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We lack a mechanistic understanding of aging-mediated changes in mitochondrial bioenergetics
and lipid metabolism that affect T cell function. The bioactive sphingolipid ceramide, induced by
aging stress, mediates mitophagy and cell death; however, the aging-related roles of ceramide
metabolism in regulating T cell function remain unknown. Here, we show that activated T cells
isolated from aging mice have elevated C14/C16 ceramide accumulation in mitochondria,
generated by ceramide synthase 6, leading to mitophagy/mitochondrial dysfunction.
Mechanistically, aging-dependent mitochondrial ceramide inhibits protein kinase A, leading to
mitophagy in activated T cells. This aging/ceramide-dependent mitophagy attenuates the antitumor
functions of T cells /n vitro and in vivo. Also, inhibition of ceramide metabolism or PKA
activation by genetic and pharmacologic means prevents mitophagy and restores the central
memory phenotype in aging T cells. Thus, these studies help explain the mechanisms behind
aging-related dysregulation of T cells’ antitumor activity, which can be restored by inhibiting

ceramide-dependent mitophagy.
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In brief

Vaena et al. define the mechanism whereby aging-mediated induction of ceramide-dependent
mitophagy ameliorates antitumor functions of T cells via the inhibition of PKA. The attenuation of
ceramide metabolism or activation of PKA prevents mitophagy and restores the central memory
phenotype in aging T cells, improving T cell-mediated immunotherapeutic control of tumor

growth.
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INTRODUCTION

Memory T cells are dependent on lipid metabolism and mitochondrial function to generate
energy for survival and persistence (Baazim et al., 2019; O’Sullivan et al., 2014).
Components of the immune system, including CD4" and CD8™ T cells, are vulnerable to
mitochondrial dysfunction as organisms age (Bronietzki et al., 2015; Chougnet et al., 2015;
Ron-Harel et al., 2015). Aging is a process characterized by a progressive loss of
physiological integrity that leads to impaired tissue and organ function, increasing
vulnerability to various diseases such as neurodegeneration and cancer (Bonneuil, 2007;
Cantuti-Castelvetri et al., 2005; Kaur et al., 2016; Wang et al., 2017). The hallmarks of aging
include mitochondrial dysfunction, telomere attrition, loss of proteostasis, and altered
intercellular communication (Dodig et al., 2019; Revuelta and Matheu, 2017; Roy et al.,
2002; Salminen et al., 2018; Shay and Wright, 2007). Altered mitochondrial function has
been postulated as one of the central regulators of the aging process (Brown-Borg and
Anderson, 2017; Campisi et al., 2019; Champagne et al., 2016; Sliter et al., 2018; Wang et
al., 2010) with decreased mitochondrial respiratory capacity and ATP generation (Mellouk
and Bobg, 2019; Mendelsohn et al., 2018). The protective T cell memory repertoire
deteriorates with age (Giannakis et al., 2019; Minhas et al., 2019; Nicholls, 2004).

In contrast to naive T cells, the functions of resident memory T cells decline with the aging
process (Kishton et al., 2017; Le Page et al., 2018; Martinez-Jimenez et al., 2017; Naumov
et al., 2011; Ouyang et al., 2011), and the disproportionate activation of memory cells
contributes to the failure to generate immune memory in the aging host (Pulko et al., 2016;
Schenten et al., 2014; Sckisel et al., 2015). However, mechanisms involved in aging-
dependent inhibition of T cell effector functions, especially for controlling cancer, are
mostly unknown. Recent studies demonstrated that suppression of T cell effector function
and memory phenotype is regulated, in part, by alterations in lipid metabolism and signaling
(Klein Geltink et al., 2020; Pearce et al., 2009; Weinberg and Chandel, 2014).

The bioactive sphingolipid ceramide, generated by ceramide synthase, is an adaptive stress
effector induced in response to various stress stimuli such as aging (Choi et al., 2015;
Hannun and Obeid, 2018; Trayssac et al., 2018; Yi et al., 2016; Zelnik et al., 2020).
Ceramide synthase (CerS) was first discovered in yeast as a longevity assurance gene
(LAG1), as the reduced ceramide generation consequent to LAG1 deletion increased
longevity (Riebeling et al., 2003; Venkataraman and Futerman, 2000). There are 6 homologs
of mammalian LAG1/ceramide synthases (CerS1-6) that generate ceramides containing
different fatty acid chain lengths with distinct functions (Park et al., 2014; Petrache et al.,
2013; Pewzner-Jung et al., 2006). For example, while CerS1/4 mainly generates C18/C20
ceramides, CerS2 is responsible for the generation of very-long-chain C22-24 ceramides,
and C14/C16 ceramides are synthesized mainly by CerS5 and CerS6. After the hydrolysis of
ceramide by ceramidases to sphingosine and fatty acids, sphingosine is then phosphorylated
by sphingosine kinase 1 or 2 (SphK1 or SphK2) for the generation of pro-survival
sphingosine 1-phosphate (S1P), which enhances immune cell egress to the bloodstream,
activating immune function (Bektas et al., 2005; Blaho et al., 2015; Hait et al., 2009; Singh
and Spiegel, 2020; Watterson et al., 2007). Ceramide is known to induce mitophagy and cell
death (Giannakis et al., 2019; Kishton et al., 2017; Mendelsohn et al., 2018; Minhas et al.,
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2019; Nicholls, 2004); however, whether it exerts negative effects on antitumor functions of
T cells and immunotherapy remains unknown. One possible connection between aging,
ceramide metabolism, and declined T cell effector functions is the induction of mitophagy
(Dany et al., 2016; Dany and Ogretmen, 2015; Oleinik et al., 2019; Sentelle et al., 2012;
Thomas et al., 2017).

Stress-induced ceramide is known to bind and recruit autophagosomes via LC3-11 (through
F52 interaction) to mitochondria (MITO) that then undergo Drpl-mediated fission, resulting
in mitophagy, the degradation of MITO by autophagic machinery (Dany et al., 2016; Dany
and Ogretmen, 2015; Oleinik et al., 2019; Sentelle et al., 2012; Thomas et al., 2017).
Ceramide-mediated mitophagy limits ATP production and results in the inhibition of cancer
cell proliferation and growth (Dany et al., 2016; Dany and Ogretmen, 2015; Oleinik et al.,
2019; Sentelle et al., 2012; Thomas et al., 2017). However, whether this process plays any
roles in immune aging has not been reported. This study aimed to determine whether aging-
mediated ceramide metabolism and signaling play a role in T cell regulation via mitophagy
induction. The data demonstrate that CD8* T cells isolated from older mice (between 8 and
24 months) compared to younger counterparts (2—4 months) exhibit reduced antitumor
function, regulated by CerS6-dependent C14 ceramide-induced mitophagy through the
inhibition of protein kinase A (PKA) and the subsequent activation of Drpl. Genetic and
pharmacologic inhibition of ceramide synthesis and Drp1-mediated mitophagy or activation
of PKA restored the ability of the older T cells to improve tumor control via adoptive T cell
transfer.

RESULTS

Aging decreases T cell survival and function. To delineate the role of aging in T cell biology,
we isolated CD4* and CD8* T cells from wild-type (WT) C57BL/6 mice splenocytes at
various ages between 1 and 24 months and measured their growth/survival in vitro.
Although naive T cells from 1- to 10-month-old age groups showed no significant difference
in their growth/survival (Figure 1A), T cells isolated from 8- to 24-month-old WT mice
exhibited a significant decrease in survival after ex vivo T cell receptor (TCR) activation
using anti-CD3 and anti-CD28 antibodies with interleukin-2 (1L-2) for 72 h (Figure 1B).
Interestingly, alterations of survival of T cells upon TCR activation appeared to start as early
as ages 8-18 months compared to 2-6 months (Figure 1B). To identify upstream
mechanisms involved in limiting T cell survival upon aging stress, we mainly focused on T
cells isolated from 2- to 6- (young, Y versus 8- to 18- (aging, A) month-old mice, which
exhibited significant and consistent changes in their survival in response to TCR activation,
similar to aged (or old, O) mice at 20-24 months of age (Figure 1B). The data showed that
the attenuation of survival was consistent with decreased interferon-ry (IFN-y) expression in
the living T cells isolated from A compared to Y mice (Figure 1C). Interestingly, analysis of
T cells isolated from Y and A mice using scanning electron microscopy (SEM)
demonstrated that aging stress-mediated inhibition of survival and cytokine secretion is also
associated with decreased T cell size and altered surface phenotype (shape and texture) in T
cells from A versus Y mice (Figure S1A) and reduced cell diameter (Figures S1B and S1C).
To assess whether aging stress affects T cell function, we measured the effects of CD8*
Pmel T cells (activated using gp-100 and IL-2 for 72 h) isolated from Y or A pMel mice on
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B16 cell killing in co-culture studies at 1, 6, and 16 h (Chatterjee et al., 2014, 2018). CD8* T
cells from Pmel mice bear TCR transgenes (Tgs) specific to melanoma-associated antigen
(gp-100), which allows them to specifically target and kill B16 melanoma cells. CD8* T
cells from Y and A Pmel mice exhibited similar expression levels of the TCR (V13), and
the expression of the Tg on the cells is not affected by the aging process (Figure S1D). Data
demonstrated that T cells isolated from Y pMel mice kill B16 melanoma after 6-16 h of co-
culture, whereas T cells isolated from A pMel mice had almost no cytotoxic function against
B16 melanoma /n vitro (Figure 1D). Overall, these data suggest that aging inhibits the
survival and antitumor functions of ex vivo TCR-activated T cells.

Aging stress induces mitophagy in T cells. Because aging stress is known to induce
ceramide generation (Liu et al., 2013; Montoliu et al., 2014), which then activates
mitophagy (Dany and Ogretmen, 2015, Sentelle et al., 2012, Dany et al., 2016, Thomas et
al., 2017, Oleinik et al., 2019) to limit cell growth/survival, we next measured whether this
process plays a role in the decreased function of T cells isolated from A compared to Y mice
in response to ex vivo TCR activation. To detect ceramide-dependent mitophagy, we
performed live-cell imaging and immunofluorescence. We measured the colocalization of
MITO and lysosomes using MitoTracker Red (MTR) and LysoTracker Green (LTG) or
ceramide and TOM20 (outer mitochondrial membrane protein) using anti-ceramide and anti-
TOM20. Colocalization of MTR-LTG and ceramide-LC3 indicates mitophagy activation.
These studies revealed higher levels of MTR-LTG and ceramide-LC3 colocalization in
activated CD4* and CD8* T cells isolated from A compared to Y mice (Figures 1E and 1F).
No mitophagy was observed in naive (non-activated) Y or A T cells, as we did not detect any
MTR-LTG, ceramide-TOM20, or ceramide-LC3 colocalization (Figures 1G, S1E, and S1F).
Mitophagy induction in response to the activation of T cells from A compared to Y mice
was also detectable by decreased aconitase 2 (ACO2), a mitochondrial matrix protein that
becomes degraded upon mitochondrial digestion by autophagosomes (Figure 1H, upper
panel). This was consistent with LC3 activation, which is detectable by the presence of
lipidated protein (LC3-11) in aging T cells (Figure 11, left, center panel). Mitophagy
induction was also associated with the activation of Drp1, detected by decreased levels of
inhibitory Phospho-S637-Drpl (P-S637-Drpl) in T cells isolated from A compared to Y
mice (Figures 1H and 11). There were no detectable changes in the abundance of P-S616-
Drp1l or total Drpl in these A versus Y T cells (Figure 11, right, center panel). Also,
pharmacologic inhibition of Drpl using Mdivi largely prevented mitophagy activation and
protected Drpl activation or ACO2 degradation in T cells isolated from A compared to Y
mice (Figures 1J and 1K). There were no changes in apoptosis, detected by annexin V,
caspase 3, or granzyme B expression in TCR-activated T cells obtained from A and Y mice
(Figures S1G-S11). Reduction of the effector memory T cells CD44"/CD62L'° was also
detected in cells isolated from A compared to Y WT mice (Figure S1J). Analyses of
cytokines/chemokines using ELISA showed decreased IFN-y and elevated levels of IL-1a
in T cells isolated from A compared to Y mice (Figures S1H, S1K, and S1L). Thus, these
data support the induction of mitophagy and not apoptosis in A compared to Y T cells in
response to ex vivo TCR activation.
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Aging stress induces ceramide-dependent mitophagy

To determine whether the induction of mitophagy is associated with ceramide metabolism
and/or signaling, we measured the effects of fumonisin B1 (FB1), a pan inhibitor of CerS1-
6, on mitophagy in response to ex vivo TCR activation in T cells isolated from A and Y
mice. Inhibition of CerS1-6 by FB1 prevented mitophagy induction and inhibited ceramide-
TOM20 colocalization and autophagy/LC3 activation in A compared to Y T cells (Figures
2A and 2B). It should be noted that ceramide detection using anti-ceramide antibody in
Figure 2A still shows substantial ceramide signal in cells treated with FB1. We believe that
this is dependent on the sensitivity of the fluorescence for ceramide detection, as FB1
inhibits ceramide generation, but it does not eliminate cellular ceramides completely. We
also performed mass spectrometry-based lipidomics (Gencer et al., 2017; Panneer Selvam et
al., 2015) in isolated MITO of naive versus TCR-activated T cells isolated from Y and A
mice. The lipidomics studies were performed in cell extracts enriched in MITO of a versus
Y T cells. The data revealed that, compared to T cells from Y mice, C14 ceramide and C16
ceramide (to a minor extent) accumulation is increased selectively in MITO of T cells from
A mice without any significant changes in C18 ceramides (Figure 2C), or C20-C26
ceramides, sphingosine, and S1P (Figure S2A). The measurement of total ceramides also
showed a substantial increase in C14 ceramide levels in A compared to Y T cells (Figure
S2B). ACO2 was present in MITO fraction but not in S or mitochondria-associated
membranes (MAMs). Similarly, FACL-4 was enriched in MAMSs but not in other fractions
(Figure S2C).

Unlike long-chain (C18-C20 ceramides, synthesized by CerS1 and CerS4) and very-long-
chain ceramides (C22—-C26 and longer ceramides, synthesized by CerS2 and CerS3), short-
chain (C14/C16) ceramides are primarily synthesized by CerS5 or CerS6 (Park et al., 2014;
Petrache et al., 2013; Pewzner-Jung et al., 2006). To identify the enzyme responsible for
C14/C16-ceramide accumulation in MITO, we isolated CD4*/CD8* T cells from Y and A
WT, CerS5~~ and CerS6™/~ (knockout) mice (Scheffel et al., 2017; Sofi et al., 2017). We
then measured MITO ceramide accumulation and mitophagy upon TCR activation in these T
cells. Genetic loss of CerS6, but not CerS5, completely prevented MITO-C14 ceramide
accumulation (Figure 2C) mitophagy and inhibited MTR-LTG colocalization, LC3
activation, reduction of inhibitory P-S637 expression, and ACO2 degradation in T cells
isolated from A CerS6~/~ compared to age-matched WT mice (Figures 2D-2G). Thus, these
data indicate that aging stress selectively induces CerS6-generated C14 ceramide
accumulation in T cell MITO, associated with LC3 and Drp1 activation and mitophagy upon
TCR activation.

CerS6/C14 ceramide-mediated mitophagy in aging compared to young T cells also resulted
in reduced mitochondrial function, indicated by a decreased oxygen consumption rate
(OCR) without any effects on glycolysis or extracellular acidification rate (ECAR) in
response to TCR activation, which is measured by real-time flux analyses using the Seahorse
platform. Loss of CerS6 largely prevented mitochondrial dysfunction and OCR in ex vivo
TCR-activated T cells obtained from A compared to Y CerS6~~ mice (Figures 3A-3C).
Ceramide-mediated mitophagy was also consistent with reduced ATP abundance in T cells
obtained from A versus Y WT mice, which was protected in aging T cells obtained from A
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compared to Y CerS6~/~ mice (Figures 3D and 3E). Prevention of mitophagy in T cells
isolated from A CerS6~/~ mice was also consistent with reduced mitochondrial C14/C16
ceramide levels compared to controls (Figures 2C and S2A). Mitochondrial and metabolic
dysfunction in aging T cells was also detected in RNA sequencing studies. The expression of
genes encoding for various enzymes associated with T cell metabolism, such as PLA2
(phospholipase 2), LPAR3 (lysophosphatidic acid receptor 3), GRIN2C (glutamate
receptor), and ACSL6 (fatty acyl-coA synthase) was found to be highly reduced in T cells
isolated from A WT compared to CerS6~/~ mice (Figure S3A). This suggests that while
aging stress is associated with decreased T cell survival/function, loss of CerS6 restores T
cell metabolism during aging. The expression of GSTA2 (glutathione S-transferase) was
highly elevated in TCR-activated aging WT T cells, suggesting the involvement of increased
reactive oxygen species and/or peroxidation during aging stress-mediated mitophagy, which
is also prevented in T cells obtained from A CerS6~/~ mice (Figure S3A). RNA sequencing
was also consistent with reduced mRNA abundance of IFN-y in T cells isolated from A
compared to Y WT mice, which is also reversed in T cells isolated from A versus Y
CerS6~/~ mice (Figure S3B). There was also a group of cytokines/chemokines whose
expression was inversely associated with aging versus young T cells isolated from WT
compared to Cer6~/~ mice (Figure S3B). These cytokines/chemokines include IL-2, IL-6,
CXCL3, IL-19, CCL22, CXCR2, CCLY, CCL6, CCL17, and IL-119, which are induced
versus reduced in T cells isolated from A WT versus CerS6~/~ compared to their young
counterparts (Figure S3B). However, we observed that the expression of IFN-y, CXCR1,
IL-11, and IL-24, which are associated with T cell activation, are reduced versus increased
in T cells isolated from A WT versus CerS6~/~ compared to their young counterparts (Figure
S3B). These studies support that aging stress-mediated CerS6/C14-ceramide induces T cell
mitophagy, leading to dysfunctional mitochondria and reduced ATP, which is consistent with
reduced central memory phenotype.

CerS6/C14 ceramide generation in T cells is linked to SphK2/S1P signaling. Analyses of
RNA sequencing data for the expression of genes involved in sphingolipid metabolism in T
cells also revealed that the reduction of ceramide accumulation/generation was increased in
aging WT T cells, while it is reduced in aging CerS6~/~ T cells compared to their young
counterparts (Figure S3C). Among these genes, ACER1 and ACER2, which cleave
ceramide, are induced in T cells isolated from A CerS6~/~ compared to WT mice, while the
expression of CerS6 and SphK2 is greatly reduced in aging CerS6~~ while largely increased
in aging WT T cells compared to their young counterparts (Figure S3C). These data are
consistent with reduced ceramide and mitophagy in aging CerS6~~ T cells. Interestingly,
these data also suggested to us a hypothesis that there may be crosstalk between CerS6 and
SphK2 expression in T cells upon aging stress (Figure S3D). The loss of SphK2 almost
completely prevented short-chain ceramide accumulation in the MITO of T cells isolated
from A compared to Y SphK2~/~ mice (Selvam and Ogretmen, 2013; Panneer Selvam et al.,
2018) (Figure 4A). The loss of SphK2 expression in T cells isolated from Y SphK2~/~ mice
was confirmed by western blotting (Figure 4A, inset). This is consistent with the prevention
of mitophagy in aging compared to young SphK2~~ T cells, which showed reduced
ceramide-TOMZ20 colocalization, inhibition of LC3 or Drp1 activation, and protection of
ACO?2 degradation (Figures 4B-4E). Also, SEM studies revealed that the diameter of T cells
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obtained from Y and A SphK2~/~ mice was similar to that of young WT T cells, which is
consistent with the protection of aging SphK2~/~ T cell function and morphology (Figure
S1C). While the levels of IFN-y were protected, IL-1a levels were reduced in T cells
isolated from A versus Y SphK2~/~ mice to similar levels observed in young WT T cells
(Figures S1G-S1I). These findings indicate that aging stress induces CerS6/C14 ceramide,
Drp1 activation, and mitophagy, which may be linked to SphK2/S1P signaling, and that
genetic loss of SphK2 also protects against aging stress-related mitophagy and dysfunction
in T cells.

Because SphK2/S1P signaling inhibits HDAC1/2 to regulate gene expression (Hait et al.,
2009), we next assessed whether this process is involved in affecting CerS6 transcription in
T cells isolated from A mice. While CerS6 mRNA was significantly increased in T cells
isolated from A compared to Y WT mice, its expression was blunted in T cells isolated from
A SphK2~/~ mice (Figure 5A). CerS6 mRNA was not detectable by gPCR in T cells isolated
from CerS6™/~ mice used as a negative control (Figure 5A). Furthermore, the inhibition of
HDAC1/2 using the pharmacologic inhibitor MS275 (Wooten-Blanks et al., 2007) resulted
in the induction of CerS6 mRNA (Figure 5B) and mitophagy, increasing colocalization of
MTR-LTG, and LC3 activation in T cells isolated from Y WT mice (Figures 5B-5D).
Inhibition of HDAC1/2 using MS275 also attenuated, relative to vehicle-treated controls, the
cytotoxic effects of T cells from Y Pmel WT mice against B16 melanoma cells (Figure 5E).

Aging stress-mediated ceramide inhibits PKA, resulting in Drpl activation and mitophagy in
activated T cells. Ceramide-dependent mitophagy in T cells isolated from A mice appeared
to be downstream of decreased Drpl phosphorylation at S637, which leads to mitophagy by
the activation of Drpl. Thus, we investigated the mechanism by which this process occurs.
PKA is known to regulate inhibitory S637 phosphorylation of Drpl (Dany et al., 2016). To
determine whether PKA plays a role in ceramide/Drpl-induced mitophagy, we treated T
cells isolated from Y WT mice with PKA inhibitor H89, whereas treated T cells were
isolated from A WT mice with bcAMP (bromo-cyclic AMP), an activator of PKA (Dany et
al., 2016). We measured their effects on the phosphorylation of Drpl at S637 and mitophagy
(Figures S4A-S4D). PKA inhibition using H89 activated Drpl in young T cells (decreased
Drpl phosphorylation at S637) and induced mitophagy compared to vehicle-treated controls
(Figures S4AA-S4C), whereas PKA activation using bcAMP increased P-Drpl at S637 and
inhibited mitophagy in aging T cells (Figures S4A and S4D). Moreover, the inhibition of
ceramide synthesis using FB1 largely protected mitophagy induction in response to PKA
inhibitor H89 in T cells isolated from Y mice compared to vehicle-treated controls (Figure
S4E). Thus, these data suggest that PKA regulation plays a critical dual role in controlling
ceramide-mediated Drpl-mitophagy induction in TCR-activated T cells; inhibition of PKA
induces Drp1 activation, whereas PKA activation inhibits aging/ceramide-dependent Drpl
and mitophagy in T cells. We then investigated whether the effect of ceramide on PKA is
direct or indirect. Recombinant/purified PKA protein was preincubated with the ceramide
analogs of different chain lengths LCL29 or LCL461 (Novgorodov et al., 2005; Szulc et al.,
2006) and determined their effects on the catalytic PKA activity /in vitro. These data showed
that ceramide significantly inhibits PKA activity (Figure S5A), with Kg = 0.05 uM. The role
of PKA in mitophagy induction in aging T cells was also consistent with decreased
expression of the catalytic subunit of PKA (PKAC) in T cells isolated from A compared to Y
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mice (Figures S5B and S5C). Interestingly, we did not observe any detectable change in the
expression of the regulatory subunit of PKA (PKAr) in young compared to aging T cells
(Figure S5C). Also, the proximity ligation assay (PLA) showed that CerS6 and PKA
colocalization was highly induced in ex vivo TCR-activated T cells isolated from A
compared to Y mice (Figures S5D and S5E). PKA inhibitor H89 prevented the association
between CerS6 and PKAc in aging T cells (Figures S5D and S5E). The decrease in the
expression of the PKAc in A T cells was attenuated in the CerS6™~ T cell counterparts
(Figures S5F and S5G). These data suggest that exogenous ceramide or CerS6-generated
endogenous ceramide inhibits PKA activity /n vitroand in TCR-activated T cells, reducing
PKACc expression in aging T cells, which subsequently results in Drpl activation and
mitophagy, limiting aging T cell survival and function.

To further assess the role of ceramide and PKA in the regulation of Drpl1, we measured the
effects of LCL-29 (exogenous ceramide analog) on P-S637-Drpl in the presence/absence of
bcAMP. These studies were performed in TCR-activated Y T cells that were transfected with
the WT versus mutant LC3 with F52A conversion, which inhibits ceramide-LC3 binding
and mitophagy (Dany et al., 2016; Dany and Ogretmen, 2015; Oleinik et al., 2019; Sentelle
etal., 2012; Thomas et al., 2017) (Figure S6A). Treatment of T cells with ceramide (20 uM
for 6 h) activated Drpl by the inhibition of Drpl phosphorylation at S637 (lane 2), which
was prevented by the expression of mutant LC3-F52A (lane 4) but not WT-LC3 (lane 3)
compared to empty vector-transfected and vehicle-treated controls (lanes 1 and 2; Figure
S6A). Moreover, the activation of PKA using bcAMP prevented ceramide-mediated Drpl
activation, increasing P-S637-Drp in cells transfected with WT-LC3 or LC3-F52A (lanes 5
and 6) compared to controls; Figure S6A). These data were also consistent with the effects
of ceramide on mitophagy induction in vector- and WT-LC3-transfected young T cells,
which is protected by the expression of mutant LC3-F52A or the activation of PKA by
bcAMP (Figure S6B). Also, the treatment of Y T cells with LCL-29 highly induced LC3
activation, increasing lipidated LC3-11 expression in vector- and WT-LC3-transfected cells
(Figure S6C). However, the expression of mutant LC3 with the F52A conversion that
inhibits ceramide-mediated mitophagy inhibited ceramide-induced LC3 activation compared
to vehicle-treated control T cells (Figure S6C). The expression of LC3-135A, which does not
affect ceramide-LC3 binding, did not prevent ceramide-mediated LC3 activation in Y T cells
compared to controls (Figure S6C). Moreover, pharmacologic inhibition of SphK2 using
ABC294640 (Britten et al., 2017; Panneer Selvam et al., 2015) prevented CerS6é expression
and mitophagy, decreasing Drp1 activation via inducing inhibitory P-Drp1-S637 and
restoring ACO2 expression in A T cells (isolated from 18-month-old WT mice) compared to
age-matched vehicle-treated controls (Figures S6D-S6G).

To investigate the role of PKAc in ceramide-mediated mitophagy in T cells, we have
generated conditional knockout mice, in which the PKAc was deleted selectively in T cells
by crossbreeding the floxed-PKAc floxed (Prkaa2f/fl) with CD4C™ mice. We then measured
the effects of the genetic loss of PKACc on the mitophagy of T cells isolated from Y mice.
The data showed that the loss of PKAc in Prakaa2f/fl/CD4C" (Figures 6A-6C) both in
heterozygous and homozygous mice (loss of PKAc expression in T cells obtained from
homozygous Prakaa2/fl/CD4C"® knockout mice is confirmed by western blotting; Figure
6B) induced mitophagy in young T cells, inducing TMG-LysoTracker Red (LTR)
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colocalization and Drpl activation compared to young WT T cells (Figures 6A and 6C). The
inhibition of Drpl using Mdivi prevented mitophagy and protected LC3 and Drpl activation
or inhibited ACO2 degradation in young T cells obtained from Prakaa2/fl/CD4C"e mice
compared to young WT T cells (Figures 6D—-6F). Overall, these data point to a critical role
for PKA inhibition by ceramide-mediated induction of LC3/Drpl-dependent mitophagy in
aging T cells.

The loss of CerS6 and SphK2 improves the antitumor functions of aging T cells. To measure
the effects of the CerS6-SphK2 axis on aging stress and mitophagy in T cells, we performed
co-culture and adoptive T cell transfer studies /n vitroand in vivo, respectively. In co-culture
studies, T cells isolated from Y pMel mice were able to induce B16 cell death, whereas T
cells obtained from A pMel mice were not effective in B16 cell killing (Figures S7A and
S7B). However, T cells obtained from A CerS6~/~/pMel (CS6-pMel) or A SphK2~/~/pMel
(PMel/SK27/") were as effective as their young counterparts in inducing B16 cell death in
vitro (Figures STA and S7B). Then, we isolated CD8" T cells from Y and A WT/pMel or
SphK2~~/pMel mice, TCR activated them ex vivo, and injected them in C57BL/6 mice with
subcutaneously established B16 melanoma. The effects of these activated T cells on
controlling cancer growth/proliferation were measured compared to controls (mice with B16
melanoma that receive no adoptive transfer). The data revealed that T cells isolated from Y
pMel mice suppressed tumor growth significantly better (p < 0.05) than T cells isolated from
A mice with improved survival (Figures 7A and 7B). These data were also consistent with
the protection of the effector memory T cells obtained from A versus Y CerS6~/~ and
SphK2~/~ mice (Figure S1J). Moreover, T cells isolated from A SphK2~/~/pMel mice were
equally effective as their young counterparts in suppressing tumor growth, resulting in
longer survival than their aging pMel T cell counterparts (Figures 7A and 7B). These data
were consistent with the reduced mitophagy of T cells isolated from A pMel/SphK2~~ mice
with decreased MTR-LTG and CerS6-Tom20 colocalization (Figures 7C and 7D). After
measuring the tumor size, we isolated tumor-infiltrating lymphocytes (TILs) and expanded
them ex vivoto measure mitophagy. The data revealed that mitophagy was increased in TILs
isolated from A pMel mice, but not in A pMel/SphK2~/~ mice (Figure 7E). When we co-
cultured these expanded TILs with B16 cells in vitro, we observed increased B16 cell death
in response to incubation with TILs obtained from Y compared to A pMel mice (Figure 7F).
However, TILs obtained from Y and A SphK2~/~/pMel mice were equally effective in
inducing B16 cell death (Figure 7F). Interestingly, when we performed studies to measure
the effects of naive CD4* cells isolated from Y versus A WT and CerS6~~ mice on inducing
colitis in Rag™~ recipient mice, there was no significant difference (Figures S7C and S7D).
These results suggest that the genetic loss of SphK2 or CerS6 in CD8" T cells obtained from
A SphK2~/~ or CerS6~/~ mice prevents ceramide-dependent mitophagy and restores their
antitumor functions, overcoming aging stress in T cells.

DISCUSSION

This study’s main goal was to discover and describe the mechanisms that regulate T cell
aging and antitumor functions of T cells by mitochondrial dysfunction due to alterations in
lipid metabolism and signaling. Our studies demonstrated that aging-mediated ceramide
stress in T cells, isolated from 8-month-old compared to younger (2-month-old) mice,
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induces mitochondrial dysfunction via PKA inhibition, leading to Drpl activation and
mitophagy, limiting their antitumor functions in culture and mice. These data also revealed
that the inhibition of ceramide synthesis and the activation of PKA in T cells isolated from
8-month-old mice attenuated mitophagy and restored effector T cell function to inhibit
tumor growth after adoptive CD8* T cell transfer.

It is known that memory T cells are vulnerable to mitochondrial dysfunction as organisms
age (Baazim et al., 2019; Bronietzki et al., 2015; Chougnet et al., 2015; O’Sullivan et al.,
2014; Ron-Harel et al., 2015), but we lack a clear mechanistic understanding of T cell aging
through mitochondrial dysfunction, which results in the suppression of memory phenotype
and antitumor functions of effector T cells. Memory T cells use lipolysis, catalyzed in
MITO, to generate energy for their survival and persistence (Klein Geltink et al., 2020;
Pearce et al., 2009; Weinberg and Chandel, 2014). It has been well documented that
bioactive sphingolipid ceramide, generated by CerS1-6), is induced in response to aging-
associated stress signaling (Cutler and Mattson, 2001; Cutler et al., 2014; Jazwinski and
Conzelmann, 2002; Szulc et al., 2006). Inhibition of ceramide generation was shown to
extend lifespan (Riebeling et al., 2003; Venkataraman and Futerman, 2000). However, the
roles and mechanisms whereby ceramide metabolism is involved in T cell aging regulation,
leading to the suppression of T cell function and memory phenotype, have been mostly
unknown. The data presented in this work revealed that aging-dependent ceramide synthesis
inhibits anticancer functions of central memory T cells (Tcwm) by inducing mitophagy and
that inhibition of ceramide-dependent mitophagy restores Ty function in aged T cells.
Mechanistically, our data suggest that the aging-dependent induction of CerS6/C14 ceramide
in the outer mitochondrial membrane inhibits PKA, which then results in the decreased
inhibitory phosphorylation at S637 and subsequent activation of Drp1, leading to
mitochondrial fission and mitophagy in activated T cells. Thus, the inhibition of CerS6 and
Drp1, or activation of the PKAc subunit restores and improves the aging-related anticancer
function of effector T cells. It is interesting that while our data showed the accumulation of
C14/C16 ceramide in MITO leading to mitophagy, synthesized by CerS6 in older T cells,
CerS6-generated C14/C16 ceramide has been implicated in inducing mitochondrial
degradation and dysfunction in obesity-induced metabolic stress in adipose tissues
(Hammerschmidt et al., 2019). CerS1-6 enzymes and their ceramide products with different
fatty acyl chain lengths in the regulation of distinct biological processes have been studied
previously. One common factor that regulates these distinct functions of ceramides appears
to be the localization of CerS1-6 enzymes and their ceramide products. For example, in
head and neck cancer cells, mitochondrial transport of CerS1 by p17/PERMIT was shown to
induce C18 ceramide accumulation and mitophagy (Oleinik et al., 2019), which was also
mediated by the C16 pyridinium-ceramide analog that accumulates selectively in MITO.
Thus, these data suggest that regardless of the fatty acyl chain lengths of ceramides, their
subcellular localization/transport (either ceramide or CerS1-6 enzymes) in response to
different cellular stress stimuli plays essential roles to affect their downstream signaling in
inducing mitophagy, which is also context dependent.

Once the immune memory repertoire is built, morbidity and mortality from infections
decline. However, protective adeptness increasingly deteriorates with age (Giannakis et al.,
2019; Minhas et al., 2019; Nicholls, 2004). The low proliferation rate of naive T cells in the
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periphery is the major adaptation to prevent immune suppression and preserve a diverse
repertoire of T cells. In contrast to naive T cells, memory T cells exhibit a high degree of
compartmentalization, as exemplified by resident memory T cells (Kishton et al., 2017; Le
Page et al., 2018; Martinez-Jimenez et al., 2017; Naumov et al., 2011; Ouyang et al., 2011).
To this end, aging memory T cells balance their maintenance and expansion while avoiding
clonal dominance, because the disproportionate activation of memory cells contributes to the
failure to generate immune memory in the aging host (Pulko et al., 2016; Schenten et al.,
2014; Sckisel et al., 2015). Studies in human T cells have associated aging with changes in
autophagy, membrane properties to form rafts, and producing reactive oxygen species.
Several different models, such as yeast, worms, and flies, have shown that sphingolipids play
critical roles in regulating aging and lifespan (Cutler and Mattson, 2001; Cutler et al., 2014).
It is well documented that sphingolipids play vital roles in the regulation of immune and
adaptive cell senescence. For example, most sphingolipids were found to be higher in T cells
from A compared to Y mice, and the addition of exogenous C2 and C6 ceramide inhibited T
cell proliferation (Kirk and Miller, 1999; Martinova, 1998; Sopel et al., 2019). These data
are consistent with our data presented here, demonstrating that age-related ceramide
increases may contribute to the proliferative and functional defects observed in aged T cells
through the induction of Drp1-mediated mitochondrial fission and mitophagy. Interestingly,
it is also shown that Drpl-induced mitochondrial dynamics play key roles in T cell
migration, proliferation, and metabolic reprogramming (Simula et al., 2018) when aging
stress and ceramide-dependent mitophagy are not invoked.

Our studies are consistent with previous studies that showed that dysfunctional MITO in T
cells induce multimorbidity and senescence (Desdin-Micé et al., 2020). It is also known that
aging-related dysfunctions of memory T cells are associated with increased senescence and
defects in IL-7R or cytoskeleton, which affect compartmentalization and functions of
memory T cells (Garcia and Miller, 2002; Kim et al., 2006; Mattoo et al., 2009; Ouyang et
al., 2011; Pulko et al., 2016; Quinn et al., 2018).

These data have important biological implications in regulating T cell aging and adoptive T
cell transfer for anticancer immunotherapy. For example, our data revealed that diminished
antitumor functions of CD8* T cells obtained from A mice could be restored by the
inhibition of aging-mediated ceramide stress through pharmacologic inhibitors or genetic
loss of CerS6, SphK2, Drpl, or PKAc. However, it was curious that the immunogenic
functions of CD4* naive cells in inducing colitis in Rag™" recipient mice appeared to be
independent of aging and ceramide synthesis. Similarly, in a previous study, it was shown
that CerS6-generated C16 ceramide plays a critical role in inducing graft-versus-host
disease, without affecting graft-versus-leukemia after allogeneic bone marrow
transplantation (Sofi et al., 2017). These studies suggest that aging-induced ceramide stress
and mitophagy in T cells may be selectively mediated upon ex vivo activation for adoptive T
cell transfer, limiting antitumor functions of CD8* T cells. In addition, our data are
supported by a recent study, which demonstrated that dysfunctional MITO in autophagic
vesicles were largely increased in CD4* T cells obtained from older (=70 years old)
compared to younger (20-39 years old) healthy human participants with dysregulation of
oxidative phosphorylation and energy metabolism (Bektas et al., 2019).
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Although this study provides a mechanistic link between aging and alterations of antitumor
functions of T cells via ceramide-dependent mitophagy, inducing dysfunctional
mitochondrial metabolism in mice models, it is unknown whether a similar mechanism has
any impact on aging human T cells and if there is a time point in the aging continuum when
mitophagy prevention or reversal is limited. It remains unknown whether the inhibition of
ceramide-dependent mitophagy could have adverse effects in aging T cells to increase
autoimmunity and/or cytokine storm in response to infection in humans. A recent study
(Bektas et al., 2019) demonstrated that dysfunctional MITO in autophagic vesicles, one of
the indication markers of mitophagy, are highly accumulated in CD4* T cells obtained from
older compared to younger human donors. Whether this process is associated with
mitochondrial ceramide signaling by the inhibition of PKA and activation of Drpl in human
T cells needs to be determined. It should be noted, however, that several studies have shown
that mitophagy may be beneficial in aging tissues, and Drpl overexpression prolongs the
lifespan in model organisms (Rana et al., 2017; Yang et al., 2011). These studies support the
idea that the Drp1 activity and mitophagy processes are highly complicated and context
dependent.

Also, in our studies, unlike activated CD8* T cells’ antitumor functions, naive CD4* T cell
transfer did not appear to be regulated by ceramide-mediated mitophagy and aging for
inducing colitis in mice. Thus, another limitation of this study is to identify whether aging-
mediated ceramide signaling regulates dysfunctional mitochondrial metabolism in specific
populations of both mouse and human T cells. Moreover, it remains unknown how the
metabolism of specific ceramides with different fatty acyl chain lengths, such as C18 or C14
ceramide, generated by distinct CerS enzymes CerS1 or CerS6, respectively, are regulated in
mitochondrial membranes in response to aging stress in T cells versus other cell types, such
as adipocytes, hepatocytes, keratinocytes, neurons, or cancer cells, which are vulnerable to
aging-related disorders. To this end, if aging stress alters lipid oxidation, the cholesterol
content of the mitochondrial membranes in T cells remains to be explored. Also remaining
to be explored is whether the use of agents that have been shown to support steady-state
mitochondrial function can help avoid this ceramide-associated mitophagy in aging T cells.
One of these agents is a-lipoic acid, which plays an important role as an antioxidant as well
as a cofactor for mitochondrial metabolism (Stoner et al., 2016). The therapeutic potential of
such antioxidants has been examined in several diseases, and it would be interesting to
explore their potential role in improving mitochondrial health in aging T cells.

Overall, this study provides a mechanistic connection between aging and the induction of
ceramide-mediated mitophagy, resulting in mitochondrial dysfunction, which then limits
ATP production and T cell proliferation and expansion (Giannakis et al., 2019; Kishton et
al., 2017; Mendelsohn et al., 2018; Minhas et al., 2019; Nicholls, 2004). Thus, the
dysregulation of effector T cell functions through the aging-ceramide-mitophagy axis may
have important implications in aging-dependent impairments in the anticancer functions of T
cells. This suppressive axis may also be involved in inducing aging-associated chronic
inflammation or attenuation of the immune defense against bacterial or viral infections,
including severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) (Braun et al.,
2020; Li et al., 2020; Zheng et al., 2020), which was reported to be associated with defective
T cell functions in some elderly patients with coronavirus disease 2019 (COVID-19).
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Besim Ogretmen
(ogretmen@musc.edu).

Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability—The RNA sequencing data generated during this study are
available at Gene Expression Omnibus (GEO) with the accession number GSE148498.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and tumor models—\Vertebrate animals were maintained in pathogen-free
facilities. Experimental procedures were performed using protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at the Medical University of South
Carolina. C57BL/6, B6Rag—/-, Pmel, PKAfI/fl CD4cre mice were obtained from Jackson
Laboratory (Bar Harbor, ME). Pmel-Sphk2—/-mice, and Pmel-CerS6—/- mice were
developed in the lab. Pmel+ animals and Rag1-/— mice were employed for the melanoma
and colitis studies, respectively. The animals were maintained in house for 2 months (young)
or 8-18 months for the aging stress condition. Knockout mice were crossed with Pmel mice,
and after generations F1 and F2 mice were maintained until 8-18 months. B16-F10 mouse
melanoma tumor cells (0.3 x 108) were injected subcutaneously (s.c.) into the left flank of 8-
week-old C57BL/6mice. After nine days of tumor establishment, recipient mice were
injected (7.p) with cyclophosphamide (4 mg/mice) before adoptively transferring (i.v.) either
Pmel+ (CD8+VB13+) or Pmel-SK2-/- or Pmel-CerS6—/- cells on 10. Recipient mice were
given IL2 (50,000 U/mouse; i.p) for three consecutive days after ACT. Sex and aged-
matched animals were used throughout these studies, and we did not observe any gender-
specific outcomes.

Cell lines—B16-F10 (RRID: CVCL_0159) was obtained from American Type Culture
Collection (ATCC), suggested to be of male origin

METHOD DETAILS

Cell lines and reagents—B16 mouse melanoma cancer cells were grown in RPMI
containing 10% FBS (Cellgro) and 1% penicillin/streptomycin (Cellgro). Cells were treated
with 10 uM of the following reagents for 3h: Fumonisin B1, LCL-29-ceramide, or 1uM of
H89/PKAI, or bcAMP, or 5 uM ABC294640 and mDivi for 24h unless otherwise stated.
YO-PRO-1 was loaded for 15 min (Oleinik et al., 2019).

T cell differentiation—Naive total T cells were purified from the total splenocytes of 8—
72 week-old WT (C57BL/6) and KO (Sphk2™/~, CerS1-6, PKAfI/fICDA4cre) mice, first by
incubating the cells with biotinylated anti-CD19, anti-CD11b, anti-CD11c, anti-NK1.1, anti-
CD25 (cell signaling technology), followed by negative selection with streptavidin magnetic
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particles (BD Biosciences). Total splenocytes from 6-72 week-old TCR transgenic mouse
Pmel (bears class-I restricted CD8+ T cells) or Pmel knockouts: Pmel-Sphk2-/- or Pmel-
CerS6-/- were also used. Within experiments, mice were age and sex-matched. In some
experiments, purified naive T cells or total splenocytes were differentiated to Th17 (3 ng/ml
TGFB, 25 ng/ml IL6, 10 pg/ml anti-IL4 and 10 pg/ml anti-IFN-y) or ThO (100 1U/ml IL2) in
the presence of plate-bound anti-CD3 (5 pg/ml) and anti-CD28 (5 pg/ml). For Pmel TCR
transgenic mice, splenocytes were stimulated with 1 ug/ml gp100 melanoma antigen in the
presence of 100 IU/ml IL2. T cells were differentiated for three days in IMDM media
supplemented with 10% FCS, 4mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 55 pM beta-mercaptoethanol under 5% CO2, atmospheric oxygen at 37°C in a
humidified incubator. To evaluate intracellular cytokines by flow cytometry, we re-
stimulated T cells with PMA/ionomycin for 4 h or with plate-bound anti-CD3 (5 pg/ml) and
anti-CD28 (5 pg/ml) in the presence of Golgi inhibitors.

Cell viability, permeability assays, and co-culture studies—Cell viability was
assessed by CyQuant following manufacturer’s instructions and by trypan blue exclusion
assay. According to the manufacturer’s specifications, ATP was measured with a
commercially available kit (FLAA, Sigma) using bioluminescence at 560 nm. Cell
permeability and co-culture experiments were performed as previously described (Chatterjee
etal., 2014; Nganga et al., 2019).

Adoptive T cell protocol—B16-F10 mouse melanoma tumor cells (0.3 x 10) were
injected subcutaneously (s.c.) into the left flank of 8-10 weeks old C57BL/6 mice. After
nine days of tumor establishment, recipient mice were injected (7.p) with cyclophosphamide
(4 mg/mice) before adoptively transferring (i.v) Pmel (CD8+Vp13+) cells on day 10.
Recipient mice were given IL2 (50,000 U/mouse; i.p) for three consecutive days after ACT.

Colitis model—Naive CD4+ T cells (CD4+CD25-CD44-CD62L+) were purified
separately by negative selection. The cocktail of antibodies used to purify CD4 T cells
(eBioscience) included anti-mouse CD25, anti-mouse CD49b), anti-mouse TER-119, anti-
human/mouse CD45R, anti-mouse CD11b, anti-human/mouse, anti-mouse and anti-mouse
CD@8a anti-biotin microbeads were from Miltenyi Biotec. Naive T cells (1x106 CD4+) from
WT or CerS6-/- mice were intravenously injected into lymphopenic RagZ—/-hosts to
induce colitis. The loss of body weight assessed the disease progression, and the scoring
analysis in the control mice injected with PBS only. Immune cells were isolated from
spleens and lymph nodes. Recipient mice were monitored for weight loss and other clinical
signs of colitis once per week. Clinical scores were tabulated as 4 parameters: weight loss,
general health (posture, fur texture, and skin integrity), stool quality, and rectal prolapse.
Individual mice were scored from 0 to 4 for stool quality and rectal prolapse and 0 to 3 for
general health. Recipients at the moribund stage were euthanized and counted for lethality.
Representative samples of the colon were excised from recipients 60 days after T cell
transfer and subjected to pathology scoring which was tabulated as 7 parameters: a degree of
inflammation, goblet cell loss, presence of abnormal crypts, presence of crypt abscesses,
presence of mucosal erosion and ulceration, submucosal spread to transmural involvement,
and meatuses counted at 40X magnification.
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Flow cytometry—Staining for cell surface markers was performed by incubating cells
with the antibody at 1:200 dilutions in FACS buffer (0.1% BSA in PBS) for 30 min at 4°C in
the dark. For intracellular cytokines (IFN-y, IL4, and IL6) staining, surface markers were
stained before fixation/permeabilization (BD Cytofix/Cytoperm Kit, BD Biosciences, San
Jose, CA). Samples were acquired on LSR Fortessa/X-20 and analyzed with FlowJo
software (Tree Star, OR).

Coating of coverslips for T cells imaging—A protocol was developed to visualize live
and fixed T cells on confocal microscopes as an adaptation of steps applied to use
suspension cells in instrumentation for measuring cell bioenergetics. Poly-L-lysine coated
35-mm glass-bottomed dishes (MatTek Corporation) were treated with Cell Tak compound
at RT for 1h, followed by 5 washes with ddiH20 without allowing coverslips to dry until
cells were loaded. The humidifier chamber was employed for image acquisition of these
cells.

Detection of mitophagy by live-cell imaging—On the day of the experiment, 50,000
cells were loaded with MTR (0.5 pM) for 60 min in a humidified atmosphere at 370C in
standard growth media. Afterward, the cells were washed and incubated with LTG (0.5 uM)
for 20 min. After MTR and LTG had been loaded, one-third of the initial LTG concentration
was kept in the media for the duration of the experiment. Cells were loaded on glass
coverslips coated as described above after removing washing ddiH20, and live-cell images
were acquired using a humidifier chamber on the Olympus FluoView FV10i LIV laser
scanning confocal microscope, MUSC Cell, and Molecular Imaging Core Facility. Images
were analyzed by Flouview Fv10i software. Quantification was performed using Fiji
(ImageJ).

Detection of LC3 activation by Cyto-ID—LC3 activation was assessed with the Cyto-
ID Autophagy Detection kit (Enzo) in live cells using flow cytometry according to the
manufacturer’s instructions.

Immunofluorescence—Activated cells were incubated with the respective treatment,
washed two times with 1XPBS Cells (50,000 per well) were fixed and permeabilized using
4% paraformaldehyde (20 min) and 0.1% Saponin in 1 x PBS (pH 7.4) for 10 min. The cells
were then blocked with 1% BSA /PBS (pH 7.4) for 1 h. Cells were incubated for 18 h at 4°C
with antibodies specific for Ceramide, LC3, Tom 20, FLAG, CerS1-6, (1:50) in blocking
solution, followed by Alexa Fluor 488-, 594, or —633-conjugated secondary antibodies
(1:1000) an additional hour. Cells were loaded on coverslips coated as described above,
immediately after removing washing ddiH20 and cell images were acquired using a
humidifier chamber to avoid dehydration. Immunofluorescence was performed using an
Olympus FV10i microscope with the corresponding channels for visualizing fluorescence,
or Zeiss LSM 880 NLO Quasar confocal/multiphoton microscope with a Fast Airyscan
super-resolution detector. Images were taken at 63X magnification for at least three random
fields were selected for quantification. Images were analyzed by Flouview Fv10i software.
Quantification was performed using Fiji (ImageJ).
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Ultra-structural analysis using transmission electron microscopy—After
removal of culture medium, T cells were and rinsed with 1X PBS and fixed in freshly
prepared 2% (w/v) glutaraldehyde in 0.1 M cacodylate buffer. After post-fixation in 2%
(v/v) osmium tetroxide, specimens were embedded in Epon 812, and sections were cut
orthogonal to the cell monolayer with a diamond knife. Thin sections were visualized in a
JEOL 1010 transmission electron microscope (TEM). In immunoelectron microscopy
studies, activated T cells were collected and rinsed with 1X PBS. They were fixed for 15
min with 4% paraformaldehyde, and cell permeabilization was achieved with 0.1% Saponin
for 10 min, washed twice, and blocked with 1% BSA in PBS for 20 min. Primary antibodies
(1:50 dilution) were added to cells and incubated overnight at 40C. After washing with 1%
BSA PBS, Nanogold (1.4 nm) (Nanoprobes) conjugated donkey anti-mouse, or anti-rat Fab
fragments (1:200) were incubated with cells for 1 h. After post-fixation with 1%
glutaraldehyde in PBS for 10 min at RT, Li Silver enhancement was performed for 5 min.
After rinsing with distilled H20, enhanced with silver staining before specimens were
embedded in Epon 812, and sections were cut orthogonal to the cell monolayer with a
diamond knife. Thin sections were visualized in a JEOL 1010 TEM.

Ultra-structural analysis using scanning electron microscopy—SEM was
performed as we recently described (Nganga et al., 2019) except that no trypsinization was
performed, and the cells were collected by scraping on ice. Cell-cell contacts were preserved
by scraping cells for collection. In short, samples were fixed with primary fixative (2%
glutaraldehyde, 2% paraformaldehyde in 0.1 M cacodylate buffer pH 7.35). Secondary
fixation was achieved with 1% osmium tetroxide in 0.1 M cacodylate buffer. After both
fixation steps, samples were washed three times with ddH20 then dehydrated with
increasing ethanol concentrations (20% to 100%). Samples were submerged in 100%
ethanol, and critical point drying was achieved with Tousimis Autosamdri-931 (Rockville,
MD). Before imaging, 3—6 nm iridium was applied to samples and images were acquired
with a Magellan 400 field emission scanning electron microscope (FEI) (Hillsboro, OR) at
Purdue Imaging Facility.

Sub-cellular fractionation and isolation of crude mitochondria—For
mitochondria preparations, cells were resuspended in Buffer A and incubated for 10 min on
ice, followed by Dounce homogenization. After centrifugation, the supernatant was saved
and the pellet resuspended in Buffer B to the same volume as Buffer A, following the same
rupturing steps. Combined supernatants were centrifuged at 12,000 g for 15 min at 40C to
obtain the mitochondrial fraction. For the membrane fraction, after obtaining the
mitochondrial pellet, the supernatant was collected and centrifuged at 100,000 x g for 1 h in
an ultracentrifuge. The pellet was resuspended in wash buffer and recentrifuged for 45 min.
The membrane pellet was then resuspended in the lysis buffer (250 mM Sucrose, 20 mM
HEPES (7.4), 10 mM KCI, 1 mM EDTA, 1mM EGTA, 10% glycerol, 0.1% SDS, 1 mM
DTT and PI Cocktail). Western blotting was used to detect the purity of the fractions with
Tom 20 as a mitochondrial marker, and with p-tubulin actin as a cytosolic marker.

Isolation of purified mitochondrial fractions and MAMs—In brief, T cells were
activated, washed, and homogenizing in IB buffer (225 mM mannitol, 75-mM sucrose, 0.1
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mM EGTA, and 30 mM Tris-HCI pH 7.4), the homogenate was centrifuged at 600 g for 5
min. After discarding debris and nuclei, the supernatant was centrifuged twice at 7,000 x g
for 10 min, and once at 10,000 g for 10 min. The mitochondrial pellet was resuspended in
ice-cold mitochondria resuspending buffer (MRB) (250 mM mannitol, 5 mM HEPES (pH
7.4) and 0.5 mM EGTA) and subjected to Percoll gradient (225 mM mannitol, 25 mM
HEPES (pH 7.4), 1 mM EGTA, 30% v/v Percoll). After 1 h centrifugation at 95,000 g, two
bands were visualized in the tube containing the Percoll gradient: a thick band containing
purified mitochondria located at the bottom, and a MAM’s band located in the upper middle.
The bands were individually collected and washed steps, and after centrifugation at 100, 000
x g, mitochondria (MITO) and MAMs were isolated, resuspended in small volumes of MRB
and suspended using the loose glass pestle (Oleinik et al., 2019) and analyzed by Lipidomics
or immunoblotting with corresponding antibodies.

Immunoblotting—Activated T cells were homogenized in RIPA buffer (25mM Tris-HCI
pH7.4, 150mM NaCl, 1% Triton X-100,1% sodium deoxycholate, EDTA (20ul 0f 0.5M
stock) including protease inhibitor and phosphatase inhibitor cocktails using a gauge
(26.5%) syringe five times, incubated for 20 minutes on ice. The samples were centrifuged
at 12000 g for 15 minutes at 4°C. The supernatants were collected, and proteins were
quantified with the Bradford method. 4X loading dye was added to sample and boiled using
a heating block at 95 degrees for 5 minutes before loading SDS gradient gels 4%—-20% were
used to run the samples using the Bio-Rad Criterion apparatus, followed by semi-dry
transfer onto PVDF membrane. Blocking was done with 5% milk in 0.1%PBST. Primary
antibodies were used at 1:2000 dilution overnight at 4°C. Proteins were analyzed by western
blotting using p-actin (Sigma, St. Louis, MO) or other antibodies. Original blot images are
provided in Data S1.

Quantitative real-time PCR—Total RNA was extracted from cell pellets of the indicated
T cell subsets (2 x 106 cells) using Trizol reagent (Life Technologies, Grand Island, NY).
cDNA was generated from 1 g total RNA using the iScript cDNA Synthesis Kit (BioRad,
Hercules, CA). Reactions were carried out using SsoFast probes mix (Bio-Rad) and TagMan
primer probes (ThermoFisher Scientific) in the CFX96 Detection System (BioRad, Hercules,
CA). The expression of different genes was quantified relative to RPLPO.

Plasmids and transfections—WT and mutant LC3B-FLAG expression vectors with
F52A and G120A conversions were as we previously described (Sentelle et al., 2012). Naive
T cells were isolated either from spleens, then transfected with the plasmids above using
AmaxaTM mouse T cell nucleofectorTM kit from Lonza following manufacturers’ protocol.
Transfected cells were cultured in ThO differentiation media described in the corresponding
section for 48 hours.

Lipidomics analyses of sphingolipids—The Analytical Unit performed lipid
extraction and analysis in the Lipidomics Shared Resource at MUSC. Briefly, cells were
lysed with RIPA buffer, and analyses of endogenous bioactive sphingolipids were performed
on a ThermoFisher TSQ Quantum liquid chromatography/triple-stage quadrupole mass
spectrometer system operating in a multiple reaction monitoring (MRM) positive ionization
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mode, as previously described (Dany et al., 2016; Dany and Ogretmen, 2015; Oleinik et al.,
2019; Sentelle et al., 2012; Thomas et al., 2017). Lipid levels were normalized by the level
of protein present in samples (pmol/mg protein).

Isolation of tumor-infiltrating T cells—To obtain tumor-infiltrating T cells (TILs) from
subcutaneously established stable B16-F10 melanoma-bearing mice, tumors were excised,
chopped finely using tweezers, and scissors, and then digested with 2 mg/ml collagenase
type IV (Stemcell technologies, Vancouver, BC) for 45 min. Following digestion, tumors
were filtered through 70uM cell strainers (BD Biosciences, San Jose, CA). The cell
suspension was washed in culture medium twice by centrifugation at 1500 rpm for 10 min at
4°C. After the second wash, the cells were resuspended in 6 mL PBS and layered carefully
over 3 mL Ficoll-paque (GE Healthcare) followed by centrifugation at 1500 rpm for 30 min.
The enriched TILs obtained at the interface as a thin buffy layer were washed with PBS
twice and finally resuspended in FACS staining buffer for further staining procedures

Multiplex analyses of cytokines—In this study, we used Luminex xMAP technology
for multiplexed quantification of 45 Mouse cytokines, chemokines, and growth factors. The
multiplexing analysis was performed using the Luminex 100 system (Luminex, Austin, TX,
USA) by Eve Technologies Corp. (Calgary, Alberta). Forty-four markers were
simultaneously measured in the supernatants from gp100 re-stimulated TILs using a
MILLIPLEX Mouse Cytokine/Chemokine 32-plex kit and a MILLIPLEX Mouse Cytokine/
Chemokine 13-plex kit (Millipore, St. Charles, MO, USA) according to the manufacturer’s
protocol. The 45-plex consisted of Eotaxin, Erythropoietin, 6Ckine, Fractalkine, G-CSF,
GM-CSF, IFNB1, IFNYy, IL-1a, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-11,
IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-16, IL-17, IL-20, IP-10, KC, LIF, LIX, MCP-1,
MCP-5, M-CSF, MDC, MIG, MIP-1a, MIP-1p3, MIP-2, MIP-3a, MIP-3B, RANTES,
TARC, TIMP-1, TNFa, and VEGF. The assay sensitivities of these markers range from 0.3
t030.6 pg/mL for the 45-plex. Individual analyte values are available in the MILLIPLEX
protocol.

Measurement of cellular and mitochondrial bioenergetics—Mitochondrial
bioenergetics were measured by real time flux analyses using the Seahorse platform as we
previously described (Chakraborty et al., 2019; Sentelle et al., 2012). In brief, oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were determined using
the Seahorse XF96 analyzer (Agilent Technologies, Santa Clara, CA). Briefly, T cells
(0.5x10%/well) were plated on a Cell-Tak coated Seahorse culture plate for 30 min. OCR, a
measure of OXPHOS, was analyzed under basal condition, followed by 1.0 uM oligomycin,
1.0 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP) and 2 pM rotenone, plus 100 nM
antimycin A. ECAR, a measure of glycolysis, was measured under basal conditions and in
response to glucose (5.5 mM), Oligomycin (1.0 uM), and 2-deoxyglucose (2-DG) (100 mM)
(Sentelle et al., 2012). All reagents were purchased from Sigma-Aldrich, St. Louis, MO.

Proximity ligation assay—Proximity ligation assays were performed using Duolink /n
situred kit (Sigma) per manufacturer’s instructions. Then, it was analyzed as described
previously (Nganga et al., 2019).
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Membrane permeability/dead cell apoptosis kit with YO-PRO-1 and PI—B16
melanoma cells were cultured to 60%-70% confluency and then activated T cells were 10-
fold for co-cultures at 37 C.

Trypan blue exclusion assay—Cancer cells were seeded in 12-well plates and allowed
to adhere for 20 hours before activated T cells or media were added. Medium containing
dead cells was pelleted with trypsinized cells, then resuspended in 1X PBS, and counted in a
hemocytometer using the trypan blue dye (Sigma-Aldrich) at a 1:2 dilution.

Lipidomics analysis—Cells were collected by scraping off from the dishes and washed
twice with cold PBS. Further preparation of samples and measurement of endogenous
ceramides by LC-MS/MS followed the protocol described previously (Oleinik et al., 2019).
Briefly, samples were supplemented with internal standards, and 2 mL of isopropyl alcohol:
water: ethyl acetate (30:10:60; v:v:v) was added to the extracts. Samples were subjected to
two rounds of vortex and sonication followed by 10-min centrifugation at 4,000 rpm. The
supernatant or top layer was used as lipid extract and subjected to LC-MS/MS for analysis
of ceramide species. The MUSC Lipidomics Shared Resources performed lipid extraction
and analyses. Inorganic phosphates (Pi) were used for normalization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were reported as mean * standard deviation. Statistical analysis was performed by
ANOVA or Student’s t test using Prism/GraphPad software version 7; p < 0.05 were
considered statistically significant, as described previously (Nganga et al., 2019).
Descriptive statistics were used to summarize continuous variables in which the group
comparisons were explored using a Mann-Whitney test. Kaplan-Meier analysis was used to
estimate the overall survival probabilities. The survival curves comparisons between groups
were explored using log-rank tests. Besides, the segmented mixed model was used to
identify continuous measurement trends over time and the potential change point of
accelerated growth for each subject.

All data reported are arithmetic means from three or four independent experiments
performed with technical replicates + standard deviation (SD) unless stated otherwise. The
unpaired Student’s ¢ test was used to evaluate the significance of the differences between
individual groups, accepting p < 0.05 as a threshold of significance. Data analyses were
performed using the Prism software (GraphPad, San Diego, CA). In animal studies, analyses
of time-to-sacrifice and tumor size (mm2) were performed using R statistical software
version 3.2.3 and SAS version 9.4. Time-to-sacrifice was censored for animals, not meeting
conditions for sacrifice at the end of the experiment. Graphical displays of survival
probabilities were constructed using Kaplan-Meier plots. Log-rank tests were used to
compare survival probabilities between experimental groups. Tumor growth over time was
modeled using linear mixed-effects regression. We used a log base 2 transformations of
tumor size to achieve approximate normality. Models included fixed effects for experimental
condition and time (as a continuous variable) and their two-way interaction, and mouse-
specific random effects to accommodate the correlation between measures obtained from the
same animal over time. In cases where data were pooled across multiple experiments,
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models were appropriately adjusted for experiment effects. All models further adjusted for
baseline tumor size to accommodate differences in tumor size at treatment initiation. Power
was calculated to detect a survival probability of 50%, 60%, or 70% versus a null survival
probability of 5% at a given time point based on a log-rank test with two-sided a = 0.05.
The differences between the null and alternative survival probabilities are substantial, but we
expect differences that translate clinically to be significant in the /n vivo models. For group
sample sizes of 10, only the most substantial differences are detectable with approximately
80% power. However, with a group sample size of 14 animals, all differences considered are
detectable with 80% power. The majority of our experiments were performed using between
10 and 14 animals per group. We, therefore, consider our experiments to be appropriately
powered to detect clinically meaningful differences. Finally, we note that in cases where data
from multiple experiments were pooled to achieve the appropriate group sample size,
analyses were appropriately modified to adjust for any batch effect attributed to the
experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CerS6-generated C14/C16 ceramide induces mitophagy in activated aging T
cells

Aging-induced mitochondrial ceramide inhibits protein kinase A, leading to
mitophagy

Aging and ceramide-dependent mitophagy attenuates the antitumor functions
of T cells

Inhibiting ceramide-dependent mitophagy restores aging T cells’ antitumor
activity
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Figure 1. Aging stress attenuates T cell function in part via induction of mitophagy in response to
ex vivo TCR activation

(A and B) Viability of naive (A) or TCR activated (B) T cells isolated from Y or A mice was
measured by trypan blue exclusion assay.

(C) Flow cytometry analyses show IFN-y suppression in activated T cells isolated from A
compared to Y mice. Data are means = SDs from 3 independent experiments (n = 3). *p <
0.05 as determined by Student’s t test.

(D) The ability of aging Pmel T cells to kill B16 melanoma cancer cells in co-cultures is
impaired compared to T cells isolated from Y mice. Data are means + SDs from 3
independent experiments (n = 3). **p < 0.01 as determined by Student’s t test.

(E and F) Mitophagy of Y (isolated from 2- and 4-month-old mice) and A (isolated from 8-
and 18-month-old mice) activated T cells were measured by live-cell imaging using confocal
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microscopy stained for mitochondria (MITO; MitoTracker Red [MTR]) and lysosomes
(LysoTracker Green [LTG]). Scale bars, 1 um. Micrographs represent at least 3 independent
experiments of Y and A T cells (E). The right panel shows the quantification of
colocalization extracted from the coefficient of colocalization (Rc). White arrows indicate
merged (yellow). Scale bars, 1 um. Quantification of colocalization extracted from the
coefficient of colocalization (Rc) using the Fiji software (F). Data are means + SDs from 3
independent experiments (n = 3). *p < 0.05 as determined by Student’s t test.

(G) Live-cell imaging of naive Y and A T cells, stained MITO (MTR) and lysosomes (LTG).
Scale bars, 1 um. Micrographs represent at least 3 independent experiments of Y and A T
cells. The bottom panel shows the quantification of colocalization extracted from the
coefficient of colocalization (Rc). Data are means + SDs from 3 independent experiments (n
=3).

(H and 1) Western blot measuring the levels of ACO2 and P-S637-Drp1l in activated T cells
from Y (2- and 4-month-old), and A (8- and 18-month-old) mice. Protein expression was
normalized to B-actin. (I) Western blot measuring cytoplasmic levels of LC3B-I, LC3B-II,
and ACO2 (H), or total-Drpl, P-(S637)-Drpl, and P-(S616)-Drp1l (1), in activated T cells
from Y and A mice.

(J and K) Western blot to detect P-S637-Drpl (J) and ACO2 (K) in activated T cells with/
without mitophagy inhibitor mDivi (Md). Data are means + SDs from 3 independent
experiments (n = 3). *p < 0.05, **p < 0.01 as determined by Student’s t test.
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Figure 2. Aging induces mitochondrial CerS6/C14 ceramide and mediates mitophagy in
activated T cells

(A) Confocal microscopy for Y and A T cells with/without FB1 dual labeled with TOM20
(red, mitochondrial marker), and ceramide (green) fluorescent antibodies. White arrows
indicate merged (yellow). Scale bars, 1 pm. Images represent at least 3 independent
experiments. The right panel shows the quantification of colocalization extracted from the
coefficient of colocalization (Rc). Data are means + SDs from 3 independent experiments (n
=3).

(B) Autophagy was measured staining with CytolD followed by flow cytometry of 3-day
activated Y and A T cells with/without FB1. Data show means + SDs from 3 independent
experiments (n = 3). **p < 0.01 as determined by Student’s t test.
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(C) High-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS)
measurements of C14 ceramide (left), C16 ceramide (center), and C18 ceramide (right) in
activated T cells isolated from Y and A mice. Data are means + SDs from 3 experiments (n
= 3). *p < 0.05 as determined by Student’s t test.

(D) Mitophagy was detected by live-cell imaging for measuring the colocalization of MTR-
LTG in T cells obtained from Y and A WT, CerS5~/~ and CerS6~~ mice. Quantification of
colocalization was performed using the coefficient of colocalization (Rc). Data are means +
SDs from at least 3 experiments (n = 3). ***p < 0.001 as determined by Student’s t test.
(E-G) LC3/autophagy activation was measured by cyto-1D (E), and protein abundance of P-
S637-Drpl and LCBI/LCBII (F) or ACO2 and actin (G) were measured using extracts of
activated T cells isolated from Y and A WT, CerS5~~, and/or CerS6~/~ mice. These data
represent at least 3 independent experiments (n = 3). Data are means + SDs from 3
independent experiments (n = 3).
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Figure 3. Aging attenuates mitochondrial function of activated T cells via ceramide-mediated
mitophagy

(A and B) Metabolic responses of 3-day activated T cells (0.4 x 106 cells/well) obtained
from Y and A WT mice were used to determine the oxygen consumption rate (OCR) under
basal conditions and in response to the electron-transport chain inhibitors oligomycin,
carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and rotenone/antimycin A
(A). The glycolytic rates by ECAR detection in response to glucose, oligomycin, and 2-
deoxyglucose were measured by the Seahorse platform (B) in T cells shown in (A).

(C) OCR of T cells isolated from Y and A CerS6~/~ mice was measured by the Seahorse
platform.

(D and E) ATP contents of T cells obtained from Y and A WT (D) or CerS6~/~ mice were
measured using the ATP detection kit. Data represent at least 3 independent experiments (n
= 3). Data are means = SDs from 3 independent experiments (n = 3). **p < 0.01 as
determined by Student’s t test.
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Figure 4. CerS6/C14-ceramide and SphK2/S1P crosstalk induces aging-dependent mitophagy in
activated T cells

(A) Mitochondrial accumulation of C14 ceramide was measured using mass spectrometry/
lipidomics in activated T cells obtained from Y and A SphK2~/~ (SK2) mice in MAMSs and
MITO-enriched fractions.

(B) Colocalization of ceramide (green) and TOMZ20 (red) was measured to detect mitophagy
in activated T cells isolated from Y and A WT and SphK2~/~ (SK2) mice. Lower panel
indicates the quantification of colocalization (Rc). Data are means + SDs from 3
independent experiments (n = 3). **p < 0.01 as determined by Student’s t test.

(C) P(S637)-Drpl and ACO2 protein abundance was measured by western blotting in T cells
isolated from Y and A WT or A SphK2~/~ (SK2) and SphK1~/~ (SK1) mice.
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(D and E) TCR-activated T cells obtained from Y and A WT or SphK27/~ (SK2) mice were
used for the detection of LC3/autophagy by cyto-ID (D) and ACO2 degradation by
mitophagy using western blotting (E). Actin was used as a loading control (E). These studies
represent 3 independent experiments (n = 3). **p < 0.01 as determined by Student’s t test in

(D).
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Figure 5. SphK2/S1P signaling via HDAC1/2 inhibition induces CerS6/ceramide-dependent
mitophagy in aging T cells

(A and B) Expression of CerS6 mRNA in the absence (A) or presence of HDAC inhibitor
MS275 (B) was measured by gPCR in ex vivo TCR activated T cells isolated from Y and A
WT, SphK2~/~ (SK2), or CerS6~/~ mice. Data are means + SDs from 3 independent
experiments (n = 3).

(C and D) Activated T cells obtained from Y and/or A mice were cultured with/without
MS275, and mitophagy/autophagy was detected by live-cell imaging using MTR-LTG
colocalization (arrows indicate colocalized signals), and scale bars indicate 1 um. Images
represent at least 3 independent experiments. Quantification of colocalization (Rc) (C, lower
panel). LC3 activation as measured by Cyto-ID (D). Data are means + SDs from 3
independent experiments (n = 3). *p < 0.05 as determined by Student’s t test.
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(E) TCR-activated T cells in the presence of splenocytes isolated from Y Pmel mice were
co-cultured with B16 melanoma cells for 1, 6, and 16 h in the absence/presence of MS275.
Data are means + SDs from at least 3 experiments (n = 3). *p < 0.05 as determined by
Student’s t test.
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Figure 6. Mitophagy is induced in activated T cells obtained from young T cell-specific PKAC~
mice

(A) T cells obtained from Y and A WT or 1 or 2 alleles targeted mutation of murine PKA
(Prkaa2) PKA*f cD4cre and PKAf/Tl CD4CT mice were analyzed using live-cell
microscopy for MTR-LTG colocalization. Arrows indicate merged (yellow); scale bars: 1
pum. Images represent at least 3 independent experiments. The right panel shows the
quantification of colocalization extracted from the coefficient of colocalization (Rc). Data
are means + SDs from 3 independent experiments (n = 3). **p < 0.01 as determined by
Student’s t test.

(B and C) Western blotting was performed to detect PKAc (cat) (B) or P-(S637)-Drpl (C) in
T cells obtained from Y and A WT or Y Prkaa2 knockout mice (PKA** and PKA*/fl cD4cre
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and PKAff CD4°"e) The quantification of PKAc abundance was shown in the right panel in
(B). Data are means + SDs from 3 independent experiments (n = 3).

(D-F) Mitophagy/autophagy was detected in T cells isolated from Y and A PKA*/*, and
PKA*fl cD4ce and PKAT CD4C™ mice in the absence/presence of mDivi for the
measurement of cyto-1D (D) using flow cytometry, or P(S637)-Drpl and ACO2 using
western blotting. Data are means + SDs from at least 3 experiments (n = 3). **p < 0.01 as
determined by Student’s t test.
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Figure 7. Genetic loss of SphK2 enhances the ability of aging T cells to kill melanoma cells in
adoptive cell transfer therapy

(A and B) Pmel and Pmel-Sphk2~/~ splenic Y and A T cells, activated for 3 days with
cognate antigen gp-100, were used in the adoptive T cell transfer experiments. C57BL/6
mice (n = 10/group) were inoculated (subcutaneously [s.c.]) with B16-F10 melanoma cells
for 9 days before injecting cyclophosphamide (CTX). After 24 h of CTX injection, tumor-
bearing C57BL/6 were either kept untreated (no transfer) or adoptively transferred with 1.3
x 108 gp-100-activated pMel T cells. Tumor growth was measured using digital calipers
twice weekly. Tumor growth (A) and survival (B) were measured as described in Method
details. Error bars represent means + SDs. **p < 0.01 as determined by Student’s t test.
(C-E) Colocalization of ceramide (Cer) and TOM20 (C) or CerS6-TOM20 (D) in TILs
obtained from Y and A pMel or pMel/SphK2~/~ mice were performed by dual labeling using
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immunofluorescence or live-cell imaging for MTR-LTG colocalization (E). Data are means
+ SDs from 3 independent experiments (n = 3). *p < 0.05, **p < 0.01 as determined by
Student’s t test.

(F) TILs were isolated from tumors in gender- and age-matched tumor-bearing mice
recipients for Y and A pMel or pMel/Sphk2~/~ T cells. TILs were evaluated in a colony-
formation assay using Crystal Violet staining. *p < 0.05 or **p < 0.01 as determined by
Student’s t test.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD3 BioXCell Clone: 145-2C11; Cat# BE00O1-1; RRID: AB_1107634
Anti-mouse CD28 BioXCell Clone: 37.51; Cat# BE0015-1; RRID: AB_1107624
Anti-mouse L4 BioXCell Clone: 11B11; Cat# BE0045; RRID: AB_1107707
Anti-mouse IFNy BioXCell Clone: XMG1.2; Cat# BE0055; RRID: AB_1107694
Anti-mouse CD25-biotin eBioscience Cat# 13-0251-85; RRID: AB_466401

Anti-mouse C49b-biotin eBioscience Cat# 13-5971-85; RRID:AB_466826

Anti-mouse TER-119-biotin eBioscience Cat# 13-5921-85; RRID:AB_466798
Anti-human/mouse CD45R-biotin eBioscience Cat# 13-0452-85; RRID:AB_466450

Anti-mouse CD11b-biotin eBioscience Cat# 13-0112-85; RRID:AB_466360
Anti-human/mouse CD44-biotin eBioscience Cat# 13-0441-85; AB_466443

Anti-mouse CD8a-biotin eBioscience Cat# 13-0081-86; AB_466348

Anti-biotin microbeads
CD4-PE

CD4-PE/Cy7
CD4-APC
CD4-APC/Cy7
CDB8-PE/Cy7
CD8-APC

CD8-FITC

IL17-PE

1L17-Pacific Blue

IFNYy-PE
IFNy-Alexab47
CD25-APC

IL4-PE
CD62L-APC
CD44-PerCP/cyeb.5
VB13-FITC

Anti- Lass6 (CerS6)
Anti- Lass1 (CerS1)
Anti- Lass5 (CerS5)
Anti-Aco2
Anti-LC3B
Anti-Tom20

Anti-Ceramide

Anti-p62/SQSTM1
Anti-actin

Miltenyi Biotec
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

BD Biosciences

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling

Cell Signaling

Santa Cruz Biotechnology

Enzo

Cell Signaling
Sigma-Aldrich

Cat# 130-090-485; AB_244365

Clone: GK5.1; Cat# 12-0041-83; RRID: AB_465506

Clone: GK5.1; Cat# 100422; RRID: AB_312707
Clone: GK5.1; Cat# 100412; RRID: AB_312697
Clone: GK5.1; Cat# 100414; RRID: AB_312699
Clone: 53-6.7; Cat# 100722; RRID: AB_312761
Clone: 53-6.7; Cat# 100712; RRID: AB_312751
Clone: 53-6.7; Cat# 100706; RRID: AB_312745
Clone: TC11-18H10.1; Cat# 506904; RRID:

AB_315464

Clone: TC11-18H10.1; Cat# 506918; RRID:

AB_893544

Clone: XMG1.2; Cat# 505808; RRID: AB_315402
Clone: XMGL1.2; Cat# 505814; RRID: AB_493314

Cat# 102012; RRID:AB_312861

Clone 11B11 Cat# 504103 RRID AB_315317
Clone: MEL14; Cat# 104412; RRID AB_313099
Clone: IM7; Cat# 103032; RRID AB_2076204

Clone: MR1 2-3; Cat# 553204; RRID: AB_394706

sc-65127; RRID:AB_2133113
$c-65096; RRID:AB_2132952
sc-135038; RRID:AB_10609786
Cat# 6922S, RRID:AB_10828218
Cat# 2775, RRID:AB_915950
Cat# sc-17764, RRID:AB_628381

Cat# MD15B4 ALX-804-196-T050;
RRID:AB_10541503

Cat#5114
Cat# A2066, RRID:AB_476693
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-FLAG Sigma-Aldrich Clone: 2EL-1B11 Cat# MAB3118; RRID:AB_94705
Anti-Sphk1 (SK1) Abcam Cat# ab71700; RRID:AB_1270891

Anti-Sphk2 (SK2)

Anti-Goat Alexa647

Anti-DLP1 (Dynamin-like protein/Drpl)
Antl p(S637)-Drpl

Anti p(S616)-Drpl

Anti PKA catalytic subunit la/p

Anti PKA regulatory subunit la/p reg (B-6)
Anti PKA regulatory subunit lla reg (40)
Anti PKA regulatory subunit I1B reg (C-2)
Anti-AKAP 149 (B-10)

Anti-PINK1 (17HCLC),

Anti-PARKIN

Ac-Histone H4 (E-5)

Anti-Rabbit HRP

Anti-Rabbit PE

Anti-Rabbit Alexa647

Anti FACL-4

Anti VDAC
Anti-cytochrome C

Anti B-Tubulin

Anti-IP3R3

inVivoMAD anti-mouse PD-1

Protein Tech

Thermo Fisher Scientific
BD Transduction

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
ThermoFisher
ThermoFisher

Santa Cruz Biotechnology
Cell Signaling Technology

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Santa Cruz Biotechnology

Santa Cruz Biotechnology

BD Transduction Laboratories

Cell Signaling Technology

BD Transduction Laboratories

BioxCell

17096-1-AP GenBank access. BC010671;
RRID:AB_10598479

Clone: N/A; Cat# A21447; RRID: AB_141844
Cat# 611112; RRID:AB_398423

Clone: N/A,; Cat# 4867S; RRID:AB_10622027
Clone:N/A; Cat#3455S; RRID:AB_2085352
Cat# sc-28315; RRID:AB_628136

sc-271125; RRID:AB_10611494

sc-136262; RRID:AB_2168239

sc-376778

sc-377450

Cat# 710993; RRID:AB_2633104

Cat# 13399; RRID:AB_2159914

sc-377520

Clone: N/A,; Cat# 7074S; RRID:AB_2099233
Clone: N/A; Cat# 111-116-144; RRID: AB_2337985

Clone: N/A; Cat# 111-607-003; RRID: AB_2338084

Cat# sc365230; RRID:AB_10843105

Cat# sc-8830

Cat# 556433; RRID:AB_396417

Clone: N/A,; Cat#2146S; RRID:AB_2210545
Cat# 610312; RRID:AB_397704

Cat# BE0146 Clone RMPI 14 RRID:
RRID:AB_10949053

Chemicals, peptides, and recombinant proteins

H89

H89

PKA inhibitor peptide

bcAMP

ABC294640

CAMP Elisa Kit

mDivi

Anti-rabbit Immuno-gold labeled, 1.4 nm
Anti-mouse Immuno-gold labeled 10 nm
PF-543

YO-PRO®-1 iodide (491/509)

MatTek

Mitotracker Red FM 581/644
Mitotracker Deep Red FM 644/665
Mitotracker Green FM 490/516

Abcam

InvivoGen
Sigma-Aldrich
Sigma-Aldrich
RedHill Biopharm
Cayman Chemical
Sigma-Aldrich
Nanoprobes, Inc.
Nanoprobes, Inc.
Calbiochem
Invitrogen
MatTek Corp.
Molecular Probes
Molecular Probes

Molecular Probes

Cat#ab120341
Cat# tlrl-h89
Cat# 12-151
Cat# B5386

Cat# ABC924640
Cat# 581001
Cat#M0199
#2004, #2006
#2022

Cat# 567741
Cat# Y3603

Cat# P35GC-1.5-14-C
Cat# M22425
Cat# M22426
Cat# M7514
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REAGENT or RESOURCE SOURCE IDENTIFIER
LTG 504/511 Molecular Probes Cat# L7526
2-Deoxy-D-glucose (2DG) Sigma Aldrich Cat# D6134
Antimycin A Sigma Aldrich Cat# A8674
Rotenone Sigma Aldrich Cat# R8875
Oligomycin Sigma Aldrich Cat# 04876
FCCP Sigma Aldrich Cat# C2920
IMDM GE Healthcare, HyClone Cat# SH3022801
Ficoll-paque GE Healthcare, HyClone Cat# 17-1440-03

RPMI-1640 (Glucose free)
Penicillin-Streptomycin
Fetal Bovine Serum (FBS)
ACK Lysing Buffer

Cell Strainer 40um
B-mercaptoethanol
Cell-TAK

riL12

riL6

rTGFB

rhiL2

Fixation/Permeabilization Solution Kit

Thermo Fisher Scientific
Corning

Atlanta Biologicals
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Corning

Biolegend

Biolegend

Biolegend

NClI, Biological Resources Branch

BD Biosciences

Cat# 11879-020
Cat# 30-001-CI
Cat# S11150
A1049201
22363547
21985023

Cat# 354240
Cat# 577004
Cat# 575704
Cat# 580702

https://frederick.cancer.gov/Science/BrbRepository/#/

preclinicalRepository

Cat# 554714

gp100,5_33 peptide (KVPRNQDW) Genscript Cat# RP20344
Nucleofector Kits for Mouse T Cells Lonza Cat# VPA-1006
RIPA Lysis Buffer Thermo Fisher Scientific Cat# 89900
Protein inhibitors Thermo Fisher Scientific Cat# 78430
HaltTM Phosphatase inhibitors single use Thermo Fisher Scientific Cat# 78428
100X cocktail

Critical commercial assays

CyQUANT® Direct Cell Proliferation Thermo Fisher Scientific Cat# C35011

Assay

Cyto-1D autophagy/mitophagy detection kit

LIVE/DEAD

CAMP Determination
PKA Activity in vitro
B-galactosidase

Adenosine 5’-triphosphate (ATP)
Bioluminescent Assay Kit

iScript cDNA Synthesis Kit

SsoAdvanced Universal SYBR® Green

Supermix

CellTrace CFSE Cell Proliferation Kit

Enzo

Thermo Fisher Scientific
Cayman

Enzo

Invitrogen

Sigma

Biorad
Biorad

Thermo Fisher Scientific

ENZ-51031-0050
L34967

Cat# 581001

Cat# ADI-EKS-390A
1-2904

Cat# FLAA-1KT

Cat# 1708891
Cat# 1725274

Cat# C34554

Deposited data

RNA sequencing data Title: Aging stress
and ceramide dependent RNA sequencing

NCBI, Gene Expression Omnibus

Accession number: GSE148498
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REAGENT or RESOURCE SOURCE IDENTIFIER
expression profiling depends on ceramide
synthase 6
Experimental models: cell lines
B16-F10 (validated cell line) ATCC CRL-6475
Experimental models: organisms/strains
C57BL/6 Jackson Laboratory Stock# 000664
B6.129S7- Rag1imIMorm|} Jackson Laboratory Stock# 002216
Prkaal PKAf/f Jackson Laboratory Stock# 014141
CDA4cre Jackson Laboratory Stock# 017336
Pmel Sphk2-/- Ogretmen’s Laboratory Generated in this study
Pmel CerS6-/- Ogretmen’s Laboratory Generated in this study

Prkaa2 PKAffl cD4ere

Ogretmen’s Laboratory

Generated in this study

Oligonucleotides

1L23r Forward Primer
TTCAGATGGGCATGAATGTTTCT

1L23r Reverse Primer
CCAAATCCGAGCTGTTGTTCTAT

IL-22 Forward Primer
ATGAGTTTTTCCCTTATGGGGAC

IL-22 Reverse Primer
GCTGGAAGTTGGACACCTCAA

IL-9 Forward Primer
CATCAGTGTCTCTCCGTCCCAACTGA
T

IL-9 Reverse Primer
GATTTCTGTGTGGCATTGGTCAG

Bactin Forward Primer
ACGTAGCCATCCAGGCTGGTG

Bactin Reverse Primer
TGGCGTGAGGGAGAGCAT

SphK2 Probe: Mm00445021_m1
SphK1 Probe: Mm00448841_g1
CerS1 Probe: Mm03024093_mH
CerS4 Probe: Mm00482658_m1
CerS5 Probe: Mm00510998_m1
CerS6 Probe: Mm00556165_m1
RPLPO Probe: Mm00725448_s1

IDT, Coralville

IDT, Coralville

IDT, Coralville

IDT, Coralville

IDT, Coralville

IDT, Coralville

IDT, Coralville

IDT, Coralville

ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182

Software and algorithms

FlowJo 10.2
Prism 8

Agilent Seahorse Wave 2.4

CFX Manager 3.1

Fiji
FV10i

TreeStar, OR
GraphPad
Agilent

Biorad

NIH Image
Olympus Corp.

https://www.flowjo.com/solutions/flowjo/downloads/

https://www.graphpad.com/scientific-software/prism/

https://www.agilent.com/en-us/products/cell-analysis-

(seahorse)/seahorse-wave-software

https://www.bio-rad.com/en-us/sku/soft-cfx-31-patch-

cfx-manager-software-v3-1-upgrade

https://imagej.net/Fiji

FV10-ASW https://www.grapecity.com
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