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Abstract
Objective—The OP9-DL1 culture system is an in vitro model for T cell development in which
activation of the Notch pathway by Delta-like 1 promotes differentiation of mature T cells from
progenitors. The roles of specific cytokines in this culture system have not been well defined, and
controversy regarding the role of IL7 has recently emerged. We examined the roles played by IL7,
Flt3 ligand, and stem cell factor (SCF) in differentiation of adult bone marrow cells in the OP9-DL1
culture system.

Methods—Hematopoietic progenitor cells isolated from mouse bone marrow were cultured with
OP9 or OP9-DL1 stromal cells and evaluated for T and B lymphocyte differentiation using
immunofluorescent staining.

Results—IL-7 provided both survival/proliferation and differentiation signals in a dose-dependent
manner. T cell development from the CD4/CD8 double negative (DN) stage to the CD4/CD8 double
positive (DP) stage required IL-7 provided by the stromal cells, while differentiation from the DP to
the CD8 single positive (SP) stage required addition of exogenous IL-7. SCF favored the proliferation
of DN lymphoid progenitors and inhibited differentiation to the DP stage in a dose-dependent manner.
Conversely, blocking the function of SCF expressed endogenously by OP9-DL1 cells inhibited
proliferation of lymphoid progenitors and accelerated T lineage differentiation. Flt3 ligand promoted
proliferation without affecting differentiation.

Conclusion—These results validate the OP9-DL1 model for the analysis of T cell development
from bone marrow-derived progenitor cells, and demonstrate specific roles of SCF, IL-7, and Flt3L
in promoting efficient T lineage differentiation.

Introduction
Notch receptors and their ligands and modulators are important regulators of T lineage
commitment during lymphocyte development. Among the four Notch receptors, Notch1 has
been shown to be a critical component in the process of T cell development [1]. Stromal cells
expressing the Notch ligand Delta-like1 promoted T/natural killer cell differentiation while
inhibiting B cell differentiation from both human and mouse hematopoietic progenitors [2–
4]. A culture system in which Delta-like 1 is expressed by the OP9 stromal cell line (OP9-DL1)
has emerged as a valuable in vitro model for T cell development [3].

In addition to Notch signaling, lymphoid development is also regulated by a variety of
cytokines. Three cytokines, Flt3 ligand (Flt3L), IL-7, and stem cell factor (SCF, also known
as steel factor, mast cell growth factor and kit ligand) have been of particular interest with
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respect to both T and B lymphocyte development. Flt3L and SCF synergize with IL-7 to
promote the growth of immature thymocytes [5–7], and signaling through the IL-7α and Flt3
receptors accounts for the generation of almost all mouse B lymphocytes [8]. Flt3-deficient
mice showed a moderate decrease in the number of CD4/CD8 double negative (DN)
thymocytes, while combination of a Flt3 null mutation with a hypomorphic allele of the SCF
receptor (c-kit, W/Wv mutant) showed severely impaired lymphoid development [9]. IL-7 and
IL-7 receptor knockout mice showed reduced thymocyte numbers and lack γδ T cells,
suggesting that IL-7 plays an important role in γδ T cell differentiation [10–12]. IL-7 has also
been shown to exert a dose-dependent effect on T cell development [13].

Balciunaite et al. have recently used to OP9-DL1 culture model to investigate the role of Notch
and IL-7 signaling in early thymocyte proliferation and differentiation [14]. This study
concluded that the transition from DN to CD4/CD8 double positive (DP) thymocytes is IL-7-
independent, and that IL-7 actually inhibits DP development of progenitors derived from adult
tissues. A second study addressed the propensity of adult lymphoid progenitors to arrest at the
DN2/DN3 stage of development in the OP9-DL1 system [15], and concluded that high levels
of IL-7 combined with frequent passages and Notch receptor ligation are responsible for the
failure of the culture model to allow efficient T cell differentiation from adult-derived lymphoid
progenitors. To resolve the discrepancies between targeted mutant studies and the OP9-DL1
model, we evaluated the effects of SCF, Flt3L, and IL-7 on differentiation of adult progenitors
in the culture system.

Materials and Methods
Animals

The murine strains C57BL/6 (B6) and B6.Cg-Thy1.1-Ly-5.1 were bred and maintained at the
Animal Resource Center facility of the University of Utah. Mice used were between 4 and 12
weeks of age and were maintained on autoclaved, acidified water (pH 2.5) and autoclaved
chow.

Antibodies
Monoclonal antibodies against CD8 (53-6.7), CD11b (M1/70), erythrocytes (TER119), Ly-6G
(RB6-8C5), CD3 (KT3-1.1), CD5 (53-7.3), CD2 (Rm2.2), CD45R (B220; RA3-6B2), Thy-1.1
(19XE5), and CD19 (1D3) were purified from media of cultured hybridoma cell lines and were
conjugated with biotin, phycoerythrin (PE), fluorescein isothiocyanate (FITC) in our
laboratory. Biotinylated antibodies were secondarily stained with either PE-streptavidin (PE-
Sav; Biomedia, Foster City, CA) or streptavidin-ECD (Beckman Coulter, Fullerton, CA). PE-
conjugated monoclonal antibodies to Sca-1 and CD19, allophycocyanin-conjugated c-kit
(APC-c-kit) antibody and biotin-conjugated NK1.1 antibody were purchased from
PharMingen (San Diego, CA). APC-conjugated CD4 and CD44, PE-conjugated TCRβ and
CD25, biotinylated TCRγδ, and APC-Cy7-conjugated CD8 were purchased from eBioscience
(San Diego, CA). The neutralizing antibody against murine IL-7 was purchased from
PeproTech (Rocky Hill, New Jersey). The hybridomas producing anti-c-kit mAbs, ACK2
(IgG2b) and ACK4 (IgG2a), were generous gifts from Dr. Shin-Ichi Nishikawa (Kyoto
University, Kyoto, Japan). The tyrosine kinase inhibitor imatinib was recovered from crushed
Gleevec tablets (Novartis Pharma, Basel, Switzerland) by methanol extraction, dried, and
dissolved in dimethylsulfoxide for use. The effective dose was determined by growth inhibition
of SCF-dependent EML cells.

Preparation of bone marrow cells and isolation of hematopoietic progenitor cell populations
The procedure for the preparation of BM cells for sorting was performed as previously
described [16]. Bone marrow cells were incubated in a cocktail of antibodies to CD2, CD3,
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CD5, CD8, CD11b, Ly-6G, TER119, CD45R, and CD19. Lineage depletion was carried out
by 2 successive incubations in sheep anti-rat Ig-coupled magnetic beads (Dynal, Oslo,
Norway). Lineage-negative (Linneg) cells were stained with PE-Sca-1, APC-c-kit, biotin-
Thy1.1 and streptavidin-ECD. Flow cytometry and sorting utilized a FACS Vantage instrument
(Becton Dickinson Immunocytometry Systems, San Jose, CA). An aliquot of each sorted cell
population was taken for reanalysis to test purity.

Cytokines
Recombinant mouse SCF was expressed in bacteria and purified from lysates as previously
described [17]; we obtained similar results using SCF obtained commercially from Peprotech
(Rocky Hill, NJ). Flt3L was kindly provided by Immunex (Seattle, WA). Recombinant murine
IL-7 was purchased from Peprotech. Unless otherwise noted, the cytokines were used at the
following concentrations: Flt3L, 5 ng/mL; IL-7, 5 ng/mL; SCF, 100 ng/mL.

OP9 and OP9-DL1 co-cultures
OP9 and OP9-DL1 cell lines were maintained in αMEM (nucleotide-supplemented
formulation) containing 20% FCS, HEPES, sodium pyruvate, 2-ME, and antibiotics. To
determine the ability of progenitor cell populations to differentiate into lymphoid lineages in
vitro, we co-cultured 1000–3000 cells/well in 24-well plates with the stromal cell lines OP9
and OP9-DL1, respectively, for B and T lineage differentiation. Co-cultures were maintained
in αMEM supplemented as above, except 10% heat-inactivated FCS was substituted and
cultures were supplemented with purified recombinant Flt3L, IL-7, and/or SCF as described
in Results. At different time points, cells were harvested by forceful pipetting. The frequency
and number of T and B lineage cells in each culture was determined by flow cytometry, using
expression of TCRβ and TCRγδ to define different T cell lineages, expression of CD44 and
CD25 to define the DN1-DN4 stages of T cell development, expression of both CD4 and CD8
to define the DP stage of T cell development, and expression of CD19 to define B lineage
development. We detected natural killer cell differentiation using the NK1.1 antibody in
combination with anti-CD3.

Statistical analysis
Data sets were evaluated for significance using the unpaired one-tailed T-test with unequal
variance function in Microsoft Excel.

Results
OP9-DL1 co-culture promotes T lineage specification by adult bone marrow progenitors in
the absence of exogenous cytokines

To evaluate and optimize the OP9-DL1 culture system for growth of T lineage cells from adult
bone marrow-derived progenitors, we first tested co-culture of freshly isolated cells with either
OP9 or OP9-DL1 stroma in the absence of exogenous cytokines. We have previously
characterized lymphoid progenitor cells in adult bone marrow based on the phenotype
LinnegSca-1posc-kitposThy1.1neg, which we here refer to as Thy1.1neg cells [18]. This
population of cells includes a spectrum of lymphoid progenitors, including those termed early
lymphocyte progenitors [19], common lymphoid progenitors [20], and the lymphoid
progenitors identified by expression of the Flt3 receptor [21], but, importantly, lacks
hematopoietic stem cells (HSC) [22] as well as a subset of common lymphoid progenitors
characterized by expression of the CD45R molecule [23]. Bone marrow transplantation
experiments have shown that Thy1.1neg cells generate B and T lineage cells more rapidly post-
transplant in comparison to Thy1.1low HSC [18,24]. When Thy1.1neg cells were isolated and
co-cultured with OP9 and OP9-DL1 stromal cells in the absence of exogenous cytokines, we
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observed limited proliferation (around 20-fold expansion) of Thy1.1neg cells for up to 20 days
(Figure 1). OP9-DL1 promoted T cell differentiation of Thy1.1neg cells to the DP stage while
inhibiting B cell differentiation. In contrast, OP9 supported B-lineage differentiation to the
CD19+ pre-B cell stage. These results show that stimulation of bone marrow-derived lymphoid
progenitor cells by Delta-like1, along with cytokines produced endogenously by OP9 cells, is
necessary for T cell specification and early T cell differentiation but not sufficient for
supporting differentiation beyond the DP stage.

IL-7 is necessary for T cell differentiation in a stage-specific manner
In order to determine the effects of specific cytokines on T cell development, we added Flt3L,
IL-7 and SCF into the co-culture system. Figure 2A shows the growth kinetics of Thy1.1neg

cells cultured on OP9-DL1 monolayers in the presence of Flt3L alone, Flt3L plus IL-7, or all
three cytokines.

Adding exogenous cytokines supported the survival, proliferation, and differentiation of
Thy1.1neg cells. After 12 days of co-culture, Flt3L (5 ng/ml) supported a 100-fold expansion
of progenitors. Flt3L combined with IL-7 (5 ng/ml) supported a 1200-fold expansion, while
the combination of Flt3L, IL-7 and SCF (100 ng/ml) supported a 2400-fold expansion. Flt3L
as a single cytokine favored the proliferation of lymphoid progenitors, but did not support
efficient progression beyond the DP stage (Figure 2B). On 20th day of co-culture in the
presence of Flt3L, 55.9% of the cells had differentiated to the DP stage, while only 2.2% were
CD8 single positive (SP) T cells. Addition of IL-7 with Flt3L into the co-culture medium
resulted in a 10-fold enhancement of cell expansion at day 15 (Figure 2A); the apparent
inhibition of DP cells seen at day 15 in the presence of both Flt3L and IL-7 is in reality due to
a greater expansion of DN cells, since the total number of DP cells in the two culture conditions
is similar (30.1% of 102 cells versus 2.2% of 103 cells). On the 20th day of co-culture in Flt3L
plus IL-7, 13.6% of cells were DP and 22.6% of cells were CD8+ SP (Figure 2B). Comparison
of the growth curves seen in Flt3L alone versus Flt3L plus IL-7 shows a 100-fold increase in
cell number after 23 days of culture when both cytokines were present. Applying this difference
in cell numbers to the phenotypic analysis of the cultures (Figure 2B) indicates that 100-fold
more DP cells and 1000-fold more CD8 SP cells were observed in cultures containing both
cytokines relative to those containing only Flt3L.

Since Flt3L is a potent stimulator of dendritic cell growth, some of which express CD8, we
confirmed T lineage development in these cultures by evaluating expression of T cell receptor
αβ and γδ complexes by antibody staining. As shown in Figure 2C, we observed a pronounced
expression of TCR γδ after 16 days of culture only when both Flt3L and IL-7 were provided.
By day 20, either αβ or γδ TCR expression was observed on about 20% of the cells in these
cultures. In contrast, Flt3L alone supported outgrowth of predominantly αβ TCR-expressing
cells, representing about 10% of the cells recovered at day 23 of culture. These results are
consistent with the data from IL-7 receptor knockout mice, indicating that IL-7 is required for
development of the γδ T cell lineage [12,25–29].

We also correlated TCR expression with CD8 expression. Cells cultured with OP9-DL1, Flt3L,
and IL-7 were analyzed by multicolor flow cytometry for TCRβ, TCRγδ and CD8 expression
on day 23 of culture. The results showed that about 40% of CD8 SP cells express TCRβ and
12% express TCRγδ (data not shown), indicating that these cultures include both mature CD8
SP T cells as well as immature CD8 SP intermediates lacking the TCR.

Animals lacking either the high affinity α chain of the IL-7 receptor or the common cytokine
receptor γ chain exhibit a block in thymopoiesis prior to the DP stage, at the DN2 stage [11,
30]. In contrast, Figure 2 shows a block at the DP stage in OP9-DL1 cultures maintained the
absence of exogenous IL-7. This apparent discrepancy may be explained by the production of
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a small amount of IL-7 by the OP9 cell line [31]. To test this possibility, we used a neutralizing
antibody against murine IL-7 to block the function of IL-7 produced endogenously by OP9-
DL1 cells (Figure 3). In OP9-DL1 cultures supplemented only with Flt3L, addition of anti-
IL-7 inhibited the transitions from DN1 (CD44+CD25−) to DN2 (CD44+CD25+) and from
DN2 to DN3 (CD44−CD25+) compared to parallel cultures lacking anti-IL7 (Figure 3A). After
23 days of co-culture, a dramatic block in the transition from DN2 to DN3, as well as in the
number of DP cells (Figure 3D), was evident in the presence of anti-IL-7. Withdrawal of anti-
IL-7 with the addition of exogenous IL-7 on day 23 promoted the transition from DN2 to DN3
(Figure 3A, days 27 and 31). Analysis of growth curves under these conditions is shown in
Figure 3B, which indicates a 2-to 10-fold inhibition of cellular expansion in the presence of
0.1 μg/ml anti-IL-7, with a maximal effect at day 15 of culture. In contrast, very little effect
on cell numbers was observed in 23 day cultures maintained in the presence of 0.1 μg/ml of
anti-IL7. The inhibition of the DN2 to DN3 transition was dose-dependent, increasing with
higher concentrations of anti-IL-7 (Figure 3C). In the presence of 0.5 μg/ml of blocking
antibody, 83% of DN cells remained in the DN1 stage after 12 days of culture, while in the
absence of blocking antibody 34 to 39% of DN cells progressed to DN2 and 43 to 46% to DN3
(Figure 3C). Exogenous IL-7 promoted differentiation to the DN4 stage by day 12, with 10%
of DN cells progressing to this stage compared to 2 to 4% in the absence of exogenous IL-7
and 1 to 3% in the presence of anti-IL-7 (Figures 3A and 3C).

We also evaluated the differentiation of DP cells in these experiments. Endogenous IL-7
promoted differentiation from the DN to the DP stage, resulting in a depletion of DN cells and
an accumulation of DP cells over the course of 23 days in culture as shown in Figure 3D.
Addition of exogenous IL-7 promoted further development, resulting in the appearance of CD8
SP cells as well as γδ T cells which lacked expression of CD4 and CD8 (Figure 3D and data
not shown). Consistent with inhibition of the DN2 to DN3 transition in the presence of anti-
IL7, we observed an increased number of DN cells and a corresponding decrease in DP cells
in these cultures (Figure 3D). Since the absolute number of cells in cultures with or without
anti-IL-7 was within a factor of 2 at day 23, the inhibition of DP cells in cultures containing
anti-IL-7 reflects an absolute decrease in DP cell number as well as percentage. Experiments
using Bcl-2 transgenic donor animals partially reversed the inhibitory effect (data not shown),
demonstrating that at least part of IL-7’s role at this stage of development is to promote DP
cell survival as previously shown in vivo [32,33]. We also tested the effect of anti-IL-7 on B
cell development. At a concentration of 0.1ug/ml, anti-IL7 strongly inhibited B cell
development from Thy1.1neg cells on day 12 of OP9 co-culture in the presence of Flt3L (data
not shown). These data indicate that biologically active amounts of IL-7 produced by the OP9
stromal cells promote cell survival and differentiation to the DP stage, but that further
differentiation requires addition of exogenous IL-7 to the cultures.

SCF promotes proliferation of T progenitors but inhibits T cell differentiation
Analysis of SCF and c-kit mutations has established that SCF is an important positive regulator
of early T cell differentiation [34–36]. However, in vivo experiments have not revealed whether
there is differential effect of SCF on expansion of prothymocytes versus differentiation into
later stages of the T lineage. In order to study the function of SCF in T cell development, we
added exogenous soluble SCF into the progenitor-OP9-DL1 co-culture system. Addition of
exogenous SCF (100 ng/ml) to cultures containing Flt3L and IL-7 had an additive effect on
cell proliferation, as progenitors were expanded 2400-fold on day 12 under these conditions
(Figure 2A). However, exogenous SCF dramatically inhibited T cell development (Figure 4A).
After 16 days of co-culture on OP9-DL1, cultures with Flt3L+IL-7 included 19.2% cells of
DP phenotype. In contrast, parallel cultures grown in Flt3L, IL-7 and SCF contained about 2-
fold more cells, of which 5.4% were DP. After 20–23 days of culture, the presence of SCF in
the cultures resulted in about 5-fold more cells relative to cultures containing only Flt3L+IL-7
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(Figure 2A), and a dramatic inhibition of DP cells (Figure 4A). Analysis of TCR expression
showed that cultures containing SCF had fewer αβ- and γδ-positive cells, although TCR-
positive cells were observed at approximately 50% of the numbers found in Flt3L+IL-7 cultures
when total cell numbers were taken into account (Figure 4B). Morphological analysis of the
cells grown in the presence of SCF showed that the majority of the cells in these cultures were
lymphoblasts and not mast cells (data not shown). These results indicate that SCF is a potent
negative regulator of the DN-to-DP conversion when provided in the soluble form.

SCF inhibits T cell differentiation by subverting the transition between the DN2 and DN3
stages

We next studied the effect of soluble SCF on the developmental progression of DN T cells in
OP9-DL1 cultures. As shown in Figure 4C, we saw no phenotypic differences between cell
populations cultured with or without exogenous SCF during the first 2 weeks of co-culture on
OP9-DL1. About 90% of lymphoid progenitors expressed CD25 on day 12. Most
differentiating cells were CD44+CD25+CD4−CD8− (Figure 4C) and also c-
kit+TCRαβ−TCRγδ− (data not shown), which is characteristic of the DN2 stage. The majority
of cells grown in Flt3L and IL-7 subsequently differentiated to the DN3 stage, as indicated by
the down-regulation of CD44 expression at day 16 (Figure 4C). On days 20 and 23, these cells
developed through the DN4 stage (Figure 4C) and gave rise to DP and CD8 SP cells (Figure
4A). In contrast, cultures containing exogenous SCF began to accumulate differentiating T
cells at the DN2 stage by day 16, and this accumulation was more significant at day 20 and
day 23. As shown in Figure 4C and 4D, cells present in cultures containing SCF exhibited
decreased levels of both CD25 and CD44 expression, similar to a cell population present at
lower frequencies in cultures lacking SCF. To test whether withdrawal of SCF would release
the accumulation of these cells and allow progression to the DN3 stage, we withdrew SCF
from the co-culture medium at day 23 (Figure 4D). This experiment showed that the SCF-
mediated inhibition of the DN2 to DN3 transition is largely irreversible. We observed a dose-
dependent increase in the proportion of these cells (Figure 4E) in the presence of increasing
concentrations of SCF. These results demonstrate that exogenous SCF affects T cell
differentiation by subverting the DN2-DN3 transition and preventing further T lineage
maturation. A similar result of DN2/DN3 arrest when adult lymphoid progenitors were cultured
on OP9-DL1 cells was recently reported [15], with a suggestion that low levels of IL-7 (1 ng/
ml) along with infrequent passages could promote progression to the DP stage. However, total
cellular expansion in those studies was low compared to that reported here.

Blocking SCF function inhibits proliferation but accelerates T cell differentiation
Based on the well-defined role of SCF as a potent co-stimulator of proliferation in
hematopoietic progenitors, [37] we hypothesized that SCF supports proliferation of primitive
thymocytes while inhibiting differentiation. This hypothesis predicts that blocking the function
of endogenous SCF expressed by OP9-DL1 cells would repress proliferation and promote
differentiation. In order to test this hypothesis, we used the anti-c-kit antibodies ACK4 and
ACK2. ACK4 does not interfere with the binding of SCF to c-kit, while ACK2 interferes with
the function of SCF by inhibiting its binding to c-kit [38]. As a second approach, we utilized
the tyrosine kinase inhibitor imatinib to block downstream signal transduction in the c-kit-SCF
signaling pathway [39]. As shown in Figure 5A, both the inhibitory ACK2 antibody as well
as the tyrosine kinase inhibitor imatinib significantly inhibited the proliferation of Thy1.1neg

cells on OP9-DL1 cells in the presence of Flt3L and IL-7. In contrast, the non-inhibitory
antibody ACK4 had no effect on the growth of progenitor cells. Cultures grown for 12 days in
the presence of ACK2 had about 63-fold fewer cells compared to ACK4 controls (p < 0.01),
while imatinib inhibited proliferation of progenitors by about 18-fold (p < 0.02). Importantly,
inhibiting the function of endogenous SCF in the cultures reduced the proliferation of lymphoid
progenitors but did not prevent differentiation of γδ and αβ T cell lineages (Figure 5B) or
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expression of CD4 and CD8 (Figure 5C). It is important to note that the absolute number of
DP and TCR+ cells is lower in cultures maintained with ACK2 or imatinib compared to control
cultures, due to the overall 100-fold decrease in cellular expansion at day 23 (Figure 5A). These
data indicate that interfering with the function of endogenous SCF expressed by the OP9-DL1
cells inhibits expansion of lymphoid progenitor cells at the DN stage without preventing
differentiation to the DP stage or expression of TCR.

Discussion
Notch signaling plays a critical role in the specification of the T lineage. In the present study,
we describe in vitro B and T cell lineage differentiation from adult bone marrow-derived
Thy1.1neg lymphoid progenitor cells, using the OP9 and OP9-DL1 co-culture system. These
studies demonstrate that while Notch signaling is necessary for T lineage specification,
cytokines play important regulatory roles during T cell differentiation. Notch signaling
interplays with cytokines to promote T cell differentiation to the DP and CD8+ SP stages of T
cell development. One mechanistic aspect to this interplay was recently identified, as Notch
signaling was shown to upregulate c-kit expression by lymphoid progenitor cells [40].Although
it has been suggested that the lack of CD4+ SP cells in OP9-DL1 cultures may be due to the
absence of MHC class II-mediated selection [3], it is worthwhile noting that both Notch [41]
as well as IL-7 [42] stimulation favors differentiation of CD8+ SP cells.

Based on RT-PCR analysis, OP9 cells express high levels of SCF, low levels of IL-7, and very
little Flt3L [31]. We have shown here that OP9-DL1 cultures established in the absence of
exogenous cytokines effectively block B lineage development and support limited growth and
differentiation of T cells to the DP stage. Addition of exogenous Flt3L and IL-7 to OP9-DL1
co-cultures results in both qualitative and quantitative improvements in T lineage development.
Thus, while Notch signaling is required for specification of the T lineage, cytokine signals are
also needed for optimal proliferation, TCR expression, and for the DP to SP transition.

Flt3L, SCF and IL-7 are all known to be important in the regulation of lymphoid differentiation.
Flt3L has potent effects on hematopoietic stem and progenitor cells [43], dendritic cell
differentiation [44], and B lymphopoiesis [45,46]. However, the effect of Flt3L on T cell
differentiation has not been well defined. Flt3−/− mice have relatively normal thymopoiesis
[9] with a moderate reduction in DN2 thymocytes [47]. It is possible that other functionally
redundant cytokines limit the T lineage phenotype observed in Flt3−/− mice. In support of this
interpretation, Flt3 and c-kit double deficient mice showed severely defective hematopoiesis
and lymphoid development [9]. We found that addition of exogenous Flt3L into OP9-DL1
cultures promoted moderate expansion of progenitor T cells (Figure 2A) along with
differentiation to the DP stage (Figure 2B). However, expression of TCRγδ (Figure 2C) and
progression to the SP stage of development was poorly supported in OP9-DL1 cultures
supplemented with Flt3L alone. These results indicate that the function of Flt3L in
thymopoiesis is primarily to support the survival and proliferation of progenitors. A similar
conclusion was drawn from studies of Flt3L supplementation of cytokine-driven liquid cultures
and fetal thymic organ culture models [48], although in those experiments the effect of Flt3L
as a single cytokine was not reported.

IL-7 has important roles in both B and T lymphopoiesis [49–51]. It is a key regulator for
lymphoid progenitor survival and expansion [11,52,53]. IL-7 signal disruption models have
shown that IL-7 promotes TCR γ gene rearrangement as well as progression of differentiation
through the DN2 stage [11,12,27]. IL-7 signals also plays a role during positive selection and
favors CD8+ SP differentiation [42,54,55]. Our in vitro studies are in agreement with previous
studies defining the function of IL-7 in γδ T cell development, and also show that IL-7 has an
important effect on later stages of T cell differentiation. In the absence of exogenous IL-7, T
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cell differentiation was blocked at the DP stage in our in vitro model. In contrast, antibody-
mediated inhibition of endogenous IL-7 function resulted in a repression of the DN2 to DN3
transition (Figure 3). These experiments indicate that the low level of endogenous IL-7
produced by OP9-DL1 cells is sufficient to promote T cell development through the DN2 stage
and into the DP stage, but not to optimally promote TCR rearrangement and subsequent
progression to the SP stage of development. A dosage effect of IL-7 on thymic development
has also recently been reported in an in vivo model [13]. We observed additional dosage effects
of IL-7 in the OP9-DL1 culture system, as increasing the dose of IL-7 resulted in a higher
percentage of CD8+ SP T cells (data not shown). Furthermore, when OP9-DL1 cultures
initiated in the presence of Flt3L reach the DP stage of development, addition of exogenous
IL-7 into the co-culture system promoted differentiation of the arrested DP cells to the CD8+

SP stage (Figure 2D). These data indicate stage- and dosage-specific roles for IL-7 in T cell
development, and demonstrate that the OP9-DL1 culture model provides and effective means
by which to investigate the dosage effects of cytokines in T cell development.

Our experiments showed that expansion of pro-T cells and DN to DP progression requires a
low level of IL-7, while a higher level of IL-7 is required for TCR rearrangement and transition
to the CD8 SP stage. This result contrasts with several recent reports showing that the
differentiation of DN1 and DN2 thymocytes obtained from the adult mice is inhibited by IL-7
[14,15]. Several aspects of the experiments reported previously differ from those reported here,
including the source of cultured cells (thymocytes versus bone marrow cells), specific culture
conditions, and the source and concentration of cytokines. Our experiments agree with those
of Balciunaite et al. and Huang et al. with respect to a relative inhibition of the DN to DP
conversion in the presence of IL-7, in that at days 15 to 23 of culture we observed fewer DP
cells in cultures supplemented with Flt3L plus IL-7 relative to those supplemented with Flt3L
alone (Figures 2B and 3D). However, our results differ from the previous studies in that we
observed progression through the DP stage to the CD8 SP stage in the presence of IL-7, while
in the absence of exogenous IL-7 differentiation was reversibly blocked at the DP stage (Figure
2D). Interestingly, inclusion of an anti-IL-7 antibody in cultures supplemented with exogenous
Flt3L inhibited the accumulation of DP cells relative to cultures maintained in Flt3L without
the blocking antibody (Figure 3D). This result is consistent with data obtained in reaggregate
thymic organ culture experiments [56], in which IL-7 signaling in response to pre-TCR
activation was shown to be required for efficient generation of DP thymocytes. In the presence
of the anti-IL-7 antibody, T cell development was blocked at both the DN1-DN2 and the DN2-
DN3 transitions, consistent with previous studies in IL-7- and IL-7Rα-deficient mice [32,57,
58]. The relative increase in the DN1 compartment in the presence of anti-IL-7 antibody (Figure
3C) is due to the accumulation of bone marrow-derived lineages of cells that are not dependent
on IL-7 for growth, including mostly myeloid cells, some dendritic cells, and few NK cells
(data not shown). Thus, while the data reported by Balciunaite et al. and Huang et al. raise
concerns regarding the use of the OP9-DL1 system to model T cell development from adult-
derived progenitor cells, our data show that the inclusion of 5 ng/ml IL-7 with adult bone
marrow-derived progenitors in the OP9-DL1 system did not lead to an inhibition of CD4 and/
or CD8 expression. As in B cell development [59], the dose and timing of IL-7 used in OP9-
DL1 as well as fetal thymic organ culture systems [60] dictates whether the DN to DP transition
is inhibited. Importantly, neither Balciunaite et al. nor Huang et al. demonstrated efficient DP
conversion or selective differentiation of CD8 SP cells in their experiments, even when IL-7
concentrations were reduced. This is in contrast to the results reported here, as well as to the
original description of the OP9-DL1 system [3] and suggests that lowering the concentration
of exogenous IL-7 plays only a compensatory role in overcoming other, currently unknown,
factors that limit T lineage differentiation in this culture model. Identification of the factors
necessary for efficient T cell differentiation in vitro will require further direct comparison of
stromal cell lines, serum batches, and culture conditions between laboratories, as previously
suggested by Huang et al. [15].
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SCF and its receptor c-kit play important roles in multiple developmental processes, including
hematopoiesis [61]. Null mutations in either SCF or c-kit result in embryonic lethality [62].
Recently, the lethal effect of a c-kit null mutation has been shown to be reversible, both
genetically [63] and by transgenic expression of erythropoietin [64]. Rescue from c-kit lethality
results in a severe block in T and B cell development, reduced thymic cellularity, and a lack
of common lymphoid progenitors. As in IL-7Rα and common cytokine γ receptor mutants,
thymic development is arrested at the DN1 stage in mice lacking functional c-kit. These and
other data have established a critical role for SCF in expansion of early thymic progenitors.
Our data suggest that in addition to promoting the expansion of early lymphoid progenitors,
SCF may also function to inhibit T cell differentiation in a concentration-dependent pattern
(Figures 4 and 5). Blocking SCF function inhibited proliferation without blocking T cell
differentiation (Figure 5). In order to exclude the possibility that c-kit signaling inhibitors
(ACK2 and imatinib) are toxic for c-kit positive progenitors and thus result in a comparatively
high percentage of c-kitlow/neg differentiating T cells, we analyzed the expression of c-kit by
progenitors during the co-culture. These experiments showed that progenitors grown in
medium containing ACK2 or imatinib were c-kit positive and viable (data not shown). While
RT-PCR studies have shown that OP9 cells strongly express SCF mRNA [31], ELISA analysis
of medium conditioned by OP9 cells detects less than 15 pg/ml of SCF protein (data not shown).
By fluorescent microscopy, we mainly detect SCF in permeabilized OP9 cells, indicating that
the majority of SCF expressed by these cells remains intracellular rather than being expressed
on the cell surface or secreted into the medium (data not shown). However, since blocking
endogenous SCF activity in OP9-DL1 co-cultures by two different approaches resulted in
arrested proliferation without inhibition of differentiation, we conclude that SCF-c-kit
interactions play a regulatory role in this model system. Thus, OP9-DL1 variant cell lines that
express more or less SCF, or produce differential ratios of the secreted versus the membrane-
bound forms of SCF [65], will perform differently in the in vitro culture model. This may
explain discrepancies in results from different laboratories.

The addition of soluble SCF at a concentration typically utilized in culture models (100 ng/ml)
profoundly inhibited T cell differentiation without affecting proliferation. The arrest in T cell
differentiation occurred at the DN2-DN3 transition, exactly as reported by Huang et al. [15].
It is likely that the biologically relevant form of SCF is membrane-bound (mSCF), which not
only activates the c-kit receptor, but also mediates cell-cell adhesion in OP9 co-culture models
[66] and promotes upregulation of adhesion molecules [67,68]. Excess soluble SCF would
therefore be expected to inhibit mSCF-c-kit interactions between developing progenitors and
OP9-DL1 cells. Consistent with this hypothesis, we observed stronger inhibition of progenitor
proliferation in the presence of ACK2, which blocks mSCF-mediated cell adhesion, compared
to imatinib, which does not (Figure 5A). However, since Huang et al. and Balciunaite et al.
were both able to enhance DP conversion by decreasing IL-7 concentrations in OP9-DL1
cultures, it is unlikely that excess soluble SCF derived from their stromal cell lines can explain
the inefficiency of DP conversion seen at higher IL-7 concentrations in their experiments. One
approach to evaluating the efficiency of individual OP9 and OP9-DL1 subclones for supporting
lymphoid development may be to assess differentiation of T and B lineages in the absence of
exogenous cytokines (Figure 1).

Taken together, our findings suggest that IL-7 and SCF have differential effects during T cell
development. Imbalance of the Notch, IL-7 and SCF signaling pathways will result in
differentiation defects, and it is likely that quantitative differences between these and other
signaling pathways, including the TCR, strongly influence differentiation of the T lineage.
Further studies of the expression patterns of Notch ligands, IL-7, and mSCF within the thymus
and the corresponding receptors on differentiating T cells will help to clarify the mechanism
(s) by which Notch signal interplays with different cytokines and TCR ligation during T cell
development.
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Figure 1.
Differentiation of Thy1.1neg cells in OP9 and OP9-DL1 co-cultures without added cytokines.
Panel (A) T cell differentiation on OP9 and OP9-DL1 cell lines. Purified Thy1.1neg cells were
cultured on OP9 or OP9-DL1 stromal cell lines in the absence of exogenous cytokines. T cell
markers (CD4 and CD8, respectively) were analyzed by flow cytometry on day 12 and day 20
after co-culture. (B) NK cell and B cell development on OP9 and OP9-DL1 cell lines. The
same samples as shown in (A) were stained with NK1.1 and CD19. Each culture was initiated
with 1,200 cells, which expanded to about 23,000 cells by day 12; no further increase in cell
number was noted at day 20. Numbers in the plots represent the percentage of cells within the
indicated quadrants. The data is a representative example of three independent experiments.
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Figure 2.
Effects of exogenous cytokines on T cell development. (A) Growth curve of Thy1.1neg cells
in OP9-DL1 co-cultures with different combinations of cytokines. Thy1.1neg cells were
cultured on OP9-DL1 stromal cells with different combinations of Flt3L, IL-7 and SCF. Cell
numbers were counted at the indicated time points, and fold cell expansion was calculated.
Error bars indicate standard error of the mean values of fold cell expansion obtained in separate
experiments. Differences between Flt3L alone (n = 3) and Flt3L + IL-7 (n = 6) are significant
at all time points (p < 0.03). Differences between Flt3L + IL-7 (n = 6) and Flt3L + IL-7 + SCF
(n = 5) are significant at days 12, 16, 20, and 23 (p < 0.03). (B) Effect of IL-7 on T cell
development. Thy1.1neg cell progeny were analyzed at different time points after co-culture
with OP9-DL1. Expression of CD4 and CD8 was analyzed by flow cytometry. (C) Effect of
IL-7 on αβ and γδ T cell development. Expression of αβ TCR and γδ TCR was analyzed at
indicated time points. Numbers in the plots represent the percentage of cells within the indicated
quadrants. (D) IL-7 promotes differentiation from the DP stage to the CD8 SP stage. Cultures
of Thy.1.neg cells maintained on OP9-DL1 in the presence of Flt3L were split on day 23 and
replated on OP9-DL1 in the presence of Flt3L or with Flt3L plus IL-7. Cultures were evaluated
for CD4 and CD8 expression 3 days later.
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Figure 3.
Antibody blocking of endogenous IL-7 inhibits T cell development. (A) Effect of neutralizing
antibody against IL-7 on DN cell development. Multicolor analysis of differentiating cells
cultured on OP9-DL1 cells with Flt3L was performed at the indicated times. CD4 and CD8
DN cells were gated and analyzed for the expression of CD44 and CD25. On day 23, the cells
cultured on OP9-DL1 cells in the presence of anti-IL-7 were washed and returned to culture
either under the original conditions or in the presence of exogenous Flt3L and IL-7. (B) Growth
curves of Thy1.1neg cells plated on OP9-DL1 cells in the presence of Flt3L (5 ng/ml), either
alone or in the presence of exogenous IL-7 (5 ng/ml) or of the indicated concentrations of rabbit
anti-IL-7. (C) Dosage effect of neutralizing antibody against IL-7 on T cell differentiation.
Cells were co-cultured with OP9-DL1 cells and Flt3L with exogenous IL-7, without exogenous
IL-7, or in the presence of control immunoglobulin or the indicated concentrations of anti-IL-7.
At day 12, 16, 20, and 23, multicolor analysis was performed as indicated in (A). (D) Effect
of anti-IL-7 on DP T cell development. Cells were co-cultured with OP9-DL1 cells and Flt3L
in the presence of exogenous IL-7, in the absence of exogenous IL-7, or in the presence of
control immunoglobulin or anti-IL-7. CD4 and CD8 expression was analyzed at the indicated
time points. The data is representative of two independent experiments.
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Figure 4.
Exogenous soluble SCF inhibits T lineage differentiation of Thy1.1neg cells. (A) Effect of SCF
on αβ T cell differentiation. Upper panel: T cell differentiation of Thy1.1neg cells on OP9-DL1
with the addition of Flt3L and IL-7. Lower panel: T cell differentiation of Thy1.1neg cells on
OP9-DL1 with addition of Flt3L, IL-7 and SCF. CD4 and CD8 expression was analyzed at
different time points. (B) Effect of SCF on αβ and γδ T cell differentiation. αβ TCR and γδ
TCR expression was analyzed as described for Panel A. (C) Effect of SCF on DN cell
development. Multicolor analysis of differentiating cells cultured on OP9-DL1 cells was
performed at the indicated times. CD4 and CD8 DN cells were gated and analyzed for the
expression of CD44 and CD25. (D) Effect of SCF withdrawal on DN cell development. SCF
was withdrawn from the culture medium on day 23, and expression of CD44 and CD25 was
analyzed on gated DN cells. (E) Dose effect of SCF on T cell differentiation. Cells were co-
cultured with OP9-DL1 cells without SCF, or in the presence of SCF at the indicated
concentrations. At day 23, expression of CD44 and CD25 was analyzed on gated CD4 and
CD8 DN cells. The data are representative examples of three to six independent experiments
except panel E, which is from one experiment.
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Figure 5.
Blocking endogenous SCF function promotes T lineage development. (A) Growth curve of
Thy1.1neg cells on OP9-DL1 with different combinations of cytokines and inhibitors. Cell
numbers were counted at each time point, and the average fold expansion was calculated. Error
bars indicate standard error of the mean values of fold cell expansion obtained in separate
experiments. Significant differences (p < 0.04) were observed between Flt3L + IL-7 + ACK4
(n = 4) and Flt3L + IL-7 + ACK2 (n = 3) and between Flt3L + IL-7 (n = 4) and Flt3L + IL-7
+ imatinib (n = 3) at all times shown, while differences between Flt3L + IL-7 and Flt3L + IL-7
+ ACK4 or between Flt3L + IL-7 + ACK2 and Flt3L + IL-7 + imatinib were not statistically
significant at any time (p > 0.1). (B) Blocking of SCF function does not prevent αβ and γδ T
cell development. Thy1.1neg cells were cultured on OP9-DL1 with and without SCF inhibitors.
Expression of αβ TCR and γδ TCR was analyzed as indicated. (C) Blocking of SCF function
does not inhibit DP T cell development. Kinetic expression of T cell surface markers CD4 and
CD8 was analyzed at the indicated times after co-culture.
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