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ABSTRACT

Although macroautophagy/autophagy has been proposed as a critical defense mechanism against HIV-1 by
targeting viral components for degradation, its contribution as a catabolic process in providing optimal anti-
HIV-1 immunity has never been addressed. The failure to restore proper antiviral CD8A/CD8 T-cell immunity,
especially against HIV-1, is still the major limitation of current antiretroviral therapies. Consequently, it is of
clinical imperative to provide new strategies to enhance the function of HIV-1-specific CD8A T-cells in
patients under antiretroviral treatments (ART). Here, we investigated whether targeting autophagy activity
could be an optional solution to make this possible. Our data show that, after both polyclonal and HIV-
1-specific activation, CD8A T-cells from ART displayed reduced autophagy-dependent degradation of
lysosomal contents when compared to naturally HIV-1 protected elite controllers (EC). We further confirmed
in EC, by using specific BECNT gene silencing and lysosomal inhibitors, the critical role of active autophagy in
superior CD8A T-cell protection against HIV-1. More importantly, we found that an IL21 treatment was
effective in rescuing the antiviral CD8A T-cell immunity from ART in an autophagy-dependent manner.
Finally, we established that IL21-dependent rescue occurred due to the enhanced degradation of endogen-
ous lipids via autophagy, referred to as lipophagy, which fueled the cellular rates of mitochondrial beta-
oxidation. In summary, our data show that autophagy/lipophagy can be considered as a therapeutic tool to
elicit functional antiviral CD8 T-cell responses. Our results also provide additional insights toward the
development of improved T-cell-based prevention and cure strategies against HIV-1.
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Introduction

Recently, Angin M. et al. have shown that antiviral CD8A
T-cells from ART display a restrictive glucose dependency,
which is a distinct metabolic defect not observed in EC [4]. In
this study, the authors suggest that the superior CD8A T-cell
immunity found in EC might be explained by their ability to
use additional metabolic resources other than glucose. This
consequently allows them to sustain effective mitochondrial
respiration with high ATP production. This immune advan-
tage, referred to as metabolic plasticity, has to be achieved in
ART through the design of new strategies, but the molecular
mechanisms responsible for it need to first be clarified among
EC. In cancer, data show that the diverse metabolic fuel
sources that can be produced by macroautophagy/autophagy,
a lysosomal-dependent catabolic process, provide tumors with

The maintenance of polyfunctional CD8A/CD8 T-cell respons
es, especially against human immunodeficiency virus type-1
(HIV-1), is associated with better viral control and slower disease
progression [1]. Polyfunctional CD8A T-cells are defined by
their ability, upon activation, to secrete multiple cytokines simul-
taneously with cytotoxic molecules such as PRF1 (perforin 1)
and GZMB (granzyme B) [2]. However, despite successful viral
suppression, patients under antiretroviral therapies (ART) dis-
play defective antiviral CD8A T-cells with reduced polyfunc-
tional responses when compared to elite controllers (EC)
[3-7]. EC, who are able to maintain a natural control of HIV-1
due to strong antiviral CD8A T-cell responses, can help in the
design of new strategies aiming at reinforcing CD8A T-cell
immunity in ART [8].
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metabolic plasticity [9-11]. Since previous observations have
proposed that autophagy may contribute to limiting HIV-1
pathogenesis in EC by targeting viral components for degra-
dation, we raised the question of whether it could rather
provide their CD8A T-cells with metabolic plasticity and
superior antiviral immunity [12,13]. In the present study, we
showed that following polyclonal and antigen-specific cell
activation, CD8A T-cells from ART displayed reduced autop-
hagic activity when compared to EC. Using specific gene
silencing of BECN1, one major regulator of autophagic activ-
ity, we confirmed the critical role of this catabolic process in
highly functional CD8A T-cell responses in EC [14]. We
demonstrated that IL21 production by CD4 T-cells, which
was lower in ART when compared to EC, was associated
with the levels of autophagic activity in CD8A T-cells [15].
Our data further confirmed that IL21 addition in ART’s
cultures was effective in rescuing their antiviral CD8SA
T-cells in an autophagy-dependent manner. More precisely,
we found that the IL21-mediated rescue was specifically pro-
vided due to increased lipophagy, which describes the autop-
hagic degradation of endogenous lipids [16-18]. Finally, we
concluded our study by confirming in CD8A T-cells from
ART that the enhanced lipophagy following IL21 treatment
impacted the cellular energetic balance directly through lipid
breakdown and fatty acid beta-oxidation (FAO).

Altogether, this study puts lipophagy at the center of the
molecular pathway by which IL21 signaling leads to enhanced
mitochondrial metabolism in protective CD8A T-cell immu-
nity during persistent HIV-1 infection. Our results also pro-
vide new information to consider for the development of
effective T cell-based vaccines and cure strategies against
HIV-1, where effective HIV-1-specific CD8A T-cell responses
are warranted [19-22].

Results

Confirmation of reduced autophagic activity in
HIV-1-specific CD8A T-cells from ART

Autophagy is a highly dynamic intracellular degradative sys-
tem that involves the capture, isolation and lysosomal diges-
tion of intracellular materials in specialized structures called
autolysosomes (ALs) [23]. Although previous findings suggest
that autophagy in EC may be associated with virologic bene-
fits by targeting HIV-1 components for degradation, no infor-
mation is available regarding the potential immunological
advantage that autophagy may provide in EC, especially in
their antiviral CD8A T-cells [12,13].

We decided to use several complementary methods to
assess autophagy in CD8A T-cells from all study groups
such as multi-parameter and ImageStream flow cytometry,
pulse-chase assay, and electron microscopy. First and fore-
most, we validated all methods by using CD8A T-cells from
HIV"8 donors (n = 10) that have been starved for 2 h, which
is the most common way to increase autophagic activity in
culture (Fig. S1A-D). As expected, we found significant
increases in the expression levels for the autophagy-related
protein BECN1 (beclin 1) and SQSTMI1 (sequestosome 1)
(Fig. S1A). Our data also showed increased autophagy-
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dependent lytic activity in starved CD8A T-cells by using
a pulse-chase assay method that has previously been devel-
oped on macrophages (Fig. S1B) [24]. Then, by using
Imaging flow cytometry, we evaluated the lysosomal content
of MAPILC3/LC3 (microtubule associated protein 1 light
chain 3) protein [25], which was also shown increased under
starvation. This was determined by the colocalization index of
fluorescently labeled LC3 and lysosomal marker Lyso-ID,
which is called bright detail similarity (BDS) (Fig. S1Ci-iii).
However, in agreement with the previous observations that
were also generated on CD8 T-cells [25], we did not found
any difference in LC3 puncta counts after cell starvation (Fig.
S1Civ). This indicated that, due to the nature of lymphocytes
(displaying almost no cytoplasm compartment) and the lim-
itation of the Imaging-based assay, LC3 puncta counts could
not be used as a quantitative and reproducible indicator
values of CD8A T-cell-related autophagy.

Once validated, we assessed the levels of protein expression
of the two key autophagy-related genes, ULKI and BECNI, in
ART and compared them to those from age-matched EC and
uninfected donor controls (HIV"8). The expression levels of
ULK1 and BECN1 were determined by multiparameter flow
cytometry in CD8 T-cells after 6 h of polyclonal and antiviral
activations. To elicit antiviral activations, we used a combined
CEF peptide pool (cytomegalo-virus with Epstein-Barr and flu
viruses) or HIV-1 Gag. Antigen-specific CD8A T-cells were
determined by their positive staining for IEFNG/IFN-y, follow-
ing the antiviral activations, as previously done [26]. Of note,
we did not find any difference in the percentage of antigen-
activated CD8A T-cells represented as IFNG™ cells between
ART and EC, and we used HIV"® as a negative control for
HIV-1 Gag stimulation (Fig. S1E and S1F). In addition to
ULK1 and BECNI1, we decided to investigate intracellular
accumulation of the SQSTM]1, when cells were cultured with
BaF. Our data showed that basal levels of ULK1, BECN1 and
SQSTM1, as determined by the percentages of positive cells,
were similar in non-activated CD8A T-cells for all study
groups (Figure 1A-C). In contrast, after both polyclonal and
antiviral activations, we found that the expression levels for all
molecules were significantly reduced in ART when compared
to EC and HIV".

We next used an ImageStream-based autophagy assay. Our
data showed reduced lysosomal content of LC3 in activated
CD8A T-cells from ART (Figure 1D and Figure 1E). We
further quantified the autophagy-dependent lytic activity as
previously done in macrophages, but performed here in
CD8A T-cells after 6 h of polyclonal activation with or without
BaF [24]. Once again, our results showed that activated CD8A
T-cells from ART displayed lower percentages of autophagy-
dependent degradation when compared to EC and HIV"®
(Figure 1F). We decided to use this pulse-chase assay for the
rest of our study to appreciate autophagic activity in CD8A
T-cells. Indeed, not only did we confirm the efficacy of BaF in
blocking autophagic activity with the assay (Figure 1F), but we
also found that the results positively correlated with the expres-
sion levels of ULK1, BECN1 and SQSTM1, as well as with the
lysosomal content of LC3 (Fig. S2).

Finally, we analyzed the polyclonally-activated CD8A
T-cells for all study groups at the ultrastructural level.
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Figure 1. Reduced autophagic activity in ART after CD8A T-cell activation. (A-E) CD8A T-cells from ART, EC and HIV"®? were either polyclonally or antigen-specifically
(CEF peptides or Gag antigens) activated and cultured without activation for 6 h (n = 6). Of note, antigen-specific CD8A T-cells were identified at 6 h post-activation
by positive staining for IFNG. The percentages of positive cells were then determined in CD8A T-cells for the autophagy-related players (A) ULKT and (B) BECN1. (C)
We also assessed the percentages of SQSTM1* CD8A T-cells when lysosomal activity was blocked by BaF during the culture. Representative histograms including
isotype controls after 6 h of post-polyclonal activation are also shown above. (D and E) Lysosomal content of LC3 determined by Imaging flow cytometry. (D)
Representative images of single CD3W" CD8A™ (polyclonal activation) and CD3W" CD8A™ IFNG" T-cells (CEF and HIV-1 activations) merged for fluorescent signals
from LC3 and Lyso-ID. BF, bright field. (E) Percentages of BDSM9" LC3* Lyso-ID™ CD8A T-cells in ART, EC and HIV™®. The colocalization index BDS stands for bright
detail similarity. (F) Autophagy-dependent proteolytic degradation of long-lived proteins determined in purified CD8A T-cells after polyclonal activation in the
presence or absence of BaF, by using a pulse-chase approach. 8, symbol used for paired t test (comparison between treated CD8A T-cells and their untreated control).
*, symbol used for Mann-Whitney test (comparison between study groups). One symbol, 0.05 > P> 0.01; two symbols, 0.01 > P> 0.001; and three symbols,
0.001 > P> 0.0001.

Similarly to others, we used electron microscopy to evaluate
the number of both autophagic vacuoles (AV) and ALs [12].
In contrast to AV that were identified as a double-membrane-
structure containing undigested cytoplasmic material, ALs
were generated by the fusion (complete or in progress) of
the autophagic vacuoles with the lysosomes and were limited

by a single membrane (Figure 2A). We validated the use of
this method by starving CD8A T-cells from HIV™® donors
(n = 3), which showed increased AL numbers (Fig. S1D). Our
data showed that activated CD8A T-cells from ART displayed
less AV and ALs than those of EC and HIV"“® (as determined
by both numbers and percentages of positivity per 40 cells)



(Figure 2B-E). Altogether, our results indicate that antiviral
CD8A T-cells from ART, including those specific to HIV-1,
display reduced autophagic activity along with lower numbers
of ALs when compared to EC.

Strong autophagy in EC drives their anti-HIV-1 CD8A
T-cell polyfunctionality

Given the key role that autophagy plays in protective CD8A
T-cell immunity with mouse models of viral infection, it was
reasonable to believe that it may be involved in natural
immune protection against persistent HIV-1 infection as
well [27].

To investigate whether autophagy was responsible for
enhanced antiviral CD8A T-cell responses in EC, we specifi-
cally inhibited BECN1 expression using small interfering
silencing RNAs (siRNA). Briefly, purified CD8A T-cells
from all study groups were either electroporated or trans-
fected with siRNA specific for BECN1 or with negative control
siRNA for 2 h. Then, cells were washed twice and cultured
with their autologous CD8A-depleted PBMC (ratio CD8A:
PBMC = 1:5). At 24 h post-transfection, cells were activated
either polyclonally or specifically for an additional 6 h. At 6 h
post-activation, we finally determined both the expression
levels of BECN1 and cell apoptosis in CD8A T-cells by multi-
parameter flow cytometry. Electroporation alone or transfec-
tion with negative siRNA did not affect BECN1 expression
when compared to cells that were not electroporated. In con-
trast, CD8A T-cells that were transfected with BECN1 siRNA
displayed up to 86.1% and 82.5% reductions of BECN1
expression, respectively in EC and HIV™® (Fig. 3Ai and
S3A-C). In fact, BECNI silencing in EC and HIV"® led to
reductions of its protein expression to levels comparable to
ART. Of note, we found similar percentages of cell apoptosis
for all conditions of electroporation or transfection, regardless
of the study groups (Fig. 3Aii). We further investigated
whether specifically interfering with BECNI1 expression in
activated CD8A T-cells led to reduced autophagic activity.
We also used the lysosomal inhibitors BaF and chloroquine
(Chloro.), which are potent and well-acknowledged inhibitors
of cellular autophagy by targeting lysosomal activity, as con-
trols. Levels of active autophagy in activated CD8A T-cells
that were electroporated or transfected with negative control
siRNA were similar to those of cells that were not electro-
porated. Following polyclonal or antiviral activations, our data
confirmed that both specific BECN1 silencing and lysosomal
inactivation led to significant reductions of active autophagy
in EC and HIV"® to levels comparable to ART (Figure 3B).

Next, using multi-parameter flow cytometry, we deter-
mined in activated CD8A T-cells from EC, ART, and
HIV"“® whether BECNI gene silencing and lysosomal inacti-
vation could impact their antiviral immune responses. To this
aim, we first analyzed the cells’ ability to produce antiviral
cytokines (IFNG and IL2) and cytotoxic molecules (PRF1,
GZMA and GZMB) with or without autophagy inhibition
(Fig. S3D). When autophagy was untouched in CDS8A
T-cells, we found that both polyclonal and antiviral activa-
tions led to higher percentages of PRF1* and GZMB™ cells in
EC and HIV"® when compared to ART (Figure 3C and
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Figure 3D). In contrast, targeting active autophagy in acti-
vated CD8A T-cells from EC and HIV"®, by BECNI gene
silencing or with lysosomal inhibitors, both led to significant
reductions of both PRF1 and GZMB productions to levels
comparable to ART (Figure 3C and Figure 3D). Of note, we
did not find any differences between EC, ART and HIV"® for
the single production of IFNG, IL2 and GZMA, even when
autophagy was inhibited.

Finally, we assessed CD8A T-cell polyfunctionality including
in HIV-1-specific cells for all study groups and treatments.
Polyfunctional CD8A T-cells, which were characterized by
their ability to produce multiple cytokines and cytotoxic mole-
cules in addition to IFNG, are highly predictive of protective
immunity against pathogens including HIV-1 [2-6]. In con-
trast, we characterized monofunctional CD8A T-cells by their
single staining for IFNG. Our data showed that, when autopha-
gy was untouched, activated CD8A T-cells in EC and HIV"®
displayed superior cell polyfunctionality. This was illustrated by
higher percentages of cells producing three or more molecules
along with reduced percentages of monofunctional cells, when
compared to ART (Figure 3E). Once again, autophagy inhibi-
tion in EC and HIV", regardless of the method used, led to
significant inhibition of CD8A T-cell polyfunctionality to levels
that were comparable to ART. Overall, our results demonstrate
a critical role of active autophagy in the superior CD8A anti-
HIV-1 potential, as determined by cell polyfunctionality and
production of cytotoxic molecules.

IL21 enhances antiviral CD8A T-cell responses from ART
in an autophagy-dependent manner

We investigated whether autophagy in activated CD8A T-cells
during HIV-1 infection were controlled by intrinsic regulation
or involved in cell cooperation with other immune key players
such as CD4 helpers or CD14" monocytes. In this context, we
first purified CD8A T-cells and activated them either alone or
with autologous monocyte- and CD4 T-cell-depleted PBMC
cultures for 6 h. Once again, we assessed both the expression
levels of autophagy-related genes (ULKI, BECNI and
SQSTMI in the context of lysosomal inactivation) and the
autophagy-dependent lytic activity for all study groups and
activation methods (polyclonal, CEF- and HIV-1 Gag-specific
activations). Our data showed that activating CD8A T-cells
alone or removing CD4 T-cells from cultures both led to
significant inhibition of the expression levels of the autopha-
gy-related genes along with reduced lytic activity in EC and
HIV"™® to levels comparable with ART (Figure 4). In sum-
mary, our data confirmed that the strong autophagic activity
found in activated CD8A T-cells from EC and HIV"™®
required the presence of CD4 T-cells in cultures. In this
regard, we decided to investigate the role of IL21 (interleu-
kin-21), which is a CD4-related cytokine known to promote
antiviral CD8A T-cell responses [28].

First, our data showed that cultures from ART had lower
percentages of IL21" CD4 T-cells when compared to those
from EC and HIV" after 6 h of polyclonal activation (Figure
5A) [15,29]. Importantly, we found a positive and highly
significant correlation between the percentages of IL21-
producing CD4 T-cells and levels of autophagic activity in
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Figure 2. Lower amounts of ALs in activated CD8A T-cells from ART. (A-E) Ultrastructural analysis of purified CD8A T-cells from ART, EC and HIV™®9 after 6 h of
polyclonal activation (n = 3). (A) Representative ultrastructural micrographs from uninfected controls to differentiate AV (autophagic vacuoles; gray arrows) from ALs
(autolysosomes; white arrows). (B) Ultrastructural micrographs in i. ART, ii. EC and iii. HIV"*9 including strategic magnifications to appreciate the numbers of cellular
vacuoles (X 8,000-17,000). Quantitative analysis of (C) the number and (D) percentages of positive CD8A T-cells for AV per 40 cells. (E) Number of ALs per 40 CD8A

T-cells.

CD8A T-cells with all subjects (Figure 5B). Altogether, these
first sets of data strongly suggested an important role of IL21
in dictating the levels of active autophagy among antiviral
CD8A T-cells during HIV-1 infection.

Therefore, we decided to add recombinant IL21 in cul-
tures to confirm whether or not the treatment was effective
in enhancing the autophagic activity among CD8A T-cells
from ART. After 6 h of polyclonal and antiviral activations
with or without IL21, we first assessed the levels of ULKI,
BECN1 and SQSTMI1 by multi-parameter flow cytometry.
Our data showed that IL21 treatment with ART was indeed

effective in enhancing the percentages of CD8A T-cells posi-
tive for autophagy-related genes; however, they did not fully
reach the levels observed in EC and HIV"® (Figure 5C).
Using electron microscopy, we also confirmed that IL21
treatment with ART increased the numbers of AVs and
ALs in their activated CD8A T-cells (Figure 5D).
Furthermore, treating CD8A T-cells from ART with IL21
improved, although partially when compared to EC and
HIV"® controls, their autophagic activity (Figure 5E). In
contrast, IL21 treatment with EC and HIV"*® had no effect
on their autophagy status (Fig. S4A and S4B).



[ BECN1 gene silencing ]

AUTOPHAGY (&) 3413

I Lysosome inactivation ]

{ AUTOPHAGY J

*x HEC
A i. i, B —k . O ART
iy * 6 —— . [@Hve
© | [Mri=525 s 8 BB 8 —
o ‘ S BB _EF_ B
43%| | || 21.1% 3 H E
& 1195 J % 10
o S
56.4% 20.9% ]
> 1,246
Y Gl ;
P “5
8.9% 22.8% <
589 | | | 0
s\?‘ | N N < < £ O
o g Ll o o \@* v\"‘e\* @\* \AP \e"@K\P %® %0 \0‘ 0%Gx\\°‘
BECN1 ANXAS5 e W ° eg A
Q@O N @ ﬁ
@@o 9@ g@c’
C i [ Polyclonal stimulation ) i [__CeFstimulation ] i, [ GagHIV-1 stimulation ]
3 Sk I_I
) ——T BB
2100 - 5 . ooy
© * % B B e | =
= 80 " 88 B Bep EC
% *k Kk — B — OART
Q 0188 BBE s« BB 1# B Hivres
< w0 ! E = Q I
= 88 ;
T BB
4
£ : Ir°s e es E@ é Té :
5 géé pealage [ g T .
X o b—r—r—rrrrrrrrrrrr -
100 . * —_
D 2 P = -5 IEL
[ *k Kk Lot | B k3 B P
© 80 =ty B 4 '_|ﬁli —Ea
= BB s B8 * = —— B B8
S o0 f 1p I
a ] B8
© 4 |
S é @ ]
{ g 0'e8lorlag( oo WGS
Sof alle 1 akdeg g0 0] 0708007 ag
B 0"|_I_|_I_I_|_I_|_I_I_|_I_I_I_l- TrFrrFr«F<«<«<a<««“(‘s&’’*'st!S,T"rvrrooreTT T T T T T T T T
5 = o ; ] 5 5 ] > =G~ = 5 5 1 WL og S e o ] 5
¥ PPy 55 5555 P59z 85 55 88 9= 5888
2°e g "5 s “s5 08 RQ 5§ 5 § 88 "3 5
@ d.a O O O ama ° O ©° g @ S o
SIRNA SiRNA SIRNA
Ei. W
37.3%  3.6% 36.4% 152% 11.4% ' C31.2%  74% 40.6% T.6%  47% " 39.5% 12.1% 446% 102%  6.7%
O |
6.2% 48% 7.2% 10.2% 6.2% 6.6% B84% 11.1% 99% 7.8% 6% 11% 102% 11.2%  7.8%
'_
%
<
o 34.1% 11.2% 312% 3.2% 7.6%  346% 56% 312% 6.5% 114% “eg'BEoN T gaF cnor®
T Number of functions
. a . . 1 - .
nedpeCN 8o oo nedpecN 8af qoro |:l||§|2|3
SiRNA SiRNA

Figure 3. Active autophagy plays a key role in antiviral CD8A immunity during HIV-1
activated CD8A T-cells under specific BECNT gene silencing or lysosomal inactivation

infection. (A-E) Active autophagy and effector function were both determined in
with Baf or Chloro (n = 6). (A) Representative histograms of i. BECN1 expression

and ii. ANXA5 staining in transfected CD8A T-cells from EC at 6 h post-polyclonal activation. (B) Autophagy-dependent proteolytic degradation of long-lived proteins
assessed in polyclonally activated CD8A T-cells when active autophagy was inhibited or not. Percentages of (C) PRF1* and (D) GZMB* CD8A T-cells in the context of
autophagy blockade. Results were shown in the context of i. polyclonal, ii. CEF-specific and iii. HIV-1-specific activation. (E) Pie chart representations of CD8A T-cell

polyfunctionality that were determined after i. polyclonal and ii and iii. antigen-s
functional CD8A T-cells (expressing three or more antiviral cytokines and cytotoxic m

pecific activations with or without autophagy blockade. Percentages of highly
olecules in addition to IFNG) were also indicated in bold for all study groups and

conditions. 8, symbol used for paired t test (comparison between treated CD8A T-cells and their untreated control). *, symbol used for Mann-Whitney test
(comparison between study groups). One symbol, 0.05 > P> 0.01; two symbols, 0.01 > P> 0.001; and three symbols, 0.001 > P> 0.0001.

Finally, we aimed to confirm that IL21 treatment in ART was
effective in rescuing their antiviral CD8A T-cell responses, espe-
cially those against HIV-1, due to enhanced autophagic activity.
To do so, we activated CD8A T-cells from ART (either poly-
clonally or antigen-specifically) with or without IL21, co-
cultured them in the presence or absence of BaF, and assessed
their antiviral polyfunctionality. In addition to increased expres-
sion levels of PRF1 and GZMB, IL21 treatment with ART led to
significant enhancements of CD8A T-cell polyfunctionality

including in cells specific for HIV-1 (Figure 5F). IL21 rescue of
antiviral CD8A T-cell responses in ART was autophagy-
dependent, as co-treatment with BaF abrogated the enhance-
ment of cell polyfunctionality (Figure 5F). Once again, IL21
treatment with EC and HIV"*® had no effect on their antiviral
CD8A T-cell responses (Fig. S4C). In summary, our data indi-
cate that endogenous IL21 was sufficient in eliciting optimal
autophagic activity and related superior antiviral CD8A T-cell
potential in EC. We further confirmed that IL21 treatment could
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be considered as a tool to rescue HIV-1-specific CD8A T-cell
responses in ART in an autophagy-dependent manner.

IL21 promotes the autophagy-dependent degradation of
endogenous lipids in CD8A T-cells from ART

Mounting an antiviral immune response against pathogens is
an energetically demanding process. In this regard, autophagy
can be essential for the maintenance of mitochondrial ener-
getic function by providing metabolic substrates through lyso-
somal degradation. Since intrinsic lipolysis is critical for
developing CD8A T-cell immunity after infection, we decided
to investigate the levels of autophagy-mediated degradation of
endogenous lipids, referred to as lipophagy, in our study
groups [30].

By using electron microscopy with the osmium tetroxide
negative-staining, we first confirmed the presence of lipid
content within ALs from activated CD8A T-cells in ART
(with or without IL21), EC and HIV™%# (Figure 6A).
However, although we were able to detect lipid content for
all study groups, we found higher numbers of ALs containing
lipids per 40 cells in EC, HIV™ and IL21-treated ART when
compared to untreated ART (Figure 6A and Figure 6B). These
data strongly indicated that IL21 treatment in ART could be
associated with increased lipophagy.

Next, in order to measure the lipophagic activity among
CD8A T-cells, we developed a novel ImageStream-based
assay, which relies on the quantification of increased lipid
content within lysosomes when cultures are conducted with
BaF (Figure 6C). Briefly, we cultured cells for each treatment
condition with and without BaF. Then, we collected and
stained cells with Lyso-ID and LipidTox, which are lysosomal
and lipid dyes respectively. Finally, we determined their lipo-
phagic activity by the formula: ABDS = (BDS"8" Lyso-ID*
LipidTox" cells with BaF) — (BDS™¢" Lyso-ID"LipidTox" cells
without BaF). First and foremost, to ascertain that this tech-
nique can measure the lipophagic activity in primary CD8A
T-cells, we validated the protocol with hepatic Huh 7.5 cells
which are starved for 2 h (Fig. S5). Indeed, nutrient starvation
using hepatic cells is the most common way to increase
lipophagy in culture [18]. Increases of lipophagy in starved
Huh 7.5 cells were illustrated by higher ABDS in comparison
to those from cells that were cultured in complete DMEM
(Fig. S5A and S5B). Similarly, we found higher mean
LipidTox puncta per cell with starved Huh 7.5 cells, when
compared to cultures with complete media (Fig. S5C). Once
validated, we assessed the lipophagic activity in activated
CD8A T-cells from ART (with and without IL21), EC and
HIV™&. Our data showed that, after polyclonal activation,
CD8A T-cells from ART displayed less lipophagic activity
than EC and HIV"® (Figure 6D and Figure 6E). We also
found that IL21 treatment in ART led to increases in their
lipophagic activity. Of note, although we found higher mean
LipidTox puncta per cell in ART with IL21 treatment when
compared to untreated ART, no significant differences were
observed between study groups (Fig. S5D). Altogether, our
data show that IL21 treatment of CD8A T-cells from ART
enhanced their lipophagy. This indicates that metabolic repro-
gramming through IL21 treatment in ART is not out of reach
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and may abrogate their glucose dependency by providing cells
with lipid substrates to fuel mitochondrial respiration.

IL21-induced lipophagy in ART leads to a better use of
their mitochondrial respiration due to FAO

The whole mitochondrial respiration, which can be enhanced
in CD8A T-cells by IL15 treatment, is known to be critical to
cover the energetic requirements for the effector and memory
developments [4,31,32]. Therefore, we aimed to assess if IL21
treatment in polyclonally activated CD8A T-cells from ART
was also associated with enhancement of their whole mito-
chondrial respiration. Following the manufacturer’s instruc-
tion, the respiratory kinetics that resulted from the sequential
addition of pharmacological agents to the respiring cells
allowed us to calculate the SRC and ATP-linked respiration.
As expected, we found increases in both the whole mitochon-
drial SRC and ATP-linked respiration in ART when IL21 was
added in culture (Fig. S6A).

Our next thought was to investigate whether IL21-induced
lipophagy in ART provided free fatty acids to engage the
mitochondrial fatty acid beta-oxidation (FAO). The protocol,
developed to appreciate FAO, relies on the capacity of the
cells to oxidize the fatty acid palmitate when other exogenous
substrates are limited. Briefly, we polyclonally activated pur-
ified CD8A T-cells from ART for 6 h with or without IL21,
BaF and the FAO inhibitor etomoxir. Cells were finally incu-
bated with or without palmitate in substrate-limited media for
an additional 45 min before assessing their mitochondrial
respiration. Our data showed that IL21 treatment in ART
led to increases of the FAO-mediated SRC and FAO ATP-
linked respiration, which were both abrogated by BaF co-
treatment (Figure 7A-C). Of note, cells that were treated
with BaF alone had similar respiratory kinetics compared to
untreated cells. As expected, IL21-induced FAO was pre-
vented by etomoxir pre-treatment, which validated our pro-
tocol as well (Fig. 7Aii). Finally, to assess the role of induced
FAO on enhanced antiviral CD8A T-cells responses when
IL21 was added in ART, we activated cells either polyclonally,
CEF- or HIV-1- Gag-specifically for 6 h with or without IL21
and etomoxir. We found that the enhancements of PRF1 and
GZMB expressions, as well as cell polyfunctionality that were
mediated by IL21 were all prevented by etomoxir co-
treatment (Figure 7D and Figure 7E). In summary, our data
show that IL21-mediated enhancement of antiviral CD8A
T-cell responses in ART, including those against HIV-1, is
driven by increased FAO.

Discussion

Although it is well-acknowledged that antiretroviral therapies fail
to restore effective anti-HIV-1 CD8A T-cell responses, strategies
aiming at rescuing them are limited in numbers [3-7] EC, who
control HIV-1 infection due to the maintenance of highly func-
tional CD8A T-cells, represent a critical study group to identify
which molecular mechanisms may be targeted to improve ART
outcomes [3-5,8,33]. In a similar way, our previous works, which
also included EC, have demonstrated the critical role of the
transcription factor FOXO3/FOXO3a and its pro-apoptotic target
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genes on the loss of memory CD4 T- and B-cells in ART [34,35]. molecules (PRF1, GZMA and GZMB) in activated CD8A
In the present study, we were interested in investigating the T-cells during chronic HIV-1 infection. Our data confirmed that
molecular mechanisms that were regulating the expression levels antiviral CD8A T-cells from ART, including those specific to
of both antiviral cytokines (IL2 and IFNG) and cytotoxic HIV-1, displayed both reduced expression of PRF1 and GZMB
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along with lower cell polyfunctionality. We also found that HIV-  1-specific CD8A T-cell responses in EC were autophagy-
1-specific CD8A T-cells from ART had less autophagic activity ~dependent. Altogether, the first sets of evidence pointed to
along with lower numbers of ALs when compared to EC. We a beneficial effect of stimulating autophagy-mediated lysosomal
further confirmed that cytotoxic and polyfunctional HIV-  degradation in ART to potentiate their immune response to HIV-



1. Of note, there is a possibility that the induction of autophagy,
which is required for stimulating CD8A Tcell-related immune
protection against HIV-1, might be transient and only found
during the first hours of the antigen-stimulation. Indeed, although
XuX. et al. also confirmed that autophagy is essential for cytotoxic
CD8A T-cell immune responses against the lymphocytic chorio-
meningitis virus, they showed that autophagy was finally found
reduced in effector cells after 5 d of the viral infection [27]. In the
context of HIV-1 infection, it will be interesting to investigate
what is the status of autophagy activity in HIV-1-specific CD8A
T-cells after a longer time of Gag stimulation.

Our study differs from others since autophagy has always been
investigated in HIV-1 infection as a type of selective lytic process
that targets the virus, referred to as xenophagy [12,36]. Another
unique aspect of our study is based on the fact that the reduced
autophagic activity in ART is not mediated by the productive
HIV-1 infection and the expression of viral regulatory proteins
such as Tat or Nef as reported in the past [13,37]. In contrast, our
data showed that the reduced autophagy in ART was mediated by
lower production of IL21, which is an immune defect reported
after years of persistent HIV-1 infection despite antiretroviral
therapy [15,29]. We showed that IL21-mediated rescue of antiviral
CD8A T-cell responses in ART was driven by lipophagy, whose
catabolic process of endogenous lipids has never been addressed
in HIV-1 infection before. To do so, we have developed a high
throughput, statistically robust method that quantifies lipophagic
activity in primary human cells using the ImageStream cytometry.
Several cytokines have been shown to promote autophagic activ-
ity, yet the role of IL21 in metabolic reprogramming through
autophagy/lipophagy induction was unknown until now [38].
Altogether, our results showed that autophagy/lipophagy repre-
sents a new mechanism by which polyfunctional antiviral CD8A
T-cells, including those specific to HIV-1, support mitochondrial
respiration through FAO.

The efficiency of IL21-based therapy to promote effective
HIV-1- and simian immunodeficiency virus (SIV)-specific
CD8A T-cells has been repeatedly confirmed by in vitro and
in vivo testing [39-42]. Besides HIV-1, IL21 can also serve as
a critical factor that shapes the functional quality of antiviral
CD8A T-cells against different viruses such as vaccinia virus,
lymphocytic choriomeningitis virus, and hepatitis virus
B [28,43,44]. Interestingly, IL21-based therapy, which has been
proposed as a means of enhancing anti-tumor specific CD8A
T-cell responses as well, led to a similar metabolic reprogram-
ming toward FAO [45]. Therefore, our study, which reports how
1121 is mechanistically able to promote FAO, may provide useful
information for designing therapies against viral infections as
well as cancers. IL15 has also been proven effective in enhancing
the antiviral capacity of HIV-1-specific CD8A T-cells in ART
[4,46]. Enhancement by IL15 of HIV-1-specific CD8A T-cell
responses has been associated with higher rates of oxidative
metabolism as well [4]. However, recent data showed that the
anti-HIV-1 capacity of IL21-stimulated CD8A T-cells exceeded
that of IL15-stimulated cells [41,42]. This may be explained by
the fact that, although IL15 enhanced the rates of oxidative
metabolism, it failed to promote FAO in contrast to IL21 (Fig.
S6B and S6C). Similar to IL15, IL21 was also found to enhance
the rates of lipid uptake in ART (Fig. S6D) [4]. Although IL21-
mediated rescue of antiviral CD8A T-cells in ART was driven by
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lipophagy, the fact remains that the rescue was only partial when
compared to EC. This suggests that the highly functional CD8A
T-cells from EC may not only depend on potent lipophagic
activity, but also on other autophagy-dependent mechanisms.
We cannot rule out the involvement of the autophagy-
dependent proteolysis, referred to as proteophagy, when it
comes to EC. The pulse-chased assay, which was used here to
uncover the reduced autophagic activity in ART when compared
to EC, was based on protein degradation. Proteophagy may
provide CD8A T-cells from EC with free amino-acids such as
glutamine, leucine, serine, alanine, and arginine. These amino
acids are all reported to fuel mitochondrial respiration and lay
the foundation for effective T-cell immune protection, even in
the context of glucose restriction [47-50].

Defective HIV-1-specific CD8A T-cells in ART have been
characterized by other immune defects in addition to reduced
polyfunctionality when compared to EC. For example, HIV-1-spe-
cific CD8A T-cells from ART may be prone to cell death due to
high levels of CASP3 activation [51]. Although we found similar
levels of basal apoptosis between ART and EC regardless of auto-
phagy blockade, we cannot exclude the possibility that HIV-1-spe-
cific CD8A T-cells from ART display increased sensitivity to Fas-
induced apoptosis [52]. HIV-1-specific CD8A T-cells from ART
have also been shown to have a lower capacity than EC to eliminate
both productively infected and latently infected CD4 T-cells
[33,53,54]. Finally, HIV-1-specific CD8A T-cells from ART may
display reduced expression levels for the CCL4/MIP-1p chemo-
kine [3,5]. It would be of clinical imperative to investigate if each of
these defects in ART can be rescued by IL21 and if enhanced
autophagy/lipophagy is involved in the process.

In summary, we are just beginning to appreciate how and
why autophagy is a fundamental mechanism by which CD8A
T-cells adapt their energetic input under specific circumstances.
Up until recently, the conventional view of CD8A T-cell meta-
bolism was that, upon antigen-specific activation, antiviral
CD8A T-cells primarily used glycolysis over mitochondrial
respiration to support quick bioenergetic needs [32,55]. In con-
trast, it was established that, once an antigen is cleared, memory
CD8A T-cells relied on FAO to fuel mitochondrial respiration in
order to persist and be metabolically prepared for antigen recall
[30-32,56]. We show that the metabolism of antiviral CD8A
T-cells, which is induced upon antigen-specific activation, is
more plastic than originally thought and can be promoted by
the autophagy-lysosomal pathway. To conclude, our data pro-
vide the rationale for considering the IL21/lipophagy/FAO axis
as a therapeutic target for boosting specific immunity against
HIV-1. Our data may also aid in the development of HIV
vaccine and cure strategies in ART, whose success depends
mostly on their ability to induce protective CD8A T-cell
responses [19-22].

Materials and methods
HIV-1-infected patients

The experiments described in this study mainly rely on the
comparison of total and HIV-1-specific CD8A T-cell features
from patients under antiretroviral therapy (ART) to those
from naturally protected EC. EC are unique patients



3420 H. LOUCIF ET AL.

displaying a long-term viral control with no treatments. All
virus-infected patients were participants of the Montreal HIV
infection study that received approval from the McGill
University Health Center Ethical Review Board (ethic refer-
ence number SL-00.069). All subjects provided an informed
and written consent for participation. The inclusion criteria of
untreated ECs and ART are: middle-aged subjects (31-51 years
old), presumed to have HIV-1 infection for a minimum of
3.6 years (3.6-7.5 years), no protective gene polymorphisms
such as CCR5 A32 and B27/B57 haplotypes, with CD4 counts
over 400 cells/pl in blood and undetectable viral loads (< 50
copies/ml) for 3 years or more. It is worth mentioning that
ART patients in this study display years of chronic HIV-
infection and antiretroviral therapy. Of note, we selected 6
age-matched and HIV-1-uninfected subjects as controls of
non-infection.

Media and products

RPMI-1640 media (Wisent, 350-000-EL) and DMEM media (Wis
ent, 319-005-CL), FBS (Wisent, 080-450), penicillin-strepto
mycin antibiotics (Wisent, 450-201-EL), and PBS (Wisent, 311-

010-CL) were obtained from Wisent Inc. The starvation EBSS
medium was purchased from ThermoFisher Scientific (ThermoFi
sher Scientific, 24,010,043). All monoclonal antibodies used for
multi-parameter and Imaging flow cytometry such as anti-CD3W
/CD3 (BD Biosciences, 557,943) and anti-CD8A (BD Biosciences,
560,347) were purchased in BD Biosciences, except for those
against ULK1 (Santa Cruz Biotechnology, sc-390,904 AF647),
BECN1 (Abcam, ab246760), SQSTM1 (MBL Life Sciences, M162-
A48), LC3 (MBL Life Sciences, M152-3), PRF1/perforin (Biolege

nd, 353,314), and GZMA/granzyme A (ThermoFisher Scientific,
12-9177-42). Recombinant IL21 (Sigma Aldrich, SRP3087) and
IL15 (Sigma Aldrich, 18648), lysosomal inhibitors bafilomycin A,
(Sigma Aldrich, B1793) and chloroquine (Sigma Aldrich, C6628),
and etomoxir (Sigma Aldrich, E1905) were all provided from
Sigma Aldrich. Zenon labeling kits were purchased from Invitro

gen (ThermoFisher Scientific, Z-25,008). Concentrations for IL21,
IL15, bafilomycin A, chloroquine, and etomoxir were 10 ng/mL,
10 ng/mL, 100 nM, 100 nM and 5 pM, respectively.

CD8A purification and cell subset removals

Some experiments required the purification of CD8A T-cells, or
the removal of specific cell subsets such as CD4 T-cells and
monocytes from the collected peripheral blood mononuclear
cells (PBMC), before further analyses. 1. CD8A purification:
CD8A T-cells were isolated by using the EasySep human CD8A
T-cell enrichment kit (StemCell Technologies, 17,953). Our devel-
oped protocol allows for more than 95% purification without any
cell stimulation or apoptosis. 2. Subset-depleted PBMC: We
removed CD4 T-cells and CD14" monocytes from the CD8A-
depleted PBMC by using the EasySep human CD4 (StemCell
Technologies, 17,852) and CD14 (StemCell Technologies, 17,85

8) positive selection kits II, respectively. The percentage of cell
subset removal was determined at around 96.2% by using flow

cytometry.

In-vitro activation assays

Total, cell subset-depleted PBMC and purified CD8A T-cells
for all study groups were either polyclonally or antigen-
specifically activated for 6 h in the presence of GolgiPlug
(BD Biosciences, 555,029) and GolgiStop (BD Biosciences,
554,724) to assess autophagy and the intracellular production
of effector molecules. For the polyclonal activation, we treated
cells with 0.5 pg/mL of anti-CD3W (BioLegend, 317,326) and
of 1 pg/mL anti-CD28 Abs (BD Biosciences, 555,726). To
elicit the antigen-specific activations, we used either 2 pug/mL
of CEF (cytomegalo- virus, with Epstein-Barr and flu viruses)
peptide pool (Mabtech, 3616-1) or 5 pug/mL of HIV-1 p55
(Austral Biologicals, HI1A-730-5) and p24 Gag antigens
(Austral Biologicals, HI1A-720-5) on PBMC. Of note, all
cultures from ART were conducted with 10 uM of AZT
(Sigma Aldrich, A2169-25 MG) to prevent any de novo viral
production (confirmed by the sensitive HIV-1 p24 ELISA
(Abcam, ab218268) in culture supernatants).

BECN1-specific gene silencing

We first purified 10” CD8A T-cells from all tested groups and
electroporated them using Nucleofector II technology accord-
ing to the Amaxa Biosystems manufactor’s protocol. Specific
BECN1 siRNA (ThermoFisher Scientific, AM16708) and
negative control siRNA (ThermoFisher Scientific, 4,390,843)
were obtained from ThermoFisher Scientific. Of note, 7 ug of
siRNA were either transfected for each condition for 2 h
without antibiotics. Purified CD8A T-cells were washed
three times thereafter to remove dead necrotic cells, counted
and incubated 18 h with autologous CD8A-depleted PBMC
(at ratio CDSA/PBMC = 1/5). Then, we activated cells for 6 h
to assess the autophagy activity and effector function in
transfected CD8A T-cells. At 6 h post-activation, some cells
were also collected to confirm BECNI inhibition and to assess
the percentages of cell apoptosis with ANXAS5/annexin-V
staining by flow cytometry.

Multi-parameter flow cytometry

1. Intracellular staining: To assess the expression levels of
autophagy-related genes, cytokines and cytotoxic molecules,
we subjected cells to intracellular staining assays as previously
described [26]. Briefly, after surface staining with specific
antibodies for CD8A T-cell phenotyping, we fixed and then
permeabilized cells with 0.25% saponin (Sigma Aldrich,
47,036) 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 Scientific, 00-6993-50) was used to
exclude dead cells from analyses. Of note, to assess the cumu-
lative expression of the SQSTM1 during the 6 h-long cultures,
we also cultured our cells with BaF. In order to appreciate the
antiviral and cytotoxic programs on activated and viable 7--
AAD" CD3W" CD8A™ T-cell, we used the following multi-
parameter antibody cocktail: anti-IL2-FITC (BD Biosciences,
561,055) and anti-IFNG/IFN-y-AF647 (BD Biosciences,
563,495) antibodies, and GZMA/granzyme A-PE, GZMB/



granzyme B-PE-CF594 (BD Biosciences, 562,462) and anti-
PRF1/perforin-PerCP-Cy5.5 antibodies (Fig. S3D). 2.
Palmitate uptake: At 6 h post-activation, we incubated the
cells for 5 min with 5 uM of Cy BODIPY™ (ThermoFisher
Scientific, D3821). After three washes, lipid uptake was deter-
mined on gated CD8A T-cells and expressed as mean inten-
sity fluorescence (MFI). Regarding the palmitate uptake assay,
we did not perform any technical replicates. In fact, we only
performed the palmitate BODIPY uptake in each single tube
per condition. 3. Data analyses: All samples were finally
acquired using the BD LSRII Fortessa flow cytometer and
analyzed with DIVA software (BD). 200,000-500,000 gated
cells were analyzed for each sample.

Imaging flow cytometry

1. Lysosomal content of LC3 (autophagy): Lysosomal content
of endogenous LC3 is a well-acknowledged marker for auto-
phagy. In this context, we used a previously validated method
to detect the lysosomal localization of LC3 in primary cells
[25]. Briefly, after 6 h of cell activation with BaF, PBMC were
first stained with the lysosomal Lyso-ID green dye according
to the manufacturer’s instructions (Enzo Life Sciences, ENZ-
51,005). Anti-CD3W-APC H7 (BD Biosciences, 560,176) and
anti-CD8A-V450 Abs were used for surface staining. Cells
were then fixed, permeabilized and finally labeled with anti-
LC3-Alexa Fluor 647 Abs with or without anti-IFNG/IFN-y-
PE (BD Biosciences, 559,327) Abs. Lysosomal localization of
LC3 was measured using a morphology mask to determine
a similarity score, which quantifies the correlation of pixel
values of the Lyso-ID and LC3 images on a per cell basis.
A similarity score >1 was used as a cutoff for nuclear localiza-
tion. Cells in individual bins were visually inspected to con-
firm subcellular localization (values < or >1). 2. Lysosomal
content of endogenous lipids (lipophagy): For the purpose of
this study, we have developed a high throughput and statisti-
cally robust technique that quantitates lipophagy in primary
human cells. The principle of this method consists in measur-
ing the accumulation of lipid contents in ALs when cultures
were performed with the lysosomal inhibitor BaF. This culture
condition was referred as the “cumulative state” and com-
pared to the BaF-free “steady-state” condition. At 6 h post-
activation with or without BaF, cells were collected and co-
stained with Lyso-ID green dye and the HCS LipidTox deep
red neutral lipid dye (ThermoFisher Scientific, H34477)
according to the manufacturer’s instructions. Anti-CD3W-
APC H7 and anti-CD8A-V450 Abs were used for surface
staining. Our novel method to appreciate lipophagy activity
was validated by using hepatic Huh 7.5 cell line that have been
starved for 2 h (Fig. S5) [18]. 3. Data analyses: Samples were
acquired using the Image Stream X MKII flow cytometer and
analyzed with IDEAS software (Amnis). 200,000-500,000
gated cell singlets were analyzed for each sample. Results
were expressed as co-localization index BDS (for bright detail
similarity) between the lysosomal dye Lyso-ID and the other
fluorescently labeled marker of interest. Of note, we deter-
mined the lipophagy activity by the formula: (% of BDS"&"
Lyso-ID"* LipidTox" cells with BaF) - (% of BDS™#" Lyso-ID*
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LipidTox" cells without BaF). Finally, the Spot Wizard in
IDEAS was used to create an algorithm to calculate the
number of LC3 and LipidTox spots (referred as puncta).
Two “truth population” were manually selected with 30 events
per population: a positive population of cells, which have
many spots, and a negative population of cells, which have
no spots. The Wizard was then used to calculate the mean
number of marker spots per cells.

Autophagy-dependent lytic assays

Autophagy-dependent Iytic degradation of long-lived proteins in
10° purified CD8A T-cells was quantified as previously described
[24]. The method is based on a pulse-chase approach, whereby
cellular proteins are radiolabeled by ['*C] valine (PerkinElmer,
NEC291EU050UC). Briefly, 10° purified CD8A T-cells were
seeded and incubated for 18 h in complete RPMI with 0.2 pCi/
ml of L-[*C] valine in order to label intracellular proteins (Pulse
media). Cells were then washed three times with PBS to eliminate
any unincorporated radioactivity. The short-lived proteins are
allowed to be degraded for 24 h in fresh RPMI (Chase media).
After that, cells were polyclonally activated for 6 h in the presence
or absence of BaF, and then seeded in 10% of trichloroacetic acid
(TCA) containing RPMI overnight. After centrifugation, precipi-
tated cells were washed twice with cold 10% TCA RPMI and
dissolved in 0.2 M NaOH for 2 h. Of note, supernatants 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.

Electron microscopy analysis

Electron microscopy analysis was done as previously reported, but
with a few modifications [12]. Briefly, after 6 h of polyclonal
activation with or without IL21, we purified 2.10° CD8A T-cells
for microscopic observation. Purified CD8A T-cells were first
fixed overnight at 4°C with 2.5% glutaraldehyde (Mecalab, 1206)
in 0.05 M cacodylate buffer (pH 7.4). Cells were then rinsed, post-
fixed in 1.3% osmium tetroxide (Mecalab, 1605) in collidine buffer
(pH 7.4), dehydrated, and embedded in two successive baths of
SPURR (TedPella, 18,300-4221). Grids were rinsed in distilled
water, stained with aqueous 2% uranyl acetate for 15 min and
finally photographed with a Hitachi H-7100 electron microscope
fitted with an AMT XR111 camera (Hitachi High-Tech America
Inc.). A number of 40 cells per slide were observed. We calculated
the percentage of CD8A T-cells containing autophagic vacuoles
(AV) and the total numbers of AV and autolysosomes (ALs) by
using different magnifications. Finally, we also used osmium
tetroxide negative-staining to visualize the presence of endogen-
ous lipids in ALs for all study groups. Of note, lipid staining with
osmium is characterized by bright areas.

Metabolic flux assay

At 6 h post-polyclonal activation with or without cytokines, we
assessed both the overall and FAO-mediated mitochondrial
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respiration in purified CD8A T-cells from ART using a Seahorse
XF96 metabolic analyzer. Of note, 4.10° purified cells per condi-
tion were needed to ensure reproducible observations (in tripli-
cate). 1. Whole mitochondrial respiration: The oxygen
consumption rates (OCR) were determined in ART by using the
Seahorse XF Cell Mito Stress Test kit (Agilent Technologies,
103,015-100). Briefly, 4.10° activated CD8A T-cells were seeded
on XF96 well plates (Agilent Technologies, 102,601-100) in com-
plemented Agilent RPMI with glucose 10 mM, glutamine 2 mM
and pyruvate 1 mM (Agilent Technologies, 103,576-100). The XF
Cell Mito Stress test kit was used according to the manufacturer
protocol. OCR was determined under basal conditions and in
response to modulators of respiration that were injected during
the assay to reveal key parameters of mitochondrial functions. The
modulators included in this assay were oligomycin (Agilent
Technologies, 103,015-100), carbonyl cyanide 4-(trifluoro-
methoxy) phenylhydrazone (FCCP; Agilent Technologi

es, 103,015-100), rotenone (Agilent Technologies, 103,015-100)
and antimycin A (Agilent Technologies, 103,015-100) (1.5 uM,
2 uM and 0.5 uM, respectively). We determined the spare respira-
tory capacity (SRC) and ATP-linked respiration for each condi-
tion as follows: [(maximal OCR determined after FCCP
treatment) - (basal OCR determined before oligomycin treat-
ment)] and [(basal OCR) - (minimal OCR determined after
Rotenone and Antimycin A treatment)], respectively. 2. Fatty
acid beta-oxidation (FAQO): To determine the FAO status in
ART, we used the Seahorse XF Palmitate Oxidation Stress Test
kit (Agilent Technologies, 102,720-100) protocol with a minor
modification. Indeed, the 4.10° activated CD8A T-cells were
seeded on XF96 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 min. 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 mini-
mal content of glucose (2.5 mM) and 0.5 mM of L-carnitine
(Sigma Aldrich, C0283). 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 or bovine serum albumin (BSA; Agilent
Technologies, 102,720-100). Of note, 5 uM of FAO inhibitor
etomoxir was added or not at the onset of culture and during
the first injection of the assay, as positive control for lipid meta-
bolism. Once again, OCR values, that were determined under
basal conditions and in response to modulators of respiration,
were used to calculate SRC and ATP-linked respiration for each
culture condition. FAO was determined according to the manu-
facturer’s instructions and by the formula: (values with palmi-
tate) — (values with BSA). 3. 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).

Statistical analysis

We used the non-parametric Mann-Whitney U test that assumes
independent samples for all statistical analyses between study
groups of subjects (* symbol). On the other hand, statistical

analyses between two different in vitro conditions were performed
using two-sided Student paired ¢ test (f symbol). Spearman’s
correlation test was used to identify association between two
variables. P values of less than 0.05 were considered significant.
One symbol, 0.05 > P> 0.01; two symbols, 0.01 > P> 0.001; three
symbols, 0.001 > P> 0.0001; and four symbols, P< 0.0001.
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