Immunology

The Journal of cells,

les, systems and technol

« British Society for
immunologq}

WA ANIOIROIeA @ ORIGINAL ARTICLE

Lack of lkaros cripples expression of Foxo1 and its targets in naive

T cells

Parul Agnihotri," Nicholas M.
Robertson," Sarah E. Umetsu,>"
Ksenia Arakcheeva' and Susan
Winandy'

'Department of Pathology and Laboratory
Medicine, Boston University School of Medi-
cine, Boston, MA and *Department of Micro-

biology-Immunology, Northwestern University,
Chicago, IL, USA

doi:10.1111/imm.12786

Received 5 January 2017; revised 7 June
2017; accepted 21 June 2017.

*Present address: Alkermes, 852 Winter
Street, Waltham, MA 02451, USA.
Present address: Department of Pathology,
University of California San Francisco, San
Francisco CA 94143, USA.
Correspondence: Susan Winandy, 670
Albany Street, Rm 411, Boston, MA 02118,
USA. Email: swinandy@bu.edu

Senior author: Susan Winandy

Introduction

CD4 T cells are key players in orchestrating adaptive
immunity. Upon activation, they undergo directed pro-
gramming to become specific subsets of T helper cells,
secreting cytokines that dictate the quality of the immune
response. Before activation, naive CD4 T cells have home-
ostatic mechanisms in place that allow them to survive
and expand, if needed, under lymphopenic conditions. In
addition, they express cell surface receptors that allow
them to traffic and be retained in peripheral lymphoid
organs. Together, these mechanisms guarantee that there
are sufficient numbers of CD4 T cells available to respond

quickly upon pathogenic assault.

Survival of naive T cells depends on their ability to
respond to homeostatic cytokines and home to peripheral
lymphoid organs. Interleukin-7 (IL-7) is arguably the
most important of the homeostatic cytokines." The IL-7
receptor (IL-7R), expressed at high levels on the surface
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Summary

Ikaros is a transcription factor that regulates lymphocyte development
from the level of the haematopoietic stem cell. Lack of Ikaros reduces the
ability of progenitor cells to commit to the T-cell lineage, resulting in
reduced numbers of early thymic T-cell progenitors and mature T cells.
Mature CD4 T cells that lack Ikaros have defects in proliferation, T helper
cell differentiation, cytokine expression and the ability to become anergic.
A role for Ikaros in the naive T cell has not yet been identified. The
receptors interleukin-7 receptor a (IL-7Ra) and 1r-selectin are important
for ensuring survival and proper homing of naive T cells, respectively.
Here we show that lack of Ikaros leads to reduced expression of these
receptors in naive T cells, which impacts their ability to home and survive
in response to IL-7. We define the mechanism underlying this phenotype
as a requirement for Ikaros in maintenance of expression of Foxol, a
transcriptional regulator that is required for their expression. We also
demonstrate that CD4 T cells lacking Ikaros are significantly crippled in
their ability to become induced regulatory T cells, a phenotype also linked
to reduced Foxol expression. Finally, we show that restoring Ikaros func-
tion to Ikaros-deficient CD4 T cells increases levels of Foxol message.
Together, these studies define, for the first time, a role for Ikaros in naive
T cells and establish it as the first transcriptional regulator required for
maintaining levels of Foxol gene expression in these cells.

Keywords: Foxol; Ikaros; T cell; transcription.

of naive T cells, is composed of CD132, or the common
y-chain, responsible for signalling, and the IL-7Ro chain,
which interacts with IL-7. Proper homing of naive T cells
is dependent on high-level expression of i-selectin, or
CD62L. The CD62L interacts with its ligands, which are
expressed on the surface of high endothelial venules, spe-
cialized regions of endothelial cells through which T cells
enter lymph nodes from the bloodstream. High levels of
cell surface CD62L are required for homing to lymph
nodes.”

The Forkhead box O (FoxO) family of transcription
factors are regulators of survival, homing and homeostasis
in naive T cells. One member of this family, Foxol, is a
direct transcriptional activator for Sell and Il7ra, the
genes encoding CD62L and IL-7Ra, respectively. Studies
using conditional knockout mice revealed that Foxol-
deficient T cells are defective in their ability to survive in
response to IL-7 and to traffic to lymph nodes. In addi-
tion, Foxol is required for the development of induced
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regulatory T (iTreg) cells’ ® and for maintenance of
memory T-cell populations.”® Despite these important
roles, transcription factors required for maintenance of
Foxol gene expression in T cells are unknown.

Ikaros is a DNA-binding protein expressed at high
levels in CD4 T cells.”'® It can act as both a transcrip-
tional activator and a transcriptional repressor, and is
associated with SWI/SNF and NuRD chromatin remod-
elling complexes in T cells.'" Much has been revealed
about the role of Ikaros in regulating events that take
place after T-cell receptor (TCR) stimulation in CD4 T
cells using genetically engineered Ikaros knockout (Ikaros
null) mice.'” Lack of Ikaros impacts T helper cell lineage
fate decisions, cytokine gene expression, regulation of
proliferative responses and the ability of CD4 T cells to
become anergic."”'® However, whether Ikaros has impor-
tant functions in naive T cells is not known.

Here, we report that Ikaros regulates the expression of
IL-7Ra and CD62L in naive CD4 T cells. We define the
mechanism underlying this role as an inability to express
Foxol in the absence of Ikaros. We also demonstrate that,
in the absence of Ikaros, development of iTreg cells is
severely compromised and link this phenotype to
decreased Foxol expression. This is the first report defin-
ing a role for Ikaros in the naive T cell.

Materials and methods

Mice

Ikaros null mice (C57BL/6 x 129 and BALB/c back-
ground)'? were generated by intercrossing of Ikaros null
heterozygotes. All figures have data contribution from
mice of both backgrounds, except for those that use the
Foxp3 reporter mice, which are on a BALB/c background.
All phenotypes were consistent between backgrounds.
Foxp3/GFP reporter mice (BALB/c background)' were
gifted by Dr Vijay Kuchroo at Harvard Medical School.
Animals were bred and maintained in a specific patho-
gen-free barrier facility at Boston University School of
Medicine. Genotypes were determined by PCR analyses.
All animal procedures were approved by the Boston
University Institutional Animal Care and Use Committee.

Cell purification

CD4" or CD8" T cells were purified from pooled spleens
of wild-type or Ikaros null mice using mice using Dyn-
abeads FlowComp CD4 or CD8 kits (Invitrogen, Carls-
bad, CA) following the manufacturer’s protocol.

RNA isolation and quantitative real-time PCR
Total RNA was isolated from the cells using the SV Total

RNA Isolation System (Promega, Madison, WI) and
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cDNA was generated with a Superscript III Kit (Invitro-
gen). Quantitative PCR was performed using iQ SYBR
Green (Bio-Rad, Hercules, CA) and the BioRad MyiQ
Real-Time PCR machine generating results that were
analysed using the Pfaffl method. Data are shown as
ratios (Etarget)7CT target . (Ereference)7CT reference’ where
E = efficiency of PCR; target = gene of interest; and refer-
ence = HPRT (the gene encoding hypoxanthine-guanine
phosphoribosyltransferase). Primers were synthesized by
IDT DNA Technologies. Primer sequences are available
upon request.

Western blots

Protein extracts were prepared by whole cell lysis with
Lysis Buffer (420 mm NaCl, 20 mm Tris-HCl pH 7.5,
1 mm EDTA, 1% Nonidet P-40) supplemented with pro-
tease inhibitors. Lysates (20 pg) were separated by gel
electrophoresis on an 8% SDS—polyacrylamide gel and
transferred to a PVDF membrane. Membranes were incu-
bated with anti-Foxol (C29H4, Cell Signaling, Danvers,
MA) anti-Akt (9272, Cell Signaling), anti-pAkt (92715,
Cell Signaling) or anti-actin (A2066, Sigma, St Louis,
MO) followed by horseradish peroxidase-conjugated sec-
ondary antibody (anti-rabbit or anti-mouse IgG, Jackson
ImmunoResearch, West Grove, PA). Proteins were visual-
ized by incubation with enhanced chemiluminescence
reagent and either exposure to film or captured images
using the BioRad ChemiDoc MP System. IMAGE] v1.43u
(NIH, Bethesda, MD) was used for densitometry analyses.

Annexin V staining and survival assays

Purified CD4 T cells were plated in 96-well plates at
60 x 10°-10° cells/well with or without 10 ng/ml IL-7
(Peprotech, Rocky Hill, NJ). At 24, 48 and 72 hr post-
plating, 2:0 x 10° cells were stained with Annexin V
(Annexin V: PE Apoptosis Detection Kit 1, BD Bio-
sciences, San Jose, CA) and analysed by flow cytometry
on a FACSCalibur (BD Biosciences) flow cytometer. Data
were analysed using FLowJo software.

Flow cytometry and intracellular staining

All antibodies were from eBioscience (San Diego, CA)
unless otherwise noted. The following antibodies were
used for analyses of cell surface markers: anti-CD4
(GK1.5), anti-CD8 (53-6.7), anti-H-2Kk (H100-27.R55)
(Miltenyi Biotech, Auburn, CA), anti-Thy-1.1 (HIS51),
anti-IL-7Ro. (SB/199), anti-CD62L (MEL-14) and anti-
CD44 (IM7). For intracellular phospho-Akt analyses,
spleens were dissociated directly into 10 ml of 1-6%
paraformaldehyde (Electron Microscopy Sciences #15710;
Hatfield, PA). Cells were kept at room temperature for
15 min followed by addition of 40 ml 100% ice-cold
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methanol to permeabilize cells. Cells were then stained
with anti-phosphoAkt (pS473)-Alexa Fluor 488 (M89-61;
BD Biosciences). Intracellular staining for Foxol, Foxp3
and Ki67 was performed using Foxp3/Transcription
Factor Fixation/Permeabilization Kit (eBioscience). For
Foxol staining, cells were stained first with anti-Foxol
(C29H4; Cell Signaling) followed by anti-rabbit IgG FITC
(Jackson ImmunoResearch). For Foxp3 and Ki67 staining,
cells were stained with anti-Foxp3-phycoeryhtrin (150D/
E4) or anti-Ki67-phycoerythrin (SolAl5), respectively.
Cells were analysed by flow cytometry on a FACSCalibur
(BD Biosciences) flow cytometer. Data were analysed
using FLowJo software.

T-cell differentiation cultures

CD4" T cells purified from pooled spleens from two to
four mice were stimulated in 12-well plates with 2 pg/ml
plate-bound anti-CD3 (2Cl11) and 5 pg/ml soluble anti-
CD28 (37.51) in RPMI-1640 medium supplemented with
10% fetal calf serum, 50 pm 2-mercaptoethanol, 2 mm
L-glutamine (Hyclone, South Logan, UT) and 100 U/ml
of penicillin-streptomycin (RPMI complete). For iTreg
cell differentiations, cells were grown in culture with
2 ng/ml transforming growth factor-f (TGF-f) and
50 U/ml IL-2. Before flow cytometry analyses for the
time—course experiment, 5 pl of propidium iodide was
added per sample to exclude dead cells. For some iTreg
differentiation cultures, 25 nm rapamycin (Sigma) was
added. T helper type 17 (Thl17) differentiation was
induced by adding 5 ng/ml IL-6, 1 ng/ml TGF-§, 5 pug/ml
anti-interferon-y (XMG1.2) and 5 pg/ml anti-IL-4
(11B11). All cytokines were from Peprotech.

Adoptive transfer

CD4" T cells purified from wild-type and Ikaros null
spleens were differentially labelled with 10 mm Efluor-450
(eBioscience) or 1 mm CFSE (eBioscience), respectively.
Labelled cells were injected retro-orbitally (2 x 10° cells
per genotype) into wild-type hosts. Inguinal lymph nodes
and spleens were harvested after 24 hr, followed by flow
cytometric analyses.

Retroviral transduction

MSCV IRES H-2Kk and MSCV IRES Tk-1 H-2Kk con-
structs were described previously.”” MSCV Foxol-A3
Thy-1.1, MSCV Foxol Thy-1.1 and MSCV Thy-1.1 con-
structs were gifts from Dr David Fruman (University of
California, Irvine, CA).>' Retroviruses were generated by
transfection of retroviral constructs into the Phoenix
packaging cell line using a calcium phosphate transfection
protocol. Viral supernatants were harvested at 24 hr post-
transfection and used to infect T cells that had been
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activated overnight with anti-CD3/anti-CD28. Super-
natants were supplemented with 6 pg/ml polybrene.
Plates containing cells and supernatants were centrifuged
at 566g for 2 hr at 32° (‘spinfection’). Twenty-four hours
after spinfection, cells were removed from stimulation
and plated with 50 U/ml IL-2. For the ‘resting protocol’,
cells were washed 48 hr later, and fresh medium without
IL-2 was added. Seventy-two hours later, cells were
stained, and flow cytometric analyses were performed.
Staining with fluorochrome-conjugated anti-H-2Kk (H-
100-27.R55) or anti-Thy-1.1 (H1S51) was used to identify
successfully transduced cells. Flow cytometry was per-
formed on a FACSCalibur (BD Biosciences) flow cytome-
ter. Data were analysed using FLowJo software.

Statistics

Most statistical analyses were performed using two-tailed
Student’s #-tests. In all graphs, error bars represent stan-
dard error of the mean (SEM). A two-way analysis of var-
aince with repeated measures analysis was performed for
the cell survival assay in Fig. 1(a). All statistics were per-
formed using GrapHPAD PrisM software (GraphPad, San
Diego, CA). P values greater than 0-05 were considered
not significant.

Results

Lack of Ikaros negatively impacts survival and
homing of T cells

Tkaros is expressed at high levels in CD4 T cells, yet its role
in quiescent CD4 T cells has not been explored. To investi-
gate a potential role, we tested the survival and homing
capabilities of peripheral CD4 T cells that lack Ikaros. To
measure survival, CD4 T cells purified from spleens of
Tkaros null (IK ') and wild-type mice were plated with
or without IL-7, and viability was assessed over time using
Annexin V staining. In the absence of IL-7, viability of
Ikaros null and wild-type CD4 T-cell populations similarly
declined. However, in the presence of IL-7, wild-type CD4
T cells were able to fully recover their ability to survive,
whereas Ikaros null CD4 T cells could not (Fig. 1a).

To study homing capabilities, adoptive transfer experi-
ments using wild-type hosts were performed because
Ikaros null mice lack lymph nodes.'”'® In the first set of
experiments, Ikaros null and wild-type T cells were
loaded with CFSE and transferred intravenously into sep-
arate wild-type hosts. Tkaros null T cells showed altered
homing capabilities, with a reduced ability to traffic to
lymph nodes and preferential homing to the spleen
(Fig. 1b). To erase the potential confounding factor of
injection efficiency discrepancies between hosts, Ikaros
null and wild-type T cells were labelled separately with
CFSE and Efluor 450 dyes, respectively, and transferred in

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506
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Figure 1. Decreased survival and altered homing of Ikaros null T cells. (a) Cell viability assay for purified wild-type (solid) and Ikaros null
(IK7) (dashed) CD4 T cells in culture with or without 10 ng/ml of exogenous interleukin-7 (IL-7) measured as per cent of cells that stained

negative for Annexin V. Data shown are a compilation from four independent experiments (¥*P = 0-00684). (b) Purified CD4 T cells from wild-
type and Ikaros null spleens were loaded with CFSE and adoptively transferred into two separate wild-type mice. Percent (%)CFSE" cells in the
spleen and lymph nodes are shown. (c) Differentially labelled wild-type (Efluor 450) and Ikaros null (CFSE) CD4 T cells were adoptively trans-

ferred in a 1 : 1 ratio into the same wild-type mouse. (NS = Not significant, P = 0-0501; **P = -0062). % Recovery = Individual percentage of
wild-type (Efluor 450) or Ikaros null (CFSE) cells in the spleen or lymph node/ total percentage of labelled (Efluor 450 + CFSE) cells in the

spleen or lymph node. Error bars are representative of + SEM.

a 1: 1 ratio into the same wild-type host. Similar results
were obtained, where significant reduction in the ability
of Tkaros null CD4 T cells to traffic to lymph nodes was
observed (Fig. 1c). Taken together, these data suggest a
role for Ikaros in regulating survival and homing of
peripheral T cells.

Decreased expression of CD62L and IL-7Ra in Ikaros
null CD4 T cells

To begin to define the mechanism underlying the role of
Ikaros in survival and homing, we examined the expres-
sion of two key molecules required for these processes,
IL-7Ro. and CD62L, respectively. Relevant to our data,
high-level expression of CD62L on naive T cells is
required for their entry into lymph nodes, but not
spleen.”>** Expression of both IL-7Ra and CD62L are sig-
nificantly reduced on the surface of Ikaros null CD4 T
cells (Fig. 2a). In addition, reduced expression of Sell and
Il7ra, the genes encoding CD62L and IL-7Ra, are
observed (Fig. 2b). Ikaros null CD8 T cells also display
significantly reduced levels of Sell and Il7ra expression
(Fig. 2c). These data demonstrate that, in the absence of
Ikaros, expression of IL-7Rz and CD62L are negatively
impacted at the level of message.

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506

Lower levels of CD62L expression are associated with
activated and memory T-cell populations,** and levels of
IL-7Ro are transiently reduced at early stages of T-cell
activation.” Tkaros controls thresholds of T-cell activation
in CD4 T cells, such that Ikaros-deficient T cells are acti-
vated by lower levels of TCR stimulation than their wild-
type counterparts.'”” Therefore, lower levels of expression
of CD62L and IL-7Rx may be the end product of an
expanded activated or memory CD4 T-cell population in
the spleens of Ikaros null mice. To investigate if this were
the case, we first analysed expression levels of cell surface
CD44 and CD25 on freshly isolated Ikaros null and wild-
type CD4 T cells, as increased expression of these markers
occurs on activated and/or previously activated T cells.*®
Ikaros null CD4 T cells did not exhibit increased CD44
expression (Fig. 3a). In fact, levels of CD44 were on aver-
age lower than those observed on wild-type cells. CD25 is
the a-chain of the IL-2R, which is up-regulated on the
surface of activated T cells. CD25 expression was also not
increased in lkaros null CD4 T cells (Fig. 3a). In addi-
tion, there was no difference in expression of Ki67, a cell
proliferation marker, in wild-type and Ikaros null CD4 T
cells, demonstrating that Ikaros null T cells are quiescent
(Fig. 3a). As a positive control, expression levels of CD25,
CD44 and Ki67 were assessed on activated Ikaros null
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and wild-type CD4 T-cell populations and were shown to
be equivalent (Fig. 3a).

Next, levels of CD62L and IL-7Ro expression were
analysed in Ikaros null CD4 single positive thymocytes.
These cells were also CD62L'" IL-7R'® CD44"°, demon-
strating that Ikaros null CD4 T cells acquire this altered
phenotype before their exit into the periphery (Fig. 3b).
Taken together, these data support a developmental role
for Ikaros in the regulation of IL-7Ra and CD62L expres-
sion, rather than an expansion of an activated or memory
T-cell subset in spleens of Ikaros null mice.

Reduced expression of Foxol in absence of Ikaros

Foxol is a common transcriptional activator of Il7ra
and Sell.””*° Although it is known that Foxol regulates
Il7ra and Sell, factors that impact expression of the Fox-
ol gene itself in naive T cells are unknown. Foxol-
deficient CD4 T cells display survival and homing
defects similar to those described here for Ikaros null T
cells.?’ Therefore, we next investigated if Foxol expres-
sion was altered in Ikaros null CD4 T cells. Western blot
and intracellular flow analyses demonstrate a significant
reduction in levels of Foxol protein in the absence of
Ikaros (Fig. 4a,b).
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Figure 2. A lack of Ikaros leads to decreased
expression of Foxol target genes. (a) Flow
cytometry analyses measuring expression of
CD62L and interleukin-7 receptor o (IL-7Ra)
on the surface of CD4 splenic T cells from
wild-type (shaded histogram) and Ikaros null
(black outlined histogram) mice. Bar graph is

WT K-/~ WT IK-/—

representative of mean fluorescence intensities
compiled from three independent experiments.
(*P = 0-0287, **P = 0-0055). (b) Quantitative
RT-PCR analyses of Sell and Il7ra expression
using ¢cDNA from wild-type and Ikaros null
(IK™7) purified CD4 T cells. Values were nor-
malized to levels of expression of the house-
keeping gene, HPRT, for a minimum of six
independent experiments. (*P =284 x 1077,
##P = 3.61 x 107°). (c) Quantitative RT-PCR
analyses of Foxol, Sell and Il7ra expression
using ¢cDNA from wild-type and Ikaros null
purified splenic CD8 T cells. Values were nor-
malized to levels of expression of the house-
keeping gene, HPRT, for a minimum of five
independent experiments (*P = 0-0016,
**P = 0-0094, ***P = 0-00126). Error bars are

1K=/ representative of == SEM.

Foxol protein levels are regulated post-translationally
through phosphorylation by Akt that drives its export
from the nucleus and subsequent degradation.”® If Ikaros
null T cells have increased basal levels of activated Akt,
this could lead to decreased levels of Foxol protein.
Levels of activated Akt, phosphorylated on serine 473,
were compared in Ikaros null and wild-type CD4 T cells
by Western blot and intracellular flow analyses (Fig. 4c,
d). By both methods, it was shown that levels of phos-
pho-Akt were comparable in wild-type and Ikaros null T
cells, demonstrating that decreased Foxol is not a conse-
quence of increased pAkt in the absence of Ikaros.

Taken together, these data suggest that the mechanism
by which lack of Ikaros results in reduced expression of
IlI7ra and Sell is through negatively impacting expression
of Foxol.

Lack of Ikaros results in defective initiation of the
Foxol programme in response to stress

Foxol protein is stabilized in the nucleus under condi-
tions of cell stress, when signalling pathways that target it
for destruction are silenced. When T cells are cultured
under conditions of stress, as induced by cytokine/growth

factor withdrawal, increased nuclear Foxol leads to

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506
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Figure 3. Ikaros null CD4 T cells do not rep-
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(a) Flow cytometry analyses of CD44, CD25
and Ki67 expression in purified wild-type
(shaded histograms) and Ikaros null (black
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tor o (IL-7Ra) and CD44 expression in wild-
type (shaded histogram) and Tkaros null (black
outlined histogram) CD4 single-positive T cells
in the thymus. Bar graph is representative of
mean fluorescence intensities compiled from
three independent experiments (*P = 0-00547,
D = (0.0028, ***P=3.75 x 10°%). Error
bars are representative of = SEM.

up-regulated expression of CD62L and IL-7Re.*® This may
be important to promote T-cell recruitment to lymphoid
organs for IL-7-mediated survival.’’ When Foxol-defici
ent CD4 T cells are cultured without added growth fac-
tors, they are unable to up-regulate IL-7Ro and CD62L.*

To test if this pathway is intact in the absence of
Ikaros, wild-type and Ikaros null CD4 T cells were cul-
tured without TCR stimulation or added growth factors.
After 24 hr, expression of IL-7Ro and CD62L were anal-
ysed using flow cytometry. Ikaros null CD4 T cells could
not up-regulate the expression of CD62L or IL-7Ra
(Fig. 5a). In fact, levels of IL-7Ro on stressed Ikaros null
cells were significantly decreased relative to those on
freshly isolated cells. In addition, stressed Ikaros null CD4
T cells could not restore levels of CD62L or IL-7Ro to
those observed on wild-type cells (Fig. 5b), providing fur-
ther support that abnormal activation of signalling path-
ways that target Foxol for degradation in vivo, which
would be silenced using this overnight culture protocol,
does not underlie their reduced expression.

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506

CD62L IL-7Ro. CD44

Ikaros regulates CD62L and IL-7Ra expression using
two different mechanisms

Next, we asked if restoring Ikaros or Foxol expression to
Tkaros null T cells could increase expression of CD62L
and IL-7Ra, thereby placing Foxol downstream of Ikaros
in regulating their expression. To do this, Ikaros null
CD4 T cells were transduced with Ikaros (MSCV IRES
Ik-1 H-2Kk) or Foxol (MSCV Foxol Thy-1.1) using
retroviral transduction.

Retroviral transduction requires cell proliferation,
induced in this case by anti-CD3/anti-CD28. This allows
for breakdown of the nuclear envelope needed for inte-
gration of the viral constructs into the host genome,
which is required for their expression. However, induc-
tion of TCR signalling pathways results in phosphoryla-
tion of Foxol, which signals its export from the nucleus
and degradation.’® To determine if IL-7Ra or CD62L
expression can be increased by transduction of Ikaros or
by transduction of Foxol itself in Ikaros null CD4 T cells,
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Figure 4. In the absence of Ikaros, decreased
levels of Foxol protein are observed in T cells.

(a) Western blot analysis of Foxol expression
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togram) and Ikaros null (black outlined his-
togram) spleens as determined by intracellular
staining followed by flow cytometric analyses.
Data are representative of two independent
experiments. (c) Akt and phospho-Akt (p-Akt)
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a ‘resting protocol’ was implemented post-transduction to
drive nuclear localization of Foxol. For this protocol,
CD4 T cells were transduced following overnight activa-
tion using anti-CD3/anti-CD28. Twenty-four hours later,
they were removed from stimulation and expanded using
IL-2. After 48 hr, cells were removed from IL-2, and pla-
ted with medium that contained no added growth factors
for 72 hr to induce a ‘resting’ state before analyses. Suc-
cessfully transduced cells were identified via staining with
anti-H-2Kk or anti-Thy-1.1.

Transduction of Ikaros into Ikaros null cells increased
expression of IL-7Ra, but not that of CD62L. Conversely,
transduction of Foxol increased expression levels of
CD62L, but not those of IL-7Ra (Fig. 6a). This dichot-
omy was unexpected as both Ikaros and Foxol are
required to maintain high surface levels of CD62L and
IL-7Ro as interfering with the activity of either Ikaros or
Foxol in wild-type T cells similarly reduces their expres-
sion (see Supplementary material, Fig. S1).

500

null (IK™'7) mice. The intensity of the bands
for Akt and p-Akt are normalized to actin and
shown as fold over wild-type levels below each
image. Data are representative of two indepen-
dent experiments. (d) Levels of anti-phospho-
Akt in CD4 T cells in wild-type (black line)
and Ikaros null (light grey line) spleens as
determined by intracellular staining followed

. by flow cytometric analyses. Error bars are rep-
102 10° 10

—

resentative of = SEM. Data are representative
of two independent experiments.

Although we used a ‘resting protocol’ in these experi-
ments, Foxo1’s nuclear localization would be compromised
during the T-cell activation phase. This may impair its
function, leading to the observed inability to increase
expression of IL-7Ra. To neutralize this issue, we asked if
transduction with a constitutively active Foxol (designated
Foxol-A3; MSCV Foxol-A3 Thy-1.1)*' could increase
expression IL-7Re in Tkaros null T cells. Foxo1-A3 has its
three Akt phosphorylation sites mutated to alanine, pre-
venting its transport out of the nucleus. Similar to Foxol,
Foxo1-A3 was able to increase expression of CD62L but not
IL-7Ro, on the surface of Ikaros null CD4 T cells (Fig. 6b).

Taken together, these data show that lack of Ikaros can
be bypassed through transduction of Foxol solely for
expression of CD62L. Since IL-7Ro expression was only
increased by transduction of Ikaros, which we hypothesize
would also increase expression of Foxol, we suggest that
both Ikaros and Foxol are needed to co-regulate expres-
sion of the II7ra gene.

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506
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Figure 5. A lack of Ikaros compromises expression of interleukin-7 receptor o (IL-7Ra) and CD62L, even under Foxol-favouring, cell stress con-

ditions. (a) Compilation of mean fluorescence intensities of three independent experiments measuring cell surface expression levels of CD62L

and IL-7Ro in freshly purified splenic wild-type and Ikaros null (IK’7) (0 hr) CD4 T cells as well as cells that have been cultured overnight in
the absence of growth factors (24 hr) (NS = Not significant; *P = 0-0007, **P = 0-0092). (b) Compilation of mean fluorescence intensities from
three independent experiments measuring cell surface expression levels of CD62L and IL-7Re in purified splenic wild-type (black) and Ikaros null
(IK-) (white) CD4 T cells that have been cultured overnight in the absence of growth factors (*P = 0-0057. **P = 0-0308). Error bars are repre-

sentative of += SEM.

Lack of Ikaros impacts Foxol expression at the level
of message

It has previously been reported that Ikaros binds to the
Foxol locus in pre-B cells and in haematopoietic stem
cells, suggesting that Ikaros functions as a direct tran-
scriptional activator of Foxol.”** In support of this,
levels of Foxol mRNA are significantly reduced in Ikaros
null CD4 T cells (Fig. 7a). Showing the specificity of this
result, levels of Foxo3 mRNA are not reduced (Fig. 7b).
Not surprisingly, due to the decreased levels of gene
expression, levels of acetylated histone H3 at the Foxol
promoter, a mark associated with open chromatin con-
formation, are decreased in Ikaros null CD4 T cells (see
Supplementary material, Fig. S2).

If Tkaros controls Foxol expression at the level of tran-
scription, increasing levels of Ikaros should increase levels
of Foxol mRNA. To test if this was the case, Ikaros was
transduced into Ikaros null and wild-type CD4 T cells by
retroviral  transduction.  Transduction of  Ikaros

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506

significantly increased expression of Foxol in both Ikaros
null and wild-type CD4 T cells (Fig. 7¢).

This was also translated into an increase in Foxol pro-
tein in Ikaros-transduced Ikaros null CD4 T cells (see
Supplementary material, Fig. S3).

Lack of Ikaros negatively impacts induced regulatory
T-cell differentiation

Lack of Foxol results in a significant reduction in the
ability of CD4 T cells to differentiate into iTreg cells.” To
investigate whether a lack of Ikaros leads to decreased
iTreg cell differentiation, whole splenocytes or CD4 T
cells purified from the spleens of wild-type and Ikaros
null Foxp3/GFP reporter mice were stimulated with anti-
CD3 and anti-CD28 in the presence of TGF-f and IL-2.
After 72 hr, flow cytometry was performed to identify the
GFP" iTreg cells. In the absence of Ikaros, CD4 T cells
were crippled in their ability to attain the iTreg fate, as
determined by decreased GFP and Foxp3 expression
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asterisk(s) (*P = 0-0233, **P = 0-032). Error bars are representative of = SEM. (b) Purified splenic CD4 T cells from wild-type and Ikaros null
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Data are a compilation of results from five independent experiments. Differences are not significant unless marked with asterisk(s) (*P = 0-0152,
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Figure 7. Lack of Ikaros negatively impacts Foxol gene expression. (a, b) Quantitative RT-PCR analyses performed using cDNA from wild-type
and Ikaros null (IK™'") purified splenic CD4" T cells. Data are compilation of results from nine independent experiments (NS = Not significant;
*P = 0-0121). (c) Purified CD4 T cells from spleens of wild-type and Ikaros null mice were transduced with retroviruses prepared from the
MSCV IRES H-2Kk (MSCV) or MSCV IRES Ik-1 H-2Kk (IK-1) constructs. Results of quantitative RT-PCR analyses for Foxol expression from
two independent experiments are shown. Results have been normalized to expression levels in control (MSCV) transduced cells. Error bars are
representative of £ SEM.

(Fig. 8a,b). This was also observed at earlier time-points defect was not the result of decreased expression of the
(24 and 48 hr), suggesting that this was a defect in iTreg genes encoding TGF-fR or its two nuclear effectors,
differentiation and not iTreg survival (Fig. 8c). This Smad2 and Smad3, in Ikaros null CD4 T cells (Fig. 8d).
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ized to HPRT and data from two independent experiments are shown. Error bars are representative of - SEM.

Lack of Ikaros also resulted in decreased peripheral
Treg and natural Treg compartments in vivo. This was
revealed by reduction in percentages of Foxp3" cells in
spleens and thymuses of Ikaros null mice, respectively
(Fig. 8e). Taken together, these data point to an overall
defect in differentiation of the Treg lineage in the absence
of Ikaros.

CD4 T cells from a genetically engineered Ikaros
mutant mouse with deletion of the exon encoding DNA-
binding zinc finger 4 (IkAF4), also display defects in
iTreg cell differentiation.’® This was attributed to inap-
propriate expression of large amounts of IL-21, a Thl7
cytokine that blocks Foxp3-mediated iTreg differentiation,
when IkAF4 CD4 T cells were plated under iTreg cell dif-
ferentiation conditions. To determine if this might also
underlie the defect in Ikaros null CD4 T cells, levels of
1121 expression were examined in Ikaros null iTreg cul-
tures. In contrast to cells in IkAF4 iTreg cultures, which
express levels of II2] similar to those seen in Thl7

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506

cultures, cells in Ikaros null iTreg cultures express negligi-
ble levels (Fig. 8f). Therefore, the defect underlying lack
of iTreg differentiation cannot be attributed to elevated
1121 expression. The difference in phenotype observed in
T cells from these two mouse models may be the result
of over-expression of a non-DNA binding Ikaros protein,
which has been shown to result in dominant negative
phenotypes, in the IkAF4 mice versus a total lack of
Ikaros protein in the study presented here.

Rapamycin cannot increase iTreg cell differentiation,
but increasing levels of Foxol activity can. Next, we asked
if decreased levels of Foxol in Ikaros null CD4 T cells
contributed to the defect in iTreg cell differentiation.
First, we attempted to increase levels of nuclear Foxol in
iTreg differentiation cultures by treating cells with the
pharmacological  inhibitor Rapamycin
enhances iTreg differentiation by preventing activation of
Akt by the mammalian target of rapamycin complex 1
(mTORCI1) complex.”®” Supporting the notion that

rapamycin.
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Figure 9. Rapamycin does not increase induced regulatory T (iTreg) cell differentiation in the absence of Ikaros but restoring Foxol activity

does. (a) GFP expression levels in iTreg cell differentiation cultures performed with wild-type or Ikaros null (IK~'") splenocytes from Foxp3/GFP

reporter mice either with or without 25 nm rapamycin. Data are representative of two independent experiments. (b) Purified splenic CD4 T cells

from Ikaros null (IK—/—) and wild-type mice were plated under iTreg cell differentiation conditions and transduced with retroviruses prepared
from the MSCV Thy-1.1 construct (EV) or the MSCV Foxol-A3 Thy-1.1 construct (Foxol-A3). Data shown are intracellular Foxp3 staining in
successfully transduced Thy-1.1" cells 4 days after transduction. Data are representative of two independent experiments.

Foxol is the downstream target of Akt responsible for
this phenotype, rapamycin does not rescue the defect in
iTreg cell differentiation observed with Foxol-deficient
CD4 T cells.” In a similar fashion, rapamycin was unable
to promote iTreg cell differentiation in Ikaros null cul-
tures (Fig. 9a). This could be because levels of Foxol are
so low in Ikaros null CD4 T cells that, even in the pres-
ence of rapamycin, there is insufficient Foxol activity for
iTreg cell differentiation to proceed. Alternatively, it
could mean that increased Foxol activity induced by
rapamycin is insufficient to rescue the phenotype in the
absence of Ikaros.

Therefore, next we wanted to directly test if increasing
Foxol activity by retroviral transduction could increase
iTreg differentiation in Ikaros null iTreg cultures. Induc-
tion of TCR and cytokine signalling pathways required
for iTreg differentiation results in phosphorylation of
Foxol, which leads to its nuclear export and functional
inactivation. Therefore, to drive nuclear localization of
Foxol in the presence of these differentiation signals, the
constitutively active form of Foxol, Foxol-A3 was used.?!
CD4 T cells were activated in the presence of TGF-f and
IL-2 for 24 hr, followed by retroviral transduction. Fox-
01-A3 transduction increased iTreg cell differentiation
approximately twofold in Ikaros null cultures, demon-
strating that lack of Foxol contributes to abrogation of
iTreg differentiation in these cells (Fig. 9b).

Discussion

Ikaros is a transcription factor expressed at high levels in
T cells. It regulates events after TCR signalling that
include T-cell proliferation, T helper cell differentiation
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and cytokine gene expression. Yet, its role in

naive T cells was unexplored. Our studies reveal a new
role for ITkaros in the expression of receptors that govern
homing and survival of naive T cells, and define it as the
first identified regulator of Foxol expression in quiescent
T cells.

The importance of Ikaros in quiescent mature T cells
was revealed through the study of CD4 T cells from
genetically engineered Ikaros null mice. Ikaros null CD4
T cells show decreased survival in response to IL-7 and,
when adoptively transferred, display defective homing,
with a decreased ability to home to lymph nodes. We
identified the likely mechanism underlying these defects
as significantly reduced expression of IL-7Ro and CD62L.
Reduced expression is not due to expansion of abnormal
T-cell populations in the periphery, because it is observed
before Tkaros null CD4 T cells exit the thymus. In addi-
tion, peripheral Tkaros null CD4 T cells display no other
hallmarks of activation. Therefore, we have demonstrated,
for the first time, an important role for Ikaros in quies-
cent peripheral T cells as a lack of Ikaros impedes their
ability to express receptors required for them to survive
and home appropriately.

We have demonstrated that the likely mechanism
underlying decreased expression of IL-7Ra and CD62L is
severely reduced expression of Foxol in Ikaros null T
cells. Decreased Foxol expression is observed at both the
protein and transcript levels, suggesting that Ikaros regu-
lates Foxol expression at the level of transcription.
Despite its important functions in T cells, little is known
about how Foxol is regulated at the transcriptional level.
To our knowledge, signal transducer and activator of
transcription 3 (STAT3) is the only identified

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506
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transcriptional regulator of the Foxol in T cells.”>* How-
ever, it was described as an activator of Foxol in Th17
cells downstream of IL-6 signalling. STAT3 could not
contribute to regulation of Foxol in quiescent T cells as it
would not be active. Our data demonstrating that restor-
ing expression of Ikaros to Ikaros null CD4 T cells, as
well as increasing its expression in wild-type CD4 T cells,
increases levels of Foxol mRNA, supports a role for
Ikaros as regulator of Foxol gene expression. Admittedly,
our data do not distinguish between a direct and an indi-
rect role for Ikaros. We undertook chromatin immuno-
precipitation experiments using anti-Ikaros antibodies to
demonstrate direct binding of Ikaros to the Foxol locus
in CD4 T cells. However, numerous attempts with vari-
ous monoclonal and polyclonal antibodies did not prove
successful, as enrichment for Ikaros binding to the il2
promoter, a positive control gene to which Ikaros directly
binds,'® was not observed in any experiment. This led us
to conclude that the currently available Ikaros antibodies
were not appropriate for chromatin immunoprecipitation
experiments. However, reports by others showing direct
binding of Ikaros to the Foxol locus in pre-B cells’® and
haematopoietic stem cells*' support a direct role.

Rescue transduction experiments in Ikaros null CD4 T
cells reveal that regulation by Ikaros occurs by two differ-
ent mechanisms. Transduction of Ikaros or Foxol/
Foxol-A3 was only able to increase expression of IL-7Rx
or CD62L, respectively. It is important to note that trans-
duction of Ikaros increases the expression of both Ikaros
and Foxol, whereas transduction of Foxol or Foxol-A3
increases the expression of only Foxol, leaving the cells
Ikaros-deficient. Taking this into consideration, our data
suggest that both Ikaros and Foxol are directly required
for regulating expression of Il7ra. This mode of dual regu-
lation is common in pre-B cells where 56% of Foxol target
genes are also bound by Ikaros.> It is puzzling that Ikaros
transduction could not increase CD62L expression, espe-
cially as expression of dominant negative Ikaros leads to
down-regulation of CD62L expression in mouse T cells
(see Supplementary material, Fig. S1), as well as in the
CEM T-cell line and CD34" cells isolated from human
bone marrow.*” This could be the result of an altered
Ikaros/Foxol ratio as transduction has been linked to
over-expression of the transduced proteins relative to wild-
type levels. Relatively increased Ikaros levels could result in
its binding to low-affinity sites that in turn may interfere
with FoxoI’s ability to activate the Sell locus either through
directly interfering with Foxol binding or by interfering
with binding of another critical transcription factor.

The importance of Foxol in iTreg cell development led
us to investigate if Ikaros also plays a role in this process.
Lack of Foxol not only compromises iTreg cell develop-
ment but also leads to the appearance of cells with a Thl
phenotype in iTreg cell differentiation cultures.” This is
because Foxol, the activity of which is reinforced by the

© 2017 John Wiley & Sons Ltd, Immunology, 152, 494-506

iTreg cell differentiation cytokine TGF-f, is required to
maintain Foxp3 expression, which otherwise would be lost
as a consequence of the TCR signalling that is required
for iTreg cell differentiation.”> Tkaros null CD4 T cells
also demonstrate an inability to attain the iTreg cell fate,
and instead appear to attain the phenotype of effector T
helper cells (unpublished data, P. Agnihotri and S.
Winandy). We propose that Ikaros is essential for naive
CD4 T cells to maintain the high levels of Foxol required
to prevent induction of effector lineages and to promote
iTreg cell differentiation upon TCR stimulation in the
presence of TGF-f. In the absence of Ikaros, levels of
Foxol are too low to accomplish this important function.
When Foxol activity was restored using retroviral trans-
duction, the iTreg cell differentiation potential of Ikaros
null CD4 T cells increased about twofold, but was not
rescued to wild-type levels. This relatively modest effect
could be due to the fact that Foxol activity was not
restored until 24 hr after the cells had received TCR stim-
ulation. If, as we propose, levels of Foxol must be high
in the naive T cell to block TCR-induced activation of
genes that facilitate differentiation of effector lineages, this
rescue may be too late. Another possibility is that Ikaros
has other roles essential for iTreg differentiation that are
not rescued by Foxol transduction.

Taken together, these studies contribute to defining a
novel Ikaros/Foxol axis involved in regulation of impor-
tant processes in naive CD4 T-cell development and func-
tion. We have demonstrated a lack of Foxol and Foxol
target gene expression in the absence of Ikaros. Transduc-
tion experiments led to the creation of a regulatory cir-
cuit, placing Ikaros upstream of Foxol, in expression of
the Foxol gene itself as well as its target genes important
to naive T-cell survival, homing and iTreg differentiation.
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