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Abstract

Fli-1 is a member of the Ets transcription factor family and is expressed during T-cell
development; however, the role Fli-1 plays in early T-cell differentiation has not been elucidated.
In this report, we demonstrate that in mouse, Fli-1 overexpression retards the CD4-CD8~ double
negative (DN) to CD4*CD8™" double positive (DP) transition by deregulating normal DN
thymocyte development. Specifically, Fli-1 expression moderates the DN2 and DN3
developmental transitions. We further show that Fli-1 overexpression partially mimics strong TCR
signals in developing DN thymocytes and thereby enhances 6 T-cell development. Conversely,
Fli-1 knockdown by shRNA reverses the lineage bias from -y6 T cells and directs DN cells to the
ap lineage by attenuating TCR signalling. Therefore, Fli-1 plays a critical role in both the DN2 to
DNa3 transition and ap/y$ lineage commitment.
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Introduction

T-cell development begins when DN precursors enter the thymus [1]. Here they undergo an
ordered development and can be subdivided into consecutive stages based on c-Kit, CD44
and CD25 expression. DN1 cells (CD25-CD44%) are heterogeneous and can become T cells,
B cells, dendritic cells (DCs) and natural killer (NK) cells [2, 3]. True DN1 T-cell
progenitors express high levels of c-Kit [4]. DN2 cells (CD257CD44*) are mainly T-lineage
restricted with no B-cell potential, but some DC and NK-cell potential in the c-KitHi9" DN2a
cells and only limited NK-cell potential in the c-Kit'"t DN2b cells [3, 5-8]. DN3 cells
(CD25*CD447) are committed T cells with fully rearranged TCRy, 6 or B loci. Expression
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of a productively rearranged y8TCR allows development along the (mostly DN) 6 T-cell
lineage whereas a functional TCRP promotes adoption of the ap T-cell lineage [9]. Further
development of ap T cells and initiation of the DN to DP transition requires signalling
through the pre-TCR complex, which comprises a rearranged p chain associated with pre-
Ta [10-12]. Based on CD28 expression levels, DN3 cells can be subdivided into those
immediately before B or y&-selection (DN3a=CD28!°) and those after selection
(DN3b=CD28M) [13]. Finally, DN4 cells (CD25"CD44") are primed to become DP cells
[14], which then through positive selection further develop into either mature CD4*CD8™ or
CD4~CD8* single positive (SP) T cells [1]. Differentiation into the a or vy T-cell lineage
has been shown to be influenced by the strength of the pre-TCR/TCR signal [15, 16]. This
model proposes that strong TCR signals result in development of y& T cells whilst weaker
TCR signals lead to ap T-cell development.

Fli-1 is an Ets transcription factor, which is primarily expressed in haematopoietic cells,
including most myeloid, B and T cells [17-19]. We have recently published that Fli-1
overexpression induces pre-T-cell lymphoblastic leukaemia/lymphoma [20] and previous
reports have suggested a role for Fli-1 in autoimmune disease [21, 22]. However, the precise
role of Fli-1 in normal early T-cell development remains unclear.

Here we show that Fli-1 overexpression inhibits the DN to DP transition following a -
selection checkpoint arrest at the DN3a stage. Gain-of-function analysis using the Scid.adh
cell line revealed that enforced expression Fli-1 could mimic a strong TCR signal, thereby
leading to enhanced -y6 T-cell development in normal T-cell precursors. Conversely,
decreased Fli-1 expression by shRNA knockdown in a transgenic -y6TCR background
resulted in biased development to ap CD4*CD8* cells confirming an essential role for Fli-1
in early T-cell development and ap/y6 T-cell lineage commitment.

Results and Discussion

Fli-1 functions during commitment and at the p-selection checkpoint of DN T-cell
development

To study the function of Fli-1 in T-cell development we retrovirally overexpressed or
knocked down Fli-1 in developing T-cell progenitors in vitro using the OP9-DL1 system
[23]. Whole E15 foetal liver (FL) cells were expanded on OP9-DL1 stroma for 6 days,
transduced with control, Fli-1 overexpression or ShRNA Fli-1 knockdown constructs and
cultured on OP9-DL1 stroma for an additional 6 days. The resultant differentiated T cells
were analysed for developmental differences by flow cytometry. Fli-1 overexpression
inhibited the DN to DP transition and caused a decrease in the percentage of DP T cells,
whereas knockdown of Fli-1 resulted in an increase in DP cells (Fig. 1A). Further
examination of the DN subpopulations revealed that Fli-1 overexpression significantly
decreased the percentage of c-Kit positive DN1 cells, enhanced the percentage of DN2 and
DN3 cells and decreased DN4 cells (Fig. 1B). Downregulation of Fli-1 showed the opposite
effect with more DN1 cells and an accelerated transition through the DN3 and DN4 stages.
A kinetic analysis, examining the cells every 6 days up to 24 days after transduction,
indicated that the DN2 and DN3 stages were most critically affected. After 12 days of cell
culture, little change was observed and Fli-1 overexpressing as well as Fli-1 knockdown
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cells displayed decreased DP percentages due to partial arrests at the DN3 and DN2 stages
respectively (Supporting Information Fig. 1) [20].

Fli-1 overexpression and shRNA downregulation were shown to be within physiological
range in T-cell progenitors, namely 2-fold increased or 3 to 2-fold decreased in DN2 and
DN3 cells respectively (Supporting Information Fig. 2A,B). The specificity of 3 different
shRNAs for Fli-1 was first confirmed in 3T3 cells by real-time PCR and Western blotting
(Supporting Information Fig. 2A,B). Construct #2 targets the Fli-1 cDNA and inhibited
expression of Fli-1 from the overexpression construct (Supporting Information Fig. 2C).
Functional specificity in T cells was therefore tested using Fli-1 shRNA constructs #1 and 3,
which only target the Fli-1 3’UTR. Six days after a first transduction with MLS control and
shFli-1, GFP* DN2 cells were sorted, transduced with MSCV control dsRed or Fli-1 dsRed
and grown on OP9-DL.1 for another 12 days. Overexpression of the Fli-1 cDNA allowed the
shFli-1 DNZ2 cells to progress to DN3 cells and rescued the knockdown phenotype,
corroborating the specificity of the constructs and the role of Fli-1 in DN development
(Supporting Information Fig. 2D).

Endogenous Fli-1 mRNA expression levels throughout DN thymocyte development are also
consistent with both the ectopic Fli-1-induced DN3 accumulation, as cells may need to
downregulate Fli-1 in order to transit from the DN3 to the DN4 stage, as well as the Fli-1
knockdown-induced delay at the DN1 and DNZ2 stages, where higher levels of Fli-1 are
required for proper DN development (Supporting Information Fig. 2E) [17, 20, 24]. Similar
expression patterns are found in a group of genes associated with stem cell or progenitor cell
functions such as Lmo2, SCL/Tall and Lyl1 [25]. Overexpression of these genes has been
linked to increased stem cell-like features and decreased differentiation and as a result
disturbed DN-DP development, more specifically at the DN2 and DN3 stages [26-30].

Consequently we analysed the DN2 and DN3 stages in more detail using c-Kit and CD28
respectively [8, 13]. Fli-1 overexpression resulted in a significant increase in the percentage
of DN3a cells and a concomitant decrease in the post-B-selection DN3b, DN3c and DN4a/b
stages (Fig. 1C,D). As the DN4a are the most efficient DP precursors this explains why
fewer DP thymocytes are generated in Fli-1 transduced cells [13]. shRNA Fli-1 knockdown,
in contrast, resulted in slightly more immature DN2a (with significantly lower CD25) and
fewer DN3a cells but considerably more DN3c and DN4a/b cells (the most immediate DP
precursors) leading to more downstream DP thymocytes (Fig. 1C,D). These results indicate
Fli-1 plays a role at the commitment and pB-selection stages of early T-cell development.
Detailed analysis of in vivo Fli-1 expression in T cells also agrees with a checkpoint role for
Fli-1 in pre-TCR/TCR signalling [31, 32].

Fli-1 overexpression enhances pre-TCR signalling in Scid.adh cells

As a tool to study pre-TCR signalling, we utilised the Scid.adh cell line which resembles
DN3a thymocytes and downregulates CD25 and upregulates CD5 (an activation and pro-
survival antigen [33, 34]), when its pre-TCR is signalled [35, 36]. The Scid.adh cell line was
retrovirally transduced with MigR1, Fli-1, shRNA Fli-1 and Egrl as a positive control.
Forty-two hours post-transduction, CD25 and CD5 expression of the Scid.adh cell line were
assessed by flow cytometry. It could be clearly seen that Fli-1 overexpression significantly
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induced CD25 downregulation similar to Egrl (Fig. 2A) as well as CD5 upregulation, which
was not observed in Egrl expressing cells (Fig. 2B). The highest levels of GFP,
corresponding with the highest levels of Fli-1 expression had the strongest effect on CD25
downregulation (Fig. 2A Fli-1 panel) and high levels of CD5 in particular are indicative of
stronger TCR complex signals [33, 37-39]. Fli-1 downregulation in contrast had no effect.
Fli-1 overexpression, like Egrl [36], thus replicates many of the molecular events induced
by pre-TCR signalling.

To analyse the expression levels of genes known to be involved in or modulated by pre-TCR
signalling [36, 40], we subsequently sorted GFP* MigR1 control, Fli-1 and shRNA Fli-1
expressing Scid.adh cells two days after transduction. Levels of Egrl, 1d2, and more
significantly, 1d3 were increased when Fli-1 was overexpressed and Ragl and pre-Ta levels
were decreased, reflective of pre-TCR signalling. Fli-1 knockdown resulted in either no
effect or the opposite effect (Fig. 2C). This strongly suggests that enforced Fli-1
overexpression can mimic pre-TCR signalling and enhance the downstream consequences
thereby producing a strong signal. The observation of a DN to afp DP block induced by Fli-1
overexpression (Fig. 1A) could then perhaps be better explained by a diversion to y6 rather
than a block of a DP T-cell development. This notion would be further supported by the
increase in 1d3 expression level, which has been shown to promote y& T-cell fate (Fig. 2C)
[41].

Ectopic Fli-1 biases TCRB* T cells to the 8 lineage whilst knockdown redirects 6 to ap

DP T cells

Strong TCR signalling has been clearly associated with y& development. Indeed, it is
thought that strong signals preferentially lead to adoption of the y& fate and oppose ap T-
cell commitment [15, 16, 42]. Even stronger signalling leads to apoptosis. Weak signalling
through the pre-TCR, on the contrary, favours ap over y& T-cell commitment [43]. As Fli-1
RNA levels were found to be high in wild type -y6 T cells (Supporting Information Fig. 2E)
and Fli-1 overexpression in Scid.adh cells resulted in strong CD25 downregulation and CD5
upregulation it was hypothesised that Fli-1 may be redirecting uncommitted DN cells to the
6 lineage by enhancing TCR signalling. As predicted, analysis of Fli-1 transduced FL cells
grown in the OP9-DL1 system (which accurately reproduces y6 T-cell development in vitro
[38]), revealed that there was a statistically significant increase in y& T cells compared with
the MigR1 control (Fig. 3A). Sorted GFP* Fli-1 DN3 cells (normally already committed to
either the ap or y6 lineage [38]) additionally showed an increase in intracellular TCRp (i.e.
pre-TCR) within the -y6 TCR positive population, reinforcing the theory that a strong signal
induced by Fli-1 overexpression can divert cells towards the y& T-cell lineage (Fig. 3B) [44].
A recent report has shown that DN2 cells can develop into both IL-17 and IFN-y producing
v8 T cells, but only IFN-y producing -y6 T cells develop from DN3 cells [45]. Given that
the vast majority of Fli-1 overexpressing T cells are DN3 cells, Fli-1 signals (like strong
TCR signals [46]) may be preferentially involved in the development of IFN-y producing T
cells. This hypothesis should be tested in the future.

If a strong signal by the y8§TCR commits developing DN cells to the -y6 T-cell lineage, then
attenuation of this signal should bias cells towards the ap lineage and more CD4*CD8* DP
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cells should be generated. To test this, we chose to knockdown Fli-1 expression in Rag-17/~
cells transduced with a KN6-y8TCR construct [41]. For this experiment, Rag-1~/~ DN3
cells were sorted and co-transduced with MigR1 control, Fli-1 or shRNA Fli-1-GFP and
KNG6-y86TCR-YFP constructs and cultured on OP9-DL1 cells for 8 days. The KN6-y8TCR-
YFP construct alone produced some DP thymocytes [38] but the ShRNA Fli-1 construct co-
transduced with the KN6-y8TCR generated significantly more DP cells, whereas Fli-1
overexpression seemed to further reduce DP development (Fig. 3C). Therefore, knockdown
of Fli-1 reduced the capacity of the y8TCR signal to promote adoption of the & fate and as
a result, enhanced the diversion of progenitors towards the af lineage, as evidenced by the
increased generation of DP cells. This result is consistent with a model of T-cell
development whereby Fli-1 expression converts the normally weak pre-TCR signal to a
strong signal, thereby favouring 6 over af lineage choice.

Concluding remarks

Our data have demonstrated that Fli-1 overexpression can replicate many aspects of TCR
signalling at the molecular and functional level. Decreasing levels of Fli-1 expression in
DN3/DN4 a.p lineage precursors and much higher levels in -y6 T cells support a role for
Fli-1 throughout early T-cell development. Enforced Fli-1 expression indeed promotes
adoption of the y& fate by turning a normally weak pre-TCR signal into a strong signal.
Conversely, knockdown of Fli-1 results in diversion to the a3 fate. Taken together, we report
here the first evidence that Fli-1 modulates the intensity of TCR signalling and is an
important effector of ap/y8 lineage choice. Further studies into the in vivo function of Fli-1
should be of particular relevance in light of the recent interest in -y8 T cells and their role in
disease and therapy [47, 48].

Materials and Methods

Antibodies

Fluorochromes used for surface staining included PE, APC, Alexa Fluor 647, PeCy7, PerCP,
and eFluor450. Conjugated anti-mouse CD4 (GK1.5), CD8 (53-6.7), CD25 (PC61, eBio
3C7), CD44 ((IMT7), c-Kit (2B8), CD28 ((E18), CD5 (53-7.3), v8TCR (GL3) and TCRp
(H57-597) antibodies were from Biolegend (San Diego, CA, USA) eBioscience (San Diego,
CA, USA) and BD-Pharmingen (San Diego, CA, USA). Lineage depletion for CD25/44
staining was accomplished by staining cells with a cocktail of biotinylated mAb (anti-mouse
CD3, CD4, CD8, B220, Mac-1, Gr-1, Ter119 and NK1.1; (Biolegend, eBioscience and BD-
Pharmingen) and gating out Streptavidin (SA-) PeCy7 or SA-Alexa Fluor 594 positive cells
(Invitrogen, Carlshad, CA, USA).

Flow Cytometry

Filtered cell suspensions from C57BL/6 E15 FL-stromal cell co-cultures or Scid.adh
suspension cultures, were washed in phosphate-buffered saline (PBS) with 1% foetal calf
serum (FCS) and 0.01% NaN3 (FACS buffer). Fc receptors were blocked with 2.4G2 (anti-
FcRII clone). Cells were then stained with the appropriately diluted antibodies, washed with
FACS buffer and where necessary stained with SA. Labelled cells were resuspended in
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FACS buffer plus Propidium lodide (PI), acquired on a Becton Dickinson FACScalibur or
LSRII, and analysed using FlowJo software (Treestar, Inc., San Carlos, CA). Routinely,
1x10° to 2x10° events were collected. Fluorescent-activated cell sorting of DN
subpopulations was performed on a FACSAria (Becton-Dickinson).

Plasmids and Retrovirus

MigR1-GFP was a gift from Warren Pear and was used as described previously [49]. MSCV-
dsRed was constructed by replacing the GFP by a monomeric dsRed fragment. MSCV-YFP
and KN6-y8TCR have been described previously [41]. Wild type murine Fli-1 cDNA was
cloned from 129Sv/J embryoid bodies, ligated into MigR1 and the insert confirmed by
sequencing. For Fli-1 knockdown, two shRNAs targeting the 3’UTR (#1 and 3) and one
targeting the ORF (#2) of the murine Fli-1 cDNA were generated by PCR, cloned into the
LMS and LMP vectors and sequence verified [50]. #1 and 3 showed maximum efficiency
and were chosen for further experiments. Retrovirus was produced using the Phoenix
packaging cell line (www.stanford.edu/group/nolan).

Retroviral Transduction and Cell Culture

E15 foetal liver (FL) cells were cultured on OP9-DL1 cells [23] for 6 days in 5ng/ml FLT3L
and 0.25ng/ml IL-7. On day 6, 5x10° FL cells were retrovirally transduced by centrifugation
with 50% (v/v) retroviral supernatant at 1100g for 90 min in 50ng/ml SCF, 5ng/ml FLT3L,
0.25ng/ml IL-7 and 8ug/ml polybrene. One day later, cells were reseeded onto OP9-DL1
stroma in 5ng/ml FLT3L and 0.25ng/ml IL-7 and analysed by flow cytometry and reseeded
every 6 days. Scid.adh cells were maintained as described previously [35] and 2x10°
exponentially growing cells were transduced by centrifugation with 50% (v/v) retroviral
supernatant at 700g for 90 min in 8ug/ml polybrene. The spinofection medium was replaced
by fresh medium on the next day and cells were analysed by flow cytometry on day 2, 42
hours after transduction.

Quantitative real-time PCR

Statistics

Total RNA was extracted using the NucleoSpin RNA 11 kit (Macherey Nagel, Diren,
Germany). First-strand cDNA synthesis was carried out with 1pg of total RNA using random
hexamers and MuMLV RT (New England Biolabs, Ipswich, MA USA). Real-time PCR was
performed with a Rotor-Gene 3000 (Corbett Robotics, Brishane, QLD, Australia) and SYBR
Green for GAPDH, Fli-1, Egrl, 1d2, 1d3 Ragl and pre-Ta (primer sequences available upon
request). Gene expression levels were calculated relative to GAPDH and data were
normalized by dividing each expression value by the median of gene expression of MigR1
control.

Unpaired two-tailed student’s t-tests were performed on all data (except figure 3B, where a
one-tailed student’s t-test was applied), using Prism (GraphPad Software, LaJolla, CA,
USA). Significance was determined as p<0.05 or less.
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Figure 1. Effects of Fli-1 overexpression and Fli-1 knockdown on in vitro T-cell development
GFP* MigR1 control, Fli-1 and shFli-1-transduced FL cells were grown on OP9-DL1 cells

for 6 days and analysed for expression of T-cell markers by flow cytometry. (A) GFP*-gated
analysis of CD4 and CD8 expression. Flow cytometry plots are representative of 5
independent experiments. Data in graphs are represented as mean + SEM of 5 independent
experiments, each comprised of a single sample per group. p values as indicated. (B)
Lineage negative-gated GFP* DN1-4 populations (bold numbers in left panel) as determined
by CD44 and CD25 expression. Flow cytometry plots are representative of 7 independent
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experiments. Hatched portions of the bar graph indicate the fraction of ¢c-Kit-negative DN1
cells and data are shown as mean + SEM of 7 independent experiments, each comprised of a
single sample per group. (C) Lineage negative-gated GFP* DN1-4 populations (bold
numbers in top left panel) as determined by c-Kit and CD25 expression and DN2-gated c-
Kithi9h and c-Kit!" DN2a and b subpopulations (bottom panels). Flow cytometry plots are
representative of 5 independent experiments. Circles in bar graphs indicate CD25 median
fluorescence intensity (MFI) (right y-axis) (mean + SEM of 5 independent experiments,
each comprised of a single sample per group). *p < 0.05, unpaired two-tailed student’s t-test.
(D) DN3+4-gated (see B) GFP* DN3 and DN4 subpopulations (indicated in bold in left
panel) based on CD28 and CD25 expression. Flow cytometry plots are representative of 7
independent experiments. Data in bar graphs shown as mean + SEM of 7 independent
experiments, each comprised of a single sample per group. p values as indicated, unpaired t-
test.
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Figure 2. Effects of Fli-1 overexpression on pre-TCR signalling in Scid.adh cells
MigR1 control, Fli-1, shRNA Fli-1 and Egrl-transduced Scid.adh cells were analysed for

CD25 and CD5 expression by flow cytometry, 42 hours after transduction. Graphs show
percentage (A) CD25 downregulation or (B) CD5 upregulation in GFP* Scid.adh cells and
data are shown as mean + SEM of = 7 independent experiments, each comprised of a single
sample per group. pvalues in A and B were determined by unpaired two-tailed student’s t-
tests. (C) mRNA expression of Fli-1, Egrl, 1d2, 1d3, Ragl and pre-Ta was determined by
quantitative real-time PCR in sorted GFP* Fli-1 and shRNA Fli-1-transduced Scid.adh cells
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at 42 hours post-transduction. Expression levels are shown as the mean fold difference
versus sorted GFP* control. Circles represent independent experiments; /7= 2, each
comprised of a single sample per group.
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Figure 3. Effects of Fli-1 overexpression and Fli-1 knockdown on in vitro y8 versus ap T-cell

development

(A) GFP*-gated y8TCR expression in MigR1 control and Fli-1-transduced FL cells
determined by flow cytometry 12 days after transduction. Flow cytometry plots are
representative of 5 independent experiments. Graphed data are shown as mean + SEM of 5
independent experiments, each comprised of a single sample per group. p value as indicated.
Unpaired two-tailed student’s t-test. (B) Extracellular y8TCR and intracellular TCRB
expression in MigR1 and Fli-1-transduced FL cells determined by flow cytometry, 6 days
after GFP* DN3 cells were sorted by flow cytometry. Flow cytometry plots are
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representative of 5 independent experiments. Graphed data are shown as mean + SEM of 5
independent experiments, each comprised of a single sample per group. p value as indicated.
Unpaired one-tailed student’s t-test. (C) Representative flow cytometry plots (5 independent
experiments) of DP development in Rag-17/~ cells (gated on YFP* and GFP* cells), 8 days
after co-transduction of sorted DN3 cells with KN6-y8TCR and MigR1 control, Fli-1 or
shRNA Fli-1 retrovirus. Graphed data show mean + SEM of fold difference in DP
development in Rag-17~ KN6-y8TCR/Fli-1 or shRNA Fli-1 co-transduced cells versus
control of 5 independent experiments, each comprised of a single sample per group.
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