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Summary

V¥9/V82 cells represent a fraction of human /8 cells that is expanded after birth in the periphery,
carries markers of activated cells, and becomes a major population in peripheral blood. We found
that these cells do not comprise a single population but actually represent two nested sets, the
smaller of which, specific for Mycobacterium tuberculosis-pulsed antigen-presenting cells (APC),
is contained in a larger set specific for an antigen found on the Molt-4 lymphoma. The larger
set, representing 40-80% of all blood /8 cells, is comprised of cells bearing the Vy9/Cy1
chain. Cells in the smaller, included set have an additional requirement for V62 (and probably
for certain permissive junctional regions, since a very small percentage of Vy9/Vé2 cells do not
react against mycobacteria-pulsed APC). Optimal stimulation by mycobacteria is dependent on
the presence of APC, and is not restricted by classical major histocompatibility complex molecules.
Some of the Vy9/V62 mycobacteria-specific clones are also stimulated by APC pulsed with different
bacteria, such as Listeria monocytogenes and Escherichia coli, indicating that the population includes
several different patterns of reactivity. These data establish a relationship in humans between
specificity and V4/ V8 gene usage, and offer an explanation for the peripheral expansion of these

/8 cells.

In peripheral blood of normal human donors, 50-70% of
7/ cells carry a TCR using a single set of V genes, namely
Vv9 and V82, and a single y constant region, the disulphide-
linked C+y1 (1-4). We had previously shown that such cells
constitute only a minor fraction of 7y/8 cells in the postnatal
thymus (4) and suggested, therefore, that the overrepresen-
tation of the single V gene pair was not due to a chemical
pairing advantage but rather to selective expansion in the pe-
riphery. Suggestive evidence has recently come from Parker
et al. (5), who recently showed that Vy9/V42 cells express
CD45RO, a putative marker of activated cells (6), and that
with age, their number increases in the blood, but not in
the thymus.

There are two possibilities to explain the selective expan-
sion of Vy9/V62 cells. The first is that these cells are ex-
panded by stimulation with a large number of antigenic pep-
tides in association with monomorphic restriction molecules,
in accordance with the model proposed by Davis and Bjorkman
(7), in which the TCR-V-encoded regions, corresponding to

CDR1 and CDR2, preferentially interact with restriction
molecules, while the D, J, and N regions, corresponding to
CDR3, contact the antigenic peptide. In support of this view
are the rare 4/6 cells that see CD1, TL, or Qa, which are
nonpolymorphic class I-like molecules (8-11).

The second possibility is that the Vy9/V62 cells may be
expanded by a limited but powerful set of ligands. These could
be of two sorts: an environmentally recurring antigen to which
the Vy9/V$2 pair has a particular afhnity, or 2 “superan-
tigen” of the type known to bind to particular Vs regardless
of the specificities encoded by the V-(D)-J junctional sequences,
such as some bacterial enterotoxins and the cellular antigen
Mis (12, 13).

To discriminate between the various possibilities, we ana-
lyzed the specificities expressed by a large panel of Vy9/V§2
cells from adult peripheral blood. Here, we show that the
selective expansion is not due to recognition of a common
restriction element but rather by the recognition of two

powerful ligands. The first is an antigen expressed by the tumor
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cell line Molt-4, which behaves like a superantigen in that
it is recognized by /6 cells expressing the TCR Vy9-Cy1
chain. The second is found on APC pulsed with various bac-
teria, and is recognized by most Vy9/Vd2 cells.

Materials and Methods

T Cell Cloning. T cell clones were established from peripheral
blood of normal donors as reported (14). /6 cells were isolated
using the FACS® (440; Becton Dickinson & Co., Mountain View,
CA) and pan anti-6 mAb 61. In some cases, CD4~CD8" cells
were sorted and later identified as y/8*. Cells were cloned by lim-
iting dilution using PHA (1 pug/ml) (Wellcome Laboratories, Dart-
ford, UK), human rIL-2 (100 U/ml; (Hoffmann-La Roche, Nutley,
NJ), and irradiated PBMC (5 x 10°/ml). T cell clones were re-
stimulated periodically following the same protocol.

Monoclonal Antibodies and Tumor Cell Lines.  The following mAbs
wete used: 61 (pan anti-6) (15), BMA032 (antiTCR-a3) (16), TR66
(anti-CD3e) (17), 8TCS1 (anti-V61-]1/3) (18), BB3 (antiV52) (3),
TiyA (anti-Vy9) (1), 4A11 (anti-V-y4, generated in our laboratory),
Leu-3a (anti-CD4) and Leu 2a (anti-CD8) (Becton Dickinson &
Co.) Na 1/34 (anti-CD1a) (19), WM25 (anti-CD1b) (20), 10C3
(anti-CD1c) (21), W6/32 (anti-MHC class I} (American Type Cul-
ture Collection [ATCC], Rockville, MD), anti-32-microglobulin
antiserum (kindly provided by Dr. Jim Kaufman, Basel Institute
for Immunology, Basel), 1243 (anti-DR) (ATCC), B7.21 (anti-
DP) (kindly provided by Dr. John Trowsdale, ICRF, London). The
following tumor cell lines were obtained from ATCC: Molt-4,
Jurkat, K562, U937, and Raji. OVCA 432 was kindly provided
by Dr. R. Knapp, Dana Farber Cancer Institute, Boston, MA.
Molt-4 variants that express high and low levels of CD1a or CD1c
were kindly provided by Dr. Cesar Milstein, Cambridge, UK.

T Cell Assays.  Proliferation assays were performed using 5 x
10* responder cells/well and 6,000 rad irradiated EBV-B cells (3 x
10*/well) or 3,000 rad irradiated PBMC (105/well) as APC. RhIL-2
was added in culture at 5 U/ml. After 48 h, 1 uCi of [*H]thymi-
dine (Amersham International, Amersham, UK) was added and
the cultures were harvested after an additional 18 h. T cell killing
of 5'Cr-labeled target cells was tested as described (22).

Antigens. ‘The following antigens were used: Mycobacterium
tuberculosis (MT)! H37RA (batch No. 722075; Difco Laboratories,
Detroit, MI); heat-killed Listeria monocytogenes strain EGD obtained
from ATCC, prepared as described (23); Escherichia coli JM109, kindly
provided by Dr. Lucia Mori, grown overnight, then heat killed
1 h at 60°C; purified protein derivative (PPD) (Statens Serum In-
situt, Copenhagen); tetanus toxin (provided by Dr. G. Corradin,
University of Lausanne).

Fluorescence Analysis. ~ Cell surface marker analysis was performed
using a FACScan® (Becton Dickinson & Co.). Proliferating cells
were identified using forward and side scatter parameters. Dead
cells were excluded with propidium iodide staining.

Southern Analysis, cDNA Amplification, and Direct Sequencing.
Clones mentioned in Tables 1 and 2 were analyzed for Vy and V6
gene rearrangements by Southern blot as already reported (4). In
TiyA* clones, the junctional segments of the iy and & genes were
amplified either from genomic DNA (clones B.1, B.3, C.4) or from
cDNA and directly sequenced. 11 out of these 18 clones (C.9-17.
1.6, 1.7) had not previously been analyzed by Southern blot (4).

! Abbreviations used in this paper: MT, Mycobacterium tuberculosis; PPD,
purified protein derivative; SEA, staphylococcal enterotoxin A.

Total RNA was extracted from 5 x 10° cells as described (4).
Single-stranded cDNA was synthesized from 1-5 ug total RNA
using an oligo(dT) primer and MMLV reverse transcriptase. 1/20
of each cDNA sample was amplified using the following primers:
V79, 5-TCATACAGTTCCTGGTGTCC-3' (173 bases upstream
to the Vy9 3’ end); Cry, 5-GTGTTTGTGAGCTGCAGCAGT-3'
(28 bases downstream to the 5’ end of the C-1II exon, sharing an
identical sequence with Cy1 and the three major Cy2 alleles); V52,
5'-AGGAAGACCCAAGGTAACACAA-3' (173 bases upstream to
the V62 3' end); C6, 5'-CTTCACCAGACAAGCGACAT-3' (71
bases from the 5' end of the C-I exon); J¥1, 5'-CTTGGAAATGT
TGTATTCTTCC-3'; 83, 5'-AAGATCAACTCACGGGGCTC-3.
The latter two primers were used for genomic DNA samples only.
The amplification of the V& expressed in clone F, was obtained
by means of the “anchored” PCR, as recently described by Loh
et al. (24). The amplifications were done for 40 cycles (94°C, 1
min; 55°C, 1.5 min; and 72°C, 1.5 min) with 25 pmol of each
primer in 50 gl reactions. PCR products were purified from low
melting agarose gel, and one-third of the final volume was used
directly for sequencing. Dideoxynucleotide termination sequencing
reactions were done with a modified T7 DNA polymerase (Se-
quenase 2.0; United States Biochemical Corp., Cleveland, OH).
The primers used for sequencing were either “internal” Vé2, JP,
J61 primers (V62, 5'-AAGATACTTGCACCATCAGAG-3'; JP,
5-AAGCTTTGTTCCGGGACCAA-3'; J81, 5'-ACTTGGTTCC-
ACAGTCACAC-3"), or the same V9 and V82 primers used in
the amplifications; in some cases both strands were sequenced. 3-5
pl of the DNA template was mixed with 5 pmol of primer, 2 pl
of 5x polymerase buffer, 1 ul DMSO, and denatured at 95°C for
5 min. The samples (10 p] final volume) were then transferred on
ice. Labeling reactions were done with 2 ul of labeling mix (1.5
pM dGTP, dCTP, dTTP), 1 ul of 0.1M DTT, 0.6 ul of DMSO,
1 pul of o-[**S)dATP, and 2 pl (2-3 U) of Sequenase. Termination
reactions were according to manufacturer’s instructions. The se-
quencing reactions were then analyzed by standard electrophoresis
and autoradiography.

Results

A Large Fraction of Peripheral Blood v/ Cells Recognize Molt-4
Lymphoma Cells. 'We generated a large panel of v/8 T cell
clones (78) from peripheral blood by using PHA as a poly-
clonal stimulator and tested the ability of these clones to lyse
different tumor target cells. This random set of clones ex-
pressed many different sorts of specificities. A few were al-
loreactive, recognizing specific human class II alleles (as tested
on various EBV cells), and a very small set specifically saw
other antigens. For example, one clone recognizes all mouse
T cells. In addition, as reported by other authors (25, 26),
we found that many of the /6 clones, when tested soon
after in vitro restimulation, exert a non-MHC-restricted killing
against a variety of tumor targets, including K562, U937,
OVCA 432, Raiji, Jurkat, and Molt-4 (Fig. 1 A). When the
same clones were rested for 4-8 wk, they progressively lost
this nonspecific reactivity, however, most of them retained
the ability to lyse Molt-4 (Fig. 1 B).

To investigate whether the /0 receptor is involved in
Molt-4 recognition, we performed antibody inhibition ex-
periments with 61 and TiyA mAbs, which recognize Cé-
and Vy9-encoded epitopes (1, 5). Fig. 1 C shows that these
mAbs completely abolished Molt-4 killing by five Vy9-positive
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Figure 1. Killing of Molt-4 cells by
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D (51) (M), and antiVy9 (TivA) (A)
mAbs completely abolished killing of
Molt-4 (@). (D) Addition of anti-82-
microglobulin antiserum (O}, anti-DR
(L243) (W), anti-DP (B7.21) (A), anti-
MHC class [ mAb (W6/32) (¥), and

clones. Similar results were obtained with all the Vy9*
clones tested. In some experiments, we also measured the
release of serine esterases, which appears to be specific for
the killing mediated by the TCR and not by a putative NK
receptor (27). Serine esterases activity was detected in the su-
pernatant after triggering of Vy9/V02 cells with Molt-4 (data
not shown). Thus, both mAb inhibition and serine esterases
release indicate that TCR is involved in Molt-4 recognition.

In contrast to the anti-receptor antibodies, mAbs directed
to various structures on the target were ineffective (Fig. 1
D). Neither anti-MHC antibodies (W6/32, L243, B7.21
mAbs), nor anti-32-microglobulin antiserum, nor anti-CD1a,
-b, and -c mAbs were able to block Molt-4 killing. In addi-
tion, Molt-4 variants that express low levels of CD1a and
CD1c were recognized and killed by rested clones (data not
shown). These results suggest that the TCRs of /6 cells
recognize a Molt-4 surface structure that is neither a classical
MHC molecule nor CD1.

Recognition of Molt-4 Is a Property of Cells Expressing the V~y9-
Cy1 Chain. To assess the relationship between the large set
of cells recognizing Molt-4 and the set of cells expressing
V~9/V$2, we isolated a new panel of 189 random /8 clones
from peripheral blood using PHA and tested them for the
reactivity with the Vy9-specific antibody TiyA, and for their
capacity to kill Molt-4. None of the TiyA~ clones tested
(60/60) and all but one TiyA* clones (128/129) killed
Molt-4. This finding indicates that the two characteristics
define one set of cells. In peripheral blood, almost all Vy9+
cells recognize Molt-4, a specificity not shared by V9~
cells.

Since most peripheral Vy9* cells also express V2, we
asked whether recognition of Molt-4 required both V genes.
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We selected from our collection of /6 clones (4) those ex-
pressing “unusual” pairings of V7 and V6 chains, and mea-
sured their reactivity to Molt-4. Table 1 shows 41 /4 clones,
classified according to the expression of V49, V42, and the
CH1 vs. the Cy2 isotypes (ie., the disulphide- or non-
disulphide-linked constant region heterodimer). Although the
number of clones is small, and two out of the possible eight
combinations are missing, the following conclusions can be
made: (a) killing of Molt-4 requires both V9 and Cv1, but
does not require V82; and (b) expression of Vy9/Cry1, though
necessary, is not sufficient since one Vy9* clone (E13) kills
K562 (data not shown) but does not kill Molt-4.

Thus, Molt-4, like the well-known superantigens, is rec-
ognized by nearly all cells expressing a single particular V
gene, though in the case of /8 cells, an additional require-
ment exists for the disulphide-linked form of the constant
region.

Stimulation of PBMC with M. tuberculosis Leads to the Selec-
tive Expansion of Vy9/V62 Cells. It has recently been reported
that a large number of human /8 cells proliferate in response
to mycobacterial lysates (29). To characterize the TCR of these
cells, we stimulated PBMC with heat-killed MT. Cells from
six different donors proliferated vigorously to MT. The
proliferating cells were identified by FACS® as large cells with
forward and side scatter parameters and analyzed with a panel
of mAbs specific for human Vv or V& chains (Fig. 2 A).
In five of six donors, there was a striking increase of v/
cells, identified as 6* (with the mAb 1) and /B~ (with
BMAQ032), from 1-5% at day 0, to 40-90% at day 14. The
proliferating /8 cells also stained with anti-V$2 (BB3) and
anti-Vy9 (TiyA) mAbs, while they did not react with anti-
V41 (6TCS1), nor with anti-Vy4 (4A11) mAbs, indicating



Table 1. Correlation of TCR~y/8, MT, and Molt-4 Recognition

A. PHA-derived clones mAb reactivity Reactivity
Name Vy Vo 61 8TCS1 BB3 TivyA 4A11 MT Molt-4
Vy9* Cy1/V82*
A1 Vy9JP Va2t + - + + _ N N
A2 V~9JP Vé2J1 + - + + - +
B.1 Vy9Jt Va2t + - N + _ N N
B.2 Vy9JP V&2t + - + + _ . N
B3 Vy9JP V23 + - . . . + .
B.4 Vy9JP vt + . . . - N .
c1 Vy9JP V2J1 + - + + _ N N
C.2 V9JP V2J1 + - + + _ N
C3 Vy9JP Vs2J1 + - + + _ _ N
C4 Vy9JP v2J3 + - + + _ + N
E1 Vy9JP Va1 ¥ - + . § N N
E3 Vy9JP veas  + - + N . . .
ES5 Vy9JP Va2t + - + + _ N N
1.3 Vy9JP V82)3 + - + + _ +
L6 Vy9JP vzl + ~ + + - -
1.7 Vy9JP V52)3 + - + + _ -
Vy9*Cy1/Vd2-
E.13 Vy9JP V65)1 + - - + _ _
F.3 Vvy9JP1 Véi + + - - - +
G.1 VY91 V11 + + - + - .
Vy9+/V82-
D.2 Vy9J2 V1 + + - + _ _ N
E.2 Vy9J2 V7)1 + - - + _ _ N
E.6 Vy9J2 V58J1 + - - + - _ _
E.9 Vy9J2 V1)1 + + - + _ _ +
F.1 Vy9J2 Va5]1 + - - + _ _ _
E.7 V912 vs1J1 + + - + - _ _
G.2 Vy9JP2 A2 1)1 + + - + - -
E.4 Vvy9J2 Vé1J1 + + - + - -
E.19 + - - + _ _
Vy9-Cy1/V52-
A4 Vvy5j1 Vé1J1 + + - - - -
A.10 V48JP1 V1)1 + + - - - _
Vy9-Cy2/V62*
E.11 Vy2J1/2 V2)3 + - + - _ _
E.15 Vy4J2 Vé2J3 + - + - + - -
Vy9-Cy2/Vé2-
At Vy4)2 V83j1 + - - - + _
B.7 Vy2/8)2 V51)2 + - - - _ _
C.5 VyxJP2 \ZIN5 + + - - _ _
C.6 Vy3/10J2 Vaiji + + - - _ _

continued
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Table 1. (continued)

A. PHA-derived clones mAb reactivity Reactivity

Name Vy Vo 81 6TCS1 BB3 TiyA 4A11 MT Molt-4
Cc.7 V~8JP2 AZ 71} + + - - - -
C.38 Vy4J2 Va3 + - - - + -
D.1 Vvy2/8]2 Va1 + + - - - - -
A5 Vy4J2 A3 1) + + - - + -

E.16 Vy4J2 V83J3 + - - - + -

B. Clones derived from
MT-specific cell lines

C.10 Vv9JP Vé2J1 + - + + - + +
C.11 Vy9JP V21 + - + + - + +
C.12 V+9JP Vé2zJ1 + - + + - + +
C.13 Vv9JP Vé2J1 + - + + - + +
C.15 V9JP Va2l + - + + - + +
C.16 Vy9JP Vo2J1 + - + + - + +
C.17 V~9JP VézZJ1 + - + + - + +
C.18 + - + + - + +
C.19 + - + + - + +
C.20 + - + + - +

Cc.21 + - + + - +

C.22 + - + + - +

C.23 + - + + - +

Q.1 + - + + - +

Q.2 + - + + - +

Q.3 + - + + - +

C9 V+9JP Vo1 + - + + - - +
C.24 + - + + - - +
Q.4 + - + + - -

The clones were derived from peripheral blood or postnatal thymus as specified in reference 4. The Vy and V& genes are named according to references
4 and 28 except for V87, which is a new V gene, and V88, which has already been reported in a TCR « chain (N. Migone, et al., manuscript

in preparation). Blanks are not done.

Ag: M. tuberculosis PPD
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Figure 2. Stimulation of PBMC
with MT induces proliferation of
Vv9/V2 cells. PBMC wete stimulated
with 50 pg/ml of MT strain H37RA,
PPD (10 pg/ml), tetanus toxoid (20
pg/ml), or 30 U/ml! of IL-2. After 4
d, 10 U/ml of II-2 was added to the
cultures, and at days 7 and 15 of cul-
ture, proliferating cells were analyzed
for reactivity with CD3 (@), TCR-/f3
(O), C5(00), VY9 (), Vy4 (*), V&2
(¥), and V61 (A) -specific mAbs. ()
/8 cells with V4 regions different from
Vv4 and VY9, and (1) cells with Vés
other than V41 and V§2. All the donors

were tuberculin skin test positive.



that virtually all the /8 cells carried a Vy9/Vé2 receptor
(data not shown).

PBMC from the same donors did not show a preferential
expansion of 7y/§ cells when stimulated with PPD, tetanus
toxin, or 30 U/ml of IL-2 (Fig. 2, B-D). These results indi-
cate that only stimulation with mycobacteria and not with
PPD or other protein antigens specifically activates Vy9/V2
cells in PBMC.

The proliferating T cells from MT cultures were expanded
in IL-2 and tested for their response to MT. The cell lines
proliferated in response to MT but not to PPD or tetanus
toxoid (data not shown). They also killed mycobacteria-pulsed
APC (data not shown). Thus, the response to MT is selec-
tively comprised of 7y/8 cells bearing Vy9/V2.

Recognition of Molt-4 and M. tuberculosis Are Properties of Over-
lapping Sets of /6 T Cells. Since V9 is associated with
recognition of Molt-4, the finding that Vy9/V62 characterizes
/8 cultures specific for MT led us to ascertain whether the
two specificities are associated with separate or overlapping
sets of T cells. We therefore generated a set of clones from
cultures responding to MT and analyzed their TCR usage
and their specificity to various antigens. Table 1 shows a com-
parison of these clones with a set of randomly derived clones
from peripheral blood.

Every clone derived from MTspecific cell lines reacts with
BB3 and TiyA mAbs and therefore expresses a Vy9/Vo2
TCR (Table 1 B). Furthermore, all the clones that were tested
express the disulphide-linked Vy9-JP-Cy1/V§2-J1 receptor,

and lyse Molt-4 targets. The molecular analysis thus confirmed
that the receptor of MT-reactive clones is Vy9/V62.

In the sample of randomly derived clones (Table 1 A), 11
of 23 of the Vy9*, and 11 of 14 of the Vy9/V2-tested
clones proliferated to MT-pulsed APC, whereas none of the
clones bearing other TCR combinations showed any prolifer-
ative responses to this bacterium.

Thus, the clones specific for MT appear to comprise a major
proportion of the set specific for Molt-4. However, unlike
the Molt-4 specificity, which appears to be dictated solely
by the V49-Cy1 chain, reactivity to MT requires the addi-
tional component of V2.

Because ~20% of Vy9/V 2 tested cells do not react with
MT, we asked whether any particular N, D, or J segment
correlated with this specificity by sequencing the junctional
regions of Vy9/Vé2 clones belonging both to MT-reactive
and nonreactive groups. The results showed that the exam-
ined TCRs have different y (Table 2) and & (Table 3) junc-
tional sequences, with no obvious consensus amino acid se-
quences or lengths (Table 4) that might distinguish between
the two groups of cells. Two clones (I.7, which does not re-
spond to MT, and C.15, which does respond to this stimula-
tion) have an identical V79 chain but different Vs, suggesting
that the v chain alone does not confer the specificity and also
that the & chain is important. Thus, while Molt-4 behaves
like a cellular superantigen, specificity for MT has features
more closely resembling specificity to normal antigens. The
characteristics summarized in Tables 2-4 evoke comparisons

Table 2. TCR-y Sequences
Germ line

MT T GGG CAA GAG TIG GGC JP
Clone reactivity Vy9 TTG TGG GAG GTG N G AAT TAT TAT AAG AAA J1/2
F.1 - TTG TGG GAG GTG CAGGC G AAA 2
1.7 - TTG TGG GAG G CcT CAA GAG TIG GGC P
C3 - TTG TGG G GTCTGATG GAG TTG GGC P
L6 - TTG TGG GAG GTG CCTGGGGGG GAG TTG GGC P
Cc.9 - TTG TIG GAG GTG CACGATTTGGG G TIG GGC P
C.10 + TTG TGG GAG G ACAA G CAA GAG TIG GGC P
c.1 + TTG TGG G GGC GG CAA GAG TTIG GGC P
C.12 + TTG TGG GAG GTG CGC GAG TTG GGC P
C.13 + TTG TGG GAG GTG CTCCG A GAG TIG GGC P
C.14 + TTG TGG ATTGTC CAA GAG TIG GGC P
C.15 + TTG TGG GAG G C G CAA GAG TTG GGC P
C.16 + TTG TGG GAG GTG CTT CAA GAG TTIG GGC P
C.17 + TTG TGG GAG GTG GTG GAG TTG GGC P
C.1 + TTG TGG GAG G cccece GGG CAA GAG TTG GGC P
Al + TTG TGG GAG G ACCTCCC G TTIG GGC P
C4 + TTG TGG GAG GTG CGGC AA GAG TTG GGC P
B.3 + TTG TGG G T GGG CAA GAG TTG GGC P
B.1 + TTG TGG GAG GT A AAG AAA 1

1316 Antigen Specificities of Vy9/V62 Cells
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Table 4. Deduced Amino Acid Sequences Encoded by V-] v and V-D-J & Junctions

MT
Clone reactivity Vy N Jv Vé N-(D)-N Jé
F.1 - ALWEV OA KL CAA TTNCRSGGAY TDKL
1.7 - ALWE A QELG CDT PGIGYT WDTR
C3 - ALW GLM ELG CDT VGSLLGDTE L
L6 - ALWEV PGG ELG CDT LPLGDRDT DKL
(O8] - ALWEV HDLG LG CDT VSTGGYGSSPPRG DKL
C.10 + ALWE DK QELG CD IVGGIRWGP DKL
Cc.1 + ALW GR QELG CD PVLGDTLAA DKL
C.12 + ALWEV R ELG CDT LOAGGP TDKL
C.13 + ALWEV LR ELG CD DLTLLGGKND TDKL
C.14 + ALW 1w QELG CD LLGVLH TDKL
C.15 + ALWE A QELG CDT LGSGGSAER TDKL
C.16 + ALWEV L QELG CD AVGTN TDKL
C.17 + ALWEV VO LG CD IVKTGGLEY TDKL
C1 + ALWE AP GQELG CDT LIH TDKL
Al + ALWE DLP LG CDT VSLTGGL TDKL
C4 + ALWEV R QELG CD PAILGDEL SWDTR
B.3 + ALW |14 GQELG CDh PVLGDTPNP SWDTR
B.1 + ALWEV KKL CD SVDKPR TDKL

The V and J ¥ and 8 segments used are specified in Tables 2 and 3.

with, for example, the response to cytochrome c in mice, where
T cell clones of one particular functional phenotype always
express the identical Va and VB combination, but vary at
junctional regions (30).

Characteristics of the Response to M. tuberculosis.  To analyze

AL TisIL2 Ag
AL T1sIL2
AL T1s Ag 4

AL T1s
BSM IL2 Ag
BSM IL2
BSM Ag 4
BSM
KT11IL2 Ag /
KT11 IL2
KT11 Ag ¥
KT11
EKR IL2 Ag
EKR IL2 2
EKR Ag
EKR ¥
OO0S L2 A( -(llidididididd i idedi s i i il ididisidsa
00S L2 {4
00S Ag ¥

z

the biology of the response to MT, we began with the ques-
tion of MHC restriction. We first asked whether the /6
clones showed any preference for antigen in the context of
polymorphic MHC molecules using EBV-B cells bearing
different HLA haplotypes as APC. Fig. 3 shows that all tested

Figure 3. Vy9/V52 cells are not re-
stricted by classical MHC molecules.
/8 clones were stimulated with MT
(50 pg/ml) and EBV-B cell lines as APC
displaying different HLA class I and
class II haplotypes. AL Tis: A2,26;
Bw49,58; DR6, DP1; BSM: A2,
Bw62, Cw3, DR4, DQw3, DP2;
KT11: Aw33, Bw44, Cw3, DR3, 6,
DQwi1, DPZ, 4; EKR: A3, B7, DR7,

20000 40000

cpm
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DQw2; O0S: A26, Bw56, Cw2,
DR1, DQw1, DP2. Similar results were
obtained with 19 other V9/V$2 clones
from different donots.
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Figure 4. APC are required for optimal stimulation of Vy9/V4§2 clones
by MT. /6 clones were stimulated with MT (50 pg/ml) in the absence
or in the presence of various APC and tested in a proliferation assay. Similar
results were obtained with 19 other V9/Vé2 clones from different donors.

EBV-B cells, irrespective of MHC type, functioned as APC
for MT-reactive /0 clones, suggesting that polymorphic
MHC determinants are not involved in the stimulation of
the /4 clones. We also attempted to identify any nonpoly-
morphic restriction molecules by mAb inhibition using mAbs
specific for framework regions of class I molecules (W6/32),
as well as anti-Bz-microglobulin antisera, anti-DR, and anti-
DP mAbs. Although these antibodies consistently block an-
tigen recognition by TCR-a/B* cells (data not shown), we
failed to detect consistent inhibition of /8 cell proliferative
responses or lysis of mycobacteria-pulsed target cells (data not
shown).

Having found no special role for APC of any particular
haplotype, we asked whether APC are needed at all. Fig. 4
shows that T cells give a low response to MT alone, while
they proliferate well when both EBV-B cells and antigen are
present. These findings indicate that APC are indeed required
for maximum stimulation of 7y/8 cells, although self presen-
tation by the T cells themselves may occur. Both PBMC (data
not shown) and EBV-B cells functioned as APC, while a T
cell line (Jurkat) did not. Thus, the bacterial antigens, like
conventional antigens presented to CD4 or CD8 T cells, re-
quire the presence of APC for optimal activation of y/8 T
cells. Whether this is due to a more efficient processing, or
presentation by APC, is under investigation.

To study the antigen specificity of /8 clones, we used
APC pulsed with different bacteria such as MT, L. mono-
cytogenes, or E. coli. Interestingly, (Table 5) some /8 clones,
originally raised against MT, were also activated by APC pulsed
with different bacteria, suggesting that the different bacteria
might share common antigens or might induce the expres-
sion of similar determinants on the APC surface.

In summary, these results indicate that: () optimal stimu-
lation of v/ cells requires the presence of APC; (b) /8 clones
are not restricted by classical (class I or II) or nonclassical
(class I-like) MHC molecules; and (c) some 7/4 clones recog-
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Table 5. Vy9/V62 Clones Recognize APC Pulsed with
Different Bacteria
Bacteria
Clone APC - MT L. monocytogenes  E. coli
Al - 0.4* 0.7 0.4 0.5
+ 14 36.6 28.4 19.8
R.4 - 12.2 15.5 7.2 7.3
+ 21.5 85.2 48.1 25.8
R.13 - 6.7 5.9 5.1 8.9
+ 14.6 72.8 32.6 12.9
R.16 - 6.6 18.2 4.1 8.2
+ 16.8 70.3 47.8 47.4
R.23 - 5 16.5 2.7 9.5
+ 15.5 87.1 54.5 23.4
R.61 - 1.9 34.3 10.3 10.8
+ 16 104.2 35.2 26.5
R.64 - 1.2 29.3 8.2 17.7
+ 17.9  120.6 37.5 50.5
R.65 - 1.1 16.8 5.6 9.3
+ 23.6 82.3 45.7 23.9
R.67 - 2.7 14.4 10.4 10.1
+ 16.8 67.9 42.5 22.8
R.74 - 5.1 42.2 6.1 11.7
+ 18.9 1135 43.4 47.5

Cell proliferation was assessed in the presence or absence of APC (3 x
10* EBV-B/well) with the addition of 5 U/ml of IL-2.

* The results are expressed as mean cpm x 10-3of triplicates. Irradiat-
ed APC gave a [3H]Thy incorporation of 15.4 x 103 cpm.

nize APC pulsed with different bacteria, suggesting that
bacteria-pulsed APC display common structures.

Discussion

Our results indicate that a large fraction of human periph-
eral blood /8 cells is able to recognize Molt-4 as well as
bacteria-pulsed APC. While these two “superspecificities”
are both found within the Vy9/Vé2 population, which is
the most abundant +y/8 subset in peripheral blood, the two
sets are not precisely overlapping and can be defined as follows.

The major set of peripheral /8 T cells, those that recog-
nize Molt-4, is comprised of clones bearing a disulphide-linked
V79-bearing receptor. The V& chain seems to be less critical,
since at least two different Vs can pair with V49-Cry1 chains
in Molt-4-reactive clones. Thus, the recognition of Molt-4
by human V49* cells resembles the recognition of Mls
ligands by mouse T cells expressing particular V3 gene prod-
ucts (13). In both cases, the structure of the second TCR
chain and of N, D, or ] regions seems to be largely irrelevant.

The molecular nature of the Molt-4 associated and Mls



gene—controlled superantigens remains to be elucidated. Re-
cently, Vy9-related ligands have also been found to be ex-
pressed by Daudi cells (31) and by staphylococcal enterotoxin
A (SEA) (32). It is possible that cellular superantigens iden-
tical or related to the Molt-4 and Daudi superantigens, or
microbial superantigens like SEA, might play a role in the
expansion of a subset of Vy9+ cells in the periphery. How-
ever, this mechanism cannot explain the preferential use of
V62 by the vast majority of circulating Vy9* cells.

The second superspecificity, directed against mycobacteria-
pulsed APC, is found in 80% of peripheral blood Vy9/V62
cells. This reactivity is dependent on the expression of V9
and V62, though the expression of both these gene segments
is not completely sufficient, since ~20% of Vy9+*/Vé2+-
tested clones do not recognize mycobacteria-pulsed APC. It
is not yet clear whether the lack of reactivity is due to the
presence of inappropriate TCR junctional regions or to other
reasons.

The Vy9/V$2 TCR of the mycobacteria-reactive cells ex-
hibit extensive junctional diversity. In the context of the model
proposed by Davis and Bjorkman (7), we might interpret
our data to indicate that the mycobacteria-reactive y/6 TCRs
contact a monomorphic restriction molecule with Vy9- and
Vé2-encoded regions and an antigenic determinant using
regions encoded by the junctional sequences. However, we
found no evidence that any known MHC class II, nor any
known or unknown B;-microglobulin-associated class I,
molecule acted as restriction elements for either of the two
major specificities.

In spite of the lack of MHC restriction, we found that
APC were required for optimal proliferation of v/ cells. We
also found that some /6 clones, originally raised with MT,
also recognize APC pulsed with different bacteria, such as
L. monocytogenes and E. coli.

These findings indicate that APC play an active role in
antigen presentation but do not establish the origin of the
stimulating ligand. There are two possibilities. First, this ligand
may be derived from the bacteria themselves. Several reports
have shown that some /4 cells recognize heat shock pro-
teins (HSPs) (33-35), and different bacteria express related
HSPs that may provide crossreactive epitopes (36). A recent
analysis of a set of mouse y/6 T cell hybridomas that re-
spond to PPD and that recognize a HSP-derived peptide (35,
37) shows that these cells, like the clones described here, dis-
play considerable junctional diversity and lack classical MHC
restriction (37, 38).

The second possibility is that pulsing with bacteria might
induce the appearance of new surface proteins from the APC
themselves. It is known, for example, that LPS can induce
the expression of the MT9-defective mammary tumor virus
genome in normal B cells (39). If this is the case with the
ligand recognized by Vy9/Vé2 cells, then the APC would
display a comparable set of ligands irrespective of the bac-
teria used.

An apparent paradox is the finding that Vy9/V62 cells
are a minor population of y/9 cells in tissues (40-43, G. De
Libero unpublished results), where immune responses and
cell proliferation occur (44), while they represent a major subset
in peripheral blood. Vy9/V82 cells might localize in tissues
during inflammatory responses (45), become activated, and
then recirculate in the blood. Studies on the recirculation pat-
terns of /6 cells in sheep show that they do not circulate
through the T or B cell areas of lymph nodes, suggesting
that they may have nothing to do with normal T-B responses
(46). Studies on the recirculation and activation patterns of
these cells in patients with different diseases may help to clarify
their function.

We thank Drs. W. Haas, L. Mori, R. Schwartz, and G.-K. Sim for critical reading of the manuscript;
and M. Brenner, T. Hercend, L. Moretta, J. Kaufman, J. Trowsdale, R. Knapp, and C. Milstein for providing
mAbs and cell lines. We also thank G. Hugli and C. Haefliger for technical assistance, and D. Thorpe,

for help in cell sorting.

This work was supported by the Swiss National Research Foundation (31-27971.89 to G. De Libero),
and Progetto Finalizzato Biotecnologie e Biostrumentazioni (to N. Migone). The Basel Institute for Im-
munology was founded and is supported by F. Hoffmann-La Roche & Co. Ltd., Basel, Switzerland.

Address correspondence to Gennaro De Libero, Experimental Immunology, Department of Research, Univer-
sity Hospital, Hebelstrasse 20, CH-4031 Basel, Switzerland.

Received for publication 6 December 1990 and in revised form 15 February 1991.

References

1. Triebel, F., F. Faure, M. Graziani, S. Jitsukawa, M.P. Lefranc,
and T. Hercend. 1988. A unique V-J-C-rearranged gene en-
codes a y protein expressed on the majority of CD3* T cell
receptor-a/ 3~ circulating lymphocytes. J. Exp. Med. 167:694.

2. Triebel, F., E. Faure, F. Mami-Chouaib, S. Jitsukawa, A.

1320

Griscelli, C. Genevee, S. Roman-Roman, and T. Hercend. 1988.
A novel human V8 gene expressed predominantly in the
TiyA* fraction of ¥8* peripheral lymphocytes. Eur. J. Im-
munol. 18:2021.

3. Bottino, C., G. Tambussi, S. Ferrini, E. Ciccone, P. Varese,

Antigen Specificities of Vy9/V82 Cells



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

M. Mingari, L. Moretta, and A. Moretta. 1988. Two subsets
of human T lymphocytes expressing /0 antigen receptor are
identifiable by monoclonal antibodies directed to two distinct
molecular forms of the receptor. J. Exp. Med. 168:491.

. Casorati, G., G. De Libero, A. Lanzavecchia, and N. Migone.

1989. Molecular analysis of human y/8* clones from thymus
and peripheral blood. J. Exp. Med. 170:1521.

. Parker, C.M., V. Groh, H. Band, S.A. Porcelli, C. Morita,

M. Fabbi, D. Glass, J.L. Strominger, and M.B. Brenner. 1990.
Evidence for extrathymic changes in the T cell receptor /8
repertoire. J. Exp. Med. 171:1612.

. Bell, E.B,, and S.M. Sparshott. 1990. Interconversion of CD45R

subsets of CD4 T cells in vivo. Nature (Lond,). 348:163.

. Davis, M.M,, and PJ. Bjorkman. 1988. T-cell antigen receptor

genes and T-cell recognition. Nature (Lond.). 334:395.

. Porcelli, S., M.B. Brenner, J.L. Greenstein, S.P. Balk, C.

Terhorst, and P.A. Bleicher. 1989. Recognition of a cluster of
differentiation 1 antigens by human CD4~ CD8" cytolytic
T lymphocytes. Nature (Lond,). 341:447.

. Bonneville, M., K. Ito, E.G. Krecko, S. Itohara, D. Kappes,

I. Ishida, O. Kanagawa, C.A. Janeway, D.B. Murphy, and S.
Tonegawa. 1989. Recognition of a self major histocompati-
bility complex TL region product by v8 T cell receptors. Proc.
Natl, Acad. Sci. USA. 86:5928.

Vidovic, D., M. Roglic, K. McKune, S. Guerder, C. MacKay,
and Z. Dembic. 1989. Qa-1 restricted recognition of foreign
antigen by a ¥6 T-cell hybridoma. Nature (Lond.). 340:646.
Matis, L.A., R. Cron, and J. Bluestone. 1989. Major histocom-
patibility complex-linked specificity of /8 receptor-bearing T
lymphocytes. Nature (Lond.). 330:262.

Choi, Y., B. Kotzin, L. Herron, J. Callahan, P. Marrack, and
J. Kappler. 1989. Interaction of Staphylococcus aureus toxin “su-
perantigens” with human T cells. Proc Natl. Acad. Sci. USA.
86:8941.

Abe, R., and BJ. Hodes. 1989. T-cell recognition of minor
lymphocyte stimulating (Mls) gene products. Annu. Rev. Im-
munol. 7:683.

De Libero, G., and A. Lanzavecchia. 1989. Establishment of
human double-positive thymocyte clones. J. Exp. Med. 170:303.
Band, H., FE Hochstenbach, J. McLean, S. Hata, M.S. Krangel,
and M.B. Brenner. 1987. Immunochemical proof that a novel
rearranging gene encodes the T cell receptor 8 subunit. Science
(Wash. DC). 238:682.

Lanier, L.L., ].J. Ruitenberg, J.P. Allison, and A. Weiss. 1987.
Biochemical and flow cytometric analysis of CD3 and Ti ex-
pression on normal and malignant T-cells. In Leucocyte Typing
III. A. McMichael, editor, Oxford University Press, Oxford,
UK. 175-178.

Lanzavecchia, A., and D. Scheidegger. 1987. The use of hy-
brid hybridomas to target human cytotoxic lymphocytes. Eur.
J. Immunol. 17:105.

Wu, Y.-J., W.-T. Tian, R.M. Snider, C. Rittershaus, P.
Rogers, L. LaManna, and S.H. Ip. 1988. Signal transduction
of 4/8 T cell antigen receptor with a novel mitogenic anti-é
antibody. J. Immunol, 141:1476.

McMichael, AJ., J.R. Pilch, G. Galfré, DYY. Mason, J.'W, Fabre,
and C. Milstein. 1979. A human thymocyte antigen defined
by a hybrid myeloma monoclonal antibody. Eur. J. Immunol.
9:205.

Martin, L.H., E. Calabi, F.-A. Lefebvre, C.A.G. Bilsland, and
C. Milstein. 1987. Structure and expression of the human
thymocyte antigens CD1a, CD1b, and CDlc. Proc. Natl. Acad.
Sci. USA. 84:9189.

1321 De Libero et al.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.
37.

38.

Favaloro, E.J., P. Grimsley, S. Kamath, V. George, A. Hen-
niker, and K.F. Bradstock. 1987. Heterogeneity of antigens
within CD1. In Leukocyte Typing III. A.J. McMichael, editor.
Oxford University Press, Oxford, UK. 77-79.

De Libero, G., 1. Flesch, and S.H.E. Kaufmann. 1988. Myco-
bacteria-reactive Lyt-2* T cell lines. Eur. J. Immunol. 18:59.
De Libero, G., and S.H.E. Kaufmann. 1986. Antigen-specific
Lyt-2* cytolytic T lymphocytes from mice infected with the
intracellular bacterium Listeria monocytogenes. J. Immunol.
137:2688.

Loh, EY., ].E. Elliott, S. Cwirla, L.L. Lanier, and M.M. Davis.
1989. Polymerase chain reaction with single-sided specificity:
analysis of T cell receptor & chain. Science (Wash. DC). 243:217.
Brenner, M.B., McLean J., Scheft, H., J. Riberdy, S.-L. Ang,
J.G. Seidman, P. Devlin, and M. Krangel. 1987. Two forms
of the T-cell receptor 7y protein found on peripheral blood cyto-
toxic T lymphocytes. Nature (Lond.). 325:689.

Borst, J., R.J. van de Griend, J.W. van QOostveen, S.-L. Ang,
C.J. Melief, ].G. Seidman, and R.L.H. Bolhuis. 1987. A T-cell
receptor y/CD3 complex found on cloned functional lympho-
cytes. Nature (Lond.). 325:683.

Spits, H., X. Paliard, and J.E. de Viies. 1989. Antigen specific,
but not natural killer, activity of TCR 48 CTL clones involves
secretion of BLT serine esterase and influx of Ca?* ions. J. Im-
munol. 143:1506.

Takihara, Y., J. Reimann, E. Michalopoules, E. Ciccone, L.
Moretta, and TW. Mak. 1989. Diversity and structure of
human T cell receptor & chain genes in peripheral blood /8
bearing T lymphocytes. J. Exp. Med. 169:393.

Kabelitz, D., A. Bender, S. Schondelmayer, B. Schoel, and
S.H.K. Kaufmann. 1990. A large fraction of human periph-
eral blood y/8* T cells is activated by Mycobacterium tubercu-
losis but not by its 65-kD heat shock protein. J. Exp. Med.
171:667.

Sorger, S.B., S.M. Hedrick, PJ. Fink, M.A. Bookman, and
L.M. Matis. 1987. Generation of diversity in T cell receptor
repertoire specific for pigeon cytochrome c. J. Exp. Med. 165:279.
Fisch, P., M. Malkovsky, E. Braakman, E. Sturm, R.L.H.
Bolhuis, A. Prieve, J.A. Sosman, V.A. Lam, and P.M. Sondel.
1990. /8 T cell clones mediate distinct patterns of non-major
histocompatibility complex-restricted cytolysis. J. Exp. Med.
171:1567.

Rust, CJ.J., E Verreck, H. Victor, and F. Koning. 1990. Specific
recognition of staphylococcal enterotoxin by human T cells
bearing receptors with the V9 region. Nature (Lond.). 346:572.
Holoshitz, J., F. Koning, J.E. Coligan, J. De Bruyn, and S.
Strober. 1989. Isolation of CD4~CD8~ mycobacteria-reactive
T lymphocyte clones from rheumatoid arthritis synovial fluid.
Nature (Lond.). 339:226.

Haregewoin, A., G. Soman, R.C. Hom, and R.W. Finberg.
1989. Human 76 T cells respond to mycobacterial heat-shock
protein. Nature (Lond.). 340:309.

O’Brien, R.L., M.P. Happ, A. Dallas, E. Palmer, R. Kubo,
and W.K. Born. 1989. Stimulation of a major subset of lym-
phocytes expressing T cell receptor ¥4 by an antigen derived
from Mycobacterium tuberculosis. Cell. 57:667.

Kaufmann, S.H.E. 1990. Heat shock proteins and the immune
response. Immunol. Today. 11:129.

Born, W., L. Hall, A. Dallas, J. Bojmel, T. Shinnick, D. Young,
P. Brennan, and R. O’Brien. 1990. Recognition of a peptide
antigen by heat shock-reactive yd T lymphocytes. Science (Wash.
DC). 249:67.

Happ, M.P., RT. Kubo, E. Palmer, WK. Born, and R.L.



39.

40.

41.

42,

O’Brien. 1989. Limited receptor repertoire in a mycobacteria-
reactive subset of 40 T lymphocytes. Nature (Lond.). 342:696.
Sharma, S., L.B. King, and R.B. Corley. 1988. Molecular events
during B lymphocyte differentiation. Induction of endogenous
mouse mammary tumor proviral envelope transcripts after B
cell stimulation. J. Immunol. 141:2510.

Falini, B., L. Flenghi, S. Pileri, P. Pelicci, M. Fagioli, M.F.
Martelli, L. Moretta, and E. Ciccone. 1989. Distribution of
T cells bearing different forms of T cell receptor 48 in normal
and pathological human tissues. J. Immunol. 143:2480.
Bucy, R.P., C.-L.H. Chen, and M.D. Cooper. 1989. Tissue lo-
calization of CD8 accessory molecule expression of T 6 cells
in humans. J. Immunol. 142:3045.

Spencer, J., PG. Isaacson, TC. Diss, and T.T. MacDonald. 1989.
Expression of disulphide-linked and non-disulphide-linked
forms of the T cell receptor 6 hetetodimer in human intes-

1322

43.

44,

45.

46.

tinal intraepithelial lymphocytes. Eur. J. Immunol. 19:1335.
Groh, V., S. Porcelli, M. Fabbi, L.L. Lanier, L.]J. Picker, T.
Anderson, R.A. Warnke, A.K. Bhan, J.L. Strominger, and
M.B. Brenner. 1989. Human lymphocytes bearing T cell
receptor 7/ are phenotypically diverse and evenly distributed
throughout the lymphoid system. J. Exp. Med. 169:1277.
Jalkanen, S., R.A. Reichert, W.M. Gallatin, R.F. Bargatze,
LL. Weissman, and E.C. Butcher. 1986. Homing receptors and
the control of lymphocyte migration. Immunol. Rev. 91:39.
Modlin, R.L., C. Pirmez, EM. Hofman, V. Torigian, K. Uye-
mura, TH. Rea, BR. Bloom, and M.B. Brenner. 1989. Lym-
phocytes bearing antigen-specific y8 T-cell receptors accumu-
Jate in human infectious disease lesions. Nature (Lond.). 339:544.
McKay, C., M.-F. Beya, and P. Matzinger. 1989. y/6 T cells
express a unique surface molecule appearing late during thymic
development. Eur. J. Immunol, 19:1477.

Antigen Specificities of Vy9/V82 Cells



