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Abstract

The immune system is necessary for protecting against various pathogens. However,
under certain circumstances, self-reactive immune cells can drive autoimmunity, like that
exhibited in type 1 diabetes (T1D). CD4* T cells are major contributors to the immunopa-
thology in T1D, and in order to drive optimal T cell activation, third signal reactive oxygen
species (ROS) must be present. However, the role ROS play in mediating this process
remains to be further understood. Recently, cellular metabolic programs have been shown
to dictate the function and fate of immune cells, including CD4* T cells. During activation,
CD4* T cells must transition metabolically from oxidative phosphorylation to aerobic gly-
colysis to support proliferation and effector function. As ROS are capable of modulating
cellular metabolism in other models, we sought to understand if blocking ROS also regu-
lates CD4™ T cell activation and effector function by modulating T cell metabolism. To do
so0, we utilized an ROS scavenging and potent antioxidant manganese metalloporphyrin
(MnP). Our results demonstrate that redox modulation during activation regulates the
mTOR/AMPK axis by maintaining AMPK activation, resulting in diminished mTOR activa-
tion and reduced transition to aerobic glycolysis in diabetogenic splenocytes. These
results correlated with decreased Myc and Glut1 upregulation, reduced glucose uptake,
and diminished lactate production. In an adoptive transfer model of T1D, animals treated
with MnP demonstrated delayed diabetes progression, concurrent with reduced CD4™ T
cell activation. Our results demonstrate that ROS are required for driving and sustaining T
cell activation-induced metabolic reprogramming, and further support ROS as a target to
minimize aberrant immune responses in autoimmunity.

Introduction

Type 1 diabetes (T1D) is an autoimmune disease where self-reactive T cells escape into the
periphery and target pancreatic B cells for destruction. While T1D progression results from the
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interplay between various immune cell types, CD4" T cells are considered the principal con-
tributor to disease pathology [1, 2]. We and others have demonstrated that reactive oxygen
species (ROS) play an important role in driving the immunopathology exhibited in T1D [3, 4].
Antigen presenting cells (APCs), like macrophages [5], and CD4" T cells [6] express functional
NADPH oxidases (NOX) which generate ROS upon APC-induced T cell activation. Both
NOX [7] and mitochondrial-derived ROS from the T cell itself [8] are necessary for optimal
CDA4" T cell activation. These ROS, with cytokines, serve as the third signal, during T cell acti-
vation. In combination with T cell receptor (TCR; signal 1) and co-stimulatory molecule
(signal 2) engagement, these three signals enable cell cycle entry [9] and effector function
acquisition [7].

Recently, interest has grown in understanding the role of cellular metabolism in fulfilling
the objectives of T cell activation and effector function. Under homeostatic conditions, naive
CD4™" T cells remain relatively quiescent and rely predominantly on oxidative phosphorylation
(OXPHOS) to meet basal metabolic needs [10]. Upon antigen (e.g. B cell-derived antigens in
T1D) encounter, naive CD4" T cells become activated and have two main goals-to clonally
expand and to differentiate into effector T cells. To meet these goals during activation, CD4" T
cells undergo dynamic metabolic reprogramming by transitioning to aerobic glycolysis [10-
13], also known as the Warburg Effect, which was first characterized in tumors [12, 14]. The
utilization of aerobic glycolysis by activated CD4" T cells supports increased macromolecule
biosynthesis, aiding in daughter cell formation and effector molecule production, along with
more rapid production of ATP as compared to OXPHOS [10-12].

In both tumors and T cells, Myc is a predominant player in coordinating increased glycoly-
sis and cell proliferation [14-17]. Upstream, activation of mammalian target of rapamycin
(mTOR) signaling is critical for Myc expression and thus aerobic glycolysis, as treatment with
the mTOR inhibitor rapamycin results in dampened lactate production, proliferation, and
cytokine production in CD4" T cells [18, 19]. In contrast, AMP-activated protein kinase
(AMPK) is a known inhibitor of mTOR and is responsible for enhancing oxidative metabolism
to restore the ATP to AMP ratio [20, 21]. Overexpression of AMPK in tumors inhibits the
Warburg Effect, whereby tumors demonstrate reduced size and lactate production [22]. Simi-
larly, AMPK activation in T cells results in reduced mTOR activation, diminished effector dif-
ferentiation, and hyporesponsiveness [23]. These results highlight that the interplay between
mTOR and AMPK strongly dictates T cell metabolic and functional outcome.

Highly proliferative cells in various models demonstrate enhanced aerobic glycolysis, indi-
cating its requirement for sustaining rapid division. Targeting tumor metabolism via the use
of glycolytic inhibitors like 2-deoxyglucose, have proven to be effective in reducing tumor bur-
den and metastasis [24]. The efficacy of metabolic modulation in cancer, and the metabolic
similarities between proliferating tumor cells and effector CD4™ T cells, indicate a potential
avenue for controlling aberrant T cell responses (like those in autoimmunity) by targeting T
cell metabolism. Indeed, others have demonstrated potential for ameliorating autoimmunity
by metabolic manipulation [25, 26]; however, there remains a large gap in understanding the
mechanisms by which specifically T cell metabolism is controlled.

Additionally, many metabolic regulators demonstrate redox sensitivity, including the tran-
scription factors HIF-1o [24] and NF-xB [27], and AMPK [28], to name a few, underscoring
the potential for redox regulation in modulating metabolism. We and others have shown that
a manganese metalloporphyrin, Mn(III) meso tetrakis (N -alkylpyiridinium-2-yl) porphyrin,
or MnP, is capable of scavenging ROS (i.e. hydrogen peroxide and superoxide) [29, 30], inhib-
iting lipid peroxidation [31], and performing redox reactions in cellular systems [32, 33]. As
T1D is known to be driven by increased oxidative stress [3, 34], our laboratory has demon-
strated that inhibition of ROS during immune activation results in dampened CD4" T cell
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responses, thus inhibiting T1D progression [35-38]. Specifically, work by Delmastro-Greewood
et al. showed that treating NOD.BDC.2.5.TCR-Tg mice with MnP in vivo for 7 days resulted in
increased glucose oxidation and aconitase activity in naive splenocytes, indicative of enhanced
OX PHOS, the predominant pathway used by naive immune cells [39]. While these studies did
demonstrate metabolic alterations due to MnP treatment, they were conducted using naive
immune cells that had no prior exposure to their cognate antigen. As previously stated, T cell
metabolic reprogramming occurs only during antigen-mediated activation; therefore, we
sought to expand our understanding of the role of ROS and metabolism during such activation
events.

Based on these previous studies, we hypothesized that redox modulation by MnP during
CD4" T cell activation would inhibit the transition to aerobic glycolysis, and thus, minimize
proliferation and effector function. Our data demonstrate that MnP treatment resulted in
reduced Myc upregulation, glycolytic enzyme expression, and lactate production, collectively
indicating inhibition of aerobic glycolysis. These results were in part due to diminished mTOR
signaling. Interestingly, redox modulation enhanced activation of the mTOR inhibitor,
AMPK, due to MnP’s high antioxidant activity. These data show that redox modulation inhib-
its the metabolic transition of CD4" T cells by maintaining active AMPK and thus resulting in
reduced mTOR signaling and Myc expression. These findings support that ROS are required
during the transition from OX PHOS to aerobic glycolysis during T cell activation, and that
disruption of ROS may serve as a viable target for modulating immune cell bioenergetics in
autoimmune diseases like T1D.

Materials and methods
Animals

Non-obese diabetic (NOD), NOD.BDC2.5.TCR.Tg, and NOD.scid mice were maintained in
the Rangos Research Center animal facility of the Children’s Hospital of Pittsburgh. Animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of
Children’s Hospital of Pittsburgh (Assurance Number A3187-01) and were in compliance
with the laws of the United States of America. NOD.BDC2.5.TCR.Tg mice were sacrificed at
8-10 weeks of age for in vitro experiments. In this animal, all CD4" T cells recognize epitopes
formed by covalent cross-linking of proinsulin peptides and Chromogranin A (CHgA) in
cell secretory granules [40]. These T cells can be stimulated with a known peptide mimotope
HRPI-RM that has been previously described [41], thus allowing us to examine the effects of
MnP on an antigen-specific immune response physiologically relevant to T1D. NOD.scid ani-
mals, 6-8 weeks of age, were used for adoptive transfer experiments.

Mn(l11) meso tetrakis (N -alkylpyiridinium-2-yl) porphyrin

Mn(IIT) meso tetrakis (N -alkylpyiridinium-2-yl) porphyrin (MnP) was a generous gift from
Dr. James Crapo, MD at National Jewish Health (Denver, CO). MnP was used at a concentra-
tion of 68 uM for in vitro experiments and a 10 mg/kg dose in all animal experiments.

Splenocyte homogenization

NOD.BDC.2.5.TCR-Tg spleens were harvested and homogenized into single cell suspensions
as previously described [35], and red blood cells were lysed using red blood cell lysis buffer
(Sigma). CD4" T cells were stimulated with their cognate peptide, mimotope (EKAHRPI-
WARMDAKK), at 0.05 pM, with or without MnP in complete splenocyte medium [7]. Spleno-
cytes plated with media alone served as negative controls. Cells were collected for downstream
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analysis at 24-72 hours post-stimulation. Supernatants were collected for ELISA and lactate
measurements.

CD4™ T cell isolation and antibody stimulation

CD4" T cells were isolated from whole NOD splenocytes by magnetic bead separation using
mouse CD4 MicroBeads (Miltenyi) as per manufacturer’s instructions. Purity was assessed by
flow cytometric staining pre- and post-isolation. For antibody stimulation, tissue culture plates
were coated with aCD?3 (0.5 pg/mL) and oCD28 (1.0 ug/mL) in phosphate buffered saline for
2 hours at 37°C, 5% CO,. The antibody solution was decanted and CD4" T cells were plated at
5.0x10° cells per well of a 96 well, flat-bottom plate, with or without 68 uM MnP. Unstimulated
T cells served as negative controls.

ROS production and cell viability

NOD or NOD.BDC.2.5 splenocytes were incubated in media alone or media with 68 uM MnP
for 2 hours at 37°C. Cells were washed extensively in cold Hank’s Balanced Salt Solution
(HBSS) and added to flow tubes at 1.0x10° per tube. Dihydroethidium (DHE; Molecular
Probes) or MitoSOX Red (Molecular probes) was diluted per manufacturer’s instructions, and
cells were treated with a final concentration of 50 uM for 20 minutes (DHE) or 5 uM for 15
minutes (MitoSOX) at 37°C. PMA (500 ng/mL) and ionomycin (500 pg/mL) were added to
the tubes and incubated at 37°C for indicated periods of time. Cells were read on an LSRII
(BD Bioscience). DHE was read in the AmCyan channel using a 585/42 detector and 545LP fil-
ter [42], and MitoSox Red was detected in the PE channel. Mean Fluorescence Intensity (MFI)
was determined using FlowJo Software (v10.1). Dye loaded, unstimulated control cells were
used to determine background fluorescence, which was subtracted from stimulated values and
graphed as change in MFI due to stimulation (delta MFI). Viability was assessed by 7AAD
staining (BD Biosciences) as per manufacturer’s instructions. Surface staining for CD4 was
performed prior to 7AAD staining. Viability was determined as the percentage of 7AAD nega-
tive cells.

Protein lysates and Western blotting

Following stimulation, cells were harvested, washed with phosphate buffered saline (PBS), and
sonicated in anti-pY lysis buffer (50 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 1% NP-40,
1 mM NaF, 10 pg/ml leupeptin, 10 ug/ml aprotinin, 2 mM Na;VO,, and 1 mM PMSF). Protein
concentration was determined by Bicinchoninic acid protein assay (Thermo Fisher Scientific).
25 ug of protein per sample were boiled in 6x Lammaeli buffer (BIORAD) for 5 minutes and
separated SDS-PAGE gels. Samples were then transferred to PVDF membranes for 1-3 hours
in 3% MeOH Tris-Glycine Transfer buffer (BIORAD). Western blots were blocked in 5% non-
fat dry milk in Tris-buffered Saline with 1% Tween-20 (TBST). Blots were probed with the fol-
lowing antibodies in 5% BSA/TBST overnight at 4°C: Myc, pmTOR (Ser2448), total mTOR,
p4E-BP1 (Thr70), pAMPK-a (Thr170), total AMPK, PFKFB3, p27 Kip1, and Cyclin D3 at
1:1000 (Cell Signaling), and Glut-1 (1:2000; Abcam). Blots were either probed with anti-rabbit
secondary antibody (Cell Signaling; 1:2000) or goat anti-rabbit secondary antibody (Jackson
Laboratories; 1:10,000) in 5% non-fat dry milk/TBST at RT for 1 hour. B-actin (Sigma) expres-
sion was used as a loading control. Protein expression was detected by chemilumenescence
using ECL Plus reagent (Amersham Pharmacia Biotech) and the Fujifilm LAS-3000 Imaging
system (FujiFilm Technologies). Multi Gauge software was used to process images (Fujifilm
Life Science). Beta-actin expression served as a loading control.
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Flow cytometry for proliferation, cell cycle analysis, and glucose uptake

Cells were harvested following stimulation and incubated with Fc block (CD16/CD32; BD Bio-
sciences) prior to staining for flow cytometry. Extracellular staining was performed at 4°C
using CD4-APC or CD4-FITC (BD Biosciences) in FACS buffer (1% BSA in PBS). For cellular
proliferation measurements, splenocytes were stained with 1 pM carboxyfluorescein succini-
midyl ester (CFSE; Invitrogen) in PBS at 37°C for 15 minutes and isolated CD4™ T cells

were labeled with Cell Proliferation Dye Violet (BD Bioscience) as per manufacturer’s instruc-
tions. Cells were extensively washed with PBS, plated for stimulation, and surface stained after
harvest.

For cell cycle analysis, cells were fixed and permeabilized in 70% cold EtOH for 20 minutes
on ice following stimulation and stored at 4°C until staining for flow analysis. Cells were
washed with ice cold PBS two times to remove residual EtOH, and surfaced stained for CD4 as
described above. After RNase treatment for 1 hour at 37°C, cells were incubated with propi-
dium iodide (0.4 mg/mL; Invitrogen), and analyzed immediately. Media-treated splenocytes
served as controls to set gates for no proliferation (CFSE) and cell cycle stages (PI).

To measure glucose uptake, stimulated cells were incubated with 100 uM 2-(N-(7-Nitro-
benz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose (2-NBDG; Molecular Probes), a fluores-
cent glucose analog (Life Technologies), for 10 minutes at 37°C prior to harvest [43]. Uptake
was quenched with PBS. Cells were stained for surface CD4 expression and analyzed by flow
cytometry live. Fluorescence was measured using a FACS Calibur or LSR II flow cytometer
(BD Biosciences). All data were analyzed using Flow]Jo software (v10.1) and samples were
gated on CD4" cells.

Cytokine and lactate measurements

Supernatants from cell cultures were analyzed for IFNy and IL-2 by ELISA according to manu-
facturer’s instructions (BD Biosciences). ELISAs were read on a SpectraMax M2 microplate
reader (Molecular Devices), and data were analyzed using SoftMax Pro version 5.4.2 software
(Molecular Devices). Lactate, a byproduct of aerobic glycolysis, was measured in culture super-
natants using the Accutrend Plus meter and lactate strips (Roche) [44, 45]. Samples with high
concentrations of lactate were diluted 1:2 in dI H,0 to obtain a reading within the meter’s
range.

Gene expression as measured by quantitative Real-Time PCR
(gRT-PCR)

At 24 hours post-stimulation in vitro, cells were harvested and washed extensively with PBS.
5.0 x 10° cells were lysed using RLT buffer (Qiagen) and 25 gauge needles with 1 mL syringes.
mRNA was isolated using the RNeasy kit (Qiagen) and concentration was determined using a
NanoDrop 2000c spectrophotometer (Thermo Scientific). cDNA was synthesized from 0.5 pg
mRNA using the RT? First Strand Kit (Qiagen). Gene expression was quantified by qRT-PCR
using the iQ SYBR Green Supermix (BIORAD) and iCycler (BIORAD). Murine glycolytic
primer pair sequences were taken from Wang et al. [15]. Ifny primers were FWD 5’ ~AGGC
CATCAGCAACAACATAAGCG-3" and REV 5’ - TGGGTTGTTGACCTCAAACTTGGC-3".
Cycling parameters were as follows: 5 min at 95°C, 30 s at 95°C, 30 s at 60°C, 30 s at 72°C (40
cycles of steps 2-4), 1 min at 95°C, and then samples were held at 4°C. Delta delta Ct values
were normalized to expression of the control gene rplo (FWD 5’ ~-GGCGACCTGGAAGTC
CAACT-3’;REV 5’ —-CCATCAGCACCACAGCCTTC-3") [46], in order to calculate relative
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expression. Mimotope and M + MnP expression values were normalized to those of unstimu-
lated, media controls.

Adoptive transfer model of T1D

Spleens from NOD.BDC.2.5.TCR.Tg animals were homogenized and processed as described
above. Whole splenocytes were labeled with Cell Proliferation Violet (BD Biosciences) accord-
ing to manufacturer’s instructions, and 1.0x10” splenocytes were adoptively transferred into
NOD.scid recipients i.v. One cohort of recipients was treated with 10 mg/kg MnP i.p. every
day or s.c. every other day, starting the day prior to transfer. Serum was collected on days -1, 3,
7,11, and 15 post-transfer to measure sSLAG-3 by ELISA as an indication of T cell activation,
as previously described [35]. T1D incidence was monitored by blood glucose post-transfer,
and two consecutive readings of >350 mg/dL was deemed diabetic. At indicated time points,
animals were sacrificed, and peripheral blood and spleens were taken for downstream analysis
by flow cytometry. 1.0x10° splenocytes were stained with surface antibodies for CD4, CD25,
and LAG-3 following F. receptor blockade (all from BD Bioscience). For intracellular pS6
staining of peripheral blood, red blood cells were lysed and then lymphocytes were surface
stained. Following fixation and permeabilization using Cytofix/Cytoperm (BD Bioscience),
cells were then stained using the pS6 Alexa 488 antibody (Cell Signaling). Cells were then ana-
lyzed by flow cytometry using a BD LSRII (BD Bioscience) and Flow]Jo software (v10.1).

Statistical analysis

Data are given as mean values + SEM, with n indicating the number of independent experi-
ments or animals, unless otherwise indicated. Student’s t-test and Two-way ANOVA with
Bonferroni post-hoc analysis were used where appropriate. Kaplan-Meier analysis was used to
measure significance of diabetes incidence. A p-value of p < 0.05 was considered significant
for all statistical analyses.

Results

Treatment of T cells with MnP effectively scavenges NADPH oxidase
and mitochondrial-derived ROS and without toxicity

T cells generate ROS via two sources—a phagocyte-like NADPH oxidase [6, 47] and mitochon-
drial electron leak [8]. As blockade of each of these sources have differential effects on T cell
activation and differentiation, we wanted to further delineate if MnP treatment successfully
scavenges ROS from both sources. To do so, the fluorescent indicators dyhidoethidium (DHE)
and MitoSOX were utilized as both dyes only fluoresce upon modification by superoxide.
DHE measures total superoxide generation, whereas MitoSOX specifically measures that from
the mitochondria. Following pre-treatment with either media alone or media with MnP, sple-
nocytes were stimulated with PMA and ionomycin which are known to induce ROS produc-
tion by T cells [8, 47, 48]. As anticipated, MnP treatment successfully reduced total superoxide
generation as measured by DHE (Fig 1A). Additionally, mitochondrial-derived superoxide
generation was also diminished by MnP treatment (Fig 1B), indicating that MnP is capable of
entering the mitochondria. Together these data reveal that MnP effectively dissipates ROS
from both NADPH oxidase and the mitochondria, resulting in reduced total cellular ROS
production.

Viability of splenocyte cultures was also assessed to confirm that effects on T cell activation
and metabolism were not simply due to MnP toxicity. 7AAD staining results demonstrated no
significant difference in viability of whole splenocytes (Fig 1C) nor CD4" T cells (Fig 1D),

PLOS ONE | https://doi.org/10.1371/journal.pone.0175549  April 20, 2017 6/22


https://doi.org/10.1371/journal.pone.0175549

o @
@ ’ PLOS | ONE ROS required for T cell metabolic reprogramming

A. B
E3 Stim 2500
[ stim + MnP T 2000 B stim
£ z Stim + MnP
= 5 1500: =
w
5 2
£ 1000
< H]
< 500 I
o =
75 90 120 10 30 60 75 90 120
time (minutes) time (minutes)
C. D
Il Media
E3 Mim
[ M+ MnP

% TAAD" of whole culture

% TAAD" of CD4* population

hours post-stimulation hours post-stimulation

Fig 1. MnP treatment effectively scavenges NADPH oxidase and mitochondrial derived superoxide,
while demonstrating no toxicity. NOD splenocytes were pre-treated with or without MnP and then loaded
with either Dihydroethidium (DHE; a) or MitoSOX red (b). Splenocytes were stimulated with PMA and
ionomycin and read for fluorescence by flow cytometry at the indicated time points. Data are displayed as
delta mean fluorescence intensity (A MFI) £ SEM calculated as MFlggimuiated = MFlunstimutated- (€ and d)
BDC2.5.TCR.Tg splenocyte cultures were stained for 7AAD and CD4 to assess viability of cultures due to
MnP treatment. Data are displayed as percent 7AAD™ of whole splenocytes (c) and CD4* T cells (d).
Significance was determined by Two-way ANOVA with Bonferroni post-hoc analysis of a combined n = 3-5
mice (**** = p<0.0001; *** = p<0.001; ** = p<0.01; *p<0.05).

https://doi.org/10.1371/journal.pone.0175549.9001

supporting that the subsequent impact of MnP treatment on T cell metabolic reprogramming
is not simply due to agent-associated toxicity.

Scavenging of ROS during activation halts CD4" T cells at the Gy/Gj
checkpoint and inhibits clonal expansion

Acute doses of ROS are required for cell cycle progression and proliferation of CD4™ T cells
[49, 50]. Therefore, we wanted to examine if scavenging of ROS via MnP treatment inhibited
this process during activation. Here, we utilized the NOD.BDC.2.5.TCR.Tg (BDC.2.5) mouse
model, in which the CD4" T cells of this animal have been shown to demonstrate diabetogenic
potential [51]. CD4" T cells from BDC.2.5 animals stimulated with their specific antigen
mimotope (M), demonstrated high proliferative capacity as demonstrated by CFSE dilution
(Fig 2A). ROS inhibition via MnP treatment during antigen-dependent stimulation resulted in
CD4" T cells undergoing fewer rounds of proliferation at both 48 and 72 hrs post-stimulation
as compared to stimulation alone (Fig 2A). CD4" T cells treated with MnP did show low levels
of proliferation, which was not surprising as MnP does not fully block all ROS production (Fig
1A and 1B).

Since overall proliferation was reduced due to MnP treatment, we wanted to examine if
CD4" T cells were being arrested at a specific cell cycle checkpoint. Consequently, propi-
dium iodide staining was used to examine the distribution of CD4" T cells in the various
phases of the cell cycle-Gy/G;, S, and G,/M. By 48 hours post-stimulation, significantly
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Fig 2. Redox modulation during activation inhibits cell cycle progression of CD4" T cells. NOD.
BDC.2.5.TCR.Tg splenocytes were plated in complete splenocyte media and stimulated with 0.05 uM
mimotope with or without 68 uM MnP (M + MnP) for 48—72 hours. (a) Prior to stimulation cells were loaded
with 1 uM CFSE. Cells were stained with CD4 following harvest and analyzed by flow cytometry for CFSE
dilution, indicating proliferation. Unstimulated cells (grey shaded curve) served as negative controls to set
proliferation gates. CFSE tracings are representative of n = 6 independent experiments. (b) Cells were fixed,
permeabilized, and stained with propidium iodide and CD4-FITC. Cells were analyzed by flow cytometry to
determine cell cycle status. CD4* T cells were gated on and cell cycle phases were set based upon
unstimulated controls (left panel). (c) Percentages of n = 5 experiments were combined and graphed as
mean + SEM (* = p<0.05). (d) 48 hrs. post-stimulation, cells were harvested and analyzed by Western blot for
p27 Kip1 and Cyclin D3 expression. 3 actin expression served as the loading control.

https://doi.org/10.1371/journal.pone.0175549.g002

fewer CD4" T cells had progressed to the later stages of the cell cycle (S phase and G,/M
phase) following MnP treatment, as compared to stimulated controls (Fig 2B and 2C;
p<0.05). These results correlated with increased expression of the cell cycle inhibitor p27
Kipl (Fig 2D), which is responsible for impeding progression from G; to S phase [52]. Addi-
tionally, protein analysis demonstrated reduced expression of Cyclin D3, a promoter of
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S phase transition, due to MnP treatment, again indicating limited cell cycle progression
(Fig 2D). p27 Kip1 is also a potent Cyclin D3 inhibitor [53], and therefore, its maintained
expression results in cell cycle arrest. Together, these results indicate that dissipating ROS
during activation halts CD4" T cells at the G,/S checkpoint in the cell cycle via maintaining
p27 Kipl expression.

Transition to aerobic glycolysis during CD4™ T cell activation is
dependent upon cellular redox status

CD4" T cells undergo massive metabolic reprogramming during the transition from naive to
effector states [15, 54], and in order to support this metabolic reprogramming, CD4" T cells
must upregulate various glycolytic enzymes, transcriptional regulators, and glucose trans-
porters [15]. Impeding this process results in reduced clonal expansion [17], effector func-
tion [55], and overall T cell responses in disease models [11]. Proliferation and metabolism
are two tightly coupled cellular processes, and inhibition of glycolysis has been shown to
result in diminished proliferation [10]. Therefore, we hypothesized that as ROS scavenging
diminished CD4" T cell proliferation (Fig 2), it may be doing so by modulating metabolic
reprogramming.

The transcription factor Myc has been shown to be critical for promoting aerobic glycolysis
in both CD4™ T cells and tumors alike, by initiating expression of various glycolytic enzymes
and glucose transporters [15, 16], along with driving cell cycle progression [16]. Protein and
quantitative RT-PCR analysis of in vitro stimulated BDC2.5.TCR.Tg splenocytes confirmed
increased Myc expression at 24 and 48 hours post-stimulation (Fig 3A and 3C). In contrast,
MnP treatment resulted in contracted Myc upregulation at both time points (Fig 3A and 3C).
These results correlated with reduced mRNA expression of several Myc-dependent genes nec-
essary for aerobic glycolysis including glutl, hexokinase 2 (HK2), lactate dehydrogenase A
(LDHA), and pyruvate kinase M2 (PKM2) (Fig 3B and 3C; p<0.05).

Following gene expression analysis, we sought to investigate protein expression of two
key Myc-dependent targets—Glutl, the glucose transporter expressed by activated T cells
that has the greatest impact on differentiation [56-58]; and, PFKFB3, a rate limiting enzyme
that aids in committing glucose to being metabolized via glycolysis [59]. Also, modulation
of activity and expression of PFKFB3 in autoreactive T cells has been shown to ameliorate
disease, suggesting PFKFB3 as a potential therapeutic target for autoimmunity [59, 60]. As
anticipated, protein expression of Glutl was reduced in MnP-treated splenocytes, further
corroborating qQRT-PCR results (Fig 3C). However, while QRT-PCR results did not show dif-
ferences in mRNA expression of the enzyme PFKFB3 (Fig 3D), protein analysis did show
reduced upregulation due to MnP scavenging ROS (Fig 3D). These results underscore the
importance ROS play in enabling the transcriptional alterations necessary for aerobic
glycolysis.

As glucose is the primary substrate for aerobic glycolysis, and our data indicated that MnP
treatment inhibited Glutl expression, we wanted to measure the effect of MnP treatment on
glucose uptake. To do so, splenocyte cultures were incubated with the fluorescent glucose ana-
log 2-NBDG, and uptake was measured by flow cytometry. As with diminished Glutl expres-
sion, MnP treatment resulted in reduced glucose uptake by CD4" T cells (Fig 3E). These
results correlated with reduced lactate production, the byproduct of aerobic glycolysis, as mea-
sured in culture supernatants, further indicating a significant reduction in the utilization of
aerobic glycolysis due to redox modulation (Fig 3F; p<0.01). Overall, these data ascertain that
alterations in CD4" T cell redox status limits upregulation and utilization of the glycolytic
pathway necessary for driving effector differentiation and clonal expansion.
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Fig 3. Transition to aerobic glycolysis during CD4"* T cell activation is dependent upon cellular redox
status. (a) Protein lysates were probed for Myc expression. 3 actin expression served as the loading control.
(b) Glycolytic pathway with assayed Myc-dependent genes indicated in red. (c) 24 hours post-stimulation,
mRNA expression of various glycolysis-associated genes was assessed by gRT-PCR. Relative values were
normalized to unstimulated, naive controls (Media). Data displayed are means of n = 5 independent
experiments + SEM. (d) Western blot analysis of specific Myc targets, PFKFB3 and Glut1. (e) 48 hours post-
stimulation, cells were treated with 100 uM 2-NBDG and stained for CD4 following incubation. Glucose uptake
was measured as 2-NBDG fluorescence of the CD4* population. Histograms are representative of n =8
experiments. (f) Lactate was measured in culture supernatants using the Accutrend Plus meter (Roche). Data
are graphed as means of n = 5 experiments + SEM. Statistical significance between mimotope and M + MnP
groups was calculated using a Student’s t test (* = p<0.05, ** = p<0.01).

https://doi.org/10.1371/journal.pone.0175549.g003

mTOR signaling is reduced upon treatment with MnP

The mammalian target of rapamycin (mTOR) pathway has been shown to be pivotal in driving
metabolic changes during T cell activation and regulating CD4" T cell lineage commitment
[61, 62]. Studies examining the effects of rapamycin on T cell metabolism have indicated that
inhibition of mTOR activation and signaling during T cell activation resulted in diminished
proliferation, effector function, and glycolytic capacity [19]. Given the fact that MnP treatment
inhibited cell cycle progression (Fig 2) and aerobic glycolysis (Fig 3), and that the mTOR path-
way is critical in mediating both of these processes, we sought to measure mTOR activation
and its downstream signaling.

Protein analysis of in vitro stimulations indicated that MnP treatment during mimotope
stimulation resulted in reduced total mTOR expression and also activation, as measured by
phosphorylation at Ser2448 at 48 and 72 hours post-stimulation (Fig 4A). We also examined
phosphorylation of mTOR’s downstream target 4E-BP1, a translational repressor that is inhib-
ited upon hyperphosphorylation [18]. Reduced phosphorylation of 4E-BP1 (Thr70) was exhib-
ited in MnP treated CD4" T cells, as compared to stimulated controls (Fig 4A), indicating
reduced mTOR signaling.
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https://doi.org/10.1371/journal.pone.0175549.g004
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In addition to driving activation, mTOR signaling is also necessary for mediating the
growth phase of mammalian cells in preparation for expansion [63] and driving effector dif-
ferentiation in T cells [18]. As anticipated, with reduced mTOR signaling, MnP-treated
CD4" T cells demonstrated reduced growth at 48 hours as measured by forward scatter (Fig
4B), and reduced IFNYy secretion (Fig 4C; p<0.05). Additionally, we assessed IFNy mRNA
expression by splenocytes 24 hours following stimulation. qRT-PCR results indicated that
MnP treatment during stimulation hindered upregulation of IFNy mRNA as compared to
mimotope stimulation alone (Fig 4D; p<0.05), suggesting that the reduced secreted levels
due to ROS scavenging was not simply due to reduced proliferation and the presence of
fewer T cells. Overall, these results indicate that ROS signaling is required for amplifying
mTOR signaling upon activation, which then enables optimal T cell proliferation (Figs 2 and
4) and glycolysis (Figs 3 and 4).

We also examined Interleukin-2 (IL-2) levels in our in vitro cultures, as IL-2 is essential for
aiding T cell clonal expansion. Interestingly, we saw no defect in IL-2 production due to MnP
treatment as compared to stimulation alone at all time points examined (Fig 4E). Additionally,
there was no difference in expression of the high-affinity IL-2 receptor subunit, CD25 (Fig 4F).
These results suggest that while redox modulation has no effect on the production of IL-2 or
receptor expression, it does alter downstream signaling as mTOR signaling is, in part, IL-2
driven.

Inhibition of T cell generated ROS reduces proliferation, growth and
glucose uptake

Third signal ROS are necessary for driving T cell activation, and our data here indicate they
are also critical for facilitating metabolic reprogramming (Figs 3 and 4). Previous work has
revealed that both APCs and T cells express functional NOX enzymes that are activated during
MHC-TCR engagement, resulting in ROS production from both the APC and T cell [47, 48,
64]. Therefore, we sought to further delineate if T cell-derived ROS were alone sufficient for
mediating the transition to aerobic glycolysis during activation, and if MnP treatment would
inhibit this process.

To do so, CD4" T cells were isolated from whole splenocytes and stimulated in vitro with
plate-bound olCD3/aCD28, with or without MnP. Flow cytometric analysis of stimulated T
cells indicated that ROS inhibition by MnP resulted in reduced proliferation at both 48 and
72 hours post-stimulation as compared to activated T cells not treated with MnP (Fig 5A).
ROS scavenging also resulted in reduced cell growth during activation as measured by for-
ward scatter (Fig 5B) and glucose uptake at 72 hours post-stimulation (Fig 5C and 5D;
p<0.01). These results are in accordance with data presented in Figs 2 and 4, and further elu-
cidate that the role of ROS in T cell transition to aerobic glycolysis is not specific to APC-
derived ROS.

MnP treatment enhances activation of AMPK, a known mTOR inhibitor

AMPXK, or adenosine monophosphate activated protein kinase, is a nutrient sensor shown to
be responsible for driving oxidative metabolism due to ATP depletion, and it becomes active
following phosphorylation of its catalytic o subunit [21, 65, 66]. The antioxidant resveratrol
has been shown to activate AMPK [20], and AMPK is an established negative regulator of the
Warburg effect (aerobic glycolysis) [22] and mTOR signaling [23, 65]. Since our data indicated
that MnP treatment inhibits mTOR-driven aerobic glycolysis in CD4" T cells, and MnP is a
potent antioxidant [32, 33], we hypothesized that MnP treatment would result in AMPK acti-
vation, thereby inhibiting mTOR signaling and aerobic glycolysis.
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https://doi.org/10.1371/journal.pone.0175549.9005

AMPK is highly activated in naive T cells, and protein analysis demonstrated that the levels
of AMPK phosphorylation (Thr172) due to MnP treatment were comparable to those of
media-treated, naive cells, as indicated by a relative expression value of 1 (Fig 6). Mimotope
stimulation alone resulted in reduced AMPK phosphorylation at 48 hours as compared to
both media and MnP-treated splenocytes (Fig 6). These results reveal that MnP treatment may
not enhance AMPK activation, but rather maintain active levels even in the presence of anti-
genic stimulation, thus impeding mTOR signaling and aerobic glycolysis (Fig 7).

PLOS ONE | https://doi.org/10.1371/journal.pone.0175549  April 20, 2017 13/22


https://doi.org/10.1371/journal.pone.0175549.g005
https://doi.org/10.1371/journal.pone.0175549

@' PLOS | ONE

ROS required for T cell metabolic reprogramming

Media Mimotope M + MnP

24 48 24 48 24 48 hours

pAMPK-10.

(Thr172) — -.- - P 62 KDa

AVPK | s s |9 s | e s | 621D

ACn | o oo ] — o— 42 kD2

Fig 6. Alteration in redox status of CD4* T cells maintains AMPK activation. (a) Protein lysates were
probed with antibodies for phosphorylated AMPK-1a (Thr172; activated), total AMPK, and {8 actin (loading
control). Data are a representative of n = 5 independent experiments.

https://doi.org/10.1371/journal.pone.0175549.9006

MHC Il/peptide

TCR
CD4+* T cell

/ k/ p27 Kip1
@ @ | |
Aerobic glycolysis > OXPHOS Aerobic glycolysis < OXPHOS
Clonal expansion, IFNy production Cell cycle arrest, reduced IFNy
Progression to Type 1 Diabetes Reduced Type 1 Diabetes onset

Fig 7. Mechanism for the effect of ROS inhibition on CD4"* T cells during activation-induced metabolic
reprogramming. Upon T cell receptor—-MHC interaction, ROS are generated by a functional NOX expressed
by T cells. These ROS serve as signaling molecules to help propagate mTOR signaling resulting in Myc
upregulation and progression to aerobic glycolysis. Treatment with the ROS-scavenging and potent
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Inhibition of aerobic glycolysis due to redox modulation limits the
diabetogenic potential of autoreactive CD4* T cells

In order to test if inhibiting progression to aerobic glycolysis in CD4" T cells delayed diabetes
incidence, an adoptive transfer model was used (Fig 8A). Here, BDC.2.5.TCR.Tg splenocytes
were isolated and transferred i.v. into non-diabetic NOD.scid recipients. A cohort of the recipi-
ent animals was treated with 10 mg/kg MnP starting the day prior to adoptive transfer as
described in the methods. 80% of untreated controls exhibited fulminant diabetes by 12 days
post-transfer (Fig 8B); however, MnP treatment inhibited diabetes progression, with only 20%
of treated animals becoming diabetic throughout the duration of the experiment (Fig 8B;

p =0.0233).

We and others have reported that increased serum levels of the inhibitory receptor Lym-
phocyte Activation Gene-3 (LAG-3) due to its redox-dependent cleavage from the surface of
T cells, serves as a viable marker of T cell activation [67, 68] and conceivable predictor of
T1D [35]. Therefore, we measured soluble LAG-3 (sLAG-3) in the serum of recipient ani-
mals at various time points post-transfer, as a means of measuring T cell activation. At day
7 post-transfer, while all animals were euglycemic, control animals presented with elevated
serum levels of sSLAG-3 as compared to those treated with MnP (Fig 8C). Those controls
went on to become diabetic by day 11 post-transfer, while animals treated with MnP did not
(p<0.01). Together, these data demonstrate that SLAG-3 serum levels, as a measure of T cell
activation, predicts diabetes onset, and MnP treatment controls this redox-dependent
process.

Splenocytes from recipient animals were analyzed by flow cytometry to assess T cell activa-
tion in vivo. Two markers of activation were measured: CD25, the IL-2 high affinity receptor,
and LAG-3 (Fig 8D), as both markers are more highly expressed on the surface of activated
CDA4" T cells than on naive T cells [69, 70]. CD4" T cells from diabetic controls displayed
increased frequency of CD25"LAG-3" double positive T cells, indicative of an activated
phenotype, in comparison to CD4" T cells from MnP treated non-diabetic animals (Fig 8D;

p =0.0761).

As in vitro results indicated reduced mTOR signaling (Fig 5), we also wanted to confirm
these results in vivo. Peripheral blood samples were taken at day 4 post-adoptive transfer and
levels of phosphorylated S6 ribosomal protein (S6), an mTOR target, were measured by flow
cytometry. Results indicated two populations of CD4" T cells with respect to pS6 expression,
CD4"pS6™ T cells and CD4"pS6'° T cells (Fig 7E). CD4" T cells from MnP treated animals
exhibited a lower frequency of pS6™ cells (Fig 8E and 8F), as compared to T cells from control
animals, indicating reduced T cell activation due to MnP treatment. Moreover, pS6 expression
(as measured by mean fluorescence intensity) was increased in CD4"pS6™ T cells from control
animals compared to the MnP-treated cohort (Fig 8G). These results suggest that those T cells
that do receive some activation signal despite the presence of MnP, are still unable to induce
mTOR signaling to the extent of stimulated controls. Lastly, studies from Pollizzi et al. demon-
strated that T cells with high levels of mTOR signaling during activation, were larger than
those with lower mTOR activation [71]. In accordance with these and other studies,
CD4*pS6™ T cells were larger than the CD4"pS6' T cells, regardless of treatment (Fig 8H).
Yet, as with higher mTOR signaling induction in control T cells (Fig 8G), pS6™ T cells from
these animals were also larger than those treated with MnP (Fig 8H), supporting their finding
that T cell size is directly related to mTOR activity and activation [72]. These results demon-
strate that MnP treatment in vivo alters mTOR signaling during T cell activation, resulting in
reduced CD4" T cell diabetogenicity.
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Fig 8. Reducing glycolytic capacity by redox modulation inhibits diabetogenic potential of CD4* T cells. (a) Schematic
of adoptive transfer model of T1D. (b) Survival curve of diabetes free animals following adoptive transfer. Animals were
deemed diabetic following 2 consecutive blood glucose readings of >350 mg/dL. Statistical significance of disease progression
was calculated using a Kaplan-Meier test (* = p<0.05). (c) T cell activation and prediction of diabetes was measured by serum
levels of sSLAG-3 by ELISA. Statistical significance was calculated using a Two-way ANOVA with Bonferroni post-hoc analysis.
(** = p<0.01). (d) Normalized percent of LAG-3*CD25"CD4* T cells from spleens of control diabetic and MnP-treated non-
diabetic animals (n = 6-8 animals per group; p = 0.0761). (e) Mean fluorescence intensity of pS6 in peripheral blood CD4* T
cells from animals at day 4 post-transfer. (f) Representative histograms of S6 phosphorylation from peripheral blood CD4* T
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cells at day 4 post-transfer from control and MnP treated animals. (g-h) Quantification of frequency of pS6M and pS6'° CD4* T
cells. (i) Forward scatter analysis of pS6'° and pS6™ CD4* T cells.

https://doi.org/10.1371/journal.pone.0175549.9008

Discussion

Work from our laboratory and others has demonstrated that acute doses of ROS are required
for mediating T cell activation, and that ROS inhibition results in dampened T cell responses
[6-8, 35, 37]. Treatment with a manganese metalloporphyrn (MnP) successfully scavenges a
significant amount of the ROS produced, with no toxicity to the T cells themselves (Fig 1). Cell
cycle entry and proliferation have been shown to be highly dependent upon ROS signaling, as
many cyclin-dependent kinases that mediate cell cycle progression, and cell cycle inhibitors
are known to be redox sensitive [49]. Indeed, our results indicated that dissipating ROS by
MnP resulted in reduced cell cycle entry via maintenance of the cell cycle inhibitor p27 Kipl
(Fig 2). Interestingly, T cell proliferation and effector function were not completed ablated
upon MnP treatment, potentially since MnP treatment did not completely dissipate all super-
oxide generated upon T cell activation (Fig 1A and 1B). Additionally, completely depleting the
cell of all ROS would result in toxicity. These results highlight that fine-tuning of ROS signal-
ing has dramatic effects on T cell outcome.

In order to transition to an effector after activation, naive CD4" T cells must undergo mas-
sive reprogramming at the metabolic level, transitioning from oxidative phosphorylation to
aerobic glycolysis [10-12]. Aerobic glycolysis, or the Warburg effect, is required for supporting
optimal T cell clonal expansion and macromolecule synthesis, yet how ROS affect metabolic
reprogramming during T cell activation remains poorly understood. Here, our data indicate
that ROS are necessary for driving optimal mTOR signaling (Fig 5A) and upregulation of the
transcription factor Myc (Fig 3A), two key players that have roles in coordinating both aerobic
glycolysis and cell cycle entry [16, 18, 73]. It has been reported that T cell effector function is
tightly regulated by both aerobic glycolysis and cell cycle. In fact, proliferation and IFNy pro-
duction have a direct relationship-as rounds of proliferation increase so does IFNy production
[74] Our results reiterate these findings in that redox modulation inhibits aerobic glycolysis
(Fig 3) and proliferation (Fig 2), concomitant with IFNy secretion (Fig 5C). Also, these find-
ings suggest that redox reactions in fact supersede these pathways.

A well described characteristic of T cells is that they divide asymmetrically, generating two
distinctly different daughter cells. These daughter cells exhibit differential mTOR activation,
cellular metabolism, and eventual differentiation [71, 75, 76]. Specifically, the larger, nTOR™,
glycolytic daughters demonstrate a more T effector phenotype, whereas the smaller, mTOR',
oxidative daughters are more memory-like [71, 72, 75]. Interestingly, redox modulation
skewed T cells towards a higher percentage of mTOR' T cells as compared to untreated con-
trols (Fig 8E-8H), which may suggest a role for redox in asymmetric division. It is also plausi-
ble that scavenging of ROS is simply inhibiting activation and the pS6'® T cells are those that
remain naive. Also in this report, Pollizzi et al. indicated that there was no difference in CD25
surface expression between mTORM and mTOR™ T cells [72]. Even with CD25 expression and
the presence of IL-2, mTOR™ T cells failed to proliferate as robustly [63], which is in accor-
dance with the in vitro results demonstrated (Fig 5D and 5E), suggesting some additional regu-
latory mechanism(s) at play. It seems plausible that ROS could be a contributing factor in
mediating T cell asymmetry; however, further studies would be necessary.

As mentioned, one of the downstream targets of mTOR is 4E-BP1, a translational repressor
[63]. For translation to ensue, hyperphosphorylation of 4E-BP1 by mTOR is critical for inhibi-
tion of the repressor. Since our data indicate a decrease in phosphorylation or inhibition of
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4E-BP1, it is likely that maintenance of the repressor contributed to the reduced protein
expression of Glutl and PFKFB3 (Fig 3E). This, coupled with reduced Myc expression, may
synergistically impede metabolic reprogramming. With regards to cell cycle progression, inhi-
bition of 4E-BP1 by mTOR is required for promoting expression of Cyclin D3 [19]. Addition-
ally, mTOR signaling has been shown to lead to increased p27 Kip1 degradation as a means of
supporting cell cycle progression [19]. Therefore, MnP-mediated decreased 4E-BP1 hyperpho-
sphorylation likely contributed to decreased Cyclin D3 expression and decreased p27 Kipl
degradation (Fig 2D), promoting cell cycle arrest.

CDA4" T cells are a primary mediator of immunopathology in T1D; therefore, we wanted to
determine if inhibiting metabolic reprogramming by MnP treatment reduced their diabeto-
genic potential. As anticipated, modulating the CD4" T cell glycolytic rate via MnP delayed
T1D onset in an adoptive transfer model (Fig 8B). T1D is known to be highly driven by free
radicals. Not only does oxidative stress result in islet beta cell death, but it also serves to activate
and mobilize inflammatory macrophages and T cells, driving even more immunopathology.
Therefore, further outlining the mechanisms in which these molecules influence immune cells
is vital. More recent studies in other autoimmune diseases like systemic lupus and rheumatoid
arthritis have helped to delineate potential for metabolic-based therapies in ameliorating dis-
ease [25, 26, 60], further supporting the need to more fully understand mechanisms governing
immune cell metabolism. It is worth noting that in rheumatoid arthritis, pathogenic T cells
were shown to produce increased levels of ROS that resulted in glycolysis inhibition and
increased apoptosis [77]. Consequently, ROS may play different roles depending on the disease
context, making it even more imperative to further understand their influence.

In summary, we have demonstrated that ROS inhibition by a manganese metalloporphyrin
during diabetogenic CD4" T cell activation is capable of impeding the metabolic transition
from oxidative phosphorylation to aerobic glycolysis necessary for optimal T cell responses.
We propose a model in which ROS and cellular redox balance is critical for amplification of
the mTOR/Myc pathway, and thus aerobic glycolysis (Fig 7). These findings present potential
implications in tempering T cell responses in autoimmunity, and also controlling tumor
metabolism and cell growth in cancer.
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