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Introduction

Although the immune system can deal with most 
pathogens well, certain microbial infections, such as 

HIV [1], can directly target immune cells, preventing the 
host from generating an effective pathogen-specifi c immu-
nity. Similarly, the immune system can often fail to suppress 
the growth of tumors, largely due to a low number of tumor-
reactive T cells and/or an energy of T cells that is induced by 
tumor cells [2]. Thus, it is conceivable that immunotherapy 
by direct provision of a large quantity of functional T cells 
through adoptive transfer (termed passive T-cell immuno-
therapy or adoptive T-cell therapy) can be a viable approach 
to treat certain infectious diseases and cancers [2,3]. To carry 
out such a therapy, we need a suffi cient amount of antigen-
reactive T cells for transfer. One approach is to use alloge-
neic effector T cells from appropriate donors [4]. Adoptive 
transfer of these donor T cells has been shown to be able 
to treat some leukemia-like diseases [5–7]. However, the 
low availability of these donor cells limits the widespread 

 application of this type of treatment. Moreover, patients 
usually suffer from severe toxicity due to graft-versus-host 
disease (GVHD). An improved approach for obtaining T 
cells is through the in vitro expansion of patients’ own lym-
phocytes [2]. One example is the autologous transfer of in 
vitro expanded tumor-infi ltrating lymphocytes (TILs) for 
the treatment of solid melanoma tumors [2]. Due to patient-
to-patient variation, the major limitation of this approach 
is that isolation and selection of good quality T cells from 
patients is not always successful; therefore, the treatment 
will be limited to a small number of patients. Thus, it is of 
great interest to develop methods to reliably generate large 
numbers of antigen-specifi c T cells in vitro, which could 
address many of these described limitations.

One of the popular methods for developing T cells from 
hematopoietic progenitors in vitro is the use of fetal thymic 
organ culture [8]. But this method is expensive and diffi cult 
to scale up, making it impractical for generating a suffi cient 
amount of T cells for adoptive transfer. Recently, an OP9-
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based coculture system capable of supporting the hemato-
poietic differentiation of progenitor cells into functional 
T cells has been reported [9–11]. OP9 is a stromal cell line 
derived from the macrophage CSF-defi cient osteopetrotic 
mouse [12,13]. It was found that overexpression of a notch 
ligand, Delta-like-1, in OP9 cells resulted in the generation of 
a new cell line (OP9-DL1) that could drive the differentiation 
of both murine and human hematopoietic progenitors into T 
cells in vitro [9]. Thus far, murine progenitors isolated from 
fetal liver [9] or adult bone marrow (BM) [14,15], and human 
progenitors isolated from umbilical cord blood [16], pedi-
atric BM [17], or postnatal thymus [18], have all been shown 
to be able to differentiate into T cells using the OP9-DL1 co-
culture system, although the yield of T cells from adult BM 
was reported to be extremely low [15]. Subsequent studies 
showed that retrovirus-mediated transfer of a human CD8 
T-cell receptor (TCR) into human hematopoietic progenitors 
derived from umbilical cord blood [19] or postnatal thymus 
[18] followed by OP9-DL1 monolayer coculture demon-
strated a promising method of in vitro generation of anti-
gen-specifi c cytolytic T lymphocytes (CTLs). It remains to be 
tested if antigen-specifi c CD4 helper T cells can be generated 
using a similar approach.

Many studies have shown that CD4 helper T cells play 
an indispensable role in orchestrating CTLs (CD8 T cells) 
to mount effi cient immune responses by providing “cog-
nate help” [20,21]. This “cognate help” role of CD4 T cells has 
also been found to be necessary in tumor immunotherapy; 
it has been proposed that the lack of an effective means of 
engaging CD4 helper cells is one of the major reasons for our 
inability to achieve a robust and long-lived CTL response 
against cancer cells [22,23]. This may support the argument 
that adoptive transfer of antigen-specifi c CD4 T cells, along 
with CD8 T cells, could represent an ideal approach for gen-
erating productive antigen-specifi c immune responses, al-
though care needs to be taken to ensure that CD4 T cells with 
negative regulatory function, such as CD4+CD25+Foxp3+ 
regulatory T cells [24], are depleted from the CD4 popula-
tion before transfer. In this study, we tested the concept of in 
vitro generation of antigen-specifi c CD4 T cells by cocultur-
ing OP9-DL1 cells with adult BM cells transduced to express 
a CD4 TCR. Considering that OP9 cells lack the expression 
of major histocompatibility complex (MHC) class II mol-
ecules, which may limit its ability to support CD4 T-cell de-
velopment [10], we also investigated the effect of CD4-TCR/
MHC-class-II interactions on the generation of functional 
CD4 cells by ectopic expression of I-Ab in OP9-DL1 cells (des-
ignated as OP9-DL1-IAb). We demonstrated that CD4 TCR 
retroviral transfer could be used to engineer adult BM cells 
to produce antigen-specifi c CD4 T cells in vitro. Moreover, 
the existence of CD4-TCR/MHC-class-II interactions in the 
coculture system could improve the functional response of 
these cells to generate cytokines.

Materials and Methods

Mice

Six- to eight-week-old female C57BL/6 (B6) mice were 
purchased from Charles River Breeding Laboratories. All 
animal procedures were approved by the Department 
of Animal Resources of the University of Southern 
California.

Construct preparation

The cDNAs of the alpha and beta chains of the mu-
rine I-Ab were PCR-amplifi ed from appropriate mouse 
clones (ATCC mammalian gene collection, ATCC numbers 
10324451 for alpha chain and 10470166 for beta chain) using 
specifi c primers (alpha chain: sense, 5′-CGCCGAGATCTCT
CGAGATGCCGCGCAGCAGAGCTCTGATTC-3′, antisense, 
5′-GGCGGAATTCTCATAAAGGCCCTGGGTGTCTGGAGGT
G-3′; beta chain: sense, 5′-CACAACCATGGCTCTGCAGATC
CCCAGCCTCC-3′, antisense, 5′-GCAGGTCGACTCACTGC
AGGAGCCCTGCTGGAGGAG-3′; restriction sites for alpha 
chain, BglII and EcoRI, and for beta chain, NcoI and SalI, 
are shown by underlining). The resulting alpha chain was 
inserted downstream of the viral LTR promoter in the MIG 
retroviral vector [25], followed by insertion of the beta chain 
downstream of internal ribosome entry site (IRES) to replace 
the EGFP gene. We designated the fi nal construct MIAb.

Cell lines

The OP9-MIG and OP9-DL1 cell lines were described 
previously by Schmitt et al. [9]. An ecotropic murine leu-
kemia virus glycoprotein (Eco)-pseudotyped MIAb retro-
virus (MIAb/Eco) was generated by cotransfecting HEK293T 
cells with the retroviral packaging vector pCL-Eco and a 
plasmid expressing a mouse MHC class II protein (MIAb) 
using a standard calcium phosphate precipitation tech-
nique. OP9-MIG or OP9-DL1 expressing I-Ab were generated 
by spin infection of OP9-MIG or OP9-DL1 with MIAb/Eco 
retroviruses in the presence of 10 μg/mL polybrene for 90 
min at 2,500 rpm and 25°C using a Sorvall Legend 7 centri-
fuge. The effi ciency of infection was determined by staining 
and fl ow cytometry analysis using Phycoerythrin (PE)-
conjugated anti-mouse I-Ab antibody (clone AF6–120.1, BD 
Biosciences) (around 50%). Cells expressing I-Ab were sorted 
by FACS sorting, and then subcloned to generate clonal 
cell lines, OP9-MIG-IAb and OP9-DL1-IAb. All of the OP9-
derived cell lines were cultured in a 10-cm dish in OP9 me-
dium (αMEM (Gibco) supplemented with 20% FBS (Sigma), 
10 U/mL of penicillin, 100 μg/mL of streptomycin, and 
2 mM glutamine).

Mouse bone marrow stem cells and 
OP9 cells coculture

Retroviral vector MOT2 was generated by linking cDNAs 
encoding OT2 TCR α and β chains with an IRES and cloning 
this into the MSCV-based retroviral vector under control of 
the viral LTR promoter [26]. BM cells were harvested from 
B6 female mice treated with 5-FU for 5 days to enrich the 
stem cells. Collected BM cells were cultured for 4 days in 
RPMI 1640 medium (Cellgro) containing 10% FBS (Sigma), 10 
U/mL of penicillin, 100 μg/mL of streptomycin and 2 mM glu-
tamine with 20 ng/mL recombinant murine IL-3 (Peprotech), 
50 ng/mL recombinant murine IL-6 (Peprotech) and 50 ng/
mL recombinant murine stem cell factor (Peprotech). On day 
2 and day 3, the cells were spin infected with MOT2/Eco 
retrovirus for 90 min at 2,500 rpm and 25°C as described 
above. On day 4, the transduced BM cells were collected and 
transferred onto 80–90% confl uent OP9-MIG, OP9-DL1, OP9-
MIG-IAb, or OP9-DL1-IAb cell monolayers in 10-cm dishes 
with OP9 medium supplemented with 5 ng/mL murine IL-7 
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5–30 min at RT. The reaction was stopped by adding 50 μL 
per well of 2 M H 2SO 4. The absorbance at the wavelength 
of 450 nm (OD 450) was measured using a plate reader 
(Molecular Devices).

Statistical analysis

The signifi cance of the difference between groups in the 
experiments measuring cytokine production was evaluated by 
analysis of variance followed by a one-tailed Student’s t-test.

Results

Construction of OP9 cells expressing a 
MHC class II protein

Our initial interest was to generate antigen-specifi c CD4 
T cells in vitro using an OP9-DL1 culture system. Direct 
introduction of cDNAs of a TCR into human hematopoietic 
progenitor cells (HPCs) by retroviral transduction and fur-
ther culture of the cells on OP9-DL1 is a method that has 
been shown to generate functional antigen-specifi c CD8 T 
cells [18,19]. We wanted to investigate whether this approach 
could be used to produce antigen-specifi c CD4 T cells. In 
recognition of the fact that OP9 cells lack the expression of 
MHC class II molecules, we were also interested in study-
ing whether enforced expression of a MHC class II molecule 
on OP9 cells could affect the development and function of 
antigen-specifi c CD4 T cells generated in this in vitro cul-
ture system.

We chose the well-defi ned OT2 TCR as a model CD4 TCR 
in this study [27]. This TCR recognizes residues 329–337 of 
chicken ovalbumin presented by I-Ab, a murine MHC class 
II molecule. We analyzed OP9 stromal cells for their expres-
sion of MHC class II proteins by fl ow cytometry and found 
that surface expression of I-Ab was undetectable (Fig. 1B, 
control). Thus, we decided to evaluate the role of ectopic 
expression of I-Ab in OP9-DL1 stromal cells on the genera-
tion of OT2 CD4 T cells in vitro. The alpha and beta chains of 
cDNAs of murine I-Ab were linked by an IRES sequence and 
cloned into a murine stem cell virus-based retroviral vector 
[25] (Fig. 1A). Retrovirus encoding two chains of I-Ab was 
used to transduce OP9-DL1 cells and the cells that expressed 
a high level of I-Ab were sorted. The sorted cells were sub-
cloned and one clone, designated OP9-DL1-IAb, was selected 
as a stromal line for the rest of the in vitro culture study 
(Fig. 1B, right). A control OP9-MIG-IAb cell line lacking the 
expression of Delta-like-1 was similarly generated using an 
OP9-MIG (OP9 transduced to express GFP alone) cell line 
(Fig. 1B, left).

Generation of TCR-positive T cells using adult bone 
marrow progenitors in OP9 coculture systems

It has been shown that primitive fetal liver cells can be 
used as hematopoeitic progenitor cells to effi ciently generate 
T lymphocytes when cocultured with OP9-DL1 stromal 
cells in the presence of IL-7 and Flt3-L [9]. Although adult 
BM cells were also reported to be able to give rise to T cells 
using similar culture conditions [14,15,28,29], the yield was 
much lower than that of fetal liver cells [14,15,28,29]. We re-
peated this culture process using either bulk or sorted (Lin–

Sca-1+c-Kit+) BM cells from wild-type mice (4–6 weeks old) 

(Peprotech) and 5 ng/mL human Flt-3 ligand (Peprotech). 
BM cells were collected for surface marker analysis and 
transferred to new dishes containing OP9-MIG, OP9-DL1, 
OP9-MIG-IAb, or OP9-DL1-IAb at the indicated time points.

Flow cytometry

Surface staining was performed by blocking the cells 
with anti-mouse CD16/CD32 (clone 2.4G2, BD Pharmingen) 
followed by incubation with fl uorochrome-conjugated anti-
bodies. FITC-, PE- or PE-Cy5- conjugated antibodies specifi c 
for mouse Sca-1, CD117 (c-Kit), CD4, CD8, CD25, CD44, CD69, 
CD62L, Thy1, CD45R/B220, TCRVα2, and TCRVβ5.1,5.2 
were purchased from BD Biosciences. Intracellular stain-
ing of TCRVα2 and TCRVβ5.1,5.2 was performed using the 
Cytofi x/Cytoperm Kit from BD Pharmingen and following 
the manufacturer’s protocol. The mouse Foxp3 intracellular 
staining kit from eBioscience was used for the regulatory 
T-cell analysis. All of the fl ow cytometry analysis was done 
with a FACSort (BD Bioscience) instrument.

T-cell stimulation and functional assays

For the anti-CD3/CD28 costimulation assay, a 24-well 
dish was precoated with 300 μL/well of anti-mouse CD3 
(5 μg/mL in PBS, BD Pharmingen) at 4°C overnight. On the 
next day, OP9-cocultured cells were seeded at 1 × 106 cells 
per well in 1 mL of T-cell culture medium (RPMI 1640 me-
dium (Cellgro) containing 10% FBS (Sigma), 10 U/mL of pen-
icillin, 100 μg/mL of streptomycin, and 2 mM glutamine) in 
presence of 1 μg/mL anti-mouse CD28 (BD Pharmingen) at 
37°C in a  humidifi ed 5% CO 2 incubator. Three days later, 
the culture supernatants were collected for IFN-γ and IL-2 
ELISA assays and the stimulated cells were collected for fl ow 
cytometry analysis. For the peptide-based stimulation assay, 
1 × 106 single positive (SP) CD4 T cells were seeded per well 
together with 2 × 106 spleen cells harvested from naïve B6 
female mice as antigen-presenting cells (APCs) loaded with 
1 μg/mL ovalbumin peptide (OVAp329–337, designated as 
OVAp2) for 3 days at 37°C in a 5% CO 2 incubator and were 
then analyzed.

IFN-γ and IL-2 ELISA

ELISA plates (96-well) were precoated with 50 μL per 
well of 1 μg/mL anti-mouse IFN-γ or anti-mouse IL-2 (BD 
Pharmingen) in carbonate buffer at 4°C overnight. The 
plates were then washed six times with deionized water 
(DI water) followed by blocking with 100 μL per well of di-
lution buffer [2% borate buffered saline (BBS) and 0.002% 
sodium azide) for 30 min at 37°C. After six washes, sample 
supernatants were 2-fold serially diluted in dilution buffer, 
added to the plates at a fi nal volume of 50 μL per well, and 
incubated for 3 h at 37°C. The plates were then washed ten 
times and incubated for 45 min at room temperature (RT) 
with 50 μL per well of 1 μg/mL biotinylated detecting anti-
body (BD Pharmingen) in dilution buffer. After ten washes, 
 streptavidin-conjugated horseradish peroxidase (1:200 in di-
lution buffer) (R&D  systems) were added at 50 μL per well 
for 30 min at RT. Finally, the plates were washed ten times, 
50 μL per well of tetramethylbenzidine (TMB) substrate so-
lution (KPL) was added, and the plates were incubated for 
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and compared their capacities to generate T cells with either 
OP9-DL1 or OP9-DL1-IAb cells. B lymphocyte differentiation 
of marrow cells was completely blocked when the cells were 
cultured with either stromal cell lines (OP9-DL1 or OP9-
DL1-IAb) (data not shown). Generation of TCR-positive cells 
[either double positive (DP) or SP stage] was barely detect-
able (data not shown), which is consistent with the report 
by Huang et al. [15]. No marked difference in T cell develop-
ment was observed using either bulk or sorted marrow cells. 
We found that expression of I-Ab in the OP9-DL1 cells did 
not signifi cantly alter the differentiation patterns of marrow 
cells under our detection conditions (data not shown). It is 
not too surprising that the adult BM cells behaved differ-
ently from the fetal progenitor cells and could not effi ciently 
differentiate to TCR-positive T cells in the current coculture 
system, as several studies have shown that different envi-
ronments were required for adult and fetal lymphopoiesis 
[15,30–32]. It seems possible that the current culture condi-
tions have not been optimized for adult marrow cells and 
identifi cation of new conditions such as cytokine concentra-
tion [15,28] and stromal coculture environments could po-
tentially improve the effi ciency of the process. One of the key 
steps in generating a T cell is the successful rearrangement 
of the TCR genes. Thus, we reasoned that the delivery of a 
prearranged TCR gene into adult BM cells might facilitate T 
cell development under the OP9-DL1 culture condition.

Generation of TCR-specifi c CD4 T cells in 
OP9 coculture systems

We next investigated the idea of generating TCR-specifi c 
CD4 helper T cells in OP9 coculture systems by retroviral 
introduction of a CD4 TCR gene to adult BM cells followed 
by coculture with OP9 cells expressing Delta-like-1 and/or 

a murine MHC class II protein. We used a mouse stem cell 
virus-based retroviral vector encoding the alpha and beta 
chains of an I-Ab-restricted OT2 CD4 TCR gene linked by 
an IRES sequence to deliver the TCR gene into the adult BM 
cells (Fig. 2A, designated MOT2) [33]. The transgene expres-
sion was controlled by the viral LTR promoter. We harvested 
adult BM cells enriched with HPCs from wild-type mice 
and exposed them to MOT2 vectors. Intracellular staining 
was performed to measure the transduction effi ciency. The 
OT2 TCR uses Vα2 and Vβ5 TCR family chains and we used 
the antibodies specifi c for these chains for fl ow cytometry 
analysis. Approximately 45% of the total BM cells were mod-
ifi ed to coexpress OT2 TCR alpha and beta chains (Fig. 2B). 

The transduced cells were subsequently cocultured on var-
ious OP9 cells (OP9-MIG, OP9-MIG-IAb, OP9-DL1, and OP9-
DL1-IAb). Cell expansion, which is evidence of hematopoietic 
differentiation, was observed for cells cultured on OP9-MIG, 
OP9-DL1, and OP9-DL1-IAb, but not on OP9-MIG-IAb cells 
(Fig. 3A). The distinct kinetics and rate of cell expansion on 
the various stromal cells was also detected (Fig. 3A). OP9-
MIG only supported limited expansion and the expansion 
did not start until day 17 of coculture. Signifi cant expansion 
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by both OP9-DL1 and OP9-DL1-IAb was observed after day 
9 of coculture. However, MOT2-transduced BM cells cocul-
tured on OP9-DL1 exhibited a stronger expansion (>4-fold) 
than the OP9-DL-IAb coculture. An apparent plateau in cel-
lularity was obtained for the OP9-DL1-IAb coculture after 
an initial 2-week culture. It seems that OP9-DL1-IAb stromal 
cells have a reduced capacity to support expansion of adult 
BM cells, probably because of their elevated potency in facil-
itating hematopoietic differentiation (see below).

We monitored the surface markers of the transduced BM 
cells developing in the cocultures. The markers (Sca-1+c-Kit+) 
were used to track the possible presence of hematopoietic 
progenitors. We found that both OP9-DL1 and OP9-DL1-
IAb could initially increase the percentage of Sca-1+c-Kit+ 
cells, followed by a gradual decline (Fig. 3B). Most Sca-1+c-
Kit+ cells disappeared after 3 weeks of coculture, indicat-
ing that the majority of the hematopoietic progenitors had 
undergone differentiation. The markers B220–Thy1+ were 
employed to monitor the progress of T-cell differentiation. 

As expected, OP9 cells lacking the expression of a notch 
ligand could not support hematopoietic T-cell differentia-
tion. In contrast, most cells developed on either OP9-DL1 or 
OP9-DL1-IAb cells were committed to the T-cell lineage after 
2-week cocultures (Fig. 3C).

We analyzed the TCR expression by costaining the CD3 
and OT2 TCR alpha chains. For MOT2-transduced BM cells 
cultured on control OP9 cells lacking the expression of Delta-
like-1 (either OP9-MIG or OP9-IAb), we could not detect the 
surface expression of the OT2 TCR even after 3 weeks of 
coculture (data not shown). In contrast, OT2 TCR expression 
was readily detectable as early as on day 9 of coculture on 
transduced cells differentiating on either OP9-DL1 or OP9-
DL1-IAb stromal cells (Fig. 3D).

Interestingly, it appeared that the expression of I-Ab could 
facilitate T-cell development (5.94% of OT2 in OP9-DL1 vs. 
10.21% of OT2 in OP9-DL1-IAb on day 9). After 3 weeks of 
coculture, more than 50% of the total cells were OT2 TCR-
positive. It should be noted that virtually all of the CD3+ 
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BM cells following coculture on OP9 cells. Total cellularity from OP9-MIG (■), OP9-IAb (●), OP9-DL1 (▲), or OP9-DL1-IAb 
(▼) coculture was measured at the indicated time points. (B) Phenotypic analysis of Sca-1 and c-Kit double-positive trans-
duced BM cells following coculture on OP9 cells. Percentages of Sca-1+c-Kit+ cells from various OP9 cells [the labeling was 
the same as (A)] were determined by fl ow cytometry analysis during the course of coculture at the indicated time points. 
(C) Phenotypic analysis of committed T-cell population (Thy1+B220+) from transduced BM cells following coculture on OP9 
cells. Percentages of Thy1+B220+ cells from various OP9 cells [the labeling was the same as (A)] were determined by fl ow 
cytometry analysis during the course of coculture at the indicated time points. (D) The dot plots show the fl ow cytometry 
analysis of surface coexpression of CD3 and OT2 TCR alpha chain from transduced BM cells following coculture on either 
OP9-DL1 or OP9-DL1-IAb at the indicated time points.
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cells expressed the transduced TCR, suggesting that the 
rearrangement of endogenous TCR could be a limiting step 
for in vitro T-cell development and the ectopic provision of 
prearranged TCR could partially overcome this limitation.

The phenotypic progression from CD25–CD44+ (DN1) 
to CD25+CD44+ (DN2) to CD25+CD44– (DN3), and fi nally 
CD25–CD44– [DN4, also called pre-DP (double positive) [34]], 
is a characteristic differentiation pattern for early immature 
T-cell precursors that are double-negative (DN) for CD4 and 
CD8 expressions [34–37]. Previous study showed that dif-
ferent DN differentiation kinetics occurred when fetal liver 
and adult BM were used as the progenitor cells cocultured 
on OP9-DL1 cells [15]. We carefully monitored this aspect 
of differentiation and found that both OP9-DL1 and OP9-
DL1-IAb could support the progressive differentiation of 
TCR-transduced BM progenitors from DN1 to DN4 (Fig. 4A). 
At day 17 of both cocultures, TCR-transduced cells were 
predominately DN3 and DN4. At the same time point and 
the same conditions of the culture, we (data not shown) 
and others [29] found that DN2 and DN3 dominated when 
 wild-type, nontransduced BM cells were cultured with 
Delta-like-1-expressing OP9 cells, suggesting that the 
enforced expression of prearranged TCR genes could accel-
erate the development of DN cells in such in vitro culture 
conditions. We also noticed that expression of I-Ab could fa-
cilitate the DN differentiation, as the major population (52%) 
of cells cocultured with OP9-DL1-IAb had advanced to the 
DN4 stage by day 14 of coculture, compared to only 21% of 
the cells cocultured with OP9-DL1 (Fig. 4A).

Flow cytometry analysis was further performed to track 
the expression of CD4 and CD8 on MOT2-transduced cells 
at various time points during the coculture period (Fig. 4B). 
Transduced BM cells cocultured on either OP9-DL1 or OP9-
DL1-IAb could give rise to CD8+CD4+ immature DP T cells as 
early as on day 17 or day 14 of coculture, respectively, indi-
cating that expression of a MHC class II protein is dispensable 
for differentiation into DP cells under this culture condition. 
However, the presence of I-Ab had the effect of promoting 
differentiation and resulted in DP cells (44%) accounting for 
the majority of cultured MOT2-transduced cells in OP9-DL1-
IAb after a 3-week coculture (Fig. 4B). Despite potential help 
from the early expression of TCR and the presence of I-Ab, 
this differentiation process is still much slower than that of 
the fetal liver progenitors, in which DP cells can be detected 
as early as after 1 week of coculture [9]. In addition to DP 
cells, we also detected a signifi cant population of mature 
SP CD4 T cells (9.48% from OP9-DL1 coculture; 12.01% from 
OP9-DL1-IAb coculture). Approximately 54 and 7 million of 
SP CD4 T cells were obtained from OP9-DL1 and OP9-DL1-
IAb cocultures, respectively (original cell input of adult BM 
cells was 2 million; Fig. 4C). These CD4 T cells predominantly 
(>95%) expressed the OT2 TCR, detected by staining using 
antibodies against TCR Vα2 chain and Vβ5 chain (data not 
shown). No regulatory T-cell populations could be identifi ed 
from these SP CD4 T cells generated from both cocultures by 
costaining of CD4, Vβ5, and Foxp3 (data not shown). 

Functional analysis of TCR-specifi c CD4 T cells 
generated by OP9 cocultures

In light of the fact that mature SP CD4 T cells emerged in 
OP9 cocultures, we went on to evaluate whether these T cells 

could undergo TCR signaling in response to stimulation. 
Adult BM progenitor cells, transduced by a MOT2 vector 
and cultured with either OP9-DL1 or OP9-DL1-IAb for about 
3–4 weeks, were seeded in an anti-CD3-coated plate and 
stimulated with anti-CD28 antibody. We observed that these 
T cells proliferated under the condition of this polyclonal 
anti-CD3/CD28 stimulation (data not shown), indicating 
that these cells might have acquired the feature of functional 
maturity. Following the stimulation with antibodies, the SP 
CD4 T cells were greatly expanded (from 9–10% to 43–44%) 
(Figs. 4B and 5A). When we gated on these SP CD4 T cells, 
we found that the majority of them expressed the OT2 TCR, 
as assessed by TCR Vα2 staining (Fig. 5A). The level of OT2 
TCR expression was similar for the CD4 T cells cocultured 
either on OP9-DL1 or OP9-DL1-IAb cells. Phenotypic analysis 
of these T cells showed that these stimulated cells displayed 
the typical activated T-cell markers (CD25+CD44+CD69+), 
as compared to  nonstimulated control cells (Fig. 5B). IFN-γ 
and IL-2 ELISAs were performed to measure the capacity 
of these CD4 T cells to secrete cytokines upon polycloncal 
stimulation. As shown in Fig. 5C, IFN-γ and IL-2 secretions 
were detected for CD4 T cells generated from both cocul-
tures; no production of either IFN-γ or IL-2 was detected 
for  nonstimulated cells (data not shown). Interestingly, we 
found that CD4 T cells from the OP9-DL1-IAb coculture pro-
duced signifi cantly more IFN-γ (>35-folds) than that of the 
OP9-DL1 coculture. The same trend was observed for IL-2 
secretion, although to a lesser extent.

To determine if these CD4 T cells generated in vitro could 
mount antigen-specifi c immune responses, we cultured 
these TCR-transduced and SP-sorted cells with OVAp2 pep-
tide-loaded APCs harvested from a mouse spleen. MOT2-
transduced cells were able to recognize OVAp2-pulsed APCs, 
as evidenced by the appearance of T-cell activation markers 
(CD25+CD44+CD69+) (Fig. 5D). IL-2 secretion was observed 
for peptide-stimulated cells (Fig. 5E); no IL-2 secretion was 
detected for either nonstimulated cells or cells cocultured 
with APCs without peptide-pulsing (data not shown). The 
cells were able to respond to a peptide concentration of 
1 μg/mL, which was equivalent to the sensitivity of the re-
sponse of OT2 transgenic T cells to the OVAp2 peptide [26,33]. 
Similar to the observation from polyclonal stimulation, mark-
edly higher production of IL-2 was detected for T cells de-
veloped on OP9-DL1-IAb cells, as compared to IL-2 secreted 
from cells generated on OP9-DL1 coculture. However, no 
production of IFN-γ could be detected for TCR-transduced 
T cells generated either from the OP9-DL1 or OP9-DL1-IAb 
coculture. 

Discussion

The purpose of this study is to evaluate a strategy to gen-
erate antigen-specifi c CD4 helper T cells in vitro by culturing 
adult BM cells transduced to express a CD4 TCR with OP9 
stromal cells expressing a notch ligand, Delta-like-1. In vitro 
generation of antigen-specifi c CD4 T cells is of great inter-
est to both fundamental study of T-cell biology and prac-
tical immunotherapeutic applications. For instance, there 
is  accumulating evidence showing that CD4 T cells play an 
indispensable role in antitumor immunity [20–23,38–40]. 
The availability of a large quantity of CD4 T cells recogniz-
ing the tumor antigen can potentially enhance the current 
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FIG. 4. Development of CD4 T cells from TCR-transduced 
BM cells cocultured with either OP9-DL1 or OP9-DL1-IAb 
cells. Results shown is one representative set of data from 
three independent experiments. (A) Phenotypic analysis of 
double-negative development of transduced BM cells fol-
lowing coculture with OP9 cells at indicated time points 
by surface costaining of CD25 and CD44 expressions. (B) 
Phenotypic analysis of CD4 and CD8 expressions on trans-
duced BM cells cocultured with OP9 cells at indicated time 
points by surface costaining of CD4 and CD8. (C) The total 
numbers of SP CD4 T cells generated from OP9 cocultures. 
The two million BM cells were transduced with OT2 vector 
and then the OP9 cocultures were initiated.

therapy of adoptive transfer of antitumor CD8 T cells to 
achieve maximal therapeutic effi cacy [3,41]. We focused on 
adult BM cells for this study because from the therapeutic 
point of view, they represent the most easily accessible HPCs 
and can be frequently and safely isolated.

Our method relies on a recently reported OP9-DL1 
coculture system, in which the ectopic expression of a 
notch ligand in a BM stromal cell line, OP9, was found to 
be suffi cient to support the development of hematopoietic 

progenitors into T cells in vitro [9–11]. However, OP9-DL1 
cells lack the expression of MHC class II molecules, which 
may limit their capacity to support the development of CD4 
T cells [10]. This prompted us to also evaluate the effect of 
the expression of MHC class II proteins in OP9-DL1 cells 
on generating  antigen-specifi c CD4 T cells. It was reported 
that hematopoietic progenitors derived from fetal liver 
had dramatically different kinetics of differentiation from 
that of progenitors originating from adult BM [15,30–32]. 
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We verifi ed that the yield of T cells generated from bulk 
adult BM cells cocultured on OP9-DL1 cells was extremely 
low; most of the development of the cells was halted at the 
DN2 and DN3 stages [15]. When adult progenitor cells were 
transduced to express prearranged OT2 TCR alpha and beta 
chains, a majority of the cells (>70%) were committed to the 
T-cell lineage within 2 weeks of cocultures. CD3 and TCR 
expressions were detected as early as on day 9 of cocultures. 
The increased commitment of T cells is likely due to the 
earlier expression of the OT2 TCR, leading to the bypass of 
endogenous TCR rearrangement. This observation is con-
sistent with the result by van Lent et al. [18], in which ear-
lier expression of a human TCR in human hematopoietic 

progenitors from postnatal thymus drastically enhanced 
T-cell development.

Several interesting features were observed in T-cell 
development in the TCR transduction cocultures with the 
expression of the murine MHC class II protein, I-Ab. We fi rst 
observed different expansion kinetics in the presence of I-Ab. 
Transduced BM cells started marked expansion earlier (day 
9) in OP9-DL1-IAb coculture, but quickly reached a plateau 
at day 14. In contrast, a slower expansion occurred in the 
OP9-DL1 coculture at day 10, followed by a rapid expansion 
after day 17. We therefore observed a reduced expansion 
capacity of OP9 cells upon an enforced expression of I-Ab; it 
remains to be determined whether the interaction between 
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FIG. 5. Functional analysis of antigen-specifi c CD4 T cells generated from 
TCR-transduced BM cells cocultured with either OP9-DL1 or OP9-DL1-IAb 
cells. Cocultured BM cells were stimulated for 2 days with either anti-CD3/
CD28 antibodies (A–C) or with antigen-presenting cells pulsed with OVAp2 
peptide (D and E). (A) Flow cytometry analysis of the expansion of SP CD4 T 
cells upon stimulation for 3 days. OT2 TCR expression was analyzed by gat-
ing on the CD4+CD8– population (R1-gated, solid line). Shaded area: staining 
with an isotype control antibody. (B and D) Flow cytometry analysis of sur-
face expression of CD25, CD44, and CD69 before stimulation (shaded area) or 
after stimulation (solid line) on gated SP CD4 T cells. IFN-γ (C and E) and IL-2 
(C) productions in response to anti-CD3/CD28 stimulation were determined 
by ELISA.
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the OT2 TCR and I-Ab plays a role in limiting hematopoi-
etic expansion. It was also found that I-Ab expression in 
the OP9-DL1 cell line could accelerate T-cell development. 
Approximately 10% of BM cells became CD3+OT2+ T cells 
by day 9 of the OP9-DL1-IAb coculture, compared to around 
6% of these T cells appearing in the OP9-DL1 coculture. A 
close examination of the development of DN cells revealed 
that 52% of OP9-DL1-IAb-cocultured BM cells reached the 
DN4 stage by day 14, whereas only 21% of the OP9-DL1-
cocultured cells were able to arrive at the same stage. Similar 
acceleration was also observed in the development of sin-
gle-positive cells. A majority of the BM cells (>45%) turned 
into CD4+CD8+ SP cells in the OP9-DL1-IAb coculture at 
day 22, while only 18% of the cells from the OP9-DL1 cocul-
ture displayed the SP phenotype. Further experiments are 
needed in order to elucidate the exact reason for the accel-
erated development, although we suspect that TCR signal-
ing induced by I-Ab engagement may partially contribute to 
such an observation.

In vitro culture of OT2 TCR-transduced BM cells resulted 
in a large majority (~90%) of OT2 TCR-expressing CD4 T cells. 
Such a dominant representation of TCR-specifi c T cells was 
also reported previously when human CD8 TCRs were intro-
duced to hematopoietic progenitors [18]. In fact, similar over-
representation of TCR-cloned T cells was observed in both 
TCR-transgenic mice [42] and TCR-retrogenic mice (mice 
reconstituted by hematopoietic stem cells transduced by a 
retroviral vector carrying a TCR gene) [26,33,43]. In contrast, 
transduction of mature T cells with TCR-retroviral vectors 
can only generate a modest population of  antigen-specifi c 
T cells [44–46]. The mispairing between the alpha and beta 
chains of the transduced TCR with the beta and alpha chains 
of endogenous TCRs was proposed to be the major reason for 
the low effi ciency of redirecting the specifi city of mature T 
cells by the TCR transduction method [47,48]. Thus, our result 
and others’ results [18,19] clearly suggest that modifi cation of 
hematopoietic progenitors with a TCR-retroviral vector rep-
resents an effi cient way to generate antigen- specifi c T cells 
both in vitro [18,19] and in vivo [26,33,43].

We tested the functional properties of SP CD4 T cells gen-
erated from the TCR transduction cocultures. Upon poly-
clonal anti-CD3/CD28 stimulation, these cells proliferated, 
displayed typical surface markers of activated T cells, and 
secreted the cytokines IFN-γ and IL-2, indicating that these 
T cells reached functional maturity and were able to initiate 
TCR signaling in response to stimulation. As compared 
to CD4 T cells developed from the OP9-DL1 coculture, a 
much higher production of cytokines (IFN-γ and IL-2) were 
detected for T cells generated from the OP9-DL1-IAb cocul-
ture, suggesting that the provision of interaction between 
the OT2 TCR and I-Ab in the coculture might enhance the 
functional development of CD4 T cells. To examine whether 
our OP9 coculture could generate regulatory T cells, which 
might contribute to the observed discrepancy of cytokine 
production of cells cultured on OP9-DL1 versus those cul-
tured on OP9-DL1-IAb, we performed intracellular stain-
ing of Foxp3 and could not detect any population of T cells 
that were CD4+Vβ5+Foxp3+. More experiments are under-
way to identify the molecular difference between these two 
groups of T cells and to elucidate the detailed molecular 
mechanism for the enhanced function. In response to pep-
tide stimulation, we observed antigen-specifi c responses 

by these SP CD4 T cells, as manifested by both activation 
marker staining and IL-2 secretion. Similar to the results of 
polyclonal stimulation, markedly higher production of IL-2 
was observed for OT2 CD4 T cells cocultured with OP9-DL1-
IAb. Interestingly, under the current condition of antigen-
specifi c stimulation, we were unable to detect the produc-
tion of IFN-γ. We speculate that the lack of certain costimu-
latory signals [49,50] during the stimulation may result in 
the failure of IFN-γ secretion and are designing experiments 
to test this hypothesis.

In conclusion, we demonstrated an example of in vitro 
generation of antigen-specifi c CD4 T cells by retroviral 
transduction of adult BM cells to express a CD4 TCR. Ectopic 
expression of a MHC class II protein could accelerate the 
development of TCR-transduced BM cells, resulting in func-
tionally improved antigen-specifi c CD4 T cells. Although 
our data shows that this represents a promising approach to 
obtain CD4 T cells with desired specifi city in vitro, there is 
much left to learn about this stromal system we engineered. 
Will the provision of MHC class II molecules on OP9-DL1 
have a similar effect on other hematopoietic progenitors, 
such as fetal liver cells? We did not observe a signifi cantly 
altered development pattern for nontransduced BM cells 
cocultured with either OP9-DL1 or OP9-DL1-IAb. Could this 
be simply due to the ineffi cient nature of coculture using BM 
cells, disallowing the opportunity to capture the difference? 
We are addressing this question by coculturing wild-type 
progenitors from fetal livers. We are also in the process of 
fully examining the functional potential of these CD4 T cells 
by adoptive transfer of these cells to mice followed by the 
measurement of the immune response upon antigen- specifi c 
immunization.
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