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ABSTRACT We have used antisense oligodeoxynucle-
otides corresponding to genes encoding the variable (V) region
of the T-cell receptor (TCR) a and j3 chains (V. and Vp) to
control TCR expression in T-cell hybridomas. Two hybrid-
omas, A1.1 and B1.1, recognize a synthetic polypeptide antigen
designated poly 18 {poly[Glu-Tyr-Lys-(Glu-Tyr-Ala)51} to-
gether with I-Ad. We have found that TCR function (produc-
tion of lymphokines in response to antigen) and T3 expression
were removed after protease treatment of the cells and were
fully recovered 48 hr later. However, when antisense oligode-
oxynucleotides corresponding to the appropriate TCR V genes
were present after protease treatment, little or no recovery of
TCR function or T3 expression was observed. This effect was
specific for the TCR V genes utilized by the T cell: antisense
oligodeoxynucleotides corresponding to the TCR V regions of
AM.1 had no effect on TCR expression in B1.1 and vice versa.
Thus, antisense oligodeoxynucleotides can be used to tempo-
rarily block expression of a TCR gene in a T-cell hybridoma.
This technique was then applied to a paradoxical phenomenon
in Al.1 cells. We had observed previously that Al.1 releases an
antigen-specific immunoregulatory activity that shows the
same antigenic fine specificity as is displayed by the TCR of
AL.L. We now report that antisense oligodeoxynucleotides
corresponding to the AM.1 V. gene blocked the production of
this soluble antigen-specific activity by the cell. Antisense
oligodeoxynucleotides corresponding to All Vp, on the other
hand, had no effect on the production of this antigen-specific
activity. We discuss these observations in the context of recent
findings on the nature of T cell-derived antigen-specific regu-
latory factors.

T lymphocytes specifically recognize foreign antigen to-
gether with self major histocompatibility complex (MHC)
molecules through the cell-surface T-cell receptor (TCR)
complex. This complex is composed of the TCR a and p
chains, which are responsible for antigen and MHC speci-
ficity (1), and the T3 molecules, which may be responsible for
transducing the membrane signal (2). a Chain, p chain, and
T3 are only expressed as a complex; in the absence ofany one
component, cell-surface expression does not occur (2).
A helper T-cell hybridoma (A1.1) has been described (3)

that expresses TCR a and 8 molecules specific for a synthetic
polypeptide designated poly 18 {poly[Glu-Tyr-Lys-(Glu-Tyr-
Ala)5]} and, in the presence of specific antigen and I-Ad,
releases lymphokines. This T-cell hybridoma also constitu-
tively produces a poly 18-specific cell-free factor involved in
antigen-specific induction of suppression, which we call
"suppressor-inducer factor" (4). Analysis has revealed (4)
that the factor produced by Al. 1 displayed the same antigenic
fine specificity exhibited by the TCR on the Al.1 cell surface.

Further, an anti-TCR antiserum was found to bind the
antigen-specific factor (5). These results led us to speculate
that at least some of the genes encoding the TCR a and 83
chains may be responsible for encoding the antigen-specific
factor as well. To test this idea, we sought a method of
specifically inhibiting the synthesis of the TCR a or ,8 chains
within the cell.
One approach to such specific inhibition is the use of

antisense oligodeoxynucleotides. Antisense oligodeoxynu-
cleotides corresponding to c-myc, when added to cultures of
normal T lymphocytes, inhibit proliferation in response to
mitogen (6, 7) and, when added to HL-60 cells, inhibit
proliferation and induce differentiation (8). Antisense oli-
godeoxynucleotides corresponding to proliferating cell nu-
clear antigen similarly inhibit proliferation of BALB/c 3T3
cells (9). Therefore, we examined whether similar oligode-
oxynucleotides could be used to inhibit synthesis of the TCR
and the effect of such inhibition on production of the
A1.1-derived antigen-specific regulatory activity.

MATERIALS AND METHODS
Animals. C57BL/10 mice were purchased from Ellerslie

(Edmonton, Canada) and maintained in our facility at the
University of Alberta.

Antigens. Sheep erythrocytes (SRBC) were purchased
from Morse Biologicals (Edmonton). Poly-18, poly(Glu-
Tyr-Ala), and K3K [Glu-Tyr-Lys-(Glu-Tyr-Ala)3-Glu-Tyr-
Lys] were synthesized and provided by B. Singh (University
of Alberta).

Oligodeoxynucleotides. The a- and 8-chain genes of the
TCR expressed in A1.1 have been characterized by sequenc-
ing (P.K., Z. Novak, M. van Hoff, A. Fu, and A.F., unpub-
lished data). A1.1 expressed the BW5147 TCR genes in
addition to the a- and 1-chain genes unique to A1.1. The A1.1
p-chain gene utilizes the Vp6 segment (10) while the a-chain
gene uses a member of the Vai family, identical to that of
TA84 (11). The antisense oligonucleotides synthesized were
complementary to the Va and Vat leader sequence extending
from the ATG codon to 22 or 23 nucleotides downstream. All
oligodeoxynucleotides were synthesized by the Regional
DNA Synthesis Facility at the University of Calgary and
were not purified ofcontaminating n - 1 and n - 2 sequences,
which were present at a concentration of -10%. The an-
tisense oligodeoxynucleotides used are shown in Table 1.

T-Cell Hybridomas. The poly 18-specific T-cell hybridomas
A1.1 and B1.1 have been described (3). The cells were
maintained in RPMI 1640 medium supplemented with 10%

Abbreviations: TCR, T-cell receptor; SRBC, sheep erythrocytes;
pfc, plaque-forming cells; APC, antigen-presenting cells; Poly 18,
poly[Glu-Tyr-Lys-(Glu-Tyr-Ala)5]; K3K, Glu-Tyr-Lys-(Glu-Tyr-
Ala)3-Glu-Tyr-Lys; V, variable; FITC, fluorescein isothiocyanate;
FACS, fluorescence-activated cell sorter; FCS, fetal calf serum.
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Table 1. Antisense oligodeoxynucleotide sequences

Hybridoma Sequence

A1.1
Vali2 (antisense) GTA AAA CAC TCA AGG ATT TCA T
Vp (antisense) CAG CAG AAA ACC CAC TTG TTC A (T)

B1.1
V,02 (antisense) GCA CAG AAT GCA AAA CTG CCA C (AT)
All antisense sequences used in the studies discussed herein

correspond to the first 22 or 23 bases of the gene of interest,
commencing with the translation start. Bases shown in parentheses
were present in some but not all oligodeoxynucleotides used (no
differences were observed between these variants). Concentrations
of antisense oligodeoxynucleotides do not take n - 1 and n - 2
impurities into account (l1O%).

(vol/vol) fetal calf serum (RPMI 1640/10%o FCS) and were
recloned to ensure good responsiveness. Prior to exposure to
oligodeoxynucleotides, the cells were treated with 0.25%
trypsin (Sigma) for 10 min in a 37°C waterbath. Cells were
then washed and cultured at 5 x 106 cells per ml in RPMI
1640/10% FCS with or without antisense oligodeoxynucle-
otides. Cells and supernatants were harvested after 48 hr.

Antigen Stimulation of T-cell Hybridomas and Lymphokine
Assay. Poly 18-specific T-cell hybridomas were stimulated and
tested for lymphokine production as described.(3). T cells (5
x 104) were incubated with 1 x 104 irradiated antigen-
presenting cells (APC; TA3 cells expressing I-Ad/k exposed to
2000 R). Poly 18 or related peptide (3) (50 ,ug) was added as
antigen. Cells and antigen were incubated in 200 ,ul of RPMI
1640/10% FCS in 96-well tissue culture plates (Costar) at 37°C
in 94% air/6% CO2. Supernatants were recovered after 48 hr
and assessed for lymphokine by addition to CTLL-2 (2 x 104
cells per well). Proliferation of the lymphokine-responsive
cells was assessed by [3H]thymidine incorporation or 1-
N-methyl-5-thiotetrazole staining.

Fluorescence Staining and Fluorescence-Activated Cell
Sorter (FACS) Analysis. T cells were incubated with 145-2C11
[hamster anti-mouse T3 (12)] or with normal hamster serum
on ice for 1 hr, washed, then incubated with fluorescein
isothiocyanate (FITC)-labeled rabbit anti-hamster IgG (Nor-
dic, Lausanne, Switzerland). H-2 Kk was assessed by using
the 16.3.1N hybridoma (ATCC HB25) followed by FITC-
labeled goat anti-mouse Ig (Kirkegaard and Perry Laborato-
ries, Gaithersburg, MD). The cells were fixed with 1%
formalin, and fluorescence was measured by FACS analysis.

Assay for Suppressor-Inducer Factor. Antigen-specific, sup-
pressor-inducer activity from A1.1 was assessed as described
(3). Supernatants from A1.1, cultured at 1 x 106 cells per ml
(without antigen or APC), were collected after 48 hr and added
at 10% to assay cultures. In addition, an "accessory super-
natant" was prepared as follows: Splenic T cells from SRBC-
immune C57BL/10 mice were prepared by using a T-cell
recovery column (SciCan, Edmonton) and were cultured at 1
x 107 cells per ml for 48 hr; supernatants were collected from
these cultures and adsorbed with 0.25 ml of packed SRBC per
ml of supernatant on ice for 2 hr. The adsorbed "accessory
supernatant" was added to assay cultures at 10o. Assay
cultures contained C57BL/10 spleen cells (1 x 107 cells per ml)
in RPMI 1640/10% FCS containing 50 ,uM 2-mercaptoethanol.
In addition to accessory supernatant and/or Al. 1 supernatant,
cultures also contained 5 x 106 SRBC that had been conju-
gated with poly 18, poly(Glu-Tyr-Lys), or K3K by the method
described by Mishell and Shigii (13). After 5 days of culture at
37°C in humidified 92% air/8% C02, anti-SRBC plaque-
forming cells (pfc) per culture were determined (14).

RESULTS
Antisense Oligodeoxynucleotides Inhibit Reexpression of

TCR Function in Trypsin-Treated T-cell Hybridomas. After

trypsin treatment, Al.1 cells were found to optimally recover
antigen and APC responsiveness after 48 hr in culture (data
not shown). When trypsin-treated cells were cultured in the
presence of 50 AuM antisense oligodeoxynucleotides corre-
sponding to the TCR V regions of A1.1, these cells failed to
produce lymphokine upon exposure to specific antigen (Fig.
1). No effect was observed, however, when trypsin-treated
A1.1 cells were cultured with a control Vp B1.1 antisense
sequence. These effects were seen regardless of whether the
lymphokines produced from the stimulated T cells were
assayed by [3H]thymidine incorporation or by 1-N-methyl-5-
thiotetrazole staining of CTLL-2 cells (not shown).
The specificity of the observed effect of antisense oligode-

oxynucleotide treatment was further tested by using a second
poly 18-specific T-cell hybridoma, B1.1, which utilizes dif-
ferent TCR V region genes than does A1.1. Antisense
oligodeoxynucleotides corresponding to TCR V regions were
added to trypsin-treated A1.1 or B1.1 cells. After 48 hr, cells
were recovered, washed, and exposed to antigen and APC.
Lymphokine production was then assessed (Fig. 2). Inhibi-
tion of T-cell function was seen only when the appropriate
antisense oligodeoxynucleotides were present in the cul-
tures. Thus, the effect is V region-specific.

Since the expression of cell-surface T3 is dependent on the
presence of TCR a and 8 chains (2), we also assessed the
effects of the antisense oligodeoxynucleotides on reexpres-
sion of T3 after trypsin treatment. T3 was detected by
staining with hamster anti-mouse T3 monoclonal antibody,
followed by FITC-labeled rabbit anti-hamster Ig. Expression
of T3 on A.1.1 or B1.1 cells was dramatically reduced by
culture in the presence of the appropriate antisense oligode-
oxynucleotides (Fig. 3). No cell-surface staining was de-
tected with normal hamster serum followed by FITC-labeled
rabbit anti-hamster Ig (not shown). In another experiment,
we compared the reexpression of T3 versus H-2Kk on
trypsin-treated A1.1 cells in the presence or absence of
antisense oligodeoxynucleotides corresponding to Val.2. The
presence of oligodeoxynucleotides did not affect reexpres-
sion of the H-2K molecule, while reexpression of T3 was
completely inhibited (Table 2). Thus, the effects of the
antisense oligodeoxynucleotide was specific for TCR.

Fig. 4 Upper shows that the optimal concentration of
antisense oligonucleotide added to the trypsin-treated cells
was 50 ,uM, although 25 ,uM produced significant effects on
the reexpression of T-cell function. These results are entirely
consistent with optimal concentrations of antisense oligonu-
cleotides to c-myc, which inhibit T-cell mitogenesis (7). After
48 hr of exposure to 50 ,M antisense oligodeoxynucleotides,
some of the cells were washed and cultured for an additional
24 hr in the absence ofthe oligodeoxynucleotides. These cells
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FIG. 1. A1.1 cells were typsin-treated and then cultured for 48
hr in the presence or absence of antisense oligodeoxynucleotide (50
,uM) sequences, as indicated. Cells were harvested, washed, and
placed into culture with antigen and APC; 24 hr later, supernatants
were harvested and assayed for lymphokine [interleukin 2 (IL-2)]
activity, expressed as incorporation of [3H]thymidine by CTLL-2
cells.
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FIG. 2. A1.1 and B1.1 cells were trypsin-treated a
48 hr with the indicated antisense oligodeoxynucle4
Cells were harvested, washed, and tested for response
APC as in Fig. 1.

fully recovered their function (Fig. 4 Lower). a
that the specific oligodeoxynucleotides are non
cells and that the effects are completely revers
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Table 2. Antisense oligodeoxynucleotide corresponding to Va
inhibits reexpression of T3 but not H-2K

Antisense in
culture, %

Antibody None V.1.2
Background 1.50 2.24
Anti-T3 99.50 1.95
Anti-H-2Kk 99.60 99.57

A1.1 cells were treated with trypsin and cultured for 48 hr in the
T20000 presence or absence of 50 ,uM antisense oligonucleotide. Cells were

recovered and stained with anti-T3 or anti-H-2Kk and a second
FITC-conjugated antibody (see Materials and Methods). Back-
ground represents staining with the second antibody only. The

mnd cultured for percentage of positive cells were determined by FACS analysis.
otide (50 ;LM).
to antigen and otides, and the supernatants were collected. The A1.1 su-
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activity that added to cultures containing K3K-SRBC, a significant re-
layed by the duction in the subsequent anti-SRBC pfc response was
relationship observed. However, no effect was seen when poly(Glu-

.y from A1 1 Tyr-Ala)-SRBC were present in the culture, demonstrating
A1.1 cells in the antigen specificity ofthe effect. When the A1.1 cells were
es for 48 hr, exposed to 50 A&M antisense oligodeoxynucleotides corre-
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FIG. A1.1land Bl.1 cells were treated as inFig. 2. After 48hr

of culture, cells were harvested, washed, and stained with mono-
clonal hamster anti-mouse T3 (or normal hamster serum), followed
by FITC-labeled rabbit anti-hamster Ig. Fluorescence staining was
determined by FACS analysis.
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FIG. 4. (Upper) A1.1 cells were trypsin-treated and cultured for
48 hr in the presence of different concentrations of the indicated
antisense oligodeoxynucleotides. Cell responsiveness was assessed
as in Fig. 1. (Lower) Some of the Al.1 cells from the experiment in
Fig. 5 Upper (treated with 50 /iM of the indicated antisense
oligodeoxynucleotide) were cultured an additional 24 hr in the
absence of the oligodeoxynucleotides. Cells were recovered and
assessed as in Fig. 1. Lymphokine production from the stimulated
A1.1 cells, without the additional 24-hr culture (data from Upper), is
shown for comparison.
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FIG. 5. Effect of antisense oligodeoxynucleotides on the con-
stitutive production of an antigen-specific regulatory activity by
A1.1. (Upper) A1.1 cells were cultured for 48 hr with or without the
indicated antisense oligodeoxynucleotides (50 uM). The superna-
tants were harvested and tested for regulatory activity in the
presence of SRBC coupled with either K3K or poly(Glu-Tyr-Ala).
After 5 days, anti-SRBC pfc per culture were determined. (Lower)
Trypsin-treated A1.1 cells were cultured with oligonucleotides, and
the supernatants were assessed for regulatory activity as in Upper
(antigen in the spleen cell assay culture was poly 18-conjugated
SRBC).

of this antigen-specific activity. On the other hand, exposure
of A1.1 cells to 50 /LM antisense oligodeoxynucleotides
corresponding to the Va of A1.1 completely blocked the
production of the factor. When supernatants of Va. antisense-
treated A1.1 cells were added to spleen cell cultures con-
taining accessory supernatants and K3K-SRBC, there was
no reduction in subsequent anti-SRBC pfc.

Fig. 5 Lower shows a similar experiment, but in this case
the A1.1 cells were treated with trypsin before exposure to
antisense oligodeoxynucleotides, and the regulatory activity
in the supernatants was assessed by poly 18-SRBC. Again,
the constitutive production ofthe regulatory factor from A1. 1
was inhibited by the presence of 50 AM antisense oligode-
oxynucleotides corresponding to Va of Al.1 but not VP of
A1.1 or V, of Bl.l. Antisense oligonucleotides to either Va
or Vp of A1.1 blocked reexpression of T3 as determined by
FACS analysis, whereas no effect was seen of the corre-
sponding Vp of B1.1 (results not shown but similar to those
in Fig. 3). Thus, although the Al.1 cells treated with antisense
oligodeoxynucleotides corresponding to the Vp ofAl.1 failed
to express cell-surface TCR, they nevertheless produced the
regulatory factor.

In control experiments, no direct effects of the oligode-
oxynucleotides on the anti-SRBC response or its suppression
were observed (not shown). This is consistent with the lack
of effect of the antisense oligodeoxynucleotides correspond-

ing to Va shown in Fig. 5. Therefore, the observed effects of
the V, antisense cannot be attributed to carry-over of the
oligonucleotide into the assay culture. Thus, the constitutive
production of the antigen-specific regulatory factor by A1.1
is blocked when the synthesis of TCR a chain is blocked but
is unaffected by blocking TCR a-chain synthesis. These
results are discussed below in the light of recent observations
on the presence and possible role of TCR a chains in
regulatory T-cell hybridomas.

DISCUSSION
Murine T-cell hybridomas, treated with trypsin, reexpress T3
and TCR function with time. When cultured in the presence
of antisense oligodeoxynucleotides that correspond to the
appropriate Va or Va sequences, this reexpression is inhibited
(Figs. 1-4). The inhibition is V-region-specific (i.e., antisense
must correspond to V regions used by the cell; Figs. 2 and 3)
and is reversible (Fig. 4). Inhibition of reexpression ofT3 had
no detectable effect on the reexpression of an unrelated
surface marker, H-2K (Table 2).
One interesting observation. is the dramatic effect of

antisense oligodeoxynucleotides on reexpression ofT3 on the
surface of appropriate cells (Fig. 3 and Table 2). This was
somewhat surprising, as the TCR genes of the hybridoma
fusion partner, BW5147, are expressed in the T-cell hybrid-
omas used herein (P.K. and A.F., unpublished observation).
Nevertheless, by blocking the expression of one chain of the
TCR, T3 expression was virtually eliminated, even though
the BW5147 TCR genes should have continued to be ex-
pressed. It is possible, for example, that in these hybridomas
the different TCR chains (from BW5147 versus the original T
cell) fail to associate in all combinations.

Herein, we have presented evidence that production of an
antigen-specific, regulatory T-cell factor by Al.1 cells can be
inhibited by specifically blocking TCR a-chain synthesis. The
simplest explanation for this result is that the mRNA encod-
ing the regulatory factor bears, at least, Va. Alternatively,
TCR a chain may be required for the release of the factor,
without otherwise participating in the antigen-specificity of
the activity. On the other hand, TCR P-chain synthesis does
not appear to be required for the production of the factor.
However, since Vp6-specific antisense oligodeoxynucleo-
tides appear to block Vp6 but not V2 expression (Figs. 2 and
3), we suspect that the BW5147 TCR p-chain (which bears
V91) continues to be expressed in the presence of antisense
oligodeoxynucleotides corresponding to V,6. It is not ex-
cluded, therefore, that production of the A1.1-derived anti-
gen-specific activity in the presence of Vp6-specific antisense
oligodeoxynucleotides depends on functional expression of
the BW5147 TCR,8 chain (as well as the A1.1 TCR a chain).
If the antigen specificity of the A1.1-derived factor is indeed
dictated by VM, this suggests that in the A1.1 TCR, antigen-
specificity is similarly dictated. This idea, that Va controls
antigen specificity of the TCR, has been suggested by some
studies of TCR function (15, 16).
The regulatory activity from A1.1 participates in antigen-

specific induction of suppression (4) and may be related to
previously described T-cell suppressor-inducer factors (17-
19). However, the factor from A1.1 is incomplete, requiring
the "accessory supernatant" for function. Our analysis (4)
suggests that the Al.1-derived activity probably represents
the antigen-specific portion of such T-cell suppressor-inducer
factors, while the accessory supernatant may provide the
antigen nonspecific component (see, for example, ref. 19).

If antigen-specific regulatory T-cell factors are indeed
dependent on the expression of Va sequences, however, why
do suppressor-inducer T-cell hybridomas appear to lack TCR
gene rearrangements (20, 21)? A number of such hybridomas,
analyzed for P-chain rearrangement, were found to have lost

Immunology: Zheng et al.
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the appropriate chromosome (chromosome 6) (21). On the
other hand, TCR a-chain expression was found in a suppres-
sor-inducer T-cell hybridoma (22), and both TCR a- and
P-chain expression were found in a virally transformed
suppressor inducer T cell (23).
A possible resolution of the controversy surrounding TCR

in regulatory T cells may come from the recent results of
Weiner and colleagues (24). They found that a very small
population (1-3%) of T3' cells in their cloned suppressor-
inducer T-cell hybridoma, F12, was responsible for all of the
production of antigen-specific factor by this cell. Precipita-
tion of T3 from this population revealed the presence of a
heterodimer, likely to be the TCR. This indicates that the
earlier results on the absence of TCR in regulatory T-cell
hybridomas must be reevaluated. More recently, Kuchroo et
al. (25) confirmed and extended these findings by using
several Ts3 hybridomas. Selection for CD3' cells resulted in
enhanced factor production and yielded populations capable
of binding antigen. T3 on the surface of these cells was
associated with a heterodimer that could also be precipitated
with the antibody to the a-chain constant region (Car).
Modulation of T3 by anti-CD3 antibody reduced antigen
binding to background levels, while modulation with the
specific hapten significantly reduced T3 expression. It is
possible, therefore, that the TCR a or p chains, or both, on
the surface of these cells are capable of directly binding
antigen.
Moorhead and colleagues (26) have similarly described a

regulatory T-cell factor that appears to bear TCR determi-
nants. This antigen-specific factor reacts with a rabbit anti-
mouse TCR antiserum (26) that also reacts with the A1.1-
derived factor discussed herein (5). In addition, a monoclonal
anti-murine TCR a-chain antibody also appears to bind to the
antigen-specific portion of the factor described by Moorhead
(J. Moorhead, personal communication).
De Santis and colleagues (27) also have found a relation-

ship between TCR genes and an antigen-specific regulatory
T-cell factor. They found that mRNA from a virally trans-
formed suppressor-inducer T cell could be hybrid-selected
with TCR a- and p-chain genes, then translated in vitro to
yield a two-chain antigen-specific factor (27). It would be
interesting, in the light of our results, to determine whether
the antigen-specific component of this factor is produced by
the TCR a-chain gene-selected mRNA.
We have speculated previously that CD4' T cells, which

bear a TCR with a sufficiently high affinity for antigen, may
be directed into the suppressor pathway (by producing
suppressor inducer molecules) upon exposure to antigen (5,
17, 28). Our results, reported herein, together with those of
others discussed above, suggest that at least part of the
resulting factor is intimately related to the TCR a molecule.
It seems possible that we have taken a small step toward the
long-awaited molecular characterization of antigen-specific
T-cell regulatory factors.
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