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The T cell receptors from the regulatory IL-10-secreting T cell line
induced by the random amino acid copolymers poly(F,Y,A,K,)n in
SJL mice (H-2s) have been characterized, cloned, sequenced and
expressed both in 293T cells and in 2 different TCR ��/�� T cell
hybridomas. The usage of TCR � and � V regions in the cell line was
oligoclonal. Four TCR �/� pairs cloned from single cells of the T cell
line were inserted into a retrovirus vector linked by an oligonu-
cleotide encoding the 2A peptide that spontaneously cleaves in
vivo. After cotransfection of this vector with a CD3 vector into the
293T cells, the TCR were surface expressed. Moreover, after trans-
duction into the 2 T cell hybridomas, all 4 were functional as
evidenced by their response to stimulation by poly(F,Y,A,K)n. All 4
pairs were V�3.2(3.5)/V�14, a prominent clonotype found in the
poly(F,Y,A,K)n-specific T cell line. These V regions are identical to
those recently found in a regulatory T cell line that secretes both
IL-4 and IL-10 induced in B10.PL mice with a different MHC hapo-
type (H-2u) by a small peptide obtained from an autoimmune TCR
of that strain. These data lead to a hypothesis regarding the origin
of the epigenetic modifications that lead to selective cytokine
secretion in T cells.

epigenetics � Foxp3 � FYAK � glatiramer acetate � retrovirus vector

Regulation of immune responses is currently a central focus of
immunology. Several types of cells are involved in this

regulation, including macrophages (1), dendritic cells (2), and T
cells. Two principle types of regulatory T cells have been
described, cytokine-secreting antigen-nonspecific regulatory T
cells that mediate bystander immunosuppression (3–5) and
forkhead box P3 (Foxp3�) antigen-specific T cells (natural Treg)
that require cell–cell contact for their activity (6, 7).

The random amino acid copolymer Copaxone [poly-
(Y,E,A,K)n (YEAK), glatiramer acetate (GA), Copolymer 1
(Cop1)] has been widely used for the therapy of multiple
sclerosis in humans and for the amelioration of experimental
autoimmune encephalomyelitis (EAE) in mice for several
decades (8, 9). More recently, a random copolymer, poly-
(F,Y,A,K)n, called FYAK, that appears to be more effective
than GA in several mouse models of EAE has been extensively
studied (10). Both copolymers ameliorate EAE by induction of
regulatory T cells that secrete the immunomodulatory cytokine
IL-10 principally, and other cytokines in smaller amounts (10).
These IL-10 secreting T cells belong to the family of cytokine-
secreting T cells, including Tr1 and Th3 cells (3, 11), which
mediate bystander immunosuppression. The amino acid copol-
ymers are presented by dendritic cells and/or macrophages that
also appear to have a role in the phenomenon (12, 13).

At the same time in a second line of investigation immuniza-
tion with peptide derived from the V� TCR segment or DNA
encoding a V� peptide was found to lead to amelioration of
autoimmune disease (14–18). In parallel work, TCR blocking
antibodies were also shown to be useful in therapy (19, 20).
Moreover, immunization with peptides derived from TCR V�
segments may induce T cells that secrete a large amount of IL-10
in addition to IL-4 (16, 21, 22). Thus, the mechanisms by which

immunization with TCR peptide and that in which blocking
antibody ameliorate disease are distinct.

The purpose of the present research was to characterize
structurally and functionally the T cell receptors of an IL-10
secreting FYAK-specific T cell line. Only a few reports of the T
cell receptors of cytokine-secreting or of Foxp3� nTreg have
appeared (18, 23), and we will discuss these reports in the context
of the present work.

Results
TCR V� Repertoire of an FYAK-Specific T Cell Line. T cell lines were
established from spleens of SJL mice as described, using either the
random amino acid copolymer FYAK or the autoantigen PLP139–
151 as the immunogen (10, 24–26). The primary lines were restim-
ulated 3 times at 2-week intervals in IL-2. T cell lines were analyzed
after the last restimulation using a panel of murine TCR V�-specific
mAb. At least 3 different batches of the cell lines were analyzed. For
the FYAK-specific cell lines, V�4 and V�14 were preferentially
used, whereas, in the PLP139–151-specific cell lines, V�2 and
V�17a were preferentially used. Some PLP-specific cell lines also
used V�4 and V�14 (Fig. 1A). The frequency of TCR V�4 and
V�14 in the FYAK-specific cell lines averaged 22% and 28%,
respectively, and the highest frequency observed was 24% for V�4
and 30% for V�14, a total of 54% (Fig. 1B).

Next, the 2 populations of V�4 and V�14 containing TCR
from a FYAK-specific cell line were sorted by FACS. Prolifer-
ation assays with CFSE-labeling showed that the 2 sorted
populations each proliferated significantly to FYAK and less to
GA but not to PLP139–151, as was also the case with the
unsorted population (Fig. 1C). All 3 populations produced IL-10
with 67–78% of the cells IL-10 positive by intracellular staining
(Fig. 1D). For one of the FYAK-specific T cell lines, 35% of the
cells secreted IL-10, 40% secreted both IL-10 and IL-4 and 4%
secreted IL-4 only using intracellular staining for detection (Fig.
1E).

TCR V� Repertoire. Only a limited number of TCR V�-specific mAb
are available (V�2, V�3.2, V�8.3, and V�11.1/11.2). Analysis of the
V� repertoire in FYAK-specific T cell line was therefore carried
out by quantitative PCR (qPCR). Among 19 V� segments analyzed,
12 were used in the unsorted population, 2 were used at relatively
high levels, 4 were used at intermediate level, and 6 were used at low
levels (Fig. 2A). In the sorted V�14-expressing FYAK-specific T
cell population, V�3 predominated, V�5 was present at an inter-
mediate level, and the other 8 were present at lower levels (Fig. 2B).
The expression of the 5 most frequently used V� segments repre-
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sented in both unsorted and V�14� sorted populations was further
examined in the 3 FYAK populations (unsorted, V�14-expressing
and V�4-expressing) and in corresponding PLP139–151-specific
populations. Strikingly, the V�3 segment was expressed only by the

V�14-expressing FYAK-specific T cells (Fig. 2C). By contrast, the
usage of V�14 and V�3 in the PLP139–151 cell line was very low
(Figs. 1A and 2C). The selective expression of V�3.2 in these cells
was confirmed by flow cytometry analysis, using V�3.2-specific
mAb (Fig. 2D).

Diversity of the Complementarity-Determining Region 3 (CDR3). To
examine the CDR3 sequences, the V�3.2 and V�14 double

Fig. 1. Predominance of the TCR V�4 and V�14 usage in FYAK-specific CD4�

T cell lines. (A) FACS analysis of V� segments. Frequencies of each segment are
shown as means of at least 3 experiments. Error bars show SD values. (B)
Staining of FYAK-specific T cell line with antibodies against CD4 and V�4 or
V�14. (C) Sorted CD4�V�4� and CD4�V�14� populations were restimulated
with FYAK, GA or PLP139–151 for 72 h. Proliferation of unsorted and sorted
populations to the different antigens was evaluated by CFSE-labeling. (D) In
the last 4 h of restimulation, unsorted or V� sorted FYAK-specific T cell
populations were incubated with PMA, ionomycin, and BFA; then, IL-10
expression was analyzed by intracellular staining. (E) IL-4 and IL-10 expression
on one FYAK-specific T cell line was analyzed by intracellular staining.

Fig. 2. TCR V� repertoire analysis. RNA was isolated from T cells and
reverse-transcribed into cDNA for qPCR with specific 5� V� primers and a 3� C�

primer. (A and B) Expression of V�1 was designated as 100%, and relative
expression of each V� segment on established unsorted FYAK-specific T cell
line (FYAK-TCL) (A) or V�14-expressing sorted FYAK-TCL (B) are shown. (C) The
top 5 V� segments with the highest expression in both A and B were compared
by qPCR among different T cell populations. They are (from left to right)
V�14� FYAK-TCL, V�4� FYAK-TCL, unsorted FYAK-TCL, V�14� PLP-TCL, V�4�

PLP-TCL, and unsorted PLP-TCL. The expression of each V� segment on un-
sorted PLP-TCL was designated as 1. All of the qPCR data are shown as means
of triplicates. (D) Flow cytometry showing the expression of V�3.2 on different
V� sorted T cell populations.
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positive cells (Fig. 2D) were sorted by single-cell sorting into
96-well plates. Then the primers specific to V�3.2 and C� were
used to amplify the CDR3 regions of V�3.2 from 14 different
cells; similarly, the primer specific to V�14 and C� universal
primer were used to amplify the CDR3 regions of V�14 from
another 14 different cells (Fig. 3A). Seven PCR products of the
V�3.2 fragment and 8 of the V�14 fragments were purified and
subjected to DNA sequencing. Translated protein sequences
were aligned, showing that the diversity of the CDR3 region was
more pronounced in the V�14 segments than in the V�3.2
segments (Fig. 3B). These TCR sequences were also analyzed by
IMGT-V-QUEST (IMGT; available at http://imgt.cines.fr,
Montpellier, France) for the usage of J regions. The predomi-
nant J regions used were J�22 and to a slightly lesser extent,
J�2.7 (Fig. 3B).

Cloning of Full-Length TCR Pairs Used by the V�3.2�/V�14� FYAK-
Specific T Cells. Cloning of full-length TCR� and TCR� cDNAs
from single cells of a FYAK-specific T cell line was initiated for
further work. Single cells were again sorted into a 96-well plate
for RT-PCR. Pairs of full-length TCR� and � segments with
suitable quality were obtained from 18 cells (Fig. 4A). In these
experiments, cell lysis for total RNA, reverse transcription and
PCR amplification were done in 1 step, using primers that were
designed based on the published sequences for these segments
(see Methods). Sequencing of these 18 clones confirmed that they
all contained V�14; 17 of them contained V�3.2 while 1 of them
contained V�3.5 (sequences as shown in reference (27)). The

alignment of protein sequences again indicated substantial di-
versity in both CDR3 regions, especially in the V�14 CDR3
region, represented by different amino acids and length ranges

Fig. 3. CDR3 analysis of TCR V�3.2 and V�14 fragments. (A) The
CD4�V�3.2�V�14� T cells from FYAK-TCL were sorted at 1 cell per well into
96-well PCR plate for specific amplification of TCR fragments by single-cell
RT-PCR. The PCR products from 29 single cells are shown: 14 cells for the V�3.2
fragment, 14 cells for the V�14 fragment, and 1 cell for the �-actin gene (C1).
RNA from a pool of FYAK-specific T cells was used as a positive control for the
PCR amplification (C2). NC, negative control with no cells. (B) PCR products
from single cells (7 for V�3.2; 8 for V�14) were subjected to sequencing.
Alignments of the translated protein sequences are shown. Red, V and C
regions; green, J region; yellow, those amino acids that differ from the most
frequent residues appearing at the same position. The N-J� or N-D�-N region
is not colored.

Fig. 4. TCR Cloning. (A) Every TCR pair including the full-length � chain and the
full-length of � chain was PCR amplified from the same single CD4�V�3.2�V�14�

FYAK-specific T cell. PCR products from 32 single cells are shown. Only those pairs
with good amplification of both � and � chain were used for further subcloning.
(B) CDR3 amino acid sequences for V�3.2 and V�14 TCR from 18 individual cells.
The conserved residues CAXS or CAWS flanking the 5� CDR3 of V�3.2 and V�14
respectively, or FGXG flanking the 3� CDR3 is not shown. Residues found in the J
region are indicated in green. The amino acids different from the most frequent
residues of the J region are indicated in yellow. The asterisk denotes the 4 TCR ��

pairs used for subcloning. (C) Structure of retroviral TCR construct. Amplified TCR
� and � chain cDNA sequences were linked with the 2A peptide sequence of
porcine teschovirus-1 (P2A) by recombinant PCR and then subcloned into a
cassette vector, MSCV-IRES-GFP (pMIG), for retrovirus-mediated expression. (D)
293T cells cotransfected with TCR construct and CD3 vector (pMIG-CD3����) were
stained with mAbs against TCR V�3.2 and V�14. Flow cytometry showing the
expression of cloned TCR on the surface of transfected 293T cells.
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(8–10 aa for V�3.2 and 7–10 aa for V�14) (Fig. 4B). Four pairs
of full-length � and � cDNAs (��1, -7, -11, and -16) were
selected with reasonably diverse sequences. The � and � seg-
ments of each of these pairs were linked through overlapping
PCR, with an oligonucleotide encoding the 2A peptide derived
from Porcine teschovirus-1 (P2A; see ref. 28 for the sequence).
After transcription and translation this peptide mediates spon-
taneous cleavage between the 2 linked proteins. The
TCR�(VJC)-2A-TCR�(VDJC) was inserted into the multiclon-
ing sites of the retrovirus vector pMIG (M, MSCV; I, IRES; G,
GFP) (Fig. 4C). To evaluate the expression of these cloned TCR
pairs, the plasmid pMIG-TCR�-2A-TCR� was cotransfected
with pMIG-CD3 (the plasmid encoding all 4 CD3 subunits) into
293T cells. After a 48-h culture, the 293 T cells were analyzed by
flow cytometry, using V�3.2- and V�14-specific mAbs. All 4
cultures were positive with both antibodies, although the group
‘‘��16’’ that used V�3.5 showed a weaker staining of V�3.2 mAb
than the other 3 (Fig. 4D). These experiments established that
single-cell RT-PCR cloning had yielded at least 4 pairs of TCR�
and TCR� segments that would properly combine in vivo to
express a TCR on the surface of 293T cells.

Functionality of the FYAK-Specific V�3.2/V�14 TCR �� Pairs. To
examine the functionality of the cloned TCR�� pairs, the 4
pairs described in the preceding section were expressed in 2
different TCR��/�� T-hybridoma cells, BW-1 and 4G4.CD4.
A full complement of CD3 genes (�, �, �, and �) had been
inserted into both recipient cell lines and CD4 had also been
inserted into the second cell line. These 2 recipient cell lines
are programmed for IL-2 secretion that results from insertion
of any functional TCR �� pair into them. For this experiment,
pMIG-TCR�-2A-TCR� together with pEQ-Pam3(-E) and
pVSVg that encode retrovirus packaging proteins were co-
transfected at a ratio of 2:2:1 into 293T cells. The supernatants
of 293T cells were collected starting from 36 h after transfec-
tion and used for generating the retrovirus-producing
GP�E86 cells. Recipient BW-1 and 4G4.CD4 cells were then
infected by retroviral supernatant produced by GP�E86 cells.
GFP expression on recipient cells showed the infection effi-
ciency, and the majority of GFP-positive T-hybridoma cells,
except for the group in which vector alone was used, were
expressing TCR (Fig. 5A). Sorted GFP� or GFP�/TCR�

recipient T-hybridoma cells were stimulated with FYAK, GA,
J5 [an immunomodulatory peptide whose sequence was based
on a binding motif for GA (26)], and PLP139–151. All 4 BW-1
or 4G4.CD4 cell lines that received TCR��-containing vectors
were functional as evidence by secretion of IL-2 on stimulation
with FYAK. They differed, however, in the extent of stimu-
lation that was paralleled in the 2 different recipients. In
addition, only 1 of these 4 TCR-transduced cell lines was
stimulated by GA, and none was stimulated by the immuno-
modulatory peptide J5 or by PLP139–151 (Fig. 5 B and C).

Discussion
An important question which these experiments seeks to
approach is whether the rearrangement of the T cell receptor
genes has some role in the phenotype of regulatory T cells, i.e.,
whether it has a role in the epigenetic changes that lead to
different functions or to selective cytokine secretion by dif-
ferent T cells. In the case of natural regulatory T cells that are
identified by the expression of the transcription factor Foxp3
(6, 7) and by the surface expression of CD39 and CD73
(nucleotide hydrolases that lead to generation of immuno-
modulatory adenosine from ATP) (29) epigenetic modifica-
tions clearly occur. These Treg are generated in the thymus,
are antigen-specific, and require cell–cell contact to mediate
immunosuppression. The mechanism of their central genera-
tion is largely unknown. However, the TCR sequences from

Foxp3�CD4�CD25� T cells are polyclonal and in one study
appear to mirror the sequences found in the self-reactive
nonregulatory T cell repertoire, at least in part (23), support-
ing the idea that the former are derived by epigenetic con-
version of the latter. They can also be generated in the
periphery. For example, administration of anti-DEC-205-HA
to mice and its binding to tolerogenic immature dendritic cells
leads to immune tolerance to HA that appears to result from
the conversion of CD4� T cells recognizing HA to
Foxp3�CD4�CD25� Treg (30). [Anti-DEC-205-HA is a fu-
sion monoclonal antibody comprised of a dendritic cell-
specific monoclonal antibody, anti-DEC-205, to which the
immunogenic peptide hemagglutinin 107–119 (HA) has been
linked to the C terminus of both of the heavy chains in the
antibody.] In addition introduction of Foxp3 by retrovirus
vectors into cytotoxic T cells converts these cells from cyto-
toxic T cells to regulatory T cells (31).

A second type of Treg, cytokine-secreting autoantigen non-
specific Treg that mediate bystander immunosuppression, is
generated in the periphery. Two main types have been described,

Fig. 5. Expression and function of retroviral TCR in T-hybridoma cells.
Supernatant from the retrovirus-producing GP�E86 cells were collected for
infection of the TCR-deficient BW-1 and 4G4.CD4 T-hybridoma cells. (A) BW-1
cells were stained with TCR� antibody. Flow cytometry shows the expression
of all 4 TCR pairs (��1, ��7, ��11, and ��16) on infected (GFP-positive) cells.
No TCR expression was detected on BW-1 cells infected by vector only. (B and
C) The TCR-bearing and vector-only infected T-hybridoma cells were sorted for
GFP�TCR�� (groups ��1, -7, -11, and -16) or GFP� (vector) populations and
stimulated with different antigens presented by APC. Supernatant from stim-
ulated BW-1 (B) or 4G4.CD4 (C) cells were harvested at 48 h, and IL-2 produc-
tion was measured by ELISA.
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Tr1 cells that secrete IL-10 (although some IL-10-secreting T cells
also secrete IL-4) (3–5) and Th3 cells that secrete TGF� (although
some Th3 cells secrete both TGF� and IL-10) (11). A failure of
either of these regulatory mechanisms in vivo and of the generation
of natural regulatory T cells as occurs in Foxp3 deficiency (6) could
be involved in the genesis of autoimmune diseases.

Administration of amino acid copolymers results in gener-
ation (presumably expansion) of IL-10-secreting regulatory T
cells, similar to Tr1 cells. The expansion of these cells likely
results from proliferation of precursors generated in response
to regulatory phenomena associated with the control of bac-
terial invasion (32). The gastrointestinal tract is the site at
which many different bacteria are kept in homeostatic equi-
librium with host tissues and consequently the gut-associated
lymphoid tissue is the presumable site of their generation (33).
The generation of these induced Treg as the result of co-
polymer treatment is an important part of the mechanism that
leads to their amelioration of some autoimmune diseases in
mice and in humans. In particular, the V�3/V�14 rearrange-
ment, found in a reasonably large number of the inducible Treg
studied here, occurred only at very low frequency in the other
T cell lines examined. No sequences have been reported for
TCR derived from Tr1 or Th3 Treg. However, regulatory T
cells derived by vaccination with DNA encoding a V� peptide
from an autoimmune TCR or by immunization with V�
peptides secrete IL-10 and IL-4 and are likely to belong to this
category (16, 21, 22). In the 1 case studied in detail, B10.PL
mice (H-2u) were immunized with a peptide (B5) from the
framework region of a V�8.2 TCR found in mice with induced
EAE (18), the polyclonal Treg obtained were predominantly
V�14. Moreover, of the 11 V� sequences examined, 4 were
V�4.3 and 2 were V�3.2. The V�3.2/V�14 clones are strikingly
similar to those studied here that were derived from SJL mice
(H-2s), using a different Treg-inducing immunogen, FYAK.
These data suggest that the question whether specific TCR�/�
pairs may characterize IL-10-secreting Treg requires careful
study and that the epigenetic change(s) that leads to selective
cytokine secretion in T cells may be dependent, at least in part,
on the structure of the TCR. This view is supported by a study
of immune tolerance induced by myelin basic protein (MBP)-
specific CD8� T cells. Two TCR-transgenic mouse lines (C3H
background, H-2K�) expressing different MBP79-87-specific
TCR (V�8/V�6 or V�8/V�8) were generated. T cells express-
ing V�8/V�6 TCR were subjected to both central and periph-
eral tolerance, while T cells expressing the other TCR showed
no evidence of tolerance induction, implying that the TCR
itself may confer epigenetic regulation (34).

Further in vivo experiments using these TCR to generate
retrogenic mice (28, 35, 36) may provide an answer to this
question. This approach may have therapeutic implications
because the techniques used are adaptable to human studies.

FYAK and other amino acid copolymers of 50–70 aa are
synthesized randomly and contain a multiplicity of 15 mers that
are presented by Class II MHC proteins to produce the immune
response that leads to generation of the inducible Treg. It is clear
that more than 1 peptide in FYAK is able to stimulate FYAK-
specific cell lines and may account for some of the diversity of
CDR3 sequences in the TCR studied. The parallel extent of
secretion of IL-2 in the 4 transfectants in each of the 2 recipient
cell lines shown in Fig. 5 B and C suggest that these 4 TCR may
recognize distinct peptides within these copolymers. Moreover,
only 1 of them is stimulated by both FYAK and GA. This is not
surprising because these 2 random copolymers, FYAK and GA
(YEAK), share 3 amino acids. In addition, the ‘‘��1’’ TCR
transfectant that recognizes both FYAK and GA must recognize
an epitope distinct from the epitope in GA that cross-reacts with
the J5 immunomodulatory peptide (26) (that can also induce
regulatory T cells) because J5 stimulates neither the TCR

transductant nor the cell line from which the ‘‘��1’’ TCR was
obtained (10). In further experiments, it will be important to use
J5 and other immunomodulatory peptides with defined se-
quences to examine these issues.

Materials and Methods
Mice. SJL/J female mice (8–10 weeks of age) were purchased from The Jackson
Laboratory and maintained according to the Guidelines of the Committee on
Animal Care of Harvard University and the Committee on Care and Use of
Laboratory Animal Resources, National Research Council (Department of
Health and Human Services Publication 85-23, revised 1987).

Copolymers and Peptide. Copolymer FYAK and peptide PLP139–151 (HSLGK-
WLGHPDKF) were synthesized as described in ref. 10. FYAK (PI-2301) was a gift
from Peptimmune, Inc.. Copaxone was the commercial product of Teva.

Generation of T Cell Lines. FYAK or PLP139–151-specific T cell lines were
generated as described in refs. 10 and 24–26. Briefly, SJL/J mice were immu-
nized with copolymer or peptide emulsified in CFA. Ten days later, splenocytes
and lymph nodes cells were isolated and stimulated with corresponding
antigens in the presence of antigen-presenting cells (APC, irradiated SJL
splenocytes). A total of 3 rounds of restimulation were performed with
2-week intervals of culture in IL-2.

FACS Analysis and Cell Sorting. T cells were stained using a standard protocol
with specific antibodies for mouse CD4, TCR�, TCR-V�4, V�14, and V�3.2 (BD
Biosciences). TCR-V� analysis was performed by using the mouse V� TCR
screening panel from BD Biosciences, which contains 15 FITC-conjugated
mAbs. Flow cytometry analysis was performed on a FACSCalibur (BD Bio-
sciences), and cell sorting was performed on a MoFlo (DakoCytomation) or
FACSAria (BD Biosciences).

Proliferation Assay Through CFSE-Labeling. T cells (5 � 105) were labeled with
CFSE (Molecular Probes) following the manufacturer’s instruction. Antigen
stimulation was set up right after the labeling process by mixing the T cells
with unlabeled APC and antigens. Cultures were maintained at 37 °C for 72 h
then analyzed by flow cytometry.

Cytokine Measurement by Intracellular Staining and ELISA. For intracellular
staining, PMA (20 ng/mL), ionomycin (250 ng/mL) and BFA (3 �g/mL) were
added during the last 4 h of the restimulation. T cells were then collected and
stained for surface markers followed by fixation and permeabilization for
intracellular staining. Monoclonal antibody against IL-10 was purchased from
(eBioscience) for staining of T cells. Supernatant for ELISA was harvested from
hybridoma-T cells stimulated with antigens and APC after 48 h as described in
ref. 10. The IL-2 ELISA kit was purchased from eBioscience.

Quantitative PCR Analysis of TCR-V� Gene Expression. Total RNA was extracted
from specific T cell populations by using the Absolute RNA kit according to the
manufacturer’s protocol, and reverse transcribed to cDNA by using The Af-
finityScript QPCR cDNA Synthesis Kit (Stratagene). Quantitative PCR for
TCR-V� analysis was carried out with the Stratagene MX3000p system using
Brilliant SYBR Green QPCR Master Mix (Stratagene) and the specific primers
described in ref. 37.

Single-Cell RT-PCR. Single cells from a FYAK-specific T cell line were sorted
based on their expression of CD4, TCR-V�3.2, and TCR-V�14 into a 96-well PCR
plate. Reverse transcription and PCR were carried out sequentially in the same
well by using a OneStep RT-PCR kit (QIAGEN).

Generation of TCR Retroviral Vectors. TCR� and TCR� chains were cloned from
single cells from FYAK-specific T cell line. TCR encoding 2A peptide-linked
constructs were generated by recombinant PCR and confirmed by DNA se-
quencing, then were inserted into pMIG [a gift from D. Vignali (St. Jude
Children’s Research Hospital, Memphis, TN)], an MSCV-based retroviral vector
containing an IRES-GFP cassette (28, 35).

Retroviral transduction of TCR. Retrovirus containing TCR genes was produced
as described in refs. 28, 35, and 38. Briefly, 4 �g of TCR vector together with
4 �g of pEQ-Pam3(-E) and 2 �g of pVSVg (gifts from D. Vignali) were cotrans-
fected into 293T cells using FuGNEN HD Transfection Reagent (Roche). Super-
natant was then collected after 36 h twice daily and used to infect GP�E86
cells (gift from D. Vignali). Transduced GP�E86 cells were sorted for GFP

3340 � www.pnas.org�cgi�doi�10.1073�pnas.0813197106 Zhang et al.



expression and expanded as retroviral producers. Their supernatant was used
to infect TCR-deficient BW-1 (39) [gift from J. Kappler and P. Marrack (Uni-
versity of Colorado, Denver, CO)] and 4G4.CD4 (38) [gift from T. L. Geiger (St.
Jude Children’s Research Hospital)] T hybridoma cells.
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