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Oncometabolite p-2HG alters T cell metabolism to

impair CD8" T cell function
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Gain-of-function mutations in isocitrate dehydrogenase (IDH) in human cancers result in the production
of p-2-hydroxyglutarate (p-2HG), an oncometabolite that promotes tumorigenesis through epigenetic
alterations. The cancer cell-intrinsic effects of b-2HG are well understood, but its tumor cell-nonautonomous
roles remain poorly explored. We compared the oncometabolite p-2HG with its enantiomer, L-2HG, and
found that tumor-derived p-2HG was taken up by CD8" T cells and altered their metabolism and antitumor
functions in an acute and reversible fashion. We identified the glycolytic enzyme lactate dehydrogenase
(LDH) as a molecular target of p-2HG. p-2HG and inhibition of LDH drive a metabolic program and immune
CD8" T cell signature marked by decreased cytotoxicity and impaired interferon-y signaling that was
recapitulated in clinical samples from human patients with IDHI mutant gliomas.

he discovery of mutations in genes en-

coding key metabolic enzymes has high-

lighted a direct link between altered

metabolism and disease. In particular,

the discovery of mutations in fumarate
hydratase, succinate dehydrogenase, and iso-
citrate dehydrogenase (/DH), all enzymes of
the tricarboxylic acid cycle, has uncovered
how mitochondrial metabolites can accu-
mulate and act as disease-driving signaling
molecules, becoming bona fide oncometab-
olites (I). Beyond their established intracel-
lular functions, oncometabolites have tumor
cell-nonautonomous roles and mediate in-
tercellular cross talk in the tumor microen-
vironment (TME).

The oncometabolite p-2-hydroxyglutarate
(p-2HGQG) is produced by cancers with gain-
of-function mutations in /DHI and IDH2 and
accumulates to levels up to ~30 mM in the
surrounding TME (2-8). p-2HG is an inhibitor
of many alpha ketoglutarate (¢KG)-dependent
dioxygenases, leading to slow accumulating
alterations in the epigenetic landscape of cells
that result in oncogenic transformation (9-12).
Despite our understanding of the cancer cell-
intrinsic regulation of epigenetics by p-2HG, the
tumor cell-nonautonomous effects of p-2HG
in the TME still remain poorly understood. IDH-

mutant gliomas have fewer tumor-infiltrating
lymphocytes, including T cells, compared with
their wild-type (WT) counterparts, suggest-
ing that p-2HG promotes the establishment
of an immunosuppressive TME (7, 13-16). How-
ever, the mechanisms by which p-2HG alters
antitumor immunity remain unknown.

We focused on CD8" T cells, which are a
major component of the adaptive immune
response and specialize in the direct Killing of
malignant cells, to investigate the impact of
tumor-derived p-2HG on antitumor immunity.

Results

Acute and reversible inhibition of CD8" T cell
proliferation, cytotoxicity, and interferon-y
signaling by p-2HG

To evaluate the tumor cell-nonautonomous
mechanisms by which p-2HG influences anti-
tumor immunity, we examined the effects of
the oncometabolite on the function of mu-
rine CD8" T cells. We compared p-2HG with
its enantiomer, L-2HG, a metabolic by-product
of enzyme promiscuity that supports T cell
survival and function (17, 18). To determine
whether pathophysiological concentrations
of p-2HG in the TME of IDH-mutant tumors
(2-8) permit cellular uptake by CD8" T cells,
we treated activated CD8" T cells with various

doses of non-cell-permeable p-2HG and 1-2HG
and monitored uptake by liquid chromatography-
mass spectrometry. Both enantiomers were
taken up rapidly and in similar quantities when
supplied in millimolar concentrations (Fig. 1A
and fig. S1A). Next, we quantified the intra-
cellular levels of each enantiomer. When 20 mM
p-2HG or 1-2HG was added, we estimated that
the intracellular concentration of 2HG reached
low millimolar levels (Fig. 1B). At this concen-
tration, neither enantiomer had a detrimental
effect on cell viability over a 6-day time course
(fig. S1B).

Upon entering the TME of IDH-mutant
tumors, infiltrating CD8" T cells undergo local
expansion and reactivation in the presence of
high amounts of p-2HG. Therefore, we eval-
uated the effects of p-2HG or .-2HG on the
activation and proliferation of CD8"* T cells.
After stimulation with anti-CD3/CD28 anti-
bodies, CD8" T cells fully activated in the
presence of either enantiomer, as assessed
by cell surface expression of the activating
markers CD69 and CD25 (fig. S1C). Although
both enantiomers achieved similar intracellular
concentrations, p-2HG was a more potent in-
hibitor of T cell proliferation than 1-2HG (Fig.
1C). The inhibitory effects of p-2HG on pro-
liferation were dose dependent and observed
only at concentrations sufficient for cellular
uptake (fig. S1D). Removing p-2HG from the
culture medium alleviated this proliferative
block (Fig. 1D and fig. S1E), demonstrating
that the effects of p-2HG on proliferation are
reversible.

CDS8" T cells can eliminate target cells through
exocytosis of preformed lysosomes containing
cytotoxic proteins such as granzyme B (Fig. 1E)
(19). After T cell activation, intracellular gran-
zyme B levels were decreased in the presence of
p-2HG (Fig. 1F). During the process of degranu-
lation, the membrane of granzyme-containing
lysosomes fuses with the plasma membrane
of activated CD8" T lymphocytes to allow for
cargo release (20). To evaluate degranulation,
we assessed the cycling of lysosomal-associated
membrane protein 1 and 2 (LAMP-1 and LAMP-2,
also known as CD107a and CD107b) to the cell
surface in response to T cell receptor signal-
ing (2I). CD8" T cells activated in the presence
of p-2HG failed to degranulate upon antigen
restimulation in a dose-dependent manner
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(fig. S1, F, G, and I, and Fig. 1G). The total
amounts of intracellular LAMP-1 were not af-
fected by p-2HG treatment (fig. SIH). Given
these observations, we then investigated whether
the loss of LAMP-1/2 surface expression could
be attributed to an impairment in granule for-
mation at the time of ex vivo activation (day 0)
or a defect in degranulation at the time of
restimulation (day 6). To test this, CD8" T cells
were activated in the presence of p-2HG for

6 days, and then p-2HG was removed at the
time of restimulation. Washing away p-2HG at
the time of restimulation partially restored the
ability of CD8" T cells to degranulate (fig. S1,
F and I, and Fig. 1G, washout condition). Con-
versely, CD8" T cells that were activated for
6 days and subsequently exposed to p-2HG
only at the time of restimulation failed to de-
granulate (fig. S1, F and I, and Fig. 1G, acute
condition). These data indicate that p-2HG

leads to acute defects in CD8" T cell degran-
ulation by affecting processes involved in the
formation of lytic effectors and the release of
Iytic contents.

Together with granzyme B, CD8™ T cells also
secrete interferon-y (IFN-y), a cytokine that
sensitizes tumor cells to Killing by T cells (Fig.
1E) (22). After stimulation, p-2HG-treated CD8"
T cells exhibited a dose-dependent defect in
IFN-y production, as determined by decreased
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undergone (n = 3). (D) CellTrace Violet dilution assay according

to experimental design described in fig. S1E to assess

reversibility of proliferation phenotype. (E) Schematic of a cytotoxic CD8" T cell
releasing granzyme B and IFN-y. (F) Intracellular granzyme B levels of CD8"

T cells activated by CD3/CD28 mAbs in the presence of 20 mM p-2HG, 20 mM
1-2HG, or left untreated for 3 days. (G) Percentage degranulation as assessed
by CD107a/b staining of CD8" T cells activated by CD3/CD28 mAbs and
restimulated by CD3 mAb in the presence of 20 mM p-2HG, 20 mM L-2HG,

or left untreated. In the washout condition, CD8* T cells were activated in the
presence of 20 mM p-2HG, and the oncometabolite was subsequently washed
out before restimulation. In the acute condition, p-2HG was added solely at the
time of restimulation. In all other conditions, the metabolites were kept for the
entirety of the assay (n = 3). (H) Percentage of IFN-y* CD8" T cells after
intracellular cytokine staining of CD8" T cells activated with phorbol myristate
acetate (PMA) and ionomycin for 4 hours in the presence of 20 mM p-2HG,

20 mM L-2HG, or left untreated (n = 3). (I) Mean fluorescent intensity for IFN-y
after intracellular cytokine staining of CD8" T cells activated with PMA and

Notarangelo et al., Science 377, 1519-1529 (2022) 30 September 2022

Log, FC (D-2HG/Control)

ionomycin for 4 hours in the presence of 20 mM p-2HG, 20 mM L-2HG, or left
untreated (n = 3). (J) IFN-y levels in the medium of CD8" T cells activated
with 20 mM p-2HG, 20 mM (-2HG, or left untreated for 24 hours (n = 3).

(K) Volcano plot showing distribution of the top down-regulated and
up-regulated genes in CD8" T cells activated in the presence of 20 mM
p-2HG or left untreated. Statistically significant ISGs with a fold change
>1.5 are marked in pink (n = 3). (L) Antigen-specific killing of B16
ovalbumin-positive tumor cells by OT1 CD8" T cells that were activated in
the presence of 20 mM p-2HG, 20 mM (-2HG, or left untreated. In the
washout condition, p-2HG was removed before co-culture seeding of tumor
cells and T cells. In the acute condition, p-2HG was added at the time of
tumor cell and T cell co-culture. In all other conditions, the metabolites
were kept for the entirety of the assay (n = 3). *P < 0.05, **P < 0.01,
**¥p < 0,001, ****P < 0.0001 (one-way and two-way ANOVA). Data are
representative of at least two independent experiments.
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IFN-y intracellular staining and reduced re-
lease of the cytokine into the medium (Fig. 1,
H to J, and fig. S1J). IFN-y controls specific
gene expression programs of hundreds of genes
(23). Therefore, we performed gene expression
profiling by RNA sequencing of CD8" T cells
activated in the presence of p-2HG or 1.-2HG
or left untreated. Gene Ontology (GO) analysis
showed that most of the down-regulated genes
upon p-2HG treatment belonged to the class
of IFN-y-stimulated genes (ISGs) (Fig. IK and
fig. S1, K and L). Thus, CD8" T cells exhibit a
decrease in the IFN-y-induced signature, re-
flecting a decrease in IFN-y production and
secretion after p-2HG treatment.

To assess whether the decreased production
of cytotoxic proteins and effector cytokines
had functional consequences, we probed the
antigen-specific antitumor killing capacities
of p-2HG- or L-2HG-treated cells in an in vitro
killing assay. p-2HG-treated CD8" T cells ex-
hibited poor killing of cancer cells both when
p-2HG was provided starting at the time of
their activation and when it was administered
to activated CD8" T cells only at the time of

co-culture with cancer cells (Fig. 1L and fig.
S1, M to O). Thus, the effects of p-2HG on
cytotoxicity are rapid and independent of up-
stream events involving T cell activation. Re-
moval of p-2HG at the time of co-culture from
CD8" T cells that had been activated in the
presence of p-2HG restored their antitumor
killing capacities (Fig. 1L and fig. SIM, wash-
out condition), indicating that p-2HG must be
present at the time of tumor cell recognition
to impair their killing. Thus, we conclude that
D-2HG acutely impairs the antitumor killing
properties on CD8" T cells.

p-2HG alters glycolysis in CD8" T cells

Because of their acute and reversible nature,
the effects of p-2HG on CD8" T cell prolifer-
ation, cytokine production, and cytotoxicity
appear to be independent of its established
role as an epigenetic regulator. In support of
this, acute treatment with p-2HG did not
result in epigenetic reprogramming of T cells
(fig. S2A). We therefore investigated whether
p-2HG had an effect on metabolism. First, we
tested whether either enantiomer could be

metabolized. The chiral-specific reduction of
2HG to oKG is mediated by p-2HG and 1-2HG
dehydrogenase (0-2HGDH and 1-2HGDH, re-
spectively) (24). In agreement with the litera-
ture (25), Western blot analysis demonstrated
undetectable amounts of p-2HGDH and
1-2HGDH in CD8" T cells (fig. S2B). Further-
more, stable isotope tracing of *C5 p-2HG or
L-2HG did not show evidence of L-2HG and
p-2HG metabolism over a 48-hour time course,
despite achieving steady-state isotopic enrich-
ment (fig. S2, C to E). We conclude that p-2HG
and 1-2HG are not readily metabolized in CD8"
T cells.

Given that p-2HG and 1-2HG led to distinct
functional effects on CD8" T cells, we per-
formed steady-state metabolomics of intra-
cellular metabolites and metabolites from cell
culture medium after acute 2HG treatment
with the goal of identifying metabolic path-
ways that were differentially altered by the
two enantiomers (Fig. 2A). The metabolic
pathway most altered upon p-2HG treatment
was glycolysis. p-2HG, but not 1-2HG, pro-
moted the accumulation of many glycolytic
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Fig. 2. p-2HG alters glycolysis in CD8" T cells. (A) Schematic of experimental
design to assess the acute (24 hours) effects of 20 mM p-2HG and 20 mM
1-2HG on steady-state metabolite levels in activated CD8" T cells. (B) Log, fold
changes of glycolytic intermediates in 20 mM p-2HG-treated versus 20 mM
L-2HG-treated CD8" T cells relative to control. F6P, fructose 6-phosphate; G6P,
glucose 6-phosphate; DHAP, dihydroxyacetone phosphate; GA3P, glyceraldehyde
3-phosphate; PEP, phosphoenolpyruvic acid (n = 3). (C) Log, fold changes

of key glycolytic metabolites that are secreted into or consumed from the
medium of p-2HG-treated, L-2HG-treated, or untreated CD&" T cells (n = 3).
(D) Schematic of expected incorporation of heavy carbons into glycolytic
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glycolytic intermediates and
cotreatment of 3Cq glucose

untreated CD8" T cells after
*P < 0.05, **P < 0.01, ***p

30 September 2022

intermediates after *3C¢ glucose is provided for 24 hours. (E) lon intensities of

their respective C-isotopologs after 24-hour
with 20 mM p-2HG, 20 mM (-2HG, or control

(n = 3). (F) Levels of secreted pyruvate isotopologs in the medium of 20 mM
p-2HG-treated, 20 mM 1-2HG-treated, and untreated CD8" T cells after
providing **Cg glucose for 24 hours (n = 3). (G) Levels of secreted lactate
isotopologs in the medium of 20 mM p-2HG-treated, 20 mM L-2HG-treated, and

providing 3Cg glucose for 24 hours (n = 3).
< 0.001, ****P < 0.0001 (two-way ANOVA). Data

are representative of at least two independent experiments.
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Fig. 3. p-2HG inhibits LDH-A activity in vitro and in CD8" T cells.

(A) Schematic of LDH reaction. (B) Intracellular lactate (M+3)/pyruvate (M+3)
ratio of CD8* T cells after 24-hour cotreatment of 3Cs glucose with 20 mM
p-2HG or control (n = 3). (C) Schematic of the metabolic consequences

of antimycin A (AA) treatment on glucose catabolism.
(M+3)/pyruvate (M+3) ratio after brief 20 mM p-2HG pretreatment, followed by
AA and 13C4 glucose cotreatment (n = 3). Solid bars, —AA; striped bars, +AA.
(E) In vitro enzymatic assessment of 3 mM L-2HG, 3 mM p-2HG, 80 uM oxamate,

intermediates (Fig. 2B and fig. S2F). Consis-
tent with altered glucose utilization, we also
observed increased pyruvate and decreased
lactate in the medium of p-2HG-treated CD8"
T cells (Fig. 2C and fig. S2G). 1-2HG stabilizes
hypoxia-inducible factor-1o. (HIF-1a), which is
a master transcriptional regulator of glycolysis
(17, 26, 27). Therefore, we assessed whether
the reported changes in glucose catabolism
could be attributed to p-2HG-mediated HIF-
1a regulation. We found that p-2HG, unlike its
enantiomer 1-2HG (28), did not promote HIF-
1o stability in T cells (fig. S2H). This result was
further confirmed by quantitative polymerase
chain reaction analysis, showing no major
changes in the expression of genes involved
in glucose utilization upon p-2HG treat-
ment (fig. S2I). Thus, we conclude that p-2HG
alters glucose catabolism through an HIF-lo-
independent mechanism.

To further investigate how glycolytic flux is
altered in the presence of p-2HG and 1-2HG, we
performed tracing experiments with *C glucose
(Fig. 2D). Consistent with our steady-state meta-
bolomic profiles, we observed increased label-
ing in glycolytic intermediates preceding lactate
and a decrease in labeling of lactate (Fig. 2E).

Notarangelo et al., Science 377, 1519-1529 (2022)

(D) Intracellular lactate

These results were confirmed by metabolite
analysis in the cell culture medium. We de-
tected increased pyruvate (M+3) accumula-
tion and decreased lactate (M+3) secretion
upon p-2HG treatment (Fig. 2, F and G). Collec-
tively, these findings demonstrate that p-2HG,
and not L-2HG, strongly inhibits glycolysis in
CD8" T cells.

p-2HG inhibits LDH activity in CD8" T cells and
lowers the NAD*/NADH ratio

Pyruvate to lactate interconversion is cata-
lyzed by the enzyme LDH (Fig. 3A) (29). The
dose-dependent decrease in pyruvate to lactate
conversion, as measured by the ratio of lactate
(M+3) to pyruvate (M+3) upon *°Cgs glucose
tracing (Fig. 3B and fig. S3A), led us to test
whether LDH activity is impaired in the
presence of p-2HG. We treated CD8" T cells
with antimycin A, an inhibitor of the electron
transport chain (ETC) that limits mitochondria’s
ability to generate ATP and increases reliance on
glycolysis to support the bioenergetic needs of
a cell (Fig. 3C) (30). In response to antimycin
A, activated CD8" T cells induced pyruvate to
lactate conversion, as indicated by an increase
in the lactate/pyruvate ratio. By contrast, this

30 September 2022

and 10 nM GSK2837808A on LDH-A activity. Oxamate and GSK2837808A are
known LDH inhibitors and were used as a control (n = 3). (F) Lineweaver-Burk
plot for p-2HG. (G) NAD*/NADH ratio of CD8" T cells treated for 24 hours

with control, 1 mM nicotinamide mononucleotide (NMN), 20 mM p-2HG, or

20 mM (-2HG. NMN raises intracellular NAD" levels and was therefore used as a
positive control (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
(Student’s t test, one-way and two-way ANOVA). Data are representative of

at least two independent experiments.

induction was significantly suppressed in
p-2HG-treated CD8" T cells (Fig. 3D), sup-
porting the model that LDH function is com-
promised in the presence of p-2HG.

To determine whether p-2HG is a direct
inhibitor of LDH activity, we used purified
recombinant LDH-A protein, the LDH iso-
zyme expressed by T cells, and measured its
activity in the presence or absence of p-2HG
or .-2HG. Using the intracellular 2HG con-
centration previously determined (3 mM; Fig.
1B), we observed that p-2HG strongly inhib-
ited LDH-A activity in vitro (Fig. 3E and fig.
S3, B and C). LDH-B was also inhibited by
p-2HG, suggesting that the inhibitory proper-
ties of D-2HG are not isozyme specific (fig. S3D).
Although our tracing studies did not provide
strong evidence for 1-2HG-mediated inhibi-
tion of LDH, our in vitro Kinetic assay revealed
that L-2HG also inhibits, albeit less effectively,
LDH-A activity (Fig. 3E and fig. S3, E and F).
We determined p-2HG and 1-2HG to be non-
competitive inhibitors of LDH-mediated pyr-
uvate reduction, with inhibition constant (Kj)
values of 840 + 0.045 uM and 3.58 + 0.206 mM,
respectively (Fig. 3F and fig. S3G). Given that
the reported K; value for p-2HG is below the
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Fig. 4. Cytosolic NAD(H) imbalance drives mitochondrial membrane
hyperpolarization in p-2HG-treated CD8" T cells. (A) Relative contribu-
tion of mitochondrial oxidative phosphorylation and glycolysis to ATP
production in response to p-2HG after 24 hours of treatment (n = 10).

(B) Quantification of basal respiration in response to 20 mM p-2HG after
24 hours of treatment (n = 10). (C) Mitochondrial membrane potential as
assessed by tetramethylrhodamine ethyl ester (TMRE) fluorescence in CD8"
T cells treated with 20 mM p-2HG, 20 mM L-2HG, or control for 3 days.

(D) TMRE assay according to experimental design described in fig. S4F.

(E) Mitochondrial membrane potential as assessed by TMRE fluorescence in
CD8" T cells treated with 20 mM p-2HG, 20 mM 1-2HG, or control for 2 hours.
(F) Schematic of targets of rotenone, AA, oligomycin, and FCCP. (G) Effects

of inhibition of ETC complexes on mitochondrial membrane potential in

control and p-2HG-treated CD8" T cells (n = 3). (H) Quantification of spare
respiratory capacity in response to 20 mM p-2HG after 24 hours of treatment
(n =10). (I) Schematic of targets of AOA. (J) Mitochondrial membrane

Notarangelo et al., Science 377, 1519-1529 (2022) 30 September 2022

potential as assessed by TMRE fluorescence in CD8" T cells treated with

20 mM p-2HG or control for 24 hours in the presence or absence of 1 mM
AOA (n = 3). (K) Schematic of LbNOX mechanism of action. (L) Western blot
of CD8" T cells overexpressing empty vector (EV) or FLAG-tagged cytosolic
LbNOX. (M) NAD*/NADH ratio of CD8* T cells overexpressing EV or cytosolic
LbNOX after a 24-hour-long treatment with 20 mM p-2HG or control (n = 3).
(N) TMRE staining of EV or LbNOX-overexpressing CD8" T cells treated

with 20 mM p-2HG or left untreated for 24 hours (n = 3). (0) Schematic of
the target of rotenone. (P) Quantification of division index of CD8" T cells activated
in the presence or absence of 20 mM p-2HG for 3 days and cotreated with

1 nM rotenone (n = 3). (Q) Quantification of intracellular ROS levels as assessed by
CellROX staining in CD8" T cells treated with 20 mM p-2HG or left untreated for

1 day. Hydrogen peroxide (H,0,, 100 mM) and 10 mM NAC were used as positive
and negative controls, respectively (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001,
**¥*p < (0.0001 (Student’s t test, one-way and two-way ANOVA). Data are
representative of at least two independent experiments.
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estimated intracellular p-2HG concentration,
we inhibit LDH activity in CD8" T cells.

A critical function of the LDH reaction is
the regeneration of cytosolic NAD* to support
the continued functioning of glycolysis (31).
p-2HG treatment lowered the NAD"/NADH
ratio of the cell (Fig. 3G). Thus, our data in-
dicate that p-2HG inhibits LDH activity in
CDS8" T cells, resulting in altered glycolytic
flux and NAD(H) balance.

p-2HG treatment induces CD8* T cells to
maximize mitochondrial respiration

Upon activation, T cells undergo a switch from
oxidative phosphorylation to glycolysis to support
their proliferative and effector functions (32).
We sought to investigate how p-2HG affects
this metabolic switch. We tested the source
(mitochondrial or glycolytic) of cellular ATP
in p-2HG-treated CD8" T cells using the Sea-
horse XF Real-Time ATP rate assay. Consistent
with our model of p-2HG-mediated LDH in-
hibition, p-2HG-treated CD8" T cells relied
less on glycolysis and more on oxidative phos-
phorylation for ATP production than untreated
cells (Fig. 4A). Furthermore, we observed an
increased oxygen consumption rate and de-
creased extracellular acidification rate upon
D-2HG treatment (Fig. 4B and fig. S4, A to C).

To study how p-2HG increases reliance on
mitochondrial function in response to p-2HG,
we assessed mitochondrial function by measuring
changes in the mitochondrial membrane poten-
tial (MMP). p-2HG caused hyperpolarization of
the MMP in a dose-dependent manner (Fig. 4C
and fig. S4D). Kinetics studies revealed that
the membrane of p-2HG-treated mitochon-
dria remained hyperpolarized over several days
after T cell activation (fig. S4E). To determine
whether the increase in MMP by p-2HG was
reversible, we provided p-2HG to CD8™ T cells
for 2 days and then removed it (fig. S4F).
Removing p-2HG for as little as 1 hour was
sufficient to completely restore the MMP (Fig.
4D). Conversely, a 2-hour exposure to p-2HG
was sufficient to promote mitochondrial mem-
brane hyperpolarization (Fig. 4E). The increase
in MMP did not result from an increase in
mitochondrial number, because p-2HG treat-
ment did not alter the mitochondrial to nuclear
DNA ratio or the expression of subunits of the
ETC (fig. S4, G and H). Thus, p-2HG hyper-
polarizes the mitochondrial membrane and
increases mitochondrial respiration in an acute
and reversible manner.

The MMP is maintained by the activity of
the proton-pumping complexes (I, III, and IV)
of the ETC (33). To determine whether the
increase in MMP upon p-2HG treatment was
due to increased complex activity, we used a
series of inhibitors against various ETC com-
plexes (Fig. 4F). In both untreated and p-2HG-
treated T cells, inhibition of complexes I and
III by rotenone and antimycin A, respectively,

Notarangelo et al., Science 377, 1519-1529 (2022)

lowered the MMP. Similarly, treatment with
carbonyl cyanide ptrifluoromethoxyphenylhy-
drazone (FCCP), an uncoupling agent that
collapses the proton gradient, decreased the
MMP. Conversely, inhibition of complex V by
oligomycin, which prevents proton reentry into
the matrix, further increased the MMP (Fig. 4G).
Despite respiring at a higher rate, the mitochon-
dria of p-2HG-treated CD8" T cells exhibited
decreased maximal respiration and thus a de-
creased spare respiratory capacity, a measure
of the cells’ ability to respond to increased
energy demand or stress (Fig. 4H and fig. S4, 1
and J). These data indicate that the mitochon-
dria of CD8" T cells maximize mitochondrial
respiration in response to p-2HG.

Cytosolic NAD(H) imbalance supports
mitochondrial function in p-2HG-treated
CD8* T cells

LDH inhibition results in cytosolic accumula-
tion of NADH, which can enter mitochondria
and provide reducing equivalents for the ETC
(34). We tested whether cytosolic NADH might
be diverted to the mitochondria for oxidation
in response to p-2HG. Because mitochondria
are impermeable to NADH, cytosolic NADH
transfer is facilitated by a variety of shuttles,
one being the malate-aspartate shuttle (35). To
prevent shuttling of cytosolic NADH to the
mitochondria, we used aminooxyacetate (AOA),
which blocks cytosolic and mitochondrial aspar-
tate aminotransferase reactions (Fig. 4I), and
measured the state of the MMP. Although p-2HG
treatment promoted mitochondrial membrane
hyperpolarization, simultaneous treatment with
AOA prevented this effect (Fig. 4J).

To test the contribution of cytosolic NAD(H)
imbalance to driving the increase in MMP, we
overexpressed a cytosol-localized NADH oxi-
dase from Lactobacillus brevis, LONOX, which
generates NAD" from NADH independently of
LDH activity (Fig. 4, K and L) (36). In the
presence of LANOX, the NAD*/NADH ratio of
p-2HG-treated CD8" T cells was increased
(Fig. 4M). Cytosolic LBNOX overexpression
lowered the MMP in the presence of p-2HG
(Fig. 4N and fig. S4, K and L), indicating that
cytosolic NAD*/NADH imbalance partially
drives the MMP of the cell.

Because NADH is oxidized by complex I of
the ETC, we tested whether interventions that
limit NAD" recycling in the mitochondria might
exacerbate the effect of p-2HG treatment.
We exposed p-2HG-treated CD8" T cells to
rotenone, a complex I inhibitor, and monitored
the cells’ ability to proliferate (Fig. 40). Although
rotenone alone had a small effect on prolifera-
tion, the combination of rotenone and p-2HG
impaired cell proliferation more strongly than
p-2HG alone (Fig. 4P). Thus, NADH oxidation
by complex I of the ETC appears to be impor-
tant to sustain the proliferative potential of CD8*
T cells in the presence of p-2HG. Because
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complex I is the main source of reactive oxy-
gen species (ROS) in the mitochondria (33, 37),
we measured ROS and oxidative stress levels
in response to p-2HG. p-2HG significantly
increased intracellular ROS levels, which were
decreased in cells exposed to the antioxidant
N-acetyl-cysteine (Fig. 4Q and fig. S4M). Ac-
cordingly, p-2HG treatment was accompanied
by a significant increase in total glutathione
(GSSG) levels, resulting in a lower GSH equced/
GSSGoxigizea Tatio, which is indicative of cellular
redox stress (fig. S4, N to P). Overall, these data
support the idea that p-2HG increases depen-
dency on mitochondrial complex I activity, re-
sulting in higher ROS production.

LDH inhibition is sufficient to recapitulate the
effects of p-2HG on CD8" T cell metabolism and
proliferation and IFN-y signaling and cytotoxicity

To assess the contribution of LDH inhibition
to the metabolic phenotypes caused by bp-
2HG, we tested whether LDH inhibition alone
was sufficient to phenocopy treatment of cells
with p-2HG using two well-established LDH
inhibitors, oxamate and GSK-2837808A (ab-
breviated as GSK). *C, glucose tracing in the
presence of either LDH inhibitor recapitu-
lated the effects of p-2HG on glucose catabo-
lism. The LDH inhibitors each promoted the
accumulation of glycolytic intermediates up
to pyruvate, with concomitant loss of lactate
labeling (fig. S5, A and B), resulting in a lower
lactate (M+3)/pyruvate (M+3) ratio (Fig. 5A).
Inhibition of LDH activity by the inhibitors
was further validated by metabolite analysis in
cell culture medium, in which we observed in-
creased pyruvate and decreased lactate secre-
tion relative to that from untreated cells (fig.
S5, C and D). Consistent with LDH inhibi-
tion, the NAD*/NADH ratio of the cell was also
decreased in response to either of the inhibi-
tors (Fig. 5B). Thus, oxamate and GSK recapitu-
late the effects of p-2HG on glucose catabolism.

Impairment of LDH activity by p-2HG caused
CD8* T cells to undergo a metabolic transi-
tion toward oxidative phosphorylation. There-
fore, we tested whether LDH inhibition was
sufficient to cause this effect. LDH inhibition
by oxamate or GSK recapitulated the increase
in oxygen consumption rate, the decrease in
extracellular acidification rate, and the hyper-
polarization of the mitochondrial membrane
observed in cells treated with p-2HG (Fig. 5, C
and D, and fig. S5, E to G). No change in the
mitochondrial/nuclear DNA ratio of the cell
was detected after LDH inhibition (fig. S5H).
Therefore, LDH inhibition is sufficient to cause
increased reliance on mitochondrial respira-
tion and hyperpolarization of the mitochon-
drial membrane in CD8" T cells.

To test whether LDH inhibition is sufficient
to cause the immune phenotypes promoted by
p-2HG accumulation, we tested the effects of
LDH inhibition alone on viability, antigen-driven
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proliferation, IFN-y production, and cyto-
toxicity. Each of the LDH inhibitors impaired
T cell proliferation despite having no effect on
cell viability (Fig. 5E and fig. S5I). A p-2HG-
mediated decrease in cytotoxicity was also
observed in response to each of the LDH
inhibitors. Upon LDH inhibition, CD8" T cells

exhibited lower expression of granzyme B and
failed to degranulate upon antigen restim-
ulation (Fig. 5, F and G, and fig. S5J). IFN-y
production was also decreased in response to
LDH inhibition, resulting in a lower percent-
age of IFN-y" CD8" T cells, decreased IFN-y
accumulation in the media, and a subsequent

decrease in the induction of ISGs (Fig. 5, H
to K, and fig. S5K). Ultimately, these cytotoxic
defects culminated in impaired Killing of tumor
cells upon LDH inhibition (Fig. 5L and fig. S5L).
Thus, LDH inhibition alone phenocopies the
effects of p-2HG on CD8" T cell proliferation,
activation, IFN-y signaling, and cytotoxicity.
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Fig. 5. LDH inhibition recapitulates the effects of b-2HG on CD8" T cell
metabolism, proliferation, cytotoxicity, and IFN-y signaling. (A) Lactate
(M+3)/pyruvate (M+3) ratio in CD8" T cells treated with 20 mM p-2HG, 20 mM
oxamate, 10 uM GSK2837808A, or left untreated for 24 hours (n = 3). (B) NAD*/
NADH ratio of CD8" T cells after a 24-hour-long treatment with 20 mM p-2HG,

20 mM oxamate, 10 uM GSK2837808A, or control (n = 3). (C) Quantification
of basal respiration in response to 20 mM p-2HG, 20 mM oxamate, 10 uM
GSK2837808A, or control after 24 hours of treatment (n = 10). (D) Left:
Mitochondrial membrane potential as assessed by TMRE fluorescence in CD8*
T cells treated with 20 mM p-2HG, 20 mM oxamate, 10 uM GSK2837808A,

or control for 24 hours. Right: quantification of mean fluorescence intensity for
TMRE (n = 3). (E) Left: CellTrace Violet dilution assay at day 3 of CD8"

T cells activated in the presence of 20 mM p-2HG, 20 mM oxamate, 10 uM
GSK2837808A, or left untreated. Right: quantification of division index (n = 3).
(F) Quantification of intracellular granzyme B expression in CD8" T cells
activated in the presence of 20 mM p-2HG, 20 mM oxamate, 10 uM
GSK2837808A, or control for 3 days (n = 3). (G) Percentage degranulation
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assessed by CD107a/b staining in CD8" T cells activated in the presence of

20 mM p-2HG, 20 mM oxamate, 10 uM GSK2837808A, or left untreated (n = 3).
(H) Percentage of IFN-y* CD8" T cells after intracellular cytokine staining of
CD8" T cells activated with PMA and ionomycin for 4 hours in the presence of
20 mM p-2HG, 20 mM oxamate, 10 uM GSK2837808A, or left untreated (n = 3).
(1) Mean fluorescent intensity for IFN-y after intracellular cytokine staining of
CD8" T cells activated with PMA and ionomycin for 4 hours in the presence

of 20 mM p-2HG, 20 mM oxamate, 10 uM GSK2837808A, or left untreated

(n = 3). (J) Cell number-normalized levels of IFN-y in the cell culture medium
of CD8" T cells activated in the presence of 20 mM p-2HG, 20 mM oxamate,
10 uM GSK2837808A, or control for 2 days (n = 3). (K) Relative mRNA
expression of I1SGs in CD8* T cells activated in the presence of 20 mM p-2HG,
20 mM oxamate, 10 uM GSK2837808A, or control for 24 hours (n = 3).

(L) Specific killing of B16 ovalbumin-positive tumor cells by OT1 CD8" T cells
activated in the presence of 20 mM p-2HG, 20 mM oxamate, 10 uM GSK2837808A,
or control (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way
ANQVA). Data are representative of at least two independent experiments.

7 of 11

2202 ‘0€ Jequieldes uo A1sieAlun prenkeH e 610:80usios mmm//sdiy wolj papeojumoq



RESEARCH | RESEARCH ARTICLE

ﬁ)H WT or IDH-132H B ¢ B16 D Mc38 B16
-WT or IDH-132 s
250,000 MC38 or B16 E z o ?100 100 .
hadl o~
= fo . T8 . 80
£ 3 ns. B
S 2] N—
— ) Analysis £ 8 £ 40 40
[} —
Day0  Day16 g by of & 20 ns 20 8
O a
& WT R132H Spleen TIL Spleen TIL Spleen TIL Spleen TIL
E MC38 G o4 H Case #3 (IDH1"7) Case #19 (IDH17152H)
150 100 5.1 . . 10:mM HC g 10:mM " HG
~ 80 z & | ‘LC NT
X n.s. £ 16 4 =) : .
; 100 ‘ 8 = :
2 . L S 12| o € 27
.g } H 40 ke] 8 - 8 :
o 50 .é n.s. £ % s
. e 20 c 4 © L
° © o = ..
4 ° © .
07— 0 ° § kb
TR _ . R _ S D D WTR132H = 0= T T 1 . T T 1
IFN-y IL-2 TNF-a.  IFN-y IL-2 TNF-o. S Q\\,\ 0 5 10 15 20 0 5 10 15 20
2HG ion count (x107) 2HG ion count (x107)
| L M
153 Case #18, Sample 3 Case #19, Sample 1
I
S o008 . t=4.44, pvai=00]| 3 908] t=12.16, pval=0.0
. o] i S 0.054
2 o004 . 2 —0.044
¢ o R o -
o 2 3 I 0.03] g
| S 0.024 2 “0.024 o o
: : S ‘gf @ 3
o 4 = c  0.01 %
o :EEEE(Z) ¥ g 000 . ki 8 0.0 : ;
* @Ambiguous _:_ a No CD8* CcD8* No CD8* cD8*
J N 0
A~ 5 Case #18, Sample 3 Case #19, Sample 1
& 0068  p=-0.08 pva=0.0008] 3 %07 p=-0.23, pval=0.0
% oos g _00438
| s 3 go.oz- l‘:
2 . ° & in
i E 0.024¢ | ‘l%%_k . o @ 000§E ﬂ*‘ﬂ-no'\--
| L 2 H
Low High Case #18, Sample 3 7 o000l ! . ;*—I\ g 002l
| - g 0 2 4 6 8 025 5 7.5 1012515175
. : : : : CD8*T cells CD8" T cells
) CD8 CD4 Q R Interferon-CD8* U CcD8* CD4+
IDH status: WT_MUT_WT_MUT . IDHstatus: WT _MUT WT MUT
IL9R » IDH status: CD38
CD3 ';: - [ Mutant OASL
EPHAT E5 10 EwT OAS?
NAB1 QEeR Z PLSCR1
ITM2C ¥ o< 2 SAMDIL
AOA ~s<a '(B © 0.5
GZM g g € @ a XAF1
PDE4DIP ££3833 IRF7
PLSCR1 ===0= 0.0 GBP1
TMEM212 PLSCR1 3 5 ] 5 DDX60
OR CD38 Signature score NM
UGDH-AS1 STAT1 HIF1A
AST IF144L S Chemokine-IFN-y-CD8* RSAD2
HSPA1B RSAD2 ) IFITA
i Biwen e
1.0
IFIT1 HERC5 £ wr TNFSF10
STAT1 IFl6 2 OAS3
CCDC109B JUN 205 MX2
IFI IL9R MX1
GPR171 GZMB 0.0 IFI44L
IFI6 : ISG15
JUN 50cs2 0 1 SOD
IF144L CTSL1 Signature score LGALS3BP
HERES PTGER2 T Cytotoxicity-NK-CD8* Flaa
88((:352 15 IDH status: SLAMF7
2BCCG [l Mutant CCL5
CEACAM1 21.0 Ewt )I('EZNL?
TGER e PTPN
CTSL1 805 6 -
Expression Expression
| 00 e
40 +1 05 0 0.5 N +
In(TP100K+1) Signature score In(TP100K+1)
Figure 6

Notarangelo et al., Science 377, 1519-1529 (2022)

30 September 2022

8 of 11

2202 ‘0€ Jequieldes uo A1sieAlun prenkeH e 610:80usios mmm//sdiy wolj papeojumoq



RESEARCH | RESEARCH ARTICLE

Fig. 6. Altered metabolic and cytotoxicity signatures in IDHI-mutant rela-
tive to IDHI"™ cancers. (A) Schematic depicting experimental setup.

(B) Quantification of 2HG levels by liquid chromatography-mass spectrometry in the
tumor interstitial fluid (TIF) from IDHI"T and IDHIR**?" MC38 and B16 tumors
(n =10 to 12). (C) Quantification of the percentage of CD8" T cells (of
CD3*CD45" cells) in spleen and tumor of IDHIVT and IDHI®* MC38 and B16
syngeneic tumor mouse models (n = 6 to 10). (D) Quantification of the
percentage of Ki67* CD8" T cells in spleen and tumor of IDHI"T and IDHIR'32!
MC38 and B16 syngeneic tumor mouse models (n = 6 to 10). (E) Quantification
of the percentage of IFN-y*, IL-2*, and TNF-a"CD8" T cells isolated from
IDHI™T or IDHIR*2H MC38 or B16 tumors on day 16 after inoculation and after
ex vivo restimulation with PMA and ionomycin for 4 hours in the presence of O or
2.5 mM p-2HG to recapitulate the 2HG levels measured in the TIF (n = 8).

(F) MSl-based quantification of 2HG levels in tissue sections of human [DHIR3?"
gliomas subdivided by grade. The upper limit of 2HG quantification based on
the calibration curve was 30 mM; therefore, any value beyond that was collapsed
to 30 mM. A, astrocytoma; OD, oligodendroglioma; I-Il, low-grade; IlI-1V,
high-grade. (G) Per-section average lactate ion counts across IDHI"T GBM

(n = 5) and IDHIR®?! (n = 4) astrocytoma, grade IV patients. (H) Per-pixel
lactate and 2HG ion counts across all sections from case #3, an IDHI"'T GBM
patient, and case #19, an IDHIR*?" glioma patient. Sections were annotated
based on high cellularity (HC), low cellularity (LC), nontumor (NT), and transition
(T). (1) Three-dimensional (3D) UMAP embedding of single-cell CyCIF data
derived from human brain tumor sections colored by HDBSCAN cluster
identifying a population of CD8" T cells (cluster 2, black arrow). (J) 3D UMAP
embedding color mapped according to CD8 signal intensity showing that cluster
2 cells (black arrow) are characterized by high levels of CD8 expression.

(K) Overlay of matched MSI and CyCIF images from case #18, sample 3 of an

IDHIR2M astrocytoma. Spatial positions of cluster 2 cells are shown in green;
Hoechst nuclear dye (DNA) is shown in gray. Grid superimposed on the image
shows equal-sized microregions of tissue with x and y intervals corresponding
to the pixel size of the original MSI image used to compute statistics in

(L) and (M). (L) Welch's t tests comparing mean tissue density—corrected
0-2HG levels in microregions of tissue with and without CD8" T cells in case #18,
sample 3. (M) Welch's t tests comparing mean tissue density—corrected p-2HG
levels in microregions of tissue with and without CD8" T cells in case #19,
sample 1. (N) Spearman'’s rank-order correlation showing anticorrelation
between mean tissue density-corrected p-2HG levels and CD8" T cell counts in
microregions of tissue in case #18, sample 3. (0) Spearman’s rank-order
correlation showing anticorrelation between mean tissue density—corrected
0-2HG levels and CD8" T cell counts in microregions of tissue in case #19,
sample 1. (P) Heatmap showing expression of top DE up-regulated genes in CD8*
and CD4* T cells in IDH"T GBM relative to /IDH-mutant gliomas. Gene
expression is zero-centered and given in units of In(TP100K+1). (Q) Grouping of
the top up-regulated genes into hallmark gene sets. (R) Density plot of
expression of top DE up-regulated genes in the IFN subcluster for CD8" T cells in
IDH"T and IDH-mutant samples. (S) Density plot of expression of the top

DE up-regulated CD8* IDH"" genes in the chemokine-IFN-y subcluster for

T cells in and IDH-mutant samples. (T) Density plot of expression of the top DE
up-regulated genes in cytotoxicity-NK subcluster for CD8" T cells in IDH"T and
IDH-mutant samples. (U) Overlay of the top DE ISGs from mouse RNA
sequencing onto the top 400 DE up-regulated genes in the CD4* and CD8*

T cell populations of IDH-mutant and IDH"T tumors showing the relative
expression of genes in common between the two datasets. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 (Student’s t test and two-way ANOVA).
Data are representative of at least two independent experiments.

IDH-mutant glioma-infiltrating CD8* T cells
exhibit altered metabolic and cytotoxic
programs in patient samples

To determine whether p-2HG impairs anti-
tumor immunity, we used two different syn-
geneic mouse tumor models. We injected B16
melanoma and MC38 colorectal adenocarci-
noma cells overexpressing IDHIV" or IDHI®13?H
into the flanks of C57BL/6J mice (Fig. 6A). On
day 16, when the tumors were comparable in
weight, we isolated tumor interstitial fluid and
detected low-millimolar levels of p-2HG in
tumors harboring the IDHI mutation (Fig. 6B
and fig. S6A). Flow cytometry profiling of cells
in the immune infiltrate of these tumors re-
vealed changes in lymphocytes (fig. S6, B and
C), including reduced infiltration, prolifera-
tion, and cytokine levels of CD8" T cells in
IDHT*32! tumors in both models (Fig. 6, C to
E). These results suggest that tumor-derived
p-2HG impairs T cell responses in the TME
of IDHI®32M tumors.

Mouse models of IDH do not fully recapit-
ulate the developmental and morphological
features of human /DH-mutant cancers, ar-
guing for characterization of human specimens.
Moreover, the reversible and acute nature of the
metabolic phenotypes caused by p-2HG makes
it important to study these properties in an
intact TME. Thus, we leveraged mass spectrom-
etry imaging (MSI) to study the tumor metabolic
landscape of five patients with IDH-WT and 17
patients with /DH-mutant gliomas (table S1).
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Quantification of 2HG levels in tissue sections
revealed a range of high-millimolar concen-
trations of 2HG across all IDH-mutant gliomas
regardless of grade (Fig. 6F and fig. S6D). The
2HG signal was restricted to the tumor area
and was absent in surrounding healthy tissue,
indicating that 2HG levels accumulate at the
tumor site (fig. S6E). Comparison of IDHI™32H
grade IV astrocytomas with IDHIV" glioblas-
toma (GBM) revealed trending lower lactate
levels in IDHI®®?! relative to IDHI"" gliomas
(Fig. 6, G and H, and fig. S6, F to H).

Because of the immunosuppressive prop-
erties of p-2HG, we hypothesized that tumor
regions characterized by high levels of the
oncometabolite would contain fewer CD8"
T cells compared with those with lower expres-
sion. To test this hypothesis, we coupled cyclic
immunofluorescence (CyCIF) of IDHI®?H
grade IV astrocytomas with MSI rasters of
p-2HG collected on the same tissue sections
to study the location of CD8"* T cells with re-
spect to p-2HG expression. Dimensionality re-
duction [uniform manifold approximation and
projection (UMAP)] and clustering [hierarchi-
cal density-based clustering (HDBSCAN)] algo-
rithms applied to CyCIF-derived single-cell data
identified a population of CD8* T cells that
coexpressed CD8co and CD45RB (Fig. 6, I and
J, and fig. S6I). Mapping the coordinates of
these cells onto p-2HG MSI rasters, we ob-
served a tendency for these cells to be less
present in regions of tissue high in the on-
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cometabolite (Fig. 6K). To quantify this effect,
tissues were divided into microregions the size
of pixels in the original MSI rasters before
computing mean tissue density-corrected
D-2HG expression per region. Independent,
two-way Welch’s ¢ tests were then used to com-
pare microregions with and without at least
one CD8" T cell (Fig. 6, L and M). Across
multiple tissue samples from different patients,
this analysis revealed that p-2HG expression
was significantly lower in regions of tissue
containing CD8" T cells compared with those
that did not. Correlation analysis comparing
p-2HG levels and CD8" T cell numbers using
Spearman’s rank-order method established a
significant anticorrelation between these varia-
bles that was not explained by concurrent anti-
correlation between CD8" T cells and tissue
density (Fig. 6, N and O, and fig. S6, K, L, N,
and O), suggesting that the avoidance of re-
gions of tissue high in p-2HG by CD8" T cells
was not due to their failure to infiltrate tumor
tissue. Together, these studies reveal a dose-
dependent relationship between p-2HG and
CDS8" T cell density in human gliomas and sup-
port the hypothesis that p-2HG may regulate
CD8™" T cell proliferation in this context.

To better understand the physiological
role of p-2HG accumulation in the micro-
environment of JDH-mutant tumors on CD8"
T cell function, we analyzed single-cell RNA-
sequencing data from a different set of IDH""®
GBM patients (n = 16) and IDH-mutant glioma
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patients (n = 15) (38) and profiled the gene
expression signature of tumor-infiltrating T cells.
We identified the top differentially up-regulated
genes in CD8" and CD4" T cell subpopulations
and grouped these into hallmark gene signa-
tures (Fig. 6P and fig. S6P). This showed that
several of the top down-regulated genes in
CD8" T cells from IDH-mutant samples fall
under the IFN signaling signature (Fig. 6Q).

Previous analysis of this single-cell RNA-
sequencing dataset revealed six subclusters
for CD8" T cell subsets [cytotoxicity-natural
killer (NK), IFN, effector memory, chemokine-
IFN-y, not determined, and stress cells] and
CD4* T cell subsets (cytotoxicity-chemokine,
IFN, effector memory, Treg, memory, and stress
cells) (38). Thus, we assessed the gene expres-
sion signature of the top 20 up-regulated genes
in IDH"T GBM within each of the previously
identified subclusters. The top 20 up-regulated
genes gave a weaker signature score in the
cytotoxic, IFN, and IFN-y subclusters for CD8"
T cells from IDH-mutant gliomas compared
with IDH"" GBM (Fig. 6, R to T). The ex-
pression of the top up-regulated genes was not
affected in the Tregs and cytotoxicity sub-
clusters for CD4" T cells, but it was elevated
in the CD4" IFN subcluster for IDH"™ " com-
pared with IDH-mutant (fig. S6Q). Thus, we
concluded that the cytotoxic and IFN pro-
grams of effector T cells, in particular effector
CDS8™ T cells, are lower in IDH-mutant sam-
ples compared with IDH"".

Finally, we validated the relevance of the
ex vivo-derived IFN-y signature from p-2HG-
treated mouse CD8" T cells (fig. S1G) using
the human single-cell RNA-sequencing data.
We generated a gene list containing the top
differentially expressed (DE) ISGs upon p-2HG
treatment from the mouse RNA-sequencing
experiment and used this gene list to filter the
top 400 DE genes in CD4" and CD8" T cell
populations from IDH-mutant and IDH"™T
tumors. Overall, both CD8* and CD4* T cell
populations from /DH-mutant tumors showed
decreased expression of the IFN-induced mouse
gene signature (Fig. 6U), demonstrating that the
human IFN-y signature of CD8" T cells derived
from IDH-mutant tumors is similar to that of
p-2HG-treated mouse CD8" T cells.

Discussion

Our results suggest that p-2HG may not only
affect tumor initiation and growth through
tumor cell-intrinsic mechanisms but also by
directly affecting the cells in the surrounding
TME. In the context of antitumor immunity,
IDH-mutant tumors are surveyed by immune
cells, which, upon infiltrating, face a newly
p-2HG-rich microenvironment. /DH-mutant
tumors have fewer tumor-infiltrating T cells
compared with IDH"T tumors (7, 13-16),
but the factors that mediate the immunosup-
pressive functions of p-2HG have remained
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elusive. We propose that p-2HG acts directly
on CD8" T cells in the TME of IDH-mutant tu-
mors by altering their metabolic and cytotoxic
signatures.

Glucose metabolism has a central role in
regulating cytotoxic T cell responses. As ef-
fector CD8™ T cells undergo extensive prolif-
eration in response to antigen stimulation,
maintaining a high glycolytic flux is needed to
support the bioenergetic needs, as well as to
provide the building blocks for cellular biomass
(32). Furthermore, glucose metabolism has also
been tightly linked to IFN-y signaling and T cell
cytotoxicity (30, 39-46). Our findings show that
p-2HG alters glucose metabolism in CD8* T cells,
resulting in impaired proliferation, cytokine
production, and cytotoxicity. Specifically, we show
that decreased IFN-y production in p-2HG-
treated CD8" T cells results in a suppressed auto-
crine IFN-y gene expression signature, which
has been shown to be important for effector
function (47). Moreover, although a link be-
tween glucose metabolism and the expression
of lytic molecules has previously been made (40),
our work has uncovered a previously unknown
role for LDH and p-2HG in regulating the pro-
cess of degranulation. Thus, our studies expand
upon previous work demonstrating the role of
glycolytic metabolism in regulating T cell ef-
fector function and proliferation.

Analysis of the metabolic landscape of human
gliomas has revealed altered lactate levels and
decreased IFN-y signatures in glioma samples
from IDH-mutant patients. Mechanistically, we
propose that p-2HG alters CD8" T cell metab-
olism through direct LDH inhibition. Decreased
LDH-A activity caused by epigenetic silencing
in IDH-mutant tumors had previously been
reported (48-51), but our work shows that
D-2HG can additionally have a new, direct and
immediate effect on LDH enzymatic activity
in CD8" T cells. Future studies are required
to investigate the in vivo immunotherapeutic
relevance of the proposed mechanism and
determine whether p-2HG inhibition of LDH
activity expands beyond CD8" T cells in vivo,
affecting other cells within the TME.

Finally, we found that many of the effects
caused by p-2HG are reversible upon p-2HG
removal. In the future, it will be interesting to
determine whether therapeutic interventions
involving US Food & Drug Administration—
approved, mutation-specific IDH inhibitors
potentiate immune responses by removing
immunosuppressive p-2HG from the TME, in
addition to having a direct role in the inhibi-
tion of tumor growth. In support of this idea,
recent studies have shown that CD8" T cell
infiltration is restored in the presence of in-
hibitors of mutant IDH (52).
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Oncometabolite d-2HG alters T cell metabolism to impair CD8+ T cell function
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Oncometabolite targets T cells

Cancer-causing mutations in isocitrate dehydrogenase cause accumulation of the metabolite d-2-hydroxyglutarate
(d-2HG). Notarangelo et al. showed that such high concentrations of d-2HG could act as a direct inhibitor of lactate
dehydrogenase in mouse T cells (see the Perspective by Nathan). Inhibition of this metabolic enzyme altered glucose
metabolism in the T cells and inhibited their proliferation, cytokine production, and ability to kill target cells. The
authors propose that in addition to its known cell-autonomous cancer-promoting effects, d-2HG may also have
immunosuppressive activity. —LBR
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