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Granzyme-B in virus-specific CD4 and CD8 TM were reduced in the pre-
sence of glutaminolysis [CD4], FAO [CD8] and HSP60 inhibition, resulting
inlow levels that were similar to non-stimulated cells (Fig. 8F). However, our
data confirm that DMKG was effective in rescuing IL-21 and cytotoxic
molecule production in virus-specific TM despite glutaminolysis, FAO and
HSP60 inhibition by KR (FI = 4.4 and 6.9, respectively for the % of IL-21"

CD4 and CTL T cells). Similarly to TCR-engaged TM, our analysis shows
that DMKG-driven rescue of virus-specific T cell effector functions occur-
red in an ATP-dependent manner, since they disappeared in the presence of
OXPHOS inhibition (Fig. 8F). We found similar levels of cell apoptosis in
virus-specific CD4 and CD8 TM w/wo DMKG and Rot/AMA at 24 hours of
culture (Supplementary Fig. 4D). Of note, more than 82.7% of IL-21-
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Fig. 6 | HSP60 inhibition in both CD4 and CD8 TM leads to reduced endogenous
KG levels after TCR engagement. A Assessment in activated CD4 and CD8 TM of
their cellular levels of TCA intermediate aKG in the context of glycolysis, gluta-
minolysis, FAO and HSP60 inhibition. B Purified CD4 and CD8 TM were activated
or not with anti-CD3/CD28 Abs for 24 hours w/wo metabolic inhibitors [2-DG,
BPTES/R162, Eto and Rot/AMA]. Then, we assessed the cellular aKG levels both in
CD4 and CD8 TM for each study condition. Fold decreases (FD) of cellular aKG
levels, when CD4 and CD8 TM were activated with BPTES/R162 and Eto, respec-
tively, are also indicated in bold. C Purified TM were pre-transfected with Ctr siRNA
or HSP60 siRNA, after which they were activated or not with anti-CD3/CD28 Abs

for 24 hours w/wo KR. Results represent the cellular levels of aKG in non-activated
and activated CD4 and CD8 TM w/wo HSP60 inhibition, and also include the FD of
aKG levels when TM were activated in the presence of specific Hspd1 gene silencing
and KR. D Correlation between FD of aKG levels and ATP-linked respiration at
24 hours post-activation. N = 16 activated TM w/wo specific HspdI gene silencing
and KR. E Cellular aKG levels in BPTES/R162-treated CD4 and Eto-treated CD8
TM, when cells were T cell activated for 24 hours w/wo DMKG. F Cellular aKG
levels in HSP60-depleted CD4 and CD8 TM, when cells were T cell activated for
24 hours w/wo DMKG; (i) Specific Hspdl gene silencing, and (ii) KR treatment.
A-C, E, F Data shown are the mean + SD of n =4.

producing virus-specific CD4 TM, when activated in the presence of HSP60
inhibition but rescued by DMKG, were Tth cells (Supplementary Fig. 4E).
Overall, the last section of results shows that impaired IL-21 and
cytotoxic molecule production in CD4 and CD8 TM after TCR engagement,
including virus-specific cells, which were mediated by glutaminolysis
[CD4], FAO [CD8] and HSP60 inhibition, could be rescued by DMKG in a
mitochondrial ATP-dependent manner (Supplementary Fig. 5).

Discussion
Today, it is well acknowledged that cellular metabolism, which includes the
generation of ATP molecules dictates T cell fate after TCR engagement, such
as cell growth, survival and effector immune functions, which are all energy-
dependent biological processes™**™*****’. There are two primary and
overlapping metabolic pathways in eukaryotic cells for generating ATP:
glycolysis and mitochondrial OXPHOS. Evidence shows that, in a few
minutes after TCR engagement, Ag-specific CD4 and CD8 TM perform
aerobic glycolysis®, which allows them to rapidly keep up with ATP
demands whilst preserving the biosynthetic nature of mitochondria to
generate new material for cell growth'***°. Aerobic glycolysis in early T cell
activated CD4 and CD8 TM is requested to produce pro-inflammatory
IFN-y, TNF-a, and IL-2 cytokines”" (Supplementary Fig. 3). In the
meantime, starting at 6 hours and until days 3 post-activation, IFN-y-
producing TM including virus-specific cells further use mitochondrial
OXPHOS to support other T cell effector functions”"™". These functions
include the expression of IL-21 cytokine, mainly produced in peripheral
CXCR5"CXCR3"CD4 T follicular (Tth) cells [> 80% of IL-21-producing
CD4 TM], and the dual-expression of Perforin and Granzyme-B molecules
in CD8 cytotoxic T lymphocytes (CTL), both occurring in a mitochondrial
ATP-dependent manner"*". Virus-specific TM do not need glycolysis for
mitochondrial ATP generation, but rather use additional nutrients than
glucose in the form of glutamine and fatty acids, which are both provided by
autophagy after TCR engagement''*'**"”, Precisely, with IL-21-producing
Tth cells, including virus-specific cells, glutamine enters the mitochondria
where it is first converted into glutamate by GLS" and then into the rate-
determining TCA cycle intermediate aKG by GDHI that ultimately fuels
mitochondrial ATP generation. At 24 hours post-TCR engagement, not
only does our data confirm that CD4 TM display increased cellular levels for
both glutamate and aKG metabolites, but also higher protein levels for GLS
and GDHI1 enzymes, as well as glutaminolysis-dependent ATP-linked
respiration when compared to non-activated cells". In CTL, fatty acids enter
the mitochondria through the CPT1A and CPT2 lipid transporters where
they are then transformed into Acetyl-CoA molecules through FAO, which
involves several enzymes such as ECHS1, HADH and MCAD. In this
context, our data confirmed that activated CD8 TM have higher expression
levels for CPT2, ECHS1, HADH and MCAD proteins as well as FAO-driven
ATP-linked respiration when compared to non-activated cells. Although
not intuitive at first, since Acetyl-CoA fuels the TCA cycle two steps prior to
that of the aKG intermediate™, we found nonetheless that the increased
cellular levels of aKG, which are found in CD8 TM at 24 hours post-
activation, are fully prevented when activated in the presence of FAO
inhibition by Eto, which yields low aKG levels comparable to those of non-
activated cells.

Herein, we identify HSP60 chaperone as a key regulator of mito-
chondrial ATP generation in TM after TCR engagement, by bolstering

glutaminolysis and FAO pathways in virus-specific Tth cells and CTL,
respectively. HSP60, which is a molecular chaperone mainly located in the
mitochondria, interacts, and assists in the folding of a multitude of proteins
in the mitochondrial matrix*>™’. The latter include CPT2 lipid transporter
and multiple enzymes of the glutaminolysis and FAO pathways, some of
which have even been confirmed in cancer cells with specific Hspdl gene
silencing’®***®. Our data showed that the mitochondrial expression of
HSP60 in both virus-specific CD4 and CD8 TM is induced after TCR
engagement in an HSF1-dependent manner” and achieves the highest level
of protein expression at 24 hours post-activation. Through specific Hspdl
gene silencing and cell treatment with the selective HSF1 inhibitor KR,
which led up to 96.5% and 94% of HSP60 inhibition in activated CD4 and
CD8 TM respectively, we found that the chaperone is a key regulator of their
mitochondrial energy metabolism. Similarly to cancer cells™ ™, HSP60
inhibition by specific Hspdl gene silencing in TM leads to a potent inhi-
bition of the protein levels for GLS and GDH1 in activated CD4 as well as
CPT2, ECHS1, HADH and MCAD enzymes in CD8 T cells, thus resulting
in low levels of these proteins that were comparable to non-activated cells. In
fact, we found that HSP60 inhibition in activated CD4 TM not only results
in decreased glutamate production, but also leads to lower glutamate/glu-
tamine ratio (Supplementary Fig. 6), which indicated a contributive role of
HSP60 chaperone on glutamine consumption during TCR engagement.
However, to quantitatively and precisely determine how HSP60 inhibition
impacts the engagement of glutaminolysis [CD4] and FAO [CD8] meta-
bolic pathway during TCR engagement, it may be informative to use
isotope-tracing metabolomics on cultivated cells (glutamine or fatty acids),
and further assess their transformations by mass spectrometry.

HSP60 inhibition in cancer cells further leads to reduced cellular
aKG levels and mitochondrial ATP generation®*"*. As expected, our
data confirmed that HSP60 inhibition in activated CD4 and CD8 TM,
including virus-specific cells, leads to reduced levels of cellular glutamate
and TCA cycle aKG as well as mitochondrial ATP-dependent IL-21 and
cytotoxic molecule production. It is worth noting that, in effector CD4
and CD8 TM, both HSP60 inhibition and glutaminolysis [CD4]/FAO
[CD8] blockade during TCR engagement resulted in potent inhibition of
aKG levels even though this TCA-related metabolite can be the by-
product of many different metabolic pathways. Of note, HSP60 inhibi-
tion in activated CD4 and CD8 TM did not impact the glycolysis-
dependent production of IFN-y, TNF-q, and IL-2 cytokine. Since HSP60
can interact with hundreds of mitochondrial interactors in cancer cells”,
we cannot exclude that, aside regulating mitochondrial ATP generation
in CD4 and CD8 TM after TCR engagement, HSP60 could also influence
their survival and cell growth in culture. To verify if it is the case, we
assessed the levels of cell apoptosis and cell numbers per 10° PBMC in
both CD4 and CD8 TM after T cell activation at 24-, 48- and 72-hours w/
wo specific Hspd1 gene silencing. First, we confirmed increased numbers
for both CD4 and CD8 TM at 72 hours post-activation, which confirms
T cell growth after TCR engagement at longer time periods of culture
(Supplementary Fig. 7). However, HSP60 inhibition in activated TM
neither influenced the levels of cell apoptosis nor cell numbers per mil-
lion PBMC up to 72 hours post-activation (Supplementary Fig. 6). In
summary, HSP60 regulates mitochondrial ATP generation in IL-21-
producing Tth cells and CTL, including virus-specific cells, by assisting
the glutaminolysis- and FAO-dependent fueling of endogenous aKG.
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DMKG, the diester and cell-permeable analog of aKG, has recently
been shown to significantly contribute carbon to mitochondrial TCA cycle
metabolism in multiple cancer cells by supplementing cellular levels of
aKG”. Interestingly, previous data confirm that DMKG supplementation
further rescued reduced oKG levels and mitochondrial ATP-linked
respiration in CD4 TN, when activated under glutamine restriction'"’. In

the current study, DMKG supplementation was further found to replenish
reduced aKG levels in virus-specific TM, when activated for 24 hours in the
presence of glutaminolysis [CD4], FAO [CD8] and HSP60 inhibition. As a
result, we confirm that DMKG supplementation represents an effective way
to rescue mitochondrial ATP-dependent IL-21 and cytotoxic molecule
production in virus-specific Tth cells and CTL respectively. Of note, DMKG
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Fig. 8 | DMKG rescues ATP-dependent IL-21 and cytotoxic molecule production
in virus-specific TM despite glutaminolysis, FAO and HSP60 inhibition. A-E
Purified CD4 and CD8 TM were pre-transfected with Ctr siRNA or HSP60 siRNA,
after which they were T cell activated or not with anti-CD3/CD28 Abs w/wo BPTES/
R162 [CD4], Eto [CD8], KR, DMKG and Rot/AMA. A % of IL-21-producing CD4
TM and B CTL in Ctr siRNA-transfected TM were determined at 24 hours of cell
culture w/wo metabolic inhibitors. Fold increases (FI) of T cell effector functions
when DMKG was supplementing cell cultures are also indicated in bold. FI were
calculated as follows: [% of effector TM with DMKG] / [% of effector TM without
DMKG]. (C) IL-21 production in CD4 TM and, D Perforin and Granzyme-B co-
expression in CTL, when 24 h-long of TCR engagement were conducted w/wo
specific Hspd1 gene silencing, KR, DMKG and Rot/AMA. Results shown are (i)% of
positive effector T cells, and (ii) representative dot plots in HSP60-depleted CD4 and

CD8 TM w/wo DMKG supplementation. FI of these effector T cell functions in
HSP60-depleted CD4 and CD8 TM with DMKG supplementation are also indicated
inbold. D, E Correlations between FI of ATP-linked respiration and those of D IL-21
production in CD4, or E Perforin/Granzyme-B dual-staining in CD8 TM with
DMKG supplementation. N = 12 activated TM w/wo specific Hspd1 gene silencing
and KR at 24 hours of culture. F PBMC were stimulated or not with viral peptides for
24 hours w/wo glutaminolysis or FAO inhibition, and w/wo KR, DMKG and Rot/
AMA. ()% of IL-21* CD4 and CTL T cells in non-stimulated and virus-specific TM
at 24 hours of culture. FI of T cell effector functions in virus-specific CD4 and CD8
TM with DMKG supplementation are also indicated in bold. (ii) representative dot
plots for virus-specific IL-21" CD4 and CTL TM, when cells were virally stimulated
with KR and w/wo DMKG. A-C, F, Data shown are expressed as the mean + SD
of n=6.

is still able to fully restore mitochondrial ATP-dependent T cell effector
functions in CD4 and CD8 TM, when activated in HSP60-inhibited con-
ditions up to 72 hours of culture (Supplementary Fig. 5). This indicates that
HSP60 inhibition in activated TM at 24 to 72 hours of culture has no impact
on the final steps of ATP generation that involve the OXPHOS respiratory
complexes, contrary to what has been found in cancer cells”*"***. Aside
DMKG, acetate supplementation could also be another way to rescue
mitochondrial ATP generation in virus-specific CTL cells when necessary.
Indeed, by fueling the cellular levels of Acetyl-CoA, acetate supplementation
of tumor-specific CD8 T cells metabolically bolsters their T cell effector
immunity”. Acetate dietary supplementation in mice also improves
Granzyme-B expression in influenza virus-specific CD8 T cells by enhan-
cing the cellular levels of TCA cycle aKG and FAO-driven mitochondrial
ATP-linked respiration®. In summary, we show that DMKG supple-
mentation is an enticing therapeutic concept to boost antiviral T cell
immunity in a mitochondrial ATP-dependent manner, if they had defective
glutaminolysis or FAO pathways w/wo impaired HSP60 expression.

Since they play a key protective role in viral infections, including
human immunodeficiency virus type 1 (HIV-1), gaining information on
how IL-21-producing Tth cells and CTL metabolically control their virus-
specific immunity will provide insights towards the development of new
improved T cell-based therapies by identifying specific molecular targets”*".
Our previous works, by using the same in vitro model of T cell responses to
viral peptides, have shown that inducing the catabolic process of autophagy
with drugs is an enticing therapeutic venue to consider for boosting both
HIV-1-specific IL-21 and cytotoxic molecule production in people living
with HIV-1 (PLWH)"'"*'*". Defective HIV-1-specific Tth and CTL
responses, which are still found in PLWH despite long-term intake of
suppressive antiretroviral therapy (ART)""'*'*"***%  can be improved by
autophagy inducer AICAR treatment, resulting in better down-stream
mitochondrial process of ATP generation in the same fashion than EC**".
Importantly, our data were confirmed to be accurate since stimulating
autophagy with drugs is confirmed effective in improving both in vivo CD4
and CD8 T cell responses against HIV-1 in ART-treated HIV" humanized
mice, and even delays viral rebound after ART cessation”. Here, we propose
DMKG supplementation as a new mean to restore optimal ATP-dependent
Tth and CTL immunity against viruses when cells cannot properly fuel
mitochondrial activity through the TCA cycle for ATP production. In this
context, on a total of 12 ART-treated individuals, we have selected two of
them, whose defective HIV-1-specific IL-21 and cytotoxic molecule pro-
duction was not rescued by AICAR treatment. Not only our preliminary
data confirm impaired HSP60 expression in both HIV-1-specific Tth cells
and CTL for these two individuals, but also validate that DMKG supple-
mentation rescues their defective anti-HIV-1 T cell responses when AICAR
treatment fails to do so (Supplementary Fig. 8). This indicate that DMKG
supplementation might be a better way to restore effective HIV-specific Tth
and CTL immunity in PLWH than autophagy inducing drugs, because it
overcomes not only autophagy defects, but also impaired HSP60 expression
when found in PLWH after T cell activation. Furthermore, our data must be
considered for optimizing T-cell immunity to viral vaccines, particularly in

the context of poor-responder vaccines to seasonal influenza viruses. Per-
ipheral CXCR5*CXCR3"® Tth cells, which represent more than 80% of IL-
21-producing CD4 TM in our cell culture, positively influence B-cell Ab
production and CTL activity during viral infections'*”. In fact, IL-21 pro-
duction by Tth cells and related Granzyme-B by CTL are the most highly
indicative features of vaccine efficacy against influenza viruses, especially in
PLWH""". Since DMKG supplementation improves Tth- and CTL-related
immunity in virus-specific T cells, including those against influenza virus, it
may be considered as a vaccine adjuvant to seasonal Flu.

To conclude, we provide clear evidence that virus-specific CD4 and
CD8 TM must properly generate mitochondrial ATP through glutamino-
lysis and FAO pathways, both of which depend on HSP60 induction for
optimal enzyme expression after TCR engagement, and whose ATP-
dependent Tth cell- and CTL-related immunity can fully be rescued by
DMKG supplementation (Supplementary Fig. 5).

Materials and methods

Products, drug inhibitors and reagents

RPMI-1640 media, FBS, antibiotics and PBS were obtained from Wisent
Inc. The selective HSF1 inhibitor KRIBB11 (KR), FAO inhibitor etomoxir
(Eto), glutaminolysis inhibitors BPTES and R162, glycolysis inhibitor 2-
deoxy-D-glucose (2-DG), OXPHOS-related complex I inhibitor rotenone
(Rot), OXPHOS-related complex III inhibitor antimycin A (AMA),
autophagy-related lysosome inhibitor Bafilomycin Al (BaF), DMKG, and
IL-21 cytokine, were all provided from Sigma-Aldrich. KR, Eto, BPTES,
R162, 2-DG, Rot, AMA, BaF, DMKG, and IL-21 were used in our study at:
[2 ug/mL, 5 uM, 30 uM, 30 uM, 0.5 mM, 5 uM, 1 pM, 10 ng/mL, 20 pg/mL,
and 10 ng/mL].

Memory T cell (TM) purification

Leukapheresis from healthy subjects (middle-aged men [25 to 50 years old])
were all provided by J.P. Routy and A. Massicote, McGill University Health
Centre, Montreal, Quebec, Canada. Each donor signed informed consent
forms approved by the McGill University Health Centre research ethics
board [ethic number: 2021-7111]. First, PBMC were isolated by a Ficoll-
Hypaque (GE Healthcare) density gradient. CD4 or CD8 TM were then
purified from PBMC using the untouched EasySep™ Human Memory
CD4+T Cell and Memory CD8+ T Cell Enrichment Kits (StemCell
Technologies), respectively. For isolation of mitochondrial fractions, we
chose to purify the overall TM population (CD4 and CD8 included): we
performed an initial negative selection using Human Pan T Cell Isolation kit
(Miltenyi Biotec), which allowed us to retain total T cells, followed by
another negative selection using CD45RA MicroBeads (Miltenyi Biotec),
which allowed us to purify the overall CD45RA™*TM. Our protocols
allowed for more than 94.6% purification with any cell stimulation and
apoptosisl3,l4,35,36.

T-cell activation methods
CD4 and CD8 TM were activated in complete RPMI [10% FBS; peni-
cillin/streptomycin], by using two complementary methods. In the first,
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for transcribing the events of TCR engagement, we activated PBMC or
purified TM [CD4, CDS8, or total] with 1 ug/mL anti-CD3 and 2 ug/mL
anti-CD28 Abs (BD Biosciences). In the second, to study virus-specific
TM, PBMC were stimulated with two pools of viral peptides; Specifically,
cells were activated with 2 pug/mL of CEFTA:CD4 [35 MHC Class II-
restricted peptides from human cytomegalovirus (CMV), Epstein-Barr
virus (EBV), influenza viruses, and adenovirus 5; Mabtech] and
CEF:CD8 extended [32 MHC Class I-restricted peptides from human
CMYV, EBV and influenza virus; Mabtech] peptide pools, with 2 ug/mL
anti-CD28 Abs. These viral peptide pools are considered to be the gold
standard to test the functionality of Ag-specific T cells and, as such, are
typically included as a positive controls in most antiviral T cell
assays'>’°. Both virus-specific CD4 and CD8 TM were determined in
culture by positive staining for IFN-y, as previously described>**.
Importantly, our experimental design has proven that we can trigger the
same molecular and metabolic mechanisms that contribute to mito-
chondrial ATP generation in CD4 and CD8 T cells between Ag-specific
cells via the stimulation with viral peptides and the whole TM after TCR
engagement with anti-CD3/CD28 Abs"'***. Finally, cultures of purified
CD8 TM were stimulated with IL-21 as previously described'’. This was
mandatory to ensure proper autophagy-driven glutamine and fatty-acid
production after TCR engagement.

Specific Hsf1 and Hspd1 [HSP60 inhibition] gene silencing

First, we purified a minimum of 10’ CD4 or CD8 TM, and electroporated
them using Nucleofector II technology according to the Amaxa Biosystems
manufactor’s protocol. Specific siRNAs for HSF1 (siRNA IDs: 115674
[siRNA 1] and 3139 [siRNA 2]), for HSP60 (IDs: 11067 [siRNA 1] and
11163 [siRNA 2]), and negative control siRNA (ID: 4390843) were all
obtained from ThermoFisher Scientific. Of note, 5ug of siRNA were
transfected or not for 2 h without antibiotics. Cells were washed three times
thereafter, to remove dead necrotic cells, counted and incubated for 24 h.
Finally, TM were T-cell activated and collected to assess metabolic and
immune features. The efficacy of HSF1 and HSP60 protein inhibition under
specific gene silencing was systematically confirmed by flow cytometry.

Multiparameter flow cytometry

Supplementary Table 1 shows the multiparameter antibody (Ab) cock-
tails that we developed in our study. Of note, GolgiPlug (BD Biosciences,
555029) and GolgiStop (BD Biosciences, 554724) were always added in
culture 6 hours before assessing cytokines and cytotoxic molecules.
Intracellular staining (ICS): To assess the expression levels of
autophagy-related genes (ATG1 and Beclin-1), HSF1, HSP60, and
effector molecules (IL-21, Perforin, Granzyme-B as well as IFN-y, IL-2
and TNF-a), we subjected cells to ICS as previously described'*'**>*.
Briefly, after surface staining with specific antibodies for TM pheno-
typing, we fixed and then permeabilized the cells with 0.25% saponin
(Sigma Aldrich, 47036) before the intracellular staining per se. After three
washes, stained cells were finally ready for flow cytometry analyses. The
viability marker 7-aminoactinomycin D or 7-AAD (ThermoFisher Sci-
entific, 00-6993-50) was used to exclude dead cells from analysis.
PhosFlow protocol: PhosFlow was performed to assess the intracellular
expressions of HSF1 pS326 (the phosphorylated and active form of
HSF1) in TM. Briefly, cellular fixation was done by using 4% PFA for
10 min at 36 C followed by surface staining for 10 min at 4 C. Afterwards,
the cellular permeabilization was done using 90% ice-cold methanol for
30 min at 4 C followed by 30 min of intracellular staining in PBS 4 2%
FBS at room temperature. Once again, 7-AAD was used again to exclude
dead cells from analyses. Apoptosis assessment: As previously
described™, the percentages of apoptotic cells were determined in gated
CD4 and CD8 TM with Annexin-V-V450 labeling (BD Biosciences), and
by using Annexin V Binding Buffer (BD Biosciences). Data analyses: BD
LSRII Fortessa flow cytometer (BD) was used to collect the data which
was analyzed using the DIVA software. 200,000-500,000 gated cells were
analyzed for each sample.

Western blotting

Purified CD4 or CD8 TM were activated or not w/wo specific Hspdl gene
silencing. TM were then collected and subjected to SDS-PAGE for Western
blot analysis, as previously explained in other publications'**”"”". Briefly,
we collected 10 ug of protein lysates per culture condition to determine the
levels of glutaminolysis-related enzymes [GDHI1 and GLS], FAO-related
enzymes [ECHS1, HADH, and MCAD] and lipid transporter CPT2,
respectively in CD4 and CD8 TM. All primary Abs including anti-p-actin
Abs (monoclonal rabbit Ags), and secondary HRP-conjugated goat anti-
mouse and anti-rabbit IgG Abs were all purchased from ThermoFisher
Scientific. To maximize detection sensitivity, we used the Clarity Max ECL
substrates from BioRad. Of note, densitometric quantifications for all pro-
teins of interest (normalized to B-actin whose expression level was used as
loading control) were determined using Image J software.

Mitochondria isolation

10° purified TM were activated with anti-CD3/CD28 Abs for 24 hours and
then collected to gather purified fractions of mitochondria using the
Mitochondria Isolation kit for Cultured Cells (ThermoFisher Scientific; Cat
number: 89874). To achieve high purity for both the mitochondrial and
cytosolic fractions from cell lysates, we followed the manusfacturer’s
instruction with the traditional Dounce homogenization-based protocol.
Finally, western blot analyses of purified mitochondria and cytosolic frac-
tions were conducted to determine protein levels of HSP60, mitochondrial
lipid transporter CPT2 and cytosolic peroximosal membrane protein 70
(PMP70). CPT2 and PMP70 allowed us to respectively confirm high purity
of the collected mitochondrial and cytosolic fractions. All primary mono-
clonal rabbit and secondary HRP-conjugated Abs were purchased from
ThermoFisher Scientific.

Assessment of cellular levels of glutamate and gluta-

mine [CD4 TM]

Purified CD4 TM were activated or not for 24 hours w/wo specific Hspd1l
gene silencing. Of note, the GDHI1 inhibitor R162 was added at the
beginning in the cell culture to prevent the enzymatic conversion of cellular
glutamate to aKG. Cells were then collected at 24 hours of culture to assess
their intracellular, and accumulated, concentrations of glutamate and glu-
tamine by using the Bioluminescence-based assay Glutamine/Glutamate-
Glo assay kit (Promega; Cat number: J8021)"*. We also determined all ratio
[glutamate]/[glutamine] to evaluate the glutamine consumption in culture.

Assessment of cellular levels of aKG [CD4 and CD8 TM]

Purified CD4 and CD8 TM were activated or not in the presence of
OXPHOS inhibition by Rot/AMA co-treatment’. Of note, TM were acti-
vated w/wo specific Hspdl gene silencing, KR, 2-DG, BPTES/R162 [CD4]
and Eto [CD8]. At 24 hours of culture, TM were washed three times in PBS
to be subjected to colorimetric measurement of their intracellular aKG levels
using the Alpha Ketoglutarate Assay kit (Abcam). Briefly, 2.10° cells per
culture condition were collected, homogenized, sonicated, and centrifugated
in ice cold AKG assay buffer to get clear protein samples. The latter were
thereafter subjected to perchloric acid-mediated deproteinization protocol
to remove most of their proteins and stabilize the small molecules including
cellular metabolites. The deproteinized samples and aKG standard [0 to
10nM] were all resuspended in 50 L oaKG assay buffer in 96 well-
microplate and incubated 45 minutes in a 37 °C CO, incubator with 50 pL
Colorimetric Reaction Mix. This step allowed the enzymatic conversion of
aKG into pyruvate, which then transforms the colorless OxiRed probe to a
color one (optic density; OD detectable at 570 nM). Of note, since TM are
expected to have endogenous pyruvate that may generate unwanted back-
ground, we also incubated 50 pL of each deproteinized samples with 50 pL
of Background Mix. The latter will assess in each samples the OxiRed probe
transformation in the absence of aKG conversion. Finally, we determined all
ODs;gm\ for AKG standard and the deproteinized samples, including those
incubated with the Background mixes by using a Multiskan FC microplate
reader (ThermoFisher). By referring to the standard curve, we finally
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determined the quantities of cellular aKG in nmol per million TM with the
following formula: [aKG] = [(ODsg, of sample incubated in Colorimetric
Mix) - (ODsyg,0m of sample in Background Mix)] / 2.

Metabolic flux assay (whole and FAO-mediated mitochondrial
respirations)

At 24 hours post-activation, both CD4 and CD8 TM were collected to assess
both whole and FAO-driven mitochondrial respiration, by using a Seahorse
XFgs metabolic analyzer. Of note, 4.10° cells per condition were needed to
ensure reproducible observations [in triplicate]. Whole mitochondrial
respiration: As previously explained”", TM were seeded on XFos plates
(Agilent Technologies) in complemented Agilent RPMI [Glucose 10 mM,
Glutamine 2 mM and Pyruvate 1 mM]. The XF Cell Mito Stress Test kit was
used according to the manufacturer protocol. Oxygen consumption rate
(OCR) was determined under basal conditions and in response to respira-
tion modulators that were injected during the assay to observe key para-
meters of mitochondrial energy metabolism. The modulators included in
this assay were oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone (FCCP), Rotenone and Antimycin A (1.5uM, 2 uM and
0.5 uM, respectively). We determined the spare respiratory capacity (SRC)
and ATP-linked respiration for each condition respectively as follows:
[maximal OCR determined after FCCP treatment]—[basal OCR deter-
mined before oligomycin treatment] and [basal OCR]—[minimal OCR
determined after Rotenone/Antimycin A co-treatment]. FAO-mediated
mitochondrial respiration: To determine the FAO status in CD8 TM, we
used the Seahorse XF Palmitate Oxidation Stress Test kit protocol with a
minor modification". Once again, 4.10° cells were seeded on XFyg plates
without going through the suggested nutrient restriction pre-step. This was
made to keep a satisfying cell viability (superior to 90% of cell viability
confirmed by flow cytometry). However, cells were still cultured under
nutrient restriction, but at the end of culture and for 45 minutes. In this
context, cells were cultured in a CO,-free incubator at 37°C with a pre-
warmed XF FAO media containing only a necessary minimal content of
glucose (25 mM) and 0.5mM of L-carnitine (Agilent Technologies).
L-carnitine is an amino-acid derivative that transports fatty acids into cells
to be processed for energy. The nutrient restriction step was also conducted
in the presence of lipid substrate palmitate-bovine serum albumin (BSA)
complex or BSA alone. Once again, OCR values, which were determined
under basal conditions and in response to respiration modulators, were used
to calculate SRC and ATP-linked respiration for each culture condition.
FAO-mediated parameters (SRC and ATP-linked respiration) were deter-
mined according to the manufacturer’s instructions and by the formula:
[values with palmitate] — [values with BSA]. Data normalization: All values
were normalized to the number of viable cell events per seeded well thanks to
the CytoFLEX benchtop flow cytometer (Beckman Coulter).

Lytic autophagy activity

Lytic autophagy-dependent degradation of long-lived proteins in TM
was quantified as previously described'*'. The method is based on a
pulse-chase approach, whereby cellular proteins are radiolabeled by [*C]
valine (PerkinElmer, NEC291EU050UC). First, 1.10° purified TM were
seeded, and incubated for 18 h in complete RPMI with 0.2uCi/ml of L-
[**C] valine to label intracellular proteins (Pulse media). Cells were then
washed three times with PBS to eliminate any unincorporated radio-
activity. The short-lived proteins were allowed to be degraded for 24 h in
fresh RPMI (Chase media). After that, TM were activated for 24 hours,
and then seeded in 10% of trichloroacetic acid (TCA) containing RPMI.
After centrifugation, precipitated cells were washed twice with cold 10%
TCA RPMI and dissolved in 0.2 M NaOH for 2 h. Of note, the super-
natants contained the acid-soluble radioactivity fraction. Radioactivity
was finally quantified by liquid scintillation counting. The rate of
autophagy-dependent degradation of long-lived proteins was calculated
from the ratio of the acid-soluble radioactivity in the medium to the one
in the acid-precipitable cell fraction.

Statistics and reproductivity

The experiments described herein rely on the comparison of TM metabolic
and effector features between two different study conditions [w/wo specific
gene silencing, drug inhibitors and DMKG supplementation]. In this con-
text, we systematically used the two-sided Student paired ¢ test to compare
two different in vitro conditions. Assuming that we would detect more than
10% data difference between two culture conditions, a sample size of 6
individuals per study group have been calculated using the G*power soft-
ware to ensure a statistical power superior to 90%. Spearman’s correlation
test was used to identify the association between two variables. P values of
less than 0.05 were considered as significant difference between two para-
meters. Of note, *, 0.05>P>0.01; ** 0.01>P>0001; ***
0.001 > P> 0.0001; and ****, P <0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All relevant data supporting the findings are available within the paper and
the Supplementary Materials. Source data used for generating the plots in
the main figures are available in the Supplementaty Data file associated with
the manuscript. In addition, the original uncropped western images
including protein ladders are included in Supplementary Figs. 9-11). Of
note, additional information and reagents are available from the corre-
sponding author upon reasonable request.
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