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OXPHOS in the absence of polarizing
cytokines via activation of HIF-1« and
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pantothenate/CoA pathway enhanced
anti-tumor responses, revealing an
unappreciated role for pantothenate
metabolism in enhancing T cell anti-
tumor function.
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SUMMARY

Metabolic programming is intricately linked to the anti-tumor properties of T cells. To study the metabolic
pathways associated with increased anti-tumor T cell function, we utilized a metabolomics approach to char-
acterize three different CD8" T cell subsets with varying degrees of anti-tumor activity in murine models, of
which IL-22-producing Tc22 cells displayed the most robust anti-tumor activity. Tc22s demonstrated upre-
gulation of the pantothenate/coenzyme A (CoA) pathway and a requirement for oxidative phosphorylation
(OXPHOS) for differentiation. Exogenous administration of CoA reprogrammed T cells to increase OXPHOS
and adopt the CD8* Tc22 phenotype independent of polarizing conditions via the transcription factors HIF-1«
and the aryl hydrocarbon receptor (AhR). In murine tumor models, treatment of mice with the CoA precursor
pantothenate enhanced the efficacy of anti-PDL1 antibody therapy. In patients with melanoma, pre-treat-
ment plasma pantothenic acid levels were positively correlated with the response to anti-PD1 therapy.
Collectively, our data demonstrate that pantothenate and its metabolite CoA drive T cell polarization,

bioenergetics, and anti-tumor immunity.

INTRODUCTION

Immunotherapy has revolutionized the treatment of cancer.
Current treatment modalities range from cell therapy using tu-
mor-specific T cells, including those that express transgenic
T cell receptors (TCRs) and chimeric antigen receptors (CARs),
to antibodies targeting important immunological checkpoint mol-
ecules, suchas PD1 (Waldman et al., 2020). Despite their success,
however, many patients fail to respond to immunotherapy. The
identification of novel methods to enhance the efficacy ofimmuno-
therapeutic modalities is an area of active investigation. Recently,
manipulating the metabolic programming of anti-tumor T cells to
enhance cellular bioenergetics has emerged as a promising
means to enhance the anti-tumor activity of T cells, both in the
context of cellular therapies and immune checkpoint inhibitors
(Bucketal.,2016; Chamoto et al., 2017; Saibil et al., 2019; Scharp-
ing et al., 2016; Zhang et al., 2017).

Metabolic processes influence many aspects of T cell function
including their activation, differentiation, and effector function
(Gerriets et al., 2015; Johnson et al., 2018; O’Neill et al., 2016;
Pearce et al., 2013). In the context of immunotherapy, it is
becoming increasingly clear that enhanced mitochondrial meta-
bolism and oxidative phosphorylation (OXPHOS) in T cells are
associated with increased persistence and effector activity result-

L)

ing in robust anti-tumor responses (Chang and Pearce, 2016). This
enhanced OXPHOS can be achieved by ex vivo manipulation of
T cells such as by enhancing fatty acid oxidation (FAQ) (Saibil
et al., 2019) or by increasing mitochondrial biogenesis (Scharping
etal., 2016) and mitochondrial fusion (Buck et al., 2016). Moreover,
targeting T cell co-stimulatory molecules such as 4-1BB can
improve oxidative metabolism and anti-tumor activity
(Menk et al., 2018). These findings were echoed in CAR T cells,
as it was shown that CARs with a 4-1BB signaling
domain demonstrated increased persistence and bioenergetics
compared to those with a CD28 domain (Kawalekar et al., 2016).
In addition to enhancing cellular therapy, the in vivo modulation
of T cell oxidative metabolism has shown success in boosting re-
sponses to anti-PDL1 therapy in murine models (Chamoto et al.,
2017; Zhang et al., 2017). Together, these findings indicate that
targeting T cell metabolism can re-invigorate anti-tumor responses
in the context of both cellular therapy and checkpoint blockade.
In the present paper, we sought to identify novel metabolic
pathways in T cells that could be targeted to enhance bioener-
getics and anti-tumor activity. Using a metabolomics approach,
we characterized the metabolism of three different functional
subsets of effector CD8" T cells, each shown to have different
degrees of anti-tumor activity: the conventional IFN-y-producing
Tc1 cells, IL-17-producing Tc17 cells, and IL-22-producing Tc22
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Figure 1. Tc22 polarization is dependent on oxidative phosphorylation

(A) Cytokine profile of CD8" T cells activated for 3 days in the presence of polarizing cytokines.
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(B and C) Metabolites were extracted and quantified from polarized Tc subsets derived from 5 mice and displayed as a (B) heatmap or (C) PCA plot. Heatmap
values represent relative abundance of metabolites.
(D) Number of significantly different metabolites relative to each subset.
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cells (Mittricker et al., 2014; St Paul and Ohashi, 2020; St Paul
et al.,, 2020). We found the pantothenate/coenzyme A (CoA)
metabolic pathways to be enriched in Tc22 cells and identified
CoA as a reagent able to induce OXPHOS and Tc22 differentia-
tion in the absence of polarizing cytokines. Moreover, treating
T cells with CoA enhanced anti-tumor activity in multiple mouse
models, and the in vivo administration of the CoA-precursor
pantothenate enhanced anti-PDL1 therapy in pre-clinical
models. Importantly, we correlated increased pre-treatment
plasma pantothenic acid levels with response to anti-PD1 anti-
body therapy in a cohort of patients with advanced melanoma.
These findings identify the pantothenate/CoA pathway as a
promising target to enhance oxidative metabolism in T cells
and to augment the efficacy of immunotherapy.

RESULTS

Tc22 polarization is dependent on oxidative
phosphorylation

Multiple different subsets of effector CD8" T cells have been
identified, each with distinct cytokine profiles, effector function,
and anti-tumor properties (St Paul and Ohashi, 2020). Previously,
we have found that a subset of CD8" T cells that produce IL-22,
referred to as Tc22 cells, demonstrated robust anti-tumor prop-
erties relative to the IFN-y-producing Tc1 and IL-17-producing
Tc17 cell subsets (St Paul et al., 2020). Of note, Tc22 cells did
not require IL-22 for their ability to control tumor growth, as
blocking IL-22 did not result in impaired anti-tumor function (Fig-
ure S1). This suggests that other aspects of T cell function that
occur in conjunction with Tc22 lineage polarization may be medi-
ating this enhanced anti-tumor activity. Given that Tc22 cells
were previously shown to have elevated levels of ATP and
increased expression of components of the mitochondrial elec-
tron transport chain (St Paul et al., 2020), we hypothesized that
Tc22 cells have a unique metabolic program that contributes
to their anti-tumor activity, and that IL-22 production may occur
as a consequence of this metabolic programming. Furthermore,
we reasoned that elucidating these metabolic pathways unique
to Tc22 cells could lead to novel therapeutic targets to metabol-
ically reprogram CD8™" T cells and potentially enhance immuno-
therapy. Accordingly, to identify metabolic programs associated
with the Tc22 lineage, we set out to perform in-depth metabolic
analysis on differentiated Tc1, Tc17, and Tc22 subsets that were
generated by activating CD8" T cells in the presence of lineage-
specific polarizing cytokines (Figure 1A).

The mitochondria are sites of cellular respiration and are essential
for biochemical reactions comprising the tricarboxylic acid (TCA)
cycle and OXPHOS. Given this, we first sought to characterize
the mitochondrial phenotype and the uptake of nutrients that can
fuel OXPHOS including glucose and fatty acids among the three
Tc subsets. Despite the fact that each Tc subset underwent robust
proliferation during polarization (Figures S2A and S2B), Tc17 cells
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displayed a decrease in mitochondrial mass, membrane potential,
glucose uptake, and fatty acid uptake relative to Tc1 and Tc22 cells
(Figures S2C-S2F). This suggests a decreased utilization of mito-
chondrial OXPHOS in Tc17 cells relative to other subsets and
potentially different metabolic programming. To further elucidate
these differences in the global metabolic profile of the Tc1, Tc17,
and Tc22 subsets, we performed mass spectrometry employing
an untargeted metabolomics approach (Figure 1B). Using principal
component analysis (PCA) and unsupervised hierarchical cluster
analysis, we found that each Tc subset formed a unique cluster (Fig-
ures 1B and 1C) with at least 100 metabolites significantly altered
between each individual subset (Figure 1D). Some of the most
notable differences in metabolites were in the levels of glycolytic
and TCA cycle intermediates, despite having minimal alterations
of these pathways at the transcriptional level (Figures S2G-S2K).
To further investigate this, we analyzed the respective utilization
of glycolysis versus OXPHOS of the three Tc subsets using the Sea-
horse Bioanalyzer. This method allows the concurrent measure-
ment of the oxygen consumption rate (OCR—indicative of
OXPHOS) and the extracellular acidification rate (ECAR —indicative
of glycolysis) in real time (van der Windt et al., 2016). These studies
confirmed that Tc17 cells did indeed display less utilization of OX-
PHOS. Interestingly, we also found that the Tc22 subset had the
highest basal OCR (Figure 1E) and the highest ratio of OCR to
ECAR among the three subsets (Figure 1F), similar to what has pre-
viously been reported for memory CD8" T cells relative to activated
effector cells (van der Windt et al., 2012). Moreover, this enhanced
OCRinTc22 cells was coupled to ATP production as the addition of
oligomycin, an inhibitor of ATP synthase and oxidative metabolism,
led to a marked reduction in OCR (Figure 1E). These data were
consistent with our previous data that Tc22 cells demonstrated
increased levels of intracellular ATP (St Paul et al., 2020). Collec-
tively, these data confirmed different metabolic programming
among the different Tc subsets and suggest a link between oxida-
tive metabolism and the Tc22 lineage.

To further explore this connection between OXPHOS and
Tc22 cells, we investigated the requirement for IL-22 production
to promote oxidative metabolism. We found that the increased
OPXHOS in Tc22 cells occurred independently of IL-22 produc-
tion, as comparable OCR levels were observed in wild-type (WT)
and IL-22-deficient Tc22 cells (Figure S2L). Moreover, compara-
ble OCR levels were observed following depletion of IL-22
producing cells from bulk cultures of T cells exposed to Tc22-
inducing cytokines prior to seahorse analysis. These data
indicate that exposure to Tc22-inducing cytokines induce an
oxidative phenotype in the cells, even in those not found to be
actively secreting IL-22 (Figure S2M). This is in accordance
with previous analysis that showed that cells polarized to various
lineages all expressed lineage defining markers irrespective of
their ability to produce cytokines (St Paul et al., 2020). Together,
these findings demonstrate that IL-22 production is not required
to establish the oxidative metabolic phenotype of Tc22 cells.

E) Oxygen consumption rate (OCR) before and after addition of oligomycin.

G) Cytokine profile of CD8" Tc subsets polarized in the presence of oligomycin (Oligo) or vehicle control.

(
(F) Basal OCR:ECAR ratio pooled from multiple independent experiments and normalized to Tc1 cells (n = 3 + SEM).
(
(

H) Data from (G) pooled from multiple independent experiments and expressed as fold change compared to vehicle (n = 3 + SEM).
Results shown are representative of at least 3 independent experiments (A, E, and G). Statistical significance was calculated using (F) ANOVA with Sidak post hoc

test or (H) t test. *p < 0.05, **p < 0.01.
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It remained unclear, however, whether IL-22 production is
dependent on this metabolic shift toward oxidative metabolism
and mitochondrial ATP generation in Tc22 cells. To address
this possibility, we activated cells in Tc22 conditions in the pres-
ence of oligomycin, an inhibitor of oxidative metabolism, and
noted a decrease in IL-22 production (Figures 1G and 1H). In
contrast, oligomycin did not affect IL-17 production by Tc17
cells and enhanced IFN-y production by cells polarized to the
Tc1 lineage, which is consistent with published reports linking
glycolytic metabolism to the production of IFN-y (Chang et al.,
2013) (Figures 1G and 1H). Collectively, these data establish
that Tc22-inducing cytokines drive an oxidative metabolic pro-
gram that is important for polarization to the Tc22 lineage.

Memory CD8* T cells have previously been shown to rely upon
an oxidative metabolic program via FAO (van der Windt et al.,
2012). Accordingly, we next investigated the possibility that
Tc22s were memory-like cells given this shared utilization of OX-
PHOS. Surface marker analysis revealed that Tc22s resemble
effector T cells, similar to both Tc1 and Tc17 cells (St Paul
et al.,, 2020) (Figure S3A). Moreover, Tc22 cells also do not
resemble T memory stem cells (Tscm) (Gattinoni et al., 2012),
as Tc22 cells expressed similar levels of Tscm markers
compared to other Tc subsets (Figure S3B). Furthermore, as
FAO is key to memory cell function, we found that Tc22 cells
did not upregulate genes associated with FAO and had similar
levels of lipids as other Tc subsets (Figures S3C-S3F). Lastly,
treatment with the carnitine palmitoyltransferase 1a (CPT1a) in-
hibitor etomoxir, an inhibitor of the rate-limiting step of FAO,
had no effect on IL-22 production (Figure S3G). This finding sug-
gested that Tc22 polarized cells do not depend on FAO to fuel
OXPHOS, ATP, and subsequent IL-22 production. Together,
this distinguishes the metabolic program of Tc22 cells from
memory CD8* T cells and other oxidative T cell lineages, such
as CD4* Tregs, which both rely on FAO for their differentiation
and oxidative metabolic phenotype (Michalek et al., 2011; O’Sul-
livan et al., 2014; Pearce et al., 2009). These data also reinforce
that Tc22 cells are an effector lineage, with little similarity to
memory T cells or Tscm cells other than the utilization of mito-
chondrial oxidative metabolism. These data demonstrate that
enhanced utilization of oxidative metabolism is a distinct meta-
bolic phenotype of Tc22 cells among activated CD8" T cell
effector subsets and that this metabolic phenotype is associated
with polarization to this lineage.

Pantothenate/CoA pathway is enriched in Tc22 cells
and augments IL-22 production

To further characterize this oxidative metabolic phenotype of
Tc22s, we performed metabolic pathway analysis on the metab-
olomics data of the Tc subsets and found the pantothenate/CoA
pathway was the most enriched pathway in the Tc22 subset (Fig-
ure 2A). This pathway produces the metabolic cofactor CoA from
pantothenate (vitamin B5) through a series of metabolic interme-
diates. The intracellular levels of many of these intermediates
were decreased in Tc22s, while CoA levels were elevated,
thereby suggestive of an increased flux of pantothenate to
generate CoA (Figure 2B). Hypothesizing that the pantothe-
nate-CoA pathway may therefore facilitate the oxidative
metabolic phenotype linked to the Tc22 lineage, we added exog-
enous pantothenate during Tc22 polarization and noted
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enhanced IL-22 production in both mouse (Figures 2C and 2D)
and human (Figures 2E and 2F) CD8* T cells. These data indi-
cated that pantothenate metabolism can be targeted to enhance
IL-22 production in Tc22 cells.

Exogenous CoA induces OXPHOS and Tc22 polarization
in the absence of polarizing cytokines

As several steps are required to generate CoA from pantothe-
nate, we tested if the end product of the synthetic pathway,
CoA, was more effective in inducing IL-22 production. CoA itself
provides an attractive target in this context, given that evidence
indicates augmented levels of extracellular CoA can enhance
intracellular pools of CoA (Srinivasan et al., 2015). Indeed, we
observed that the addition of exogenous CoA during Tc22 polar-
ization enhanced IL-22 production to a greater extent than
pantothenate (Figures 3A and 3B). Exogenous CoA also resulted
in increased production of IL-2, another cytokine expressed at
high levels by the Tc22 lineage (St Paul et al., 2020) (Figures
3A and 3B). Surprisingly, we found that CD8" T cells activated
in the presence of CoA alone resulted in skewing toward the
Tc22 phenotype as evident by enhanced IL-22 and IL-2 produc-
tion (Figures 3C and 3D). RNA sequencing of these cells revealed
that, similar to Tc22 cells, CoA-treated cells also did not display
altered metabolic gene expression profiles (Figure S4). When
comparing gene expression profiles of CoA-treated cells to
Tc22 cells, we found both cell types to highly express genes
that constitute the core Tc22 signature (Figure 3E). These genes
include granzyme C and D, as well as the cytokine 1L23a and
other genes such as Lum and Ramp3, which we found to be
highly expressed in Tc22s relative to other Tc subsets (Table
S1). Furthermore, many of the most highly upregulated genes
in Tc22 cells were also highly upregulated by CoA (Figure 3F).
Therefore, activating CD8" T cells in the presence of CoA
induced a cytokine and transcriptional profile resembling that
of Tc22 cells despite the absence of polarizing cytokines.

Given that we demonstrated IL-22 production to be linked to
the oxidative metabolism of Tc22 cells, we next tested whether
CoA was able to metabolically reprogram CD8" T cells to
enhance OXPHOS. Indeed, Seahorse analysis revealed CoA-
treated T cells displayed enhanced oxidative metabolism
(Figure 3G) with a corresponding increase in ATP (Figure 3H).
Moreover, CoA metabolically reprogramed previously activated
effector T cells to induce IL-22 production and OXPHOS
following a subsequent stimulation in the presence of CoA (Fig-
ures S5A-S5E). The effects of CoA were not only limited to CD8*
T cells, as CD4* Th22s were also dependent on OXPHOS for
IL-22 production (Figure S5F) and CoA similarly induced and
enhanced IL-22 production in CD4" T cells in conjunction with
the metabolic shift toward OXPHOS and enhanced ATP produc-
tion (Figures S5G-S5K). Taken together, these findings indicate
that CoA acts on CD4* and CD8* T cells to induce an oxidative
metabolic program that drives IL-22 production independent of
polarizing cytokines.

To begin to investigate how CoA induced metabolic reprog-
ramming and IL-22 production in T cells, we first aimed to rule
out that CoA was acting indirectly by altering the function of
the antigen presenting cells (APCs) used to activate the T cells.
We confirmed that CoA was able to induce and enhance Tc22
polarization in purified T cells activated in the absence of APCs
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Figure 2. Pantothenate metabolism is enriched in Tc22 cells and enhances IL-22 production
(A) Metabolic pathways enriched in CD8* Tc22s as determined by mass spectrometry.
(B) Quantification of pantothenate pathway metabolites in Tc subsets. Results shown are mean scaled intensity of metabolites as determined by mass

spectrometry + SEM (n = 5).

(C and D) Cytokine expression in mouse CD8* T cells activated in non-polarizing or Tc22 polarizing conditions plus vehicle or pantothenate (n = 5 + SEM).

(E and F) Cytokine expression in human CD8* T cells activated in Tc22 conditions plus vehicle or pantothenate (n = 4).

Results shown are representative of at least 3 independent experiments (C and E) or pooled from multiple independent experiments (D and F). Statistical
significance was calculated using (B and D) ANOVA with Sidak post hoc test or (F) paired t test. *p < 0.05, **p < 0.01, ***p < 0.001.

(Figure S6A). Similarly, we confirmed that CoA was not altering
the phenotype of the T cells through the production of the
Tc22 polarizing cytokine IL-6, as CoA induced IL-22 production
despite the presence of IL-6 neutralizing antibodies (Figure SEB).
CoA also contains an adenosine moiety and can be hydrolyzed
extracellularly to generate phosphopantetheine and 3',5'-ADP
(Naquet et al., 2020). Extracellular ADP, as well as ATP, can be
further metabolized by ecto-enzymes to AMP and subsequently
adenosine, all of which can bind P2 receptors and influence cell
function (Dwyer et al., 2020). Recently, activation of the P2RX7
receptor by extracellular ATP has been shown to be important
in inducing the metabolic reprogramming in CD8* memory
T cells (Borges da Silva et al., 2018). Accordingly, we tested if
provision of extracellular ATP could induce the same phenotypic
changes as extracellular CoA. We found that unlike CoA, which
enhanced Tc22 polarization, extracellular ATP inhibited Tc22 po-
larization (Figure S6C). Collectively, these observations led us to
conclude that it was not via the generation of extracellular aden-
osine metabolites, nor via the modulation of APC function, nor
via increased IL-6 levels that CoA was affecting T cell meta-
bolism and function. Therefore, we sought to further interrogate
the intracellular changes in global metabolism induced by CoA to

attempt to gain mechanistic insight into how CoA was driving
T cell metabolism and function.

Oxidative HIF and AhR signaling are required for CoA-
dependent IL-22 production

To further explore the changes in intracellular metabolites caused
by CoA, we utilized targeted metabolomics to determine the intra-
cellular levels of over 100 metabolites in T cells that were activated
in the presence of CoA. We discovered that treatment with CoA
altered the global metabolic profile leading to alterations in metab-
olites involved in multiple pathways (Figure 4A). These included
metabolites in pyrimidine metabolism, such as orotic acid and
uracil, as well as purine metabolism, such as xanthosine and allan-
toic acid (Figure 4B). This suggests that treatment with CoA is
inducing a metabolic program similar to Tc22 cells, as pyrimidine
and purine metabolic pathways were among the most enriched in
Tc22 cells (Figure 2A). Treatment with CoA also affected the CoA-
pantothenic acid metabolic pathway, as pantothenic acid was
highly enriched by CoA treatment (Figure 4B). This is different
than what was observed for Tc22 cells, as pantothenate levels
were slightly decreased in Tc22 cells but CoA levels were
increased, indicating a flux of pantothenate to CoA. Both CoA
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Figure 3. Coenzyme A induces Tc22 cells and OXPHOS in the absence of polarizing conditions
(A) Cytokine expression in CD8* T cells activated in Tc22 conditions plus vehicle or CoA for 3 days.
(B) Mean percent (%) IL-2- and IL-22-positive CD8" T cells activated in Tc22 conditions plus vehicle (V) or CoA pooled from 5 independent experiments (n = 7

+ SEM).

(C) Cytokine expression in CD8" T cells activated in non-polarizing conditions plus vehicle or CoA.

(D) Mean percent (%) IL-2- and IL-22-positive CD8" T cells activated in the presence of vehicle or CoA pooled from 7 independent experiments (n = 7 + SEM).
(E and F) RNA sequencing was performed on CD8" T cells activated in the presence of Tc22 cytokines, CoA, and vehicle from 3 mice.

(E) Scatterplot comparing mean fold change gene expression of CoA/vehicle to Tc22/vehicle as determined by RNA sequencing.

(F) Expression level of top significantly upregulated genes in Tc22s. Values are expressed as mean fold change relative to vehicle-treated control cells on a

log2 scale.

(G) Basal OCR and OCR:ECAR ratio quantified by Seahorse of CD8* T cells activated in the presence of vehicle or CoA (n = 3 + SEM).
(H) ATP levels in CD8" T cells activated for 3 days in the presence of CoA or vehicle control (n = 3 + SEM).
Results shown are representative of at least 3 independent experiments (A, C, G, and H). Statistical significance was calculated with two-tailed t test. ***p < 0.001.

and acetyl-CoA (AcCoA) have been reported to be allosteric inhib-
itors of the PANK kinases, which are responsible for phosphory-
lating pantothenate early in the CoA synthesis pathway (Vallari
et al., 1987). Thus, the elevated levels of pantothenate suggest
that treatment with CoA is increasing intracellular levels of CoA
and/or AcCoA, which in turn are inhibiting the phosphorylation
of pantothenate. It has also recently been demonstrated that in
CD8"* T cells the vast majority of intracellular AcCoA is found in
the mitochondrial compartment and is utilized for mitochondrial
oxidative metabolism (Vodnala et al., 2019). Therefore, we hy-
pothesized that not only would treatment with CoA increase intra-
cellular CoA and AcCoA levels, which causes inhibition of the
PANK kinases and the accumulation of pantothenate, but that
the enhanced AcCoA levels directly support the oxidative meta-
bolic program observed in CoA-treated cells. Accordingly, we
quantified the amount of total AcCoA and found that treatment
with CoA greatly increased the amount of intracellular AcCoA (Fig-
ure 4C). These data suggest that treatment with CoA results in an
oxidative metabolic phenotype by increasing the amount of Ac-
CoA available in the mitochondria for the TCA cycle.

2420 Cell Metabolism 33, 2415-2427, December 7, 2021

AcCoA is generated in the mitochondria via the decarboxyl-
ation of pyruvate. Given that we observed increased AcCoA
levels in cells treated with CoA as well as enhanced oxidative
metabolism, we wanted to assess if this was due to increased
incorporation of glucose-derived pyruvate into AcCoA and the
TCA cycle. To assess this, we employed stable isotope tracer
analysis (SITA) with '*C-glucose to interrogate the effects of
CoA on glucose utilization and levels of metabolites involved in
OXPHOS and the TCA cycle. We found that CoA treatment re-
sulted in enhanced incorporation of the '*C label into pyruvate
and the downstream TCA metabolites such as citrate, consistent
with an increased flux of glucose-derived pyruvate into the TCA
cycle (Figure 4D). We noted comparable levels of '*C incorpora-
tion into lactate between cells treated with CoA and the controls,
indicating that CoA was not enhancing the flux of glucose-
derived carbon to lactate and thus the effect of CoA was
specifically enhancing mitochondrial utilization of pyruvate.
Collectively, these findings are consistent with CoA treatment
leading to increased generation of mitochondrial AcCoA as a
result of increased flux of glucose-derived pyruvate into the
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Figure 4. CoA induces IL-22 production via HIF-1a and aryl hydrocarbon receptor signaling

(A and B) CD8* T cells were activated for 3 days in the presence of CoA or vehicle and metabolites were analyzed with mass spectrometry (n = 3 mice).

(A) Heatmap of top 30 differentially regulated metabolites. Values represent Z score.

(B) Volcano plot highlighting most differentially regulated metabolites by CoA.

(C) Acetyl-CoA quantification in CoA- or vehicle-treated T cells (n = 3 + SEM).

(D) CD8* T cells activated for 3 days in presence of CoA or vehicle were incubated for 2.5 h in media containing '*C glucose and analyzed by mass spectrometry.
Results shown are mean relative abundance of metabolites in T cells pooled from n = 3 mice + SEM.

(E) Western blotting for HIF-1¢. and actin in CD8" T cells activated in the presence of vehicle or CoA.

(F) Cytokine expression in WT or HIF~~ CD8* T cells that were activated in the presence of CoA.

(G) Percent (%) IL-22-positive WT or HIF/~ CD8* T cells activated in the presence of CoA pooled from multiple independent experiments (n = 3 + SEM).

(H) Cytokine production in WT or HIF-transgenic CD8* T cells that were activated for 3 days in non-polarizing conditions using anti-CD3 and anti-CD28.

() Percent (%) IL-22-positive WT or HIF-transgenic (Tg) CD8* T cells activated as in (H) pooled from multiple independent experiments (n = 3 + SEM).

(J) Cytokine production in WT or AhR™~ CD8"* T cells activated for 3 days in the presence of CoA.

(K) Percent (%) IL-22-positive WT or AhR~/~ CD8+ T cells activated in the presence of CoA pooled from multiple independent experiments (n = 3 + SEM).

(L) Z score of metabolites involved in ROS buffering as determined by mass spectrometry from (A).

(M) Mitochondrial ROS geometric mean fluorescence intensity (MFI) in CD8" T cells activated in the presence of vehicle or CoA as determined by flow cytometry
(n =3+ SEM).

(N) IL-22 production in CD8* T cells activated in the presence of CoA and either vehicle control or N-acetyl-L-cysteine (NAC).

(O) Percent (%) IL-22-positive CD8+ T cells activated in the presence of CoA and either vehicle or NAC (n = 3 + SEM).

(P) Geometric MFI of IL-2 in T cells activated in the indicated conditions (n = 3 + SEM).

Results shown are representative of at least 2 independent experiments (C, E, F, H, J, and M-P). Statistical significance was calculated with two-tailed t test,
except for (P), which used ANOVA with Sidak test. *p < 0.05, *p < 0.01, **p < 0.001.

mitochondria and thus provide a potential mechanism to explain  both the Tc22 cells and the CoA-treated cells had increased
the increased OXPHOS observed in cells treated with CoA. levels of TCA cycle intermediates, particularly succinate (Fig-

Our data, however, also indicated that this increased OX- ures S2G and 4D). It has previously been demonstrated that
PHOS is linked to the production of IL-22. Therefore, further succinate can stabilize and activate the transcription factor
studies were done to explore the potential mechanistic links  hypoxia inducible factor (HIF)-1a under normal oxygen tension
between the TCA cycle and IL-22 production. Interestingly, (Selak et al., 2005; Tannahill et al., 2013), and that activation of
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HIF-1a. can promote IL-22 production in CD4* T cells (Budda
et al., 2016). Therefore, we hypothesized that the mechanistic
link between OXPHOS and the induction of IL-22 expression
was the succinate-induced activation of HIF-1a signaling in
an oxygen-replete environment, so-called oxidative HIF-1a.
Consistent with this hypothesis, we noted increased levels of
HIF-1o. protein in CoA-treated T cells (Figure 4E), and HIF-
1a-deficient T cells had impaired |L-22 production following
treatment with CoA (Figures 4F and 4G). A similar finding was
observed when blocking HIF-1a activity pharmacologically
(Figure S6D). Moreover, activation of CD8* T cells that consti-
tutively express HIF-1a (Kim et al., 2006) induced IL-22 produc-
tion (Figures 4H and 4l), and activation of CD8"* T cells in the
presence of cell-permeable succinate induced IL-22 produc-
tion (Figure S6E). However, it is important to note that blockade
of HIF-1a. did not completely abrogate I1L-22 production, sug-
gesting other mechanisms are involved. Indeed, in Tc22 cells
the aryl hydrocarbon receptor (AhR) transcription factor was
also found to mediate polarization (St Paul et al., 2020).
When blocking AhR activity pharmacologically (Figure S6F) or
when using T cells from AhR™~ mice (Figures 4J and 4K), the
ability for CoA to induce IL-22 production in T cells was dimin-
ished. These findings demonstrate that CoA requires the acti-
vation of both HIF-1a and the AhR to fully induce IL-22
production.

Activation of the AhR typically occurs following binding of li-
gands such as those derived from tryptophan (Veldhoen and
Duarte, 2010). Recently, it has been reported that metabolites
such as reactive oxygen species (ROS) may also lead to AhR
activation (Kubli et al., 2019). We further examined the metabolic
data from CoA-treated cells and found increased levels of me-
tabolites associated with ROS buffering, such as glutathione
(Figure 4L). Given that ROS production is linked to the utilization
of OXPHOS, we investigated if there was enhanced mitochon-
drial ROS production in cells treated with CoA. Indeed, we
confirmed increased mitochondrial ROS production in the
CoA-treated T cells (Figure 4M). To determine whether this
increased ROS was important for AhR activation and subse-
quent IL-22 production, we activated CD8* T cells with CoA in
the presence of the ROS inhibitor N-acetyl-L-cysteine (NAC)
and observed a significant decrease in IL-22 production (Figures
4N and 40). NAC also inhibited IL-2 production by CoA-treated
cells, while conversely, NAC enhanced IL-2 production in T cells
activated in the absence of CoA, consistent with previous re-
ports (Pilipow et al., 2018) (Figure 4P). Collectively, these findings
demonstrate that CoA activates HIF-12 and AhR to induce IL-22
production. Furthermore, these data indicated that IL-22
production is driven downstream of the oxidative metabolic
phenotype induced by CoA via the generation of metabolic inter-
mediates that activate HIF-1o. and AhR. Therefore, these findings
establish that a single metabolite, CoA, can metabolically repro-
gram CD8" T cells to induce cells that are functionally, metabol-
ically, and transcriptionally similar to Tc22 cells independent of
polarizing cytokines.

CoA enhances anti-tumor activity and persistence of
CD8+ T cells

Our original hypothesis was that the metabolic programming of
Tc22 cells was responsible for both their IL-22 production and

2422 Cell Metabolism 33, 2415-2427, December 7, 2021
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their enhanced anti-tumor function, but the metabolic phenotype
underpinned their ability to control tumor growth. We have found
that oxidative metabolism downstream of the pantothenate-CoA
pathway is responsible for the IL-22 production in Tc22 cells.
Recent reports in the literature have linked CD8* T cells with
increased capacity for OXPHOS with enhanced anti-tumor re-
sponses (Buck et al., 2016; Crompton et al., 2015; Saibil et al.,
2019; Scharping et al., 2016). Given that treatment with CoA
recapitulated the Tc22 phenotype metabolically with increased
OXPHOS and bioenergetics, we evaluated whether metaboli-
cally reprogramming CD8™ T cells with CoA resulted in enhanced
immunotherapeutic responses in mouse tumor models. LCMV
gp tumor-specific P14 CD8* T cells, activated for 3 days in
the presence of vehicle or CoA, were transferred into mice
inoculated with B16 melanoma tumors that expressed the
LCMV-gp33 peptide. Mice that received CoA-treated CD8*
P14 T cells demonstrated a significantly greater reduction in tu-
mor growth compared to animals that received activated CD8*
P14 T cells treated with vehicle (Figures 5A and 5B). Next, we
tested whether CoA-treated T cells can control well-established
tumors in a mouse model resistant to immunotherapy. Here, we
used the RIP-GP SV40 spontaneous tumor model in which
mouse B islet cells express both the large T antigen from SV40
and the LCMV Gp protein (Dissanayake et al., 2011a). Tumor
burden can be continuously assessed by measuring peripheral
blood glucose, as an increase in tumor size leads to elevated in-
sulin, which thereby decreases blood glucose levels. When mice
develop large established tumors causing hypoglycemia (<5 mM
blood glucose), they received CoA-treated or vehicle-treated tu-
mor-specific CD8" P14 T cells. Mice receiving CoA-treated
T cells had better tumor control as evident by both a
stabilization of blood glucose (Figure 5C) and prolonged survival
(Figure 5D). In contrast, the mice receiving vehicle-treated cells
failed to mount a significant anti-tumor response and did not sur-
vive longer than mice who did not receive T cells. Moreover, a
greater number of transferred CoA-treated T cells could be de-
tected in the tumor draining lymph node 18 days post-transfer
compared with vehicle-treated T cells (Figure 5E). This indicated
CoA treatment enhanced persistence or expansion of the trans-
ferred T cells. The increased number of P14 cells treated with
CoA correlated with increased IL-2, but not IFN-vy, production
(Figures 5F and 5G). This phenotype resembles their cytokine
profile prior to transfer (Figure 3C). Together, these findings
demonstrate that treatment with CoA can enhance the anti-tu-
mor function of T cells in adoptive cell therapy models.

Pantothenate increases responses to immunological
checkpoint blockade

Enhancing T cell oxidative metabolism has been shown to be a
promising strategy to improve response rates to immunological
checkpoint blockade therapies such as those targeting the
PD1 axis (Chamoto et al., 2017). To this end, we tested whether
targeting the pantothenate pathway in vivo could synergize with
anti-PDL1 therapy. Given the fact that injected CoA is not stable
in vivo (Srinivasan et al., 2015), we administered pantothenate or
vehicle to mice bearing established MC-38 tumors in conjunc-
tion with anti-PDL1 therapy (Figures 6A-6C). We found that
mice that received pantothenate had an overall reduction in tu-
mor growth (Figure 6A), with a significant reduction in tumor
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Figure 5. CoA enhances T cell anti-tumor function

(A and B) Mice were inoculated with B16-gp33 melanoma tumors and concurrently received an adoptive transfer of 0.5 x 10° CD8* P14* gp33-specific T cells

activated in the presence of CoA or vehicle.
(A) Results shown are mean tumor area (LxW) of 5 mice/group + SEM.

(B) Cumulative mean tumor area from (A) on day 31 pooled from 3 independent experiments (n = 15 mice/group + SEM).
(C-F) Mice bearing well-established spontaneous pancreatic tumors received 1.5 x 10° tumor-specific CD8* P14* T cells activated in vitro in the presence of CoA

or vehicle control.

(C) Blood glucose was measured regularly in mice after adoptive transfer (n = numbers below + SEM). A decrease in blood glucose correlates with an increase in

tumor burden.
(D) Survival curve from (C).

(E) Percent (%) of transferred T cells (CD45.1*) in the tumor draining lymph node 18 days post-transfer (n = 7-8 + SEM).

(F) Cytokine production in transferred CD45.1* CD8* T cells within the tumor draining lymph node 18 days post-transfer.

(G) Percent (%) of transferred CD45.1* CD8" T cells from (F) producing IL-2 or IFN- y (n = 4-5 + SEM).

Results shown are representative of 2-3 independent experiments (A, F, and G) or pooled from multiple independent experiments (B-E). Two-way ANOVA with
Sidak test (A and C), Mann-Whitney U test (B, E, and G), and log-rank test (D) were used to calculate statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001; n.s.,

not significant.

burden observed on day 28 post-tumor inoculation (Figure 6B).
This led to a corresponding increase in overall survival in addition
to curative complete responses observed in some mice that
received pantothenate, but not vehicle-treated controls
(Figure 6C). Therefore, these findings indicate that the in vivo
administration of pantothenate can enhance response rates to
anti-PDL1 in a murine tumor model.

Given these findings, we tested whether pantothenate could
be associated with responses to anti-PD1 therapy in humans.
Using mass spectrometry, we detected over 100 different me-
tabolites in plasma samples from 42 patients with Stage Il or
Stage IV melanoma prior to these patients receiving anti-PD1
antibody therapy (21 responders and 21 non-responders). Pan-
tothenic acid was the most enriched metabolite in patients who
demonstrated response to anti-PD1 therapy (Figure 6D). A
waterfall plot analysis revealed that patients with the top 1/3 of
pantothenic acid plasma levels were mostly responders,
whereas the bottom 1/3 of patients contained equal numbers
of both responders and non-responders (Figure 6E). This is sug-
gestive of a threshold effect in which a certain threshold level of
plasma pantothenic acid must be reached to derive clinical
benefit. In support of this, we found that patients with the highest

plasma pantothenic acid levels demonstrated a significantly
longer time to next treatment (TTNT) compared to patients with
lower levels (Figure 6F). Additionally, we found that melanoma
patients responding to anti-PD1 therapy upregulated many
genes associated with the Tc22 lineage (Figures 3E and 3F),
including IL-22 (Figure 6G), as determined by re-analyzing a pre-
viously published dataset of gene expression profiles of on-
treatment tumor biopsies from a different cohort of patients
(Chen et al., 2016). Together, these findings suggest an impor-
tant role for pantothenate metabolism in influencing the
response to PD-1 checkpoint blockade.

DISCUSSION

The importance of metabolites in modulating immune function
and immunotherapeutic responses is beginning to be appreci-
ated. We investigated the metabolic phenotypes of CD8"
T cells polarized to the Tc1, Tc17, and Tc22 lineages to identify
metabolic pathways associated with robust anti-tumor re-
sponses observed in Tc22 cells. We found that Tc22 cells dis-
played enhanced oxidative metabolism and upregulated the
pantothenate/CoA metabolic pathway. By treating T cells with
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Figure 6. Pantothenate enhances responses to immunological checkpoint blockade
(A—C) Mice bearing day 7 established MC-38 tumors were treated with anti-PDL1 in conjunction with pantothenate (Panto) or vehicle control delivered intra-

peritoneally.

(A) Tumor curves representing tumor growth of mice treated as indicated pooled from multiple independent experiments (n = 8-9 mice per group; CR, complete

responder).
(B) Pooled tumor area on day 28 post-tumor inoculation (n = 9 per group).

(C) Survival curve from (A) pooled from multiple independent experiments (n = 8-9 mice per group).
(D-F) Plasma was collected from human melanoma patients (n = 42, 21 responders and 21 non-responders) prior to administration of anti-PD1 antibody therapy

and analyzed with mass spectrometry.

(D) Variable importance plot indicating pantothenic acid as the metabolite most enriched in responders (NR, non-responder; R, responder).
(E) Waterfall plot indicating pantothenic acid levels in each patient with their response status.
(F) Time to next treatment curve of patients stratified into tertiles based on levels of pre-treatment plasma pantothenic acid (n = 14 patients per tertile). Time

represents months from start of anti-PD1 therapy.

(G) Nanostring RNA sequencing analysis from a previously published dataset indicating Tc22 genes as being upregulated in on-treatment tumor biopsies of

responders to anti-PD1 antibody therapy.

Mann-Whitney U test (B and G) and log-rank test (C and F) were used to calculate statistical significance. *p < 0.05, **p < 0.01, **p < 0.001.

CoA, a single metabolite administered exogenously, we could
metabolically and functionally reprogram a T cell to increase
mitochondrial metabolism and bioenergetics and adopt the
Tc22 phenotype. Importantly, we found that this reprogramming
increases the anti-tumor efficacy of these cells in two adoptive
cell therapy models. We also found that administration of panto-
thenate increased the efficacy of anti-PD-L1 therapy in a murine

2424 Cell Metabolism 33, 2415-2427, December 7, 2021

model. These data were echoed in a cohort of melanoma pa-
tients as we observed a correlation between high plasma panto-
thenic acid and response to PD-1 blockade. These data identify
a previously unappreciated role for pantothenic acid metabolism
in influencing anti-tumor immunity.

Differentiation of CD4™" T cells and CD8" T cells into Th/Tc sub-
sets is mediated by polarizing cytokines and lineage-specific
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transcription factors. Accompanying this transcriptional and
functional lineage commitment is a metabolic reprogramming
that helps to facilitate polarization. For instance, Th17 cells rely
on de novo fatty acid synthesis to generate short-chain fatty
acids that can stabilize the master-regulator transcription factor
RORyt (Berod et al., 2014; Wang et al., 2015). Interfering with the
fatty acid synthesis pathway not only inhibits the generation of
Th17, but also promotes differentiation into regulatory T cells
(Berod et al., 2014). In addition to fatty acid synthesis, Th17 cells
also rely on increased glutathione production to inhibit ROS, and
interfering with glutathione production by targeting glutaminase
can selectively inhibit Th17 cells, but not Th1 cells (Johnson
et al., 2018). Together, these findings highlight the importance
of metabolism in governing T cell subset differentiation. Howev-
er, it is important to note that T cells in these studies were acti-
vated in the presence of polarizing cytokines, and it is unclear
whether the metabolic shift alone downstream of polarizing cyto-
kines is sufficient to drive lineage commitment. Our data suggest
that in the case of the Tc22 subset, the metabolic reprogram-
ming toward oxidative metabolism can re-capitulate the Tc22
metabolic, effector, and transcriptional phenotype mediated in
part by the Tc22 “master regulator” transcription factor AhR.
Although we propose that CoA is being used as a substrate to
generate TCA metabolites such as AcCoA that fuel OXPHOS
and activate HIF and AhR transcription factors, we cannot
conclusively rule out that CoA is acting through an undefined sur-
face receptor to upregulate oxidative metabolism and TCA cycle
metabolites through other means. Nevertheless, our data show
that increased OXPHOS is critical to the induction of Tc22, and
induction of OXPHOS with the exogenous administration of
CoA can recapitulate the Tc22 phenotype in the absence of
polarizing cytokines, therefore identifying a novel method for
T cell subset induction.

T cell metabolism and effector function are intricately linked,
and recent efforts have been aimed at enhancing anti-tumor
function of T cells via metabolic reprogramming. Tumor infil-
trating lymphocytes and exhausted T cells display a metabolic
profile consistent with decreased mitochondrial activity as indi-
cated by a reduction in OCR and mitochondrial mass (Bengsch
etal., 2016; Scharping et al., 2016). As aresult, it has been shown
that enhancing OXPHOS and mitochondrial metabolism can
render T cells less susceptible to exhaustion and immunosup-
pressive activity within the tumor microenvironment to enhance
anti-tumor activity (Scharping et al., 2016). In addition to
enhancing effector function, increased mitochondrial meta-
bolism and OXPHOS have also been shown to enhance T cell
persistence and expansion (Saibil et al., 2019). Together, these
previous findings support our current study as we identified
CoA as a reagent to enhance OXPHOS in T cells leading to
increased IL-2 and persistence following transfer, culminating
in enhanced anti-tumor activity in multiple mouse models. In
addition to enhancing cell therapy protocols, we also identified
the CoA pre-cursor pantothenate as a reagent to enhance
response to anti-PDL1 in mouse models and correlated pre-
treatment plasma pantothenic acid levels with response to
checkpoint blockade in human patients with advanced mela-
noma. Interestingly, one source of pantothenic acid in humans
is from the microbiome (Magnusdéttir et al., 2015). Recent re-
ports have identified a link between the microbiome and
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response to anti-PD1 therapy; however, the mechanisms remain
unclear (Gopalakrishnan et al., 2018; Routy et al., 2018; Sivan
et al., 2015). Based on our present findings, it is possible that
pantothenic acid may be one link between the microbiome and
response to anti-PD1 therapy and should be further explored.

In conclusion, we demonstrate the importance of the panto-
thenate/CoA pathway in the metabolic reprogramming of
T cells to enhance their anti-tumor activity in multiple mouse
models. Together, these findings provide the rationale for further
work to see if manipulation of this pathway can be leveraged to
increase the efficacy of both adoptive cellular therapies and im-
mune checkpoint blockade in the clinic.

Limitations of study

Although we were able to demonstrate profound functional, tran-
scriptional, and metabolic changes induced by the addition of
exogenous CoA, we were unable to directly track the fate of
the exogenous CoA in order to further elucidate the mechanism
of its effect. Our data support a model in which the exogenous
CoA resulted in an increased mitochondrial pool of AcCoA that
fueled oxidative metabolism. This OXPHOS in turn led to the acti-
vation of AhR and HIF-1a downstream of ROS and succinate,
respectively. Unfortunately, we were not able to obtain labeled
CoA to directly demonstrate that the exogenous CoA directly
fed into the mitochondria AcCoA pool. Another limitation was
with respect to the human metabolomics data. The data corre-
lating pre-treatment plasma pantothenic acid levels with
response to anti-PD1 therapy are retrospective in nature and
from a relatively small cohort of patients treated at a single cen-
ter. These data need to be validated in a prospective mannerin a
larger patient cohort.
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CD4 (clone RM-45) eBioscience Cat#48-0042-82; RRID: AB_1272194
CD8 (clone 53-6.7) eBioscience Cat#48-0081-82; RRID: AB_1272198
IL-2 (clone JES6-5H4) eBioscience Cat#25-7021-82; RRID: AB_1235004
IL-17 (clone eBio17B7) eBioscience Cat#17-7177-81; RRID: AB_763580
IL-22 (clone Poly5164) Biolegend Cat#516404; RRID: AB_2124255
IL-22 (clone 1L22JOP) eBioscience Cat#17-7222-82; RRID: AB_10597583
IFN-y (clone XMG1.2) eBioscience Cat#45-7311-82; RRID: AB_1107020
TNF-a (clone MP6-XT22) eBioscience Cat#11-7321-82; RRID: AB_465418
CD45.1(clone A20) eBioscience Cat#17-0453-82; RRID: AB_469398
CD44 (clone IM7) eBioscience Cat#45-0441-82; RRID: AB_925746
CD62L (clone MEL-14) eBioscience Cat#47-0621-82; RRID: AB_1603256
Human CD3 (clone OKT3) eBioscience Cat#25-0037-42; RRID: AB_2573326
Human CD8 (clone RPA-T8) eBioscience Cat#11-0088-42; RRID: AB_10669559
Human IL-17 (clone ebio64DEC17) eBioscience Cat#12-7179-42; RRID: AB_1724136
Human IL-22 (clone 22URTI) eBioscience Cat#50-7229-42; RRID: AB_10598650
IFN-y Neutralizing (clone XMG1.2) Biolegend Cat#505834; RRID: AB_11150776
Human/Mouse TGF-B Neutralizing (clone eBioscience Cat#16-9243-85; RRID: AB_2573124
1D11.16.8)

Human IFN-y Neutralizing (clone B27) Biolegend Cat#506531; RRID: AB_2801091
Actin Sigma Cat#A2066; RRID: AB_476693

HIF-10.

Caymen Chem

Cat#10006421; RRID: AB_409037

IL-22 Neutralizing (clone 1L22JOP) eBioscience Cat#16-7222-82; RRID: AB_2016695
CD8 Functional Grade (clone 145-2C11) eBioscience Cat#16-0031-82; RRID: AB_468847
CD28 Functional Grade (clone 37.51) eBioscience Cat#16-0281-82; RRID: AB_468921
Human CD3 Functional Grade (clone OKT3) eBioscience Cat#16-0037-81; RRID: AB_468854
Human CD28 Functional Grade eBioscience Cat#16-0289-81; RRID: AB_468926
(clone CD28.2)

Human IL-4 Neutralizing (clone 8D4-8) Biolegend Discontinued

PDL1 Blocking (clone 10F.9G2) BioXcell Cat#BE0101; RRID: AB_10949073
Chemicals, peptides, and recombinant proteins

Coenzyme A Trilithium Salt EMD Millipore Cat#234101

Oligomycin Sigma Cat#75351

Etomoxir Sigma Cat#E1905

Diethyl Succinate Sigma Cat#W237701

Calcium-D Pantothenate Sigma Cat#P5155

N-Acetyl-L-cysteine Sigma Cat#A9165

ATP Invitrogen Cat#R0441

HIF-Inhibitor EMD Millipore Cat#400083

CH-223191 EMD Millipore Cat#182705

Cell Stimulation Cocktail eBioscience Cat#00-4970-03

Brefeldin A eBioscience Cat#00-4506-51

IL-12 Biolegend Cat#577002

IL-6 Biolegend Cat#575702
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TGF-p1 Biolegend Cat#763102

IL-23 Biolegend Cat#589002
TNF-o Biolegend Cat#575202
6-Formylindolo(3,2-b)carbazole (FICZ) Enzo Life Science Cat#BML-GR206-0100
Human IL-6 Biolegend Cat#570802
Human IL-21 Biolegend Cat#571202
Human IL-23 Biolegend Cat#574102
Human TNF-a. Biolegend Cat#570102
Fixable Viability Dye eBioscience Cat#65-0866-14
Mito Tracker Deep Red Invitrogen Cat#M22426

Mito Tracker Red CMX Ros Invitrogen Cat#M7512
MitoSOX Red Invitrogen Cat#M36008
2-NBDG Invitrogen Cat#N13195
BODIPY FI C16 Invitrogen Cat#D3821

Critical commercial assays

ATP Quantification Kit Sigma Cat#MAK190-1KT
Acetyl Coenzyme A Assay Kit Sigma Cat#MAKO039
Deposited data

RNA Sequencing Data This paper GEO: GSE187456
Experimental models: Cell lines

MC-38 Kerafast Cat#ENH204-FP
B16-Gp33 gift from Dr. Rolf Zinkernagel N/A

Experimental models: Organisms/strains

Mouse: WT: C57BL/6 The Jackson Laboratory Stock#000664
Mouse: HIF Transgenic: B6.129S6(C)- The Jackson Laboratory Stock#009673
Gt(ROSA)26Sorm3HIF1AIKael; )

Mouse: AhR Flx: Ahrim3-18ra/y The Jackson Laboratory Stock#006203
Mouse: CD4 Cre: B6.Cg-Tg(Cd4-cre) The Jackson Laboratory Stock#022071
1Cwi/Bflud

Mouse: HIF1A Fix: B6.129-Hif1a!™3F%°/] The Jackson Laboratory Stock#007561
Mouse: Vav Cre: The Jackson Laboratory Stock#008610
B6.Cg-Commd1079(Vavi-iere)A2Kioy g

Mouse: CD45.1: Ptprc? Pepc®/BoyJ The Jackson Laboratory Stock#002014
Mouse: IL22 Cre: The Jackson Laboratory Stock#027524
C57BL/B-l[22tm1-1lere)Steky g

Mouse: eYFP: B6.129X1-Gt(ROSA) The Jackson Laboratory Stock#006148
26Sor™!EFRICos

Mouse: P14 Ohashi lab Pircher et al., 1989
Mouse: SMARTA Ohashi lab Oxenius et al., 1998
Mouse: RIP-GP SV40 Ohashi lab Nguyen et al., 2002
Software and algorithms

FlowJo V 10.7 FlowJo https://www.flowjo.com/
Prism 9 GraphPad Software https://www.graphpad.com/scientific-

Agilent Wave Desktop

Agilent

software/prism/
https://www.agilent.com/en/products/cell-
analysis/software-download-for-wave-
desktop
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pamela S.
Ohashi (pohashi@uhnresearch.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® RNA sequencing data has been deposited at GEO and are publicly available as of the date of publication.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57BL/6 were purchased from The Jackson Laboratory and Taconic. LSL-HIF-1a-dPA mice (JAX stock 009673) were obtained from
The Jackson Laboratory and bred to Vav-Cre (JAX stock 008610) mice to generate HIF-1a-Transgenic mice. The HIF-1¢ in these
mice has a proline to alanine substitution rendering HIF-1a. resistant to degradation by von Hippel Lindau only in cells that express
Cre recombinase (Kim et al., 2006). AhR FIx/FIx (JAX stock 006203) crossed to CD4 cre (JAX stock 022071) were both obtained from
the Jackson Laboratory and are referred to as AhR ~/~ mice in the text. HIF-1o. FIx/FIx (Jax stock 007561) were crossed to Vav-cre
mice and are referred to as HIF ~/~ in the text. CD45.1 mice were obtained from the Jackson Laboratory (JAX stock 002014). IL-22 cre
mice (JAX stock 027524) were crossed to EYFP mice (JAX stock 006148) for fate reporter experiments. Homozygous IL-22 cre mice
were used as IL-22 knockout mice (Ahlfors et al., 2014). Generation of P14 mice, which express a transgenic TCR specific for the H2-
DP gp33 peptide of the lymphocytic choriomeningitis virus (LCMV) was described previously (Pircher et al., 1989). SMARTA mice
have been described previously (Oxenius et al., 1998). Mice bearing spontaneous pancreatic tumors (RIP-Gp Sv40 mice) have
been previously described (Nguyen et al., 2002). Both female and male mice were used for experiments. All mice were maintained
at the Ontario Cancer Institute animal facility according to institutional guidelines and with approval of the Ontario Cancer Institute
Animal Ethics Committee. Mice were housed with a maximum of 5 mice per cage in a specific pathogen-free facility with access to
food and water ad libitum.

Human subjects
Written informed consent was obtained from each donor/patient in the studies. Samples were collected and analyzed under Institu-
tional Review Board approved protocols.

Cell lines
B16-gp33 melanoma was a gift from Dr. Rolf Zinkernagel, University of Zurich. MC-38 cell line was purchased from Kerafast. Cells
were cultured in a humidified 37C incubator with 5% CO.. Cell lines were not authenticated.

METHOD DETAILS

Tc Subset polarization

P14 CD8" T cells were magnetically purified (Miltenyi Biotec) and co-cultured with mature bone marrow dendritic cells (BMDCs)
pulsed with gp33 peptide from LCMV (KAVYNFATM) (Dissanayake et al., 2011b) for three days in IMDM (GIBCO) supplemented
with 10% FCS, L-glutamine, B-mercaptoethanol, penicillin and streptomycin. For CD4* T cells, SMARTA CD4* cells were co-cultured
for three to four days with BMDCs pulsed with gp61 from LCMV (GLNGPDIYKGVYQFKSVEFD). Cells were isolated from both male
and female mice. To generate Tc or Th subsets, polarizing cocktails were added at the start of the co-culture as follows -Tc1: IL-12
(5ng/mL), Tc17: IL-6 (20 ng/mL) + TGF-B1 (3 ng/mL) + IL-23 (10 ng/mL) + a-IFN- v (XMG1.2 - 10 ng/mL), and Tc22: IL-6 (20 ng/mL) +
TNF-o (40 ng/mL) + 6-Formylindolo(3,2-b)carbazole (FICZ at 2 ng/mL) + a-IFN- vy (10 pg/mL) + a-TGF-f (1D11.16.8 - 10 pg/mL). For
some experiments, naive T cells were activated with anti-CD3 (145-2C11 - 5 ug/mL) and anti-CD28 (37.51 - 1 ug/mL) or previously
activated T cells were re-stimulated with anti-CD3 (1 ng/mL) as indicated in the figure legends. All cells were cultured at 37C with 5%
CO.. Cytokines and neutralizing antibodies were purchased from Biolegend and eBioscience. FICZ was purchased from Enzo Life
Sciences.

Flow cytometry and antibodies
Antibodies used for flow cytometry were purchased from eBioscience, Biolegend and BD PharMingen. Antibody clones used were:
CD4 (RM-45), CD8 (53-6.7), IL-22 (IL22JOP and Poly5164), IL-17 (eBio17B7), IFN-y (XMG1.2), IL-2 (JES6-5H4), TNF-a. (MP6-XT22),
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and CD45.1 (A20). For human cells antibody clones used were: CD3 (OKT3), CD8 (RPA-T8), IL-22 (22URTI) and IL-17 (ebio64DEC17).
Fc block and fixable viability dye were both purchased from eBiosciences. Antibodies used for western blotting were HIF-1a. (Cay-
men Chem —10006421) and Actin (Sigma - A2066). For intracellular cytokine staining, cells were re-stimulated for 5-6 h with Cell-
Stimulation Cocktail (eBioscience) in the presence of Brefeldin A (eBioscience), followed by staining using Cytofix/Cytoperm (BD
PharMingen). Flow cytometry data was acquired on a FACSCanto Il or Fortessa (BD) and analyzed using FlowJo software (Tree Star).

Metabolomic profiling

Metabolomic profiling of the CD8" Tc subsets were conducted at Metabolon (Durham, NC) as described previously (Shin et al., 2014).
Briefly, cell pellets (n = 5 biological replicates per group) were disrupted using a GenoGrinder (675 strokes/minute, 2 min) and sub-
jected to methanol extraction. Extracts were split into four aliquots and processed for analysis by ultra-high-performance liquid chro-
matography/mass spectrometry (UHPLC/MS) in the positive (two methods), negative or polar ion mode. Metabolites were identified
by automated comparison of ion features to a reference library of chemical standards followed by visual inspection for quality control.
For statistical analyses and data display, any missing values were assumed to be below the limits of detection; these values were
imputed with the compound minimum (minimum value imputation). To determine statistical significance, Welsh's two-factor t test
was performed on protein-normalized data in ArrayStudio (Omicsoft) or “R” to compare data between experimental groups; p <
0.05 was considered significant. An estimate of the false discovery rate (Q-value) was calculated to take into account the multiple
comparisons that normally occur in metabolomic-based studies, with Q < 0.05 used as an indication of high confidence in a result.
ArrayStudio was also used to generate high level overview display items (PCA, heatmaps). Pathway enrichment scores for Tc22 were
calculated relative to control effector CD8* T cells using the formula: (# of significant metabolites in pathway(k) / total # of detected
metabolites in pathway(m)) / (total # of significant metabolites(n) / total # of detected metabolites(N)) (k/m)/(n/N). A p value threshold of
p < 0.01 was used. Only pathways where a minimum of 3 metabolites were examined were included.

For metabolic profiling of CoA treated cells, cell pellets from 3 mice were washed and snap frozen in 300 uL methanol. For meta-
bolic profiling of human plasma, 20 uL of plasma was added to 80 pL of HPLC grade methanol. For both cell pellet and plasma anal-
ysis, samples were vortexed and incubated for 30 min at —80C to precipitate protein, centrifuged at 15000xg to clarify. 10 pL of
supernatant was diluted in 990 pl, of buffer containing 95% acetonitrile, 5% 20 mM ammonium carbonate (pH 9.8) and 1.25 uM
metabolomics amino acid mix standard (PN MSK-A2-1.2; Cambridge Isotope Laboratories). Quality control samples (QCs) were pre-
pared by pooling 100 puL of each sample. All samples including QCs, where then analyzed by selected reaction monitoring (SRM)
using a Waters XBridge Amide 2.1 x 50 mm, 3.5 um column and a 20 mM ammonium carbonate (pH 9.8) acetonitrile buffer system
coupled with a Sciex Qtrap 5500 triple quadrupole linear ion trap tandem mass spectrometer. The data acquisition included 317 tran-
sitions. Data were captured using Analyst, version 1.6.2 software (Sciex); peak integration was performed using Skyline, version 4.1
(Pino et al., 2020). An in-house R script was used for data QC analysis and normalization (Version 3.1.2, http://www.r-project.org).
Statistical analysis was performed using the MetaboAnalystR package (Chong et al., 2019).

Metabolic assays

Seahorse was performed as previously described (van der Windt et al., 2012). ATP quantification was performed on CoA-treated
T cells using a commercial kit (Sigma) according to the recommended protocol. Mitochondrial mass and potential staining were
conducted with flow cytometry using MitoTracker Deep Red (Invitrogen) and MitoTracker Red CMXRos (Invitrogen), respectively,
according to manufacturer’s recommended protocol. ROS staining was conducted with flow cytometry using MitoSOX Red (In-
vitrogen) according to the recommended protocol. Acetyl CoA was quantified in T cells following lysis with 1% Triton (Sigma) and
de-protonation/detergent removal using 10 kDA spin columns (Amicon). Cell extracts were then analyzed using the Acetyl CoA
assay kit (Sigma) according to the recommended protocol. Glucose and fatty acid uptake were conducted using fluorescently
labeled 2-NBDG and BODIPY FL C16 (both from ThermoFisher) respectively according to the manufacturers recommended
protocol.

Stable isotype tracing analysis

For SITA, CD8* T cells activated for three days in the presence of vehicle or CoA were harvested, washed and incubated for 2.5 h with
U-"8Cg-glucose (Cambridge Isotopes). Cells were then washed and pellet was frozen in methanol. The cells were thawed on ice and
lysed by sonication at 4°C using a Diagenode Bioruptor (30 s. on, 30 s off, 5mins). The resulting mixtures were spun down (15mins
13000rpm 4°C) to remove the cellular debris, the resulting supernatants were transferred to clean microfuge tubes and the solvent
was removed using a speed-vac at room temperature. The resulting pellets were stored at —70°C until derivitization. The pellets
were solubilized in 30 pL of pyridine containing methoxyamine (10mg/mL; Sigma) and each sample was spiked with 1 pL of myristic
acid-D,7 (750ng/mL in pyridine; Cambridge Isotopes). The samples were vortexed, sonicated, transferred to autoinjection vials and
incubated at room temperature for 30mins. Subsequent to this, 70uL of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA; Sigma) was added and the samples were incubated at 70°C for 30mins. GC/MS analysis was performed using an Agilent
5975C GC/MS equipped with a DB-5MS+DG capillary column. 1uL of sample was injected onto the GC column in splitless mode with
aninlet temperature of 280°C and the data was collected by electronimpact set at 70 eV. Helium was used as the carrier gas with a flow
rate of 1.55 mL/min. The quadrupole was set at 150°C and the GC/MS interface at 285°C. The oven program for all metabolite analyses
started at 60°C held for 1 min, then increasing at a rate of 10°C/min until 320°C. Bake-out was at 320°C for 10 min and the sample data
were acquired in scan mode (1-600 m/z). The data was analyzed using Agilent MSD-Chemstation interfaced to the NIST11 library.
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Metabolite identities were further cross-validated to standards (Sigma) run in-house on the same instrument. Mass isotopomer anal-
ysis was used to derive the flux data employing in-house algorithms to take into account °C natural abundances. Integrated ion in-
tensities are reported relative to the myristic acid-D.z internal standard.

Pharmacologic compounds

Oligomycin, Etomoxir, Diethyl succinate, Calcium-D Pantothenate and N-Acetyl-L-cysteine (NAC) were purchased from Sigma, ATP
was purchased from Invitrogen, and Coenzyme A Trilithium Salt (CoA), HIF-inhibitor (CAS 934593-90-5) and the AhR antagonist CH-
223191 were purchased from EMD Millipore. CD8" T cells were activated in the presence of polarizing cytokines, and Oligomycin
(100 nM) was added 24 h later in the media along with the polarizing cytokines for the last 48 h of activation. The compounds Etomoxir
(40 uM), Pantothenate (8 mM), Diethyl Succinate (14 mM), HIF-Inhibitor (40 uM), CH-223191 (500 ng/mL), NAC (15 mM), ATP (0.3 mM)
were added at the start of activation with or without the presence of polarizing cytokines or CoA as indicated in the figure legends.
CoA was added at the start of activation unless otherwise indicated at a concentration of 2.5-3.5 mM depending on the lot.

RNA extraction and sequencing

RNA was extracted from CD8" T cells activated for three days in the presence of CoA or Vehicle using QIAGEN RNEasy kit. Libraries
were prepared using TruSeq Stranded Total RNA kit. Two hundred nanograms from RNA samples were ribosomal RNA depleted
using Ribo-zero Gold rRNA beads, following purification the RNA was fragmented. The cleaved RNA fragments were copied into first
strand cDNA using reverse transcriptase and random primers. This is followed by second strand cDNA synthesis using RNase H and
DNA Polymerase I. A single “A” based were added and adaptor ligated followed by purification and enrichment with PCR to create
cDNA libraries. Final cDNA libraries were size validated using Agilent Bioanalyzer and concentration validated by gPCR. All libraries
were normalized to 10nM and pooled together. 10pM of pooled libraries were loaded onto lllumina cBot for cluster generation. Clus-
tered flow cell was then sequenced Pair-end 100 cycles V3 using lllumina HighSeq 2000 to achieve ~30 million reads per sample.

RNA sequencing data analysis

The Tophat (2.0.8b) software suite with Bowtie (2.0.5) was used to align reads to the Mus musculus mm10 mouse genome (igenome).
RNA_seqc (1.1.7) was used to assess the quality of the aligned data and depletion based on median coverage across transcript
length and identities of top expressed transcripts. Samtools (0.1.18) was used to merge aligned technical replicates and sort align-
ment files. The cufflinks (2.2.1) software suite was used to quantify alignments. Cuffquant was used to quantify individual sample
alignments and Cuffnorm was used to normalize quantified data for each group of biological replicates. Cuffdiff was used in conjunc-
tion with the R (3.2.2) library CummeRbund (2.10.0) to explore the data at replicate and grouping levels. The RNA sequencing analysis
performed for the figures comparing Tc1, Tc17 and Tc22 subsets was derived from a previously published study (St Paul et al., 2020).

Tumor experiments

For B16 melanoma experiments, 8-12 week old female C57BL/6 mice were randomized into different cohorts and inoculated sub-
cutaneously with 4x10° B16F10-gp33 cells and received 0.5x10° activated CD8* P14 T cells as indicated by tail vein infusion. Tumor
size was continually assessed using calipers until mice reached experimental endpoint (diameter > 1.5 cm or severe ulceration/ne-
crosis). In some experiments mice also received i.p. administration of 100 pg anti-IL-22 neutralizing antibody (clone — IL22JOP) or
isotype control (both purchased from eBiosciences) on the same day and 4 days after the administration of T cells. This dosage
of anti-IL-22 has previously been shown to be effective at neutralizing IL-22 in an IL-22 dependent mouse infection model (Yeaman
et al., 2014). For pancreatic tumor experiments, RIP-Gp SV40 mice bearing well-established pancreatic tumors (7 days after blood
glucose first measures < 5mM) were treated with 1.5 x 10° activated CD8* P14 T cells. Tumor burden was continuously assessed by
measuring blood glucose. In some instances, congenically labeled CD45.1* P14 T cells were transferred to allow for tracking of trans-
ferred cell populations. These mice were sacrificed 18 days post transfer and flow cytometry was performed to analyze expression of
CD8* CD45.1" T cells in the tumor draining lymph node. For a-PDL1 experiments, 8-12 week old B6 mice were inoculated subcu-
taneously with 4x10°% MC-38 cells. 7 days later, mice with established tumors were randomly allocated to different treatment groups,
some of which received an i.p. injection of «-PDL1 (100 pg of clone 10F.9G2 from BioXcell) on day 7 and day 10 post tumor injection.
Some mice also received 5 mg of pantothenate i.p. or vehicle control daily starting on day 7 until day 11 post-tumor inoculation.

Human T cell experiments

Peripheral blood mononuclear cells were obtained from healthy donors following institutional review board approval. Written
informed consent was obtained from all donors who provided the samples. PBMCs were magnetically sorted for naive T cells (Mil-
tenyi Biotec) and seeded into a 96-well plate previously coated with 5 ng/mL anti-CD3 (eBioscience, clone OKT3). To induce Tc22
polarization, the following antibodies and cytokines were added to culture: 1 pg/mL anti-CD28 (eBioscience, clone CD28.2), 5 ng/mL
anti-IFN-vy (BioLegend, clone B27), 5 ng/mL anti-IL-4 (BioLegend, clone 8D4-8), 5 ng/mL anti-TGF-f3 (eBioscience, clone 1D11.16.8),
20 ng/mL IL-6, 10 ng/mL IL-21, 10 ng/mL IL-23, 40 ng/mL TNF-a. (All from BioLegend) and 2 ng/mL FICZ. Pantothenate (8 mM) or
vehicle control was also added on day 0. Five days later, cells were stimulated with PMA/ionomycin + Brefeldin for 5-6 h. Cells
were then stained and analyzed for intracellular cytokines by flow cytometry.
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Human patient cohort

Plasma was collected from patients with stage Il or stage IV melanoma prior to the start of receiving anti-PD1 antibody therapy
(average 27 days prior). The cohort of patients used is comprised of 21 responders and 21 non-responders. Clinical response (re-
sponders) was defined by radiographic evidence of freedom from disease, stable disease, or decreased tumor volume for more
than 6 months. Lack of a clinical response (non-responders) was defined by tumor growth on serial CT scans or a clinical benefit
lasting 6 months or less. Time to next treatment curve was calculated as interval of days from start of anti-PD1 therapy until start
of next treatment or death. Samples were collected and analyzed under Institutional Review Board-approved protocols. These
studies were conducted in accordance with the Declaration of Helsinki and approved by the UT MD Anderson Cancer Center
IRB. The age and sex of patients can be found in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was calculated using GraphPad Prism as indicated in the figure legends. p < 0.05 was considered statistically
significant. * p < 0.05, ™ p < 0.01, **p < 0.001.
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