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Abstract

Objective—Multipotent hematopoietic cell line EML can differentiate into myeloid, erythroid,
megakaryocytic, and B-lymphoid lineages, but it remained unknown whether EML cells have T-
cell developmental potential as well. The goal of this study was to determine whether the coculture
with OP9 stromal cells expressing Notch ligand Delta-like 1 (OP9-DL1) could induce
differentiation of EML cells into T-cell lineage.

Materials and Methods—EML cells were cocultured with control OP9 or OP9-DL1 stromal
cells in the presence of cytokines (stem cell factor, interleukin-7, and Fms-like tyrosine kinase 3
ligand). Their T-cell lineage differentiation was assessed through flow cytometry and reverse
transcription polymerase chain reaction expression analysis of cell surface markers and genes
characterizing and associated with specific stages of T-cell development.

Results—The phenotypic, molecular, and functional analysis has revealed that in EML/OP9-
DL1 cocultures with cytokines, but not in control EML/OP9 cocultures, EML cell line undergoes
T-cell lineage commitment and differentiation. In OP9-DL1 cocultures, EML cell line has
differentiated into cells that 1) resembled double-negative, double-positive, and single-positive
stages of T-cell development; 2) initiated expression of GATA-3, Pre-Ta, RAG-1, and T-cell
receptor — VB genes; and 3) produced interferon-y in response to T-cell receptor stimulation.

Conclusions—These results support the notion that EML cell line has the capacity for T-cell
differentiation. Remarkably, induction of T-lineage gene expression and differentiation of EML
cells into distinct stages of T-cell development were very similar to previously described T-cell
differentiation of adult hematopoietic stem cells and progenitors in OP9-DL1 cocultures. Thus,
EML/OP9-DL1 coculture could be a useful experimental system to study the role of particular
genes in T-cell lineage specification, commitment, and differentiation.

Together with purified hematopoietic stem cells (HSC) and multipotent progenitors (MPPS),
several murine hematopoietic cell lines that can differentiate into various blood cell lineages
are being used extensively to study molecular mechanisms that regulate lineage commitment
and differentiation of hematopoietic progenitors. The stem cell factor (SCF)—dependent,
multipotent hematopoietic cell line EML has the capacity for multilineage (erythroid,
myeloid, lymphoid) differentiation in vitro [1]. In the presence of SCF, EML cells undergo

Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.

Offprint requests to: Roland Jurecic, Ph.D., Department of Microbiology and Immunology, Miller School of Medicine, University of
Miami, 1600 NW 10" Avenue, Miami, FL 33136; rjurecic@med.miami.edu.
"Current address: Department of Blochemlstry Medical College of Wisconsin, Milwaukee, WI 53226.

Conflict of Interest
No financial interest/relationships with financial interest relating to the topic of this article have been declared.

Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.exphem.2009.05.002



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kutle$a et al.

Page 2

proliferative self-renewal and remain undifferentiated. In response to cytokines, EML cells
differentiate into erythroid, granulocyte-macrophage, and megakaryocytic progenitors in
colony-forming assays, and generate colony-forming unit granulocyte-macrophage, burst-
forming unit erythroid, and colony-forming unit megakaryocytic colonies (Fig. 1) [1-3].
Moreover, in coculture with W20 stromal cell line and the presence of interleukin-7 (IL-7),
EML cells give rise to pro-B cells that express RAG-1 and undergo D-J rearrangements

(Fig. 1) [1].

Based on their multilineage differentiation capacity, expression of HSC and MPP-related
cell surface markers (almost all EML cells have the Sca-1* c-kit* FIk2~ phenotype), and
expression of genes relevant for hematopoiesis [3], EML cells resemble Lin~Sca-1* c-kit*
and Lin~Sca-1* c-kit* FIk2~ bone marrow cells, highly enriched for long-term and short-
term repopulating HSC and MPPs [4-7].

Thus, EML cell line represents a unique and very useful in vitro model for studying
molecular mechanisms of lineage commitment and differentiation of multipotent and
lineage-committed progenitors for most hematopoietic lineages [8-14]. However, it
remained unknown whether EML cells have the potential to differentiate into T-cell lineage
as well (Fig. 1).

The Notch pathway is one of the key molecular mechanisms that regulate T-cell
development [15,16]. To date, four mammalian Notch receptors (Notchl — 4) have been
identified, along with five ligands that belong to Delta (Delta-like 1, 3, 4) and Jagged
(Jagged-1, 2) family. Notch receptors and their ligands are expressed on HSC, progenitors,
and stromal cells, and Notch pathway plays an important role in lineage commitment and
differentiation of hematopoietic progenitors [17-19]. Conditional inactivation of Notchl
leads to an early block in T-cell development and accumulation of immature B cells in the
thymus. In contrast, overexpression of the activated form of Notchl blocks B-cell
development and induces T-cell development in the bone marrow [20-25]. In summary,
activation of Notchl pathway regulates the earliest stages of commitment into the T-cell
lineage, while inhibiting B-cell development.

Several studies have reported that interaction of Notch1 receptor with the Delta-like 1 (DL1)
ligand or ectopic expression of active form of Notchl can induce in vitro differentiation of
hematopoietic progenitors (HPCs) into a T-cell lineage in the absence of thymic
microenvironment [26-28]. Jaleco et al. [26] have described coculture of human cord blood
CD34" cells with stromal cell line S17 expressing human DL1 or Jagged-1 ligands [26]. In
that system, DL1 completely inhibited differentiation of HPCs into B-cell lineage and
promoted development of cells with a phenotype of T-cell/natural killer precursors and cells
coexpressing CD4 and CD8 markers [26]. Furthermore, coculture with macrophage colony-
stimulating factor—deficient bone marrow stromal cell line OP9 expressing Notch ligand
DL1 (OP9-DL1 cells) and cytokines (interleukin [IL-7] and Fms-like tyrosine kinase 3
ligand [FIt3L]) induced and supported T-cell development from mouse fetal HPCs [27].
Similarly, Hozumi et al. [28] demonstrated that ectopic expression of activated form of
Notch receptors in mouse fetal HPCs and coculture with OP9 stromal cells induce
development of Thy-1*CD25" and CD4*CD8"* cells expressing T-cell receptor (TCR) [28].
The OP9-DL1 coculture system was also used to induce T-cell development from mouse
embryonic stem cells, mouse adult HSC, and human cord blood HSC [29-32]. Collectively,
these results indicate that in vitro T lymphopoiesis is inducible by activation of the Notchl
pathway in a simple coculture system [31,32].
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Thus, in view of these studies, we sought to determine whether EML cells have the capacity
for T-cell development and whether the coculture with OP9-DL1 stromal cells could induce
their differentiation into T-cell lineage.

We report here that in OP9-DL1 cocultures supplemented with cytokines (SCF, IL-7, and
FIt3L), EML cells undergo T-cell lineage commitment and differentiation. In OP9-DL1
cocultures, EML cell line has differentiated into cells that 1) resembled double-negative
precursors, and CD4*CD8" and CD4", and CD8* T-lineage cells; 2) initiated expression of
GATA-3, pre-Ta, RAG-1, and TCR-Vp genes, and 3) produced interferon-y (IFN-y) in
response to TCR stimulation.

Materials and methods

Coculture of EML cells with OP9 stromal cells

SCF-dependent EML cell line was obtained from Dr. Tsai, and was maintained in Iscove’s
modified Dulbecco’s medium (Gibco, Gaithersburg, MD, USA) with 20% equine serum
(HyClone, Logan, UT, USA) and 10% SCF-conditioned medium from BHK/MKL cell line
[1,3]. Green fluorescent protein (GFP)—expressing OP9-DL1 and control OP9 stromal cell
lines were obtained from Dr. Zafiiga-Pfliicker, and were maintained as described previously
[27]. EML/OP9 cocultures were initiated by seeding 4 x 10 EML cells/well into six-well
plates containing a confluent monolayer of OP9-DL1 or control OP9 stromal cells.
Cocultures were maintained in Iscove’s modified Dulbecco’s medium supplemented with
10% fetal bovine serum (HyClone), recombinant IL-7, and FIt3L (5 ng/mL; R&D Systems,
Minneapolis, MN, USA) and 10% v/v conditioned BHK/MKL media containing SCF [1].
After 7 days of coculture, nonadherent EML-derived cells were carefully harvested to avoid
dislodging OP9 and adherent EMLderived cells, and transferred into six-well plates (4 x 10*
cells/ well) with new OP9-DL1 or OP9 monolayers. Nonadherent EML-derived cells were
again transferred onto new OP9 monolayers (4 x 104 cells/well) after 12 and 17 days of
coculture.

Antibodies and flow cytometry

Monoclonal antibodies (Abs) a-B220 (RA3-6B2), a-CD3 (145-2C11), a-CD4 (RM4-5), o-
CD8a (53-6.7), a-CD24 (M1/69), a-CD25 (7D4), a-CD44 (IM7), a-TCR-B chain
(H57-597), a-TCR-y6 chain (GL3), a-TCR-VB4 (CTVB4), a-TCR-VB5.1 (MR9-4), a-TCR-
VB6 (RR4-7), a-TCR-Vp8.1, 8.2 (1B3.3), a-TCR-VB14 (14-2), a-Thy-1.2 (53-2.1), a-IFN-y
(XMGL1.2), a-c-kit-allophycocyanin, a-Sca-1-phycoerythrin (PE)-Cy7, a-FIk-2-PE, and a-
CD34-PE were purchased from BD Pharmingen (San Diego, CA, USA) or eBioscience (San
Diego, CA, USA). Isotype control (R35-39) and a-IL-7Ra/CD127 (A7R34) Abs were
purchased from eBioscience. Anti — CD3-TCR-complex-fluorescein isothiocyanate (FITC)
(17A2) and a-CD44 (IM7) allophycocyanin-conjugated Abs were purchased from
BioLegend (San Diego, CA, USA). Unconjugated monoclonal a-Notchl A6 Ab and
secondary PE-conjugated Ab were purchased from Abcam (Cambridge, MA, USA) and
Novus Biologicals (Littleton, CO, USA). Cells were analyzed on BD-LSR flow cytometer
and sorted on FACSVantage and FACSAria cell sorters (Becton Dickinson, Mountain View,
CA, USA).

Western analysis

Cells were lysed with buffer (2 mM TrisCI [pH 8.0], 0.14 M NaCl, 1 mM
phenylmethylsulphonyl fluoride, 0.1% Triton X-100 and protease inhibitors) at 4°C for 1
hour. Up to 50 pg protein per lane was resolved on 12% Tris-glycine ready gel (Bio-Rad,
Richmond, CA, USA) and electrotransferred to Immuno-Blot polyvinylidene difluoride
membrane (Bio-Rad). The polyvinylidene difluoride membranes were incubated overnight
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at 4°C with anti-Notch1l A6 Ab (Abcam) at 1:500 dilution, washed with TBS-T and
incubated with secondary horseradish peroxidase—conjugated antibody (Zymed, San
Francisco, CA, USA). Proteins were detected with ECL Western blotting analysis detection
system (Amersham, Arlington Heights, IL, USA) or SuperSignal West Chemiluminescent
substrate for detection of horseradish peroxidase (Pierce, Rockford, IL, USA). Where
indicated, membranes were stripped and reprobed with a-actin Ab (Sigma, St Louis, MO,
USA).

TCR stimulation and IFN-y production

To measure IFN-y production 108 nonadherent EML cells from day 17 OP9-DL1 cocultures,
and thymocytes from C57BL/6 J mice as a positive control, were stimulated for 3 days with
immobilized anti-CD3 (5 pg/mL) and anti-CD28 (0.1 pug/mL). Cells were then restimulated
with anti-CD3/CD28 for 5 hours in the presence of 2 UM Monesin as a Golgi-Stop. For
intracellular staining with a-1FN-y Ab (XMGL1.2), cells were permeabilized with 0.3%
saponin (Sigma) and fixed in 4% paraformaldehyde (Sigma).

RNA isolation, reverse transcription, and PCR analysis

Results

Total RNA was isolated from 1) undifferentiated EML cells; 2) nonadherent EML-derived
cells from day 7, 12, and 17 EML/OP9-DL1 and EML/OP9 cocultures; 3) EML cells
cultured with cytokines only (IL-7 and FIt3L at 5 ng/mL) for 72 hours; 4) sorted
CD25*CD44~ nonadherent cells from day 17 EML/OP9-DL1 cocultures; 5) OP9-DL1 and
OP9 stromal cells; and 6) C57BL6/J thymocytes. Equal amount of RNA (5 pg) from each
cell sample was reverse-transcribed using Superscript I1 kit (Invitrogen, Carlsbad, CA,
USA). Polymerase chain reactions (PCR) were performed in an Eppendorf Mastercyler for
35 cycles (95°C for 30 seconds, 57 — 62°C for 45 seconds, and 72°C for 30 seconds), using
primers for following genes: Ikaros (sense-CACTACCTCTGGAGCAGCAGAA, antisense-
CATAGGGCATGTCTGACAGGCACT); VAV1 (sense-GACGAAGATATTTACAGTGG,
antisense-GCTTATCATACTCTGTCATC); GATA-3 (sense-
GCGGTCCTCAACGGTCAGCALC, antisense-TCGGGCACATAGGGCGGATAG); PU.1
(sense-CGGATGACTTGGTTACTTACG, antisense-TTGGACGAGAACTGGAAGGTA);
IL-7Ra (sense-GTTCTCTGTGTTTTTGTTGG, antisense-
GGCTCTGTGTCCCTGTGTCT); pre-Ta (sense-CTGGCTCCACCCATCACACT,
antisense-TGCCATTGCCAGCTGAGA), and RAG-1 (sense-
TGCAGACATTCTAGCACTCTGG, antisense-ACATCTGCCTTCACGTCGAT). Primers
for Notchl, Hes-1, Manic, Lunatic, and Radical Fringe, TCR-Vf chains and hypoxanthine
phosphoribosyltransferase were described previously [2,17,33-40]. For semi-quantitative
reverse transcription (RT)-PCR analysis, PCR reactions were performed for 23, 27, 31, and
35 cycles. PCR products were run on 1% agarose gels and visualized with ethidium bromide
staining.

Coculture with OP9-DL1 stromal cells induces differentiation of EML cells into double-
negative T-cell precursors

Prior to coculture with OP9-DL1 stromal cells, we analyzed expression of Notchl by EML
cells. The RT-PCR, Western, and flow cytometry analyses have shown that undifferentiated
EML cells express Notchl transcript and protein, and that the majority of EML cells express
Notchl on their cell surface (Fig. 2A).

EML cells were cocultured with OP9-DL1 or control OP9 stromal cells [27] for up to 21
days in the presence of IL-7, FIt3L, and SCF, which is necessary for survival of
undifferentiated EML cells [1,3,11]. Cocultures were initiated with 4 x 104 EML cells/well
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in six-well plates containing a confluent monolayer of OP9-DL1 or OP9 stromal cells. After
7 days, the cocultures consisted of a monolayer of OP9 cells, EML-derived cells that
adhered to OP9 cells, and nonadherent EML-derived (naEML) cells. At 7, 12, and 17 days
of coculture, naEML cells were harvested and plated at 4 x 104 cells/well into six-well
plates with newly established OP9-DL1 or OP9 monolayers. An approximately 30-fold
increase in EML cell numbers was observed in EML/OP9-DL1 cocultures by day 7, and an
additional 20-fold and 10-fold increase in cell yields by days 12 and 17, respectively.

To ensure that naEML cells are not contaminated with dislodged GFP-expressing OP9 or
OP9-DL1 stromal cells [27], harvested naEML cells were analyzed by flow cytometry for
GFP* cells, which were absent in all experiments (Fig. 2B). The naEML cells from OP9-
DL1 or OP9 cocultures were first analyzed by flow cytometry for expression of CD44 and
CD25 markers (Fig. 2C), which characterize four double-negative (DN) stages of T-cell
development [41,42]. The majority (up to 90%) of undifferentiated EML cells are
CD44*CD257, thus having a DN1 phenotype. The remaining EML cells are CD44~CD25~
(Fig. 2C). After 17 days of coculture with OP9-DL1 cells, naEML cells reproducibly
consisted of CD44*CD25~, CD44*CD25*, CD44~CD25*, and CD44-CD25~ cell
populations, phenotypically resembling DN1, DN2, DN3, and DN4 stages of T-cell
development [41,42] (Fig. 2C). In contrast, the majority of naEML cells from control EML/
OP9 cocultures retained CD44*CD25~ phenotype, with only up to 15% of cells
coexpressing CD44 and CD25, and <3% of cells being CD44-CD25* on day 17 (Fig. 2C).

In terms of temporal kinetics of DN cell development in EML/OP9-DL1 cocultures, cells
with DN2 phenotype were already present on day 7, and their frequency increased through
day 17 (Fig. 2D and E). Similarly, the percentage of DN3 cells increased three- to fivefold
by days 12 and 17. The frequency of cells with the DN4 phenotype remained similar until
day 17, when their numbers decreased. On the other hand, the percentage of DN1
(CD44*CD257) cells in EML/OP9-DL1 cocultures decreased steadily during the culture
period (Fig. 2D and E).

The DN2 cells appeared in EML/OP9 cocultures too, but at a much lower frequency, and
their percentage remained similar throughout the coculture. Importantly, DN3 cells never
properly developed in EML/OP9 cocultures (Fig. 2E). The percentage of CD44*CD25~
(DN1) and CD44-CD25~ (DN4) cells remained similar throughout EML/OP9 coculture and
did not differ significantly from undifferentiated EML cells (Fig. 2E).

The naEML cells from OP9-DL1 and OP9 cocultures were next examined for expression of
Thy-1.2, CD127 (IL-7 receptor a-chain), CD24 (heat stable antigen) and CD25 markers that
characterize DN stages of T-cell development [41,43-46]. Both the percentage of Thy-1.2*
cells and the level of Thy-1.2 expression on naEML cells from day 17 EML/OP9-DL1
cocultures increased significantly when compared to Thy-1.2 expression on undifferentiated
EML and naEML cells from OP9 cocultures (Fig. 3A). Up to 21% of undifferentiated EML
cells express IL-7Ra chain (CD127), but none coexpressed CD25. The frequency of
IL-7Ro* and CD25™ cells among naEML cells from day 17 OP9-DL1 cocultures increased
4-fold and > 25-fold, respectively, and the majority of IL-7Ra* cells coexpressed CD25,
characteristic for DN2 and DN3 stages (Fig. 3B). The percentage of IL-7Ra™* cells in EML/
OP9 cocultures remained similar to undifferentiated EML cells, with <3% of cells
coexpressing IL-7Ra and CD25 (Fig. 3B).

Notably, the population of naEML cells from EML/OP9-DL1 cocultures also contained cells
that coexpressed CD24 and CD25, and Thy-1 and CD25 (Fig. 3C), thus resembling T-
lineage cells [41,43-46]. In addition, 40% to 50% of CD24*CD25* and Thy-1.2*CD25*
naEML cells from EML/OP9-DL1 cocultures coexpressed CD44 as well (Fig. 3C). Taken
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together, these results support the notion that in OP9-DL1 cocultures EML cells differentiate
into cells that coexpress CD44, CD25, Thy-1, IL-7Ra, and CD24, and phenotypically
resemble DN stages of T-cell development [41-46].

DL1 ligand and cytokines are both necessary for differentiation of EML cell line into DN T -
lineage cells

The appearance of CD44*CD25" DN2 cells in the absence of DL1 ligand in control EML/
OP9 cocultures (Fig. 2D) raised the question about the role of cytokines IL-7 and FIt3L in
differentiation of EML cells into cells expressing CD25. Hence, we comparatively analyzed
development of DN2 (CD44*CD25%) and DN3 (CD44~CD25%) cells in 1) EML/OP9-DL1
and EML/OP9 cocultures supplemented with SCF, IL-7, and FIt3L; 2) EML/OP9-DL1 and
EML/ OP9 cocultures supplemented with SCF only; and 3) EML cell cultures supplemented
with the cytokines (SCF, IL-7, and FIt3L), but in the absence of OP9 cells. Generation of
DN2 cells in EML/OP9-DL1 + SCF cocultures was far less efficient than in EML/OP9-DL1
cultures supplemented with all three cytokines, and development of DN3 cells was minimal
as well (Fig. 4). The EML/OP9 + SCF cultures did not support development of
CD44*CD25* cells (Fig. 4). Notably, when EML cells were cultured in the presence of
cytokines alone (SCF, IL-7, and FIt3L), up to 15% of EML cells acquired CD44*CD25*
phenotype, but significant development of DN3 CD44-CD25* cells was never observed in
these cultures (Fig. 4). These findings indicate that DL1 ligand and cytokines IL-7 and FIt3L
are both necessary although not sufficient for differentiation of EML cell line into cells
resembling DN stages of T-cell development.

In OP9-DL1 cocultures EML cells differentiate into DP and SP T cells and give rise to cells
that produce IFN-y in response to TCR activation

Because EML cells gave rise to DN cells in OP9-DL1 cocultures, we examined their
capacity to differentiate into cells resembling more mature stages of T-cell development.
Flow cytometry analysis has shown that in OP9-DL1 cocultures EML cells differentiated
into CD4* CD8* double-positive (DP) cells and CD4* CD8™ and CD8* CD4~ single-
positive (SP) cells (Fig. 5A and B). Although CD4" CD8™ cells appeared first on day 7 of
coculture (Fig. 5A), by day 17 naEML cell population contained CD4* CD8*, CD8* CD4™,
and CD4* CD8™ cells (Fig. 5A and B). In contrast, cells with DP and SP phenotypes were
never observed in control EML/OP9 cocultures (Fig. 5A).

Almost all CD4" and CD8" cells from day 19 EML/OP9-DL1 cocultures expressed the
CD3-TCR-complex (Fig. 5B). Moreover, between 30% and 50% of naEML cells from
replicate OP9-DL1 cocultures expressed TCR-ap, and a very small percentage expressed
TCR-yd (Fig. 5C), indicating that EML cell line can differentiate into cells resembling TCR-
expressing T cells [41-50]. Also, all TCR-ap—expressing naEML cells coexpress CD3 as
well (Fig. 5C). On the other hand, the naEML cells from EML/OP9 cocultures did not
express TCRap and TCRys (Fig. 5C).

RT-PCR analysis of TCR-Vf3.1, 4, 5.1, 8-1.2, 11, and 12 chain expression [40] has revealed
that naEML cells from OP9-DL1 cocultures start to express TCR-Vp4 chain on day 7 of
coculture, and TCR-VB8-1.2 and 11 chains on day 17 of coculture (Fig. 5D).
Undifferentiated EML cells did not express any of the analyzed TCR-Vp chains (Fig. 5D).
In addition, the flow cytometry analysis has shown that naEML cells from day 17 EML/
OP9-DL1 cocultures express TCR-Vp4, TCR-V[8-1.2, and TCR-V14 chains, but do not
express TCR-Vp5.1 chain, thus corroborating RT-PCR results (Fig. 5D). These results are
comparable with the frequency of cells from HPC/OP9-DL1 cocultures and adult thymus
that express various TCR-V chains [27,29]. Thus, naEML cells from OP9-DL1 cocultures
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express some of the TCR-Vp chains that are commonly found in T cells from BDF;
(C57BL/6 J X DBA/2) mice, the strain of origin for EML cell line [1,40,47-50].

Notably, at the time of appearance of DP and SP cells in EML/OP9-DL1 cocultures, we also
observed changes in the size and morphology of naEML cells (Fig. 5E and F). In
comparison to undifferentiated EML cells and naEML cells from day 17 EML/OP9
cocultures, the naEML cells from day 17 OP9-DL1 cocultures were smaller and similar in
size to thymocytes (Fig. 5E). This observation was confirmed by May-Griinwald/Giemsa
staining (Fig. 5F). Undifferentiated EML cells are blast-like cells with oval shape [1,2]. In
contrast, the naEML cells from day 17 OP9-DL1 cocultures were twice smaller, resembling
round lymphocytes with high nucleus to cytoplasm ratio. The morphology of naEML cells
from control EML/OP9 cocultures remained similar to undifferentiated EML cells (Fig. 5F).

Presence of TCR-expressing cells in EML/OP9-DL1 cocultures raised the question about
their maturity. Thus, we sought to determine whether naEML cells from EML/OP9-DL1
cocultures can produce IFN-y in response to TCR stimulation (Fig. 5G) [28,32]. Harvested
naEML cells from day 17 EML/OP9-DL1 cocultures and C57BL/6 J thymocytes were
stimulated with plate-bound a-CD3 and a-CD28 monoclonal antibodies for 72 hours.
Presence of intracellular IFN-y was detected by antibody staining and compared with IFN-y
production by B6 thymocytes. Notably, a significant percentage of stimulated naEML cells
were found to produce IFN-y (Fig. 5G).

Cumulatively, these results support the notion that in addition to development of DN-like
cells, coculture with OP9-DL1 stroma supports differentiation of EML cell line into cells
resembling DP and SP T cells, and cells that produce IFN-y after TCR stimulation.

T-lineage differentiation of EML cell line is accompanied by expression of genes
associated with T-cell development

To further characterize differentiation of EML cells into T-cell lineage, we examined
temporal expression pattern of genes from the Notch pathway (Hes-1, Fringe genes, Delta,
and Jagged ligands), and several genes associated with T-cell development (Ikaros, IL-7R,
Vav, PU.1, GATA-3, pre-Ta, and RAG-1) in 1) undifferentiated EML cells; 2) naEML cells
from day 7, 12, and 17 OP9-DL1 cocultures; 3) naEML cells from day 7, 12, and 17 OP9
cocultures; and 4) OP9-DL1 and OP9 stromal cells [33-39,41,51-61].

The IL-7 receptor is a critical mediator of cell proliferation and differentiation during T-cell
development, and DN thymocytes express high levels of IL-7R [44,46,59-61]. Ikaros and
Vavl play important roles during T-cell development and in T-cell receptor signaling [51-
541, whereas PU.1, which is expressed from thymic precursors to the DN3 stage, regulates
transcription of IL-7Ra gene [55,56]. Transcripts for IL-7R, Ikaros, Vavl, and PU.1 were
detected by RT-PCR in undifferentiated EML cells as well as in naEML cells from OP9-
DL1 and OP9 cocultures (Fig. 6A).

Hes-1, a downstream target of Notch signaling that is expressed at high levels in DN cells
and in thymic stromal cells [24,34,35], was already transcribed in undifferentiated EML
cells, and its expression was maintained in cocultured EML cells (Fig. 6A). On the other
hand, expression of Delta and Jagged ligands was not detected in EML cells (data not
shown). Interaction of Notch1 with Delta or Jagged ligands is influenced by Lunatic, Manic,
and Radical Fringe proteins [36—38]. Undifferentiated EML and naEML cells from both
cocultures transcribed the Manic Fringe (Fig. 6A), but not the Lunatic and Radical Fringe
(data not shown). In agreement with the previous report, OP9 and OP9-DL1 stromal cells
transcribe Hes-1, but do not express any of the Fringe genes (Fig. 6A and data not shown)
[62].
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GATA-3 is essential for the earliest stages of T-cell development, and is indispensable for
SP CD4 cell development [57,58]. The Pre-Ta pairs with the TCR-f chains expressed in
CD44~CD25" DN3 cells and forms the pre — T-cell receptor complex, which mediates
survival, proliferation, and differentiation of immature thymocytes [41,42,44,47,48]. The
RAG-1 is necessary for TCR gene rearrangement, which begins at the DN3 stage and
proceeds through the development of DP cells [39].

Notably, transcription of GATA-3 and Pre-Ta was induced in naEML cells from both OP9-
DL1 and OP9 cocultures on day 7 (Fig. 6A). Interestingly however, while expression of
GATA-3 and Pre-To was maintained in naEML cells throughout EML/OP9-DL1 coculture,
it was barely detectable in naEML cells from day 12 and 17 OP9 cocultures (Fig. 6A). Most
importantly, the RAG-1 expression was detected only in naEML cells from EML/OP9-DL1
cocultures (Fig. 6A).

These observations were confirmed by semi-quantitative RT-PCR analysis of Pre-Ta and
RAG-1 expression in: 1) undifferentiated EML cells; 2) EML cells cultured for 7 days in the
presence of cytokines (SCF, I1L-7, and FIt3L) alone (without OP9 or OP9-DL1 stroma); 3)
purified CD44~CD25* DN3 naEML cells, sorted from day 17 EML/OP9-DL1 cocultures; 4)
total naEML cells from day 17 control EML/OP9 cocultures, and 5) thymocytes from
C57BL6/J mice (Fig. 6B).

The Pre-Ta transcript was expressed at high level in purified CD44-CD25* DN3 naEML
cells from day 17 EML/OP9-DL1 cocultures and in thymocytes, but was again barely
detectable in naEML cells from day 17 EML/OP9 cocultures and undetectable in
undifferentiated EML cells (Fig. 6B). Importantly, both the Pre-Ta. and GATA-3 were also
transcribed in EML cells cultured for 7 days with cytokines only (SCF, IL-7, and FIt3L),
indicating that cytokines alone can induce GATA-3 and Pre-Ta expression in the absence of
OP9-DL1 stromal cells (Fig. 6B and C). Expression of RAG-1, on the other hand, was
detected only in the purified CD44-CD25* DN3 naEML cells from EML/OP9-DL1
cocultures, and thymocytes from C57BL6/J mice (Fig. 6B).

Discussion

The phenotypic, molecular, and functional analysis of EML cells from OP9 coculture
system has revealed that in EML/OP9-DL1 cocultures with cytokines (SCF, IL-7, and
FIt3L), but not in control EML/OP9 cocultures, EML cell line undergoes T-cell lineage
commitment and differentiation. During coculture with OP9-DL1 cells EML cell line
differentiated into cells that 1) exhibited DN, DP, and SP cell-surface phenotype; 2)
expressed CD3-TCR and TCR-Vp chains; 3) initiated and maintained expression of
GATA-3, Pre-Ta, and RAG-1 genes, associated with T-cell lineage commitment and
differentiation; and 4) responded to TCR stimulation by IFN-y production. Overall, the
kinetics of EML cell differentiation into distinct stages of T-cell development was
remarkably similar to although not as robust as previously described T-cell development
from mouse fetal HPCs and adult HSC in OP9-DL1 cultures [27,29-32]. In addition, the T-
cell differentiation of EML cell line was very similar to recently described T-lineage
differentiation of adult DN1 and DN2 thymocytes, Lin~c-kit* progenitors from fetal liver
and Lin~Sca-1*c-kit™ Thy-1.1"9 BM progenitor cells in OP9-DL1 cocultures [46,63,64].

Similar to the previous report, CD4* CD8™ cells that likely represent developmental
intermediates between DN and DP cells, appeared early in EML/OP9-DL1 cocultures
[27,32]. Also, development of CD8* SP cells in EML/OP9-DL1 cocultures was more robust
than development of CD4" SP cells, likely due to the fact that OP9 cells express major
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histocompatibility complex class I but not class I, and the absence of the proper positive
selection [27,32].

Exclusive development of cells with the DN, DP, and SP phenotypes in EML/OP9-DL1
cocultures with cytokines, together with the observation that in the absence of DL1 (EML/
OP9 cocultures or EML cultured in the presence of cytokines alone) EML cells differentiate
poorly into DN3 cells, indicates that continuous Notch1-DL1 interactions are required for T-
lineage commitment and differentiation of EML cells [32,65].

Finding that coculture of EML cells with OP9-DL1 stroma without IL-7 and FIt3L does not
support significant development of DN3 cells suggests that Notchl — DL1 interaction and
cytokine signaling are both necessary for inducing and sustaining differentiation of EML
cells into T-cell lineage. In fact, several studies have shown that IL-7, FIt3L, and SCF are
required for Notch-induced T lymphopoiesis in vitro, thus underlining a synergistic effect of
Notchl and cytokine signaling in inducing and supporting T-cell development
[28,60,64,66,67].

Importantly, in contrast to undifferentiated EML cells, the naEML cells from EML/OP9-
DL1 cocultures initiated and continued to express CD3, TCR, GATA-3, Pre-Ta, and RAG-1
genes. On the other hand, the naEML cells from control EML/OP9 cocultures did not
express RAG-1, and have initiated but did not maintain the transcription of GATA-3 and
Pre-Ta genes in the absence of DL1. Notably, the induction of GATA-3 and Pre-Ta
expression was also observed in EML cells cultured in the presence of cytokines alone.

The latter observation supports the notion that expression of GATA-3 and Pre-Ta in EML
cells is induced by IL-7 and FIt3L, and that the presence of OP9-DL1 is not required for that
to occur. However, the continued expression of GATA-3 and Pre-Ta in naEML cells
requires the presence of DL1 ligand. Thus, our results are consistent with earlier findings
that suggested that GATA-3 and Pre-Ta expression can be induced by cytokines, and
although being a part of the T-lineage specification process, it is not sufficient per se for
differentiation into later stages of T-cell development [45,46].

More importantly, the induction of RAG-1 expression only in naEML cells from EML/OP9-
DL1 cocultures indicates that interaction of Notch1 with DL1 is necessary for initiation and
maintenance of RAG-1 expression in cocultured EML cells. The OP9 stromal cells support
robust myelopoiesis and erythropoiesis, as well as B and natural killer lymphopoiesis from
mouse embryonic stem cells, and fetal and adult HSC and MPPs [15,16]. The original article
that described derivation of EML cell line has reported that in coculture with W20 stromal
cell line and in the presence of IL-7, EML cells give rise to pro-B cells that express RAG-1
and undergo D-J rearrangements [1]. Because the coculture of EML cells on OP9 stroma did
not result in development of cells expressing RAG-1, we examined the expression of B220
and CD19 B cell markers on naEML cells from multiple EML/OP9-DL1 and EML/OP9
cocultures. Although 20% to 30% of undifferentiated EML cells express B220 antigen, none
of them express CD19 (Suppl. Fig. 1 and data not shown). Similarly, a portion of naEML
cells from OP9-DL1 and OP9 cocultures continued to express B220 marker, but none
expressed CD19 (Suppl. Fig. 1 and data not shown). However, while the percentage of
B220* EML cells in EML/OP9 cocultures remained relatively unchanged for the first 17
days, in EML/OP9-DL1 cocultures the percentage of B220* EML cells steadily decreased

(Suppl. Fig. 1).

Thus, it seems that conditions used to coculture EML cells on OP9 stroma in this study are
not sufficient to support differentiation of EML cells into a B-cell lineage, thus explaining
the lack of RAG-1 expressing naEML cells in EML/OP9 cocultures. Because the B220*
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EML cells were maintained in EML/OP9 cocultures, it is possible that modified OP9
coculture conditions could induce and support B cell differentiation of EML cell line.

Overall, the observed induction and temporal kinetics of T-lineage gene expression in EML
cells from OP9-DL1 cocultures was similar to gene expression pattern and kinetics during
T-cell development of mouse embryonic stem cells and fetal liver Linc-kit* cells in OP9-
DL1 cultures [27,29-32,63].

The coexpression of Notchl and Manic Fringe could be contributing to the capacity of EML
cells to undergo T-cell development in OP9-DL1 cultures. Manic and Lunatic Fringe
proteins regulate Notch signaling by increasing the sensitivity of Notchl to Delta-like
ligands, and decreasing Notch sensitivity to Serrate-like ligands and [36—38]. Thus, an
interaction of DL1 with Notchl receptor on EML cells and their T-cell development could
be positively regulated by Manic Fringe. Interestingly, multipotent and committed
hematopoietic progenitors express high levels of Manic Fringe, and it was suggested that
Manic protein could regulate the activation of Notch receptors during hematopoietic
progenitor cell fate decisions [17].

Taken together, these results support the conclusion that EML cell line has the capacity for
T-cell differentiation, and confirm the notion that EML cell line is a unique multipotent
hematopoietic cell line with the capacity to differentiate into all major blood cell lineages
(Fig. 1) [1-3]. Additional flow cytometry analysis of IL-7 receptor a-chain (CD127), CD44
and CD25 expression on Sca-1* c-kit" undifferentiated EML cells has revealed that EML
cell line contains a subpopulation of Sca-1* c-kit' IL-7R™/1°W CD44* CD25~ cells, which
phenotypically resemble early thymic progenitors (Suppl. Fig. 2) [64,68,69]. Thus, it is
conceivable that the OP9-DL1 coculture of purified Sca-1* c-kith IL-7R~1oW CD44+
CD25™ EML cells, or coculture with OP9 cells coexpressing DL1 and DL4 ligands could
lead to even more robust T-cell development of EML cell line [64,68-71].

Despite noted limitations of the OP9-DL1 system [32], the EML/OP9-DL1 coculture could
be very useful for studying various molecular and cellular aspects of T-cell differentiation
[63-65,67]. For example, the EML/OP9-DL1 coculture could be a valuable experimental
system to study the impact of overexpression and short hairpin RNA-mediated knockdown
of particular genes on T-cell lineage specification and differentiation [3,8,11-14].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The model of maintenance and multilineage differentiation of a multipotent hematopoietic
cell line EML. In the presence of stem cell factor (SCF), EML cells undergo proliferative
self-renewal and remain undifferentiated, whereas in the presence of cytokines and/or
stroma EML cells differentiate into erythroid, myeloid, and lymphoid lineages. BFU-E =
burst-forming unit erythroid; CFU-GM = colony-forming unit granulocyte macrophage;
CFU-Meg = colony-forming unit megakaryocyte; Epo = erythropoietin; GM-CSF =
granulocyte macrophage colony-stimulating factor; IL = interleukin; SCF = stem cell factor;
TCR = T-cell receptor; Tpo = thrombopoietin.
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Figure 2.

In OP9 stromal cells expressing Notch ligand Delta-like 1 (OP9-DL1) cocultures EML cells
differentiate into cells resembling double-negative (DN) T-cell precursors. (A) Reverse
transcriptase polymerase chain reaction (RT-PCR), Western, and flow cytometry analyses
have shown that EML cells express Notchl transcript and protein, and that the majority of
cells express Notchl on their cell surface. (B) Flow cytometry analysis of undifferentiated
EML cells and nonadherent EML (naEML) cells from day 17 EML/OP9-DL1 and EML/
OP9 cocultures after staining with fluorescein isothiocyanate (FITC)- and phycoerythrin
(PE)-conjugated isotype controls shows that the harvested naEML cells did not contain
dislodged OP9 cells, as evidenced by the absence of green fluorescent protein—positive
(GFP*) cells. (C) Flow cytometry analysis of CD44 and CD25 expression on
undifferentiated EML and naEML cells from day 17 EML/OP9-DL1 and control EML/OP9
cocultures. Clockwise from the upper left the numbers in each quadrant indicate the
percentage of CD44*CD25~, CD44*CD25*%, CD44~CD25" and CD44-CD25™ cells,
phenotypically resembling double-negative DN1, DN2, DN3, and DN4 stages of T-cell
development. (D) Temporal kinetics of DN2, DN3, and DN4 cell development in EML/
OP9-DL1 cocultures. The numbers in each quadrant indicate the percentage of cells
expressing the CD44 and/or CD25 marker. (E) Comparative analysis of the temporal
kinetics of DN cell development in day 7, 12, and 17 EML/OP9-DL1 and EML/OP9
cocultures. The histograms show the percentages of undifferentiated EML cells and naEML
cells from OP9-DL1 and OP9 cocultures with the CD44*CD25~, CD44*CD25™,
CD44~CD25", and CD44~-CD25™ phenotypes. Data are representative of five separate
coculture experiments and are shown as mean =+ standard error of mean.
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In OP9 stromal cells expressing Notch ligand Delta-like 1 (OP9-DL1) cocultures EML cells
differentiate into double-negative (DN) cells that coexpress CD25, Thy-1.2, interleukin-7
receptor-a (IL-7Ra), CD24, and CD44 markers. Flow cytometry analysis of (A) Thy-1.2
expression and (B) CD127 (IL-7Ra) and CD25 coexpression on undifferentiated EML cells,
and nonadherent EML (naEML) cells from day 17 EML/OP9-DL1 and control EML/OP9
cocultures. (C) Flow cytometry analysis of CD24, Thy-1.2, CD25, and CD44 coexpression
on undifferentiated EML cells and naEML cells from day 17 EML/OP9-DL1 cocultures.
The contour plots on the left show the analysis of CD24, Thy-1.2, and CD25 coexpression
on undifferentiated EML cells and naEML cells from EML/OP9-DL1 cocultures. CD44
expression was analyzed by three-color flow cytometry among CD24*CD25* and
Thy-1.2*CD25* naEML cells in the upper right quadrant (R2 gate) of contour plots.
Histograms on the right show the expression of CD44 on R2 gated CD24*CD25* and
Thy-1.2*CD25* naEML cells. The numbers in histograms represent percentage of CD44-
positive cells based on the allophycocyanin (APC) control staining.
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Figure 4.

DL1 ligand and cytokines are both necessary for differentiation of EML cells into double-
negative (DN) T-cell precursors. Differentiation of EML cells into DN2 and DN3 cells was
examined in (A) day 7 and day 12 EML/OP9 stromal cells expressing Notch ligand Delta-
like 1 (OP9-DL1) cocultures supplemented with all cytokines (stem cell factor [SCF],
interleukin-7 [I1L-7], and Fms-like tyrosine kinase 3 ligand [FIt3L]) or with SCF alone, (B)
day 7 and 12 EML/OP9 cocultures supplemented with all cytokines or SCF alone, and (C)
day 7 and 12 EML cell cultures with all cytokines in the absence of OP9 stromal cells. The
numbers in each quadrant indicate the percentage of cells expressing the CD44 and/or CD25

marker.
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Figure 5.

Development of CD4* and CD8* T-cell receptor (TCR)-expressing cells in EML/OP9
stromal cells expressing Notch ligand Delta-like 1 (OP9-DL1) cocultures. (A) In cocultures
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with OP9-DL1 stroma EML cells give rise to CD4*CD8* double-positive (DP) cells and
CD4*CD8™ and CD8*CD4~ single-positive (SP) cells, which were completely absent in
EML/OP9 cocultures. (B) The majority of CD4* and CD8" cells from EML/OP9-DL1
cocultures expressed CD3-TCR-complex. (C) Analysis of TCR-af and TCRyd expression
on undifferentiated EML cells, and nonadherent EML (haEML) from EML/OP9 and EML/
OP9-DL1 cocultures has revealed that EML cells in OP9-DL1 cocultures differentiate into
cells resembling TCR-expressing T cells. The contour plots on the lower left show the
percentage of TCR-ap—expressing naEML cells from two separate EML/OP9-DL1
cocultures. Also, all TCRap—expressing naEML cells coexpress CD3 as well. (D) Reverse
transcription polymerase chain reaction (RT-PCR) and flow cytometry analysis of
expression pattern of TCR-Vf3.1, 4, 5.1, 8-1, 11, 12, and 14 chains in undifferentiated EML
cells, thymocytes and naEML from EML/OP9-DL1 co-cultures. The naEML cells from
OP9-DL1 cocultures start to transcribe TCR-V4 chain on day 7 of coculture, and TCR-
VB8-1.2 and 11 chains on day 17 of coculture. Flow cytometry analysis has revealed that
naEML cells from day 17 EML/OP9-DL1 cocultures express TCR-Vp4, TCR-Vf8-1.2, and
TCR-Vp14 chains, but do not express TCR-V[5.1 chain, thus corroborating RT-PCR
results. (E) Flow cytometry analysis of the size of undifferentiated EML cells, naEML cells
from EML/OP9-DL1 and EML/OP9 cocultures, and thymocytes from C57BL/6 J mice. (F)
Comparison of the morphology of undifferentiated EML cells, and naEML cells from day
17 EML/OP9-DL1 and EML/OP9 cocultures. Cells were deposited on glass slides, stained
with May-Grinwald/Giemsa and photographed using a Zeiss Axiovert microscope at x 1000
magnification. (G) The naEML cells from OP9-DL1 cocultures produce interferon-y in
response to TCR activation. The naEML cells from day 17 EML/OP9-DL1 cocultures and
C57BL/6 J thymocytes were stimulated with plate-bound a-CD3 and a-CD28 for 72 hours.
IFN-y production was measured by intracellular staining of unstimulated and stimulated
cells, followed by flow cytometry analysis. FITC = fluorescein isothiocyanate; PE =
phycoerythrin.
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Figure 6.

Temporal expression pattern of genes associated with T-cell development in nonadherent
EML (naEML) cells from EML/OP9 stromal cells expressing Notch ligand Delta-like 1
(OP9-DL1) or EML/OP9 cocultures. (A) Reverse transcription polymerase chain reaction
(RT-PCR) analysis of the temporal expression pattern of genes from the Notch pathway
(HES-1, Fringe genes), transcription factors (Ikaros, PU.1, GATA-3), and other genes
(IL-7Ra, Vavl, Pre-Ta, and RAG-1) associated with the T-cell development, in (1)
undifferentiated EML cells; (2) naEML cells from day 7, 12, and 17 EML/OP9-DL1 or
EML/OP9 cocultures; and (3) OP9-DL1 and OP9 stromal cells. Hypoxanthine
phosphoribosyltransferase (HPRT) was amplified from all cell samples as an internal
positive control. (B) Semi-quantitative RT-PCR analysis of Pre-Ta RAG-1 and HPRT gene
expression in 1) undifferentiated EML cells, 2) EML cells cultured for 7 days in the
presence of cytokines (SCF, IL-7, and FIt3L) without OP9 stromal cells, 3) purified
CD44~CD25" DN3 naEML cells sorted from day 17 EML/OP9-DL1 cocultures, 4) total
naEML cells from day 17 control EML/OP9 cocultures, and 5) thymocytes from C57BL/6 J
mice. Semi-quantitative RT-PCR reactions were performed for 23, 27, 31, and 35 cycles.
Data shown are inverted images of ethidium bromide—stained gels. (C) RT-PCR analysis of
GATA-3 expression in EML cells that were cultured for 6 and 7 days with cytokines (SCF,
IL-7, and FIt3L), but in the absence of OP9 or OP9-DL1 stromal cells.
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