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E26 Transformation specific (Ets) family
transcription factors control the expres-
sion of a large number of genes regulat-
ing hematopoietic cell development and
function. Two such transcription factors,
Ets-1 and myeloid Elf-1-like factor (MEF),
have been shown to play critical roles in
both natural killer (NK)- and NKT-cell
development, but not in the development
of conventional T cells. In this study, we
address the role of E74-like factor 1 (EIf-
1), another Ets family transcription factor

that is closely related to MEF but diver-
gent from Ets-1, in NK- and NKT-cell devel-
opment using Elf-1-deficient (Elf-1-/-)
mice. Whereas the proportion of NK cells
in EIf-1-/- mice was normal, the propor-
tion of NKT cells was significantly re-
duced in the thymus and periphery of
Elf-1-/- mice compared with wild-type
(WT) mice. Although Ets-1-deficient mice
lack NKT cells altogether, Elf-1-/- mice
exhibited only a partial block in NKT-cell
development caused by a cell-intrinsic

defect in the selection, survival, and matu-
ration of NKT cells. In addition, residual
NKT cells found in Elf-1-/~ mice produced
less cytokine upon antigen stimulation
compared with WT NKT cells. Our data
demonstrate that Elf-1 plays an important
and nonredundant role in the develop-
ment and function of NKT cells, but is not
involved in NK-cell development. (Blood.
2011;117(6):1880-1887)

Introduction

CDld-restricted natural killer T (NKT) cells represent a unique
lineage of T cells that shares properties with both natural killer
(NK) cells and memory T cells. NKT cells rapidly produce an array
of cytokines on activation and play critical roles in the regulation of
a variety of immune responses, including control of autoimmune
diabetes, antitumor immunity, and protection from infectious diseases.!
To date, 2 NKT-cell subsets have been defined. Type I NKT cells,
also referred to as invariant NKT (iNKT) cells, express an invariant
T-cell receptor o (TCRa) chain (Val4Ja18 in mice and Va24-Ja18 in
humans) that pairs with a limited repertoire of TCR{ chains (V[38,
VB7, or VB2 in mice, and VP11 in humans).? iNKT cells can be
identified using CDI1d tetramer loaded with the glycosphingolipid
antigen a-galactosylceramide (aGalCer).? Type IT NKT cells represent
the second subset of NKT cells; they exhibit diverse TCRa and TCR(3
chain usage and do not bind to CD1d/aGalCer tetramers.* This study
focuses on iNKT cells, because the various stages of iNKT-cell
maturation and differentiation have been clearly defined.

Like conventional T cells, iNKT cells originate from thymic
CD4*+CD8™" double-positive (DP) progenitors.’ However, the iNKT-
cell lineage deviates from conventional T cells at the DP stage, and
their positive selection is distinct from that of conventional
T cells.>” Rare DP-precursor cells that express a rearranged
Val4Jal8 TCRa chain are positively selected by CDI1d-
expressing DP thymocytes that provide unique costimulatory
signals to iNKT-cell precursors through homotypic interactions
with signaling lymphocytic activation molecules (SLAM) family
receptors. These interactions led to the recruitment of SLAM-
associated protein (SAP) and the Src kinase Fyn, as well as
downstream activation of nuclear factor-kB (NF-kB).%12 After
positive selection, iINKT-cell precursors down-regulate their expres-
sion of CD24 and transition through several maturation stages that

can be defined based on the cell-surface expression of CD44 and
NK1.1.13 Stage I iNKT cells display an NK1.1-CD44°% phenotype
and undergo several rounds of cell division. This expansion is
accompanied by the up-regulation of CD44 (NKI.1 CD44high,
stage II iNKT cells). Some of these NK1.1-CD44high iNKT cells
continue to differentiate into mature NK1.1*CD44high (stage 1IT)
iNKT cells in the thymus, while others exit the thymus and mature into
NKI1.1" iNKT cells in the periphery.'34 iNKT cells can also be
subdivided into CD4" and CD4~CD8"~ (double-negative [DN]) sub-
sets. The earliest INKT cells are CD4*, with the DN subset diverging at
the immature NK1.1~ stage in the thymus.!>!* Recent studies have
shown that the transcription factor Th-Pok is required for the repression
of CD8 expression and the functional maturation of iNKT cells.!>16
The unique developmental program of iNKT cells is controlled
by several transcription factors/molecules that are distinct from
those required for the development of conventional T cells.!” For
example, the transcription factor PLZF (promyelocytic leukemia
zinc finger) has been shown to specifically control the development
and function of iNKT cells.'®! c-Myc also plays a critical role at an
early stage of iNKT-cell development, whereas it has little effect on
conventional T-cell development.?%2! Furthermore, genes encoding
factors that promote the survival of DP thymocytes, such as
ROR~t, Bel-xL, and c-Myb, also contribute to iNKT-cell develop-
ment by extending the DP-thymocyte lifespan to allow for the
rearrangement of distal Va and Ja gene segments, including
Val4-Jal18.222% Similar to NK cells, interleukin-15 (IL-15) is
required for the maturation and homeostasis of iNKT cells.”
Deficiency in the transcription factor T-bet results in a severe block
in iNKT-cell maturation, possibly because of a lack of CD122
expression, which is important for IL-15 signaling.2° In addition
to the IL-15-signaling pathway, several other factors affect both
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NK- and NKT-cell development, highlighting the close developmen-
tal relationship between these 2 lineages.?’

The Ets family of transcription factors is composed of more
than 20 members. Each shares a conserved ETS domain that
specifically recognizes DNA sequences containing a GGAA/T core
element.?® Several Ets transcription factors are expressed within the
hematopoietic system, including PU.1, Spi-B, Ets-1, MEF, and
Elf-1.2%3% Gene-targeting experiments have revealed an important
role for these transcription factors in the development and mainte-
nance of various hematopoietic lineages.”® Two such Ets family
transcription factors, Ets-1 and MEF, have been shown to play a
critical role in the development of both NK and NKT cells.3!-33
Elf-1, an Ets transcription factor family member that is closely
related to MEF, is highly expressed in both embryonic and adult
lymphoid tissues, as well as in a variety of endothelial cells.3* Elf-1
has been shown to regulate the function of endothelial cells during
the development of tumor angiogenesis.*® In addition, Elf-1 has been
implicated in the transcriptional regulation of several T cell-specific
genes, including CD4,3 CD3¢,%” IL-2,% and LAT.* However, no
major defects in conventional T-cell development have been
observed in Elf-1—-deficient (EIf-17/7) mice.*

In this study, we examined the iNKT cells found in EIf-17/~
mice and compared their development with that in Ets-1~/~ mice.
We found that EIf-17/~ mice exhibited significantly reduced
numbers of iNKT cells in the thymus and in the periphery, although
this decrease was not as severe as that seen in Ets-17/~ mice.
Unlike Ets-17/~ mice, the impairment in iNKT-cell development
observed in EIf-17/~ mice was not due to a defective rearrangement
of the Val4-Jal8 TCRa chain preceding positive selection.
Instead, Elf-1 deficiency affected the survival and maturation of
iNKT cells. Our study highlights the nonredundant roles and
distinct molecular mechanisms involved in the regulation of
iNKT-cell development by the Ets family of transcription factors.

Methods

Mice

C57BL/6 (B6) and CD45.1 congenic B6 mice were purchased from The
Jackson Laboratory. EIf-17/~ and Ets-17/~ mice* on a mixed B6.129 back-
ground were provided by Drs Kevin Barton (Loyola University Medical
Center) and Eric Svensson (University of Chicago), respectively, and were
backcrossed onto a B6 background (11 generations for EIf-17/~ and
6 generations for Ets-17/~ mice). Val4Tg and Jal8/~ mice on a B6
background were provided by Drs Albert Bendelac (University of Chicago)
and Luc Van Kaer (Vanderbilt University), respectively. All experiments
involving animals were performed in a specific pathogen-free facility at
Northwestern University in compliance with institutional guidelines, and
were approved by the institutional animal care and use committee.

Primary cell preparation, antibodies, and flow cytometry

Fluorescein isothiocyanate (FITC)—conjugated CD1d (5C6) and allophyco-
cyanin (APC)—conjugated CD1d/aGalCer tetramer were generated in-
house.>*! The FITC—annexin V apoptosis detection kit, FITC bromode-
oxyuridine (BrdU) flow kit; FITC-conjugated monoclonal antibody (mAb)
against CD4, CD24, CD44, CDI122, interferon-y (IFN-y), and TCRp;
biotin-conjugated anti—-CD45.1, phycoerythrin (PE)-conjugated anti—
CD8p, CD25, IL-4, and NK1.1; and PerCP-conjugated anti—-CD4, NK1.1,
and TCRB were purchased from BD Pharmingen. Thymocytes, spleno-
cytes, and hepatic lymphocytes were isolated and stained as described
previously.**3 Flow cytometry was performed using a FACSCanto II and
data analysis was performed using FlowJo Version 8.7 software.

Antigen presentation and cytokine release assay

For activation of iNKT-cell hybridomas, 5 X 10* hybridoma cells were
cultured together with 5 X 10° thymocytes in the absence or presence of
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aGalCer (100 ng/mL). After 24 hours, IL-2 production was quantitated by
enzyme-linked immunosorbent assay (ELISA). For activation of primary
iNKT cells, splenic dendritic cells (DCs) were purified using CD1lc-
microbeads (Miltenyi Biotec; > 85% purity). iNKT cells were enriched
from the spleens of Va14Tg mice through depletion of B220* and MHC
class II* cells using magnetic beads; 1 X 107 enriched iNKT cells were
cultured with purified DCs at a 1:1 ratio in the absence or presence of
aGalCer for 48 hours. For the activation of whole splenocytes and liver
leukocytes, cells were stimulated with aGalCer for 48 hours. The levels of
IFN-v, IL-4, and granulocyte-macrophage colony-stimulating factor
(GM-CSF) in supernatants were quantitated by ELISA. ELISA mAb pairs
were purchased from BD Pharmingen.

Adaptive transfer and generation of BM chimeras

Donor bone marrow (BM) was depleted of T cells using anti-Thy-1.2
(J1j.10) coupled with rabbit complement (Cedarlane Laboratories). Recipi-
ent mice received 980 rad of radiation 4 hours before intravenous injection
with 1 X 107 total donor BM cells. Six weeks after adoptive transfer,
splenocytes were isolated from recipient mice and analyzed using flow
cytometry.

RNA extraction and quantitative real-time PCR

Thymocytes were stained with anti-CD4 and anti-CD8f3, and DP thymo-
cytes were purified using a MoFlo cell sorter. Total RNA was extracted from
cells using an RNeasy kit (QIAGEN). cDNA was generated using
Superscript II reverse transcriptase (Invitrogen), and real-time polymerase
chain reaction (PCR) was performed using a MyiQ real-time detection
system (BioRad). Each PCR was run in duplicate, and the level of
Val4Jal8 message was normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) using iCycler MyiQ Version 2.0 software. PCR of
c¢DNA was conducted using SYBR Green PCR master mix along with the
following primers: Va/4Jal8 forward, 5'-TCTAGAATTCTAAGCACAG-
CAC GCTG-3'"; Val4Jal8 reverse, 5'-CAATCAGCTGAGTCCCAGCT-
3'; GAPDH forward primer, 5'-TTCACCACCATGGAGAAGGC-3'; and
GAPDH reverse primer, 5'-GGCATGGACTGTGG TCATGA-3'".

Measuring BrdU incorporation and apoptosis in iNKT cells

WT and Elf-1-/~ mice were injected intraperitoneally with 100 wL of BrdU
(10 mg/mL) and analyzed 3 days later. Thymocytes were isolated and
enriched for iNKT cells using PE-conjugated CD1d/aGalCer tetramers and
anti-PE magnetic beads. Enriched tetramer® cells were stained with
APC-CDI1d/aGalCer tetramer and mAb against TCR@, CD44, and NK1.1.
After cell-surface staining, cells were analyzed for BrdU incorporation
using a BrdU flow kit according to the manufacturer’s instructions. To
detect apoptotic cells, an annexin V-FITC labeling kit was used according
to the manufacturer’s instructions.

Intracellular cytokine staining

To determine the capacity of iNKT cells to secrete cytokine, mice were
injected with 2 pg of aGalCer. After 1 hour, liver leukocytes were isolated
and stained with CD1d/aGalCer tetramer and anti-TCR{ antibody. After
fixation with 4% paraformaldehyde and permeabilization with 0.15%
saponin, cells were stained with FITC-anti-IFN-y and PE-anti—IL-4.

Statistical analysis

All mice were examined individually for each experiment, and statistical
analyses were performed using a Student 7 test. All statistical analyses were
performed using the Prism Version 4.0 program (GraphPad). A P value less
than .05 was considered statistically significant.

Results
The development of NKT cells, but not NK cells, is impaired in
Elf-1-/- mice

Previous studies have shown that deficiencies in the Ets family
transcription factors Ets-1 and MEF result in severe defects in both
NKT- and NK-cell development.’!-33 Because the DNA-binding
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Figure 1. EIf-1-/~ mice display a severe defect in iNKT-cell development. Single-cell suspensions from the thymus, spleen, and liver of WT, Elf-1~/~, and Ets-1~/~ mice
were stained with CD1d/aGalCer tetramer, anti-TCR, and anti-NK1.1, and then analyzed by flow cytometry. (A) Left, numbers represent the percentage of iNKT cells in the
indicated organs. Right, numbers represent the percentages of NK, conventional T cells, and total NKT cells in the indicated organs. Results are representative of
3 experiments. (B) Bar graphs depict the means + SD for the proportion of iNKT, NK, and NK1.1-«af T cells in the indicated organs of WT and EIf-1~/~ mice (n = 15 for each
group; “P < .05).

domain of Elf-1 shares a high degree of sequence similarity with ~ EIf-1 deficiency does not affect CD1d expression or
that of MEF, we hypothesized that Elf-1 and MEF may overlap in ~ antigen presentation

function and that Elf-1 could also play a critical role in the
development of the hematopoietic lineages. To investigate the role
of Elf-1 in the development of iNKT cells, we isolated thymocytes,
splenocytes, and liver leukocytes from Elf-17/~ and WT mice and
stained for iNKT cells using aGalCer-loaded CDId tetramer.
Because CD1d/aGalCer tetramer was not yet available during our
previous investigation of the role of Ets-1 in NKT-cell develop-
ment,? we also examined the iNKT-cell population in Ets-17/~

We have previously found that Elf-1 is involved in the transcrip-
tional regulation of CD1d expression on B cells.** Our finding that
iNKT-cell development is severely impaired in EIf-1~/~ mice led
us to examine whether Elf-1 deficiency also affects CD1d expres-
sion on thymocytes and DCs, the 2 respective cell types required
for positive and negative selection of iNKT cells. We found that
CD1d expression levels on thymocytes and DCs of Elf-1~/~ mice
) . ; > were comparable with those observed in WT controls (Figure 2A).
mice .for comparison. The frequfsnmes and total ml.lmbers of iNKT Therefore, the effect of Elf-1 on iNKT-cell development is likely
cells in the thymus, spleen, and liver of EIf-17/" mice were reduced independent of its role in the regulation of CD1d transcription. We

5- to 6-fold compared with those of WT controls, although these oy investigated whether Elf-1 affects CDI1d-mediated lipid
reductions were not as profound as those observed in Ets-1~/~ mice

(Figure 1A left panel and 1B). To determine whether Elf-1 is also

antigen presentation by examining the ability of EIf-17/~ thymo-
cytes to stimulate cytokine release from 2 iNKT-cell hybridomas,
involved in the development of NK cells, we compared the pN3.A4 and N38-2C12. We found that EIf-1-/"- thymocytes were
frequencies of the NKI.I"TCRB™ populations in Elf-17"~ and 4 efficient as WT thymocytes at stimulating IL-2 production by
WT mice. Whereas the proportion of NK1.1*TCRB™ NK cells  DN3.A4 and N38-2C12 cells in the absence or presence of
was significantly reduced in the thymus, spleen, and liver of gGalCer (Figure 2B), indicating that the presentation of both
Ets-17/" mice, the proportion of NK cells in corresponding tissues endogenous and exogenous glycolipid antigens is unaffected in
of Elf-1~/~ mice was comparable with that of WT mice (Figure 1A EIf-1~/~ mice. Moreover, primary iNKT cells isolated from mice
right panel and B). In addition, the proportion of NK1.1~ conven-  transgenic for a functionally rearranged Val4-Jal8 invariant
tional af Tcells in Elf-17/~ mice was comparable with that TCRa chain (Va14Tg) mice produced similar amounts of IFN-vy in
observed in WT mice (Figure 1A right panel and B). These data  response to aGalCer-pulsed DCs isolated from either EIf-17/~ or
indicate that EIf-1 is selectively required for the normal develop- WT mice, further supporting the notion that glycolipid antigen
ment of iNKT cells, but not for that of NK or conventional T cells.  presentation is fully functional in the absence of Elf-1 (Figure 2C).

A Thymocyte DC B DN3.A4 N38-2C12 c 4
100- 100- R
80 80 w/o aGalCer w/ aGalCer w/o aGalCer W/ aGalCer i
60 6 30 800, 100 Es
. . wroo 5
20 20 £ 600 80 =5
0 Se0 iy
¢ 10 100 == 60 P4
E 807 80 o 400 40 Ly
60 60 x /- =_|
s 40° 40 Elf 1 10 200: 55 0
o 20 20 .-/~
o~ o 0 0 0 WTDC EIf-1-DC

cp1d | Il WT thymocytes [] Untreated
[] EH-1*thymocytes
Figure 2. CD1d expression and glycolipid antigen presentation in Elf-1-/~ mice are normal. (A) Representative histograms of CD1d expression on thymocytes and
thymic DCs isolated from WT and Elf-1~/~ mice. Cells were stained with either a control mAb (open histogram) or anti-CD1d (filled histogram) and analyzed by flow cytometry.
(B) The iNKT-cell hybridomas DN3.A4 and N38-2C12 were cocultured with either WT or EIf-1-/~ thymocytes in the absence (left) or presence (right) of aGalCer. After 24 hours,
IL-2 levels in the supernatant were detected by ELISA. Error bars represent the SD of triplicate wells. Results are representative of 2 experiments. (C) iNKT cells were enriched

from Va14Tg mice and cocultured with either WT or Elf-1-/~ DCs in the absence or presence of aGalCer. IFN-vy levels in the supernatant were detected by ELISA. Error bars
represent the SD of triplicate wells. Results are representative of 2 experiments.
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Figure 3. Defective development of iNKT cells in EIf-1-/~ mice is cell intrinsic.
(A-B) BM cells from WT and Elf-1~/~ mice were transferred into irradiated WT or
Elf-1-/~ recipients. After 6 weeks, cells were harvested from recipient mice, stained
with CD1d/aGalCer tetramer and anti-TCRB, and analyzed by flow cytometry.
(A) Numbers indicate the percentage of tetramer* TCRB™ in the spleen of indicated
recipients. Data shown are representative of 3 independent experiments using a
minimum of 2 recipients per donor genotype. (B) Bar graphs depict the means = SD
for the proportion of iINKT cells in the spleen of indicated recipients (n = 9 for each
group; *P < .05; **P < .01). (C) BM cells from EIlf-1~/~ or CD45.1* WT congenic
mice or mixed BM (1:1) from EIf-1~/~ and WT congenic mice were transferred into
irradiated Ja 187/~ recipients. After 6 weeks, cells were harvested from recipient mice,
stained with CD1d/aGalCer tetramer and anti-CD45.1, and analyzed by flow
cytometry. Numbers in each quadrant indicate the percentage of tetramer*CD45.1*
cells in the spleen of indicated recipients. Data are representative of 3 independent
experiments using a minimum of 2 recipients per donor genotype.

These results indicate that the defect in iNKT-cell development
observed in EIf-17~ mice was not due to changes in CDId
expression or antigen presentation.

Elf-1 deficiency affects iNKT-cell development via a
cell-intrinsic mechanism

Elf-1 is expressed at high levels in lymphoid tissues, but is also
expressed in nonhematopoietic tissues.** To determine whether the
defect in iNKT-cell development observed in EIf-17/~ mice
resulted from abnormalities within hematopoietic or nonhematopoi-
etic cells, we generated BM chimeras by transferring either
Elf-17/"-derived or WT-derived BM into lethally irradiated
Elf-17/~ or WT recipient mice. The percentage of iNKT cells in
Elf-17/~ mice that had received a transfer of WT-derived BM
(WT — Elf-17/7) was comparable with that in control mice (WT —
WT), indicating that WT hematopoietic cells alone can restore
proper iNKT-cell development in Elf-1~/~ mice (Figure 3A-B). In
contrast, EIf-17/~ BM cells failed to reconstitute an appreciable
proportion of iNKT cells in Elf-17/~ — WT mice, similar to what
was observed in control Elf-1~/~ — EIf-17/~ mice (Figure 3A-B).
These results demonstrate that the expression of Elf-1 in hematopoi-
etic cells, but not in nonhematopoietic cells, is essential for
iNKT-cell development.

To further evaluate whether Elf-1 deficiency affects iNKT-cell
development via a stem cell-intrinsic mechanism or via defective
environmental cues, we adoptively transferred BM mixtures into
irradiated Ja 18/~ recipients that lack the TCRa« chain required for
iNKT-cell development. Ja 18/~ mice received BM from EIf-1-/~
mice (CD45.2), BM from CD45.1 congenic B6 (congenic WT)
mice, or a mixture of BM from Elf-1~/~ and congenic WT mice. As
expected, the use of BM from congenic WT mice as donor cells
was sufficient to reconstitute the iNKT population in Ja 18/~ mice,
but the use of Elf-17~ BM cells alone was not (Figure 3C).
Interestingly, the iNKT cells present in the Jal8/~ mice that
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received a mixture of EIf-1~/~ and congenic WT mice BM cells all
expressed CD45.1, indicating that they were derived solely from
WT BM donor cells (Figure 3C). These data demonstrate that WT
BM-—derived cells are unable to rescue the development of iNKT
cells that derive from EIf-17/~ BM. Thus, it is likely that the
defective development observed in Elf-17/~ mice stems from a
cell-autonomous defect in iNKT cells or iNKT-cell precursors.

Elf-1 is required for the proper positive selection of NKT cells

Because conventional T cells undergo normal development in
Elf-17/~ mice, Elf-1 likely affects iNKT-cell development during
or after the point at which DP thymocytes commit to the iNKT
lineage. To investigate whether Elf-1 deficiency affects the rear-
rangement of the Val4 gene segment to the Ja18 gene segment
before the occurrence of positive selection, we compared the
expression of Val4Jal8 transcript in whole thymocytes and in
sorted DP thymocytes isolated from WT and EIf-1~/~ mice. Levels
of Va14Ja 18 transcript were reduced in whole thymocytes isolated
from EIf-17/~ mice compared with WT mice, which is reflective of
the reduced proportion of iNKT cells found in EIf-17/~ mice.
However, the levels of Val4Jal8 transcript found in sorted DP
thymocytes isolated from WT and Elf-17/~ mice were similar
(Figure 4A). Despite normal levels of Va14Ja18 rearrangement in
DP thymocytes, the proportion of iNKT cells was significantly
reduced in Elf-17/~ mice, suggesting that EIf-1 is likely involved in
the selection and/or continued maturation of iNKT cells. In
contrast, DP thymocytes isolated from Ets-17/~ mice expressed
substantially less Val4Jal8 transcript compared with WT mice
(Figure 4A), indicating that Ets-1 is required for the efficient
rearrangement of Val4 with Jal8 and can therefore affect
iNKT-cell development before lineage specification.
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Figure 4. Elf-1 affects the thymic selection of iNKT cells. (A) Bar graphs depict
the relative expression levels of Va14Ja 18 transcripts within whole thymocytes or
within sorted DP thymocytes isolated from WT, Elf-1~/~, and Ets-1~/~ mice as
determined by real-time PCR. Results are representative of 3 individual experi-
ments (**P < .01). (B) Left, dot plots exhibit the gating strategy for tetramer*DPdu!
NKT cells. Cells were first gated based on CD4 and CD8 expression (top left), and
next gated based on tetramer binding (bottom left). Right, contour plots show the
proportion of CD24* cells within the tetramer* DPU! population. Data shown are
representative of 2 independent experiments. (C) Bar graphs depict the
means + SD for the proportions of tetramer* cells within the DPY!l population
(left) and of CD24* cells within the tetramer*DPdY! population (right; n = 4 for
each group; *P < .05; **P < .01).
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Figure 5. Elf-1 deficiency impairs proper iNKT-cell maturation and differentiation. (A-C) Thymocytes and hepatic leukocytes from WT and Elf-1~/~ mice were stained with
CD1d/aGalCer tetramer and mAb against TCRB, CD44, and NK1.1, and then analyzed using flow cytometry. (A) Fluorescence-activated cell sorting plots show the CD44 and
NK1.1 expression profile within the tetramer* TCRB* population. Data are representative of 3 independent experiments. Bar graphs depict means + SD for the proportions
(B) and absolute numbers (C) of tetramer* TCRB " iNKT-cell precursors in the thymus based on CD44 and NK1.1 expression (n = 6 for each group; *P < .05; ***P < .001).
(D) Thymocytes and liver leukocytes from WT and Elf-1~/~ mice were stained with CD1d/aGalCer tetramer and anti-CD4, and then analyzed by flow cytometry. Histograms
show the proportion of CD4* NKT cells within the tetramer* TCRB* population for the indicated organs. Data are representative of 3 independent experiments.

Once rearrangement of the invariant Va14-Ja18 TCRa chain is
complete, iNKT-cell precursors undergo positive selection and
acquire the unique features of iNKT cells. To investigate whether
Elf-1 affects the thymic selection of iNKT cells, we compared the
CD1d/aGalCer tetramert CD44%ICDgdull (DPY!) population be-
tween EIf-17/~ and WT mice. This population represents the
earliest iNKT precursors to survive positive selection.* We found
that the percentage of tetramer™ cells within the DP®!! population
was significantly reduced in the thymus of EIf-1~/~ mice compared
with WT mice (Figure 4B-C left panels). In addition, we detected a
significantly higher frequency of CD24bitetramer™DP! cells in
Elf-17/~ thymus compared with WT thymus (Figure 4B-C right
panels). Because CD24 is normally down-regulated after positive
selection, these results suggest that Elf-1 plays an important role as
a positive regulator during the positive selection of iNKT cells.

Elf-1 affects the maturation of iNKT cells and the differentiation
of iNKT-cell subsets

Recent studies have suggested that iNKT cells undergo a series of
maturation stages in the thymus immediately after positive selec-
tion.!314 These stages can be identified as CD44°NK1.1~ (stage 1),
CD44hNK1.1- (stage 1I), and the terminally differentiated
CD44MNK1.1* (stage III) iNKT cells. To determine whether EIf-1
is required for the progress of iNKT cells through this maturation
process, we determined the surface expression of CD44 and NK1.1
on the iNKT cells found in Elf-17/~ mice. We found that the
proportions of stage [ CD44°YNK 1.1~ and stage I1 CD44Me"NK 1.1~
iNKT cells were significantly increased in the thymus and liver of
Elf-17/~ mice compared with WT mice, whereas the proportions of
mature stage III CD44"ehNK1.1* iNKT cells were reduced (Figure
5A-B). However, because Elf-1~/~ mice have fewer total numbers
of iNKT cells than WT mice, the absolute number of iNKT cells at
each of these 3 maturation stages was significantly lower in the
thymus of Elf-1-/~ mice (Figure 5C). These data suggest that EIf-1
deficiency results in a partial developmental block of iNKT cells.
The murine iNKT-cell population consists of both CD4" and
CD4~ cells. To investigate whether Elf-1 deficiency affects the
development of any particular iNKT-cell subset, we determined the
proportions of CD4* and CD4~ iNKT cells in the thymus and liver
of EIf-17/~ mice. We found that the proportion of CD4* iNKT cells
in both the thymus and the liver of Elf-17/~ mice was reduced
compared with that of WT mice (Figure 5D), suggesting that EIf-1
may either contribute to the regulation of CD4 expression during

iNKT-cell development or preferentially affect the development/
maintenance of the CD4* iNKT-cell subset.

Elf-1 contributes to NKT-cell survival during early development

The decreases in iNKT-cell numbers observed in Elf-17/~ mice
may be due to a reduction in proliferation or to an increased rate of
apoptosis. To examine the former possibility, we injected EIf-17/~
mice and WT controls with BrdU and determined the rate of
iNKT-cell proliferation in the thymus by analyzing BrdU incorpo-
ration at different maturation stages. In WT mice, early immature
NKI1.17 iNKT cells expanded more extensively than mature
NKI1.17 iNKT cells. We found that stage I (CD44"°*NK1.17) and
stage I1 (CD44"e"NK1.17) iNKT cells in the thymus of Elf-1-/~
mice also exhibited more proliferation than stage III
(CD44highNK1.1%) iNKT cells, and that the percentages of BrdU™"
iNKT cells at all of these stages were similar to those observed in
WT counterparts (Figure 6A). These data suggest that the reduced
proportion of iNKT cells seen in Elf-17/~ mice is not due to
inefficient proliferation. To investigate whether increased cell death
contributes to this reduction, we examined the level of apoptotic
EIf-17/~ iNKT cells at different maturation stages using
annexin V staining. The overall proportion of annexin V* iNKT
cells in the thymus of EIf-1~/~ mice based on the tetramer* TCRB™*
population was shown to be similar to that seen in WT mice (Figure
6B left panel). However, the fraction of annexin V* iNKT cells
within the early-stage tetramer "DP%! population was significantly
greater in the thymus of Elf-17/~ mice compared with WT mice
(Figure 6B right panel and 6C). Furthermore, the increased
frequency of cell death in early-stage iNKT cells of Elf-1~/~ mice
was observed through the initial maturation stage I (CD44"NK1.17),
whereas the intermediate stage II and mature stage III iNKT cells in
EIf-1~/~ mice displayed a similar proportion of annexin V staining
to those observed in WT mice (Figure 6D-E). Our results suggest
that Elf-1 contributes to iNKT-precursor—cell survival at the
earliest stage of maturation, but is not required for the expansion of
this population.

Residual NKT cells found in Elf-1-/- mice are deficient in
cytokine production

Although EIf-17/~ mice exhibit reduced proportions of iNKT cells,
a significant iNKT-cell population remains. To determine whether
the function of these residual iNKT cells is affected by Elf-1
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Figure 6. NKT cells in Elf-1~/~ mice display normal proliferation but increased
cell death during early development. (A) WT and EIf-1~/~ mice were injected with
BrdU and analyzed 3 days later. iINKT cell-enriched thymocytes were stained with
CD1d/aGalCer tetramer and mAb against TCRB, CD44, and NK1.1, and then
analyzed by flow cytometry. Tetramer* TCRB " cells were further gated to distinguish
stage | (CD44°"NK1.1~, ST1), stage Il (CD44M"NK1.1-, ST2), and stage Il
(CD44highNK 1.1+, ST3) NKT cells (left). BrdU incorporation by iNKT cells at each of
these stages is shown in the right panel. Data shown are representative of
2 independent experiments. (B-E) Thymocytes were isolated from WT and EIf-1-/~
mice, stained with CD1d-aGalCer tetramer and mAb against various cell surface
markers including annexin V, and then analyzed by flow cytometry. (B) Percentages
of annexin V* cells within the tetramer*TCRB* (left) and tetramer*DP!l (right)
gates. Data shown are representative of 3 independent experiments. (C) Bar graphs
depict means = SD for the proportion of annexin V* cells within the tetramer*DPdu!
population (n = 4 for each group; *P < .05). (D) The proportions of annexin V* cells
within each iNKT-cell stage. Data shown are representative of
3independent experiments. (E) Bar graphs depict the means + SD for the proportion
of annexin V* cells within the stage | gate (n = 4 for each group; ***P < .001).

deficiency, we stimulated splenocytes and liver leukocytes isolated
from EIf-17/~ and WT mice with aGalCer and measured the
amount of cytokines in the culture supernatant. We found that the
splenocytes and liver leukocytes from Elf-17/~ mice produced
substantially reduced amounts of IFN-vy, IL-4, and GM-CSF
compared with those cells isolated from WT controls (Figure 7A
and supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).
Whereas this reduction in cytokine production could be explained
by the reduced proportion of iNKT cells observed in EIf-1~/~ mice,
it could also be due to an impaired function of the residual iNKT
cells. To distinguish between these 2 possibilities, we injected WT
and EIf-17/~ mice with aGalCer and evaluated IFN-y and IL-4
production on a per-cell basis using intracellular cytokine staining.
After 1 hour of in vivo «aGalCer stimulation, a substantial
proportion of the iNKT cells from WT mice produced IFN-y and
IL-4 ex vivo, whereas the iNKT cells from Elf-1~/~ mice exhibited
a profound reduction in the production of both cytokines (Figure
7B). A reduction in IFN-vy production was also observed for iNKT
cells found in EIf-17/~ mice after in vitro phorbol 12-myristate
13-acetate/ionomycin stimulation, whereas no such reduction was
observed for NK cells or conventional T cells found in EIf-17/~
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mice (supplemental Figure 2A), nor did the NK cells found in
Elf-17/~ mice exhibit any cytolytic defect (supplemental Figure
2B). These results indicate that the function of residual NKT cells,
but not that of NK cells or conventional T cells, is impaired in
EIf-17/~ mice.

Discussion

In this report, we demonstrate that the Ets transcription factor Elf-1
is required for the proper development and function of iNKT cells,
but is not required for the development of NK cells or conventional
T cells in mice. The differential requirement for Elf-1 in the develop-
ment of iNKT and NK cells is distinct from that of 2 previously
described Ets transcription factors, Ets-1 and MEF.3!-33 Moreover,
the defect in iNKT-cell development observed in Elf-1~/~ mice is
different from that observed in Ets-1~/~ mice, because a small
population of residual iNKT cells that are abnormal in phenotype
and function is present in Elf-17~ mice, while iNKT cells are
almost undetectable in Ets-17/~ mice. These findings suggest that
different Ets transcription factors may affect iNKT cells at different
stages of development. Indeed, we found that the rearrangement of
the Va14 gene segment with Ja18 in DP thymocytes is impaired in
Ets-17/~ mice, but is not affected in EIf-1~/~ mice (Figure 4A),
indicating that Ets-1 is required at an earlier stage of iNKT-cell
development than EIf-1. It is noteworthy that the decreased
proportion of tetramer ™ TCRB™ iNKT cells observed in Elf-17/~
mice could account for most of the decrease in the proportion of
total NK1.1*TCRB™" cells (Figure 1A right panel). This suggests
that Elf-1-deficiency has a greater effect on the development of
iNKT cells than that of other NKT-cell subsets. This preferential
effect on iNKT-cell development is even more profound in the
absence of Ets-1, because the proportion of residual NK1.1"TCRB*
NKT cells found in Ets-1~/~ mice is far greater than the proportion
of iNKT cells.
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Figure 7. Residual NKT cells in Elf-1-/~ mice are dysfunctional. (A) Splenocytes
and liver leukocytes from WT and EIf-1~/~ mice were stimulated with «aGalCer. After
48 hours, cytokine levels in the supernatant were detected by ELISA. Error bars
represent the SD of triplicate wells. Data shown are representative of 4 independent
experiments (**P < .01). (B) WT and EIf-1~/~ mice were injected with aGalCer. After
1 hour, liver leukocytes were harvested, stained with CD1d/aGalCer tetramer and
anti-TCRp, stained intracellularly with mAb against IFN-y and IL-4, and then
analyzed by flow cytometry. Filled histograms represent cytokine-producing iNKT cells
based on tetramer* TCRB* gating. Control staining is represented as open histo-
grams. Data shown are representative of 3 independent experiments.
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We have previously shown that EIf-1 binds to the CDId
promoter and that Elf-1 deficiency results in decreased CDI1d
expression on B cells.** However, we found that the levels of CD1d
expression on thymocytes and DCs were normal in EIf-17/~ mice.
This phenomenon could be explained by the presence of other Ets
transcription factors that may compensate for the absence of
Elf-1 and regulate CD1d expression specifically in these cell types.
Elf-1—-deficient thymocytes not only express levels of CD1d similar
to that of WT controls, they also efficiently present endogenous and
exogenous glycolipid antigens to iNKT cells, suggesting that the
impaired iNKT-cell development observed in Elf-1~/~ mice is not
due to altered antigen presentation. Consistent with this notion, we
found the defect in iNKT development seen in Elf-1-/~ mice to be
cell autonomous, suggesting that Elf-1 signaling within iNKT cells
or iNKT-cell precursors is required for their proper selection and
maturation.

Our analysis of various developmental stages of thymic iNKT
cells revealed that EIf-1~/~ mice have fewer CD1d tetramer™ DP%!
iNKT-cell precursors, and that a significant fraction of these cells
remain CD24M. Because CD24 is normally down-regulated on
positive selection, these results indicate a defect in the positive
selection of iNKT cells in Elf-1~/~ mice. In addition, the percent-
ages of immature iNKT cells (stage I CD44°¥NK1.1~ and stage
II CD44MNK1.17) were significantly increased in Elf-17/~ mice
compared with those of WT controls, suggesting that EIf-1
deficiency affects iNKT-cell maturation. Although Elf-1 deficiency
does not affect the proliferative capacity of iNKT cells at any
maturation stage, it results in an increased susceptibility of
immature iNKT-cell populations in the thymus to apoptosis,
including tetramer*DP! cells and stage I CD44°*NK1.1~ iNKT
cells. Our data suggest that Elf-1 contributes to iNKT-cell develop-
ment by promoting positive selection and by regulating the survival
and further differentiation of immature iNKT cells.

Elf-1 has been shown to regulate the expression of many genes
expressed in hematopoietic cells.3¢3° One potential target of Elf-1
identified in vitro is CD4.3¢ Elf-1 specifically binds to the
Ets-binding site found in the CD4 promoter and activates its
expression. Indeed, the markedly reduced proportion of CD4*
iNKT cells observed in EIf-17/~ mice suggests that EIf-1 may
directly influence the proportions of the CD4-expressing NKT-cell
subsets. Nevertheless, Elf-1 deficiency has no significant impact on
CD4 expression on conventional T cells, suggesting that other Ets
transcription factors play a redundant role in the promotion of CD4
expression on conventional T cells. Although Elf-1 has been
associated with IL-2 responsiveness,’® the levels of IL-2Ra (CD25)
and IL-2RP (CD122) expression on the residual iNKT cells found
in EIf-17/~ mice were comparable with those observed in WT mice
(supplemental Figure 3). Multiple Ets transcription factors are
reported to be expressed in DP and SP thymocytes, including Ets1
and Elf-1, which are both present throughout T-cell development
without marked preference for any specific T-cell subset.*® Despite
this potential for functional redundancy, Elf-1 deficiency selec-
tively affects iNKT cells but not other hematopoietic cell types,
suggesting that Elf-1 may have unique transcriptional targets
within the iNKT-cell lineage. Elf-1, like all other Ets family
members, contains domains for DNA binding, transcriptional
activation, and, importantly, domains that mediate protein-protein
interactions. It is possible that Elf-1 exhibits a specific effect on
iNKT-cell development through preferential interaction with a
molecular partner(s) required to regulate unique targets essential
for iNKT-cell development and function.
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Several transcription factors and signaling molecules known to
regulate the development of iNKT cells in a cell-intrinsic manner
have been described.!” To determine whether any of these genes
could be downstream targets of Elf-1, we performed semiquantita-
tive reverse-transcriptase PCR to compare their expression in
Elf-17~ and WT mice. However, we did not detect significant
differences in the expression of any of the genes examined thus far,
including those for transcription factors (Ets-1, Gata3, 1d-2, MEF,
NF-kB, PLZF, ROR-yt, RunX1, and T-bet) and signaling mol-
ecules (Fyn, Itk, Lck, and SAP) (data not shown). Elf-1 therefore
appears to contribute to the iNKT-cell developmental pathway
independently of these molecules. However, we cannot eliminate
the possibility that Elf-1 may work in concert with some of these
transcription factors as part of a multimolecule complex that can
regulate the expression of other genes involved in iNKT-cell
development.

In conclusion, the data presented here provide decisive evidence
that Elf-1 acts as an important regulator in the ontogeny and
function of iNKT cells. This regulation appears to be distinct from
that of other transcription factors known to be involved in
iNKT-cell development. Future studies focusing on the signaling
events downstream of Elf-1 would provide new insight into the
molecular pathways that regulate the development of this unique
T-lymphocyte lineage. Several Ets transcription factors, including
Ets-1 and EIf-1, have been shown to be involved in tumor
angiogenesis and to act as regulators of pro-angiogenic gene
expression and of the expression of genes involved in vascular
development.*” Targeting Ets transcription factors in mouse tumor
models through the use of a dominant-negative form of Ets-1 or
membrane-permeable Elf-1-blocking peptides has now demon-
strated the therapeutic potential of inhibiting selected Ets transcrip-
tion factors to limit tumor growth and tumor angiogenesis.’>*8
However, the results of our study suggest exercising caution
regarding the potential negative impact of Ets transcription factor
manipulation on antitumor immunity.
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