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SUMMARY

Activated effector T (Tg) cells augment anabolic pathways of metabolism, such as aerobic
glycolysis, while memory T (Ty) cells engage catabolic pathways, like fatty acid oxidation (FAO).
However, signals that drive these differences remain unclear. Mitochondria are metabolic
organelles that actively transform their ultrastructure. Therefore, we questioned whether
mitochondrial dynamics controls T cell metabolism. We show that Tg cells have punctate
mitochondria, while Ty, cells maintain fused networks. The fusion protein Opal is required for
Twm, but not Tg cells after infection and enforcing fusion in Tg cells imposes Ty, cell
characteristics and enhances antitumor function. Our data suggest that, by altering cristae
morphology, fusion in Ty, cells configures electron transport chain (ETC) complex associations
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favoring oxidative phosphorylation (OXPHOS) and FAO, while fission in Tg cells leads to cristae
expansion, reducing ETC efficiency and promoting aerobic glycolysis. Thus, mitochondrial
remodeling is a signaling mechanism that instructs T cell metabolic programming.
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INTRODUCTION

T cells mediate protective immunity against pathogens and cancer and posses the unique
ability to proliferate at an unparalleled rate in an adult organism. In this regard, one naive T
(Tny) cell can clonally expand into millions of ‘armed’ Tg cells in just a few days (Williams
and Bevan, 2007). Concomitant with T cell activation is the engagement of aerobic
glycolysis and elevated OXPHOS (Chang et al., 2013, Sena et al., 2013), the former of
which is characteristic of the Warburg effect shared by tumor cells and unicellular organisms
(Vander Heiden et al., 2009). Once antigen is cleared, most Tg cells die, but a subset of long-
lived Ty cells persists with enhanced mitochondrial capacity marked by a reliance on FAO
to fuel OXPHOS, which equips them to rapidly respond should infection or cancer recur
(Pearce et al., 2013). These extensive changes in phenotype and function of T cells go along
with a dynamic metabolic range (Maclver et al., 2013, Buck et al., 2015). Failure to engage
specific metabolic programs impairs the function and differentiation of T cells. As such, T
cells represent an amenable system to study changes in cell metabolism that occur as part of
normal development, and not as a result of transformation. Establishing the precise reasons
why and how, these and other cells emphasize one particular metabolic pathway over
another remains a challenge.

Mitochondria are essential hubs of metabolic activity, antiviral responses, and cell death that
constantly remodel their structure via nuclear encoded GTPases (Nunnari and Suomalainen,
2012). Mitochondrial fission generates discrete and fragmented mitochondria that can
increase ROS production (Yu et al., 2006), facilitate mitophagy (Frank et al., 2012, Toyama
et al., 2016), accelerate cell proliferation (Taguchi et al., 2007), and mediate apoptosis
(YYoule and Karbowski, 2005). Dynamin-related protein 1 (Drp1) is a cytosolic protein that
translocates to the outer mitochondrial membrane (OMM) upon phosphorylation to scission
mitochondria. Fusion of mitochondria into linear or tubular networks limits deleterious
mutations in mitochondrial DNA (mtDNA) (Santel et al., 2003), induces supercomplexes of
the ETC maximizing OXPHOS activity (Cogliati et al., 2013, Mishra et al., 2014), and
enhances endoplasmic reticulum (ER) interactions important for Ca2* flux (de Brito and
Scorrano, 2008). In addition, mitochondria elongate as a survival mechanism in response to
nutrient starvation and stress, linking fusion to cell longevity (Gomes et al., 2011, Rambold
etal., 2011, Friedman and Nunnari, 2014). OMM fusion is mediated by mitofusin 1 and 2
(Mfn1, Mfn2), while inner membrane fusion is controlled by optic atrophy 1 (Opal). Total
deletion in any of these proteins is embryonically lethal and mutations in the genes that
encode them underlie the cause of several human diseases (Chan, 2012, Archer, 2014).

Mitochondrial membrane remodeling is acutely responsive to changes in cell metabolism
(Mishra and Chan, 2016, Wai and Langer, 2016), but whether it instructs metabolic pathway
utilization has been inferred but not extensively studied. In general, deletion of any of the
dynamics machinery perturbs OXPHOS and glycolytic rates at baseline (Liesa and Shirihai,
2013). Tissue-specific deletion of Mfn2 in muscles of mice disrupts glucose homeostasis
(Sebastian et al., 2012) and Drpl ablation in the liver results in reduced adiposity and
elevated whole-body energy expenditure, protecting mice from diet-induced obesity (Wang
et al., 2015). A recent study has also suggested a link between Drpl mediated fission and its
affect on glycolysis during cell transformation (Serasinghe et al., 2015). The central question
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of whether fission/fusion and associated changes in cristae morphology actively control the
adoption of distinct metabolic programs and therefore regulates T cell responses however,
remains unanswered.

Unlike Tg cells, Ty, cells maintain a fused mitochondrial network

We reported that Ty, cells have more mitochondrial mass than Tg or Ty cells and suggested
that mitochondria in these T cell subsets are morphologically distinct (van der Windt et al.,
2012, van der Windt et al., 2013). These observations prompted us to assess mitochondrial
structure in T cells. We infected mice with Listeria monocytogenes expressing ovalbumin
(OVA) (LmOVA) and isolated Tg and Ty cells for ultrastructure analysis by electron
microscopy (EM). We found that Tg cells had small, distinct mitochondria dispersed in the
cytoplasm, while Ty, cells had densely packed, somewhat tubular, mitochondria (Figure 1A).
To investigate these morphological differences, we differentially cultured activated OVA-
specific T cell receptor (TCR) transgenic OT-I cells in interleukin-2 (IL-2) and IL-15 to
generate IL-2 Tg and I1L-15 Ty, cells (Figure S1) (Carrio et al., 2004). These culture
conditions approximate T cell responses /7 vivo and allow us to generate large numbers of
cells amenable to further experimentation /in vitro (O’Sullivan et al., 2014). We found that
IL-2 Tg and IL-15 Ty cells possessed similar mitochondrial ultrastructure as their ex vivo
isolated counterparts (Figure 1B). Using confocal microscopy we observed that while a day
after activation the mitochondria appeared fused, from days 2—6 the 1L-2 Tg cells exhibited
predominantly punctate mitochondria (Figure 1C). In contrast, once cells were exposed to
IL-15, a cytokine that supports Ty, cell formation (Schluns et al., 2002), the mitochondria
formed elongated tubules. Magnified images from these experiments emphasized the marked
differences in mitochondrial morphology between IL-2 Tg and IL-15 Ty cells (Figure 1D).
We also examined the protein expression of several critical regulators of mitochondrial
dynamics. We found that by day 6, fusion mediators Mfn2 and Opal were lower in Tg cells
compared to Ty, cells, while fission factor Drpl was phosphorylated at its activating site
Ser616 in Tg cells (Figure 1E) (Marsboom et al., 2012). Together these data suggest that
mitochondria in Tg cells are actively undergoing fission while in Ty, cells, these organelles
exist in a fused state.

Mitochondrial inner membrane fusion protein Opal is necessary for Ty, cell generation

To test whether mitochondrial fusion was important for Ty, cell development we crossed
Mfnl, Mfn2, and Opal floxed mice to OT-1 CD4 Cre transgenic mice to conditionally delete
these proteins in T cells. Peripheral T cell frequencies in these mice were grossly normal
(data not shown). We differentially cultured Mfn1~/~, Mfn2~/~, and Opal™~ OT-I T cells in
IL-2 and IL-15 and found that only Opal™~ T cells had a survival defect when cultured in
IL-15 (Figure 2A), but not in 1L-2. We measured the efficiency of gene deletion by mRNA
and/or protein analyses (Figure S2A-C). While Mfn1 and 2 were efficiently deleted, we
found residual expression of Opal particularly in IL-15 Ty, cells, suggesting that cells that
retained some expression of Opal in IL-15 cultures had a survival advantage (Figure 2A).
Assessment of mitochondrial ultrastructure revealed that the cristae were altered and
disorganized in the absence of Opal in agreement with published results for other cells
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(Figure 2B) (Zhang et al., 2011, Cogliati et al., 2013). Consistent with their survival defect,
Opal™~ IL-15 Ty cells had decreased OXPHOS activity, as measured by O, consumption
rate (OCR, an indicator of OXPHOS) to extracellular acidification rate (ECAR, an indicator
of aerobic glycolysis) ratio, and spare respiratory capacity (SRC), compared to normal cells
(Figure 2C). SRC is the extra mitochondrial capacity available in a cell to produce energy
under conditions of increased work or stress and is thought to be important for long-term
cell survival and function (measured as OXPHOS activity above basal after uncoupling with
FCCP) (Nicholls, 2009, van der Windt et al., 2012). To determine whether Opal is required
for Ty cell development in vivo, we adoptively transferred Opal™~ OT-I Ty cells into
congenic recipients, infected these mice with LmOVA, and assessed Ty, cell formation in the
weeks after infection. Control and Opal™~ OT-1 T cells mounted normal Tg cell responses
(day 7) to infection, while Opal™~ OT-1 Ty cell formation (days 14-21) was drastically
impaired (Figure 2D). Consistent with diminished Ty, cell development, a significantly
higher proportion of short-lived effector to memory precursor effector cells were present
within the Opal~~ OT-I donor cell population 7 days after infection (Figure S2D) (Kaech et
al., 2003). In addition, at day 10 post infection, a time point when Tg cells contract while Ty,
cells emerge, Opal™~ T cells isolated ex vivo had decreased SRC compared to control cells
(Figure S2E), correlating with their decreased survival. To assess whether Opal™~ Ty cells
existed in too low an abundance to be discerned by flow cytometry, we challenged these
mice with a second infection. We observed no recall response (day 3 and 6 p.c.) from
Opal™" T cells when assessing frequency (Figure 2E) or absolute numbers (Figure 2F),
while there was considerable expansion of control donor cells. These data illustrate that
Opal is required for Ty, but not Tg cell generation.

Mitochondrial fusion imposes a Ty cell phenotype, even in the presence of activating

signals

Genetic loss of function of Opal revealed that this protein is critical for Ty, cell formation.
Given the fused phenotype of mitochondria in Ty, cells, we hypothesized that Opal-
mediated mitochondrial fusion supports the metabolism needed for Ty, cell development.
We used a gain of function approach to enhance mitochondrial fusion. Culturing T cells with
the “fusion promoter’ M1 (Wang et al., 2012), and the “fission inhibitor’ Mdivi-1 (Cassidy-
Stone et al., 2008) (Figure 3A) induced mitochondrial fusion in IL-2 Tg cells, rendering
them morphologically similar to IL-15 Ty, cells (Figure 3B). Treatment with these drugs
enhanced other Ty, cell properties in activated IL-2 Tg cells, including increased
mitochondrial mass (Figure 3C), OXPHOS and SRC (Figure 3D), CD62L expression
(Figure 3E) and robust metabolic activity, as indicated by bioenergetic profiling in response
to secondary stimulation with PMA+ionomycin, followed by addition of oligomycin (ATP
synthase inhibitor), FCCP, and rotenone with antimycin A (ETC complex I and 11l
inhibitors), all drugs that stress the mitochondria (Figure 3F and S3A). However, we did not
observe increased mtDNA in these cells (Figure S3B). We found that ECAR and the OCR/
ECAR ratio increased after drug treatment (Figure S3C), indicating elevated metabolic
activity overall, with a predominant increase in OXPHOS over glycolysis. While we
observed these changes in mitochondrial activity, we did not measure any significant
differences in mitochondrial membrane potential or ROS after drug treatment (Figure S3D).
The expression of other activation markers were also not substantially affected, although a
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small decrease in KLRGL1 and increase in CD25 was measured (Figure S3E). Additionally,
we performed a genetic gain of function experiment and transduced activated IL-2 Tg cells
with retrovirus expressing Mfn1, Mfn2, or Opal. Similar to enforcement of fusion
pharmacologically, we found that cells transduced with Opal had more mitochondria
(Figure 3G) and OXPHQOS (Figure 3H), than empty vector control or Mfn-transduced T
cells, as well as increased overall metabolic activity, with a predominant increase in
OXPHOS over glycolysis (Figure S3F). Ty cell associated markers such as CCR7 and
CD127 were increased on transduced cells, as well as Tg cell proteins, such as PD-1 (Figure
S3G). Overexpression of each target gene over the control was confirmed by mRNA
expression (Figure S3H). Together our results show that mitochondrial fusion confers Ty,
cell phenotypes on activated Tg cells even in culture conditions that program Tg cell
differentiation.

T cell mitochondrial fusion improves adoptive cellular immunotherapy against tumors

A consideration when designing adoptive cellular immunotherapy (ACI) is to improve T cell
fitness during ex vivo culture so that when T cells are re-introduced into a patient they are
able to function efficiently and persist over time (Restifo et al., 2012, Maus et al., 2014,
O’Sullivan and Pearce, 2015). Our data showed that fusion-promoting drugs created
metabolically fit T cells. We predicted that enforcing fusion would also enhance the
longevity of IL-2 Tg cells in vivo. To test this, we adoptively transferred control and
M1+Mdivi-1 treated OT-1 T cells into congenic mice and tracked donor cell survival. We
found significantly more drug treated T cells in the spleen (Figure 31) and lymph nodes
(Figure 3J) 2 days after transfer. To determine if the persistence of these cells would be
maintained better long term than controls, we infected mice with LmOVA >3 weeks later
and measured T cell responses against the bacteria. We found that drug-treated cells
selectively expanded in response to infection (Figure 3K) and could be recovered in
significantly greater numbers in the spleen 6 days post challenge (Figure 3L).

Next, we assessed whether these drugs could be used to promote T cell function in an ACI
model. We injected EL4-OVA tumor cells into mice. Then either 5 or 12 days later we
adoptively transferred IL-2 Tg cells that had been treated with DMSO or M1+Mdivi-1. In
both settings, mice that received ‘fusion-promoted’ T cells were able to control tumor
growth significantly better than mice that received control treated cells (Figure 4A and B).
The cytolytic ability (Figure S4A) and proliferation (Figure S4B) of the fusion enforced I1L-2
Te cells were similar to controls, however, they expressed significantly higher levels of IFN-
v and TNF-a when restimulated with PMA+ionomycin /n vitro (Figure S4C). We also
exposed activated human T cells to M1+Mdivi-1 treatment /n vitro and found that they had
visibly more fused mitochondria (Figure 4C), and exhibited the bioenergetic profile (Figure
4D) and surface marker expression (Figure 4E) characteristic of Ty, cells, compared to
control treated cells. Parameters such as mitochondrial mass (Figure 4E) and other surface
markers (Figure S4D) were not significantly altered. These data suggest that promoting
fusion in T cells may be a translatable treatment for enhancing human therapy.
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Mitochondrial fusion promotes Ty, cell metabolism, but Opal is not required for FAO

Our data showed that Opal was necessary for Ty, cell formation, but the question of how
Opal acted to support Ty cells remained. We hypothesized that mitochondrial fusion, via
Opal function, was needed for FAQ, as the engagement of this pathway is required for Ty,
cell development and survival (Pearce et al., 2009, van der Windt et al., 2012, van der Windt
et al., 2013). This hypothesis was based on our observations that these two processes seemed
to be linked in Ty, cells and also on a recent report that mitochondrial fusion is important for
efficient FAO via lipid droplet trafficking under starvation conditions (Rambold et al., 2015).
We treated IL-2 Tg and IL-15 Ty, cells with M1+Mdivi-1 or vehicle and then measured
OCR in response to etomoxir, a specific inhibitor of mitochondrial long chain FAO
(Deberardinis et al., 2006), and mitochondrial inhibitors. We found that the increased OCR
and SRC evident in these cells after M1+Mdivi-1 treatment was due to enhanced FAO
(Figure 5A and S5A). IL-2 Tg cells transduced with Opal also exhibited elevated OCR that
decreased in the presence of etomoxir compared to controls (Figure 5B). Bone marrow
derived macrophages (BM-Macs) cultured with M1+Mdivi-1 increased OCR and SRC to
levels similar to M2 polarized macrophages, which engage FAO much like Ty, cells do
(Figure S5B) (Huang et al., 2014). Importantly, M1+Mdivi-1 treatment did not increase
OCR (Figure 5C) or affect ECAR (Figure S5C) in Opal™~ IL-2 Tg cells compared to
controls, suggesting a requirement for Opal in augmenting OCR and FAO. However, in
contrast to what we expected, when we assessed bioenergetics of Opal*/* and Opal™~ IL-2
Te (Figure 5D) and ex vivoisolated Tg cells (Figure 5E), we found that both are equally
responsive to etomoxir. Our results show that while Opal can promote FAO in T cells, it is
not compulsory for engagement of this metabolic pathway.

Mitochondrial cristae remodeling signals metabolic adaptations in Ty, and Tg cells

Although Opal** and Opal~~ IL-2 Tg cells could equally engage FAO (Figure 5D), we
observed that ECAR was significantly increased in Opal™~ cells both in vitroand ex vivo
(Figure 6A). Furthermore, unlike controls, we observed no additional drop of OCR in
Opal™~ IL-2 Tg cells after the addition of oligomycin (Figure 6B), suggesting that in the
absence of Opal, only FAO supports OXPHOS, and that substrates, such as glucose-derived
pyruvate, are not used for mitochondrial ATP production in this setting. We cultured Opal*/*
and Opal™~ IL-2 Tg cells with 13C-labeled glucose and traced 13C into TCA cycle
metabolites. While the percent of 13C-labeled pyruvate was higher in Opal™" T cells, the
frequency of 13C-labeled TCA cycle intermediates was significantly reduced in Opal™" T
cells compared to controls (Figure 6C and S6A), a result that is supported by their higher
ECAR (Figure 6A). These data suggested that without mitochondrial fusion, pyruvate is
preferentially secreted as lactate, rather than oxidized in the mitochondria. Therefore, we
questioned whether FAO is a ‘default’ pathway for mitochondria in a resting, or fused state
(i.e. Opal sufficiency), and that the induction of aerobic glycolysis is a major downstream
effect of fission (i.e. Opal deficiency). If this were the case, then a balance between fission
and fusion, modulated by proteins such as Opal, could act as a primary signal to dictate the
metabolic phenotype of T cells. In support of this idea, T cells from polyclonal T cell-
conditional deleted Opal mice had higher ECAR and an increased proportion of CD8 T
cells with an activated effector phenotype in the basal state based on surface marker
expression (Figure S6B).

Cell. Author manuscript; available in PMC 2017 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buck et al.

Page 8

Opal is critical for inner mitochondrial membrane fusion, but also for other processes like
cristae remodeling (Frezza et al., 2006, Cogliati et al., 2013). We observed major changes in
cristae morphology in Opal™~ T cells (Figure 2B). Given the importance of Opal in Ty cell
development (Figure 2), we further assessed cristae morphology in Tg and Ty, cells isolated
ex vivo after LmOVA infection (Figure 6D), as well as IL-2 Tg and IL-15 Ty, cells (Figure
6E), and found that Tg cells had many cristae with slightly wider and loosely organized
intermembrane space, than Ty, cells. Opal overexpression induces cristae tightening and
close association of ETC complexes in the inner mitochondrial membrane (Cogliati et al.,
2013, Civiletto et al., 2015). Therefore, we surmised that in the absence of Opal, cristae
disorganization leads to dissociation of ETC complexes and subsequently less efficient ETC
activity in T cells (Figure 2C). We assessed OCR after oligomycin in relation to OCR after
rotenone and antimycin A treatment (i.e. proton leak), which indicates the coupling
efficiency of OXPHOS to mitochondrial ATP production. Consistent with decreased
OXPHOS efficiency, we observed elevated proton leak in Opal™~ T cells compared to
controls (Figure 6F). This was also true for ex vivoisolated Tg cells compared to Ty, cells
(Figure 6G), as well as IL-2 Tg and 1L-15 Ty cells (Figure 6H). Together these data suggest
that there are cristae differences between Tg and Ty, cells, which may contribute to their
distinct metabolic phenotypes.

We reasoned that fusion renders tightly configured cristae, which results in closely
associated ETC complexes and efficient OXPHOS (Patten et al., 2014), producing
conditions that favor the entrance of pyruvate into the TCA cycle. NADH generated from the
TCA cycle is able to easily donate electrons to complex I, which are passed efficiently along
the ETC. Our data suggest that this predominantly occurs in Ty, cells. However, if electron
transport across the ETC became less efficient, caused by physical separation of the
individual complexes due to cristae remodeling via mitochondrial fission, then electrons
could linger in the complexes and imbalance redox reactions. NADH levels would build,
slowing forward momentum of the TCA cycle. To restore redox balance, cells could
augment glycolysis and shunt pyruvate as excreted lactate (i.e. aerobic glycolysis),
regenerating NAD* from cytosolic NADH. We speculate that this occurs in Tg cells.
Correlating with this idea, we previously reported that Tg and Ty, cells have different ratios
of NAD*/NADH (i.e. redox balance) with Ty, cells maintaining higher NAD*/NADH than
Te cells. We also showed that NADH levels dramatically rise in Ty, cells compared to Tg
cells when exposed to rotenone and antimycin A, indicating that Ty, cells consume more
NADH for the purpose of donating electrons to the ETC (van der Windt et al., 2012).
Together our data suggest that fission and fusion regulate cristae remodeling, which alter
ETC efficiency and redox balance, ultimately controlling metabolic adaptations in T cells.

To examine this idea further, we assessed cristae morphology in Tg and Ty cells by EM
after TCR stimulation. We hypothesized that if cristae remodeling induces aerobic
glycolysis, changes in cristae structure could be visualized after T cell activation. Ty, cells
rapidly augment aerobic glycolysis when restimulated (van der Windt et al., 2013). We
activated IL-15 Ty, cells with aCD3/CD28 beads (Figure 61), or with PMA+ionomycin
(Figure S6C), in the presence or absence of Mdivi-1 to modulate activity of mitochondrial
fission protein Drpl (Cassidy-Stone et al., 2008). We observed dramatic changes to cristae
morphology by EM, with the intermembrane space widening over time in controls compared
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to drug treated cells. These data are consistent with the hypothesis that fission-induced
mitochondrial cristae remodeling supports metabolic reprogramming in T cells.

Twm cells maintain tight cristae with closely associated ETC complexes

Our data suggested that unlike Tg cells, Ty, cells have tight cristae with closely associated
ETC complexes. To investigate this biochemically, we treated native lysates of IL-2 Tg and
IL-15 Ty cells with increasing concentrations of digitonin to disrupt cell membranes
(including mitochondrial). The crude membrane-bound fraction was separated from
solubilized proteins by centrifugation. Both pellet and soluble supernatants were loaded on a
denaturing reducing gel and then probed for various mitochondrial proteins by western blot.
We found that mitochondria in IL-2 Tg cells were susceptible to digitonin disruption,
indicated by the fact that ETC complex proteins became less detectable in the pellet, and
enriched in the soluble fraction in 0.5% detergent (Figure 6J and S6D). This was in contrast
to IL-15 Ty, cells, where ETC proteins did not solubilize to the same extent as those in I1L-2
Te cells into the supernatant, even when 2% digitonin was used. To investigate whether this
phenomenon was unique to the mitochondrial compartment, we also probed for the ER
integral protein calnexin and found that it solubilized similarly in 0.5% digitonin in both cell
types. Overall these data suggest that there is more exposed mitochondrial membrane
between proteins in IL-2 Tg than IL-15 Ty, cells, and is consistent with the idea that Ty,
cells have tight cristae which yield efficient ETC activity, while Tg cells have looser cristae
with less efficient ETC activity, ultimately supporting their distinct metabolic phenotypes.

Mitochondrial fission in activated immune cells facilitates aerobic glycolysis

Our data supports a model wherein cristae remodeling, through fission and fusion events, is
a mechanism to regulate efficient OXPHOS and FAO in Ty cells, as well as the induction of
aerobic glycolysis in Tg cells. To more directly test this idea, we assessed ECAR of IL-15
T cells stimulated with aCD3/28 beads in the presence or absence of Mdivi-1. We found
that when mitochondrial fission protein Drpl was inhibited with Mdivi-1, T cell activation
did not robustly increase aerobic glycolysis when compared to controls (Figure 6K), which
correlated with our EM data (Figure 61). Since fission is associated with cell division
(Taguchi et al., 2007), we tested our idea in a non-proliferating cell that substantially
augments aerobic glycolysis upon stimulation (Krawczyk et al., 2010). We stimulated bone
marrow derived dendritic cells (BM-DCs) and macrophages (BM-Macs) with
lipopolysaccharide (LPS) with or without interferon (IFN)-vy in the presence or absence of
Mdivi-1 and measured ECAR. Aerobic glycolysis was curtailed in BM-DCs and BM-Macs
after stimulation when Drp1 was inhibited (Figure 6L). The blunted ECAR in Mdivi-1
treated cells correlated with decreased nitric oxide synthase 2 (Nos2) protein expression in
the BM-Macs (Figure 6M), indicating that their activation was also repressed. These data
show that cristae remodeling and/or fission acts as a signal to drive the induction of aerobic
glycolysis, and subsequent cell activation via Drpl.

DISCUSSION

Although Ty cells rely on FAO for development and survival, precisely why Ty, cells utilize
FAO and the signals that drive the induction of aerobic glycolysis in Tg cells remain unclear.
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Our data suggest that manipulating the structure of a single organelle can have profound
consequences that impact metabolism and ultimately cell differentiation. We found that
Opal regulated tight cristae organization in Ty, cells, which facilitated efficient ETC activity
and favorable redox balance, allowing continued entrance of pyruvate into mitochondria. We
originally hypothesized that Opal would be required for FAO. However, we found that
Opal™" IL-2 Tg and ex vivo Tg cells generated during infection utilized FAO to the same
level as controls. While this was true for Tg cells, this may not be the case for Ty, cells,
whose survival is severely impaired /in vitroand /in vivo when Opal deficient. It is possible
that Opal™~ T cells are unable to form Ty cells because they cannot efficiently engage FAO
under the metabolic constraints imposed during Ty, cell development. Previous studies point
to the existence of a “futile’ cycle of fatty acid synthesis (FAS) and FAO in Ty, cells
(O’Sullivan et al., 2014, Cui et al., 2015) whereby carbon derived from glucose is used to
build fat that is subsequently burned by mitochondria. Ty, cells have a lower overall
metabolic rate than Tg cells, and tightly configured cristae may be important to ensure that
any pyruvate generated will efficiently feed into the TCA cycle not only for reducing
equivalents, but also for deriving citrate for FAS. Without tight cristae and efficient ETC
activity, electrons may loiter in the complexes causing more ROS which could be damaging,
but also provide signals that drive cell activation (Sena et al., 2013).

We did not observe a defect in Ty cell survival in Mfn1™~ or Mfn2~/~ T cells, but this does
not exclude the possibility that OMM fusion or additional activities ascribed to each protein
are not important. Mfn1 and Mfn2 form homotypic and heterotypic interactions, suggesting
that in the absence of one, the other can compensate (Chen et al., 2003). Our results show
that unlike Opal™~ T cells, Jin vitro cultured Mfn1~~ or Mfn2~~ T cells do not have a
survival defect when differentiated in IL-15, even though, like Opal™~ T cells, they are
more glycolytic and OXPHOS-impaired compared to controls (data not shown). Our
imaging data showed that Ty, cells maintained fused mitochondrial networks, suggesting
that OMM fusion also has a compulsory role in Ty, cell development. However, unlike
Opal, retroviral expression of Mfnl and Mfn2 did not confer a Ty, cell phenotype in Tg
cells. In this setting, an increase in OMM fusion without a concomitant increase in inner
membrane fusion may still yield loose cristae morphology and a redox state that by default
results in sustained excretion of lactate.

The question of what initial signals drive T cell mitochondrial remodeling still remains. In
the case of Ty cell development, withdrawal of activating signals and growth factors may
induce fusion, consistent with previous reports that starvation induces mitochondrial
hyperfusion (Rambold et al., 2015), an effect we also observe in Tg cells after I1L-2
withdrawal (data not shown). However, pro-survival signals from cytokines like IL-15 or
IL-7 are needed to sustain Ty, cell viability and metabolically remodel these cells for FAS
and FAO via increased CPT1a (van der Windt et al., 2012) and aquaporin 9 expression (Cui
et al., 2015). Factors such as these may enforce fusion and would be consistent with our
observations that mitochondria in activated T cells subsequently cultured in IL-15 fuse over
time. Another possibility is that during metabolic stress, Opal is activated via sirtuin 3
(SIRT3) (Samant et al., 2014). Sirtuins are post-translational modifiers that are activated by
NAD™, directly tying their activity to cell metabolism (Houtkooper et al., 2012, Wang and
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Green, 2012). We previously published that there is more available NAD* in Ty, cells (van
der Windt et al., 2012), which may correlate with this scenario.

In Tg cells a day after TCR stimulation, we saw activation of Drpl via its phosphorylation
site Ser616 prior to seeing a fissed phenotype. TCR signals instigate Ca2* flux that promotes
the phosphatase activity of calcineurin (Smith-Garvin et al., 2009), which in turn
dephosphorylates Drpl at Ser637, leading to its activation (Cereghetti et al., 2008). Initial
Drp1 activation could facilitate some level of fission and cristae remodeling, tipping off
aerobic glycolysis via the initial shunting of pyruvate to lactate. Although inhibition of Drpl
blocks activation induced ECAR, our preliminary data do not show overt mitochondrial
fragmentation in the early hours after TLR stimulation of DC or macrophages (data not
shown). This however, does not exclude the possibility that Drp1 is mediating subtle
changes to mitochondrial structure that are not discernable by confocal microscopy. Drpl
also affects cristae structure by altering the fluidity of the mitochondrial membrane (Benard
et al., 2007). While Drpl has been implicated in mitochondrial positioning at the immune
synapse (Baixauli et al., 2011), lymphocyte chemotaxis (Campello et al., 2006), and ROS
production during T cell activation (Roth et al., 2014), our data suggest that in addition to
these processes, cristae remodeling via fission underlies the programming of cells to aerobic
glycolysis.

We show that mitochondria in IL-2 Tg cells are more susceptible to digitonin disruption than
IL-15 Ty cells, suggesting a more exposed membrane with less densely packed protein
complexes. This relatively enhanced permeability however, does not mean that their
mitochondria are damaged, or unable to function. In fact, although Tg cells have less
efficient OXPHQOS in terms of coupling to ATP synthesis, Tg cells are very metabolically
active with high OCR and ECAR (Chang et al., 2013, Sena et al., 2013). Our experiments
involving pharmacological enforcement of mitochondrial fusion promoted OCR and SRC
(and ECAR, albeit to a lesser extent) in IL-2 Tg cells. The drug modified cells maintained
full Tg cell function with no effect on cytolytic ability or proliferation, but possessed
enhanced cytokine expression. Fusion and/or cristae tightening boosted oxidative capacity in
Te cells, endowing them with longevity and persistence, while their higher aerobic
glycolysis supported increased cytokine production, which may explain their superior
antitumor function.

Our data suggest a model where morphological changes in mitochondria are a primary
signal that shapes metabolic reprogramming during cellular quiescence or activation. We
speculate that fission associated expansion of cristae as a result of TCR stimulation
physically separates ETC complexes, decreasing ETC efficiency. With delayed movement of
electrons down the ETC, NADH levels rise, slowing forward momentum of the TCA cycle
and cause an initial drop in ATP. To correct redox balance, cells will export pyruvate to
lactate to regenerate NAD™ in the cytosol, which can enter the mitochondria through various
shuttles to restore redox balance (Dawson, 1979) and increase flux through glycolysis to
restore ATP levels, all contributing to the Warburg effect in activated T cells. When cristae
are tightly configured, the ETC works efficiently and maintains entrance of pyruvate into the
mitochondria with a favorable redox balance. In this case, cristae morphology as a result of
fusion directs Ty, cell formation and retains these cells in a quiescent state. Thus,
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mitochondrial dynamics controls the balance between metabolic pathway engagement and T
cell fate.

EXPERIMENTAL PROCEDURES

See the Supplemental Information for details

Mice and immunizations

Mice were purchased from The Jackson Laboratory. LmOVA deleted for actA was used for
primary and secondary immunizations. For tumor studies, EL4 lymphoma cells expressing
OVA (EL4-OVA) were injected subcutaneously (s.c.) into the flank of mice.

Flow cytometry and imaging

Antibody and H2-KPOVA57_564 (KPOVA) MHC-peptide tetramer staining were performed
as described (Chang et al., 2015). For EM, cells were fixed in 2% paraformaldehyde, 2.5%
glutaraldehyde in 100 mM sodium cocodylate containing 0.05% malachite green.

Metabolism assays

OCR and ECAR were measured using a 96 well XF or XFe Extracellular Flux Analyzer
(EFA) (Seahorse Bioscience). For fission inhibition studies, cells were plated in assay media
with 10 pM Mdivi-1 or vehicle control (DMSO) followed by assay media or aCD3/CD28
bead or 20 ng/mL LPS + 50 ng/mL IFN-y injection.

Glucose tracing

Cells were activated in glucose free media (prepped with dialyzed FBS) supplemented with
11 mM glucose. After 3 days, cells were washed and cultured overnight in media replaced
with 11 mM D-[1,213C] glucose. Metabolites were extracted with MeOH and analyzed by
MS.

Adoptive transfers

For in vivo Ty cell studies, <10* OT-1* CD8" donor cells/mouse were transferred
intravenously (i.v.) into congenic C57BL/6 mice. For /n vivo survival experiments, 1-2x106
day 6 IL-2 Tg treated cells/mouse were injected i.v. into congenic C57BL/6 mice. For tumor
studies, 1-5x10° day 6 IL-2 Tg treated cells/mouse were injected i.v. into previously EL4-
OVA inoculated mice.

Retroviral transduction

Activated OT-I splenocytes were transduced with control (empty vector) or Mfnl, Mfn2,
Opal expressing retrovirus by centrifugation. GFP or human CD8 marked retroviral
expression.

Statistical analysis

Comparisons for two groups were calculated using unpaired two-tailed student’s £tests and
one-way ANOVA followed by Bonferroni’s multiple comparison tests for more than two
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groups. Comparisons over time were calculated using two-way ANOVA followed by
Bonferroni’s multiple comparison tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effector and memory T cells possess distinct mitochondrial morphologies '
(A\) Effector (Tg, CD44M CD62L'0, 7 days post infection) and memory T (T, CD44N

CD62LNi, 21 days post infection) cells sorted from C57BL/6 mice infected i.p. with 107
CFU LmOVA and (B) IL-2 Tg and 1L-15 Ty, cells generated from differential culture of OT-
I cells activated with OVA peptide and IL-2 using IL-2 or IL-15 analyzed by EM, scale bar =
0.5 um. (C-D) Mitochondrial morphology in live OT-1 PhAM cells before and after aCD3/
CD28 activation and differential cytokine culture by spinning disk confocal microscopy.
Mitochondria are green (GFP) and nuclei are blue (Hoechst), (C) scale bar =5 um, (D) scale
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bar =1 um. (E) Immunoblot analysis of cell protein extracts from (C), probed for Mfn2,
Opal, Drp1, phosphorylated Drp1 at Ser616 (Drp1PS616) and p-actin. (A-E) Representative
of 2 experiments. See also Figure S1.
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Figure 2. Memory T cell development and survival, unlike effectors, requires mitochondrial
fusion
(A) Relative /n vitro survival ratios of Mfn1, Mfn2, or Opal deficient (CD4 Cre*, —/-) to

wild-type (CD4 Cre™, +/+) OT-1 IL-2 Tg and IL-15 Ty, cells (*p=0.0465). Data normalized
from 2-3 independent experiments shown as mean + SEM. (B) Mitochondrial morphology
of OT-1 Opal wild-type and Opal™~ IL-2 Tg and IL-15 Ty, cells analyzed by EM (scale bar
= 0.5 um, represents one experiment) and (C) Seahorse EFA. (Left) bar graph represents
ratios of O, consumption rates (OCR, indicator of OXPHOS) to extracellular acidification
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rates (ECAR, indicator of aerobic glycolysis) at baseline and (right) spare respiratory
capacity (SRC) (% max OCR after FCCP injection of baseline OCR) of indicated cells
(*p<0.03, **p=0.0079). Data from 3 experiments shown as mean + SEM. (D-F) 104 OT-I
Opal** or Opal™" T cells were transferred i.v. into C57BL/6 CD90.1 mice infected i.v.
with 107 CFU LmOVA. Blood analyzed by flow cytometry at indicated times post infection.
After 21 days, mice were challenged i.v. with 5107 CFU LmOVA and blood analyzed post
challenge (p.c.). (D) % Donor KP/OVA* CD90.2* cells shown in representative flow plots
and (E) line graph with mean = SEM (*p=0.0238, **p<0.005). (F) Number of donor
KP/OVA* cells from spleens of infected mice shown with mean + SEM (*p=0.0126). (D-F)
Representative of 2 experiments (n=9-11/ group). See also Figure S2.
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Figure 3. Enhancing mitochondrial fusion promotes the generation of memory-like T cells
(A-F, I-L) OVA peptide and IL-2 activated OT-I cells differentiated into IL-2 Tg or IL-15

T cells for 3 days in the presence of DMSO or 20 uM fusion promoter M1 and 10 uM
fission inhibitor Mdivi-1 (M1+Mdivi-1) as shown (A) pictorially. (B) Representative
spinning disk confocal images from 3 experiments of live cells from OT-1 PhAM mice.
Mitochondria are green (GFP) and nuclei are blue (Hoechst), scale bar = 5 um. (C) Cells
stained with MitoTracker Green and analyzed by flow cytometry. Relative MFI (left) from 6
experiments (*p=0.0394, **p=0.0019) with representative histograms (right). (D) Baseline
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OCR and SRC from 3-4 experiments (*p=0.0485, ***p<0.0001) and (E) CD62L expression
analyzed by flow cytometry of indicated cells. Relative MFI (left) from 7 experiments
(*p=0.0325, **p=0.0019, ***p<0.0001) with representative histograms (right). (F) OCR of
indicated cells at baseline and in response to PMA and ionomycin stimulation (PMA+iono),
oligomycin (Oligo), FCCP, and rotenone plus antimycin A (R+A). Represents 2
experiments. (C-F) Shown as mean + SEM. (G-H) OT-I cells were transduced with either
empty (Control), Mfn1, Mfn2, or Opal expression vectors, sorted, and cultured to generate
IL-2 T cells. (G) Representative histograms of MitoTracker Deep Red staining from 4
experiments and (H) basal OCR from 2 experiments of transduced cells. (1-L) 1-2x10° IL-2
Tg cells cultured with DMSO (gray diamonds) or M1+Mdivi-1 (blue squares) were
transferred into congenic C57BL/6 recipient mice. Cell counts of donor cells recovered 2
days later from the (1) spleen (***p=0.005) and (J) peripheral lymph nodes (pLNs,
***n=0.0006). Dots are individual mice. (K) Blood from recipient mice analyzed for %
donor KP/OVA* cells post transfer and challenge with 107 CFU LmOVA by flow cytometry
(*p=0.0150, n=5/group). (L) Donor K’/OVA* cells recovered from recipient spleens 6 days
p.c. (*p=0.0383). Dots are individual mice (I-L) Represents 2 experiments shown with
mean + SEM. See also Figure S3.
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Figure 4. Mitochondrial fusion improves adoptive cellular immunotherapy against tumors
(A-B) C57BL/6 mice inoculated s.c. with 108 EL4-OVA cells. (A) After 5 or (B) 12 days,

108 or 5x106 OT-I IL-2 Tg cells cultured with DMSO or M1+Mdivi-1 were transferred i.v.
into recipients and tumor growth assessed. Represents 2 experiments shown as mean = SEM
(n=5/group, *p<0.05, **p<0.005). (C-E) Human CD8" PBMCs activated with aCD3/CD28
+ IL-2 to generate IL-2 Tg cells. (C) Confocal images of indicated cells where mitochondria
are green (MitoTracker) and nuclei are blue (Hoechst). Representative images from 2 of 4
biological donors, scale bar =5 pm. (D) OCR/ECAR ratios and SRC of indicated cells from
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2 separate donors shown as mean + SEM (*p=0.0303, **p<0.005, ***p<0.0001). (E)
MitoTracker Green staining and CD62L, CD45R0, and CCR7 expression analyzed by flow
cytometry shown with representative histograms from 4-6 biological replicates. See also
Figure S4.
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Figure 5. Fusion promotes memory T cell metabolism, but Opal is not required for FAO
(A—-E) OCR measured at baseline and in response to media, etomoxir (Eto) and other drugs

as indicated of (A) IL-2 Tg cells cultured in DMSO or M1+Mdivi-1, (B) control or Opal
transduced IL-2 Tg cells, (C) Opal*/* and Opal™ IL-2 Tg cells cultured in DMSO or
M1+Mdivi-1 (D) or without drugs, and (E) ex vivo donor OT-1 Opal*/* and Opal™~ day 7
Te cells derived from LmOVA infection. (A-E) Representative of 2 experiments shown as
mean + SEM (***p<0.0001). See also Figure S5.
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Figure 6. Mitochondrial cristae remodeling signals metabolic pathway engagement
(A) Basal ECAR of OT-1 Opal*/* and Opal~~ IL-2 Tg cells (left) and day 7 Tg cells

isolated ex vivo after adoptive transfer from LmOVA infection (right). Data combined from
2-3 experiments (*p=0.0412, ***p<0.0001). (B) OCR at baseline and with indicated drugs,
representative of 2 experiments shown as mean = SEM and (C) D—GIucose—13C1,2 trace
analysis of OT-I Opal*/* and Opal~~ IL-2 Tg cells. Each lane represents separate mice with
a technical replicate. (D) EM analysis of mitochondrial cristae from Tg and Ty, cells isolated
after LmOVA infection and (E) /n vitro cultured IL-2 Tg and Ty, cells. Representative of 2
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experiments, scale bar = 0.25 um. Relative proton leak (AOCR after oligomycin and
subsequent injection of rotenone plus antimycin A) of (F) Opal*/* and Opal™~ IL-2 T,
(G) infection elicited Tg and Ty, and (H) IL-2 Tg and IL-15 Ty, cells. (F-H) Combined
from 2—4 experiments shown as mean = SEM (p**<0.005, ***p<0.0001). (I) EM analysis of
IL-15 Ty cell-mitochondrial cristae before and after aCD3/CD28 bead stimulation over
hours. Scale bar = 0.2 um, represents one experiment. (J) Immunoblot analysis of Calnexin
and ETC complexes (CI-NDUFBS, CII-SDHB, CII-UQCRC2, CIV-MTCO01, CV-ATP5A).
Equivalent numbers of IL-2 Tg and IL-15 Ty cells lysed in native lysis buffer followed by
digitonin solubilization of intracellular membranes with pellet (P) and solubilized
supernatant (S) fractions resolved on a denaturing gel, representative of 2 experiments. (K)
IL-15 Ty cell, (L) BM-DCs and BM-Macs % ECAR measured at baseline and after media,
aCD3/CD28 bead, LPS, or LPS+IFN-y injection as indicated. Data baselined prior to or
right after injection with stimuli. (M) BM-Macs stained for intracellular Nos2 protein by
flow cytometry with MFI values (left) and representative histogram (right). (K-M) Shown
as mean + SEM and represent 2—3 experiments (***p<0.0001). See also Figure S6.
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