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Generation of early T cells by coculturing stem cells on notch-ligand-expressing OP9 stromal cells (OP9-DL1) has
been widely reported. However, further differentiation of these cells into mature, antigen-specific, functional
T cells, without retroviral transduction of T cell receptors (TcRs), is yet to be achieved. In the thymic niche this
differentiation is controlled by the interaction of developing TcRs with major histocompatibility (MHC) mole-
cules on stromal cells. We hypothesized that by providing exogenous antigen-specific MHC=TcR signals, stem
and progenitor cells could be engineered into functional, effector T cells specific for the same antigen. Here we
demonstrate that both thymus-derived immature T cells (double positive [DP]: CD4þCD8þ) and mouse em-
bryonic stem cells can be efficiently differentiated into antigen-specific CD8þ T cells using either MHC tetramers
or peptide-loaded stromal cells. DP cells, following MHC=TcR signaling, retained elevated recombination ac-
tivating gene-1 levels, suggesting continuing TcR gene rearrangement. Both DP and embryonic stem-cell-derived
CD8þ T cells showed significant cytotoxic T lymphocytes activity against antigen-loaded target cells, indicating
that these cells are functional. Such directed differentiation strategy could provide an efficient method for
generating functional, antigen-specific T cells from stem cells for potential use in adoptive T cell therapy.

Introduction

T cells or T lymphocytes are a group of white blood
cells essential for generating long-term immunity

through cell-mediated immune response. The presence of
T cell receptors (TcRs) on their surface functionally distin-
guishes them from other lymphocyte types, such as B cells
and natural killer cells. T cells are developmentally unique
from other blood lineage cells since their development and
maturation takes place exclusively in the thymus, and not in
the bone marrow. Hematopoietic stem cells (HSCs) migrate
from the bone marrow to the thymus, and through a series of
highly specific and regulated intercellular signals, they dif-
ferentiate into functional T cells. It is well established that
notch=delta-like ligands (DLL) signaling, presented through
thymic stromal cells, is necessary for T lineage commitment
of HSCs and generates immature T cells that are CD4þCD8þ

double positive (DP).1 These DP cells further mature into
CD4þ or CD8þ single-positive (SP) T cells through the en-
gagement of TcRs with specific major histocompatibility
(MHC) complexes present on thymic stromal and epithelial

cells. Specifically, interaction of the developing TcRs with
class I MHCs produces mature CD8þ SP T cells, most of
which are cytotoxic T lymphocytes (CTLs) or killer T cells.2

These cells are responsible for destroying pathogen-infected
cells as well as tumor cells and play a crucial role in the
immune system.

Ex vivo manipulated autologous immune cells (T cells or
dendritic cells) have been explored for cell therapy against
cancers and infectious diseases. This approach, termed
adoptive transfer, has shown considerable promise in human
malignant melanoma, leukemia, renal cell cancer, non-
Hodgkin lymphoma, multiple myeloma, and prostate can-
cer.3–9 Although such ex vivo training and expansion of mature
antigen-specific T cells has been reported,9–12 the concept is
severely constrained by the limited availability of donor cells
suitable for collection, expansion, and transfer,13 as well as the
time required to expand and train autologous T cells in vitro.
These limitations can be addressed through robust and re-
producible in vitro generation of functional, transplantable
T cells from embryonic stem (ES) or adult stem cells, which has
the capability to self-renew indefinitely.14
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With the advent of modern tissue engineering concepts
and emerging cellular transplantation therapies, stem-cell-
derived therapeutics are increasingly becoming a clinical
reality. For example, transplantation of marrow-derived he-
matopoietic progenitors has shown excellent success in
treating several cancers.15–18 In recent years, considerable
progress has been made in directing stem cells into T cells
in vitro. Specifically, the use of various notch-signaling DLL
ligands, presented either by retrovirally transfected stromal
cells19,20 or by coating and immobilizing on to tissue culture
plate21,22 and microbeads,23 has enabled efficient generation
of early T cells from both ES and adult stem cells. However,
engineering matured, functional, antigen-specific T cells
in vitro from these early stem-cell-derived T cells has not
been possible without first retrovirally transfecting antigen-
specific TcRs to the stem cells.20 Such retroviral transfection
introduces significant complexity and regulatory concerns
that would hinder eventual clinical application of these cells.
The development of new tissue engineering strategies for
efficient generation of functional T cells from stem or pro-
genitor cells without the use of retroviral transfection is
therefore critical for the ultimate clinical applicability of
adoptive T cell therapy.

The OP9-DL1 system has been the most well established
and most extensively used approach for in vitro differentia-
tion of stem cells toward the T cell lineage.19,24,25 This murine
bone-marrow-derived stromal cell line, genetically modified
to stably express the DLL1 notch ligand, can support CD8þ

lineage differentiation from murine ES cells19,24,26 or from
adult progenitors of both human24 and mouse origin.25,27,28

T cell progenitors generated from the OP9-DL1 supportive
system were shown to be fully functional after transplanta-
tion into immunodeficient mice.19 Not only were recipient
T cell compartments reconstituted, but responses to lym-
phocytic choriomeningitis virus (LCMV) infection also were
achieved.19 In addition, Zhao et al.20 used the OP9-DL1
system for extrathymic generation of tumor-specific T cells
from genetically engineered human hematopoietic progeni-
tors. Despite these accomplishments, none of these methods
have provided an efficient way to generate therapeutic
antigen-specific T cells suitable for transplantation, directly
from native stem cells.

Over the past decade, various studies have shown that in
the thymus, interactions of immature (DP) T cells with MHC
molecules is an essential step for the generation of mature,
functional SP (CD4þ or CD8þ) T cells.1 On the basis of our
current understanding of such MHC-directed TcR maturation
in the thymus and the demonstrated efficiency of antigen
presentation by peptide-loaded MHC (pMHC) tetramers
in vitro,10,11,29 it is reasonable to propose that antigen-specific
T cells could be directly generated in vitro by efficiently pre-
senting MHC-antigen complexes to stem cells that are already
committed to the T cell lineage (i.e., early, immature T cells).
Indeed, both the instructive and stochastic models of T cell
generation1 specify a role for pMHC in the selection and de-
velopment of CD4þ (MHC II) and CD8þ (MHC I) T cells.

Antigenic pMHC tetramers conjugated with fluorescently
labeled streptavidin molecules are typically employed to
enumerate antigen-specific T cells.30 Maus et al.10,29 developed
bead-based artificial antigen-presenting cells displaying
pMHC tetramers along with various costimulatory molecules
(i.e., anti-CD3, anti-CD28, and 4-1BB) for ex vivo activation

and expansion of antigen-specific T cells isolated from pe-
ripheral blood. Further, Savage et al.11 utilized soluble class I
pMHC tetramers to expand antigen-specific cytotoxic CD8þ

T cells in vitro and in vivo. Despite the limitations of these
methods, in vitro engagement of pMHC tetramers with TcR,
along with subsequent TcR signaling, achieved significant
clonal expansion of antigen-specific T cells.10,29 In addition, it
was demonstrated that soluble pMHC tetramers are more
efficient than soluble pMHC monomers in activation and ex-
pansion of antigen-specific T cells. This multidirectional mode
of antigen presentation may enhance TcR recognition, leading
to the probable engagement of multiple TcRs by a single tet-
ramer so as to benefit the activation and expansion of T cells.
Therefore, we hypothesized that by coculturing with anti-
genic pMHC class I tetramers, which can induce pMHC I=TcR
interactions in stem-cell-derived immature T cells, we can
create an optimal environment for the direct production of
antigen-specific, cytotoxic CD8þ T cells.

Here we show that using the MHC=TcR signaling ap-
proach, both thymic T cell progenitors and mouse ES cells
can be efficiently engineered into CD8þmature T cells specific
for an antigenic peptide. The resulting CD8þ T cells showed
robust CTL activity against peptide-loaded EL4 syngeneic
target cells. This was accompanied by the maintenance of re-
combination activating gene-1 (RAG1) expression, indicating
that TcR gene rearrangement was maintained as a result of
pMHC–TcR interaction. This relatively simple culture system
could ultimately provide a means for high-throughput pro-
duction of therapeutic T cells and for the development of
scalable methods for generation of T cells from ES cells and
adult stem cells in vitro.

Materials and Methods

The detailed experimental schemes and starting cell pop-
ulation characterizations for both DP thymocyte differentia-
tion and ES cell differentiation are shown in Figure 1.

Cell lines and biological reagents

Mouse R1 ES cells31 with 129=Sv�129=Sv-CP background
were obtained from Dr. A. Nagy (Mount Sinai Hospital, On-
tario, Canada). This cell line can also be purchased from
American Type Culture Collection (ATCC). Leukemia inhib-
itory factor (LIF)–producing embryonic fibroblast cells (STO
cells) were obtained from Ms. S. Maika (University of Texas at
Austin). Murine embryonic fibroblasts were purchased from
ATCC. Notch DL1 ligand functionalized mouse bone marrow
stromal cells (OP9)19 were a gift from Dr. J.C. Zuniga-Pflucker
(Toronto, Canada). EL4 cells were a gift from Dr. M. Poenie
(University of Texas at Austin). All tetramers and peptides
were purchased from the MHC Tetramer Core Laboratory at
Baylor College of Medicine or Beckman Coulter Inc. The tet-
ramers were formed by first refolding MHCs in the presence
of desired antigenic peptide. The achieved pMHC monomers
were then biotinylated and conjugated to the four biotin-
binding sites on streptavidin.30 Tetramers without fluores-
cent labels were used for differentiation cultures, whereas
tetramers with fluorescent-labeled streptavidin core were
used to enumerate antigen-specific T cells by flow cytometry
(fluorescence-activated cell sorting [FACS]). All antibodies for
cell surface staining were purchased from BD Pharmingen.
Functional-grade anti-CD3 (clone 245-2C11) and anti-CD28
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(clone 37.51) antibodies were purchased from eBioscience.
Interleukin-2 (IL-2), IL-7, and Flt3 ligands were purchased from
Peprotech. Supernatant from Concanavalin A–stimulated rat
spleen cells (henceforth referred as ConA) was produced as
previously described.32

Thymocyte isolation, culture, and differentiation

Briefly, thymocytes were collected from 4–5-week-old fe-
male C57BL=6 mice ( Jackson Laboratory) and stained with
anti-CD4 and anti-CD8 antibodies. FACS-purified (BD
FACSAria) CD4þCD8þ DP thymocytes were stimulated with
unlabeled LCMV pMHC class I tetramers. All cultures were
maintained in RPMI 1640 supplemented with 10% heat-
inactivated and charcoal-striped fetal calf serum, 10mg=mL
anti-CD3, 5mg=mL anti-CD28, 10 ng=mL IL-7, 15% ConA
supernatant, or 10 ng=mL IL-2. IL-7 was replenished every
3 days. At day 6 or after (times specified in Results section),

all cultured cells were collected to analyze expression of cell
surface markers (CD4, CD8, etc.), and the antigen specificity
of the TcRs were assessed by flow cytometry using fluores-
cently labeled tetramers.

ES cell culture and differentiation

As previously described,33 undifferentiated mouse R1 ES
cells were maintained and expanded on irradiation-inactivated
STO cells in Dulbecco’s modified Eagle’s medium (Invitrogen)
containing 20% defined fetal bovine serum (FBS) (Hyclone),
2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nones-
sential amino acids, 50mM 2-mercaptoethanol, 100 U=mL
penicillin, and 100mg=mL streptomycin. The LIF-producing
STO cells can be replaced by mitomycin-inactivated murine
embryonic fibroblasts with supplementation of LIF (Chemi-
con). R1 ESC=OP9-DL1 coculture was modified from a previ-
ously described method.19 Briefly, 5�104 ES cells were seeded

FIG. 1. Schematic of double-positive (DP) thymocyte and embryonic stem (ES) cell differentiation into antigen-specific,
functional CD8þ T cells. (A) DP cell differentiation protocol: presort thymocytes show 75% CD4þCD8þ DP thymocytes and
4.5% of CD4�CD8� double-negative (DN) thymocytes; postsort analysis of purified thymocytes shows 99.1% DP thymocytes
with negligible percentage (0.01%) staining positive with antigen-presenting cell (APC)–labeled major histocompatibility
(MHC) class I GP34 tetramer (GP34tet) (from all gated live cells). The purified DP thymocytes were placed into differentiation
cultures containing unlabeled GP34tet (or other unlabeled tetramers) with various supplemental factors (as shown) at day 0.
Cells were harvested at day 6 for flow cytometric analysis of CD4, CD8, and MHC tetramer specificity, using APC-labeled
GP34tet (or other unlabeled tetramers). (B) ES cell differentiation protocol: at day 0, 0.6% R1 ES cells were c-kitþ=sca-1þ. After
9 days coculture on OP9-DL1 monolayer, nonadherent single cells were isolated. These cells showed 4.4% of c-kitþ=
sca-1þ (hematopoietic progenitors). To generate antigen-specific T cells, these nonadherent cells were further cultured and
transferred at day 16 into cultures supplemented with either GP34tet or GP34 peptide (GP34pep). Cells were harvested at day
21 or 26 for flow cytometry analysis of antigen-specific CD8þ T cells.
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onto 50%–60% confluent OP9-DL1 monolayers in T75 flasks in
OP9 medium (Dulbecco’s modified Eagle’s medium supple-
mented with 20% FBS [Stem Cell Technologies], 2.2 g=L
sodium bicarbonate, 100 U=mL penicillin, and 100mg=mL
streptomycin), in the absence of LIF or any other additional
cytokines. On day 5 of culture, cells were disrupted by treat-
ment with 0.25% trypsin–ethylenediaminetetraacetic acid (In-
vitrogen). The resulting single-cell suspension was preplated
for 30 min, and then nonadherent cells were re-plated onto a
fresh OP9-DL1 monolayer with fresh OP9 medium containing
5 ng=mL Flt3 ligand,34 at a density of 6�105 cells per T75 flask.
On day 8 of coculture and every 4 days thereafter, nonadherent
ES-cell-derived hematopoietic cells were collected by vigorous
pipetting, filtered through a 40mm nylon mesh, and then were
transferred onto fresh OP9 monolayers in fresh OP9 medium.
On day 8 of culture, another 5 ng=mL of Flt3 ligand was added
together with 5 ng=mL IL-7.34 Both cytokines were supple-
mented to all subsequent passages. To generate antigen-
specific T cells, 1mg=mL of LCMV GP34 peptide (GP34pep)
was added into cultures at day 16 and replenished every 4–5
days after cell passage. At days 8, 12, 16, 21, and 26, all non-
adherent cells were collected and FACS analysis was per-
formed to determine expression of hematopoietic progenitor
markers (c-kit [clone ack45], sca-1 [clone D7])19; B cell marker
(CD19 [clone 1D3])19; and T cell markers (Thy1.2 [clone 53–2.1],
CD44 [clone IM7], CD25 [clone 7D4], CD4 [clone RM4-5],
and CD8 [clone 53–6.7]),1 and to assess the antigen specificity
of TcR.

CTL killing assay

The functionality of antigen-specific CD8þ T cells derived
from DP thymocytes or ES cells was assessed in CTL killing
assays performed as previously described (CyToxiLux
Plus; OncoImmunin).35,36 All viable cells obtained from the
differentiation cultures were counted as effector cells. EL4
target cells were maintained in RPMI-1640, supplemented
with 10% heat-inactivated FBS, 2 mM L-glutamine, 50mM
2-mercaptoethanol, 50 mM HEPES (pH 7.4), 100 U=mL pen-
icillin, and 100 mg=mL streptomycin. EL4 target cells were
labeled fluorescently as per the CyToxiLux Plus kit instruc-
tions. About 1mg=mL LCMV peptides were loaded onto EL4-
expressing MHC class I by incubation for 1 h at 378C.
Coincubation of effector and target cells was carried out for
3 h at 378C, followed by 1 h incubation with the substrate of
activated caspase-3. The percentage of activated caspase-3-
positive EL4 cells was determined by flow cytometry.

Reverse transcription-polymerase chain reaction analysis
of RAG1 expression in thymocytes

After 2 or 6 days of DP thymocyte cultures, RNA was
prepared by Trizol (Invitrogen) extraction of all cultured DP
thymocytes. RNA was also extracted from untreated DP and
double-negative (DN) thymocytes after FACSAria sorting.
The DN thymocytes used in the reverse transcription-
polymerase chain reaction (RT-PCR) analysis were
unfractionated from stromal or other CD4�CD8� non-T cells.
The SuperScript First-Strand Synthesis System for RT-PCR
(Invitrogen) was used to synthesize cDNA. PCR supermix
(Invitrogen) was used to amplify RAG1 cDNA with forward
50-CCAAGCTGCAGACATTCTAGCACTC-30 and 50-CTGG
ATCCGGAAAATCCTGGCAATG-30 reverse primers. Forward

primer 50-CCTTCATTGACCTCAACTAC-30 and reverse
primer 50-GGAAGGCCATGCCAGTGAGC-30 were used for
glyceraldehyde 3-phosphate dehydrogenase.

Flow cytometry and statistical analysis

After fluorescent antibody staining, cells were resuspended
in 300mL of phosphate-buffered saline and samples were an-
alyzed using FACSCalibur (BD Biosciences). Live cells were
distinguished from dead cells by gating using the forward and
side scatter signals as well as by exclusion of 7-amino acti-
nomycin D (eBioscience) or propidium iodide (Invitrogen)–
stained dead cells. Nonstained cells or appropriate isotype-
control-stained cells were used to evaluate background
fluorescence. All FACS data were analyzed with FlowJo (ver-
sion 7.2.5; Tree Star). Significant differences between experi-
mental and control groups were evaluated using Student’s
t-test and a p-value of <0.05 was considered to be significant.

Results

Antigen-specific CD8þ SP T cells can be efficiently
generated from immature DP thymocytes

To test our hypothesis and to evaluate the efficiency of
pMHC I tetramers in inducing pMHC I=TCR signaling, we
first evaluated whether DP cells, already committed to the
immature T cell lineage, can be differentiated to mature
CD8þ SP T cells that are antigen-specific and functional. DP
cells were purified to about 99% homogeneity by FACSAria
sorting (Fig. 1A). Purified DP cells were then stimulated by
MHC tetramers and were maintained in RPMI medium
supplemented with factors that stimulate growth, survival
(IL-7,37–39 IL-2, or ConA supernatant), expansion, and dif-
ferentiation (IL-2, anti-CD3, anti-CD28)20 of antigen-specific
CD8þ T cells10,29 (Fig. 1A).

The effect of LCMV GP34 (GP34-41: AVYNFATC) pMHC I
(H-2Kb) tetramers (GP34tet) on generation of GP34-specific
CD8þ T cells is shown in Figure 2. After 6 days of culture,
higher percentages of GP34 antigen-specific CD8þ T cells were
observed in GP34tet-treated samples than in untreated con-
trols (Fig. 2A: 9.6% vs. 0.96%; 4.3% vs. 0.0%; 2.9% vs. 0.68%;
2.6% vs. 0.54%, and Fig. 2B: 6.9% vs. 1.9%; 2.4% vs. 0.79%).

Supplementing tetramer-treated DP cells with IL-2 alone
had minimal effect (Fig. 2A: from 2.6% to 2.9%), whereas
anti-CD3 enhanced GP34-specific CD8þ cells (Fig. 2A: 2.6%–
4.3%). However, addition of both anti-CD3 and IL-2 led to a
synergistic increase (Fig. 2A, up to 9.6%). Similar results were
observed by substituting IL-2 with ConA supernatant32

(Fig. 2B). The effect of ConA supernatant was examined as
IL-2 is the best characterized lymphokine in it.40 Addition of
GP34tet-induced antigen-specific CD8þ T cells both in the
absence (Fig. 2B: 2.6% vs. 0.54%) or in the presence (Fig. 2B:
6.9% vs. 1.9%; 4.3% vs. 0.0%) of anti-CD3. Further, addition
of both anti-CD3 and ConA supernatant led to synergistic
increase. These GP34tet-induced CD8þ T cells were only
minimally reactive with an irrelevant LCMV-derived
(NP396-404: FQPQNGQFI) pMHC I (H-2Db) tetramer
(NP396tet; Fig. 2C) or with an ovalbumin (OVA257-264:
SIINFEKL) pMHC I (H-2Kb) tetramer (OVA257tet; Fig. 2D),
confirming the specificity of our tetramer staining.

To confirm the versatility of this system, the same protocol
was repeated with OVA257tet treatment of DP cells. As
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FIG. 2. DP thymocytes can be converted into antigen-specific CD8þ T cells in vitro using MHC class I tetramers. Purified DP
cells (Fig. 1A) were placed into differentiation cultures containing 10 ng=mL interleukin-7 (IL-7) and 5 mg=mL anti-CD28
(aCD28) in the presence (þ) or absence (�) of other supplemental factors (as shown). MHC class I tetramers loaded with
lymphocytic choriomeningitis virus (GP34tet or NP396tet) or ovalbumin OVA257tet peptides were used to induce differenti-
ation into antigen-specific CD8þ single-positive (SP) T cells. Cells were harvested at day 6 and analyzed as described in Figure 1.
(A) Effect of IL-2 and aCD3 supplementation on GP34tet-induced differentiation. (B) Effect of replacing IL-2 with Concanavalin
A (ConA) supernatant on GP34tet-induced differentiation. (C) Specificity of tetramer staining: coculture of DP cells with
GP34tet-induced GP34-specific CD8þ SP T cells but not NP396-specific cells. (D) Generation of OVA-specific CD8þ SP T cells
from two representative experiments (Exp): coculture of DP cells with OVA257tet induced significantly enhanced staining for
OVA257tet-APC compared controls. Data in (A–C) are representative from at least three independent experiments.
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shown in Figure 2D (two independent experiments), CD8þ

T cells specific for OVA257tet were efficiently generated,
indicating that antigen-specific T cell generation is not lim-
ited to GP34tet.

The GP34tet-induced T cell generation experiments were
repeated more than three times with similar results. As
shown in Figure 3A and B, statistically significant higher
percentages ( p< 0.05) of GP34-specific CD8þ T cells were
generated when DP cells were cultured with antigen-loaded
GP34tet in the presence of IL-2 or Con A.

In vitro differentiated GP34-specific CD8þ T cells from DP
thymocytes are cytolytic to GP34pep-loaded target cells

An activated caspase-3-based CTL killing assay36,41 was
performed to determine the functionality of those in vitro

differentiated CD8þ T cells. Since a large number of antigen-
specific CD8þ T cells are required to perform this assay, cul-
tured thymocytes were collected at day 12 instead of day 6
(Fig. 4A). At day 9, GP34tet, together with anti-CD28, anti-
CD3, ConA supernatant, and IL-7, was added into the culture
to stimulate the proliferation and activation of antigen-specific
CD8þ T cells. As shown in Figure 4A, a distinct population of
cells with high forward scatter (22% of total cells) were ob-
served in GP34tetþConA supernatant cultures compared to
cultures with ConA supernatant but lacking GP34tet (3.4%) or
cultures with only IL-7 (1.8%). As indicated in the GP34þ
ConA condition, *28% of the high forward scatter popula-
tion was CD8þ T cells. By contrast, only 1.3% cells with low
forward scatter were CD8þ T cells, whereas 91% were DP
cells. Further analysis of this high forward scatter fraction
showed that 13% of these cells were GP34tetþ, confirming that
these cells are the cells of interest. In the CTL killing assay
(Fig. 4B), GP34tet-specific T cells derived from DP thymocytes
showed higher CTL activity against GP34peptide-loaded EL4
target cells (35.1%) than the control NP396 peptide-loaded
EL4 target cells (19.2%). A summary with statistical analysis
of the percent caspase-positive EL4 target cells from three
representative killing assays is provided in Figure 4C. As
shown, statistically higher percentage ( p< 0.05, paired t-test)
of antigen-specific cell killing was observed in GP34tet-
generated CD8þ T cells.

Addition of tetramer sustains RAG1 activity
in differentiating thymocytes

RAG1 catalysis is indispensable for TcR gene rearrange-
ment. RT-PCR analysis was conducted to determine the
mRNA levels of RAG1 in GP34tet-induced thymocytes.
After 2 days of culture, we observed higher levels of RAG1
mRNA in GP34tet-treated DP thymocytes, whereas un-
treated controls had low levels of RAG1 mRNA (Fig. 5). No
RAG1 was detected in ‘‘no RT’’ controls. These data indicate
continued and=or newly initiated TcR gene rearrangement
in the GP34tet-treated cells. RAG1 levels were diminished at
day 6 in both GP34tet-treated cells and untreated controls.

Antigen-specific CD8þ T cells can be efficiently
generated from ES cells

Next, the validity of this approach in generating func-
tional, GP34-specific T cells directly from ES cells was eval-
uated. We reasoned that this can be achieved by either (1)
loading an antigenic peptide onto the MHC I molecules ex-
pressed on the OP9-DL1 cells or (2) using a pMHC I tetramer
during coculture with OP9-DL1 cells. ES cells were first di-
rected into early T cells by culturing on OP9-DL1 monolayer
for 16 days (Fig. 1B). The T lineage commitment of ES cells
was monitored by checking hematopoietic progenitor
markers (c-kitþ=sca-1þ) and DN T cell markers (CD44=CD25)
(Fig. 1B). Day 16 differentiated ES cells were harvested and
transferred onto either GP34pep-loaded OP9-DL1 mono-
layers (GP34pep=OP9-DL1), onto OP9-DL1 monolayers in
which GP34tet was added into the medium (GP34tet=OP9-
DL1), into GP34tet in medium lacking OP9-DL1 monolayers
(GP34tet), or onto OP9-DL1 monolayers alone (OP9-DL1)
(Fig. 6A). At day 26, the percentage of CD8þ T cells was
assessed using flow cytometry as described above. As shown

FIG. 3. Efficiency of converting DP thymocytes into GP34-
specific CD8þ T cells using tetramer signaling. (A) The effect of
GP34tet, ConA supernatant (ConA), and anti-CD3 (aCD3) in
inducing GP34-specific CD8þ (CD8þGP34tetþ) T cells. Bar
graph shown is the percentage of CD8þGP34tetþ cells generated
under 12 different culture conditions; 3 or more indepen-
dent experiments were performed for each condition. *p-value
<0.05. (B) The effect of GP34tet in inducing GP34-specific, CD8þ

T cells. Percent CD8þGP34tetþ cells generated in GP34tet-
treated (þ) conditions was compared to that in GP34tet
untreated (�) conditions, with (þ) or without (�) IL-2 or ConA.
*p-Value< 0.05. All cultures were supplemented with IL-7 and
anti-CD28. Control group indicates culture with IL-7 and anti-
CD28 alone. Error bars shown are standard errors of mean.
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FIG. 4. In vitro derived CD8þ T cells from DP thymocytes are cytolytic to peptide-pulsed EL4 target cells. (A) Generation of
GP34-specific CD8þ T cells for cytotoxic T lymphocyte (CTL) killing assay. Purified DP thymocytes were cultured as
indicated on the left panel. IL-7 was replenished every 3 days. GP34tet, aCD3, aCD28, and ConA supernatant were re-added
at day 9 to increase the number of antigen-specific CD8þ T cells. Center panel: all cells were harvested at day 12 for
fluorescence-activated cell sorting (FACS) analysis using forward (FSC) and side (SSC) scatter. Specific cell populations (as
shown) were evaluated for CD4, CD8, and GP34tet specificity (right panels). The 13% GP34tet-positive cells is related to the
28% of the large forward scattering CD8þ cells. (B) Analysis of GP34-specific CTL killing. All live cells from the GP34tet
ConA condition (A) were counted as Effectors. GP34pep or NP396 control peptide-pulsed EL4 cells were used as Targets at
Effector:Target ratios of 25:1. The left panel of ‘‘Targets ONLY’’ and ‘‘TargetsþEffectors’’ shows all gated live cells. Since
apoptosis is examined in EL4 Targets, EL4 cells that stain positive (y axis) were gated and the percentage of caspase-3-positive
cells (x axis) in this population was determined (right panel). Antigen-specific killing was calculated by subtracting the
percentage of caspase-3-positive cells in the absence of Effectors (Targets ONLY) from values obtained in the presence of both
Targets and Effectors. GP34tet-specific T cells derived from DP thymocytes showed significantly higher CTL activity against
GP34pep-pulsed EL4 target cells (39%� 3.9%¼ 35.1%) than the control NP396 peptide-pulsed EL4 target cells
(28%� 8.8%¼ 19.2%). (C) Summary of the percent caspase-positive EL4 target cells from three representative killing assays.
*p-Value< 0.05, paired t-test. Error bars shown are standard errors of mean.
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in Figure 6A, only conditions and all conditions that
employed pMHC I=TcR signaling generated high levels
(ranging from 23% to 41%) of GP34-specific CD8þ T cells.
The GP34pep=OP9-DL1 culture condition produced the
highest percentage of total CD8þ T cells (54%), whereas the
percentage of CD8þ T cells that were GP34 specific was
higher in GP34tet=OP9-DL1-treated cells (41%).

These experiments were repeated thrice with similar re-
sults. A summary with statistical analysis of the percent
GP34-specific CD8þ T cells generated in all three experi-
ments is provided in Figure 6B. As shown, significantly
higher ( p< 0.05) antigen-specific T cells were generated in
GP34pep-treated cultures.

The effect of using ConA supernatant with anti-CD3, anti-
CD28, and IL-7 was also evaluated in ES cells. At day 16 of
ESC=OP9-DL1 coculture, GP34pep was loaded onto OP9-DL1
monolayers, supplemented with anti-CD3, anti-CD28, IL-7,
and ConA supernatant in culture media. Cells were harvested
at day 21 and stained with GP34tet, NP396tet, or OVA257tet
for FACS analysis. As shown in Figure 6C, GP34pep induc-
tion with ConA supernatant produced a higher percent-
age of ES-cell-derived CD8þGP34tetþ cells (17%) than
CD8þOVA257tetþ cells (5.8%) and CD8þNP396tetþ (0.25%).
These results also confirmed the specificity of tetramer stain-
ing on ES-cell-derived cells as GP34pep-induced ES cells
showed minimal staining for OVA257tet and NP396tet
(Fig. 6C).

GP34-specific CD8þ T cells generated from ES cells
demonstrate efficient CTL activity

To evaluate whether ES-cell-derived antigen-specific
CD8þ T cells were functional, day 16 cells from ESC=OP9-
DL1 coculture were transferred onto GP34pep-loaded or no
exogenous peptide-loaded (i.e., carrying endogenous pep-
tides only) OP9-DL1 monolayers and cultured for another
10 days. At day 26, all live cells, excluding OP9-DL1 stromal
cells, were collected for CTL killing assays. As shown in
Figure 6D, CD8þ T cells generated by GP34pep treatment (ES
cellsþGP34pep) showed higher levels (22%) of CTL activity
against GP34pep-loaded EL4 target cells compared to cells
from control samples (5.6%). The EL4 target only group
(assay control) showed minimal activity. A summary of the
percent caspase-positive EL4 target cells from three inde-
pendent killing assays is provided in Figure 6E. As shown,
significantly higher ( p< 0.05; paired t-test) CTL activity was
seen in GP34pep-treated cultures than in no peptide-treated
cultures.

Discussion

We have developed a simple system for generating
antigen-specific, cytotoxic CD8þ T cells in vitro from imma-
ture DP thymocytes or from mouse ES cells by artificially
inducing MHC-TcR signaling. In both the thymocyte cul-
tures and the ES cell cultures, MHC I=TcR signaling that was
mediated through antigen-loaded tetramers or antigenic
peptide-loaded stromal cells led to successful generation of
antigen-specific functional CD8þ T cells. Our data also
showed that addition of IL-2=ConA or anti-CD3 into thymic
progenitor (DP cells) cultures increased the percentage of
antigen-specific T cells.

A central question raised by our results is the following:
What is the underlying molecular mechanism for driving
generation of antigen-specific SP T cells in vitro? Although
this needs to be established in future studies, there are two
possible pathways: (1) clonal expansion of the randomly
generated, antigen-specific T cells (either among the DP-
derived CD8þ T cells or among the ES-derived CD8þ T cells)
and=or (2) active TcR gene rearrangement in the presence
of continuous antigen-specific, MHC=TcR signaling as pro-
vided by the tetramer or MHC molecules on OP9 cells.
We believe that both these mechanisms could be in play. We
presented preliminary evidence that supports the possibility
of tetramer-induced gene rearrangement. In individual de-
veloping thymocytes, successive TcR gene rearrangement at
the same TcRa locus has been observed.42,43 This event,
termed receptor editing, can occur repeatedly until the ap-
propriate rearrangement signals for a thymocyte to be posi-
tively selected are achieved. This potential for successive
rearrangements eventually leads to altered antigen receptor
specificity and plays an important role in determining the
preimmune repertoire of Ag-specific TcRs.44,45 Expression of
the TcR is not in itself sufficient to shut off gene rearrange-
ment. Thus, both self- and non-self-antigens are able to in-
duce TcR editing by engaging with existing TcR.42,46 In light
of these observations, we suggest that interactions with non-
self-peptide–MHC complexes might induce the development
of T cells with TcRs that are specific for that peptide. Indeed,
our data indicate that non-self-peptides presented by both
OP9-DL1 stromal cells and tetramers skew the differentiation

FIG. 5. Semiquantitative RT-polymerase chain reaction
(PCR) analysis of RAG1 mRNA level in DP thymocytes
cultured in vitro. DP thymocytes were treated with aCD3,
aCD28, IL-2, and IL-7 with (þ) or without (�) GP34tet in
culture as described in Figure 2A. Cultured DP thymocytes
were harvested on days 2 and 6 for RT-PCR analysis. FAC-
SAria-purified, untreated (day 0) DN thymocytes (see Fig.
1A) served as a positive control for RAG1 (550 bp) activity.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (593
bp) was used as internal loading control. The possibility of
false-positive RAG1 expression due to genomic DNA con-
tamination in RNA preparation was excluded by employing
a No RT condition in cDNA preparation, in which all com-
ponents for cDNA synthesis were added except for re-
verse transcriptase. Data shown are negative images of the
representative ethidium-bromide-stained gels for the PCR-
amplified products. At day 2, GP34tet-treated DP cells
showed RAG1 activity compared to untreated DP cells.
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FIG. 6. Antigen-specific CD8þ SP T cells can be efficiently generated in vitro from ES cells and are cytolytic to peptide-
pulsed EL4 target cells. (A) Upper panel: FACS analysis of CD4 and CD8 expression of cells differentiated under various
conditions. Lower panel: percentage of ES-derived CD8þGP34tetþ cells after 26 days in culture on OP9-DL1 monolayers
(ESC=OP9-DL1 cocultures) in the presence (þ) or absence (�) of GP34pep, GP34pep-loaded tetramers (GP34tet), or OP9-
DL1 cells. (B) A summary of the percent CD8þGP34tetþ cells after 21 or 26 days in culture on OP9-DL1 monolayers
(ESC=OP9-DL1 cocultures) in the presence (þ) or absence (�) of GP34pep. *p-Value< 0.05. Error bars shown are standard
errors of mean. (C) Specificity of GP34tet staining on ES-cell-derived CD8þ T cells: GP34-specific CD8þ T cells were generated
by ESC=OP9-DL1 cocultures supplemented at day 16 with GP34pep, ConA supernatant, aCD3, aCD28, and IL-7. Cells were
harvested at day 21 and stained with GP34tet, NP396tet, or OVA257tet. (D) Measurement of CTL activity of CD8þ T cells
generated from ES cells in vitro: cells generated using the GP34pep (ES cellsþGP34pep-derived cells) or cells with random
antigen specificity (ES-cell-derived cells) were collected on day 26 from cocultures as indicated in (A). All live nonadherent
cells (excluding OP9-DL1 stromal cells) were collected and counted as Effectors. GP34pep-pulsed EL4 cells were used as
Targets at an Effector:Target ratio of 25:1. Target ONLY shows the background caspase activity of EL4 cells in the absence of
effectors. Since apoptosis is examined in EL4 Targets, EL4 cells that stain positive (y axis) were gated and the percentage of
caspase-3-positive cells (x axis) in this population was determined (right panel). (E) Percent caspase-positive EL4 target cells
from three representative killing assays. *p-Value< 0.05, paired t-test. Error bars shown are standard errors of mean.
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of functional CD8þ T cell from both ES cells and immature
DP thymocytes. Future studies are needed to study the
polyclonality of the antigen-specific T cells to further deter-
mine whether they are expanded from a single clone or are
actually induced to differentiate through MHC=TcR signal-
ing.

One argument in favor of the clonal expansion mecha-
nism is that IL-2 (together with anti-CD3 and anti-CD28)
has been shown to have similar effects on in vitro expansion
of T cells.10,29 However, it is also still possible that matu-
ration of DP T cells to CD8þ T cells took place in the thy-
mocyte cultures. It has been demonstrated that IL-2 and
anti-CD3 augment differentiation of HSC-derived DP T
cells into SP T cells.20 In addition, IL-7 and anti-CD28 were
employed in all our thymocyte culture systems. IL-7 was
used as it is crucial for the survival and homeostasis of T
cells, and it induces chromatin remodeling at the antigen
receptor loci in lymphoid progenitors.37–39 We employed
anti-CD28 because it has been reported to function as an
important costimulatory factor in the clonal expansion of
antigen-specific T cells.10,29 We observed no significant ef-
fect of IL-7 and anti-CD28 on generation of antigen-specific
T cells in our DP thymocyte cultures (data not shown). The
lack of this effect suggests that the primary mechanism may
not be clonal expansion.

Although GP34-specific CTL killing was significantly
higher than background controls, we observed, on average,
somewhat high nonspecific background in our CTL killing
assays. This high background could derive from the fact that
all cells after culture were collected and were used as effec-
tor cells (due to cell number limitations). In addition, in the
thymocyte-derived T cell killing assay, since the NP396
peptide does not bind to the same MHC molecule as the
GP34pep, the background killing could be caused by the
recognition of endogenous H2-Kb MHC I presented peptides
on the EL4 target cells. This could be confirmed in future
experiments by mixing unpulsed target cells with GP34-
specific T cells.

One argument against using such ES-cell-derived, in vitro
differentiated, functional T cells for therapy is based on
safety concerns arising from the fact that these cells do not
undergo negative selection against self-antigens. However,
the observations that not all self-antigens are likely to be
expressed in the thymus and that the thymus regresses in
puberty indicate an absolute need for peripheral tolerance to
complement the central tolerance mechanisms and thus
T cells escaping central tolerance, such as these in vitro dif-
ferentiated cells from ES cells in this study, may circumvent
autoimmune reaction by these tolerance mechanisms or re-
sult in autoreaction without a precipitating autoimmune
disease.47 In addition, our results have shown that T cells
produced in vitro display significant peptide-specific binding
and peptide-specific cell lysis. It is less likely that a T cell
bears two dominant specificities of the TcR repertoire at the
same time; that is, one for non-self-peptide, the other for self.
However, further in vivo investigation is needed to address
this issue. One possible solution could be coculture of these
antigen-specific T cells with a patient’s peripheral blood-
antigen-presenting cells to induce negative selection and
separate only the nonreactive (i.e., no apoptotic) T cells.

Although MHC-matched ES cells are difficult to avail,
somatic cell nuclear transfer48 could circumvent this limita-

tion. In addition, induced pluripotent stem (iPS) technolo-
gy49,50 could greatly facilitate the application of this system
in the clinic since one can start with MHC-matched, patient-
specific iPS cells. We are currently working on evaluating
if such antigen-specific T cells can also be generated from
iPS cells.

In summary, we have developed an in vitro system to
generate therapeutic T cells from pluripotent ES cells and
progenitors. This relatively simple culture system could ulti-
mately provide a means for high-throughput production of
therapeutic T cells and for the development of scalable
methods for generation of T cells from ES cells and adult
stem cells in vitro.
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