation of the amino acids in these clusters is even greater between T22
and classical MHC class I molecules such as H-2K? and H-2D* in the mouse
(Fig. 6). This suggests that T22 has the capacity to bind CDS. Interestingly,
however, the majority of ¥ T cells are known to be CD8-negative, and the rest
seem o express the CD8 a chain but not the CD8 § chain (Lefrancois et al.,
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unpublished observations; Utsunomiya et al., unpublished observations). Poss-
ibly, »d T cells express an as yet unidentified co-receptor structurally related to
CDE, or they express CDE transiently during a particular phase of activation.

5. LIMITED POLY MORPHISM IN THE T22 GENE PRODUCT

As mentioned above, the nucleotide sequences of the 722 gene and its cDNA
clones indicate that there is no amino acid sequence difference between the
products of this gene from strains C37BL/6 and 129/8v. In agreement with this,
peritoneal exudate cells from 129/Sv mice stimulate K N6 cells as strongly as cells
from C37BL/6 (Table I). Strain SM (H-2") is yet another strain that stimulates
KN6 strongly (Table I). Nucleotide sequencing of T22 ¢cDNA clones from this
strain demonstrated that the deduced amino acid sequence is identical to that of
C57BL/6 and 129/Sv (Y.1.. unpublished data). In contrast to these strains, perito-
neal exudate cells from many other strains stimulated KN6 cells moderately
(Table I). The intermediate stimulatory activity may be due to structural polymor-
phism in the T22 gene products. Indeed, the 722 cDNA sequence of strain AKR
(H-2%), one of the many intermediate stimulatory strains (Table I), differed from
that of C57BL/& by three nucleotides (Table III). two of which caused amino
acid replacements in the @, and a, domains (Val to Phe and Arg to Gln at
positions 25 and 107, respectively [Fig. 6]). However. neither of these replacements
has occurred at positions which would be predicted to interact with a bound
peptide or a TCR (Bjorkman et al. 1987b). Cells from BALB/c mice failed to
sumulate KIN6 cells (Table I). Gene cloning and sequencing studies demonstrated
that this is due to a defective splice acceptor site in the T22° gene (Ito et al. 1990).
In addition to this defect, T22° differed in its protein-encoding region by five
nucleotides from 722° (Table III). Taken together. these results suggest that the
T22 zene, like other TL region genes, is much less polymorphic than classical
MHC class T (and class 1) genes (Chen et al. 1985, Transy et al. 1987, Flaherty
et al. 1990).

6. THE 722" GENE IS WIDELY EXPRESSED

722" mRNA was detected in many different tissues (spleen, thyvmus, liver, muscle,
intestine, brain, etc.) and cell types (spleen B and T cells, thymocytes, peritoneal
macrophages. eic.), indicating that the gene is broadly expressed. These results
are in agreement with functional assavs showing that K N6 cells react with C37BL/
& cells of various origin: peritoneal exudate cells. Lyl ~ peritoneal exudate cells,
splenocytes, thymocytes, CD4~ thymocytes and CDE~ thymocytes (Fig. 7, and
Bonneville et al. 1989).
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Figure 7. KMN6 reactivity against various cell populations. Approximately 10° CD4~ &°
spleen cells from KNG transgenic mice were cultured alone (—) or in the presence of the
indicated irradiated (1300 rads) stimulator cells. KMN6 proliferation was assayed after 3 d
of culture by pulsing the cells with PH]-thymidine. Data zre presented as mean cpm and
standard deviations of triplicate experiments.

7. ANOTHER TL CLASS I GENE, 73" 1S SELECTIVELY EXPRESSED ON THE
SURFACE OF EPITHELIAL CELLS OF SMALL INTESTINE

As discussed in subsequent sections, we speculate that TL class | genes have co-
evolved with TCR y and 4 genes to interact with each other. Since pd T cells
associated with some of the different peripheral sites utilize distinet V. and/or V,
gene segmenis, one might expect, according to this hypothesis, that at least some
TL class 1 genes are expressed in a highly tissue-specific (and cell tvpe-specific)
fashion. While previous studies (Boyse et al. 1963) suggest that this may indeed
be the case, these studies were not, understandably, focused on the tissues and
cell types with which 34 T cells are now known to be associated. We therefore
have begun to re-examine the expression of TL region class I genes, including
T3" (see Fig. 4).

T3 and T8 (formerly designated T/3) appear to encode the classical thymus
leukemia (TL) antigens (Chen et al. 1987, Chorney et al. 1989, Flaherty et al.
1990, TL antigens are restricted in their tissue distribution to thymocytes (Bovse
et al. 1965) and to certain leukemias (Old et al. 1963), and have been detected
on mitogen-activated T cells. Strain C57BL/6 mice lack the T/8 gene and do not
express (or express very low levels of) TL antigens. In contrast, leukemias derived
from strain C57BL/6 (e.z. ERLD) express high levels of TL antigens, presumably
encoded by T3%



LIGANDS FOR yé T CELLS 105

We initially examined expression of T3® by the RNAase protection assay. As
expected, 73® RNA was not detected in the thymus of C57BL/6 mice and in
many other organs including spleen, liver, kidney, lung, brain, and vagina (Wu
et al.. in preparation). However, significant levels of 73° RNA were detected in
the small intestine and in a purified preparation of intestinal epithelial cells.
Tissue sections of small intestine were then examined by the immunogold-silver
staining method using the anti-T3" monoclonal antibody, HD168. As shown in
Fig. 8. the T3" product is expressed on the surface of the columnar epithelium
cells of the epithelium lining of the intestine. A small amount of staining was
also observed in the epithelium of the glands. Similar staining was seen in both
jejenum (stomach-proximal) and ileum (stomach-distal). In the large intestine, no
expression was detected, except for a weak signal in the epithelium of the glands
{Wu et al., in preparation).

Previous study had shown that 36 cells in the small intestine (i-IEL) are located
within the villi, in contact with the columnar epithelial cells (Tonegawa et al.
1989). They are not detected in the intestinal crypts nor in the lamina propria.
Based on these data, it is tempting to speculate that the T3" product might be
recognized by at least some of these i-1EL.

DISCUSSION

Data presented here have important implications for the function of non-classical
MHC class 1 products as well as for the possible function of yd T cells. The
identification of a TL region-controlled class [ molecule that is recognized by a
yd TCR raises the possibility that other TL region-encoded products might
function as ligands for »d T cells. Data in several sysiems support this notion
and provide evidence that 74 T cells recognize other non-classical class I molecules.
First, an alloreactive 4 CTL line was isolated that recognizes a TL region-
controlled determinant {Bluestone et al. 1988, Houlden et al. 1989). Interestingly,
the strain distribution of this ligand closely resembled that of T22" Second. a yd
T-helper hybridoma was shown to recognize the Qa-1 antigen (Vidowvic et al.
1989), known to be encoded by a gene mapping in the TL region (Stanton et al.
1981). Third, human yd T cells that are reactive with non-MHC-linked class [
molecules, CD1, have been identified (Porcelli et al. 1989). Fourth, many mouse
and human 4 T cells were shown to react with mycobacterial heat-shock proteins
(Augustin et al. 1989, Haregewoin et al. 1989, Holoshitz et al. 1939, Janis et al.
1989, Modlin et al. 1989, O'Brien et al. 1989, Fisch et al. 1990), and except for
one case (Haregewoin et al. 1989), these yd cells did not seem to be restricted by
the classical polymorphic MHC products. Since some of these mouse yd T cells
also react with purified protein derivative (a source of hsp65 that is denatured
and probably degraded) or a peptide corresponding to residues 180-196 of myco-
bacterial hsp63, it was suggested that this recognition involves non-classical
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Figure 8. Demonstration that the T3° gene product is expressed in the epithelium of the
small intestine. Fresh intestinal tissue from a 12-wk-old C57BL /6 mouse was snap-frozen,
§ um sections were fixed with cold acetone, and then stained with an anti-T3" mAb (HD168)
(kindly provided by E. Stockert, Memorial Sloan-Kettering Cancer Center, NY ). followed
by affinity-purified goat anti-rat Ig linked to colloidal gold particles. The signal was
enhanced with silver reaction. A transverse section is shown. Abbreviations: B, basement
membrane; E, epithelium: G, glands; L, lumen; ¥, villus.
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antigen-presenting molecules (O'Brien et al. 1989, Born et al. 1990a). We propose
that these molecules may be encoded by low-polymorphic class [-like genes.
Finally, when a large number of yd T-cell hybridomas was tested against a panel
of allogeneic cells, no alloreactive hybrids could be identified, while such reactivity
was readily detected with aff TCR® hybridomas (O'Brien et al. 1989). This
suggesis that these 34 hybridomas were not specific for polymorphic restriction
elements.

Although the aforementioned findings support the hypothesis that non-classical
MHC class I molecules are recognized by yd TCR.. 34 T-cell clones reactive with
allogeneic H-2 class | and class 11 molecules have also been reported (Matis et
al. 1987, Bluestone et al. 1988). These clones were obtained from nude mice after
strong selection by allogeneic stimulation, and exhibited a broad cross-reactivity
for the products of different alleles of class | and class II MHC genes. These
clones may have been derived from rare cells that are specific for non-classical
MHC proteins but were selected by in vivo and/or repeated in vifro stimulation
on the basis of their structural similarity and cross-reactivity with classical MHC
proteins.

Recently, mice deficient in f2-microglobulin have been analyzed for yd T cells
and no apparent differences in the number of yd T cells in the spleen, thymus or
lymph node were observed between these mice and normal mice (Koller et al.
1990, Zijlstra et al. 1990). Although this observation seems to indicate that an
interaction with a f2-microglobulin-associated molecule is not required for the
maturation of »d T cells, an obligatory step for CD8" aff T cells, it does not
necessarily mean that ¢ T cells do not recognize non-classical class [ molecules
during maturation or during the expression of their effector functions,

The T22" product itself may be recognized by the KN6 34 TCR, or the T22°
product may be recognized together with bound peptide. We favor the latter on
the basis of the general structural similarities between the TL region-encoded and
the classical (i.e. H-2K., H-2D. and H-2L) class I products and between the aff
TCR and 78 TCR. The third possibility, that a T22"-derived peptide is presented
by a classical H-2 molecule to the K N6 »d TCR. is unlikely since PCC3 stimulates
KN6 cells and does not express any surface classical H-2 molecules, and because
the functional assay did not reveal any influence of these polymorphic molecules
on the response (Ito et al. 1990). Support for the peptide “presentor”™ function of
non-classical class [ molecules can be drawn from several studies. In the matern-
ally-transmitted antigen (Mta) svstem, it appears that an M region class | molecule
presents a mitochondrial peptide to cytolytic T lymphocyvtes (Fischer Lindahl et
al. 1939) (some of these CTL clones were recently shown to be aff TCR* [Fischer
Lindahl et al. 1989]). In addition, the aforementioned Qa-1 T-helper hybridoma
apparently recognized a Glu-Tyr (GT) copolymer as part of its ligand (Vidovié
et al. 1989). Studies in the Qc-1 system are also consistent with presentation of
a self peptide by the product of a non-classical Q region class [ gene to cytolvtic
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T lymphocytes (Murphy & Homer 1987). Host recognition of allogeneic class I-
like molecules or possibly of class [-like molecules complexed with peptides of
embryonal origin may also be responsible for anti-tumor immunity in studies
using EC cell lines (Ostrand-Rosenberg et al. 1989).

If non-classical class | molecules can present antigen-derived peptides, what
then is the nature of these peptides? lt is unlikelv that non-classical class 1
molecules would present a large variety of antigens to 34 T cells, as the restriction
elements of the aff cells do. While conventional class [ molecules show extensive
polymorphism to ensure the recognition of virtually any foreign peptide (e.g.
derived from highly variable viral proteins), the non-classical MHC molecules
are not very polymorphic. Perhaps the class | molecules recognized by TCR yd
have evolved to recognize a particular set of relatively homogeneous endogenous
and common microbial antigens. In their membrane-distal domains, non-classical
class | molecules have diverged considerably from each other, and much more so
than have the classical class 1 molecules (Fig. 6, and Stroynowski 1990}). Since
these domains most probably constitute the sites for antigen binding and TCR
recognition, each member of the non-classical class I molecules might be special-
ized for the presentation of different sets of antigens and for the recognition of
different »d TCR. subsets, In line with this hypothesis, the sequence homology
among V, gene segments is relatively low (Saito et al. 1984, Hayday et al. 1985,
Garman et al. 1986, Heilig et al. 1986, Traunecker et al. 1986, Pelkonen et al.
1987). »d cells in the epidermis of the skin (DEC or s-1EL) and those in the
mucosal epithelia of the vagina, uterus and tongue (vut-IEL) express homo-
geneous TCR, and, while sharing the same 4§ chain, utilize different V gene
segments for the expression of the p chain with a low amount of sequence
homology (33% at the amino acid level [Garman et al. 1986]). It is tempting to
speculate that the occurrence of a specific homogeneous yd T-cell subset in an
organ or tssue might correlate with the tissue-specific expression of a specific
non-classical class 1 molecule and the recognition of a particular endogenous
antigen.

The intraepithelial lymphocytes of the gut (i-IEL) are more diverse and use
TCRs encoded by yet another V region gene, V.7 (Bonneville et al. 1988, Asarnow
et al. 1989), These cells probably recognize more diverse ligands that are presented
by the gut epithelial cells. Antigens recognized by the i-IEL may be derived from
mycobacteria or from endogenous proteins that are induced in the epithelial cells
by enteric inflammation. Our observation that the 73" gene is specifically ex-
pressed in the gut epithelium supports the notion that at least some of the i-IEL
might recognize the product of this gene as an antigen-presenting molecule.
However, in a recent report (Lefrancois et al. 1990), it was suggested that some
vd i-IEL may recognize class 1l antigens. This hypothesis was based on the
observation that V47 cells, while constituting on average 30% of the i-IEL
population, were about 2-fold enriched in H-2* mice. This enrichment was appar-
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ently due to a determinant mapping in the H-2 [-E locus, indicating that the V47
i-IEL subset is selected by class I molecules. Although this observation could be
interpreted to indicate that these cells are capable of class [l-restricted antigen
recognition, alternative explanations are possible. One possibility would be that
only the selection process of V47 i-IEL requires the interaction with class 11
molecules while the true ligands of these cells in the intestinal epithelium are
different. Another possibility is that the selection of these V47 i-IEL is mediated
by class [I-restricted aff TCR ™ T-helper cells, and therefore does not require direct
interaction of the 8 TCR with class [I molecules.

Finally, 4 cells from the peripheral lymphoid organs express diverse TCR,
encoded by multiple combinations of y and & gene segments (Cron et al. 1988).
These cells are likely to recognize a more diverse repertoire of endogenous and
bacterial antigens, presented by multiple non-classical class I molecules. KIN6 »d
TCR and T22" belong to this subset of yd TCR and class [ molecules. respectively.

Although the effector function of 38 T cells is not known, one might speculate
that these cells initiate or regulate various defense reactions by lymphokine
production or elimination of infected or stressed cells (Janeway et al. 1988,
Bluestone & Matis 1989, Strominger 1989, Tonegawa et al. 1989, Born et al.
1990b). »d T cells that produce lymphokines such as IL-2 (Bank et al. 1986), IL-
4 (Marusic-Galedic et al. 1988), interferon-y (IFN-y) (Bluestone et al. 1988) or
granulocyte-macrophage colony-stimulating factor (GM-CSF) (Bluestone et al.
1988) have been reported. and yd cells that suppress B-cell responses were also
identified (A. Bandeira and A. Coutinho, personal communication). Moreover,
a variety of pd cells (e.g., a large portion of the i-1EL population) exhibit cytolytic
activities (Bank et al. 1986, Moingeon et al. 1987, Bluestone et al. 1988, Good-
man & Lefrancois 1988).

In conclusion, our data and data from others suggest that 3§ TCR and non-
classical MHC class [ molecules co-evolved for recognition of a conserved set of
endogenous or mycobacterial antigens, and that this recognition initiates various
defense reactions.

SUMMARY

We have studied the ligand specificity of a yd T-cell receptor (TCR) derived from
a mouse T-cell hybridoma (KN6). KN6 cells reacted with syngeneic (C37BL/6)
cells from various origins (splenocytes, thymocytes, peritoneal exudate cells, etc.)
and cells from many different mouse strains. KIN6 reactivity against cells from a
panel of congenic and recombinant mouse strains demonstrated that the ligand
recognized by KNG is controlled by an MHC-linked gene that most probably
maps in the TL region. We cloned this gene and formally proved that it does
map in the TL region. This gene turned out to be a novel class [ gene (designated
T22"%) belonging to a hitherto unidentified cluster of TL region genes in strain
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C37TBL/6. This gene was expressed in many different tissues and cell types. We
also examined the tissue expression of several other TL genes. One of these, the
structural gene (T3°) encoding the thymus leukemia (TL) antigen from C57BL
6 mice, was specifically expressed in the epithelium of the small intestine. Since
the intestinal epithelium of the mouse is known to be the homing site for a subset
of yd T cells (i-IEL) bearing diverse TCR with V. rearranged y chains, we propose
that the 73" gene product is part of the ligand recognized by some of the i-IEL.
Owur data support the idea that 36 T cells might be specific for non-classical class
I or class I-like molecules and suggest that yd TCR and non-classical MHC co-
evolved for the recognition of a conserved set of endogenous or foreign peptides.
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