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SUMMARY

During an immune response, natural killer (NK) cells activate specific metabolic
pathways to meet the increased energetic and biosynthetic demands associated
with effector functions. Here, we found in vivo activation of NK cells during Lis-
teria monocytogenes infection-augmented transcription of genes encoding mito-
chondria-associated proteins in a manner dependent on the transcriptional coac-
tivator PGC-1a. Using an Ncr1“™-based conditional knockout mouse, we found
that PGC-1« was crucial for optimal NK cell effector functions and bioenergetics,
as the deletion of PGC-1a was associated with decreased cytotoxic potential and
cytokine production along with altered ADP/ATP ratios. Lack of PGC-1a also
significantly impaired the ability of NK cells to control B16F10 tumor growth
in vivo, and subsequent gene expression analysis showed that PGC-1a mediates
transcription required to maintain mitochondrial activity within the tumor micro-
environment. Together, these data suggest that PGC-1a-dependent transcrip-
tion of specific target genes is required for optimal NK cell function during the
response to infection or tumor growth.

INTRODUCTION

Natural killer (NK) cells are innate lymphocytes that constitute a critical part of the immune response to
infection and tumor growth (Cerwenka and Lanier, 2001; Morvan and Lanier, 2015; Vivier et al., 2008).
Following infection or transformation, diseased cells upregulate the expression of ligands for NK cell acti-
vation receptors (NKRs) (Cerwenka and Lanier, 2001; Diefenbach et al., 2001; Pende et al., 2002), which ren-
ders them susceptible to NK cell-mediated cytotoxicity via perforin and granzyme B secretion and by liga-
tion of death receptors on target cells such as Fas and Trail (Topham and Hewitt, 2009). NK cells are also
capable of regulating both innate and adaptive immune cells by secretion of proinflammatory cytokines
such as interferon (IFN)-y and granulocyte/monocyte-colony-stimulating factor (GM-CSF) (Fauriat et al.,
2010). The fact that these effector functions occur independently of interactions with major histocompat-
ibility complex (MHC)-I gives NK cells a critical advantage in controlling infection and tumor growth, as
their functional capacity is unaffected but rather augmented by the downregulation of MHC-I, which can
occur in infected or transformed cells (Garrido et al., 2016; Seliger et al., 2006). The self-independent killing
mechanism of NK cells also creates an expanded donor pool for NK cell-based immunotherapy, and the
adoptive transfer of NK cells has demonstrated efficacy against multiple cancer types (Cheng et al.,
2013; lliopoulou et al., 2010; Miller et al., 2005; Ruggeri et al., 2002a). Therefore, it is essential to elucidate
molecular mechanisms that regulate NK cell effector functions to optimize cell-based immunotherapy and
disease treatment.

In NK cells, alterations in cellular metabolism enable cells to meet increased energetic and biosynthetic
demands associated with control of infection and tumor growth (Donnelly et al., 2014; Keating et al.,
2016; Keppel et al., 2015; Mah et al., 2017; Marcais et al., 2014). This connection between metabolism
and function is critical to understand from a clinical perspective, as disruption of energy homeostasis
can lead to immune suppression. For example, NK cells isolated from obese patients or patients with
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from metabolically healthy controls (Michelet et al., 2018; Piatkiewicz et al., 2013). Similarly, tumor progres-
sion and the associated changes in nutrient availability in the tumor microenvironment (TME) can also
impact glycolysis in a way that leads to reduced antitumor functions (Chang et al., 2015; Siska et al.,
2017). In NK cells, specifically, TME-induced activation of fructose bisphosphatase 1 (FBP1) leads to
reduced glycolysis and reduced ability to mediate effector functions during tumor progression (Cong
et al., 2018). Importantly, inhibition of FBP1 augments the ability of NK cells to produce cytokines and
mediate cytotoxicity against target cells, demonstrating a clear link between glycolysis and NK cell effector
functions (Cong et al., 2018). Given the prominent role of metabolism in NK cell activity, it is critical to iden-
tify proteins that initiate metabolic changes required for effector functions.

Several regulatory mechanisms control glycolytic increases required for effector functions. For example, in
cytokine-stimulated NK cells, the mechanistic target of rapamycin (mTOR) mediates increases in glycolysis
and nutrient uptake that are essential for cytokine production and control of viral infection (Donnelly et al.,
2014; Mah et al., 2017; Marcais et al., 2014). Similar results were seen in human NK cells following cytokine-
mediated activation (Keating et al., 2016). In addition, the mTOR complexes (NMTORC1 and mTORC2) are
also required for maturation and maintaining NK cell homeostasis in peripheral tissues (Yang et al., 2018).
Transcriptionally, increases in HIF-1a activation have been shown to drive glycolytic gene transcription and
augment cytokine production (Velasquez et al., 2016). Recent work also indicates that activation of c-Myc
leads to increased amino acid uptake required to sustain increased metabolic activity in cytokine-stimu-
lated NK cells (Loftus et al., 2018). Studies using human NK cells also demonstrate that increased pyruvate
kinase M1/2 (PKM2) expression is associated with increased glycolysis and greater metabolic flexibility dur-
ing cell-mediated cytotoxicity (Schafer et al., 2019). Together, these studies have been integral in defining
how NK cells regulate glycolysis and overall metabolic activity to sustain effector functions.

The importance of proteins that control glycolysis is well-established, whereas the role of mitochondrial
regulators remains controversial. Recent work shows the activation of lipid metabolism inhibits NK cell
function (Michelet et al., 2018). Treatment of NK cells with agonists for PPARa. and PPARS, fatty acid-regu-
lated transcription factors that control lipid metabolism, results in increased lipid uptake and reduces the
expression of IFN-y and GzmB. Supporting this notion, mice fed exogenous lipids or high-fat diet exhibit
reduced IFN-y and GzmB levels and are unable to control tumor growth to the level of control mice (Mi-
chelet et al., 2018). Conversely, the function of peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1a), a transcriptional coactivator that augments both PPARa and PPARS activities, is
required for optimal NK cell-mediated cytotoxicity in human NK cells following high-dose interleukin
(IL)-2 culture (Miranda et al., 2016, 2018). Blockade of fatty acid oxidation (FAQ) by treatment with the carni-
tine palmitoyltransferase 1 inhibitor etomoxir also demonstrates varying effects on NK cell function, as pre-
vious work shows that etomoxir treatment reduces cytokine production but augments cytotoxicity in NK
cells exposed to exogenous lipids (Keppel et al., 2015; Michelet et al., 2018). Outside of fatty acid meta-
bolism, the importance of mitochondria-derived ATP also exhibits varying regulation, as oligomycin-medi-
ated inhibition of ATP synthase reduces NK cell-mediated cytokine production in NK cells cultured in IL-15
for 24 h, but extending the culture period to 72 h renders cells insensitive to oligomycin treatment (Keppel
etal., 2015). These conflicting results and the varying activation conditions used in previous work highlight
the need for direct analysis of mitochondria and associated regulatory proteins in vivo to determine the
role of mitochondrial metabolism during an immune response.

PGC-1a is a transcriptional coactivator that drives the transcription of genes critical for mitochondrial func-
tion (Puigserver et al., 1998; Vega et al., 2000; Wu et al., 1999). Through interactions with different transcrip-
tion factors, PGC-1a. mediates a variety of tissue-specific functions associated with increased oxidative
phosphorylation, including uncoupled thermogenesis in brown adipose tissue, mitochondrial biogenesis
in skeletal muscle, and FAO in the liver (Michael et al., 2001; Puigserver et al., 1998; Wu et al., 2002;
Yoon et al., 2001). As PGC-1a functions explicitly in response to energetic stress, we hypothesized that
PGC-1a allows NK cells to adapt to changing nutrient and inflammatory settings during an immune
response. Indeed, recent evidence demonstrates PGC-1a sustains mitochondrial activity in CD8 T cells,
as loss of PGC-1a function during chronic infection or exposure to a TME induces a hyporesponsive pheno-
type (Bengsch et al., 2016; Scharping et al., 2016). In NK cells, knockdown of PGC-1a. following culture in
high doses of IL-2 results in reduced cytotoxic potential, and NK cells isolated from older individuals
and cultured in high doses of IL-2 exhibit reduced cytotoxicity and decreased PGC-1a levels compared
with cells isolated from younger donors (Miranda et al., 2016, 2018). This work demonstrated the

2 iScience 23, 101454, September 25, 2020

iScience



iScience

importance of PGC-1a in maintaining the cytotoxic potential of cultured NK cells; however, whether PGC-
1o functions in vivo has yet to be determined. The fact that activation of proteins that function in concert
with PGC-1a.is immunosuppressive in other models and during the control of tumor growth (Micheletet al.,
2018) demonstrates the need for directly measuring the function of PGC-1a and for determining its impor-
tance in NK cell function in multiple models including in vivo immune challenge.

It is also critical to understand mitochondrial regulation from a clinical perspective, as the mitochondria
may play a central role in the efficacy of cell-based immunotherapies. Persistence of engrafted cells, for
example, is associated with improved anti-tumor immunity and patient survival in both pre-clinical models
and actual clinical trials (Klebanoff et al., 2005; Louis et al., 2011; Rosenberg et al., 2011; Zhou et al., 2005).
Subsequent studies have demonstrated a link between persistence and mitochondrial function, and sort-
ing cells based on mitochondrial parameters is useful in separating short- and long-lived cells (Kishton
etal., 2017; Nayaretal., 2015; Sukumar et al., 2016). In addition, T cell differentiation and memory formation
are essential factors in determining graft persistence, and direct alteration of mitochondrial function in vitro
can be used to promote memory formation that is retained in vivo following engraftment (Sukumar et al.,
2013; van der Windt et al., 2012; Vannini et al., 2016; Wahl et al., 2012). Along with longevity and persis-
tence, anti-tumor functions are improved by augmenting the mitochondrial function of T cells before
engraftment that synergized with anti-PD-1 antibody therapy (Chamoto et al., 2017; Menk et al., 2018).
These studies highlight the translational potential of utilizing metabolism to optimize lymphocyte functions
during cell-based immunotherapies.

In this study, we sought to determine the importance of PGC-1a-mediated changes in mitochondrial func-
tion for the NK cell immune response. In vivo activation of NK cells augmented transcription of genes asso-
ciated with mitochondrial function and significantly upregulated a set of known PGC-1a target genes. We
then created a conditional knockout model of PGC-1a using the Necr1€™ system (PpargcTa cKO) and found
the loss of PGC-1a reduced expression of these target genes following immune challenge and disrupted
NK cell function in multiple settings. We observed in vitro defects in cytokine production and cell-mediated
cytotoxicity that were associated with disrupted ATP homeostasis and OxPhos activity, and the inhibition of
PGC-1a recapitulated these functional and energetic defects in human NK cells. Lack of PGC-1a resulted in
reduced mitochondrial mass and membrane potential following inoculation with B16F10 melanoma,
whereas NK cells from unchallenged mice demonstrated little difference in mitochondrial phenotype.
These defects were associated with decreased tumor clearance as well as reduced expression of PGC-
1o target genes, including genes that regulate mitochondrial nutrient utilization such as Lcad, PdkT,
Got1, and Got2. Together, our data identify a set of genes regulated by PGC-1a in NK cells and demon-
strate the importance of mitochondrial regulation during the response to infection and tumor growth.

RESULTS
PGC-1a Regulates Metabolic Gene Transcription in NK Cells during Bacterial Infection

We hypothesized that, in addition to glycolytic gene transcription, activation of NK cells in vivo would in-
crease mitochondrial gene transcription during an immune response. To identify transcriptional changes in
metabolic genes that occurred in activated NK cells, we analyzed our recently published RNA sequencing
dataset in which wild-type (WT) mice were infected with Listeria monocytogenes (Dunn and North, 1991,
Humann and Lenz, 2010; Shegarfi et al., 2009; Thale and Kiderlen, 2005) to induce an immune response
in splenic NK cells (Nanbakhsh et al., 2019). In these studies, NK cells were isolated via negative selection,
with a purity of 95% for all samples (Nanbakhsh et al., 2019). To determine if mitochondrial gene transcrip-
tion was upregulated during infection, we used competitive gene set enrichment analysis (GSEA) to test for
enrichment of gene sets comprising the Hallmark, MSigDB ¢2, and Gene Ontology databases to identify
transcriptional changes induced by in vivo activation of NK cells. Utilizing competitive GSEA to determine
enrichment score and the FRY variation of rotational gene set testing (Wu et al., 2010) (Table 1), we found
NK cells from infected mice showed significant enrichment of Hallmark gene sets associated with inflam-
mation and glycolysis compared with uninfected controls (Figures 1A and STA, extended results in Table
S1). In addition to these control gene sets, NK cells from infected mice also demonstrated significant
enrichment of genes belonging to the Oxidative Phosphorylation Hallmark gene set (Figure 1A, Table
1). Analysis of the Oxidative Phosphorylation KEGG pathway revealed similar transcriptional regulation
including upregulation of many of the protein subunits associated with the Electron Transport Chain
(ETC) protein complexes (Figures S1B and S1C, Table 1). In addition to gene sets related to global OxPhos,
these analyses show significant enrichment of multiple gene sets corresponding to specific mitochondrial
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Gene List NGenes E.S. Direction p Value
HALLMARK_GLYCOLYSIS 239 2.1 Up 5.56 x 107¢
HALLMARK_OXIDATIVE_PHOSPHORYLATION 227 2.3 Up 0.00048225
HALLMARK_INFLAMMATORY_RESPONSE 244 35 Up 2.87 x 107¢
GO_POSITIVE_REGULATION_OF_CYTOKINE_PRODUCTION 448 2.5 Up 8.08 x 107/
KEGG_OXIDATIVE_PHOSPHORYLATION 120 2.4 Up 0.00100761
GO_MITOCHONDRIAL_MEMBRANE_ORGANIZATION 119 1.6 Up 1.08 x 107°
GO_MITOCHONDRIAL_TRANSLATION 111 2.6 Up 0.00020051
GO_MITOCHONDRIAL_TRANSMEMBRANE_TRANSPORT 69 2.1 Up 0.0001381
GO_MITOCHONDRIAL_TRANSPORT 212 1.5 Up 6.87 x 107°
GO_PROTEIN_LOCALIZATION_TO_MITOCHONDRION 82 1.6 Up 3.96 x 10°°
GO_MITOCHONDRIAL_PROTEIN_COMPLEX 133 2.6 Up 0.00237101
GO_POSITIVE_REGULATION_OF_MITOCHONDRION_ORGANIZATION 182 1.3 Up 4.92 x 107
GO_PROTEIN_TARGETING_TO_MITOCHONDRION 60 1.8 Up 9.41 x 107°
PPARGC1A_TARGET_GENE_LIST 24 1.7 Up 0.00013528
GO_GLUTAMINE_FAMILY_AMINO_ACID_METABOLIC_PROCESS 55 1.9 Up 0.00011041
GO_CELLULAR_RESPONSE_TO_FATTY_ACID 70 2.7 Up 5.46 x 1077
GO_PYRUVATE_METABOLIC_PROCESS 58 2.0 Up 4.99 x 107°

Table 1. Enrichment of Mitochondrial Gene Sets
NGenes, number of genes; E.S, enrichment score; FDR, false discovery rate.

iScience

FDR

1.90 x 10°°
0.000618
1.26 x 107°
6.63 x 107¢
0.001087
277 x 107°
0.00027403
0.00020221
0.00011741
7.37 x 107°
0.00243029
1.83 x 107°
0.00015427
0.00020221
0.000174
6.63 x 107¢

8.90 x 10°

FRY statistical test results to determine the level of enrichment of various gene sets in NK cells from infected mice versus uninfected controls. Enrichment of

different gene sets was determined in NK cells from mice following L. monocytogenes infection compared with uninfected controls, and table shows the number

of genes in each gene set, the direction of the enrichment in terms of genes demonstrating upregulation or downregulation after infection, as well as the p value

and false discovery rate obtained from applying the FRY variant of the rotational gene set test for differential expression analysis (Wu et al., 2010).

functions, including Mitochondrial Membrane Organization, TCA Cycle, Respiratory Electron Transport,
and Mitochondrial Translation (Figure 1B, Table 1). To determine the level of enrichment of individual
gene sets during bacterial infection, we used the FRY variation of rotational gene set testing for differential
expression analysis (Wu et al., 2010) and found that multiple mitochondria-associated gene sets were
indeed significantly upregulated in NK cells from infected mice compared with uninfected controls (Table
1). These data demonstrate a coordinated increase in mitochondrial gene transcription in NK cells during
bacterial infection.

In response to changing nutrient and energetic environments, PGC-1a serves as the principal regulator
of nuclear-encoded mitochondrial gene transcription in multiple cell types. We thus hypothesized that
L. monocytogenes infection would increase transcription of PGC-1a. target genes in NK cells. To test
this hypothesis, we compiled a list of known PGC-1a target genes (Table 2) and tested for their enrich-
ment via competitive GSEA. PGC-1a regulates several genes in various tissues; however, its specific
target genes in lymphocytes are not known. Therefore, we included genes capable of regulating varying
mitochondrial functions including biogenesis, ETC activity, and FAO (Table 2). We then added our
compiled list to our competitive GSEA and saw a significant enrichment of the PGC-1a target genes
in NK cells isolated from infected mice compared with uninfected controls (Figure 1C). Analyses of in-
dividual genes showed that in addition to transcripts responsible for ETC activity, genes associated
with mitochondrial nutrient acquisition pathways, including glutaminolysis, FAO, and pyruvate
metabolism, were upregulated in NK cells in mice infected with L. monocytogenes (Figure 1D).
Results from competitive GSEA also revealed enrichment of gene sets associated with these pathways
following in vivo activation, further demonstrating transcriptional regulation of mitochondrial function
(Figure S1D).
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Figure 1. PGC-1a Regulates Metabolic Gene Transcription in NK Cells during Bacterial Infection

GSEA was performed on RNA sequencing data collected previously by the laboratory and used for different analyses for a
previously published article (Nanbakhsh et al., 2019). Briefly, NK cells were isolated from the spleens of WT mice 48 h after
infection with L. monocytogenes or from uninfected controls to identify changes in gene expression following infection
(n = 3 individual mice). Bar code plots depict the genes comprising individual gene sets positioned along the horizontal
axis based on expression in infected versus control mice with the trace indicating gene clustering in the up or down
direction along the horizontal axis.

(A and B) Enrichment of (A) Hallmark gene associated with glycolysis and OxPhos along with enrichment of (B) gene
ontology datasets related to specific mitochondrial functions was measured by competitive GSEA to determine an
enrichment score (y axis), and the FRY variation of rotational gene set testing was used to calculate the significance of
enrichment (Table 1).

(C) PGC-1a target genes were identified from previous work (Table 2), and enrichment in the up or down direction of the
curated gene set was determined in NK cells following L. monocytogenes infection.

(D) Analysis of individual genes shows the change in expression values of specific genes following infection.

(E and F) WT and Ppargcla cKO littermate controls were infected with 2 x 10* CFU of L. monocytogenes. After 24 h, livers
were resected and CFU assays were performed by making serial dilutions of liver homogenates, spotting the dilutions in
triplicate, and quantifying the data across all dilutions tested (n = 3 individual mice for each genotype from 2 independent
experiments).

(G) NK cells were isolated from the spleens of infected mice via negative selection, RT-qPCR was performed, and
expression values for detectable PGC-1a target genes were quantified (n = 3 individual mice for each genotype from 2
independent experiments). Bar graphs present the mean + SD for individual experiments or mean + SEM, where
multiple experiments are indicated. Statistical significance was calculated using Student'’s t test (E) and Student’s t test
corrected for multiple comparisons using the Holm-Sidak method (G, individual genes). Two-way ANOVA was used to
determine an overall statistical difference of PGC-1a-target gene expression between WT and PpargcTa cKO NK cells
following L. monocytogenes infection (G).

The significance of GSEA results was determined using the FRY variation of rotational gene set testing for differential
expression analysis (Table 1). *p < 0.05.

Next, we tested for the presence of PGC-1a in NK cells during L. monocytogenes infection. As low NK cell
numbers make analyzing protein levels in NK cells ex vivo difficult, we tested for PGC-1a gene expression
through RT-gPCR. We isolated NK cells from the spleens of mice infected with L. monocytogenes at various
time points, extracted RNA, and performed RT-gPCR. RNA from macrophages was used as a positive

iScience 23, 101454, September 25, 2020 5
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Gene GCID
Ppargcla GC04M023755
Ppara GC22P046150
Pparg GC03P012328
Nrf1 GCO07P129611
Esrra GC11P064305
Srebf1 GC17M017810
Pck1 GC20P057561
Gépc GC17P042900
Cptla GC11M068772
Cptlb GC22M050569
Acadm GC01P075724
Tfam GC10P058385
Atp5b GC12M056639
ATP5g1 GC17P048893
NdufA2 GC05M140607
Cox4il GC16P085833
Cycs GC07M025158
Pdk1 GCO02P172555
Pdk2 GC17P050095
Pdk3 GCOXP024393
Pdk4 GC07M095583
Mfn2 GCO01P011980
Ucp1 GC04M140559
Slc1a5 GC19M046760
Gpt2 GC16P046885
Gls GC02P190880
Gls2 GC12M056470
Glul GC01M182350
Got1 GC10M099396
Got2 GC16M058707
Glud1 GC10M087050

Table 2. Identification and Function of Previously Established PGC-1a Target Genes

GC ID, gene card ID; FA, fatty acid; ETC, electron transport chain; Pyr., pyruvate; AA, amino acid.

Previous studies were utilized to compile a list of target genes potentially regulated by PGC-1a in NK cells. Genes from
studies using different cell types and metabolic stresses were considered. The list contains genes responsible for varying as-
pects of mitochondrial function to account for various potential outcomes of PGC-1a-mediated regulation in NK cells. Genes

Tissue
Muscle
Adipose
Muscle
Muscle
Muscle

Liver

Liver

Liver

Liver

Muscle

Liver

Muscle
Muscle
Muscle
Adipose
Muscle
Muscle
Muscle
Muscle
Kidney
Muscle
Muscle
Adipose
Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer

Breast cancer

are listed by italicized gene symbol in the table.
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Reference

(Handschin et al., 2003)
(Mazzucotelli et al., 2007)
(Zhang et al., 2007)

(Wu et al., 1999)

(Lin et al., 2004)
(Oberkofler et al., 2004)
(Yoon et al., 2001)

(Yoon et al., 2001)
(Zhang et al., 2004)
(Kleiner et al., 2009)
(Rhee et al., 2003)

(Wu et al., 1999)
(Puigserver et al., 2001)
(Gerhart-Hines et al., 2007)
(Bai et al., 2011)
(Puigserver et al., 2001)

(Puigserver et al., 2001)

(Gudiksen and Pilegaard, 2017)

(Gudiksen and Pilegaard, 2017)

(Degenhardt et al., 2007)
(Kleiner et al., 2009)
(Cartoni et al., 2005)
(Puigserver et al., 1998)
(McGuirk et al., 2013)
(McGuirk et al., 2013)
(McGuirk et al., 2013)
(McGuirk et al., 2013)
(McGuirk et al., 2013)
(McGuirk et al., 2013)
(McGuirk et al., 2013)

(McGuirk et al., 2013)

Function
Transcription
Transcription
Transcription
Transcription
Transcription
Transcription
Gluconeogenesis
Gluconeogenesis
FA oxidation

FA oxidation

FA oxidation
Biogenesis/ETC
Biogenesis/ETC
Biogenesis/ETC
Biogenesis/ETC
Biogenesis/ETC
Biogenesis/ETC
Pyr. metabolism
Pyr. metabolism
Pyr. metabolism
Pyr. metabolism
Morphology
Thermogenesis
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism

AA metabolism
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control (McCarthy et al., 2013). Although present at lower amounts compared with macrophage RNA, we
were able to detect the expression of the PGC-1a. gene (PpargcTa) in NK cells at all time points (Figure S2A).
The presence of PGC-1a. has been demonstrated in human NK cells, whereas its presence in murine NK
cells is not well established. We therefore sought to confirm its presence and subsequently functional rele-
vance in NK cells using a genetic deletion model. We generated an NK cell-specific conditional knockout
mouse model (Ppargcla cKO) by crossing an Ner1€™ mouse with a PpargcTa-floxed mouse containing loxP
sites outside of exons 3-5 of the Ppargcla gene (Handschin et al., 2007; Lin et al., 2004; Narni-Mancinelli
et al., 2011). We verified this deletion using RT-PCR (Figure S2B) and observed similar developmental tra-
jectories between WT and PpargcTa cKO NK cells, suggesting that the loss of PGC-1a did not disrupt NK
cell homeostasis (Figures S2C-S2F). Based on our RNA sequencing data, we hypothesized that a loss of
PGC-1a would result in reduced clearance of L. monocytogenes. To test this hypothesis, we inoculated
WT and Ppargcla cKO mice with L. monocytogenes and performed colony-forming unit (CFU) assays
24 h post infection. CFU counts revealed that Ppargcla cKO mice were indeed unable to control
L. monocytogenes infection to the level of WT mice (Figures 1E and 1F). We then sought to determine if
PGC-1a was regulating gene expression in NK cells during bacterial infection. We did this by measuring
transcript levels of potential PGC-1a. target genes we found to be upregulated following bacterial infection
(Figure 1D). Because RT-gPCR has different levels-of-detection requirements than RNA sequencing, we
also tested the expression of different isoforms of upregulated genes and genes involved in the same
pathway as those upregulated. We found that NK cells isolated by negative selection (Figure S2G) from
the spleens of PpargcTa cKO mice following L. monocytogenes infection exhibited reduced expression
of PGC-1a target genes compared with infected WT controls (Figure 1G). We also used these cells to
confirm the presence of PGC-1a. in NK cells and were indeed able to detect Ppargcla transcripts in WT
NK cells but not those isolated from PpargcTa cKO mice (Figure S2H), suggesting that PGC-1a is present
and functional in murine NK cells.

PGC-1a Is Required for Optimal NK Cell Effector Functions In Vitro

We next tested the role of PGC-1a. in specific NK cell effector functions, i.e., cell-mediated cytokine pro-
duction and cytotoxicity. To do this, we first verified that the presence of various activation and inhibitory
receptors was unchanged on Ppargcla cKO NK cells (Figure S3) and then utilized IL-2-cultured splenic NK
cells from WT and PpargcTa cKO to determine the importance of PGC-1a downstream of specific mecha-
nisms of activation. Using cells cultured from WT and PpargcTa cKO mice, which show a complete absence
of detectable Ppargcla gene expression (Figure S2B), we found that NK cells from Ppargcla cKO mice pro-
duced significantly lower amounts of inflammatory molecules compared with WT NK cells following activa-
tion through NKG2D (Figure 2A). Ppargc1a cKO NK cells exhibited similar decreases in IFN-v levels down-
stream of several other activation receptors (Figure 2B), suggesting that PGC-1a-mediated mitochondrial
regulation plays a role in cytokine production downstream of receptor-mediated activation. Under these
same stimulatory conditions, we also observed that activation of the upstream regulator of PGC-1a,
AMPK, and inhibition of AMPK via compound C resulted in similar defects in cytokine production as those
seen in PGC-1a-deficient NK cells (Figures S4A and S4B), further demonstrating the importance of this
pathway in NK cell effector functions. Interestingly, following IL-12- and IL-18-mediated stimulation of
NK cells, the production of both IFN-y and GM-CSF remained intact in PpargcTa cKO NK cells compared
with WT, suggesting that in cultured cells, PGC-1a functions primarily downstream of activation receptor
stimulation (Figure S4C).

We next sought to determine if the reduced cytokine production capacity seen in NK cells from Ppargcia
cKO mice was a result of these cells’ inability to mediate metabolic changes required for inflammatory cyto-
kine production. As it would be difficult to restore the myriad aspects of mitochondrial function regulated
by PGC-1a, we instead attempted to activate the cells in conditions where metabolic reprogramming
would be skewed toward glycolytic metabolism to reduce the potential reliance upon PGC-1a. Previous
work showed that culturing NK cells in hypoxic conditions augments glycolytic gene expression along
with rates of glycolysis (Velasquez et al., 2016). We therefore cultured WT and Ppargcla cKO NK cells in
1% O, before NKG2D-mediated activation. NK cells cultured in normoxic conditions revealed similar de-
fects in cytokine and chemokine production seen in previous experiments, whereas culturing cells in hyp-
oxic conditions was sufficient to rescue secretion of proinflammatory molecules in Ppargcla cKO NK cells
(Figure 2C), suggesting that PGC-1a contributes to cytokine production through bioenergetic regulation.
We then evaluated the ability of PGC-1a-deficient NK cells to mediate cytotoxicity in °'Cr-release assays.
When cultured with B16F10 target cells, NK cells isolated from Ppargcla cKO mice were unable to mediate
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Figure 2. PGC-1a Is Required for Optimal NK Cell Effector Functions In Vitro

(A) IL-2-cultured NK cells from WT and Ppargcla cKO mice were activated with plate-bound anti-NKG2D activating antibody, and supernatants were
collected after 6 h for analysis of cytokine and chemokine secretion via multiplex (n = 6 individual mice for each genotype from 2 independent experiments).
(B) IL-2-cultured NK cells from WT and PpargcTa cKO mice were activated with plate-bound anti-NK1.1, anti-2B4, or anti-Ly49H activating antibodies, and
IFN-y secretion was quantified via ELISA (n = 3 individual mice for each genotype).

(C) Cytokine and chemokine secretion was measured after 6 days in normoxic culture followed by an additional 24 h in normoxic or hypoxic conditions (1%
0O,) and subsequent stimulation via plate-bound anti-NKG2D activating antibody (n = 3 individual mice for each genotype). Data are presented as
production of inflammatory molecules where production of individual molecules was normalized to the levels seen from WT mice. The fold change in
production of inflammatory molecules from PpargcTa cKO NK cells under normoxic conditions was compared with production from WT NK cells under
normoxic conditions, and fold change in production of inflammatory molecules from Ppargcla cKO NK cells under hypoxic conditions was compared with
production from WT NK cells under hypoxic conditions.

(D) IL-2-cultured NK cells were incubated with *'Cr-labeled EL4 control or B16F10 target cells, and cell-mediated cytotoxicity was quantified via °'Cr release
(n = 3 individual mice for each genotype).

(E) NK cells were isolated from the spleens of WT and Ppargcla cKO mice via negative selection and activated ex vivo in RPMI with 10% FBS via plate-bound
anti-NKG2D activating antibody (0, 1, 5, and 10 pg/mL). After 6 h, NK cells were harvested and IFN-y positivity was assessed by flow cytometry.

(F) Control splenocytes from C57BL/6 (Self) mice, and target splenocytes from B6. p2mtm1Unc/J (Missing-Self) and BALB/cJ (Non-Self) mice were labeled with
CFSE alone or CFSE and CTV or CFSE and CTR and injected at a 1:1:1 ratio into C57BL/6 control mice, C57BL/6 mice depleted of NK cells (PK136), WT, or
Ppargcla cKO mice. After 18 h, labeled splenocytes were collected, and flow cytometry was used to determine changes in cell ratio as indicating elimination
of target cells by NK cells. Flow plots are shown depicting each cell type as a percentage of total, labeled splenocytes.

Bar graphs present the mean + SD or mean + SEM where multiple, independent experiments are indicated. Statistical significance was calculated using
two-way ANOVA corrected for multiple comparisons using the Holm-Sidak method (A-D). *p < 0.05; **p < 0.01; ***p < 0.001.
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cytotoxicity to the level of WT NK cells (Figure 2D). Although this defect was significant, PGC-1a-deficient
NK cells retained moderate degrees of cytotoxicity with B16F10 and other target cells (Figure S4D). These
data suggest that in cultured NK cells, PGC-1a. may play a preferential role in cytokine production
compared with cell-mediated cytotoxicity, although a further investigation into how mitochondrial meta-
bolism contributes to these processes and determining how the loss of PGC-1a affects these functions
in vivo is required to sufficiently explore this phenomenon.

Our data show that changing oxygen concentrations alters the requirement of PGC-1a. for optimal NK cell
effector functions, which suggests that PGC-1a is dependent on the nutrient environment. This context depen-
dence has been described in other work as well (Donnelly et al., 2014; Keating et al., 2016; Keppel et al., 2015;
Mah et al., 2017; Marcais et al., 2014) and demonstrates the importance of evaluating metabolic proteins inde-
pendent of cell culture systems. We, therefore, sought to determine the significance of PGC-1a in NK cell
effector functions independent of in vitro cell culture. To do this, we first utilized NK cells isolated from the
spleens of WT and Ppargc1a cKO mice and activated through NKG2D. We found that PGC-1a-deficient NK cells
exhibited only moderate decreases in intracellular IFN-y production compared with WT when activated through
NKG2D (Figure 2E). To test the cytotoxic capacity of naive PpargcTa cKO NK cells, we utilized a splenocyte rejec-
tion model in which WT and Ppargca cKO mice receive labeled target cells. The cells were recovered, and flow
cytometry is used to measure the ability of NK cells to eliminate the target cells in vivo. When labeled cells were
injected into C57BL/6 control mice, target cells that were not susceptible to NK cell-mediated killing (Self) were
recovered at 4-6 times the rate of those sensitive to NK cell-mediated cytotoxicity (non-self, missing self),
demonstrating robust elimination of target cells (Figure 2F). This killing was lost when NK cells were depleted
through injection of the NK cell-depleting antibody NK1.1 (PK136). When Ppargcla cKO mice and littermate
controls were injected, control cells were recovered at roughly four times the rate of target cells in both WT
and PGC-1a-deficient mice (Figure 2F). This suggests that, in the absence of PGC-1a, cytotoxicity is maintained
in an acute model of NK cell-mediated cytotoxicity. These data demonstrate that in acute models of naive NK
cell activation, PGC-1a is not required for cytotoxicity or inflammatory cytokine production. To determine if dif-
ferences in functional capacity seen following IL-2 culture were due to differences in NK cell maturation after IL-2
treatment, we measured CD27 and CD11b expression and found that NK cell maturation was similar between
WT and PpargcTa cKO NK cells, suggesting that functional differences were not a result of developmental de-
fects that arose during cell culture (Figure S4E).

We also evaluated IL-2-cultured NK cells for differences in proliferative capacity and viability. Kié7 staining
and overall culture yields revealed little differences in proliferation between WT and PpargcTa cKO NK cells
after culture (Figure S4F). Annexin V and propidium iodide (Pl) staining revealed inconsistent increases in
AnnexinV and Pl double-positive populations in PGC-1a-deficient NK cells, whereas WT NK cells exhibited
inconsistent increases in Pl single-positive populations (Figure S4F). These data suggest that PGC-1a. may
be partially responsible for enabling NK cells to maintain viability during extended cytokine exposure,
although the trend is not consistent enough to make a definitive conclusion at this time. These data also
suggest that defects in effector functions are not due to overall cellular health, as we would expect viability
to mirror differences in cytokine production, and for NK cells activated through IL-12/18 to exhibit defects
similar to those seen downstream of activation receptors.

PGC-1a Is Required for Optimal NK Cell Bioenergetics In Vitro

We next tested if defects seen in NK cell effector functions were associated with altered bioenergetics in PGC-
la-deficient NK cells. As PGC-1a regulates mitochondrial function, we initially evaluated OxPhos in NK cells
isolated from WT and Ppargcla cKO mice using Seahorse analyses. Mitochondrial stress tests revealed subtle
but consistent and significant reductions in various mitochondrial parameters in PGC-1a-deficient NK cells
(Figure 3A). We also measured basal and maximal glycolysis on the same cells and found slight inconsistent
reductions in both glycolytic parameters in PGC-1a-deficient NK cells compared with WT cells (Figure 3B),
suggesting PGC-1a. may regulate overall cellular energetics, although it preferentially regulates mitochondrial
function as expected. To determine if these differences were sufficient to affect cell metabolism, we directly
compared the levels of key metabolites (ADP/ATP ratios and NAD/NADH ratios) between WT and Ppargcla
cKO NK cells to determine if there were differences in global energetics. These analyses revealed that PGC-
1a-deficient NK cells had significantly augmented ADP/ATP ratios and tended to have decreased NAD/NADH
ratios (Figure 3C). Interestingly, we compared mitochondrial mass between WT and PGC-1a-deficient NK cells
under these same conditions and found minimal differences (Figure 3D), suggesting the bioenergetic defects
seen in IL-2-cultured NK cells are independent of overall mitochondrial biogenesis. Previous studies have
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Figure 3. PGC-1a Is Required for Optimal NK Cell Bioenergetics In Vitro

(A and B) IL-2-cultured NK cells from WT and Ppargcla cKO mice were washed of IL-2 and seeded onto V3 PET Cell
Culture Microplates in unbuffered RPMI, and oxygen consumption rate (OCR) was determined using a Seahorse XF-96
Extracellular Flux Analyzer. Basal OCR was determined, and oligomycin injection was used to quantify ATP-linked OCR
followed by FCCP injection to quantify maximal OCR. Basal and maximal glycolytic rates were also obtained from the
same set of cells by measuring extracellular acidification rate before and after oligomycin injection. A representative OCR
plot is shown followed by quantification over multiple experiments (n = 7 individual mice for each genotype from 4
independent experiments).

(C) IL-2-cultured NK cells from WT and Ppargcla cKO mice were seeded in control, or anti-NKG2D-coated wells for 6 h.
Cells were removed from plates and lysed in potassium phosphate (oxidized metabolites) or potassium hydroxide
(reduced metabolites) solutions to collect metabolites. High-performance liquid chromatography was used to quantify
levels of ADP, ATP, NAD, and NADH (n = 3 individual mice for each genotype).

(D) IL-2-cultured NK cells from WT and Ppargcla cKO mice were washed of IL-2 and stained with NK cell markers (NK1.1/
CD3¢) along with the MitoTracker Green FM dye to measure mitochondrial mass. Data representative of individual mice
are shown as histograms with mitochondrial mass on the x axis. Compiled data from multiple animals are presented as
well (n = 3 individual mice for each genotype).

Bar graphs present the mean + SD or mean + SEM where multiple experiments are indicated. Statistical significance was
calculated using two-way ANOVA corrected for multiple comparisons using the Holm-Sidak method (A-C), whereas
Student'’s t test corrected for multiple comparisons was used to determine significance of individual metabolic
parameters (A,B). *p < 0.05; ***p < 0.001.

indicated that increased levels of ADP are indicative of cells primed to make ATP (Menk et al., 2018). Thus it is
possible that PGC-1a-deficient NK cells are not turning over ADP to ATP as efficiently as WT cells and subse-
quently slowing the conversion of NADH to oxidized NAD. Although a detailed examination of cell meta-
bolism and metabolomics would be necessary to test this hypothesis, these data do demonstrate that differ-
ences in ATP homeostasis results from PGC-1a deletion.

Human NK Cells Require PGC-1a for Optimal Effector Functions and OxPhos

Considering the importance of PGC-1a in other human tissues and the functional defects observed in the
Ppargcla cKO model, we hypothesized that PGC-1a signaling is critical for NK cell effector functions and
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Figure 4. Human NK Cells Require PGC-1a for Optimal Effector Functions and OxPhos

Human NK cells were isolated from healthy donors using an NK cell-negative selection kit and maintained in 100 units IL-2.
(A and B) NK cells were isolated via negative selection and immediately activated for 18 h with plate-bound anti-
NKG2D + SR-18292 (30 uM). Overall mitochondrial activity and various parameters were quantified using a Seahorse XF-
96 flux analyzer. (A) OCR plots and (B) quantified values are shown as the mean + SEM of 4 separate donors (2
independent experiments).

(C) After selection, NK cells were maintained overnight and subsequently co-cultured with *'Cr-labeled K562 target
cells + SR-18292 at various effector to target (E:T) ratios. After 4 h, supernatants were collected to determine cell-
mediated cytotoxicity (n = 4 individual donors, two independent experiments).
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Figure 4. Continued

(D) After selection, NK cells were maintained overnight and subsequently stimulated with plate-bound anti-NKG2D for 6
or 18 h £ SR-18292 (30 uM). Supernatants were collected for measurement of cytokine/chemokine release via multiplex
(n = 4 individual donors, two independent experiments).

Bar graphs present the mean + SEM. Statistical significance was calculated using paired two-way ANOVA corrected for
multiple comparisons using the Holm-Sidak method. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

bioenergetics in human primary NK cells as well. Therefore, to investigate the role of PGC-1a in human pri-
mary NK cells, we utilized the PGC-1a inhibitor SR-18292, which augments inhibitory acetylation marks on
PGC-1a by promoting the interaction between PGC-1a and the acetyltransferase GCN5 (Sharabi et al.,
2017). We first verified the ability of SR-18292 to inhibit PGC-1a-mediated gene transcription in NK cells.
To do this, we activated murine NK cells through NKG2D in the presence or absence of SR-18292 and eval-
uated the expression of genes shown to be upregulated following in vivo activation (Figure 1D). RT-qPCR
analysis showed an induction of several PGC-1a target genes following antibody-mediated stimulation
(Figure S5A), and that this induction was significantly reduced for a select set of genes following treatment
with SR-18292 (Figure S5A). This reduction occurred without global suppression of mitochondrial genes or
loss of cell viability (Figures SSA-S5C).

We also tested whether SR-18292 reduced the functional capacity of PpargcTa cKO NK cells by measuring
IFN-y production in IL-2-cultured NK cells from WT and PpargcTa cKO mice to determine if treatment with
the inhibitor elicited any off-target effects. As expected, we found that treatment with SR-18292 reduced
the ability of WT NK cells to produce IFN-y following stimulation through NKG2D (Figure S5D). Treatment
with SR-18292 also reduced the ability of Ppargcla cKO NK cells to produce IFN-y downstream of NKG2D
(Figure S5D), suggesting some off-target effects do occur. Previous studies in IL-2-cultured human NK cells
show that targeted disruption of PGC-1a function via Ppargcal-specific small interfering RNA (siRNA) is
associated with reduced mitochondrial activity (Miranda et al., 2016, 2018). Our data in Figure S5A do
demonstrate on-target effects on mitochondrial gene expression, so we then tested whether inhibitor
treatment was associated with altered mitochondrial function. To determine if SR-18292 treatment had
similar energetic effects in naive human NK cells as those seen in siRNA-treated, cultured NK cells (Miranda
et al., 2016, 2018), we performed Seahorse analyses. Treatment of NK cells from healthy donors with SR-
18292 caused a decrease in multiple mitochondrial parameters and significant reductions in maximal respi-
ration and spare respiratory capacity (Figures 4A and 4B) similar to results seen in previous work with PGC-
la-targeted siRNA (Miranda et al., 2016, 2018). Importantly, these energetic defects were not associated
with a loss of cell viability (Figures S5E and S5F). Along with these energetic defects, functional analyses
of IL-2-cultured human NK cells treated with Ppargcla-specific siRNA also revealed defects in cytotoxicity
and cytokine production (Miranda et al., 2016, 2018), results which were recapitulated in naive NK cells
following treatment with SR-18292 (Figures 4C and 4D). These data recapitulate results seen with PGC-
la-targeted siRNA in cultured human NK cells and suggest an association between mitochondrial activity
and effector functions in naive human NK cells as well.

Ppargc1a cKO Mice Fail to Control Tumor Growth to the Level of WT Mice

Although previous work and our data here demonstrate the importance of PGC-1a in IL-2-cultured NK cells
in vitro, the role of PGC-1a in maintaining mitochondrial metabolism in a TME has yet to be determined. In
addition, studies investigating the role of lipid metabolism pathways controlled by PPARa and PPARS, tran-
scription factors whose function is augmented by PGC-1a, show activation of these pathways suppresses
NK cell function. Thus, we sought to clarify the role of PGC-1a in maintaining mitochondrial metabolismina
TME by directly testing the importance of PGC-1a in NK cells during tumor challenge. Given the PGC-
la-dependent gene expression seen following in vivo activation of NK cells and the functional defects
seen in PGC-1a-deficient NK cells in vitro, we hypothesized that PGC-1a maintains cellular metabolism
required for NK cell-mediated control of tumor growth. To test this hypothesis, we utilized the B16F10
lung metastasis model, as NK cells are the primary immune cells responsible for controlling tumor growth
in this model. WT and Ppargcla cKO mice were injected with 2 x 10° B16F10 cells, and lungs were isolated
10-14 days postinjection. Lung resection revealed significant impairment in the ability of PGC-1a-deficient
NK cells to control B16F10 tumor growth, as lungs from Ppargcla cKO mice contained, on average, over
twice the number of nodules as their corresponding littermate controls (Figures 5A-5C). We next deter-
mined if the inability of PGC-1a-deficient NK cells to control tumor growth was associated with altered
cellular metabolism in the TME. To test this, we isolated lymphocytes from the lungs of tumor-bearing
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Figure 5. Ppargc1a cKO Mice Fail to Control Tumor Growth to the Level of WT Mice

WT and Ppargcla cKO mice were injected with 2 x 10° B16F10 melanoma cells intravenously, and lungs were collected 10-14 days later.

(A) Images of whole lungs were taken using a stereoscope.

(B) Lung sections were also obtained and fixed in zinc formalin followed by freezing and slicing for H&E staining. H&E images are representative and were not
used for quantification. Scale bars on whole sections (left), 1 mm and on individual nodules (right), 100 pm.

(C) The total number of nodules was quantified on the resected lungs through blinded counting and averaging from multiple mice (n = 6 individual mice for
each genotype from 2 independent experiments).

(D and E) WT and PpargcTa cKO mice were injected with 2 x 10° B16F10 melanoma cells, and 10 days later, lungs were removed from tumor-bearing mice
and lymphocytes were isolated. Lymphocyte suspensions were stained with NK cell surface markers (CD3e"NK1.1") and a live/dead stain (Pl), along with dyes
for mitochondrial mass (Mitotracker Green FM) and mitochondrial membrane potential (TMRE). Representative data of individual parameters are shown
after gating on NK cells (histograms), along with both parameters in the same dot plot after gating on NK cells to quantify cells with high amounts of active
mitochondria (polarized). Identical analyses were performed on NK cells from control mice that did not receive any tumor challenge.

(F) Data for mitochondrial mass and membrane potentials from (D and E) were quantified over multiple experiments (n = 4 individual mice for each genotype,
3 independent experiments).

(G) WT and Ppargcla cKO mice were injected with 2 x 10° B16F10 melanoma cells, and 10 days later lungs were removed and NK cells were isolated via
fluorescence-activated cell sorting (FACS). RT-gPCR was then used to evaluate gene expression in FACS-sorted NK cells to determine expression levels of
PGC-1a-target genes seen upregulated in RNA sequencing data (n = 3 individual mice for each genotype from 2 independent experiments).

Bar graphs present the mean £ SD or mean + SEM, where multiple experiments are indicated. Statistical significance was calculated using Student’s t test
(C) or Student’s t test corrected for multiple comparisons using the Holm-Sidak method (F and G, individual genes). Two-way ANOVA was used to
determine overall statistical difference of PGC-1a-target gene expression between WT and Ppargcla cKO NK cells following tumor inoculation (G).

*p < 0.05; **p < 0.01.

mice and measured mitochondrial mass and membrane potential in CD3e"NK1.1" NK cells using flow cy-
tometry. When these parameters were analyzed individually, we found that both mitochondrial mass and
mitochondrial membrane potential were reduced in PGC-1a-deficient NK cells isolated from the lungs of
tumor-bearing mice (Figures 5D and 5F). We also analyzed both parameters on the same flow plot to iden-
tify the percentage of cells that had high amounts of mitochondria as well as high levels of mitochondrial
transmembrane potential. This staining profile identifies cells with high numbers of active mitochondria,
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which we and others term polarized cells (Bengsch et al., 2016; Scharping et al., 2016). In NK cells from WT
mice, we found polarized cells at nearly double the rate as were present in NK cells from Ppargcla cKO
mice (Figures 5D and 5F), suggesting PGC-1a is required to maintain mitochondrial function in the TME.
We also performed identical analyses on naive NK cells from the lungs of WT and Ppargcla cKO mice
and found that both mitochondrial mass and membrane potential were similar (Figure 5E), suggesting
mitochondrial regulation downstream of PGC-1a occurs during tumor challenge specifically.

PGC-1a Regulates Metabolic Gene Transcription during Tumor Growth

Although these data show significant differences in mitochondrial phenotype between WT and PGC-
la-deficient mice, these may be simply due to the increased tumor burden seen in the Ppargcla cKO
mice, thus resulting in less metabolically fit cells. Therefore, we evaluated glucose uptake in NK cells iso-
lated from the TME as a readout of non-mitochondrial metabolic function. We found that PGC-1a-deficient
NK cells mediated glucose uptake to similar levels seen in WT NK cells (Figure Sé), suggesting that the
altered mitochondrial phenotype observed in Ppargcia cKO NK cells is not due to global metabolic sup-
pression resulting from an increased tumor burden. We then tested the function of PGC-1a in the TME
directly by comparing the transcription of PGC-1a target genes between WT and PGC-1a-deficient NK
cells isolated from the TME. To do this, we sorted NK cells by fluorescence-activated cell sorting FACS
from the lungs of tumor-bearing mice and isolated RNA to test for differential expression of PGC-1a target
genes. The analysis revealed significant decreases in expression of multiple PGC-1a target genes in NK
cells isolated from Ppargcla cKO mice compared with WT controls (Figure 5G). Similar to results from
L. monocytogenes infection, we observed a reduction in the transcription of several genes that function
in mitochondrial nutrient utilization pathways such as Lcad, Pdk1, Got1, and Got2. Further analysis beyond
the scope of this study is needed to directly test the importance of specific genes in maintaining mitochon-
drial activity in this setting, although these data do suggest PGC-1a-mediated transcriptional regulation of
mitochondria occurs as part of NK cell anti-tumor immunity.

DISCUSSION

The data presented here demonstrate the critical role of PGC-1a in maintaining mitochondrial function in
NK cells during an immune response. Using RNA sequencing analyses, we identified significant enrichment
of a gene set composed of established target genes of PGC-1a following in vivo activation of NK cells via
L. monocytogenes infection. The deletion of PGC-1a in NK cells resulted in augmented bacterial growth
associated with reduced PGC-la-target gene transcription in cells isolated from Ppargcla cKO mice
compared with WT controls. In terms of specific effector functions, we found that PGC-1a was required
for both cytotoxicity and cytokine production in NK cells, and that these defects were associated with bio-
energetic deficiencies induced by disruption of PGC-1a function. Using the B16F10 tumor model, we found
that defects in mitochondrial function in the TME were associated with the reduced ability of Ppargcla cKO
NK cells to control the growth of B16F10 lung metastases. Analysis of mitochondria from control experi-
ments demonstrated reductions in mitochondrial parameters were a result of tumor challenge, and tran-
scriptional analyses suggest PGC-1a regulates mitochondria-associated gene expression during the NK
cell response to tumorigenesis. Our data bring to light the critical role of PGC-1a-mediated mitochondrial
regulation for the NK cell immune response.

Based on previous work demonstrating transcription-based control of metabolism in NK cells (Donnelly
et al., 2014; Velasquez et al., 2016), we utilized whole-transcriptome data analysis to test for changes in
metabolic regulation following in vivo activation of NK cells. As expected, GSEA of transcriptional
changes in NK cells following infection with L. monocytogenes demonstrated robust activation of
inflammatory gene signatures as well as increased expression of genes responsible for driving glycolysis.
This is consistent with previous work in murine cytomegalovirus infection models where administration of
2-deoxyglucose or mTOR deletion inhibits the function of NK cells (Mah et al., 2017; Marcais et al., 2014)
and provides further evidence supporting earlier studies suggesting glycolysis is a necessary component
of NK cell effector functions. In addition to these expected changes, analyses of cells from infected mice
show significant enrichment of gene sets critical for mitochondrial function, including genes associated
with mitochondrial nutrient uptake, ETC subunits, as well as known target genes of PGC-1a. Our data
show only a minimal transcriptional regulation of Ppargcfa in NK cells following infection, and
our RNA sequencing results also suggest transcription of PGC-1a itself is not co-regulated along
with its target genes. PGC-1a is subject to multiple post-translational modifications that control both
protein activity and stability (Jager et al., 2007, Rodgers et al., 2005), suggesting a potential role for
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post-transcriptional mechanisms, although further biochemical evaluation is necessary to determine the
mechanism that regulates PGC-1a. in vivo.

Results from differential expression analysis of our RNA sequencing data show that whereas a set of PGC-
la-regulated genes was upregulated following infection, multiple genes were unchanged or downregu-
lated. In addition, experiments with Ppargcla cKO NK cells suggest that, in the case of Gpt2 specifically,
PGC-1a-independent regulation may occur as well. Previous work shows the specific PGC-1a-dependent
gene expression profile can vary between tissues and cell types, with the outcome being controlled both by
the activation condition and the transcription factor to which PGC-1a binds. In hepatocytes, for example,
PGC-1a activation from fasting increases transcription of the gluconeogenic genes Pck1 and Gépcthrough
activation of HNF4 (Herzig et al., 2001; Rhee et al., 2003; Yoon et al., 2001). In addition to these gluconeo-
genesis genes, activation of PGC-1a in hepatocytes also induces expression of genes required for FAO,
such as Cpt1 and Acadm (Rhee et al., 2003). Although still being PGC-1a-dependent, activation of these
genes is regulated independently of the gluconeogenic targets Pck1 and Gépc, and loss of HNF4 does
not disrupt the ability of PGC-1a to induce transcription of Cpt1 and Acadm (Rhee et al., 2003). In addition
to specific metabolic pathways, PGC-1a-mediated mitochondrial biogenesis has also been shown to be
context dependent, as activation of PPARS in skeletal muscle augments PGC-1a-mediated FAO indepen-
dent of changes in mitochondrial gene expression (Kleiner et al., 2009). Our studies utilizing Ppargcla cKO
NK cells reveal similar variations in the role of PGC-1a in mitochondrial biogenesis between in vitro and
in vivo activation conditions and demonstrate that the function of PGC-1a in NK cells may change depend-
ing on activation and culture conditions as well. These findings are consistent with regulation of PGC-1a
function seen in other cell types (Kleiner et al., 2009) and suggest that NK cells have an activation-specific
PGC-1a target gene expression profile that warrants further, mechanistic investigation.

Functionally we were able to show PGC-1a is required for NK cell-mediated control of bacterial infection
in vivo, as well as cytokine production and cytotoxicity in vitro. The defect in cytokine production seen
in vitro was rescued upon short-term culture in hypoxic conditions, and analysis of cytotoxicity and cytokine
production in naive NK cells also revealed little difference between WT and PGC-1a-deficient NK cells. We
also observed differences in the requirement of PGC-1a. for cytokine production downstream of NKG2D-
mediated activation compared with cytokine receptor stimulation. Our observations are in line with several
recent studies demonstrating that metabolic requirements vary with the experimental conditions in which
the cells are activated. For example, cytokine production downstream of NK1.1 activation is sensitive to
oligomycin treatment even after culture in high doses of IL-15; however, extending the culture period
from 24 to 72 h rendered NK cell-mediated IFN-y production insensitive to oligomycin treatment (Keppel
etal., 2015). Oppositely, naive NK cells are insensitive to 2-DG treatment following cytokine-mediated acti-
vation, whereas IL-15-cultured NK cells show significant decreases in IFN-y production downstream of
cytokine receptors following activation in the presence of 2-DG (Donnelly et al., 2014; Keppel et al.,
2015). Similarly, NK cell-mediated IFN-y production is reduced by oligomycin treatment downstream of
NK1.1 stimulation, whereas it is only minimally affected downstream of the IL-12 and IL-18 receptors (Kep-
pel et al., 2015). These changes in sensitivity to metabolic inhibitors depending on different culture condi-
tions or activation mechanisms demonstrate the context-dependent metabolic requirements of NK cells
and highlight the need for further analysis of NK cell metabolism using in vivo models combined with
in vitro mechanistic investigations.

PGC-1a is typically activated as part of the response to energetic stress when changing nutrient environ-
ments disrupt cell homeostasis Puigserver et al., 1998. Analyses of NK cell development and effector func-
tions during acute models of activation suggest that the role of PGC-1a in NK cells is similar to what is
observed in other cell types in that it does not contribute to mitochondrial regulation under all conditions.
These data suggest that acute models of activation do not disrupt NK cell homeostasis to the degree that
PGC-1a-mediated mitochondrial regulation is required, although it is also possible that loss of PGC-1a. in
these contexts is being compensated for by the other PGC-1 family members, PGC-1B or PGC-1a-related
coactivator (PRC). In the case of PGC-1B specifically, overexpression studies of glucose metabolism in he-
patocytes reveal several overlapping targets between the two proteins (Lin et al., 2003). Previous work
shows the proteins do not completely compensate for one another, however, and single deletion of either
coactivator causes significant mitochondrial defects in multiple tissues (Karkkainen et al., 2019; Shao et al.,
2010; Chambers et al., 2012; Gurung et al., 2011; Lin et al., 2004), similar to what our data show here in NK
cells following deletion of PGC-1a. These data do not rule out the possibility of PGC-1B regulating
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mitochondrial function in specific contexts, and in fact, the variation seen in mitochondrial defects across
activation conditions suggest an additional investigation into the role that other PGC-1 family members
play in NK cell metabolism is warranted.

The context-dependent nature of metabolic requirements is also demonstrated in comparing our in vitro
cytokine production data downstream of IL-12 and IL-18 and our in vivo clearance of L. monocytogenes,
which is partially dependent on IL-12- and IL-18-mediated NK cell activation (Nomura et al., 2002). The dif-
ferences in bacterial clearance not being mirrored in in vitro cytokine production assays may be due to
culturing cells in IL-2, which could have altered the metabolic requirements of NK cell activation. The other
possibility, which is also likely based on the complex processes involved in an in vivo immune response
versus in vitro activation is that the two mechanisms of stimulation are not the same. Although IL-12 and
IL-18 have been shown to play a role in NK cell activation during L. monocytogenes infection (Humann
and Lenz, 2010; Tripp et al., 1994), this same work also shows that induction of maximal NK cell function
requires cell-cell contact, and that eliminating the interaction between NK cells and infected DCs abro-
gates NK cell-mediated IFN-y production (Humann and Lenz, 2010). In addition, the L1S fragment of the
L. monocytogenes protein pé0 can enhance NK cell activation and stimulate IFN-y production (Humann
et al., 2007; Ortiz and Lenz, 2017). These previous studies and our data here strongly suggest that stimu-
lation of NK cells during L. monocytogenes infection involves additional factors beyond IL-12- and IL-18-
mediated activation.

In addition to PGC-1a, our in vitro analyses demonstrate that NKG2D stimulation activates AMPK, and that
AMPK inhibition disrupts NK cell-mediated cytokine production. Interestingly, previous work in T cells
shows that although AMPK is required to sustain T cell numbers in vivo, AMPK-deficient T cells exhibit a
hyper-responsive phenotype following in vitro stimulation similar to the NKG2D-mediated activation
used in this study (Blagih et al., 2015). These data suggest that AMPK activation has a varied effect in
T cells compared with NK cells in terms of IFN-y production. Because AMPK is required to sustain T cell
numbers during infection, we suspect that the different role of AMPK is due to differences in proliferative
demand in T cells versus NK cells following stimulation through cell surface receptors. Specifically, stimu-
lation through the T cell receptor induces clonal expansion, whereas activation of NK cells through NKG2D
occurs without any increase in proliferation. This likely results in different energetic demands in NK cells
versus T cells following stimulation through these receptors, which could lead to different functions for pro-
teins responsible for dealing with energetic stress like AMPK. The role of AMPK could be tested in NK cells
by stimulating through pathways known to induce either proliferation or cytokine production, for example,
IL-15- versus NKG2D-mediated activations.

Previous reports have established the importance of PGC-1a in human NK cells for cytotoxicity following
culture in high doses of IL-2 (Miranda et al., 2016, 2018). Our results here complement these findings by
demonstrating a similar association between disrupted mitochondrial function and reduced NK cell
effector functions in naive human NK cells as well. We utilized primary human NK cells and a small molecule
inhibitor previously shown to reduce PGC-1a target gene expression in vitro and in vivo, and although
treatment of murine NK cells revealed off-target effects of the inhibitor, we were able to recapitulate
the metabolic defects previously seen in cultured human NK cells (Miranda et al., 2016, 2018). Myriad
studies of lymphocyte metabolism demonstrate the translational potential of utilizing metabolic regulation
to optimize cell-based immunotherapy (Kishton et al., 2017). Previous work in T cells demonstrates that
mitochondrial function can be utilized as a predictor of cellular persistence, and that in vitro metabolic re-
programming can induce prolonged memory formation following engraftment (Lugli et al., 2013; Gattinoni
et al., 2011). In addition, previous work in T cells and NK cells shows metabolic alterations can be used to
optimize anti-tumor functions during tumor progression (Menk et al., 2018; Cong et al., 2018). Our data
here demonstrate an association between mitochondrial function and optimal NK cell cytotoxicity and
cytokine production in primary human NK cells, thus corroborating previous studies in cultured NK cells
and demonstrating the importance of optimizing mitochondrial function during NK cell-based
immunotherapy.

In addition to the in vitro evaluation of specific effector functions, our data from the B16F10 lung melanoma
model suggest PGC-1a regulates mitochondrial function during the NK cell response to tumor growth. Our
data also identify multiple PGC-1a target genes whose reduced expression was associated with an inability
to optimally control tumor growth, including Lcad, Pdk1, Got1, and Got2. Because PGC-1a regulates
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multiple pathways capable of augmenting mitochondrial function, it is necessary to determine the specific
PGC-1a target genes responsible for maintaining mitochondrial function in NK cells to identify potential
mechanisms by which metabolism can be controlled. Our data measuring gene expression in cells isolated
directly from the TME provide a set of candidates for augmenting cell function through mitochondrial regu-
lation. Previous work has demonstrated the ability of metabolic control to increase lymphocyte function.
For example, over-expression of Pck1, the enzyme responsible for the synthesis of phosphoenolpyruvate,
prolongs calcium signaling in activated T cells and enhances anti-tumor efficacy following adoptive transfer
(Ho et al., 2015). Similarly, chimeric antigen receptors engineered to promote mitochondrial metabolism
provide T cells with increased persistence and a more memory-like phenotype following transduction (Ka-
walekar et al., 2016). These studies exemplify the translational potential of immune cell metabolism and
demonstrate the importance of elucidating mechanisms of metabolic regulation in lymphocytes.

During tumor growth, transformed cells are capable of sequestering glucose away from lymphocytes, thus
creating a metabolically challenging environment that can limit the effectiveness of infiltrating immune
cells (Andrejeva and Rathmell, 2017; Chang et al., 2015; Siska et al., 2017; Vander Heiden et al., 2009).
Our data show that insufficient mitochondrial function contributes to immune cell dysfunction and that
PGC-1a represents a potential pathway through which mitochondrial metabolism could be augmented
during an immune response. Given that adoptive transfers of NK cells into patients have demonstrated ef-
ficacy against multiple cancer types (Cheng et al., 2013; lliopoulou et al., 2010; Miller et al., 2005; Ruggeri
et al., 2002b), these findings have the potential to optimize cell-based immunotherapy through metabolic
regulation.

Limitations of the Study

The data obtained using the inhibitor SR-18292 on human NK cells are limited in that using only the inhib-
itor makes phenotypic changes difficult to interpret without considering previous studies. Our data serve as
a validation of previous work in which siRNA was used to show that the functional loss of PGC-1a elicits
mitochondrial defects similar to our results (Miranda et al., 2016, 2018). Our data are unique in that we
used naive human NK cells as opposed to IL-2-cultured cells, but they are limited in that off-target effects
of the inhibitor make it difficult to draw definitive conclusions. Irrespective of this, the previous work utiliz-
ing siRNA shows similar defects in the absence of off-target effects, thus supporting our findings from this
study (Miranda et al., 2016, 2018). In addition, because the data in this study are from several models of an
immune response, it is not possible to determine mechanistically how PGC-1a-mediated mitochondrial
function may contribute to NK cell effector functions as its role may vary between the different models.
Our data suggest PGC-1a. is required for optimal NK cell effector functions under specific activation con-
ditions, including in response to bacterial infection and tumor progression. Although the data thus present
a broader scope of the importance of PGC-1g, they fail to elucidate one specific mechanistic pathway.
Defining how PGC-1a-mediated mitochondrial function contributes to NK cell effector functions is impor-
tant both from a basic science and clinical perspective, and the data presented in this study potentially
serve as a starting point for this future work.

Resource Availability
Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-
tact, Subramaniam Malarkannan (SMalarkannan@Versiti.org).

Materials Availability

This study generated a conditional knockout mouse model of PGC-1a. Inquiries and material requests
should be directed to and will be fulfilled by the Lead Contact, Subramaniam Malarkannan
(SMalarkannan@Versiti.org).

Data and Code Availability

This study did not generate any new RNA seq datasets, and those data analyzed from previous studies
(Nanbakhsh et al., 2019) can be found on the Gene Expression Omnibus (GEO) at the National Center
for Biotechnology Information (NCBI) under the accession number GEO: GSE136015 and are publicly
accessible at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136015.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Figure 1. GSEA results for OxPhos gene sets upregulated in NK cells following
infection, Related to Figure 1. RNA-Sequencing data from L. monocytogenes infection experiments
performed previously in the lab (Nanbakhsh et al., 2019) were analyzed for differential expression of
metabolic genes. Competitive GSEA was performed to identify changes in gene expression in infected
versus control mice (n=3 individual mice per experiment group). Enrichment of (A) Hallmark gene sets
indicative of immune activation was evaluated, along with enrichment of (B) the KEGG pathway
Oxidative Phosphorylation to evaluate global OxPhos regulation. (C) For genes comprising the
mitochondrial electron transport chain complexes found in the KEGG data set Oxidative Phosphorylation,
individual expression values were examined, and the number of genes that were upregulated more than
two-fold out of the total number of genes comprising each ETC complex (I-IV, ATP-Synthase) are shown.
(D) Enrichment of gene sets associated with different mitochondrial nutrient utilization pathways was also
evaluated. The significance of GSEA results was determined using the FRY variation of rotational gene set

testing for differential expression analysis (Table 1).
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Supplemental Figure 2. NK cell development is unaltered in Ppargcla cKO mice, Related to Figure 1
(A) NK cells were isolated via negative selection from the spleens of naive or L. monocytogenes-infected
mice at indicated time points, RNA was extracted, and RT-qPCR was performed to quantify gene
expression compared to control RNA from a macrophage cell line. (B) mRNA was isolated from IL-2-
cultured NK cells from WT, and Ppargcla cKO mice and RT-PCR was performed using primers for
Ppargcla along with Actinb and Ifng as controls. RT-PCR products were then ran through agarose gels
followed by imaging. Lymphocytes were collected from the spleens of C57BL/6 mice as well as WT and
Ppargcla cKO littermates and cells were stained for (C) NK cells surface markers along with (D,E) CD27
and CD11b, and population percentages were quantified (n=3 individual mice for each genotype, two

independent experiments). (F) Splenic lymphocytes were collected and stained with NK cell surface



markers along with KLRG1 to identify terminally mature NK cell populations. (G) The purity of WT and
Ppargcla cKO cells isolated via negative selection for gene expression comparisons (Fig. 1G) was
evaluated through analysis of NK1.1 and CD3e expression by flow cytometry (n=3 individual mice for

each genotype). (H) Ppargcla gene expression was evaluated in NK cells from WT and Ppargcla cKO

mice by RT-PCR and reaction products were resolved on an agarose gel. Products from 18s RT-PCR using

the same samples are also shown to demonstrate the presence of template cDNA. Bar graphs present the

mean + SD or mean = SEM, where multiple experiments are indicated.
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Supplemental Figure 3. Activation and inhibitory receptor expression is unaltered in Ppargcla cKO
mice, Related to Figure 2 Lymphocytes were collected from the spleens and bone marrow of WT and
Ppargcla cKO mice and surface receptor expression was analyzed via flow cytometry. Data for various
activation and inhibitor receptors were quantified both in terms of (A, B) percent positive cells and (C, D)
receptor expression level as determined by mean fluorescence intensity (n=3 individual mice for each

genotype, three individual experiments). Bar graphs present the mean = SEM.
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Supplemental Figure 4. AMPK-PGC-1a signaling contributes to NK cell functions in vitro, Related

to Figure 2. (A) IL-2-cultured NK cells from the spleens of WT mice were collected and seeded in anti-

NKG2D activating antibody coated wells for the indicated time points. Lysates were collected and western

blot was used to evaluate activation of AMPK by phosphorylation of T172. Data were quantified over

multiple experiments (n=>5 individual mice, three independent experiments). (B) IL-2-cultured NK cells

from the spleens of WT mice were seeded in control or anti-NKG2D activating antibody coated wells for 6

hours in the presence or absence of the AMPK inhibitor Compound C. Supernatants were collected and

IFN-y secretion was measured via ELISA (n=3 individual mice). (C) IL-2-cultured NK cells from WT and

Ppargcla cKO mice were activated with IL-12 and IL-18 (1 and 10 ng/mL, respectively), and supernatants

were collected after 6 hours for analysis of cytokine secretion via multiplex (n=6 individual mice for each

genotype, two independent experiments). (D) IL-2-cultured NK cells from the spleens of WT and

Ppargcla cKO mice were incubated with >'Cr-labeled target cells for 4 hours. The supernatant was

collected, and cytotoxic potential was evaluated on control cells (EL4, RMA) and cells known to be



susceptible to NK cell-mediated lysis (YAC-1, EL4-H60, RMA/S) (n=2 individual mice for each
genotype). (E) IL-2-cultured NK cells were washed of IL-2 and stained in FACS buffer with NK cell
surface markers (NK1.1 and CD3¢), along with cell surface proteins denoting different stages of NK cell
maturation (CD27 and CD11b). Representative and compiled data are presented (n=3 individual mice for
each genotype). (F) IL-2-cultured NK cells were washed of IL-2, counted, and stained with Ki67 to
measure proliferation or Annexin V and Propidium Iodide to measure viability (n=3 individual mice for
each genotype). Bar graphs present the mean + SD or mean = SEM, where multiple experiments are
indicated. Statistical significance was calculated using Student’s t-test. * =p < 0.05; ** =p <0.01; *** =p

<0.001.
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Supplemental Figure 5. SR-18292 inhibits PGC-1a target gene transcription in NK cells, Related to
Figure 4. (A) IL-2-cultured NK cells were collected, and RT-qPCR was used to quantify expression of
individual genes following activation with NKG2D in the presence or absence of the PGC-1a inhibitor SR-
18292 (30 uM) (n=4 individual mice). (B, C) IL-2-cultured NK cells from the spleens of WT mice were
seeded in anti-NKG2D activating antibody coated wells in the presence or absence of indicated amounts of
SR-18292. Cells were activated for 6 hours then collected and stained for Annexin V and Propidium Iodide
along with NK cell surface markers. Cell viability was determined by measuring Annexin V/Propidium
Iodide double-positive cells (n=3 individual mice). (D) IL-2-cultured NK cells from the spleens of WT and
Ppargcla-cKO mice were seeded in control or anti-NKG2D activating antibody coated wells for 6 hours in

the presence or absence of the PGC-1a inhibitor SR-18292. Supernatants were collected and IFN-y



secretion was measured via ELISA (n=3 individual mice per genotype). (E, F) Human NK cells were
isolated from the PBMCs of healthy donors via negative selection and then seeded in anti-NKG2D
activating antibody coated wells in the presence or absence of SR-18292. Cells were activated for 18 hours
and stained for FACS analysis. Cell viability was determined by measuring Annexin V single-positive cells
and Annexin V/Propidium lodide double-positive cells (n=2 individual donors). Bar graphs present the
mean + SD or mean = SEM where multiple experiments are indicated. Statistical significance was
calculated using paired Two-way ANOVA corrected for multiple comparisons using the Holm-Sidak

method (A). * = p <0.05; *** = p < 0.001.
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Supplemental Figure 6. Glucose uptake is maintained in PGC-1a-deficient NK cells, Related to
Figure 5. (A-C) WT and Ppargcla cKO mice were injected with 2 x 10> B16F10 melanoma cells. Ten
days later, lungs were removed and lymphocytes were isolated and incubated with the glucose analog 2-
NBDG for 1 hour. Cells were then stained with a live/dead indicator and NK cell surface markers, and 2-
NBDG uptake was evaluated. Data were quantified both in terms of percent positive cells and on a per-cell
basis as determined by mean fluorescence intensity, and 2-NBDG uptake by Ppargcla cKO NK cells was
established as a percentage of uptake by WT NK cells (n=1 individual mouse per genotype).



Supplemental Tables and Legends

Supplemental Table 1. GSEA results of WT NK cell transcriptome following L. monocytogenes infection,
Related to Figure 1. RNA was collected from WT NK cells from control mice or mice infected with L.
monocytogenes for 48 hours. RNA sequencing was performed, and changes in gene expression between
control and infected NK cells were quantified. Competitive GSEA analysis was used to identify
metabolism-associated gene sets whose genes were upregulated in NK cells collected from infected mice
compared to control mice. Individual gene sets from the MSigDB c¢2, Hallmark, and Gene Ontology

databases are shown below, along with the enrichment score, the direction of enrichment, and P-Value

obtained from competitive enrichment analysis.

Goace

Gene list NGenes | E.S | Direction | PValue FDR
REACTOME_MITOCHONDRIAL
_PROTEIN_IMPORT

PENG_GLUTAMINE DEPRIVATION DN 451 1.8 Up 1.17E-06 1.13E-05
WONG_MITOCHONDRIA

67 23 | Up 2.02E-07 2.36E-06

237 2.1 | Up 0.005169884 | 0.020188589
_GENE_MODULE
MOOTHA_MITOCHONDRIA 492 1.7 | Up 0.006424164 | 0.024187796
GALLUZZI_PERMEABILIZE

55 1.6 | Up 0.006540834 | 0.02460748
_MITOCHONDRIA
KEGG_OXIDATIVE_PHOSPHORYLATION | 120 24 | Up 0.007156613 | 0.026523215
REACTOME_TCA_CYCLE_AND_

129 23 | Up 0.010105588 | 0.035478343
RESPIRATORY ELECTRON_TRANSPORT
REACTOME_RESPIRATORY _

76 25 | Up 0.013731344 | 0.046086249
ELECTRON_TRANSPORT
KEGG_ALANINE_ASPARTATE

28 1.8 | Up 0.039166237 | 0.10972579

AND GLUTAMATE METABOLISM

Hallmark Gene sets

Gene list NGenes | E.S. | Direction | P-Value FDR
HALLMARK INFLAMMATORY

244 3.5 | Up 2.83E-16 2.83E-15
_RESPONSE
HALLMARK GLYCOLYSIS 239 2.1 Up 6.18E-07 2.21E-06

HALLMARK OXIDATIVE 227 23 | Up 0.000437715 | 0.001094288




PHOSPHORYLATION

GO Gene sets

Gene list NGenes | E.S. | Direction | P-value FDR
GO_CYTOKINE_ACTIVITY 117 4.1 Up 2.92E-15 1.15E-12
GO _INNATE IMMUNE RESPONSE 620 27 | Up 1.03E-13 3.16E-11
GO_REGULATION_OF CYTOKINE _
SECRETION INVOLVED 23 4.1 Up 9.37E-09 7.04E-07
IN_IMMUNE RESPONSE
GO_CYTOKINE SECRETION 66 3.0 | Up 4.03E-06 0.00011828
GO_INFLAMMATORY_ RESPONSE 481 29 | Up 6.31E-12 1.34E-09
GO DEFENSE RESPONSE TO BACTERIUM | 206 3.0 | Up 6.64E-11 1.11E-08
GO_POSITIVE_REGULATION_OF _

24 49 | Up 2.31E-10 3.03E-08
ACUTE_INFLAMMATORY_ RESPONSE
GO_POSITIVE_REGULATION _

448 2.5 | Up 2.36E-10 3.04E-08
OF _CYTOKINE PRODUCTION
GO_LONG_CHAIN_FATTY

17 32 | Up 0.000142391 | 0.002303669
_ACID_BINDING
GO_PYRUVATE METABOLIC PROCESS 53 2.0 | Up 0.000187068 | 0.002897211
GO MITOCHONDRIAL

- B 119 1.6 | Up 0.000211895 | 0.003201273

MEMBRANE ORGANIZATION
GO_RESPONSE_TO_LIPID 922 2.0 | Up 0.000604139 | 0.007538282
GO_CELLULAR_RESPONSE

70 2.7 | Up 0.001260774 | 0.013779102
_TO_FATTY_ACID
GO_MITOCHONDRIAL TRANSLATION 111 2.6 | Up 0.001327153 | 0.01427674
GO_MITOCHONDRIAL

69 2.1 Up 0.001351704 | 0.01444004
TRANSMEMBRANE TRANSPORT
GO_MITOCHONDRIAL TRANSPORT 212 1.5 | Up 0.001662305 | 0.016936276
GO_PROTEIN_LOCALIZATION

82 1.6 | Up 0.002290085 | 0.022195097
_TO_MITOCHONDRION
GO_FATTY_ACID_HOMEOSTASIS 15 2.6 | Up 0.002647074 | 0.024797207
GO_INNER_MITOCHONDRIAL

104 2.7 | Up 0.004361493 | 0.037081601
MEMBRANE PROTEIN COMPLEX
GO_POSITIVE_REGULATION_OF _

182 1.3 | Up 0.006238116 | 0.04842789
MITOCHONDRION ORGANIZATION
GO_PROTEIN _TARGETING 60 1.8 | Up 0.007530304 | 0.055722439




_TO_MITOCHONDRION
GO_POSITIVE_REGULATION
_OF_LIPID TRANSPORT

GO_RESPONSE_TO FATTY ACID 102 22 | Up 0.011618423 | 0.076758799
GO_GLUTAMINE_FAMILY AMINO

62 1.8 | Up 0.010875769 | 0.07270959

55 19 | Up 0.01639513 | 0.096800364
_ACID_METABOLIC_PROCESS
GO_MITOCHONDRIAL

133 2.6 | Up 0.016991254 | 0.098681359
_PROTEIN_COMPLEX
GO_OXIDATIVE_PHOSPHORYLATION 81 25 | Up 0.037989095 | 0.16934085

Abbreviates used: NGenes — number of genes; E.S. — enrichment score; FDR — false discovery rate.



Supplemental Table 2. List of primers used to evaluate gene expression, Related to Figure 1, Figure

5, Supplemental Figure 2, and Supplemental Figure 5.

Primers used for RT-PCR Analysis

Gene Forward Primer Reverse Primer

Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
18s rRNA CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG

Pdkl TCCCCCGATTCAGGTTCAC CCCGGTCACTCATCTTCACA

Pdk2 CACCGGACTCTAAGCCAGTT ACGGGGTCATCTCCATAGGT

Pdk3 TCCTGGACTTCGGAAGGGATA GAAGGGCGGTTCAACAAGTTA
Pdk4 ATCTAACATCGCCAGAATTAAACC GGAACGTACACAATGTGGATTG
Cptla CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT
Cptlb TTGCCCTACAGCTGGCTCATTTCC GCACCCAGATGATTGGGATACTGT
Acadm GATCGCAATGGGTGCTTTTGATAGAA| AGCTGATTGGCAATGTCTCCAGCAAA
Lcad TCTTTTCCTCGGAGCATGACA GACCTCTCTACTCACTTCTCCAG
vLcad GGCCAAGCTGGTGAAACACAAGAA | ACAGAACCACCACCATGGCATAGA
Glul CAGAGACCAACTTGAGGCACA CTCCATTCCAAACCAGGGGT

Gotl GCGCCTCCATCAGTCTTTG ATTCATCTGTGCGGTACGCTC

Got2 TGCAGCTCCAAGGTTATCGC CCACGGACGCTATCTCCTTC

Gptl AGGTCCTGGCCCTCTGTGTC CCTTCTCTTGGCATCCTCTGG

Gpt2 AACCATTCACTGAGGTAATCCGA GGGCTGTTTAGTAGGTTTGGGTA
Glsl GGGAATTCACTTTTGTCACGA GACTTCACCCTTTGATCACC

Gls2 TCAGGCATTCCGAAAGAAGTTT CAGAAGGGGATCTTCGTGTGG
Cox4 GAGAGCCATTTCTACTTCGGT GCAGACAGCATCGTGACAT

Tfam CCAAAAAGACCTCGTTCAGC ATGTCTCCGGATCGTTTCAC
AtpSgl AGTTGGTGTGGCTGGATCA GCTGCTTGAGAGATGGGTTC
Slclas GGTCTCCTGGATTATGTGGTACG AGCACAGAATGTATTTGCCGAG
Mfn2 AGAGGCAGTTTGAGGAGTGC ATGATGAGACGAACGGCCTC

Ifng ACAGCAAGGCGAAAAAGGATG TGGTGGACCACTCGGATGA

Gzmb CCACTCTCGACCCTACATGG GGCCCCCAAAGTGACATTTATT
Ppargcla CCAACCAGTACAACAATGAGC CTCCATCTGTCAGTGCATCA




Transparent Methods

Mice and cell lines. Ppargcla™ mice and wild type C57BL/6 mice were purchased from the Jackson
Laboratory (Bar Harbor, ME), while Ner1'“" mice were a generous gift from Dr. Eric Vivier (Narni-
Mancinelli et al., 2011). Ppargcl a"" mice were bred with NerI*“" mice to obtain Ppargcl d""-Ner1"7ere
mice. These mice were bred to get littermate control mice (Ppargela™-Ner1”™" ") (WT) and experimental
(Ppargcld™-Ner1""“") (Ppargcela-cKO) mice in which PGC-1a is deleted in NK cells. Animals were
housed at the Biological Resource Center in pathogen-free conditions at the Medical College of Wisconsin.
Female littermate mice between the ages of 8 to 12 weeks were used. All animal protocols
(AUA00001512) and the experiments carried out under them were approved and oversaw by the
Institutional Animal Care and Use Committees (IACUC) of the Medical Collge of Wisconsin, Milwaukee,
WI. Cell lines were purchased from ATCC (Rockville, MD) include EL4, RMA, RMA/S, and YAC-1 and
were maintained in RPMI-1640 medium containing 10% heat-inactivated FBS (HyClone Laboratories,
Logan, UT). H60-expressing EL4 stable cell lines were previously generated (Regunathan et al., 2005).
Verification of RMA and RMA/s was performed through analysis of levels of MHC-Class I (H2-K" and
H2-DP). The expression of H60 was used to confirm EL4-H60 cell lines. YAC-1 background was verified
through lack of H-2" and the presence of H-2%. All cell lines were regularly tested and are negative for

mycoplasma.

Media, antibodies and recombinant proteins. Culture media was RPMI 1640 from Gibco (Waltham,
MA) supplemented with 10% heat-inactivated FBS (HyClone Laboratories, Logan, UT),
penicillin/streptomycin (Corning, Corning NY), Pyruvate (Corning, Corning NY) and BME (Millipore-
Sigma, St. Louis, MO). Chemical addition was included with the media, as indicated. Compound C was
purchased from Millipore Sigma (St. Louis, MO). SR 18292 was purchased from Cayman Chemical (Ann
Arbor, MI). CD3¢ (17A2), NK1.1 (PK136), CD49b (DX5), CD27 (LG.7F9), CD11b (M1/70), KLRGI
(2F1), NCR1 (29A1.4), NKG2D (CXS5), Ki67 (SolA15), NKG2D activating antibody (A10), NK1.1
activating antibody (PK136), Ly49H activating antibody (3D10), Human NKG2D (1D11), Ly49H (3D10),
NKG2A/C/E (20d5), CD122 (5H4 or TM-bl), IFN-y (XMG1.2), Mitotracker Green FM, TMRE, and
LIVE/DEAD™ Fixable Violet antibodies and dyes were from Thermo-Fisher Scientific (Waltham, MA);
Ly49D (4ES) and CD132 (TUGm?2), and 2B4 activating antibody were from Biolegend (San Diego, CA);
Ly49A (Al), Ly49G2 (4D11), and Ly49C/I (5E6), were from BD Biosciences (Franklin Lakes, NJ).
Recombinant IL-2 was provided by the NCI (NCI-BRB-Preclinical Repository, Maryland, and MD).



Recombinant IL-12 was from Peprotech (Rocky Hill, NJ), and IL-18 was from Thermo-Fisher Scientific
(Waltham, MA).

Murine NK cell cultures. Cells from spleens of indicated mice were prepared by gently grinding the
dissected organs with micro slides (VWR, Radnor, PA). Spleens were harvested from indicated mice and
filtered through nylon wool columns to isolate lymphocyte populations. Cells were cultured in 1000 units
IL-2 for four days at which point adherent NK cells were collected and re-cultured in 1000 units IL-2.
These cells were then split an additional time on day five and cells were utilized on day 6 for hypoxia
experiments while all other experiments were performed after seven days of culture. Cells undergoing this

procedure are referred to as IL-2-cultured NK cells.

Human NK cell analyses. De-identified healthy human peripheral blood mononuclear cells (PBMC) were
obtained from volunteer donors from Versiti (Milwaukee, WI) for the isolation of primary NK cells.
Acquisition and utilization of human PBMCs was performed under an approved protocol (PRO00031019)
from the Institutional Review Board (IRB) of the Medical College of Wisconsin and the Froedtert Hospital.
Human NK cells were isolated from the peripheral blood of healthy donors. Samples were layered on top
of Lymphoprep reagent (STEMCELL Technologies, Vancouver, Canada) at a 1:1 ratio, and gradient
centrifugation was used to separate the lymphocyte layer. Lymphocytes were collected and washed, and
NK cells were isolated using the human NK cell negative selection kit (STEMCELL Technologies,
Vancouver, Canada). Cells were then rested overnight in cell culture media supplemented with 100 units of
IL-2/mL. Cells were then washed and resuspended in 10 units of IL-2/mL and activated with plate-bound
anti-human NKG2D antibody (10 ug/mL) + SR-18292 or co-cultured with *'Cr-labeled K562 target cells +
SR-18292. Supernatants were collected from NKG2D-stimulated cells, and a multiplex kit (Bio-Rad,
Hercules, CA) was used to quantify cytokine/chemokine production. Supernatants were collected from
K562-stimulated cells, and the amount of *'Cr released into the media was used to quantify cell-mediated
cytotoxicity. For Seahorse analysis, NK cells were freshly isolated and immediately activated with plate-
bound anti-human NKG2D antibody (10 ug/mL) £ SR-18292 for 18 hours. A set of cells was then utilized
for viability analysis by flow cytometry, while media was replaced with unbuffered RPMI on the second

set of cells and mitochondrial parameters were quantified using a Seahorse instrument as described below.



Cell separation, flow cytometry, and cell sorting. Bone marrow cells were flushed and a single cell
suspension was made by passing cells through a syringe and needle. Cells from spleens were prepared by
gently grinding the dissected organs with micro slides (VWR, Radnor, PA). To collect lung NK cells, lungs
were perfused with 10 mL of PBS and separated into lobes. Lung pieces were then digested and dissociated
using the Miltenyi Lung Dissociation Kit and the Miltenyi GentleMACS Octo Dissociator (Miltenyi
Biotec, Bergisch Gladbach, Germany). Lung-derived CD3e-NK1.1" NK cells were either analyzed from
total lymphocyte populations for mitochondrial mass and membrane potential analyses or FACS-sorted
(CD3eNK1.1") and used for gene expression analyses. Freshly isolated or cultured NK cells used for flow
cytometry were surface stained for twenty minutes in PBS containing 1% BSA (Millipore-Sigma, St.
Louis, MO) and specified antibodies at 1:200. For cell viability analysis, human or mouse NK cells were
collected following treatment under specified conditions and stained using the FITC-Annexin V Apoptosis
Detection Kit (BD Biosciences, Franklin Lakes, NJ). To quantify proliferation, IL-2-cultured NK cells
were washed and surface-stained for NK1.1 and CD3g, and intracellularly-stained for Ki67 using the
FoxP3/Transcription Factor Staining Buffer Set (Thermo-Fisher Scientific, Waltham, MA). Subsequent
flow cytometry analyses were conducted with a MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch
Gladbach, Germany) and analyzed with FlowJo software (FlowJo LLC, Ashland, OR). For cell isolation,
NK cells were either isolated using a negative selection kit (STEMCELL Technologies, Vancouver,

Canada) or through flow sorting with a FACSMelody Cell Sorter (BD Biosciences, Franklin Lakes, NJ).

B16F10 lung metastasis model. B16F10 melanoma cells growing in log phase were harvested and
resuspended in PBS. 2 x 10’ cells were injected into mice intravenously. 10-14 days post-injection as
specified, the recipient mice were sacrificed. The lungs were perfused with 10 mL PBS and resected for
subsequent imaging or ex vivo analysis. For nodule counts, lungs were placed in dishes with PBS and
counts were performed blinded. Averages were obtained from two counts from two individuals. For H&E

staining, lung sections were fixed in zinc-formalin. Samples were then frozen and sectioned for imaging.

L. monocytogenes infection. Frozen stocks of the 104038 strain of Listeria monocytogenes were thawed
and diluted in PBS and 2 x 10* CFU of bacteria were then injected into littermate WT and Ppargcla cKO
mice. 24-48 hours later, spleens were removed and NK cells were collected for RT-qPCR analysis. Livers
were collected for CFU assays. Livers were resuspended in 5 mL RPMI and ground into single-cell

suspensions using a tissue homogenizer. Serial dilutions of 1:5, 1:10, 1:50, and 1:100 were then made of



individual livers and dilutions were spotted in triplicate onto agar combined with Brain-Heart Infusion
broth. Colonies were counted 24 hours later and reported numbers are averages of all 12 spots corrected for

dilution factor.

Western Blotting. [L-2-cultured NK cells were lysed in ice-cold RIPA buffer (Boston BioProducts,
Ashland, MA) with phosphatase inhibitor cocktail, PhosSTOP (Roche Diagnostics GmbH, Mannheim,
Germany), and proteinase inhibitor cocktail (Millipore-Sigma, St Louis, MO). Lysates were incubated for
30 minutes on ice, centrifuged at 15,000 g for 10 min at 4°C. For Western blotting, cell lysates were
separated by SDS-PAGE, transferred to PVDF membrane, and probed with specified primary antibodies
followed by secondary Abs conjugated with horseradish peroxidase. The signal was detected by
autoradiography films (LabScientific Inc., Livingston, NJ).

RT-PCR. Total RNA was extracted from ex vivo isolated or FACS-sorted cells using TRIzol Reagent
(Thermo-Fisher Scientific, Waltham, MA). Total RNA was collected from IL-2-cultured NK cells using
the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was conducted using the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). qPCR was performed with a QuantStudio 6 Flex
Real-Time PCR instrument (Thermo-Fisher Scientific, Waltham, MA) with SYBR Green-based detection
(MidSci). The transcript levels of B-Actin or 18s rRNA were used as a control. Primers used for the RT-

PCR reactions in this study can be found in Supplementary Table 2.

RNA sequencing. RNA-Sequencing results were analyzed from a data set collected previously in the lab
and published by Nanbakhsh et al. (Nanbakhsh et al., 2019). The methodology for collection and analytical
techniques used in this study are detailed in the text and figure legends. Analyses include competitive
GSEA to test for enrichment of gene sets in established databases including the Hallmark, MSigDB ¢2, and
Gene Ontology databases, as well as our curated PGC-1a. target gene set (Table 2). We also used the FRY
variation of rotational gene set testing (Wu et al., 2010), to determine significance of enrichment of

individual gene sets.

In vitro and in vivo cytotoxicity assays. For in vitro cytotoxicity, EL4, EL4-H60, RMA, RMA/S, YAC-1,
or B16F10 target cells were incubated with 50 uCui >'Chromium for 1 hour. Following incubation,

>1Chromium (*'Cr)-labeled target cells were washed and co-cultured with IL-2-cultured NK cells at varied



effector to target (E:T) ratios in 96-well plates for 4 hours with or without SR18292 as indicated.
Supernatants were then collected, and the amount of *>'Cr released from target cells was measured using a
gamma counter. Percent specific lysis was calculated using amounts of absolute, spontaneous, and
experimental >’ Cr-release from target cells. For in vivo cytotoxicity, splenocytes were collected from
C57BL/6J (Self), B6.b2™™"" (Missing Self), and BALB/cJ (Non-Self) mice and cells from all three mice
were labeled with CFSE dye. Missing Self and Non-Self cells were also marked with Cell Trace Red
(CTR) or Cell Trace Violet, respectively (all dyes from Thermo-Fisher Scientific, Waltham, MA). Cells
from the three backgrounds were then combined in a 1:1:1 ratio, and 7.5 x 10° cells of the mixture were
injected intravenously into either experimental mice or mice injected with NK cell depleting or IgG control
antibodies 24 hours prior. Eighteen hours later, splenocytes were harvested from injected mice and the
percentages of labeled cells recovered were obtained via flow cytometry. Deviation from the original 1:1:1

ratio was used to determine the killing of missing-self and non-self target cells.

Cytokine production measurements. IL-2-cultured NK cells were harvested and 2.5 x 10 cells were
stimulated with plate-bound anti-NKG2D (2.5 pg/mL) antibody (ThermoFisher) or IL-12 and 18 (1 and 10
ng/mL, respectively) in 96-well plate for 6 hours. Activation was performed in the presence or absence of
chemical supplementation as indicated. After 6 hours, supernatants were collected, and amount of
cytokines released into the supernatant was measured using ELISA or the multiplex platform from Bio-Rad
(Bio-Rad, Hercules, CA). For hypoxia experiments, cell cultures were divided on Day 6, and 3 x 10° cells
were placed in flasks in 1% O2 while the remaining cells remained in normoxic conditions. Twenty-four
hours later, cells from both conditions were collected and activated in normoxic conditions with plate-
bound anti-NKG2D activating antibody (2.5 pg/mL) for 6 hours, and cytokine/chemokine release was
measured using a multiplex kit (Bio-Rad, Hercules, CA). For ex vivo evaluation of IFN-y production, NK
cells were isolated from spleens using a negative selection kit (STEMCELL Technologies, Vancouver,
Canada) and seeded onto anti-NKG2D activating antibody coated plates for 6 hours. Cells were then
harvested and stained with surface antibodies and fluorochrome-labeled IFN-y (XMG1.2) using the BD
Cytofix/Cytoperm Kit (BD Biosciences, Franklin Lakes, NJ).

Mitochondrial mass and membrane potential quantification. Mitochondrial mass and membrane
potential were quantified using Mitotracker Green FM and TMRE, respectively. Lung lymphocytes were

collected as described and resuspended in culture media containing Mitotracker Green FM and TMRE (50



nM) for 25 minutes. NK 1.1 and CD3e surface antibodies along with LIVE/DEAD™ Fixable Violet were
then added to cells at 1:200 or 1:1000 respectively, and cells were stained for an additional ten minutes.

Cells were washed twice and resuspended with PBS containing 1% BSA for subsequent analysis.

Seahorse measurements. The bioenergetic function of murine and human NK cells was measured using a
Seahorse XF-96 Extracellular Flux Analyzer (Agilent, Santa Clara, CA). 1 x 10’ cells were seeded in V3
PET Cell Culture Microplates with unbuffered RPMI pH adjusted to 7.4. Basal levels of oxygen
consumption and extracellular acidification were obtained to determine basal OxPhos and glycolytic rates.
To identify additional mitochondrial parameters, injection with the ATP-Synthase inhibitor oligomycin (1
pg/mL), the mitochondrial uncoupler carbonylcyanide p-(trifluoromethoxy) phenylhydrazone (FCCP; 3
umol/L), and the complex III inhibitor Antimycin A (10 umol/L), were used to measure maximal and

ATP-linked oxygen consumption rates. Maximal glycolysis was determined after oligomycin addition.

HPLC metabolite analysis. Metabolite analysis was performed on IL-2-cultured NK cells. HPLC analysis
was performed using an Agilent 1100 chromatograph and variable wavelength detector. Following 6-hour
culture with or without plate-bound anti-NKG2D activating antibody (2.5 ug/mL), metabolites were
extracted in a potassium phosphate buffer for oxidized species or a potassium hydroxide buffer for reduced
species. Samples were resuspended in appropriate buffers with tetrabutylammonium bisulfate as an ion-
pairing reagent. Samples were then injected onto a Kinetix C18 column (100 x 4.6 mm, 2.6 uM particle
size) (Phenomenex, Torrence, CA), and reverse-phase chromatography was performed by eluting samples
with a methanol mobile phase using a gradient method. Metabolites were detected using a variable
wavelength detector to measure absorbance at 254 nm. Concentrations and ratios of various metabolites
were then determined through peak integration performed by Agilent ChemStation software, followed by
comparison to values obtained for known standards of each metabolite. ATP, ADP, NAD, and NADH
standards were obtained from Millipore-Sigma (St. Louis, MO).

Statistics. Data are presented as Mean + SD or as Mean + SEM when multiple experiments are
represented. Statistical analyses were conducted using Prism software (GraphPad, La Jolla, CA).
Depending on the number of parameters being evaulated, statistical significance was calculated using

Student’s t-tests corrected for multiple comparisons using the Holm-Sidak method where indicated or two-



way ANOVA corrected for multiple comparisons using the Holm-Sidak method where indicated. The
significance is indicated as *p < 0.05; **p < 0.01; ***p < 0.001.
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