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Stimulation of Human y3 T Cells by
Nonpeptidic Mycobacterial Ligands

Patricia Constant, Francois Davodeau, Marie-Alix Peyrat,
Yannick Poquet, Germain Puzo, Marc Bonneville,
- Jean-Jacques Fournié*

Most human. peripheral blood y3 T lymphocytes respond to hitherto unidentified myco-
bacterial antigens. Four ligands from Mycobacterium tuberculosis strain H37Rv that stim-
ulated proliferation of a major human v3 T cell subset were isolated and partially char-
acterized. One of these ligands, TUBag4, is a 5’ triphosphorylated thymidine-containing
‘compound, to which the three other stimulatory molecules are structurally related. These
findings support the hypothesis that some y3 T cells recognize nonpeptidic ligands.

Since the discovery of the ¥8 T cell recep-
tor (TCR), various studies have demon-
strated the involvement of y8 T lympho-

_ cytes in immune responses to mycobacteria

(1). The nature of antigens recognized by
v3 T cells has remained elusive, as has the
physiological function of these cells. In
mice, ¥yd T cells derived from lung and
newborn thymus respond to tuberculin and
to hsp65-derived peptides, suggesting a spe-
cialized role in stress immunity (2). In
humans, though some y8 T lymphocytes
reactive to mycobacteria recognize hsp65
(3), most of them appear to have different
unidentified ligands (4). Such ligands re-
covered in hydrosoluble extracts from My-
cobacterium tuberculosis have small molecu-
lar masses (1 to 3 kD) and, on the basis of
several lines of indirect evidence, were
assumed to be carbohydrate in nature (5).
Here, we show that these ligands are phos-
phorylated molecules related to a thymidine
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5’-triphosphoryl-X nucleotide conjugate.

Isolation of the stimulating ligands in
hydrosoluble extracts from M. tuberculosis
strain H37Rv cultures [mycobacterial ex-
tracts (ME)] was monitored by the prolifer-
ative response of a mycobacteria-reactive
human v3 T cell clone, G115 (6). To
determine the chemical nature of the li-
gands, we submitted ME to various treat-
ments. The ligands were resistant to prote-
ases as described (5) but sensitive to peri-
odic acid oxidation and to alkaline phos-
phatase (7). Fractions from gel permeation
chromatography of ME were analyzed for
carbohydrate content and biological activ-
ity (Fig. 1A). The stimulating fractions
appeared in two broad overlapping peaks
containing carbohydrate, with an estimated
mass range of 500 to 600 daltons. Taken
together, these preliminary findings sug-
gested that the stimulating ligands for the
vd T cell clone G115 were small phosphor-
ylated glycoconjugate molecules.

These ligands were purified from ME by
anion exchange chromatography, silicic
acid chromatography, and C18 ion-pair
reversed-phase high-pressure liquid chro-
matography (rpHPLC). With this proce-
dure, four biologically active components,
named TUBagl to TUBag4 according to
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their increasing hydrophobicity, were sepa-
rated into discrete peaks (Fig. 1B). Because
parallel diode array detection at variable
wavelength revealed contaminating com-
pounds in most fractions, repeated chroma-

needed to purify the components to homo-
geneity. With this protocol, we obtained
about 50 g of the biologically active com-
ponent TUBag4 from 12 liters of M. tuber-
culosis H37Rv cultures. As for the other
three components, TUBag2 and TUBag3

tography of each activating TUBag was

Fig. 1. (A) Size permeation chro- A 020
matography of M. tuberculosis an- g g
tigens. Samples (100 mg) of ME 015y ¥ ¥
were loaded on an Ultrogel AcA202
(1130 cm) column eluted with 0.1
M ammonium acetate. Fractions (1
ml) were collected, assayed for
carbohydrates with sulfuric anthron
and absorbance at 630 nm (Agg,) 0.0
(0), and assayed for G115 clone o 10
stimulation (@). Upper arrows indi-

cate molecular weights of polyeth- B 1.0
ylene standards. Arbitrary stimula-
tion units (ASU) were defined as the
highest sample dilution inducing
half-maximal proliferation of clone °
G115. (B) Separation of four anti- ‘t&'i 0.4
gens from ME. The biologically ac-
tive fraction (100 mg) from the ME 02f
separation on DEAE was chromato-

graphed with ion-pair preparative 0.0
C18 rpHPLC (10 wm, 20/250 mm

column) and ammonium acetate

(0.1 M) eluent. We monitored ab- (o] 12 TP

sorption at variable wavelength with L0 e
a diode array detector (Ayg nme TUBag4
shown by .dotted line) and moni-

tored stimulating activity on the
G115 clone as incorporation of
[3H]thymidine, thousands of counts 14 ; - i
per minute (kcpm) (O). Stimulating 0 5 10 15

fractions from the same antigen Time (min)

were pooled and termed as indicated. (C) Analysis by HPAEC of TUBag4 purified by C18 rpHPLC. .
About 1 wg of TUBag4 was chromatographed (lower profile) on a Dionex DX300 apparatus with an lon
Pac AS11 (4 mm) anion exchange column, with NaOH (0.1 M) and CH CN gradients in water detected
by conductivity in the chemical suppression mode. Standards (upper proflle) of thymidine 5’-monophos-
phate or thymidine 5'-diphosphate glucose (respectively, TMP and TDPGlc, 7.5 min), thymidine
5'-diphosphate (TDP, 12.4 min), and thymidine 5'-triphosphate (TTP, 16.9 min) chromatographed
differently from TUBag4 (13.0 min).
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Table 1. The effect of mAbs to TCR on TUBag4-triggered amplmcatlon of V.9 V42 PBLs. Freshly
isolated PBLs from a healthy donor were cultured for 10 days in interleukin- 2—supplemented
medium in the absence or presence of TUBag4 and mAb (1/100 ascites): IH1, antibody to Vi1 (27);
510, pan 8 (79); 360, anti-V.9 (79); and 389, anti-V,2 (19). Live cells in the cultures were then
counted and phenotyped by indirect mmunoﬂuorescence with various TCR-specific mAbs and flow
cytometry. Results are expressed as percent of positive cells. for a given mAb. Absolute numbers
of ¥8 T cells in each culture demonstrate blocking of the TUBag4-triggered amplification. None of
these mAbs to TCR affected the phytohemagglutinin lectin-induced proliferative activity of the V.9
V2 T cell clone G115 (27), suggesting that the mAb-mediated blocking of cell amplification was
specific for the TUBag4 stimulus. The increased background staining of PBLs cultured with mAbs
510, 360, and 389 is due to persistence of these mAbs added to cultures, as indicated by staining
with only fluorochrome-conjugated antibody to mouse immunoglobulin.

Percent of cells expressing the Absolute number

Culture following V or C chain "
conditions Of( 581 Oc_:f)lls
None Al C, V.9 Vg2

Medium 0.2 0.4 5.5 3.8 3.9 3.6
TUBag4 0.7 0.5 28.3 25.8 25.4 41.0

+ IH1 0.8 0.6 20.3 19.1 19.9 34.7

+ 510 3.9 4.2 4.3 4.6 4.4 71

+ 360 2.8 2.8 4.6 3.4 2.4 6.9

+ 389 3.7 4.4 5.4 3.7 4.4 9.5
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were not obtained in sufficient amounts to
allow structural analysis and TUBagl,

- which eluted close to the HPLC solvent

peak, could not be purified to homogeneity.
High pH anion exchange chromatographic
(HPAEC) analysis of TUBag4 revealed a
single peak, detected by chemical-sup-
pressed ion conductivity (Fig. 1C), which
by itself was capable of stimulating clone
G115 (8). We considered this TUBag4
sample, which yielded a single peak in both
C18 1pHPLC and HPAEC, to be purified to
homogeneity.

Structural analysis of TUBag4 was un-
dertaken with one-dimensional and two-
dimensional homo- and heteronuclear mag-
netic resonance (NMR). One-dimensional
'H spectrum of TUBag4 (Fig. 2A) revealed
the reporter groups of 2-deoxyribose, such
as H-1 (¢, 8 6.280 ppm, J, , ,- 6.4 Hz) and
H-2,2' (m, 8 2.309 ppm), and of thymine,
such as H-6 (s, 8 7.677 ppm). Using two-
dimensional homonuclear 'H correlated
spectroscopy (COSY) and homonuclear
Hartman-Hahn (HOHAHA) spectroscopy
and 'H-*C heteronuclear multiple-quan-
tum coherence (HMQC) and heteronu-
clear multiple-bond correlation (HMBC)
experiments with gradient pulse tech-
niques, we were able to assign the 'H and
13C chemical shifts (9). From these data we
identified the structure of thymidine in
TUBag4, and the chemical shifts suggested
the presence of 5’ phosphate and excluded
3’ phosphate substitution (10). Direct in-
sertion probe electron impact—mass spec-
trometry (EI-MS) was used to confirm the
presence of phosphate in TUBag4 (11).
The EI-MS spectrum of the per-trimethyl-
silyl (TMS) derivative of TUBag4 showed
intense peaks at m/z 211 and m/z 299,
characteristic of phosphate groups (Fig.
2B), and the peaks at m/z 126 and m/z 155
confirmed the presence of thymidine. Tak-
en together, these results suggested that
TUBag4 contains thymidine 5'-phosphate;
however, when biologically tested with the
clone G115, thymidine, thymidine mono-
phosphate (TMP), thymidine diphosphate
(TDP), and thymidine triphosphate (TTP)
standards were inactive, revealing that
TUBag4 was not composed sotely of phos-
phorylated thymidine. Moreover, these
data could not reveal whether 5'-di- or
5'-triphosphate was present in this mole-
cule. We resolved this issue by using both
chromatography and enzymatic degradation
(12). Native TUBag4 eluted on C18 ion-
pair rpHPLC between TDP and TDPGlc
and was unaffected by alkaline phosphatase
treatment (Fig. 2C). Given that TUBag4,
which has an estimated mass of 500 to 600
daltons (Fig. 1A), does not contain any
terminal phosphate monoester, this left
only the two possible structures TDP-X or
TTP-X. Two indirect pieces of evidence



suggested that TUBag4 has the TTP-X
structure: (i) from comparative HPAEC
analysis, TUBag4 elutes (13.0 min) after
TDP (12.4 min), whereas TDPGlIc coelutes
with TMP (Fig. 1C), and (ii) free phos-
phate was detected with HPAEC analysis of
the venom nucleotide pyrophosphatase
products of either TDP, TTP, or TUBag4
but not of TDPGlc.

On treatment with venom nucleotide py-
rophosphatase (12), TUBag4 was degraded
into TMP and a biologically active compo-
nent that behaved like TUBag1 in both C18
pHPLC (Fig. 2C) and HPAEC (13). In
contrast to TUBag4, alkaline phosphatase
treatment completely abolished TUBag]1 bio-
logical activity (7), ruling out any exclusive
contribution of the X moiety to TUBag4
activity. TUBag2 and TUBag3 are related
phosphorylated metabolites: TUBag2, like
TUBagl, was inactivated by alkaline phos-
phatase, and TUBag3 appears to be of a
nucleotide conjugate nature because it was
inactivated by venom nucleotide pyrophos-
phatase (14). Therefore, the partial alkaline
phosphatase sensitivity of crude TUBag mix-
ture can be interpreted as loss of TUBagl and
TUBag2 activities, whereas the complete ab-
rogation of TUBag activity after periodic acid
treatment can be explained by the sensitivity
of phosphate and pyrophosphate diesters to
acids. Structure of the X residue remains to be
determined, but this is hampered by the very
low amounts of highly purified molecules that
can be recovered from large volumes of M.
tuberculosis cultures.

When titrating the biological activity of
purified TUBag4, the minimal TUBag4
concentration required for half-maximal
proliferative response of clone G115 was
~1 ng/ml [that is, 2 nM for an estimated
mass of 500 daltons (Fig. 3A)]. To assess
the biological activity of purified TUBag4,
we assayed for the selective amplification of
vd T cells after short-term bulk cultures of
peripheral blood lymphocytes (PBLs) from
four healthy donors. TUBag4 induced a 40-
to 500-fold amplification of ¥8 T cell num-
bers after a 10-day culture, but had no effect
on af T lymphocytes and CD3~ cell pro-
liferation (Fig. 3B). In agreement with
earlier reports (15), the T cell population
amplified' with TUBag4 expressed a TCR
comprising V. 9-and V2 variable (V) re-
gions (Fig. 3C) Moreover, TUBag4-medi-
ated amplification of V.9 V2 T lympho-
cytes was specifically blocked by monoclo-
nal antibodies (mAbs) directed against ei-
ther V.9, V42, or C; TCR chains (anti-
V.9, V 2, -G, respectlvely) (Table 1).
These results suggest that TUBag4 stimu-
lates in a TCR-dependent fashion a power-
ful polyclonal response of a major peripher-
al y3 T cell subset in humans.

The nature of the mycobacterial ligands
for v T lymphocytes remained an unre-

- 84.4 ppm; and C-5, 64.15 ppm.

Fig. 2. (A) The 'H NMR spectrum
of TUBag4. (A 50-ug sample in
D,0, Bruker AMX 500 MHz.)
Spotted peaks are from HOD and
ammonium acetate. Complete as-
signments of the chemical shifts
were obtained from COSY,
HOHAHA, HMBC, and HMQC ex-
periments (9): for thymine: H-6,
7.677 ppm; methyl-5 (Me-5), 1.9
ppm (with ammonium acetate
peak); C-2, 150.4 ppm; C-4, 165.3
ppm; C-5, 110.0 ppm; Cye.s, 10.4
ppm; and C-6, 136.2 ppm. For
2-deoxyribose: H-1, 6.280 ppm;
H-2,2'; 2.309 ppm; H-3, 4.558
ppm; H-4, 4.096 ppm; H-55’,
4.096 ppm; C-1, 83.81 ppm, C-2,
37.58 ppm; C-3, 69.6 ppm; C-4,

Abundance
(arbitrary units)

These findings are in agreement
with published data about thymi-
dine 5'-phosphate (70). (B)
AnEI-MSspectrumofper-trimethyl-
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silylated TUBag4. (A 1-ng sample
Hewlett-Packard 5989A, 70 eV,
direct insertion probe tempera-
ture of 290°C.) Evidence for
the presence of phosphate in
TUBag4 was provided from m/z
299 or m/z 211 rearrangement ions
indicated above, and the presence
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of peaks at m/z 126 and m/z 155
confirm the occurrence of thymi-
diné (71). (C) Enzymatic degrada- 100+
tion of TUBag4. Biological activity 10

10001
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of C18 rpHPLC fractions (same 1
HPLC conditions as in Fig. 1B) from
TUBag4 treated with the above-
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specified enzymes (12). The upper dotted line shows a C18 rpHPLC profile of TTP, TDP, TDPGlc, and
TMP, and arrows indicate the eluting positions for TUBag1 and TUBag4.

Fig. 3. (A) Proliferative response of clone G115
to TUBag4. The G115 cells (10* per well) were
cultured for 72 hours in the presence of irradi-
ated B-LCL cells (2.5 x 10* per well) and
recombinant interleukin-2 (rlL-2, 75 U BRMP) in
RPMI plus 10% pooled human serum. TUBag4
(®) or negative control sample (O, TDP) was
added to the cultures at the concentration
specified. Specific [*H]thymidine incorporation
was obtained for each sample by subtracting
counts per minute of cultures without antigen.
(B) Selective in vitro amplification of yd PBLs by
TUBag4. PBLs from four healthy donors were
cultured in rllL.-2—supplemented medium in the
absence or presence of TUBag4 (saturating
amounts). After being cultured for 10 days,
cells were counted and phenotyped by indirect
immunofluorescence with the pan-g mAb BMA
031 and the pan-8 mAb 510 (79). The amplifi-
cation ratio (R) was calculated according to the
following formula: R = (NTUB X Arup)/(Nyeg X

A q) Where N g and N, correspond to the
total number of cells recovered after culture with
or without TUBag4, respectively, and A corre-
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sponds to the percent of cells recognized by a given mAb (20). (C) The v T cell population amplified
after culture with TUBag4 expressed. TCR V.9 and V2 regions. The PBLs from donor 2 (20) were
phenotyped by two-color immunofiuorescence with the V ,9-specific mAb 360 (79) and the V2-specific
mADb 389 (79) and analyzed by flow cytometry with a Becton Dickinson FACScan and Lysys II software.
Shown are the contour plots of red (V,9) fluorescence versus green (V,2) fluorescence on a log-log
scale obtained from cells cultured in the absence (left) or presence of TUBag4 (right).
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solved and controversial question. Selective
stimulation of yd T cells by carbohydrates
has been suggested (16). Our studies dem-
onstrate that these ligands are phosphorylat-
ed metabolites of a thymidine-containing
nucleotide conjugate named TUBag4. To
our knowledge, thymidine-containing nu-
cleotide conjugates had not been previously
reported in nature. They may be involved in
a metabolic pathway related to DNA, such
as -cell proliferation or nucleic acid repair.
Such molecules would fit with the “stress
antigens” or “conserved primitive stimuli”
theoretically expected for yd T lymphocytes
(17). Understanding their metabolic func-
tion in the producing cell may help to
elucidate the physiological role of reactive
v3 T cells. Qur results may also provide clues
to understanding autoimmune diseases, for
example, T cell help for production of
pathogenic immunoglobulin G to DNA in
lupus patients frequently involves y3 T cells
(18), and this may be triggered by TUBags
or structurally related stimuli.
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Telomere-Led Premeiotic Chromosome
Movement in Fission Yeast

Yuji Chikashige, Da-Qiao Ding, Hironori Funabiki,
Tokuko Haraguchi, Shinro Mashiko, Mitsuhiro Yanagida,
Yasushi Hiraoka

The movement of chromosomes that precedes meiosis was observed in living cells of
fission yeast by fluorescence microscopy. Further analysis by in situ hybridization revealed
that the telomeres remain clustered at the leading end of premeiotic chromosome move-
ment, -unlike mitotic chromosome movement in which the centromere leads. Once meiotic
chromosome segregation starts, however, centromeres resume the leading position in
chromosome movement, as they do in mitosis. Although the movement of the telomere first
has not been observed before, the clustering of telomeres is reminiscent of the bouquet
structure of meiotic-prophase chromosomes observed in higher eukaryotes, which sug-
gests that telomeres perform specific functions required for premeiotic: chromosomal

events generally in eukaryotes.

The centromere is generally believed to
be a unique chromosomal site that leads
the chromosome movement. Here we re-
port a situation in which telomeres pro-
ceed first in the direction of travel during
chromosome movement. We examined
the chromosome dynamics during the pro-
cess of meiosis in living and fixed cells of
fission yeast by the use of a computerized
fluorescence microscope system with a

- cooled charge-coupled device (CCD). Our

results reveal that telomeres cluster at the
leading end of the chromosome movement
during premeiotic stages.

In fission . yeast - Schizosaccharomyces
pombe, haploid cells of the opposite mating
type, h* and h™, conjugate upon nitrogen
starvation and enter the process of meiosis
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(zygotic meiosis); alternatively, h*/h~ dip-
loid cells can be directly induced to undergo
meiosis (azygotic meiosis) (1-3). A charac-
teristic elongated nuclear morphology, gen-
erally called horse tail, is observed during a
certain period preceding meiotic divisions
(Fig. 1) (4). The horse-tail period includes
meiotic prophase defined in higher eukary-
otes, during which the association and re-
combination of homologous chromosomes
take place (1, 2).

We first examined chromosome dynam-
ics during meiosis in individual living cells.
Fission yeast cells were induced to undergo
meiosis and stained with a DNA-specific
fluorescent dye, Hoechst 33342; meiotic
processes in the stained cells were allowed
to proceed on a microscope slide (5). In live
meiosis, the noticeable movement of nuclei
was observed during karyogamy and the
horse-tail period. Selected frames of chro-
mosome dynamics in zygotic meiosis are
shown for the period of karyogamy (Fig.
2A) and for the horse-tail (Fig. 2B) and
meiotic chromosome segregations (Fig.






