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Patients with primary progressive (PP) and secondary progressive (SP) forms of multiple
sclerosis (MS) exhibit a sustained increase in the number of Th1, T cytotoxic type-1 and
Th17 cells in peripheral blood, suggesting that the progressive phase is characterized
by a permanent peripheral immune activation. As T cell functionality and activation are
strictly connected to their metabolic profile, we investigated the mitochondrial functional-
ity and metabolic changes of T cell subpopulations in a cohort of progressive MS patients.
T cells from progressive patients were characterized by low proliferation and increase of
terminally differentiated/exhausted cells. T cells from PP patients showed lower Oxy-
gen Consumption Rate and Extracellular Acidification Rate, lower mitochondrial mass,
membrane potential and respiration than those of SP patients, a downregulation of tran-
scription factors supporting respiration and higher tendency to shift towards glycolysis
upon stimulation. Furthermore, PP effector memory T cells were characterized by higher
Glucose transporter -1 levels and a higher expression of glycolytic-supporting genes if
compared to SP patients. Overall, our data suggest that profound differences exist in the
phenotypic and metabolic features of T cells from PP and SP patients, even though the
two clinical phenotypes are considered part of the same disease spectrum.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory and neurodegen-
erative disease of the central nervous system (CNS). The patho-
genesis of MS is still unknown, but it is generally accepted that
the alteration of autoimmune homeostasis plays a major role. The
relationship between inflammation and neurodegeneration, and
their contribution to the different phases of the disease remains to
be fully elucidated [1].

Although CNS inflammation seems to be a key determinant for
disease progression and axonal damage in progressive MS, sev-
eral studies have reported an increased activation of immune cells
in peripheral blood from progressive MS patients that could con-
tribute to CNS damage during the progressive phase of the disease
and reflect the inflammatory response accumulated in the CNS [2].
Indeed, primary progressive (PP) patients and (SP) secondary pro-
gressive patients were shown to exhibit a sustained increase in the
number of Th1l and T cytotoxic type 1 cells in peripheral blood,
suggesting that the progressive phase of the disease is character-
ized by a permanent peripheral type 1 immune activation [3].
Differences in naive CD4+ T cell biology identify patients with
MS having different rates of development of secondary progres-
sion [4]; higher percentages of circulating CD4+ and CD8+ T-bet
T cells were found in SP and PP patients, and these values were
correlated with the severity of the disease [3]. Moreover, studies
have shown that SP patients display low IFN-y, IL-17 and IL-10
production, while Th17 activation dominates the immunologic
milieu of PP patients [5-7]. Overall, there is still no consensus on
the prevalence of Th1 and Th17 cells in progressive MS.

Along with their distinct functions, specific T cell lineages also
possess unique metabolic profiles that are essential for their func-
tion and maintenance and may offer a new direction for a modu-
lation of the immune response [8-10]. Cell activation is accompa-
nied by a switch from a metabolism mainly based upon mitochon-
drial respiration to a metabolism where the glycolytic flux is preva-
lent [11]. The regulation of these changes in T cell metabolism is
very complex, and far from being clarified [12].

Despite the crucial role of these metabolic changes for the
decision of T cell fate after antigen stimulation, there are few data
concerning the metabolic profiles of different subsets of T cells
from patients with MS. Studies concerning this topic have been
carried out mainly on the regulatory T cell (Treg) proliferative
potential [13, 14]. Since the factors that determine the fate of
Treg activation and metabolic reprogramming are also crucial for
the activation of effector and memory cells, it is likely that the
impairment observed in Treg cells could be also present in other
T cell subsets [15]. In particular, it is not known whether lym-
phocytes from patients with different forms of MS have different
capability to activate pathways that ultimately lead to a switch
from respiratory to glycolytic pathways.

For these reasons, we investigated the metabolic changes and
mt functionality of T cell subpopulations in a group of untreated
progressive MS patients, and sought for differences between the
PP and SP disease form. Moreover, we assessed whether there
could be differences in the response to the same activating stim-
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ulus, whether in progressive patients lymphocytes undergo a dif-
ferentiation in effector cells instead of memory cells, and which
metabolic pathways could lead to this phenomenon.

Results

Differences in T cell differentiation and proliferative
capability in PP and SP patients

We first investigated the T cell phenotype of patients and controls
by using flow cytometry (gating strategy is shown in Supporting
Information Fig. 1A). Among the CD4+ T cell compartment, the
percentage of Tcy from SP patients is higher than those from
CTR (mean + SEM, 29.04 + 2.34 vs 19.88 £ 2.11, p = 0.006)
and PP patients displayed higher levels of Tgy than SP patients
(15.43 +£2.17 vs 10.89 £+ 0.87, p = 0.031) (Fig. 1A). PP patients
displayed a lower percentage of CD8+ Ty cells compared to SP
patients (25.10 + 3.98 vs 40.59 + 3.65, p = 0.007) and CTR
(25.10 + 3.98 vs 38.89 + 3.92, p = 0.021), and higher levels of
CD8+ Tgmra cells if compared to SP patients (54.85 + 4.95 vs
35.61 + 3.88, p = 0.037; Fig. 1B). SP, but not PP patients dis-
played a higher percentage of CD8+ Ty cells compared to CTR
(9.31 £ 1.54 vs 4.61 £+ 1.10, p = 0.022; Fig. 1B). The expres-
sion of PD-1, TIGIT and TIM3, three exhaustion markers, was
also analyzed in CD4+ and CD8+ T cells (Supporting Information
Fig. 1B), but no differences were found in neither in CD4+ nor
in CD8+ T cells (Supporting Information Fig. 1C). Similar levels
of activation, evaluated by the expression of HLA-DR and CD38,
were found among CD4+ and CD8+ T cells of different groups of
progressive patients and CTR (Supporting Information Fig. 1D).

In order to understand if the differences in the immunophe-
notype between patients and controls were due to a different T
cell proliferative capability, we analyzed this function among T
subpopulations. Thus, we stimulated T cells with aCD3/aCD28,
to mimic T cell activation; as a control, we cultured cells in the
presence of IL-7, a homeostatic cytokine that helps T cells in
preventing atrophy and apoptosis, and in maintaining resting T
cell metabolism [8, 16-18]. CFSE dilution revealed that the total
amount of CD4+ and CD8+ T cells were characterized by the
same proliferation capability and the same CD69 expression after
in vitro stimulation (Supporting Information Fig. 1E). Regarding
the CD4+ T cell compartment, only Tgy cells from PP patients had
a percentage of dividing cells lower than CTR (30.70 + 5.71 vs
56.60 + 5.73, p = 0.009; Fig. 2A). The other T cell subsets from
PP patients displayed the same trend, even if the difference was
not statistically significant, likely due to high interindividual vari-
ability (Fig. 2A).

Concerning the CD8+ compartment, a similar trend was
observed; in the case of Ty cells, lymphocytes from PP patients
showed a significant lower proliferation if compared to those
from CTR (34.71 + 4.45 vs 63.90 + 5.37, p = 0.001) and SP
(34.71 £ 4.45 vs 57.30 + 4.37, p = 0.047; Fig. 2B).

Moreover, cytokine production was measured after in
vitro stimulation; the gating strategy is shown in Supporting
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Information Fig. 1F. Similar levels of cytokine producing cells were
found among CD4+ T cells, while PP patients, but not SP patients,
displayed higher levels of CD8+ T cells producing IFN-y and IL-17
if compared to CTR (Fig. 3A and B).

Distinct metabolic profiles of T cells from PP and SP
patients

As failure to engage the specific metabolic programs impairs the
function and differentiation of T cells, we wondered if phenotypic
differences of T cells could be explained by differences in their
metabolic features. We focused our attention on the CD4+ T cell
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subset, which is the principal subset triggering inflammation in
MS. We sorted CD4+ Ty and Tgy by using the strategy reported
in Supporting Information Fig. 1G, and therefore determined
their metabolic activity in resting condition and after in vitro
stimulation.

In absence of in vitro activation, and in agreement with their
quiescent nature, Ty and Tgy cells subsets from patients and
CTR displayed a low level of metabolic activity. Basal OCR, an
indicator of oxidative phosphorylation (OXPHOS), was higher in
unstimulated Ty from SP patients if compared to PP patients. After
stimulation, basal respiration increased in Ty cells from CTR,
SP and PP. Maximal respiration rate and ATP-linked respiration
were higher in Ty cells from SP patients than in those from PP
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patients. A similar trend could be observed in CD4+ Tgy cells,
although the differences did not reach significance because of the
inter-individual variability (Fig. 4A, B and C). We also estimated
ECAR, an indicator of glycolysis on the same cells. Even if we are
well aware that the best way for evaluating glycolysis is perform-
ing ECAR before and after glucose addition to the medium, we
estimated it indirectly by using Mitostress data because of the few
numbers of sorted cells available. Basal and maximal ECAR was
lower in CD4+ Ty than Tgy in CTR and MS patients; moreover,
basal ECAR of PP patients was lower than those of SP. This
difference was still maintained after in vitro stimulation (Fig. 5A
and B). To this regard, we found that both Ty and T gy cells from
PP patients had a lower basal and maximal metabolism (OCR
and ECAR; Fig. 6A and B, left panels), but a higher capability to
upregulate their metabolic activity and, in particular, to increase
ECAR, after in vitro stimulation if compared to SP patients. The
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Figure 2. Proliferation of T cells from
progressive MS patients and healthy
subjects. A) Representative dot plot of
proliferation tests (evaluated by CFSE
dilution) of different subpopulations
of CD4+ T cells coming from SP, PP
and CTR (upper panel) after 6 days
of stimulation with anti-CD3/CD28.
Histograms show the percentage of
proliferating cells and proliferation
index of CTR, SP and PP patients.
Mann-Whitney and Wilcoxon t-test
*p > 0.05, *p < 0.01. Three exper-
iments with 1-4 donors per group;
N = 12 for CTR, 3 for SP, 6 for PP.
Data are represented as mean + SEM.
(B) Representative dot plot of prolif-
eration tests (evaluated by CFSE dilu-
tion) of different subpopulations of
CD8+ T cells coming from SP, PP
and CTR (upper panel) after 6 days
of stimulation with anti-CD3/CD28.
Histograms show the percentage of
] proliferating cells and proliferation

EMRA CD4 (all)
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L

index of CTR, SP and PP patients.
Mann-Whitney and Wilcoxon t-test
*p > 0.05, ™p < 0.01. Three exper-
iments with 1-4 donors per group;
N = 12 for CTR, 3 for SP, 6 for PP. Data
are represented as mean + SEM.
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OCR/ECAR ratio is similar in all conditions in patients and controls
in Ty cells, in agreement with their quiescent status (not shown).
Conversely, in Tgy cells we observed a clear reduction of the
OCR/ECAR ratio in stimulated cells from PP patients, indicating
that their Tgy cells have a higher tendency to shift from respiration
to glycolysis, when required (Fig. 6A and B, right panels).

Mitochondria are smaller and disarranged in T cells
from PP patients

As OXPHOS takes place in mitochondria, which play a crucial role
in determining the differentiation of T cells into memory or effec-
tor cells, we characterized the mt morphology and functionality
of T cells from patients and controls. Mitochondrial membrane
potential (MMP) was evaluated in CD4+ and CD8+ Ty, Tcu,
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Tem, Temra before and after in vitro stimulation (data regard-
ing CD8+ T cells are reported in Supporting Information Fig. 2A).
MMP decreased in all CD4+ T cells subpopulations after in vitro
stimulation, but the decrease was more evident in Tcy from SP
(p = 0.039) and PP patients (p = 0.022) than from controls. Con-
cerning Ty cells, PP patients displayed a more marked decrease in
MMP compared to those from SP patients (p = 0.019) and CTR
(p = 0.003). No differences were found in all other T cell subsets
(Fig. 7A).

Mitochondrial superoxide represents a crucial second messen-
ger for TCR signaling [19]. For this reason, we analyzed its levels
in different subpopulations of T cells before and after 30’ of in vitro
stimulation, by using MitoSox Red (Supporting Information Fig.
2B). The overall level of ROS production remained low even after
brief in vitro stimulation. Moreover, no differences were found
among different groups of patients and CTR, ruling out the possi-
bility that mtROS could play a role in determining the differences
observed in T cell activation and differentiation.

Moreover, we analyzed mt mass in CD4+ Ty, Tcm, Tem, TEMrA
before and after in vitro stimulation (Fig. 7B). CD4+ Ty cells
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were characterized by a lower mt mass than CD4+ Tgy cells
from CTR (p = 0.014), SP (p = 0.026) and PP (p = 0.061)
patients. After in vitro stimulation, we observed small, but signif-
icant, changes in the mt mass, with CD4+ T cell subpopulations
being most affected. Primary and secondary progressive patients
displayed a distinct profile: PP patients’ mt mass was lower than
that found in SP patients in Ty (p = 0.030), Tcy (p = 0.015),
Tem (p = 0.035) and Teyra (p = 0.049). Finally, PP but not SP
patients displayed a tendency -though not significant- to a lower
mt mass than that found in TEM from CTR (p = 0.079). West-
ern blotting analysis of TOM20, a mt import receptor subunit
used as indicator of mt mass, in sorted CD4+ Ty confirmed flow
cytometric data (Fig. 7C), while we obtained contrasting data
regarding Tgy subset (Fig. 7D). Concerning CD8+ T cells, mt
mass in Ty cells was lower than in T¢y from CTR (p = 0.022), SP
(p = 0.005) and PP patients (p = 0.001; Supporting Information
Fig. $2C).

Subsequently, we wondered if differences in MMP were mir-
rored by a different ultrastructural organization of the organelles.
Thus, we looked at mitochondria in sorted CD4+ Ty and Tgy cells
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Figure 4. Oxygen consumption rate of T cells from progressive patients. (A) Kinetic profile of OCR in CD4+ Ty cells stimulated with IL-7 or
anti-CD3/CD28 for 16 h. OCR was measured in real time, under basal condition and in response to indicated mitochondria inhibitors: oligomycin,
FCCP, Antimycin A and Rotenone. After obtaining basal respiration, the cells were subjected to 2 uM oligomycin, which inhibits ATP synthase
and limits mitochondrial OCR. Subsequently, FCCP (cyanide-4-(trifluoromethoxy)phenylhydrazone) was added (1.5 pM), which uncouples mito-
chondrial respiration and maximizes OCR, finally Antimycin and Rotenone A, which inhibit mitochondrial respiratory chain, were injected
(1 uM). Ten experiments with 1-2 donors per group, each analysed in triplicate; N = 12 for CTR, 10 for SP, 10 for PP. Data are represented as
median + SEM. (B) Kinetic profile of OCR in CD4+ Tgy cells stimulated with IL-7 or anti-CD3/CD28 for 16 h. OCR was measured in real time,
under basal condition and in response to indicated mitochondria inhibitors: oligomycin, FCCP, Antimycin A and Rotenone. After obtaining basal
respiration, the cells were subjected to 2uM oligomycin, which inhibits ATP synthase and limits mitochondrial OCR. Subsequently, FCCP (cyanide-
4-(trifluoromethoxy)phenylhydrazone) was added (1.5 uM), which uncouples mitochondrial respiration and maximizes OCR, finally Antimycin and
Rotenone A, which inhibit mitochondrial respiratory chain, were injected (1 pM). Indices of mitochondrial respiratory function, calculated from
cells OCR profile: basal OCR, Maximal OCR, ATP-linked OCR, spare respiratory capacity. Mann-Whitney and Wilcoxon t-test *p > 0.05, **p < 0.01.
Ten experiments with 1-2 donors per group, each analysed in triplicate; N = 12 for CTR, 10 for SP, 10 for PP. Data are represented as mean + SEM.
NS = not stimulated (IL-7); S = anti-CD3/CD28 stimulated. (C) Indices of mitochondrial respiratory function calculated from cells OCR profile in
CD4+ Ty cells stimulated with IL-7 or anti-CD3/CD28 for 16 h. OCR was measured in real time, under basal condition and in response to indicated
mitochondria inhibitors: oligomycin, FCCP, Antimycin A and Rotenone. Basal OCR, Maximal OCR, ATP-linked OCR, spare respiratory capacity.
*p < 0.05, *p < 0.01. Mann-Whitney and Wilcoxon t-test *p > 0.05, *p < 0.01. Ten experiments with 1-2 donors per group, each analysed in
triplicate; N = 12 for CTR, 10 for SP, 10 for PP. Data are represented as mean+SEM.

from CTR, SP and PP patients by electron microscopy. Represen-
tative electron micrographs of mitochondria from unstimulated
and stimulated Ty and Tgy cells are reported in Fig. 8A. Quan-
titative analysis showed that, after stimulation, mitochondria of
CD4+ Ty cells from PP patients had lower values of aspect ratio
and form factor if compared to SP and controls, corresponding
to objects that are, on average, shorter, more circular, and less
branched (Fig. 8B, left panels). Analysis of mitochondrial area —
a parameter associated with mt dimensions - and perimeter con-
firmed that mitochondria from PP patients were smaller and more
rounded (Fig. 8B, right panels). When we looked at mitochondria
from CD4+ TEM cells, we observed a similar behavior, and uanti-
tative analysis indicates that mitochondria from TEM cells from PP
patients were smaller, shorter and more circular than those from
SP patients (Fig. 8C).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Glycolysis is increased in progressive patients

Since OXPHOS and mitochondria resulted different in T cells from
PP and SP patients, we analyzed the expression of genes involved
in the maintenance of OXPHOS or in the activation of glycolysis
after TCR engagement in isolated Ty and Tgy cells. We analysed
a set of seven genes (c-Myc, HIF-1a, ERRa, BCL-6, FOXO1, KLF2
and MST1) that act as key metabolic regulators.

Concerning glycolysis activating genes, an up-regulation of
c¢-Myc was observed only in CD4+ Ty cells from CTR and, to
a lesser extent, in SP patients, while Ty cells from PP patients
did not show any significant increases (Fig. 9A, left panel).
HIF-1a, which is crucial for glycolysis uptake and Th17 differ-
entiation, was upregulated in CD4+ Tgy cells of SP and PP
patients compared to unstimulated cells after in vitro stimulation,
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Figure 5. Extracellular acidification rate of T cells from progressive patients. (A) Kinetic profile of ECAR and indices of extracellular acidification
rate, calculated from cells ECAR profile in CD4+ Ty cells stimulated with IL-7 or anti-CD3/CD28 for 16 h. ECAR was measured in real time, under
basal condition and in response to indicated mitochondria inhibitors: oligomycin, FCCP, Antimycin A and Rotenone. Basal ECAR, Maximal ECAR.
Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.01. Ten experiments with 1-2 donors per group, each analysed in triplicate; N = 12 for CTR,
10 for SP, 10 for PP. Data are represented as mean + SEM. (B) Kinetic profile of ECAR and indices of extracellular acidification rate, calculated from
cells ECAR profile in CD4+ Tgy cells stimulated with IL-7 or anti-CD3/CD28 for 16 h. ECAR was measured in real time, under basal condition and
in response to indicated mitochondria inhibitors. Basal and maximal ECAR, CTR = 12, SP = 10, PP = 10, data are represented as mean + SEM.
ECAR was measured in real time, under basal condition and in response to indicated mitochondria inhibitors: oligomycin, FCCP, Antimycin A and
Rotenone. Basal ECAR, Maximal ECAR. Mann-Whitney and Wilcoxon t-test. *p < 0.05, **p < 0.01. Ten experiments with 1-2 donors per group, each
analysed in triplicate; N = 12 for CTR, 10 for SP, 10 for PP. Data are represented as mean + SEM.

and its expression was higher in stimulated cells of SP  patients and controls, as well as Ty and Tgy cells (Fig. 10A and B).
patients in comparison to those of PP patients (Fig. 9A, central  After stimulation, we observed a tendency -although not signifi-
panel). cant - to increase in the ratio between phospho-mTOR (pmTOR)

When we measured the expression of genes which are impor-  and mTOR, which was more evident in Tgy cells, in agreement
tant for T cell quiescence and OXPHOS maintenance, we observed ~ with their more rapid capability to undergo activation upon stim-
that in vitro stimulation determined a decrease of FOXO1 in CD4+  ulation. While no difference was found among groups in Ty cells,
Ty cells of PP and SP patients, but not in CTR; such a decrease  in the case of Tgy cells, the increase in the phosphorylated form
appeared greater in PP patients (Fig. 9A, right panel). No signifi-  was more evident in controls and PP patients than SP patients. PP
cant differences were observed for the other analysed genes (not  patients displayed the lowest levels of AKT and when stimulated,
shown). we did not observe any relevant variation in its phosphorylation in

The above results suggest that T cells from PP and SP patients  any of the groups. Conversely, when we analyzed the phosphory-
are metabolically different, at least regarding OXPHOS and mt lation of the ribosomal protein S6 (pS6), a downstream pathway
functionality. In agreement with these observations, important  of mTOR, after in vitro activation, CD4+ Tgy cells from PP patients
differences were noted among T cell subsets in their capability to  displayed a higher percentage of phosphorylated cells than those
activate glycolysis in patients and controls. coming from CTR (p = 0.013) and SP patients (p = 0.032; Fig. 9B).

We first analyzed the activation of mTOR, and of its down-  As expected, we found the lowest number of pS6-positive cells
stream targets involved in the activation of glycolysis. The expres- among Ty subsets in all groups, with a trend to a higher number
sion of mTOR did not show significant differences between in SP and PP patients. No differences were found in pS6 levels
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Figure 6. Metabolic profile of T cells from progressive patients. (A) Basal OCR versus basal ECAR in Ty (left panel) and Tgy (middle panel) and OCR
to ECAR ratio (OCR/ECAR) of TEM cells (right panel) before and after in vitro stimulation. Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.01.
*p < 0.05, **p < 0.01. Ten experiments with 1-2 donor per group, each analysed in triplicate; N = 12 for CTR, 10 for SP, 10 for PP. Data are represented
as mean + SEM. (B) Maximal OCR versus Maximal ECAR in Ty (left panel) and Tgy (middle panel) and OCR to ECAR ratio (OCR/ECAR) of TEM cells
(right panel) before and after in vitro stimulation. Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.01. Ten experiments with 1-2 donor per
group, each analysed in triplicate; N = 12 for CTR, 10 for SP, 10 for PP. Data are represented as mean + SEM.

among different subsets of CD8+ T cells (Supporting Information
Fig. 3A).

Accordingly, the expression of GLUT1, a receptor crucial for
the uptake of glucose needed to foster glycolysis and sustain pro-
liferation, presents important differences in patients and controls.
Indeed, we analyzed its expression in CD4+ Tx, Tcm, Tems Tevra
before and after in vitro stimulation (Fig. 11A). In resting condi-
tion, the expression of GLUT1 was higher in PP patients than SP
patients in Ty (p = 0.038), Tgy (p = 0.015) and Tgmra (p = 0.001)
suggesting that T cells from PP patients are intrinsically more
efficient in the up-take of glucose than SP patients. These differ-
ences were maintained after in vitro activation of T cells; confocal
microscopy analysis showed that activation determines not only
an increase in the levels of the protein, but also a redistribution of
the receptor from the cytoplasm to the membrane (Fig. 11A, mid-
dle panel). A similar level of GLUT1 expression was found among
CD8+ T cell subsets (Supporting Information Fig. 3B).

Then, we analyzed plasma lactate levels as a parameter that
could, at least in part, reflect the presence of metabolic alterations
of T cells in progressive patients, and that might have an impact
in disease progression. Plasma levels of lactate and pyruvate were
measured in both groups of patients and healthy subjects. Both
PP and SP patients were characterized by higher levels of lactate
than healthy subjects, but SP patients presented higher levels than
PP patients. Similar pyruvate concentrations were found among
patients and healthy subjects (Fig. 11B).

Finally, in order to relate the above findings on T cells to the
clinical disease status, we analyzed the EDSS, which quantifies

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

disability, and the MSSS, which determines the progression of dis-
ability in patients with MS. No correlation was observed among
these parameters and phenotypic and functional parameters mea-
sured in T cells.

Discussion

MS is considered an autoimmune disease, triggered by autore-
active lymphocytes mounting aberrant responses against CNS
autoantigens, whose nature still remains elusive [20]. Accord-
ing to the CNS-extrinsic (peripheral) model, autoreactive CD4+
T cells are activated in the periphery and infiltrate the CNS, lead-
ing to inflammation and tissue damage [21]. Essential aspects for
T cell fate and function are cellular metabolism and its dynamic
reprogramming in response to its different needs. However, only
very few studies have analyzed metabolic profiles and mt function-
ality of T cells in MS patients. Thus, it remains unclear if changes
occur in T lymphocyte of MS patients and how they could impact
on the natural course of the disease.

In this study, for the first time, we performed a comprehen-
sive characterization of the phenotypic, functional and metabolic
features of T cells from a total of 53 patients with primary or sec-
ondary progressive forms of MS. Importantly, being aware that T
lymphocytes in a different state of activation and differentiation
rely on distinct metabolic programs for their functioning [22], we
analyzed metabolic parameters in different T cell subsets before
and after in vitro stimulation. Our investigation focused on the

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 00: 1-18 Immunodeficiencies and autoimmunity

A B -7 [ cp3+cp2s
o
*3 ¢ 40007 |\ e 40007 .
'_g 20 3000 * 30001
‘% 40 g LEL 2000
E .60 ~ [
E NAIVE § g h
E 80 ED ; ol
3 g S 4000, EMRA
‘—E g 4000- e
E b=t ©
Z 2 £
E S 2
s
=
oc
E -50
— CTR SP PP SP PP
C CTR SP PP D CTR SP PP
NS S NS S NS S NS S NS S NS S
TOM20 | gl 0 st = TOM2O0 | o e oo (0 S et
ACTIN
ACTIN o — — Yt - o ¢ I-----—
2.0 7 [ cp3+cp2s
£ £
< <
] ]
= =
o o
CTR sP PP ~ CR P PP

Figure 7. Mitochondrial phenotype and functionality. (A) Analysis of mitochondrial membrane potential of CD4+ T cell subsets by staining with
TMRM. MMP quantification in cells sorted from fresh blood from CTR, SP and PP. Black bars represent unstimulated cells, while grey bars represent
stimulated cells. Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.01. Eight experiments with 1-3 donors per group; N = 8 for CTR, 13 for SP,
11 for PP. Data are expressed as TMRMuri not stimulated/ TMRMurr stimulated “100, and represented as mean+SEM. (B) Analysis of mitochondrial mass
of CD4+ T cell subsets by staining with Mitotracker green. Mitotracker green MFI quantification in cells sorted from fresh blood from CTR, SP and
PP. Black bars represent unstimulated cells, while grey bars represent stimulated cells. Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.001.
Eight experiments with 1-3 donors per group. CTR = 8, SP = 13, PP = 11, data are represented as mean + SEM. (C) Immunoblot of TOM20 and ACTIN
in human freshly isolated CD4+ Ty cells. Black bars represent unstimulated cells, while grey bars represent stimulated cells. One representative
example of two independent experiments is shown. Graphs show the relative densitometric quantitation of the gels shown. Mann-Whitney and
Wilcoxon t-test. *p < 0.05, *p < 0.001 One experiment with 3 samples per group. Data are represented as mean + SEM. (D) Immunoblot of TOM20
and ACTIN in human freshly isolated CD4+ Ty cells. Black bars represent unstimulated cells (IL-7), while grey bars represent stimulated cells
(anti-CD3/CD28). One representative example of two independent experiments is shown. Graphs show the relative densitometric quantitation of
the gels shown. Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.001 One experiment with 3 samples per group. Data are represented as
mean + SEM.

metabolic features of CD4+ T cell subset. To date, studies con-
cerning T cell metabolism in MS have been carried out only on
Treg cell proliferative potential [13], or on a heterogeneous T cell
population, i.e. CD4+ T cells as a whole, giving unreliable results,
which do not allow to understand if the differences observed are
due to an intrinsic alteration of T cell activation pathways, or to
a difference in the relative distribution of CD4+ T cell subsets
between MS patients and CTR [23].

Our data showed that profound differences exist in the pheno-
typic and metabolic features of T cells from PP and SP patients,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

even though the two clinical phenotypes are considered part of
the same disease spectrum, and clinical, imaging, and patholog-
ical differences between PP and SP MS are more relative than
absolute [24]. This observation is corroborated by several lines of
evidence.

Firstly, from a phenotypic point of view, PP patients displayed
lower levels of Ty cells along with a higher percentage of Tryra
cells compared to SP patients and CTR. The Tgyra cell subset is a
terminally differentiated population, whose frequency in periph-
eral blood is normally quite low among CD4+ T cells [25]. Aging
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Hokk

p < 0.001. One experiment with 3 samples per group. Data are represented as mean + SEM.

of the immune system is responsible for an increase in the per-  gressive patients, which determines persistent adaptive immune
centage of Tgyra cells due to thymic involution and to persis-  system activation, and skewing of T cells towards a more dif-
tence of repeated exposure to self or non-self-antigens which ferentiated phenotype, independently from the aging of immune
causes chronic immune activation and inflammation [26]. This  system. Hence, higher levels of this subset in patients affected by
subset abundance along with the low proliferative potential of  the PP form suggest an intense and prolonged T cell stimulation,
Ty cells could reflect a chronic and intense inflammation in pro-  which probably leads to chronic tissue inflammation. In contrast
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Figure 9. Analysis of glycolytic pathway. (A) Expression analysis of c-Myc, HIF-1a, FOXO1 in CD4+ Ty, and Tgyu cells. mRNA level normalized to
levels of TATA Binding Protein (TBP) of: c-Myc Ty cells, HIF-1a in CD4+ Tgym cells, FOXO1 in CD4+ Ty cells. Black bars represent unstimulated cells,
while grey bars represent stimulated cells. Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.01. One experiment with 5 samples per group.
Data represented as mean + SEM (B) P-S6 expression in CD4+ T cell subpopulations. Black bars represent unstimulated cells, while grey bars
represent stimulated cells. Mann-Whitney and Wilcoxon t-test *p < 0.05, *p < 0.01. CTR = 8, SP = 13, PP = 11. Data are expressed as percentage of

positive cells and represented as mean + SEM.

to our results, a decreased frequency of CD8+ Tgy and Tgyra T
cells in all clinical forms of MS was reported [27]. Such divergence
in findings may reflect the various panels of mAbs used and the
different surface markers chosen for the flow cytometric analy-
sis, as well as different characteristics in the cohort of progressive
patients analyzed (our cohort of progressive patients has a longer
disease duration). From a functional point of view PP patients dis-
played higher level of CD8+ T cells producing IFN-y and IL-17
if compared to control, confirming data regarding a skewed Th1l
and Th17 phenotype in PP patients.

Secondly, mitochondria of T cells from PP and SP patients
showed clear differences in terms of mass, shape, average dimen-

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

sion and membrane potential. Mitochondrial activation has been
reported to be critical for T cell proliferation and memory forma-
tion by studies in vitro as well as in vivo [28]. Mitochondria contain
all the machinery responsible for cell respiration and a greater mt
mass is associated to a rapid recall ability, more OXPHOS and cell
longevity, such as the case of memory T cells. Thus, the difference
we observed in the T cell phenotype between PP and SP patients
can be due, at least in part, to differences in mitochondria that, in
turn, determine an easier activation and differentiation of Ty cells
to the same stimulus.

T cell receptor signaling induces Ca,™ release, which, in turn,
promotes mt activities and ROS generation. mtROS are generated
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Figure 10. Regulation of mTOR and AKT phosphorylation. (A) Immunoblot for P-mTOR, mTOR, P-AKT, AKT ad ACTIN in human freshly isolated
CD4+ Ty cells. Black bars represent unstimulated cells, while grey bars represent stimulated cells. Graphs show the relative densitometric
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represented as mean + SEM. (B) Immunoblot for P-rmTOR, mTOR, P-AKT, AKT ad ACTIN in human freshly isolated CD4+ Tgy cells. Black bars
represent unstimulated cells, while grey bars represent stimulated cells. Graphs show the relative densitometric quantitation of the gels shown.
Mann-Whitney and Wilcoxon t-test. *p < 0.05, *p < 0.01 One experiment with 3 samples per group. Data are represented as mean + SEM.

rapidly after TCR engagement [29] at complexes I, II, and III of the
mt electron transport chain, and superoxide converted from ROS
was shown to activate T cells and is considered a messenger during
activation [30]. However, we observed similar level of mtO,~ in
Tgwm cells from PP and SP patients, ruling out the possibility that the
observed differences in T cell activation and phenotype could be
ascribed to a different capability to activate this pathway. Indeed,
mtROS appears to be crucial for the synthesis of IL-2 and for the
expression of surface markers such as CD69 or CD25 [19]; from
this point of view, mtROS levels are in perfect agreement with
the observation that CD69 expression is similar in all analysed
groups. To this regard, it has been shown that cells with low ROS
production are not lacking bioenergetically as they are able to
undergo antigen-specific expansion in response to infection and
are able to proliferate [31].

As mt fragmentation and dysfunction mark mitochondria for
degradation in the selective autophagic process called mitophagy,
arole for this process in shaping features of T cells from PP patients
could be an intriguing hypothesis. Indeed, once damaged and com-
mitted to degradation, mitochondria fragment to sterically allow
their selective engulfment in autophagosomes [32]. The differ-
ence we observed in mitochondria between PP and SP patients
could be due to a differential regulation of mitophagy, which in
turn influences the seeding of memory and activation induced cell
death of T cells [33]. Accordingly, it could be of interest to inves-

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tigate the proteins involved in the multiple mitophagy programs
and mt cristae remodeling, along with their ultrastructure in PP
and SP patients [34].

Thirdly, gene expression analysis revealed that PP and SP
patients were characterized by a different modulation of the
molecules orchestrating the metabolic switch and reprogramming.
T cell metabolism and its adaptions are dependent upon the coor-
dinate and complex interplay among several signaling pathways
and transcription factors [35]. In particular, HIF-1a is a transcrip-
tion factor that increases glucose uptake (it binds GLUT1 pro-
moter) when induced by oxidative stress response or mTORC1
[15, 36]. We observed that stimulation increases its expression in
Tgum cells from PP patients and, to a greater extent, in Tgy cells from
SP patients. We could speculate that, even if we are detecting gene
expression and not the protein, Tgy cells from SP patients may be
induced earlier to gain a pro-inflammatory profile. In addition to
its critical role in the regulation of T cell metabolism, HIF-1a is
a lineage-specific marker of CD4+ Th17 cells, which are among
the main CD4+ T cell subsets implicated in the disease. Increased
glycolytic metabolism in Th17 cells also appears to be important
in maintaining their Th17 lineage state. Pharmacological inhi-
bition of glucose metabolism by administering 2-deoxyglucose
attenuated Thl7 cell development and, interestingly, pro-
moted Treg cell development and diminished pathology in
a Th17-dependent experimental autoimmune encephalomyelitis
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Figure 11. GLUT1 expression in different subpopulations of CD4+ T cells. (A) GLUT1 receptor expression in CD4+ T cell subpopulations. Repre-
sentative dot plots, representative confocal image of GLUT1 staining on CD4+ Tgy cells and histograms of subpopulation of T cells in both not
stimulating (IL-7) and stimulating condition (anti-CD3/CD28) after 24 h in CTR, SP and PP. Mann-Whitney and Wilcoxon t-test *p < 0.05, **p < 0.01.
CTR = 8, SP = 13, PP = 11, data are expressed as percentage of positive cells and represented as mean + SEM. (B) Lactate and pyruvate plasma

concentrations as measured by ELISA. Mann-Whitney t-test *p < 0.05, **p
SP, 9 for PP. Data are represented as mean + SEM.

model [30]. Indeed, it was reported that lack of HIF-1a resulted
in diminished Th17 development, but enhanced Treg cell dif-
ferentiation, and protected mice from autoimmune neuroinflam-
mation, suggesting that HIF-la-dependent glycolytic pathway
orchestrated a metabolic checkpoint for the differentiation of Th17
and Treg cells [37].

Fourthly, the activation of the kinase mTOR, and of its down-
stream targets involved in the activation of glycolysis appears dif-
ferently regulated in PP and SP patients. The kinase mTOR is a key
metabolic regulator, which induces the expression of GLUT1 [38],
and increases protein translation through the phosphorylation of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

< 0.01. Eight experiments with 1-2 donors per group; N = 8 for CTR, 9 for

pS6 by p70S6 kinase upon activation [39]. In addition, it medi-
ates the expression of downstream transcriptional regulators. Even
though PP patients upregulate HIF-1a after stimulation to a lesser
extent than SP patients, we found that PP patients were charac-
terized by an upregulation of total GLUT1 in Tgy cells (a direct
downstream target of the transcription factor). Even if not formally
proved by 2-NBDG uptake assay because of the limited number
of cells available, the higher level of GLUT1 on the plasma mem-
brane strongly suggests a higher glucose dependency and glucose-
mediated energy production. This is in agreement with higher ten-
dency of Tgy cells from PP to shift from respiration to glycolysis;
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we are well aware that the ideal approach for evaluating glycol-
ysis is performing ECAR before and after glucose addition to the
medium. Nevertheless, because of the few number of sorted cells
available, we estimated it indirectly by using Mitostress data.

Finally, we found higher levels of plasma lactate in progressive
patients than controls, and a higher level in SP than PP patients.
Although we are well aware that lactate in plasma can derive
from different sources, differences observed in T cell metabolism
can account, at least in part, for plasma concentration of glycolytic
metabolism. Lactate has been nowadays recognized as an impor-
tant molecule that bridges metabolism and inflammation [40],
and it has been shown that lactate in cerebrospinal fluid and serum
is associated with the progression of MS [41]. T cells sense lac-
tate using specific transporters, that inhibit their motility, with
a mechanism dependent upon lactate interference with glycoly-
sis. Furthermore, lactate promotes the switch of CD4+ T cells to
an IL-17+ subset and reduces the cytotoxic activity of CD8+ T
cells [42, 43]. Thus, the higher levels of lactate can also influence
the function and response of T cells. Even if we are well aware
that we have studied cells in peripheral blood, we cannot exclude
that these phenomena could contribute to the formation of ectopic
lymphoid structures and autoantibody production in inflammatory
sites such as in MS plaques.

The profile we described in this study is reached by patients
after more than 20 years of disease duration and, although the
progressive phase (regardless of a relapsing-remitting onset) is
similar, in clinical terms, in PP and SP patients, the intrinsic dif-
ference in T cell metabolism and function we observed suggests
that the immunological development of the disease during this
long period of time could have been different.

Unregulated and dysfunctional lymphocyte responses are a
hallmark of autoimmune and allergic diseases, such as asthma,
arthritis, and systemic lupus erythematosus. Similar to exhausted
T cells, lymphocytes from patients with these diseases are often
repetitively stimulated due to repeated or constant antigen expo-
sure. Because of the unbalanced regulation of these immune
responses, T cells from allergic and autoimmune models exhibit
an altered metabolic profile compared with healthy lymphocytes.
From this point of view, the impairment we observed in the pro-
gressive forms of MS, and in particular in the PP form, fits perfectly
with the picture depicted in other autoimmune diseases.

Conclusion

Although PP and SP forms present with different disease courses,
the inflammatory status and the neurodegenerative process are
indistinguishable. In this study, we found similar levels of activa-
tion in both groups, but SP and PP patients were characterized
by profound differences in the T cell differentiation and prolif-
erative capability, and mitochondria of Ty cells from PP were
smaller, depolarized and structurally and functionally compro-
mised. These differences should be taken into account when ana-
lyzing the effects of drugs affecting metabolism in progressive
patients.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Materials and methods

Patients’ selection

Patients were selected at the “Center for Demyelinating Diseases”
of the Neurology Unit of Modena (Ospedale Civile S. Agostino
Estense - OCSAE, Modena, Italy). Evaluation of entry criteria
and subsequent enrollment in the study occurred during patients’
planned routine visits. Inclusion criteria were: age <75 years and
diagnosis of MS according to the 2010 revised McDonald Crite-
ria [44]. In particular, we selected untreated PP/SP patients, in
order to avoid a potential effect of immunosuppressant drugs on
T cell metabolism. As a consequence, enrolled patients had not
shown “disease activity” (i.e relapses, contrast-enhancing lesions
on Magnetic Resonance Imaging -MRI- T1-weighted images or
new lesions on T2-weighted images) in the previous years (at
least two), as they would, otherwise, probably have benefited from
immunomodulatory/immunosuppressant treatment.

Patients with concomitant infections (viral or bacterial),
steroid treatment in the preceding 30 days and immunomodula-
tory/immunosuppressive treatment within the previous 6 months
were excluded. A total of 53 progressive MS patients were
selected:

- 22 MS patients were diagnosed with a PP form;
- 31 MS patients were diagnosed with a SP form.

Twenty sex and age-matched healthy subjects (8 males/12
females, mean age + SD, 60.8 + 4.4), without a history of
autoimmune diseases or immunosuppressant/corticosteroid ther-
apy, were chosen as controls (CTR).

The study was carried out in accordance with recommenda-
tions of the Prot. n 2483/CE. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The proto-
col was approved by the Province of Modena Ethical Committee.

The following demographic and clinical variables were col-
lected for all patients at the time of sampling: age, sex, dis-
ease duration, Expanded Disability Status Scale (EDSS), Multiple
Sclerosis Severity Score (MSSS), presence of “disease progres-
sion” (i.e., increasing objectively documented neurologic dysfunc-
tion/disability in the preceding year) in the preceding year. The
same data was collected during patients’ routine follow-up visits
(at least every six months) throughout the following two years.
Furthermore, at follow-up visits, the presence of “disease progres-
sion” was assessed, i.e., an increase in the EDSS score of at least 0.5
points. Mean disease duration was 23.0 + 9.0 years and median
EDSS at time of sampling was 6.00 (interquartile range -IQR: 6.00-
6.50), with no significant differences between PP and SP patients.
After a median follow-up period of 2.2 years, median EDSS was
still 6.5, but with an IQR of 6.00-7.00 and 26 patients (49%)
had shown a progression of at least 0.5 in EDSS scores. Patients
who had progressed had a significantly higher EDSS at follow-up
(6.94 £+ 0.86 versus 6.00 £ 1.30; p = 0.0013) MSSS was 6.39
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Table 1. MS patients’ characteristics

Total SP PP
Number of patients 53 31 22
Males, n (%) 17 (32) 10 (32) 7 (32)
Females, n (%) 36 (68) 21 (68) 15 (68)
Age, years? 607 +73 608 +73 59.8+7.3
Age at onset, years® 381 + 9.7 383 +96 375+ 98
Disease duration? 227 £ 94 225+ 94 226+ 94
EDSS? 61+12 61+12 60+12
MSSS?2) 6.1 +£ 1.8 6.4 £ 2.2 6.0 £ 1.8

3Values expressed as mean+SD.

(IQR: 5.16-7.32) at time of sampling and 6.26 (IQR: 5.16-6.66)
at follow-up. Table 1 summarizes MS patients’ characteristics.

Isolation of peripheral blood mononuclear cells and
polychromatic flow cytometry

A maximum of 50 mL of venous blood was collected from each
subject into ethylenediaminetetraacetic acid (EDTA) tubes. PMBC
were isolated by Ficoll-Hypaque density gradient according to
standard procedures and immediately processed.

Immunophenotype of T cells from patients with
different forms of MS

A 10-color flow cytometric panel was set up to analyze the per-
centage of naive (Ty), central memory (Tcy), effector memory
(Tgwm), and terminally differentiated (Tgyra) T cells, along with
the activation status of T cells. The following mAbs, directly con-
jugated with different fluorochromes, were used: anti-CD3 PE-
Cy5.5, -CD4 AF700, -CD8 APC-Cy7, -CCR7 BV421, -CD45RA PE,
-CD38 BV605, -HLA-DR FITC, -CD57 APC, CD28 PE-Cy?7 (all from
BioLegend, San Diego, CA, USA) along with a marker for cell via-
bility (LIVE/DEAD AQUA, Life Technologies, Eugene, OR, USA).
Another panel was set up to analyze the expression of co-inhibitory
markers, such as PD-1 (CD279), TIM3 (CD366), TIGIT (CD226)
by using anti-PD1 mAbs conjugated with BV421, -TIM3 BV605,
-TIGIT APC). A minimum of 500,000 PBMC was stained accord-
ing to standard procedure. Cells were acquired by an acoustic
focusing flow cytometer (Attune NxT, Thermo Fisher Scientific,
Eugene, OR, USA), equipped with four lasers for excitation at
405, 488, 561 and 638 nm. Data were acquired in list mode using
Attune NxT 2.4 software, and analyzed by FlowJo 9.9.6 (Ashland,
OR, USA) under Mac OS X. Samples were compensated by soft-
ware, after acquisition. Single staining and Fluorescence Minus
One (FMO) controls were performed for all mAbs of the panel to
set proper compensation and define positive signals. All cytoflu-
orimetric analyses and cell sorting (see below) were performed
according to the “Guidelines for the use of flow cytometry and cell
sorting in immunological studies” [45].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Proliferation assay

Cells were stimulated for 6 days in resting conditions, i.e., treated
with 10 ng/ml interleukin (IL)-7, or after stimulation with anti-
CD3 plus anti-CD28 mAbs (1 pg/mL, Miltenyi Biotech, Bergisch
Gladbach, Germany). The fluorescent dye 5,6-carboxyfluorescein
diacetate succinimidyl ester (CFSE) was used at a concentration
of 1 pg/mL (Life Technologies) according to standard procedures.
Flow cytometric analyses for the identification of cycling cells
belonging to different T cell populations were performed by gating
Tn, Tem, Tem, Temra @among CD4+ and CD8+ T cells.

Intracellular cytokine detection

For functional assays, freshly isolated PBMCs were stimulated for
4 h at 37°C in a 5% CO, atmosphere with anti-CD3/CD28 (1
pg/mL), in complete culture medium (RPMI 1640 supplemented
with 10% fetal bovine serum and 1% each of l-glutamine, sodium
pyruvate, non-essential amino acids, antibiotics, 0.1 M HEPES, 55
uM B-mercaptoethanol) for 16 hours. For each sample, at least
2 million cells were left unstimulated as negative control and
2 million cells were stimulated. All samples were incubated with
a protein transport inhibitor containing brefeldin A (Golgi Plug,
BD). After stimulation, cells were stained with LIVE-DEAD Aqua
(ThermoFisher Scientific) and surface mAbs recognizing CD3 PE-
Cy5, CD4 AF700, and CD8 APC-Cy7 (Biolegend, San Diego, CA,
USA). Cells were washed with stain buffer (BD) and fixed and per-
meabilized with the cytofix/cytoperm buffer set (BD) for cytokine
detection. Then, cells were stained with mAbs recognizing IL-17
BV421, TNF-a BV603, IFN-y FITC, or IL-4 APC (all mAbs from
Biolegend), using previously described strategies for intracellular
cytokine detection [5].

Mitochondrial bioenergetics and metabolic assays

CD4+ Tgum and Ty cells were sorted, seeded in triplicate at con-
centration of minimum 3.5%*10° cells/well, rested for 4 h and
stimulated for 16 h with anti-CD3 plus anti-CD28 as described
above. Real time measurement of oxygen consumption rate (OCR)
and extracelluar acidification rate (ECAR) was performed by XFe-
96 Seahorse Extracellular Flux Analyzer (Agilent, Santa Clara,
CA, USA) by using MitoStress Kit (Agilent) according to man-
ufacturer’s procedures. OCR was measured in XF media (non-
buffered DMEM medium, containing 10 mM glucose, 2 mM
L-glutamine, and 1 mM sodium pyruvate), under basal conditions
and in response to 2 uM oligomycin, 1.5 uM of carbonylcyanide-
4-(trifluoromethoxy)-phenylhydrazone (FCCP) and 1 pM of
Antimycin and Rotenone (all from Sigma Aldrich). Indices of mito-
chondrial respiratory function were calculated from OCR profile:
basal OCR (before addition of oligomycin), ATP-linked OCR (cal-
culated as the difference between basal OCR rate and oligomycin-
induced OCR rate) and maximal OCR (calculated as the difference
of FCCP rate and antimycin plus rotenone rate) [46]. Moreover,
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basal and maximal ECAR were measured. OCR and ECAR values
were normalized to the number of cells per well.

Mitochondrial functionality, GLUT1 expression and
mTOR activation from patients with different forms of
MS

CD4+ T cells were sorted starting from 4*107 freshly isolated
PBMC. Pure CD4+ cells were stimulated 16 h with anti-CD3 plus
anti-CD28 or kept in resting condition with IL-7. After incuba-
tion, cells were stained with 200 nM Mitotracker Green or 50 nM
Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM)
(Thermo Fisher) according to standard procedures. After incu-
bation, cells were washed and stained with mAbs CCR7-APC and
CD45RA-PB (all from BioLegend). Cells were fixed and permeabi-
lized according to standard procedure. Finally, cells were stained
with mAb PE-conjugated for analyzing GLUT1 (Abcam, Cam-
bridge, UK) expression or PE-conjugated S6 Ribosomal Protein
(Ser235/Ser236) (eBioscience, San Diego, CA, USA) to evaluate
the activation of mTOR. Regarding TMRM, results are expressed
as TMRM Median Fluorescence Intensity (MFI) NS/ TMRM MFI S.

Analysis of the expression of genes related to
glycolysis/mitochondrial respiration in T cells

A minimum of 1*107 PBMC was stained with anti-CD4 or anti- CD8
FITC (both from R&D), -CD45RA-PECy7 and -CCR7 PE (both from
BioLegend). CD4+ and CD8+ Tgy, Tcm and Ty cells were sorted
by using Biorad S3e Sorter (Bio-Rad, Hercules, CA, USA) with a
purity >98%. Cells were rested for 4 h and then in vitro stimu-
lated with anti-CD3 plus anti-CD28 (1 pg/mL) or kept with IL-7
(10 ng/mL, Miltenyi Biotech). After 4 h, RNA was extracted
by using Quick-RNA Mini Prep (Zymo Research Corporation,
Irvine, CA, USA), according to standard procedures. RNA con-
centration was determined by measuring absorbance at 260 nm
using the NanoDrop ND-1000 (Thermo Scientific, Mississauga,
ON, Canada). RNA was reverse-transcribed by cDNA synthesis
kit (Bio-Rad), according to standard procedures. cDNA was pre-
amplified with the SsoAdvanced PreAmp Supermix (Bio-Rad)
and a pre-validated set of 8 pre-amplification assays (PrimePCR
PreAmp assays, Bio-Rad). Seven key transcription factors involved
in orchestrating the cellular metabolism were selected and quanti-
fied: c-Myc, HIF-1a, ERRa, BCL-6, FOXO1, KLF2 and MST1, along
with TATA Binding Protein (TBP), used as reference gene; genes
were quantified by using CFX96 Touch Real-Time PCR Detection
System (Bio-Rad).

Western blotting analysis of proteins and
phospho-proteins

Total cell lysates were obtained by standard methods. Protein
concentrations were determined by Bradford Protein Assay (Bio-
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Rad Laboratories). Then, 20 pg of total proteins were denatured
for 5 minutes at 99°C using 4X Bolt LDS Sample Buffer (Life
Technologies), separated using 12% precast gels (Life Technolo-
gies) and transferred onto a PVDF membrane (Bio-Rad). The
Abs used were the following: anti-phospho-mTOR Ser2448, anti-
mTOR, anti-phospho-AKT Ser473, anti-AKT (all 1:1000 dilution
and from Cell Signaling Technology, Danvers, MA, USA), anti-
TOM20 (1:1,000 from Santa Cruz Biotechnology, Dallas, Texas,
USA), the filters were also probed with an actin antibody (1:1000
from Abcam, Cambridge, UK) to normalize for the amount of
loaded protein. All primary antibody incubations were followed by
incubation with Goat Anti-Rabbit IgG (HL)-HRP conjugated anti-
body (1:5,000, from Bio-Rad) and visualized using SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Scientific,
Rockford IL, USA) or Clarity Western ECL Substrate (Bio-Rad Lab-
oratories) on a ChemiDoc MP (Bio-Rad). All filters were quantified
using ImageLab 5.2.1, as previously described [47].

Transmission electron microscopy

Freshly isolated PBMC were sorted to obtain CD4+ Tgy and Ty
cells. Cells were rested and stimulated as previously described.
After 16 h of in vitro stimulation, pure Tgy and Ty cells were
washed and cell pellets were obtained by centrifugation at 1200
rpm for 5 min. Cells were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH: 7.4) for 1 hour and postfixed in 1% OsO4 for
1 h. Ultrathin sections, obtained from Durcupan embedded sam-
ples, were stained with UranyLess—lead citrate and then observed
by a Zeiss EM109 transmission electron microscope (TEM). Ran-
domly taken sections were examined for morphological anal-
yses performed by Fiji software. Every single mitochondrion
of the investigated cells was marked to analyze morphological
characteristics: area, perimeter, major and minor axes. The most
relevant descriptors of mt morphology i.e. aspect ratio (major
axis/minor axis) form factor (perimeter2/4m x area), area and
perimeter [48-51], were calculated and reported.

Pyruvate and lactate plasma level measurements

Blood was isolated by centrifugation at 800 rpm for 20 min at
room temperature. Plasma was taken and centrifuged at 3500
rpm, 15 min, 4°C to eliminate platelets. Plasma was stored at -
80°C until used. To measure pyruvate and lactate plasma levels,
two colorimetric/fluorimetric kits were used, and manufacturer’s
procedures were followed (Piruvate assay Kit and L-Lactate assay
kit from AbCam, Cambridge UK).

Statistical analysis

Quantitative variables were compared with t-test (in case of
repeated measures Wilcoxon t-test has been used, while for com-
parison between two groups Mann-Whitney t-test was applied). In
the case of multiple comparisons, the Bonferroni correction was
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applied. Simplified Presentation of Incredibly Complex Evalua-
tion (SPICE) software (version 5.3, kindly provided by Dr. Mario
Roederer, Vaccine Research Center, NIAID, NIH, Bethesda, MD,
USA) was used to analyze polychromatic flow cytometry data, as
described [5, 52]. Associations between clinical parameters and
molecular data were sought using the Spearman Correlation test
and logistic regression, as appropriate. Data are represented as
the mean + SEM. Statistical analyses were performed using Prism
6.0 (GraphPad Software Inc., La Jolla, USA).
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