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ABSTRACT

CD4"CD25'Foxp3* T,egs have a diminished capacity to
activate the PI3K/Akt pathway. Although blunted Akt
activity is necessary to maintain T,.g function, the con-
sequences of this altered signaling are unclear. Glut1 is
a cell-surface receptor responsible for facilitating glu-
cose transport across plasma membranes, whose ex-
pression is tightly coupled to costimulatory signals and
Akt phosphorylation. Freshly isolated human T,egs Were
unable to up-regulate Glut1 in response to TCR and
costimulatory signals compared with T¢on,. Conse-
quently, the ability of T,egs to use glucose was also
reduced. Introduction of Foxp3 into Ty inhibited Akt
activation and Glut1 expression, indicating that Foxp3
can regulate Glutl. Finally, pharmacologic activation of
Akt in Tegs can induce Glut1, overcoming the effects of
Foxp3. Together, these results illustrate the molecular
basis behind differential glucose metabolism in T,egs.

J. Leukoc. Biol. 97: 279-283; 2015.

Introduction

The PI3K/Akt pathway is essential for Ty, growth, survival, cell-
cycle progression, and function [1, 2]. In contrast to Tcony,
Foxp3" Tycqs are unable to activate this pathway in response to
TCR, costimulatory, and IL-2 signals [3-5]. Moreover, minimal or

absent Akt phosphorylation is a requirement for T\, function,

phenotype, and development [3, 6]. Although muchg work has
been done examining the mechanisms responsible for blunted
Akt activation in Tieg [5, 7, 81, the consequences of this
differential signaling remain unclear.

Glutl is the primary glucose transporter of CD4" T cells [2, 9].
Glutl is not expressed on resting T cells, but its expression is
induced following TCR and CD28 ligation, sufficient to activate
Akt [9, 10]. Failure to activate Akt appropriately, through
insufficient TCR and CD28 ligation, coinhibitory receptor
ligation, or direct inhibition of the PI3K/Akt pathway, will not

Abbreviations: Foxp3 = forkhead box P3 transcription factor, Glut1 = glucose
transporter 1, iT,eg = iNduced regulatory T cell, NIAID = National Institute of
Allergy and Infectious Diseases, PHLPP = pH domain and leucine-rich repeat
protein phosphatase, PTEN = phosphatase and tensin homolog, Teony =
conventional T cell, Treg = regulatory T cell, YFP = yellow fluorescent protein
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result in Glutl induction [9, 10]. Furthermore, Glutl expression
and adequate glucose uptake are necessary for maintaining
effector T cell function, growth, and survival [2]. The expression
of Glut 1 has also been studied during the differentiation of
murine Thl, Th2, Th17, and TGF-8 iT .. Thl, Th2, and Th17
cells all had high surface expression of Glut 1, whereas iT ¢,
expressed low levels and used lipid oxidation [11, 12]. In contrast
to studies in mice, there is a lack of consensus in the literature as
to whether human iT,.g can be generated [13], and expression
of Glut 1 had not been analyzed on human Foxp3® Ticg.

In this study, we demonstrate that Glutl is regulated in
a different way in human Foxp3* Thregs- Foxp3, the master
regulator of T,cgs, inhibits Akt phosphorylation. Blunted Akt
activation, in turn, results in an inability to express Glutl on the
cell surface. Lastly, with the use of a small molecule activator of
Akt, SC79 [14], we were able to overcome the effects of Foxp3-
mediated Akt repression, resulting in Glutl induction.

MATERIALS AND METHODS

Cell isolation, cell expansion, cell stimulation, and
glucose determination

Peripheral blood was obtained from healthy adult donors by the Department
of Transfusion Medicine at the U.S. National Institutes of Health. The
acquisition of blood products was approved according to the Institutional
Review Board and in accordance with the Declaration of Helsinki. Primary
human CD4" T cells from healthy donors were purified by positive selection as
described previously [15]. CD4" T cells were sorted on a FACSAria into
CD4°CD127°CD25™ (T¢ony) and CD4°CD127 CD25" (T,.,) populations.
Teonv and Tregs were stimulated with anti-CD3/anti-CD28 mAb-coated beads
(Invitrogen, Carlsbad, CA, USA) and human rIL-2 (300 U/ml; Chiron,
Emeryville, CA, USA) for 15 min or 20 h as described previously [16]. T cells
were cultured with SC79 (0.5 ug/ml; Sigma-Aldrich, St. Louis, MO, USA) or
DMSO control (1 ul/ml; Sigma-Aldrich) for 15 min or 20 h where indicated.
PMA (50 ng; Sigma-Aldrich) and ionomycin (500 ng; Sigma-Aldrich) were
added to the cells before performing intracellular cytokine staining. For
glucose-consumption studies, following stimulation, media were removed
carefully from the cells and analyzed by an ELISA kit for glucose (Abcam,
Cambridge, MA, USA), per the manufacturer’s recommendation.
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Flow cytometric analysis

Surface staining for CD4, CD25, and CD127 (BD PharMingen, San Diego, CA,
USA) was performed according to the manufacturer’s recommendations.
Intracellular staining was performed by use of the FOXP3 Fix/Perm kit
(BioLegend, San Diego, CA, USA) for Foxp3 (BioLegend), IL-2 (BD
PharMingen), and phospho-Ser473 Akt (Cell Signaling Technology,
Danvers, MA, USA) and the Caltag Fix & Perm kit (Invitrogen) for Glutl
(R&D Systems, Minneapolis, MN, USA), per each manufacturer’s recom-
mendation. Data were collected by use of a FACSCalibur (BD Biosciences,
San Jose, CA, USA). Events (12,000-15,000) were collected for each sample,
and data were analyzed by use of FlowJo software (Tree Star, Ashland,

OR, USA).

Production of lentiviral vectors and transduction of
CD4'CD127°CD25 T cells

GFP and YFP 2A Foxp3 were cloned upstream of the elongation factor-la
promoter in a lentiviral vector described previously [17] so that all transduced
cell populations could be detected by FL1. The 2A sequence used to allow
coexpression of YFP and Foxp3 was GSGEGRGSLLTCGDVEENPGP. High
titer vector was used to transduce T cells as described previously [17].

Statistical analysis

Data were analyzed by use of the paired Student’s ttest via Prism 6.0 software
(GraphPad Software, La Jolla, CA, USA), and P < 0.01 was considered
significant.

RESULTS AND DISCUSSION

Foxp3-expressing T, are unable to phosphorylate Akt
and up-regulate Glutl

Given the dependency of Glutl expression on Akt signaling, it
would be expected that T,ce have a reduced capacity to induce
Glutl. We purified Tyegs and Teony from isolated leukapheresis
products and examined each population’s ability to phosphor-
ylate Akt and express Glutl upon activation. Measurement of
Foxp3 expression by flow cytometry established that we were able
to enrich successfully for T,.q (Fig. 1A). Stimulation of freshly
sorted CD4'CD127'CD25~ and CD4'CD127 CD25" T cells with
a combination of anti-CD3/anti-CD28 mAb-coated beads and
IL-2 resulted in substantial phosphorylation of Akt at serine residue
473 in T,o,y and in minimal phosphorylation in Tregs (Fig. 1B), as
reported previously [3, 4]. Furthermore, activated Tiegs and Teony
do not express Glutl equally (Fig. 1C). The differential
expression of Glut 1 correlated with differential glucose
consumption (Fig. 1D). Taken together, these results suggest that
human T,.q may be less dependent than Ty, on use of glucose
as an energy source. Indeed, 1 study has shown that murine Tg,
rely on nonglucose sources, such as short-chain fatty acids [18]. It
is somewhat surprising that enhanced expression of Glutl by T,
has not been noted in microarray studies of gene expression by
Tregs and Teony [19, 20]. Some of the differences in Glutl
expression may therefore occur at a post-translational level.

Foxp3 expression inhibits Akt activation and

Glutl expression

Foxp3 expression is necessary for T,., function, and its ectopic
expression in CD4" T,y results in a suppressive phenotype [16].
Thus, any investigation to determine the relationship between
Akt and Glutl in T,.g would begin with Foxp3. We activated
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Figure 1. Foxp3-expressing T,.g are unable to phosphorylate Akt and up-
regulate Glutl. (A) Freshly isolated T,y [effector T cells (Teff; left) ] and
Trcgs (right) were stained with anti-Foxp3 (black histograms) or an
isotype control (gray histograms) and analyzed by flow cytometry. (B, left
2 panels) Freshly isolated Teony and Tregs (as shown in A) were stimulated
with CD3/CD28 mAb-coated beads and IL-2 (300 U/ml) for 15 min
(black histograms) or left unstimulated for 15 min (gray histograms).
Cells were then stained with phospho-Ser473 Akt antibody (pAkt).
(Right) Summary of 5 independent experiments (*P < 0.01). The data
were plotted as the mean * sp. MFI, Mean fluorescence intensity. (C, left
2 panels) Freshly isolated T,ony and Tieg (as shown in A) were stimulated
with CD3/CD28 mAb-coated beads and IL-2 (300 U/ml) for 20 h (black
histograms) or left unstimulated (gray histograms). Cells were then
stained with anti-Glutl mAb. (Right) Summary of 4 independent
experiments (*P < 0.01). (D) Freshly isolated Tyegs and Teony (as shown
in A) were stimulated with CD3/CD28 antibody—cbated beads and IL-2
(300 U/ml) for 20 h. Following stimulation, media were removed
carefully and then analyzed by ELISA for glucose. Data are summary of
3 independent experiments (**P < 0.001). The data were plotted as the
mean * sp.
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CD4'CD127°CD25™ T ony with anti-CD3/anti-CD28 mAb-coated
beads and transduced them with GFP or YFP-2A-Foxp3 expres-
sion vectors (Fig. 2A). To confirm that transduction of Foxp3
resulted in a bona fide T,c; phenotype [21], we determined IL-2
production by Foxp3-expressing cells (Fig. 2A). Upon stimulation
with PMA and ionomycin, 40% of GFP-transduced cells and 48%
of untransduced cells produced IL-2. By comparison, only 7.4%
of Foxp3-transduced cells were able to secrete IL-2. These results
demonstrate that our Foxp3 expression vector is functional, as
the level of IL-2 production by the transduced cells was
comparable with that seen with freshly explanted T,g (Fig. 2A).
Next, we examined the ability of Foxp3 to inhibit Akt activation
and subsequently, Glutl expression in human CD4" T cells.
We observed that transduction of Foxp3 blunted Akt phosphor-
ylation (Fig. 2B and C). Moreover, the level of Akt phosphory-
lation in the transduced cells was similar to that seen in
freshly explanted T,.q. To demonstrate that decreased Akt
activity in T cells causes a concomitant decrease in Glutl,
we transduced primary human CD4'CD127°CD25™ T cells
with oxp3 or control GFP expression vectors as described
above. Following transduction, we stimulated cells with anti-CD3/
anti-CD28 mAb-coated beads and IL-2 and measured Glutl
expression (Fig. 2D and E). Both T,.g and Foxp3-transduced
cells were unable to induce Glutl when compared with
GFP-transduced and nontransduced controls. It is likely that the
differences in the absolute levels of background staining and
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Glutl staining in Figs. 1 and 2 reflect the differences in cell size of
the populations being assayed (resting versus in vitro stimulated
and expanded).

Although the PI3K/Akt pathway is differentially regulated in
Tregs> the molecular mechanisms underlying these differences
remain unclear [3, 5, 6, 8]. Contributing to the complexity of Akt
signaling in T,g are reports that many known antagonists of Akt
activity are not differentially expressed in T,.g. Several studies
have shown that phosphatases PTEN and SHIP are equally
expressed in Teony and Tyeg [7, 8]. Confounding matters further,
induced murine T, can be generated through attenuation of
Akt phosphorylation via increased PTEN activity by way of
programmed death 1 ligation [22]. However, recent data
addressing the differential effects of PHLPP expression in Tieg,
and T.ony may provide some clues [5]. These studies illustrate
that PHLPP, a phosphatase known to dephosphorylate Akt at
serine residue 473, is up-regulated in human Tregs- In murine Tyegg,
PHLPP is also known to be responsible for Akt dephosphorylation.
Furthermore, knockdown of PHLPP activity in human T,cg, and
regs Tesults in restoration of Akt phophorylation
comparable with levels found in Tcoy,y [5]. Finally, it has been
demonstrated that in human T,.g,, Foxp3 binds PHLPP near its
transcriptional start site [23]. Taken together, Foxp3 may exert its
effects on Akt and Glutl through transcriptional up-regulation
of PHLPP. Increased PHLPP activity is then responsible for
diminished Akt activity and Glutl expression.
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Figure 2. Foxp3 expression inhibits Akt activation and Glutl expression. (A, upper) T g and Tcony Were activated with CD3/CD28 mAb-coated beads
and were transduced with lentiviral vectors expressing YFP-2A-Foxp3, GFP, or left untransduced. The correlation between YFP or GFP and Foxp3 was
determined by flow cytometry. (Lower) Untransduced Tycg, YFP-2A-Foxp3, GFP, and untransduced effector T cells were restimulated with PMA

(50 ng/ml) and ionomycin (500 ng/ml) for 3 h, and intracellular I1-2 expression was determined by flow cytometry. (B) Untransduced Ti.g,
YFP-2A-Foxp3, GFP, and untransduced T, (as shown in A) were restimulated with CD3/CD28 mAb-coated beads and IL-2 (300 U/ml) for 15 min
(black histograms) or left unstimulated for 15 min (gray histograms). Cells were then stained with phospho-Ser473 Akt antibody. (C) Summary of 3
independent experiments as shown in B (¥*P < 0.01; **P < 0.001). The data were plotted as the mean * sp. (D) Untransduced Treg, YFP-2A-Foxp3, GFP,
and untransduced T, (as shown in A) were restimulated with CD3/CD28 mAb-coated beads and IL-2 (300 U/ml) for 20 h (black histograms) or left
unstimulated (gray histograms). Cells were then stained with anti-Glutl antibody. (E) Summary of 3 independent experiments as shown in D

(*P < 0.01). The data were plotted as the mean = sp.
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Figure 3. Pharmacologic Akt activation induces Glutl in T,z (A) Freshly
isolated Tcony and Thegg (as shown in Fig. 1A) were stimulated with the Akt
agonist SC79 (red histograms), CD3/CD28 mAb-coated beads and

300 U/ml IL-2 (black histograms) or left unstimulated (gray histograms)
for 15 min. Cells were then stained with phospho-Ser473 Akt mAb. Data
are representative of 3 independent experiments. (B, upper) Freshly
isolated Tcony and Tyegs (as shown in Fig. 1A) were stimulated with CD3/
CD28 mAb-coated beads, IL-2 (300 U/ml), and a vehicle control (black
histograms) or left unstimulated (gray histograms) for 20 h. (Lower)
Freshly isolated Tcony and Tiegs were stimulated with CD3/CD28
mAb-coated beads, IL-2 (300 U/ml), and SC79 (0.5 ug/ml) or left
unstimulated for 20 h. Cells were then stained with anti-Glutl mAb.

(C) Summary of 3 independent experiments as shown in B (*P < 0.01).
The data were plotted as the mean * sp.

Pharmacologic Akt activation induces Glutl in Tyeg
Our data until this point not only confirm previous work showing
that T, have a reduced ability to activate Akt [3, 4, 6] but also
that they fail to express Glutl as a consequence. To determine if
Glutl is targeted directly by Foxp3 or indirectly via Akt, we sought
to overactivate Akt in Tyeg,. SC79 is a small molecule activator of
Akt described recently [14]. SC79 has been shown to activate Akt
in neurons and in Hela cells. We first determined if SC79 could
induce Akt activation in primary T,.g and Teon,- Indeed,
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following a brief treatment of freshly isolated Ty g5 and Teopny With
SC79, considerable Akt activation was observed (Fig. 3A).
Surprisingly, the level of Akt activation in both cell types
following SC79 treatment was nearly identical. Next, we
examined the ability of SC79 to induce Glutl in human CD4"
T cells. We observed that pharmacologic activation of Akt in
freshly isolated Teony OF Tyegs resulted in a profound up-
regulation of Glutl (Fig. 3B and C). The nearly equal expression
of Glutl in T,egs and Teony corresponds to the nearly identical
levels of phospho-Ser473 Akt following SC79 treatment in each
population. Taken together, our results indicate that this
reduced capacity to induce Glutl is a function of diminished Akt
phosphorylation, which in turn, is Foxp3 dependent. In
summary, Akt activation is down-regulated in human T,.g in

a Foxp3-dependent manner, and this down-regulation prevents
Glutl cellsurface expression. These data demonstrate further

a molecular basis behind recent studies [18] that T,.,, may not
rely on glucose or glycolysis and may use lipid oxidation and
short-chain fatty acids. In light of these results, media used for
the ex vivo expansion of human Tregs may not benefit from
glucose supplementation.
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