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SUMMARY

Mitochondrial respiration is tightly regulated in CD8 T cells during the transition from naive to
effector and memory cells, but the mechanisms that control this process have not been defined.
Here we show that MCJ/DnaJC15 acts as an endogenous break for mitochondrial respiration in
CD8 T cells by interfering with the formation of electron transport chain (ETC) respiratory
supercomplexes. Metabolic profiling reveals an enhanced mitochondrial metabolism in MCJ-
deficient CD8 cells. Increased oxidative phosphorylation and subcellular ATP accumulation
caused by the loss of MCJ selectively increase the secretion, but not the expression, of IFNy. MCJ
also serves to adapt effector CD8 T cell metabolism during the contraction phase. Consequently,
memory CD8 cells lacking MCJ are superior in providing protection against influenza virus
infection. Thus, MCJ offers a novel mechanism for fine-tuning mitochondrial metabolism in CD8
cells, as an alternative to modulating mitochondrial mass, which is an energetically expensive
process. MCJ could be a new therapeutic target to enhance CD8 cell responses.
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INTRODUCTION

Metabolism is emerging as a major factor that regulates the function and differentiation of
immune cells and influences the course of an immune response (Pearce et al., 2013; van der
Windt and Pearce, 2012; Wahl et al., 2012; Wang and Green, 2012). Antigen stimulation
leads to rapid cell growth and clonal expansion and is accompanied by changes in cell
metabolism. Naive, effector and memory T cell subsets have distinct metabolic profiles to
provide the energy and the bioenergetic precursors required. Naive cells use glucose and free
fatty acids (FFA) as the sources of ATP through mitochondrial oxidative phosphorylation
(OXPHOS) (van der Windt et al., 2012; Wang et al., 2011). Following activation, CD8 cells
undergo a reprograming of their metabolic pathways and switch to glycolysis as a source of
ATP. Effector T cells can also use glutamine to generate ATP through glutaminolysis, which
can further fuel OXPHOS in mitochondria (Carr et al., 2010; Wang et al., 2011).
Proliferation of effector CD8 cells appears to be more dependent on glucose than effector
CD4 cells (Frauwirth et al., 2002; Macintyre et al., 2011). In contrast to proliferation,
production of some cytokines by effector CD8 cells is not affected by a strong inhibition of
glycolysis (Cham et al., 2008), and cytotoxic activity can occur in the absence of glucose
(MacDonald, 1977; MacDonald and Koch, 1977).

Effector CD8 cells further reprogram metabolism during the generation of memory cells in
response to antigen and cytokine withdrawal. Memory CD8 cells primarily use FFA
oxidation in mitochondria as the main energy pathway (Araki et al., 2009; Pearce et al.,
2009; van der Windt et al., 2012). Additionally, memory CD8 cells manifest a greater
increase in both OXPHOS and aerobic glycolysis following activation compared with naive
cells, and the induction of glycolysis is dependent on mitochondrial ATP (van der Windt et
al., 2013). Importantly, intervention of metabolism with metformin (AMPK activator) or
rapamycin (mTOR inhibitor) to promote FFA oxidation enhances the generation of memory
CD8 cells and protection against viral infection (Araki et al., 2009; Pearce et al., 2009). A
recent study has revealed that memory CD8 cells have developed their own intrinsic
pathways to mobilize fatty acids that are then used for fatty acid oxidation (Pearce et al.,
2009). Considering this highly dynamic metabolic reprogramming, CD8 cells likely utilize
specific checkpoints to regulate these transitions and their effector functions. However, while
a number of studies have addressed the effect of different metabolic substrates that feed into
the mitochondrial electron transfer chain (ETC), little is known about endogenous
mechanisms that control mitochondrial respiration and, thereby, the immune response.

Methylation-Controlled J protein (MCJ/DnaJC15) is a member of the DnaJ family of
chaperones. MCJ is a small protein with features that distinguish it from other DnaJC family
members. While most DnaJC family members are soluble proteins, MCJ contains a
transmembrane domain and has a unique N-terminal domain that shares no significant
sequence similarity with any other known protein. MCJ was first reported in ovarian cancer
cell lines and ovarian tumors as a gene negatively regulated by methylation (Shridhar et al.,
2001; Strathdee et al., 2004). Loss of MCJ has been associated with chemoresistance of
human breast and ovarian cancer cell lines /n7 vitro (Hatle et al., 2007b): (Shridhar et al.,
2001), and /n vivo (Strathdee et al., 2005). We have recently shown that MCJ is abundantly
expressed primarily in tissues with a highly active mitochondrial metabolism, including
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heart and liver (Hatle et al., 2013). Within the immune system, MCJ is highly expressed in
CD8 cells, but not in CD4 and B cells (Hatle et al., 2013), and it is also expressed in
macrophages although at lower levels (Navasa et al., 2015a). Importantly, MCJ localizes to
the inner membrane of mitochondria (Hatle et al., 2013; Schusdziarra et al., 2013). MCJ acts
as a negative regulator of the ETC and MCJ deficiency /n vivo results in increased Complex
| activity and mitochondrial membrane potential (MMP) without affecting mitochondrial
mass (Hatle et al., 2013). Endogenous MCJ in primary tissues associates with Complex |
and acts as a natural inhibitor, making MCJ one of the first described endogenous negative
regulators of Complex I. The activity of Complex I is enhanced by its assembly in
“respirasomes” which are mitochondrial ETC supercomplexes containing Complexes I, 1ll,
and IV (Acin-Perez et al., 2008; Althoff et al., 2011). The function of these supercomplexes
is to facilitate efficient transfer of electrons between these complexes to enhance Complex |
activity and minimize the risk of electron “leak” that results in ROS production (Chen et al.,
2012; Moreno-Lastres et al., 2012; Vukatic et al., 2012). We have shown that MCJ interferes
with the formation of these supercomplexes (Hatle et al., 2013), a mechanism to inhibit
Complex | activity and MMP. MCJ deficiency leads to enhanced mitochondrial activity
which results in increased lipid metabolism in the liver and prevents the development of liver
steatosis caused by starvation or by feeding with a high-cholesterol diet (Hatle et al., 2013).
Thus, MCJ is a powerful negative regulator of metabolism in the liver.

Although MCJ is abundantly present in CD8 cells, its role in regulating mitochondrial
metabolism and function of these cells is unknown. In this study, we show that MCJ acts a
negative regulator of mitochondrial respiration in CD8 cells. MCJ deficiency does not affect
proliferation of naive CD8 cells upon activation, activation markers or cytokine gene
expression. However, increased OXPHOS in MCJ deficient CD8 cells enhances the
secretion of cytokines, and sustains the metabolic state of CD8 cells during the contraction
phase of effector CD8 cells. Importantly, MCJ deficient memory CD8 cells have greater
protective capacity against influenza virus infection. MCJ is therefore emerging as an
important negative regulator of mitochondrial activity of CD8 cells.

RESULTS

Loss of MCJ promotes respiratory supercomplexes and mitochondrial metabolism in
naive CDS8 cells

MCJ is as an endogenous inhibitor of mitochondrial Complex | and mitochondrial
membrane potential (MMP) that is abundantly expressed in CD8 cells where it contributes to
the maintenance of their mitochondria in a hypopolarized state (Hatle et al., 2013). However,
the role of MCJ in CD8 cell development and function remains unknown. To investigate this,
we used MCJ knockout (KO) mice previously described to have no obvious phenotypic
alterations under physiological conditions (Hatle et al., 2013). Although CD8 cells freshly
isolated from MCJ KO mice display higher mitochondrial membrane potential (MMP)
(Supplementary Fig. S1A), there was no difference in the percentage (Supplementary Fig.
S1B) and number (data not shown) of either CD8 or CD4 cells in the spleen and lymph
nodes between MCJ KO and wildtype (WT) mice. No difference in the expression of
activation markers such as CD44 was observed in either CD8 or CD4 cells freshly isolated
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from spleen or lymph nodes (Supplementary Fig. S1C). In addition, the percentage
(Supplementary Fig. S1B) and numbers (data not shown) of single CD8, single CD4, double
positive (DP), and double negative (DN) populations in the thymus were comparable
between MCJ KO and WT mice. Thus, MCJ deficiency does not affect the development of
CD8 and CD4 cells in the thymus or homeostasis of cells in the periphery.

Mitochondrial membrane potential (MMP) is the driver for oxidative phosphorylation
(OXPHOS), generation of ATP, and oxygen consumption. To investigate the impact that the
increased MMP in CD8 cells from MCJ KO mice has on mitochondrial respiration, we
examined the oxygen consumption rate (OCR) in freshly isolated WT and MCJ KO CD8
cells using the Seahorse MitoStress assay. Correlating with the increased MMP, OCR was
also elevated in MCJ KO CD8 cells relative to WT CD8 cells (Fig. 1A). In contrast, the
extracellular acidification rate (Pene et al.), a parameter for glycolysis, was not affected in
MCJ KO CD8 cells (Fig. 1B). We also examined mitochondrial ATP production determined
by subtracting the OCR in the presence of oligomycin (the inhibitor of Complex V/ATP
Synthase) from the OCR at baseline. Mitochondrial ATP production (ATP-linked OCR) was
also higher in MCJ KO CD8 cells relative to WT CD8 cells (Fig. 1C). Thus, MCJ is a
negative regulator of mitochondrial respiration in CD8 cells.

Since no obvious phenotypic difference could be detected by activation or differentiation
markers between CD8 cells from WT and MCJ KO mice despite their higher mitochondrial
respiration, we performed nonbiased high-throughput metabolic profiling to identify the
impact of MCJ on the overall metabolism of naive CD8 cells. Metabolome analysis in CD8
cells freshly isolated from WT and MCJ KO mice showed a large number of metabolic
intermediates from different pathways equally present in both. However, there was a
significant increase in the levels of some of the amino acids in MCJ KO CD8 cells relative to
WT CD8 cells (Supplementary Fig. S2 and Supplementary Table 1). Interestingly, further
statistical analysis revealed that most of the amino acids that were significantly elevated in
MCJ KO CD8 cells belong to the essential amino acid group (Fig. 1D). In contrast, only the
levels of tyrosine in the conditionally essential amino acid group, and asparagine in the non-
essential group were significantly increased (Fig. 1D).

The preferential accumulation of amino acids that cannot be synthesized and need to be
imported suggested that a greater level of amino acid transport occurred in MCJ KO CD8
cells compared with WT CD8 cells. Since amino acid transport is highly dependent on ATP,
increased mitochondrial OXPHOS in the absence of MCJ could be responsible for this
transport. To investigate the amino acid uptake capacity, freshly isolated CD8 cells from WT
and MCJ KO mice were incubated in culture medium. After 16 h, supernatants were
harvested and analyzed for their metabolic profile to determine the consumption of amino
acids. Consistent with the increased amino acid levels in MCJ KO CD8 cells, the levels of
several amino acids were significantly reduced in the culture supernatant of MCJ KO CD8
cells (Fig. 1E). In addition, metabolic flux analyses with 13C and 15N labeled amino acids
showed increased uptake of extracellular glutamine by freshly isolated MCJ KO CD8 cells
compared with WT CD8 cells (Supplementary Fig. S3A). Thus, the increased mitochondrial
respiration resulting from MCJ deficiency in naive CD8 cells /n vivo promotes the uptake of
amino acids.
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The other metabolite that was significantly increased in MCJ KO CD8 cells relative to WT
CD8 cells was succinate (Fig. 1F, Supplementary Fig. S2, and Supplementary Table 1),
which is oxidized to fumarate by succinate dehydrogenase (ETC Complex Il) in the TCA
cycle in mitochondria. However, the levels of fumarate and the other components of the
TCA cycle were not different (Fig. 1F). These results suggested that the elevated levels of
succinate in MCJ KO CD8 cells were the result of impaired Complex Il activity in MCJ KO
CD8 cells. Using a Seahorse Extracellular Flux analyzer, we examined Complex Il activity
by determining OCR in response to succinate, the substrate of Complex 11, as previously
described (Salabei et al., 2014). Reduced Complex Il activity was found in freshly isolated
MCJ KO CD8 cells relative to WT CD8 cells (Fig. 1G). In addition, metabolic flux analyses
where freshly isolated CD8 cells were incubated with [13C, 15N]-glutamine, an amino acid
precursor of succinate (Supplementary Fig. S3B) revealed significantly higher levels of
newly synthesized succinate in MCJ KO CD8 cells compared to WT CD8 cells (Fig. 1H).
However, the levels of fumarate, the product of Complex I1, were not increased in MCJ KO
CD8 cells (Fig. 1H). Thus, Complex Il appears to be uncoupled from the rest of the ETC in
MCJ KO CD8 cells.

We have shown that the absence of MCJ in heart favors the accumulation of mitochondrial
respiratory supercomplexes (Hatle et al., 2013), which are formed by the association of
Complexes I, 111, and 1V, but exclude Complex Il. Sequestration of Complex Il in
supercomplexes could then compromise Complex Il activity. We therefore investigated
whether the lack of MCJ could also facilitate the formation of supercomplexes in naive CD8
cells. Mitochondrial extracts were generated from WT and MCJ KO CDS8 cells in the
presence of digitonin to preserve supercomplexes and resolved by blue native
electrophoresis (Bourillot et al.). As a positive control, we used mitochondrial extracts from
heart, as supercomplexes are abundantly present in these cells (Supplementary Fig. 3C). The
supercomplex region was excised from the blue native gel, resolved by denaturing
electrophoresis, and analyzed by Western blot for subunits of Complexes | (NDUFA9) and
IV (CoxIV). The amount of supercomplexes as determined by the levels of each subunit in
the supercomplex region were remarkably higher in MCJ KO CD8 cells compared with
those in WT CD8 cells (Fig. 11). As a control, analysis of CoxIV in the monomeric Complex
IV region showed comparable levels in both WT and MCJ KO CD8 cells (Fig. 11). To
further support the accumulation of supercomplexes in MCJ KO CD8 cells, mitochondrial
extracts were resolved by BNE, transferred to PVDF membrane, and analyzed by Western
blot for subunits of Complexes | (NDUFA9) and I11 (Corel). Similar to the results
previously obtained, increased NDUFA9 levels were present in the supercomplex region in
MCJ KO CD8 cells, while the levels of NDUFA9 in the monomeric Complex | region were
comparable between MCJ KO and WT cells (Fig. 1J). Similar results were obtained for
Corel, a Complex I11 subunit (Fig. 1J). Thus, loss of MCJ promotes the formation of
respiratory supercomplexes in naive CD8 cells, in correlation with their increased MMP.
Uncoupling Complex I11 from Complex Il could cause the observed accumulation of
succinate. Together, these results indicated that the function of MCJ in naive CD8 cells is to
restrict mitochondrial metabolism, and a deficiency in MCJ alters normal mitochondrial
metabolism.
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MCJ deficiency does not affect proliferation, but enhances the secretion of cytokines in
activated CD8 cells

Although naive CD8 cells primarily use mitochondrial respiration, upon activation they
switch the metabolic machinery and use aerobic glycolysis as the primary source of energy
for cell expansion (Caro-Maldonado et al., 2012; Krauss et al., 2001; Rathmell et al., 2000).
We therefore investigated whether the enhanced mitochondrial metabolism found in MCJ
KO CD8 cells could alter proliferation. Freshly isolated CD8 cells from WT and MCJ KO
mice were stained with CFSE, activated with anti-CD3 and anti-CD28 antibodies (Abs), and
proliferation was analyzed by flow cytometry. No differences were observed in the
frequency of proliferating cells nor the number of cell divisions between MCJ KO and WT
CD8 cells (Fig. 2A). Similar results were obtained measuring proliferation by [3H]-
thymidine incorporation (data not shown). Moreover, analysis of viability showed no
difference in survival of MCJ KO CD8 cells after 2 days of activation (Fig. 2B). Expression
of the cell surface activation markers CD69 and CD25 was similarly upregulated upon
activation in WT and MCJ KO CD8 cells (Fig. 2C). In contrast, activated MCJ KO CD8
cells produced substantially higher levels of IFNy (Fig. 2D) and IL-2 (Fig. 2E) compared
with WT CD8 cells, as determined by ELISA. Thus, loss of MCJ does not interfere with
activation or expansion of CD8 cells, but results in a greater production of cytokines.

Production of cytokines by CD8 cells upon activation is primarily regulated at the level of
gene expression either by transcription or by mRNA stability. To address whether the
increased levels of IFNy detected in the culture supernatants from activated MCJ KO CD8
cells were caused by increased gene expression, we examined cytokine mRNA levels by
quantitative RT-PCR. Surprisingly, despite the elevated levels of IFN and IL-2 as determined
by ELISA, the levels of mMRNA were not increased in activated MCJ KO CD8 cells
compared with WT CD8 cells (Fig. 2F). Thus, MCJ had no effect on cytokine gene
expression in CD8 cells. A recent study reported that aerobic glycolysis promotes IFNy
production at the translational level in effector CD4 cells (Chang et al., 2013). We therefore
examined the levels of IFNy in CD8 cells by intracellular staining and flow cytometry
analysis. However, no difference in the intracellular levels of IFNy was found between WT
and MCJ KO CD8 cells (Fig. 2G). Similarly, although low levels of IL-2 were detected by
intracellular staining, there was no difference between WT and MCJ KO CD8 cells (Fig.
2G). Thus, the increased levels of cytokines in MCJ KO CDS8 cell supernatants were not due
to significantly increased gene or protein expression.

Secretion of cytokines is another mechanism that regulates the overall levels of cytokines
being produced, although little is known about the pathways involved. To investigate
whether the increased levels of IFNy detected in the supernatants of MCJ KO CD8 cells
were caused by an enhanced secretion, WT and MCJ KO CD8 cells were activated with anti-
CD3 and anti-CD28 Abs for 2 days, washed, resuspended, and equal numbers of cells were
then incubated in medium alone without any additional stimulus for different periods of
time. Higher levels of IFNy were detected by ELISA in the supernatants from MCJ KO CD8
cells relative to WT CD8 cells at 2 h (Fig. 2H). IFNy levels from MCJ KO CD8 cells
continued increasing for at least 4 h and then remained constant, while the amount secreted
by WT CD8 cells did not increase (Fig. 2H). Treatment with cycloheximide (CHX), an
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inhibitor of protein synthesis, did not affect the levels of IFNy produced during this period
(Supplementary Fig. S4A), although this concentration of CHX prevented new protein
synthesis triggered by the activation of naive CD8 cells (Supplementary Fig. S4B). These
results further support that increased protein translation was, most likely, not the primary
cause for enhanced production of IFNy in MCJ KO CD8 cells. We also examined the levels
of IL-2 and GM-CSF, other cytokines produced by CD8 cells. We found increased levels of
both cytokines in the supernatant of MCJ KO CD8 cells after 4 h (Supplementary Fig. S4C),
indicating that the effect of MCJ in secretion is not restricted to IFNy. To further confirm the
enhanced capacity of secretion by MCJ KO CD8 cells, we performed ELISpot assays for
IFNYy. The number of spots with a larger area (high IFNy producers) was increased in MCJ
KO CD8 cells (Fig. 21). Enhanced secretion should result in lower accumulation of
intracellular IFNy if no additional synthesis takes place. We therefore performed
intracellular staining for IFNy after cells were incubated in medium and found lower levels
in MCJ KO CD8 cells after 1 h (Supplementary Fig. S4D). Together these results indicate
that MCJ deficiency augments cytokine production primarily by promoting the cytokine
secretion capacity of effector CD8 cells.

Local mitochondrial production of ATP in the absence of MCJ promotes cytokine

secretion

Since the loss of MCJ in effector CD8 cells affected cytokine secretion, but not proliferation,
expression of cytokine genes, or expression of activation markers, we used an unbiased
metabolomics approach to investigate which metabolic pathways were regulated by MCJ in
effector CD8 cells. Metabolic profiling was obtained from equal numbers of WT and MCJ
KO CD8 cells after two days of activation and resting for 4 h. Interestingly, while no
obvious phenotypic differences in terms of size or activation markers could be detected
between the cell types, MCJ deficiency caused well-defined metabolic changes
(Supplementary Fig. S5). Similar to naive CD8 cells, the absence of MCJ in activated CD8
cells resulted in increased levels of amino acids, but this increase was not restricted to
essential amino acids as in naive cells (Fig. 3A and Supplementary Fig. S5). In addition, a
number of intermediate metabolites of the TCA and urea cycle pathways, two of the main
mitochondrial pathways (Supplementary Fig. S6), were among the most elevated
components in activated MCJ KO CDS8 cells relative to WT CD8 cells (Supplementary Fig.
S5 and Table 2). Similar to naive CD8 cells, the levels of succinate were also drastically
increased in activated MCJ KO CD8 cells, but the levels of fumarate, malate, and 2-
hydroxyglutarate were also higher (Fig. 3B). The levels of citrulline and arginosuccinate,
components of the urea cycle (Supplementary Fig. S6), were increased in activated MCJ KO
CD8 cells (Fig. 3C). Although there was no difference in proliferation, the nucleotide
pathways were also upregulated in the absence of MCJ (Fig. 3D and Supplementary Fig.
S5). Although nucleotide synthesis is primarily cytosolic, mitochondrial metabolic pathways
also feed into the nucleotide synthesis pathways, while purine salvage reactions consume
aspartate to produce fumarate and recover AMP upon deamination to IMP (Choi et al.,
2012). Thus, an unbiased metabolic screening revealed increased mitochondrial activity in
MCJ deficient effector CD8 cells.
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Effector CD8 cells are primarily glycolytic and use ATP from glycolysis instead of
mitochondrial OXPHQS as the major source of energy. The studies above indicate that the
absence of MCJ enhances overall mitochondrial activity. This could lead either to increased
total levels of ATP as a consequence of two parallel sources generating ATP or redistribution
of ATP synthesis from cytosolic glycolysis to mitochondrial OXPHOS. We therefore
examined intracellular ATP levels. WT and MCJ KO CDS8 cells were activated for 2 d and
then rested for 4 h. Higher levels of total ATP were present in MCJ KO CD8 cells relative to
in WT CD8 cells (Fig. 4A). To determine whether the elevated levels of ATP could come
from increased mitochondrial respiration in the absence of MCJ, we performed Seahorse
MitoStress analysis in activated WT and MCJ KO CD8 cells. OCR was higher in activated
MCJ KO CD8 cells relative to WT CD8 cells, as shown by the effect of oligomycin on
baseline OCR (oxygen consumption by OXPHOS) (Fig. 4B). These data indicate that the
rate of ATP synthesis by mitochondria was increased in the absence of MCJ. In contrast,
analysis of the extracellular acidification rate (Pene et al.) in response to glucose showed no
difference between the two cell types (Fig. 4C), indicating that glycolysis was not affected.
Thus, loss of MCJ promotes mitochondrial respiration without altering the glycolytic rate of
effector CD8 cells.

The normal rate of glycolysis as determined by ECAR analysis correlated with the normal
rate of proliferation and gene expression observed in MCJ KO CD8 cells. While glycolysis-
derived ATP represents the predominant source of energy and is sufficient for these
processes in activated cells, mitochondrial derived ATP could be essential for other CD8 cell
functions. Due to the dynamic characteristics of mitochondria, this organelle could provide a
subcellular microenvironment rich in ATP without the need to raise total cytosolic ATP
levels. We investigated the presence of ATP-rich microdomains within activated CD8 cells
using a previously described fluorescent probe that has been used to identify ATP/ADP
intracellular accumulation (Rao et al., 2012). Confocal microscopy of live cells showed only
a few punctate ATP probe accumulations in activated WT CD8 cells (Fig. 4D), while ATP
puncta were abundant and prominent in MCJ KO CD8 cells (Fig. 4D). The subcellular ATP
accumulations in MCJ KO CD8 cells represented the mitochondrial-derived ATP pool since
treatment with oligomycin prevented their formation (Supplementary Fig. S7A). Moreover,
co-staining of CD8 cells with the ATP probe in combination with Mitotracker, a
mitochondrial marker, revealed colocalization of the ATP puncta with mitochondria in
activated MCJ KO CD8 cells (Fig. 4E). Thus, MCJ deficiency facilitates the formation of
ATP-rich microdomains within activated CD8 cells.

Most mechanisms of secretion are highly dependent on ATP (Jitrapakdee et al., 2010;
Wiederkehr and Wollheim, 2006), therefore the formation of ATP-rich microdomains at
specific subcellular localizations could facilitate increased secretion of cytokines. To address
whether the increased secretion of IFNy found in MCJ KO CD8 cells was mediated by the
increased production of mitochondrial ATP, CD8 cells were activated for 2 d, treated with
oligomycin during the last 4 h of activation, harvested, and incubated at equal numbers in
medium alone for another 4 h. IFNy levels in the supernatant were determined by ELISA.
Inhibition of mitochondrial ATP synthesis by oligomycin suppressed the enhanced secretion
of IFNy by MCJ KO CD8 cells to WT levels (Fig. 4F). In contrast, oligomycin did not
reduce, but increased the intracellular levels of IFNy, as determined by intracellular staining
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and flow cytometry (Supplementary Fig. 7B). Thus, MCJ acts as an endogenous negative
regulator of mitochondrial respiration to restrict the production of mitochondrial ATP and
secretion of cytokines such as IFNy.

MCJ attenuates mitochondrial metabolism during the contraction phase of effector CD8

cellsin vivo

A number of studies have shown that CD8 cells reprogram their mitochondrial metabolism
during their differentiation from naive to effector and from effector to memory stages
(Pearce et al., 2013; van der Windt and Pearce, 2012; Wahl et al., 2012; Wang and Green,
2012). Memaory CD8 cells also have greater mitochondrial mass and maximum respiratory
capacity (van der Windt et al., 2012). OXPHOS has been shown to promote both the
generation and expansion of memory CD8 cells (van der Windt et al., 2013), suggesting the
presence of a potential mechanism to attenuate mitochondria and contain the expansion and
effector function of memory cells. Since MCJ acts as an internal break for mitochondrial
function in tissues with a high content of active mitochondria, we hypothesized that MCJ
expression could be regulated during the contraction phase of effector CD8 cells as part of
their metabolic reprograming. To examine MCJ expression in individual cells we used MCJ
KO mice as they contain the p-galactosidase reporter gene inserted in the MCJ locus. We
performed B-galactosidase activity assays by flow cytometry analysis in CD8 cells that were
freshly isolated, activated (effector), and rested in medium alone after activation (rested
effector) to mimic the contraction phase of effector cells and development of memory cells.
WT CD8 cells were used as negative control (lacking B-galactosidase) for flow cytometry
analysis (Supplementary Fig. S8A). The frequency of MCJ expressing cells was
dramatically decreased in effector CD8 cells relative to naive CD8 cells (Fig. 5A). We have
recently shown that Ikaros, a transcriptional repressor known to attenuate gene expression
(John and Ward, 2011), binds to the MCJgene in macrophages to silence MCJ expression
(Navasa et al., 2015b). Since Ikaros has been previously reported in CD8 cells (O’Brien et
al., 2014) we performed chromatin immunoprecipitation analysis (ChlP) to determine
whether Ikaros also binds the MCJ promoter in WT CD8 cells. Relative to naive WT CD8
cells, greater Ikaros binding to the MCJ gene was found in activated WT CD8 cells (Fig.
5B). To determine whether MCJ downregulation might be needed for optimal IFNy
production by effector CD8 cells, we performed retroviral transduction for MCJ in WT CD8
cells activated for 40 h to reconstitute MCJ levels. Although the frequency of transduction
was low (<15%) there was a significant reduction in the levels of IFNy in WT CD8 cells
transduced with an MCJ-expressing retrovirus relative to those transduced with an empty
retrovirus (Supplementary Fig. S8B), suggesting that MCJ is present in naive CD8 cells as
an additional checkpoint to restrict potential effector function.

Interestingly, the frequency of CD8 cells expressing MCJ increased again when effector
cells were rested in the presence of medium without additional stimuli (Fig. 5A). During the
contraction phase, effector CD8 cells modulate their metabolism, become smaller, less
active, and most of them die except for a few that survive to become memory T cells. We
examined whether the observed re-acquisition of MCJ in resting effector CD8 cells
contributed to the attenuation of metabolism and/or cell survival /in vitro during the
contraction phase. WT and MCJ KO CD8 cells were activated for 2 d, washed, and then
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incubated in medium alone (without addition of cytokines) for different periods of time.
After 24 h resting, most WT and MCJ KO CD8 cells remained alive (Fig. 5C). However,
after 48 h only a few WT CD8 cells remained alive, while many MCJ KO CD8 cells were
still viable even at 72 h (Fig. 5C). In addition, the surviving MCJ KO CD8 cells maintain the
“blastic cell stage” (large) reminiscent of effector cells (data not shown). Analysis of MMP
in live cells after 48 h of resting showed that a high proportion of WT CD8 cells had low
MMP (Fig. 5D), similar to naive CD8 cells (Supplementary Fig. S1A). In contrast, a large
fraction of rested effector MCJ KO CD8 cells displayed high MMP relative to WT cells
(Fig. 5D). To determine whether the increased survival in rested MCJ KO CD8 cells /n vitro
was due their intrinsic metabolic state (high MMP) or due to increased levels of IL-2 that
can promote cell expansion, a blocking anti-1L2 Ab was added during the resting period. No
differences were detected in the survival of MCJ KO CDS8 cells after blocking I1L-2
(Supplementary Fig. S9A). Furthermore, the addition of small amounts of recombinant 1L-2
during the resting period resulted in increased expansion of both WT and MCJ KO CD8
cells (Supplementary Fig. S9B). Thus, re-acquisition of MCJ in rested effector CD8 cells
contributes to the reduction of mitochondrial activity, restoration of a quiescent metabolic
state and fitness impairment of effector CD8 cells during the contraction phase /n7 vitro.

To address the role of MCJ in the contraction phase of antigen-specific effector CD8 cells /in
vivo, MCJ KO mice were crossed with OT-1 TCR transgenic mice which express a TCR that
recognizes ovalbumin (Hogquist et al., 1994). MCJ deficiency did not affect the
development of OT-I1 CD8 cells (Supplement Fig. S10A). Similar to polyclonal CD8 cells,
naive MCJ-deficient OT-1 CD8 cells also displayed high mitochondrial membrane potential
relative to WT OT-1 CD8 cells (Fig. 5E). CD8 cells were purified from OT-1 and MCJ KO
OT-I mice, activated for 2 days /n vitro, and then further expanded for 3 days. An equal
number of cells from each genotype were combined and co-transferred into the same WT
recipient mice to ensure equal efficiency of the adoptive transfer for both genotypes (Fig.
5F). Two weeks later, the presence of donor cells in lymph nodes and spleen from the host
mice was examined by flow cytometry using CD90.1/CD90.2 markers to identify the WT
and MCJ KO OT-1 CD8 populations (Supplementary Fig. S10B). Phenotypic
characterization of the cells based on CD44 and CD62L (memory and homing markers,
respectively), as well as KLRG1 and CD127 (markers that define subsets of long-lived
effector and memory T cells (Jameson and Masopust, 2009; Kaech et al., 2003; Kaech and
Wherry, 2007; Sallusto et al., 2004; Sarkar et al., 2008) did not show differences between
WT and MCJ KO CDS8 cells (Supplementary Fig. S10B). The overall percentage of cell
recovery in both donors was comparable (data not shown). However, as determined by
forward scatter (Fig. 5G), only a few WT OT-1 CD8 cells showed a large blastic phenotype
(Fig. 5H). In contrast, a greater fraction of MCJ KO OT-1 CD8 cells displayed the large
blastic phenotype (Fig. 5H). Thus, /n vivo MCJ does not seem to contribute to cell survival,
but it participates in the attenuation of metabolism during the transition from effector to
rested effector cells.

MCJ deficiency enhances the antiviral protective activity of memory CD8 cells

Memory CD8 cells are believed to play an important role in protection against viral infection
(La Gruta and Turner, 2014). Recent studies indicated that increased mitochondrial
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respiration in CD8 cells results in increased memory activity (van der Windt et al., 2013). To
investigate the role of MCJ in protective memory CD8 response, we used the influenza virus
infection model. WT and MCJ KO mice were intranasally infected with a sublethal dose of
influenza A/Puerto Rico/8/34 (PR8) H1N1 virus. As expected, based on the predominant
role of innate immunity in primary infection with influenza virus, no significant differences
were observed in weight loss and recovery (hallmark of disease) or survival between
infected WT and MCJ KO mice during primary infection (Fig. 6A). Analysis of influenza
NP-tetramer positive CD8 cells 2 weeks post-infection showed a similar frequency between
infected WT and MCJ KO mice (Fig. 6B), indicating that the loss of MCJ does not affect the
expansion of effector CD8 cells /in vivo consistent with the /n vitro studies. However, ex vivo
analysis of IFNvy production by CD8 cells from the infected mice showed higher levels of
IFNy in the supernatants of MCJ KO CD8 cells relative to WT CD8 cells (Fig. 6C). Thus, in
agreement with the increased cytokine secretion detected /n vitro with anti-CD3/CD28
stimulation, MCJ deficiency also results in increased IFNy production by effector CD8 cells
in vivo during virus infection.

We then addressed whether the lack of MCJ could affect the development of memory CD8
cells. Analysis of influenza NP-tetramer positive CD8 cells 3 weeks post-infection showed a
lower percentage relative to 2 weeks post-infection as expected, but there was no difference
in the frequency between WT and MCJ KO mice (Supplementary Fig. S11A). Similarly, five
weeks post-infection, the frequency of NP-tetramer positive cells was not higher in infected
MCJ KO mice compared to WT mice (Fig. 6D), further supporting that lack of MCJ does
not affect cell survival during the generation of memory CD8 cells from effector cells /n
vivo. Phenotypic analysis of these NP-tetramer positive CD8 cells for CD44, CD62L,
KLRG1, and CD127 showed no substantial difference between WT and MCJ KO CD8 cells
(Supplementary Fig. S11B and data not shown). Further analysis for CD27 expression
revealed a slightly higher proportion of KLRG~CD127* cells lacking CD27 and
KLRG*CD127~ cells were largely CD27'%% (Supplementary Fig. S11B). Within the memory
population, CD27'%" cells have been reported to mediate rapid protective immunity against
acute infection and manifest high cytolytic activity (Olson et al., 2013)

To investigate the protective capacity of memory MCJ KO CD8 cells, we performed
adoptive transfer of equal numbers of CD8 cells from WT and MCJ KO mice obtained five
weeks post-infection into WT recipient mice. Recipient mice were then infected with a
lethal dose of PR8 influenza virus. As expected, recipient mice that received purified CD8
cells from infected WT mice were not protected and died between 8-9 days post lethal
infection (Fig. 6E). In contrast, most recipient mice that received purified CD8 cells from
infected MCJ KO mice were protected against the lethal dose of PR8 influenza virus (Fig.
6E). Weight loss analysis showed that mice receiving MCJ KO CD8 cells indeed lost weight
initially (Fig. 6F), indicating that they had been infected. However, these mice were able to
recover their weight to healthy levels (Fig. 6F). Host mice that received WT CD8 cells did
not recover their weight (Fig. 6F), correlating with their early death. Thus, the absence of
MCJ in memory CD8 cells confers greater protective capacity against influenza virus
infection.
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Death caused by some of the highly pathogenic influenza virus such as H5N1 influenza
virus is often associated with a strong systemic immune response and cytokine storm. To
rule out that the death of WT CD8 cell recipient mice was caused by an exuberant immune
response relative to the response in MCJ KO CD8 cell recipients, we examined cytokine
production 6 days post-infection with the lethal dose. The levels of inflammatory cytokines
(IL-6, KC) as well as chemokines (CXCL10) in brochoalveolar lavage fluid (BALF) were
comparable in both cell type hosts (Fig. 6G). Similarly, the levels of these cytokines in
serum (systemic) were also comparable (Supplementary Fig. S12A). These results indicated
that the protection found in mice that received MCJ KO CD8 cells was not due to an
attenuated immune response relative to mice with WT CD8 cells.

To investigate whether the protective capacity of memory MCJ KO CD8 cells was due to an
improved effector function to clear virus, we examined PR8 influenza virus titers in the lung
of recipient mice 6 days post-infection with a lethal dose of influenza virus. High virus titers
were present in host mice that received WT CD8 cells (Fig. 6H). In contrast, significantly
lower virus titers were present in the lungs from host mice that received MCJ KO CD8 cells
(Fig. 6H). These data indicate that memory MCJ KO CD8 cells are more efficient in clearing
influenza virus. To examine the effector function of the memory MCJ KO CD8 cells, CD8
cells were isolated from mediastinal lymph node (MLN) six days after lethal infection and
ex vivo IFNy was determined by culturing cells in medium alone. Increased levels of IFNy
were produced by MCJ KO CD8 cells relative to WT CD8 cells (Fig. 61). The NP-tetramer
positive frequency was not different in MLN (Supplementary Fig. S12B). Similarly, ex vivo
IFNYy production by MCJ KO CD8 cells isolated from lung was also increased
(Supplementary Fig. S12C). Furthermore, although there was no difference in the frequency
of NP-tetramer positive CD8 cells from the lung between WT and MCJ KO mice
(Supplementary Fig. S12D), the number of IFNy-secreting cells as determined by ELISpot
assay was also higher in MCJ KO CD8 cells (Fig. 6J).

Secretion of granules by exocytosis is a process dependent on both Ca2* and ATP. We
investigated whether increased mitochondrial ATP production in MCJ KO CD8 cells could
also facilitate the exocytosis of the cytotoxic granules present in effector cells and contribute
to their antiviral activity using a CD107a mobilization assay, which is a well-established
approach to measure the release of granules (Gomperts, 1990). CD8 cells were isolated from
the MLN of WT and MCJ KO mice 6 days post lethal infection and incubated in medium
containing monensin with or without ionomycin to provide the Ca2* signal. The frequency
of CD107a* MCJ KO CDS8 cells treated with ionomycin was significantly higher than WT
CD8 cells (Fig. 6K), indicating that MCJ KO CDS8 cells have a greater capacity to function
as cytotoxic cells. Thus, increased mitochondrial respiration caused by the loss of MCJ in
CD8 cells results in increased antiviral protective activity in memory responses by
enhancing the secretion both of effector cytokines as well as cytotoxic granules.

DISCUSSION

Mitochondria play a key role in balancing cellular metabolism primarily, but not exclusively,
as the site for OXPHOS through the ETC and as a source of ATP. Recently, it has become
clear that tight regulation of mitochondrial metabolism occurs during the reprograming of
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CD8 cells. OXPHOS is a complicated process that requires the presence of several ETC
Complexes located in the inner membrane that are coupled with other enzymatic reactions
that occur in the mitochondria matrix. In addition, ETC Complexes are orchestrated into
respiratory supercomplexes to facilitate the electron transport. A number of molecules have
been shown to be required for maximum efficiency of the ETC and OXPHQOS. However,
other than the availability of substrates (glucose, glutamine, FFA) that eventually feed into
the ETC, very little is known about negative regulatory mechanisms that restrict
mitochondrial respiration to avoid unnecessary use of the ETC. We have recently identified
MCJ as one of the first known negative regulators of Complex | activity through its effect in
the formation of respiratory supercomplexes (Hatle et al., 2013). Interestingly, MCJ is
abundantly present in tissues with highly active mitochondrial metabolism including heart
and liver, and is also highly expressed in CD8 cells. MCJ is only present in vertebrates
(Hatle et al., 2007a), and was most likely acquired during evolution as a mechanism to
attenuate mitochondrial metabolism as an alternative to mitochondria clearance. Our earlier
studies demonstrated that the absence of MCJ during starvation prevents the development of
fatty liver by accelerating fatty acid metabolism within the liver (Hatle et al., 2013). Here we
show that MCJ restrains mitochondrial respiration in CD8 cells. In the absence of this
natural break, CD8 cells have enhanced OXPHOS leading to increased secretion of
cytokines by effector CD8 cells. In addition, MCJ deficiency interferes with the metabolic
adaptation during the contraction phase of effector CD8 cells and results in greater antiviral
protective activity of memory CD8 cells.

Effector and memory CD8 cells need ATP for effector functions in addition to cell growth
and expansion. While CD8 cells primarily use glycolysis instead of OXPHOS for
proliferation (Caro-Maldonado et al., 2012), other sources may provide the ATP required for
processes that use high levels of ATP. In this regard, production of some cytokines by
effector CD8 cells is not affected by strong inhibition of glycolysis (Cham et al., 2008), and
cytotoxic activity can take place in the absence of glucose (MacDonald, 1977; MacDonald
and Koch, 1977). Considering the dynamic aspect of mitochondria as organelles that can
rapidly relocate in the cytosol, it is quite possible that mitochondria contribute to the
synthesis of ATP for some of these processes. Mitochondria can create a microenvironment
that is highly rich in ATP in specific locations (e.g., near the cytosolic membranes), without
elevating overall cytosolic ATP levels (a costly process). Mitochondria have been shown to
relocate at the edge of lamellipodia and are critical to provide energy for migration of cells
(Morlino et al., 2014). Our studies reveal the presence of microenvironments where
ATP/ADP accumulate in CD8 cells that are located in the proximity of mitochondria. Thus,
mitochondrial ATP could be used for specific purposes. Here we show that increased
mitochondrial respiration in CD8 cells lacking MCJ has no effect on the proliferation of
CD8 cells or cytokine gene expression, but it enhances the secretion of cytokines such as
IFNy. Little is known about the mechanisms of cytokine secretion in T cells, however
secretion or release of intracellular components is highly dependent on ATP. In neurons,
secretion through porosomes is also known to require high amounts of ATP (Jena, 2013).
Secretion through transporters (e.g., IL-1) is another mechanism with high ATP cost
(Monteleone et al., 2015). Whether ATP in these secretions processes is derived from
mitochondria or cytosolic ATP from glycolysis has yet to be determined. We show here that
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secretion of IFNy by CD8 cells in the absence of MCJ is dependent on ATP derived from
mitochondria. Thus, mitochondria through OXPHOS can regulate effector function of CD8
cells independently of cell expansion.

The presence of respiratory supercomplexes in mammalian cells has been demonstrated in
some of the tissues such as heart. Respirasomes (formed by Complexes I, 111, and multiple
units of Complex V) bring the individual complexes together to facilitate the efficient
transfer of electrons between complexes and prevent electron leaks. Thus, the formation of
respiratory supercomplexes is a mechanism to minimize the production of ROS, which could
be highly toxic for cells, primarily in those that need to proliferate. Here we reveal the
presence of supercomplexes in naive CD8 cells and increased supercomplex formation in the
absence of MCJ as we previously showed for MCJ-deficient hearts (Hatle et al., 2013).
Naive CD8 cells use primarily mitochondria and OXPHQS relative to activated CD8 cells,
however the levels of mitochondrial ROS are almost undetectable (Hatle et al., 2013). It is
possible that the presence of supercomplexes prevents the formation of ROS and enhances
survival of naive cells. Normally, increased MMP is associated with increased ROS levels.
Interestingly, while MMP is substantially increased in MCJ-deficient CD8 cells, the levels of
ROS are not increased in naive CD8 cells (Hatle et al., 2013) or they are even reduced in
activated cells (Supplementary Fig. S13) compared with WT CD8 cells, correlating with the
increased levels of supercomplexes. To date there is no clear evidence that Complex 11
(succinate dehydrogenase) is also recruited to supercomplexes. Since Complex 111 receives
electrons from both Complex | and Complex I, the recruitment of Complex 111 to
supercomplexes may cause an uncoupling of Complex 111 from Complex I1. Therefore,
Complex Il activity may be attenuated to prevent electron leakage since its corresponding
acceptor, Complex 111, is sequestered. This could explain the accumulation of succinate in
MCJ-deficient CD8 cells.

Memory CD8 cells utilize mitochondrial respiration for both their generation and effector
function. Memory CD8 cells have greater spare respiratory capacity and use mitochondrial
respiration as a primary source of energy (van der Windt et al., 2012; van der Windt et al.,
2013; van der Windt and Pearce, 2012). However, instead of using glucose to feed
mitochondrial respiration through pyruvate, memory CD8 cells perform p-oxidation of fatty
acids. Recently, it has been shown that these cells utilize lipolysis to generate their own fuel
(O’Sullivan et al., 2014). Pathways leading to increased mitochondrial respiration are
associated with a superior memory CD8 response. A recent study has identified Lymphocyte
Expansion Molecule (LEM) as a novel protein that promotes memory CD8 response by
increasing OXPHOS indirectly by boosting the translation of proteins synthesized in the
mitochondria (Okoye et al., 2015). In our study, we identify MCJ as an endogenous negative
regulator of OXPHQOS in CD8 cells. Lack of MCJ sustains the active metabolism of effector
CD8 cells during the contraction phase and results in greater effector memory CD8
responses to influenza virus. Although MCJ deficiency has an impact in the metabolic
adaptation during the contraction phase of effector CD8 cells, it does not seem to have a
substantial effect on overall survival of those effector cells in vivo, based on the results from
the adoptive transfer of effector OT-I cells as well as the influenza virus infection. MCJ
deficiency appears to provide survival advantage to effector cells when these cells are rested
in medium alone without additional cytokines /7 vitro. This is most likely due to the fact that
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during /n vitro resting effector WT CD8 cells undergo cytokine withdraw, while during the
contraction phase /7 vivo the cytokine environment (e.g. IL-15, IL-2) can provide survival
signals. Accordingly, addition of IL-2 during the resting period /n vitro also promotes
survival and expansion of WT CD8 cells. We also show here that WT memory CDS8 cells
alone fail to provide protection against a lethal dose of influenza virus. Strikingly, MCJ-
deficient memory CD8 cells are highly protective against lethal infection with influenza.
This is most likely due to the increased mitochondrial metabolism in those memory CD8
cells. Using the LCMV infection model, it has been shown that CD4 cells can rescue
exhausted CD8 cells during chronic viral infection (Aubert et al., 2011). We also observed
that a small frequency of CD4 cells is sufficient for WT memory CD8 cells to provide
protection against influenza virus infection (data not shown). Since MCJ deficiency results
in enhanced CD8 cell response, the question that remains is what is the evolutionary
rationale for MCJ to be expressed in CD8 cells. While CD8 cells are key for protection, an
exaggerated cytotoxic CD8 response could cause non-specific tissue damage particularly
since CD8 cells recognize antigens presented by MHC class I, which is ubiquitously
expressed (in contrast to MHC class 11). We propose that MCJ was acquired in CD8 cells as
a strategy to restrain CD8 cell metabolism and prevent a prolonged effector function that
could be harmful.

In summary, we have identified MCJ as an endogenous regulator of mitochondrial
respiration that serves as a break to avoid the overuse of mitochondrial metabolism and
restrain CD8 cell responses. MCJ could therefore be a novel target to enhance CD8
responses during vaccination or immunotherapy. However, genetic loss of MCJ in CD8 cells
may result in an unrestrained response that could contribute to autoimmune diseases.
Alternatively, silencing MCJ expression in CD8 cells may be part of a promising
immunotherapy approach in cancer treatment.

EXPERIMENTAL PROCEDURES

Mice

All mice were bred and maintained under specific pathogen free conditions at the University
of Vermont animal care facility and used under procedures approved by the University of
Vermont Institutional Animal Care and Use Committee. Mouse strains used were WT
C57BL/6J (Jackson Laboratories), MCJ KO (Hatle et al., 2013), OT-1 TCR transgenic (OT-I)
(Hogquist et al., 1994), and MCJ KO x OT-1 mice (OT-I KO).

Cell preparation and culture

CD8 cells were purified from spleen and lymph nodes (LN) by negative selection as
previously described (Farley et al., 2006) and by positive selection using the MACS Cell
Separation System (Miltenyi) as recommended by the manufacturer. The purity of isolated
cells was confirmed by flow cytometry. Cells were activated /7 vitro using plate bound anti—
CD3 (5 pg/mL) and soluble anti-CD28 (1 ug/mL) antibodies (BioXcell). For analysis of
cytokine secretion during resting, cells were activated for 2 days, washed, and incubated at
equal numbers in medium alone without additional stimuli for 4 — 12h. Culture supernatants
of activated and rested cells were analyzed for IFNy, IL-2, or GM-CSF by ELISA. Cells
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were also incubated with or without oligomycin (20 uM, Sigma), or cycloheximide (5 pg/ml,
Sigma). For cell survival analysis, activated cells were washed and incubated at equal
numbers in medium without further stimulation or the presence of exogenous cytokines. In
some cases, the culture medium was supplemented with anti-1L-2 Ab or recombinant IL-2
after 24 h. Live cells were determined by Trypan blue exclusion at 24, 48, and 72 h after
replating.

Mitochondrial respiration and extracellular acidification

Oxygen consumption rates (OCR) of CD8 cells were analyzed under basal conditions and in
response to sequential injections of oligomycin, FCCP, and rotenone with antimycin A (1
UM each) using the XF Cell Mito Stress Test Kit. Extracellular acidification rates (ECAR)
were analyzed under basal conditions and in response to glucose (10mM) using the XF Cell
Mito Stress Test Kit. OCR linked to mitochondrial ATP production (ATP-linked OCR) was
determined by subtracting the OCR of CD8 cells reached after treatment with oligomycin
from the OCR obtained at baseline. Complex Il-linked respiration was determined using a
modified version of a previously described method (Salabei et al., 2014). Briefly, XF24 cell
culture microplates were coated with Cell-Tak (50uL at 22.4ug/mL, Corning) and freshly
isolated CD8 cells were plated in MAS-BSA assay solution (220 mM mannitol, 70 mM
sucrose, 10 mM KHyPQOy4, 5 MM MgCl,, 2mM HEPES, 1 mM EGTA, 0.2% fatty acid free
BSA) containing XF plasma membrane permeabilizer (PMP, 1nM, Seahorse Bioscience)
and ADP (4mM, Sigma). Oxygen consumption rates were measured at baseline and in
response to sequential injections of succinate (10mM, Sigma) with rotenone (2uM Seahorse
Bioscience) and malonate (500 puM, Sigma) using an XF-24 Extracellular Flux Analyzer
(Seahorse Bioscience) as recommended by the manufacturer.

Mass spectrometry based metabolomics

For metabolomics analyses, CD8 cells from WT and MCJ KO mice were purified and either
left unstimulated or activated for 2 days prior to mass spectrometry analysis. For culture
supernatants, unstimulated CD8 cells were incubated in medium without stimulation for 16
h. For heavy isotope and flux analyses, unstimulated cells were incubated in medium
supplemented with Cell Free Amino Acid Mixture - 13C, 15N (2mM, Sigma) for 5 min or 5
h. Metabolomics and flux analyses were performed as previously reported (D’ Alessandro et
al., 2015). Briefly, 2 x 106 cells and 20 pl of cell media were extracted in 1 ml and 980 pl of
cold lysis/extraction buffer (methanol:acetonitrile:water 5:3:2), respectively. After discarding
protein pellets, 10 ul of water and methanol soluble fractions were run through a Kinetex
C18 1.7 um, 100 x 2.1 mm reversed phase column (phase A: water, 0.1% formic acid; B:
acetonitrile, 0.1% formic acid; Phenomenex) via an ultra-high performance chromatographic
system (UHPLC - Ultimate 3000, Thermo Fisher). UHPLC was coupled in line with a high
resolution quadrupole Orbitrap instrument run in both polarity modes (QExactive, Thermo
Fisher) at 140,000 resolution (at 200 m/z). Metabolite assignment, heavy isotopologue
distributions and peak integration for relative quantitation were performed through the
software Maven (Princeton), against the KEGG pathway database and an in-house validated
standard library (>650 compounds, Sigma Aldrich, IROATech). Integrated peak areas were
exported to Excel (Microsoft) and elaborated for statistical analysis (¢test, ANOVA) and
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hierarchical clustering analysis (HCA) through Prism (GraphPad Software) and GENE-E
(Broad Institute), respectively.

Mitochondrial respiratory supercomplexes

Mitochondrial fractions were obtained by differential centrifugation, solubilized with 2%
digitonin (Sigma), and resolved by electrophoresis using NativePAGE Novex 4-16% Bis-
Tris protein gels (Invitrogen) as previously described (Hatle et al., 2013; Yang et al., 2015).
Bands corresponding to respiratory supercomplexes and monomeric Complex 1V were
excised from the Blue Native gel, eluted, resolved by SDS-PAGE, and analyzed by Western
blot for NDUFAQ and CoxIV (MitoScience). Proteins were also transferred directly from the
Blue Native gel to PVDF membrane for Western blot analysis for NDUFA9 and Corel
(MitoScience).

Intracellular ATP Concentration

Intracellular ATP concentration in CD8 cells (10%) was determined using the ATPlite
Luminescence Assay System (PerkinElmer) and a TD-20/20 Luminometer (Turner
BioSystems) as recommended by the manufacturers.

Flow cytometry analyses

For cell proliferation analysis, cells were stained with CFSE (250 uM, Molecular Probes),
activated for 24 or 48 h, and examined by flow cytometry analysis to determine
proliferation. Control (unstimulated) cells were stained and incubated in medium alone for
16 h before analysis. For cell survival analysis, cells were stained using the Live/Dead Cell
Viability Assay (Molecular Probes) as recommended by the manufacturer and examined by
flow cytometry analysis. For expression of cell surface markers, cells were stained with
antibodies for CD4, CD8, CD25, and CD69, and then analyzed by flow cytometry. For
mitochondrial membrane potential analysis, cells were staining with TMRE (Molecular
Probes) as previously described (Hatle et al., 2013) and examined by flow cytometry
analysis. For B-galactosidase activity analysis, cells were incubated in 3-galactosidase
substrate (FACS Fluorescent Blue lacZ -Galactosidase Detection Kit, Marker Gene
Technologies) as recommended by the manufacturer and analyzed by flow cytometry. WT
cells were used as negative controls. For intracellular cytokine staining analysis, cells were
fixed after activation in paraformaldehyde, permeabilized with saponin and stained with the
corresponding antibodies for IFNy or IL-2 (BD Bioscience) as previously described (Yang et
al., 1998). No pre-incubation with brefeldin A or monensin was used prior to intracellular
staining. For CD107a mobilization assay, cells were cultured in the presence of monensin (1
UM, Sigma) and anti-CD107a (4 pL/ml, Biolegend) for 4 h using a modified version of a
previously described method (McElroy et al., 2007). Additionally, cells were cultured with
or without ionomycin (250ng/ml). Cells cultured without anti-CD107a were used as negative
controls. All flow cytometry analyses were performed using an LSRII Flow Cytometer (BD
Biosciences) and FlowJo software.
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Cytokine Analyses

For cytokine gene expression analysis, total RNA was isolated from activated cells using an
RNeasy Mini Kit (Qiagen) as recommended by the manufacturer, cDNA was synthesized as
previously described (Yang et al., 2015), and mRNA levels for IL-2 and IFN were
determined by qRT-PCR using Assays—on—Demand TagMan Gene Expression Assays
(Applied Biosystems). Values were normalized to fo—microglobulin and analyzed by the
comparative delta CT method. For cytokine production analysis, IFNy and IL-2 levels in
culture supernatants were determined by ELISA as previously described (Yang et al., 1998).
For IFNy ELISpot assays, cells were washed and plated in an ELISpot assay plate using a
capture and biotinylated anti-IFNy Abs (MabTech). ELISpot assay was performed as
previously described (Dienz et al., 2009). Total and larger spots (high IFNy—producing cells)
were quantified using an Axio Imager and software system (Zeiss).

Chromatin immunoprecipitation

Ten to fifteen million purified CD8 cells were activated for 2 days or left unstimulated. ChIP
assays were performed as previously described (Navasa et al., 2015b) using the SimpleChip
Enzymatic Chromatin IP kit-Magnetic beads (Cell Signaling) following the manufacturer’s
instructions using anti-lkaros or normal rabbit 1gG as a negative control.
Immunoprecipitated DNA was subjected to g-PCR using primers encompassing the Ikaros
binding site (5-TCATTT GCT GTG AGC GCA AG-3’ and 5-GCC TCC TTA GGT CTA
CCT TGA-3). Results are presented as fold induction over rabbit IgG immunoprecipitates
relative to input (percent input method).

Influenza infection and analyses

WT and MCJ KO mice were infected intranasally with a sublethal dose (3x103 EIU) of
Puerto Rico A/PR/8/34 H1N1 influenza A (PR8) virus as previously described (Dienz et al.,
2012). Mice were monitored for weight loss every other day. CD8 cells were isolated by
positive selection from the draining mediastinal lymph node (MLN) and spleen five weeks
later. Equal numbers of NP tetramer positive CD8 cells (2-2.5 x 106) were then transferred
to WT mice, and a day later recipient mice were infected with a lethal dose of PR8 virus
(10 EIVU). Mice were monitored for weight loss every other day. Animals that lost >30% of
their body weight at the day of infection or became grossly moribund were euthanized.
BALF and serum were collected 6 days after the lethal dose. Cytokines and chemokines in
BALF and serum were examined using Luminex Mouse cytokine/chemokine panel |
(Millipore) according to the manufacturer’s protocol. Ex vivo production of IFNy by CD8
cells from the MLN and lung were determined by ELISA and/or ELISpot assay as described
above. CD8 cells were also stained with NP3g5_374/DP tetramers containing peptide from the
PR8 influenza virus (Powell et al., 2007), and antibodies for CD44, CD62L, KLRG1,
CD127, and CD27 (Biolegend) and analyzed by flow cytometry. For virus copy
determination, total RNA extracted from whole lung tissue by RNeasy Kit (Qiagen) was
used for cDNA synthesis (2 pg of RNA) as previously described (Dienz et al., 2012). Viral
titers were determined by real-time RT-PCR for PR8 virus acid polymerase (PA) gene, a
method validated as equivalent to PFU (Jelley-Gibbs et al., 2007).
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Confocal microscopy

Cells were activated for 2 d, transferred to glass bottom plates (MatTek), and incubated at
37°C for 1 h to sediment. Live cells were examined by confocal microscopy prior to the
addition of the probe (background). ATP probe (Rao et al., 2012) was then added (100 uM),
cells were incubated for 5 min, washed, and visualized using a 405nm laser. For co-staining
with Mitotracker, prior to incubation with the ATP probe cells were incubated with
Mitotracker (Thermo Fisher) for 30 min. Confocal microscopy performed using a Zeiss
LSM 510 Meta Confocal Laser Scanning microscope (Carl Zeiss Microscopy).

Statistical analyses

Statistical significance was determined by #test or one-way ANOVA in cases where more
than two groups were analyzed. Bars represent the mean with the standard deviation (SD) or
standard error of the mean (SEM). Kaplan-Meier survival curves were analyzed using the
log-rank test. p < 0.05 was considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MCJ serves to restrain mitochondrial respiration in naive CD8 T cells
(A) Baseline oxygen consumption rate (OCR) (n= 4), (B) Extracellular acidification rate

(ECAR) (n=5), and (C) OCR linked to mitochondrial ATP production (meaning baseline
OCR minus OCR in the presence of oligomycin) of CD8 cells freshly isolated from WT and
MCJ KO mice were determined using the Seahorse MitoStress assay (A, C) or Glycolysis
Stress assay (B) and a Seahorse Bioscience XF24 analyzer. (D and F) CD8 cells were
purified from WT and MCJ KO mice (n=3 mice) and their metabolic profiles were
determined by UPLC-MS. Relative amounts of (D) amino acids and (F) metabolites of the
tricarboxylic acid (TCA) cycle are shown. (E) Equal numbers of CD8 cells freshly isolated
from WT and MCJ KO mice (n=3) were incubated with culture medium for 16 h, and the
metabolic profile of the culture supernatants was determined as in (D and F). (G) Complex
Il linked mitochondrial respiration in permeabilized CD8 cells was determined using a
Seahorse Bioscience XF24 analyzer. Freshly isolated WT and MCJ KO CD8 cells were
permeabilized using XF Plasma Membrane Permeabilizer and OCR was determined at
baseline, in the presence of succinate with rotenone (Succ/Rote) and malonate. (H) CD8
cells were purified from WT and MCJ KO mice (n=3), cultured in the presence of 13C

and 1°N labeled amino acids for 5 min or 5 h, and metabolic flux was determined by UPLC-
MS analysis. Levels of 13C-succinate and 13C-fumarate are shown. (1, J) Mitochondrial
extracts from CD8 cells isolated from WT and MCJ KO mice were solubilized with
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digitonin and resolved by blue native electrophoresis. (1) Bands corresponding to
mitochondrial supercomplexes (SC) were excised, resolved by SDS-PAGE, and examined by
Western blot analysis for NDUFA9 (Complex I) and CoxIV (Complex V). The band
corresponding to monomeric Complex IV (C/V) was also excised and examined as control.
(J) Proteins separated by BNE were transferred to PVDF membrane and examined by
Western blot analysis for subunits of Complexes | (NDUFA9) and 111 (Corel). Bands
corresponding to supercomplexes (SC) and monomeric Complexes | (C/) and 111 (C/1/)
regions of the Western blot are shown. *, denotes p < 0.05 as determined by unpaired ¢test
(n=3).
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Figure 2. MCJ deficiency does not affect effector CD8 cell proliferation but increases the
secretion of cytokines

(A) Proliferation of WT (blue) and MCJ KO (red) CD8 cells after activation with anti-CD3
and anti-CD28 Abs for one or two days was determined by CFSE staining and flow
cytometry analysis. Gray histograms show the CFSE profiles for cells immediately after
staining. (B) Cell survival of WT (blue) and MCJ KO (red) CD8 cells after 2 days of
activation with anti-CD3 and anti-CD28 Abs was determined by Live/Dead staining and
flow cytometry analysis. (C) Cell surface expression of CD69 and CD25 on WT (blue) and
MCJ KO (red) CD8 cells activated for 2 d as described (A) was determined by flow
cytometry analysis. Shaded histograms represent unstained cells. (D-E) Culture
supernatants of WT and MCJ KO CD8 cells activated for 2 or 3 days were examined for (D)
IFNy and (E) IL-2 by ELISA (n=3). (F) Relative mRNA levels for IL-2 and IFNy in WT and
MCJ KO CD8 cells activated for 2 d as determined by gRT-PCR. (G) Intracellular levels of
IFNy and IL-2 in WT (blue) and MCJ KO (red) CD8 cells activated for 2 days were
determined by intracellular staining and flow cytometry analysis. Shaded histograms show
unstained cells. (H) WT and MCJ KO CD8 cells were activated for 2 d, washed, and
replated at equal numbers in medium alone for the indicated times. Levels of IFNy in the
culture supernatants were determined by ELISA. (1) WT and MJC KO CD8 cells were
activated for 2 days, and the number of IFNy-producing cells was determined by ELISpot
assay (n=3). *, denotes p < 0.05 as determined by unpaired ¢test.
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Figure 3. MCJ deficiency enhances mitochondrial metabolism in effector CD8 cells
(A-D) CD8 cells isolated from WT and MCJ KO mice (n=3) were activated for 2 days, and

their metabolic profile was determined by UPLC-MS (2x10° cells/ml). Relative levels of (A)
amino acids and (B) metabolites of the TCA cycle (C), urea cycle (D) and nucleotide
pathways are shown. *, denotes p < 0.05 as determined by unpaired test.
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Figure 4. Increased oxidative phosphorylation in MCJ-deficient effector CD8 cells facilitates
IFNy secretion
(A) ATP levels in WT and MCJ KO CDS8 cells activated for 2 days and rested for 4 h. (B)

Oxygen consumption rate (OCR) of WT and MCJ KO CD8 cells (n=4) activated for 2 d and
rested for 12 h was determined in the presence of medium, oligomycin (O), FCCP (F), and
rotenone and antimycim (R+A) using the Seahorse MitoStress assay. (C) Relative glycolysis
rate determined by ECAR in activated WT and MCJ KO CD8 cells (n=10) after addition of
glucose (10 mM) using the Seahorse Glycolytic assay. (D) WT and MCJ KO CD8 cells were
activated for 2 d, live stained for 5 min with the ATP-probe (green), washed, and visualized
by confocal microscopy. Scale bar represents 10 nm. Right panels show a magnification of
the cells indicated by the white arrows. (E) WT and MCJ KO CD8 cells were activated,
stained with Mitotracker (red) followed by staining for 5 min (live staining) with the ATP
probe (green), washed, and visualized by confocal microscopy. Single staining and
costaining of mitotracker and ATP probe are shown. Scale bar represents 10 nm. (F) WT and
MCJ KO CD8 cells were activated for 2 days, incubated with oligomycin during the last 4 h
of activation, washed, counted, and replated in medium alone for 4 h. IFNy levels in the
supernatants were determined by ELISA. *, denotes p < 0.05 as determined by unpaired ¢
test.
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Figure 5. MCJ deficiency sustains the metabolic activity of effector CD8 cells during the
contraction phase

(A) Frequency of B-galactosidase positive CD8 cells from MCJ KO mice either freshly
isolated (naive), activated for 2 days (2d), or activated for 2 days and rested in medium for
48 h (2d + 48h) or 72 h (2d + 72h) as determined by flow cytometry analysis. (B) CD8 cells
from WT and MCJ KO mice were analyzed for Ikaros binding to the MCJ promoter by
chromatin immunoprecipitation (ChlP) assay. Cells were freshly isolated (d0) or activated
with anti-CD3/CD28 Abs for 2 days (d2). Bars indicate the fold increase over rabbit 1gG
immunoprecipitates relative to input. (C) WT and MCJ KO CDS8 cells were activated for 2 d,
washed, and equal numbers of cells were incubated in medium without stimulation or
cytokines for 24, 48, and 72 h. The number of live cells recovered relative to the initial
number is shown. (D) WT (blue) and MCJ KO (red) CD8 cells were activated for 2 d, rested
in medium without stimulation for 48 h, and MMP was examined by staining with TMRE
and flow cytometry analysis. (E) MMP was examined by staining with TMRE and flow
cytometry analysis in freshly isolated OT-I (blue) and MCJ KO OT-I (red) CD8 cells. (F, G,
H) OT-I (CD90.1%) and MCJ KO OT-I (CD90.1* CD90.2*) CD8 cells were activated with
anti-CD3/CD28 Abs for 2 d, and then expanded in the presence of IL-2 for 3 d. A mix of
equal numbers of WT and MCJ KO cells were adoptively transferred into WT (C57BL/6)
(CD90.2*) recipient mice (n=4). Lymph nodes (LN) and spleen were harvested after 2 weeks
(F). Blastic stage of cells was defined by high forward scatter (FSC) examined by flow
cytometry in gated OT-1 (CD90.1%) and MCJ KO OT-1 (CD90.1* CD90.2%) CD8 cells (G).
The frequency of OT-1 and MCJ KO OT-I CD8 cells with high forward scatter within each
recipient mouse (n=4) was determined (H). *, denotes p<0.05 as determined by unpaired ¢
test.

Immunity. Author manuscript; available in PMC 2017 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Champagne et al.

>

Relative Weight (%)

m

Survival (%)

Virus Copy number (x105) T

o
o

~
(=]

60

Page 30

B C D
110 " WT 6+ 251 2.0+
® KO
1 ; - 20 —_
00 ! % % 9 ,_g % SRR
90 € w 5 15 Eo
23 £ £8 1.0
@ © > 104 3
- © 4 1 00
an & 20 o0s
Z0 54 -
0 2 46 8101214 0- 0-°'WTKO
Time (days)
F
100 110+ n wT 900 B WT
KO = B KO
804 ' - = q00{m II
] = ; _ 600
60+ : % 90 g
=
40~ ! % 80+ LI
| 2 300
20- a3 & i u
wr | S 70
0 ! x
"0 2 4 6 8 10 12 14 =TT T T 0
0 246 8101214
Time (days) Time (days) IL-6 KC CXCL10
| J
i 80-
10 » 100 % B mmwWr .
© KO
g{ = = 60 - S = 8o _ 20{™
£ =] X
= c o ~
61 Im [=) ‘5 E 60 + 15+
u S 404 S :Z: S
4 . P K = 40 g 10-
2 L 20- oo o
2+ > 20- 54
. ra
0- Sola® 0- = 0 0-
WT KO WT KO WT KO iono

Figure 6. Loss of MCJ confers viral protective activity to memory CD8 cells
(A) WT and MCJ KO mice (n=5) were infected with a sublethal dose of PR8 influenza virus

(primary infection). Percent weight loss over time after infection is shown. (B and C) CD8
cells were isolated from the spleen and draining mediastinal lymph node (MLN) of WT and
MCJ KO mice (n=4) 2 weeks after a primary infection with influenza PR8 virus. (B) The
percentage of NP-tetramer positive cells in CD8 cells in the spleen was determined by flow
cytometry analysis. (C) CD8 cells from the spleen and MLN were cultured ex vivoin
medium, and IFNy secreted into the supernatant was determined by ELISA. (D) NP-tetramer
positive CD8 cells from spleen/MLN of WT and MCJ KO mice (n=5) five weeks after
infection with a sublethal dose of PR8 influenza virus as described in (A). (E, F) WT and
MCJ KO mice were infected with a sublethal dose of PR8 influenza virus. CD8 cells were
isolated from those mice 5 weeks after infection and adoptively transferred into naive WT
recipient mice (n=5). Recipient mice were then infected with a lethal dose of PR8 virus.
Survival (E) and weight loss (F) of the recipient mice after lethal infection are shown. (G -
K) Recipient WT mice (n=4) that received CD8 cells from either infected WT and MCJ KO
mice as described in (E) were infected with a lethal dose of PR8 virus. Mice were sacrificed
6 days after the lethal infection. (G) Cytokine levels in BALF as determined by Luminex
assay. (H) PR8 virus titer in lung as determined by real time RT-PCR. (I) WT and MCJ KO
CD8 cells isolated from the draining mediastinal LN from the lethally infected mice were

Immunity. Author manuscript; available in PMC 2017 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Champagne et al.

Page 31

cultured ex vivoin medium alone and IFNy secreted into the culture supernatant was
determined by ELISA. (J) WT and MCJ KO CD8 cells from the lung were analyzed for
IFNYy secretion by ELISpot assay. (K) WT and MCJ KO CD8 cells from MLN were
analyzed by CD107a mobilization assay, a measure of degranulation and cytotoxic capacity,
by examining CD107a expression on the cell surface by flow cytometry analysis. Percentage
of CD107a-positive CD8 cells is shown. For the Kaplan-Meier survival curve, * denotes
p<0.05 by log-rank test. For all others, * denotes p<0.05 as determined by unpaired #test.
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