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Although immunotherapy by PD-1 blockade has dramatically im-
proved the survival rate of cancer patients, further improvement in
efficacy is required to reduce the fraction of less sensitive pa-
tients. In mouse models of PD-1 blockade therapy, we found that
tumor-reactive cytotoxic T lymphocytes (CTLs) in draining lymph
nodes (DLNs) carry increased mitochondrial mass and more reac-
tive oxygen species (ROS). We show that ROS generation by ROS
precursors or indirectly by mitochondrial uncouplers synergized
the tumoricidal activity of PD-1 blockade by expansion of effector/
memory CTLs in DLNs and within the tumor. These CTLs carry not
only the activation of mechanistic target of rapamycin (nTOR) and
AMP-activated protein kinase (AMPK) but also an increment of their
downstream transcription factors such as PPAR-gamma coactivator
1a (PGC-1a) and T-bet. Furthermore, direct activators of mTOR,
AMPK, or PGC-1a also synergized the PD-1 blockade therapy
whereas none of above-mentioned chemicals alone had any effects
on tumor growth. These findings will pave a way to developing
novel combinatorial therapies with PD-1 blockade.

PD-1 | cancer immunotherapy | mitochondria | immune metabolism | PGC-1a

mmunotherapy by PD-1 blockade has had a revolutionary impact

on cancer treatment by its durable effect and high efficacy against a
wide variety of cancers with limited adverse effects (1-3). Indeed,
since its impressive clinical trial report in solid-tumor patients in 2010
(4), almost all clinical studies on various types of cancers carried out
so far have shown surprisingly effective outcomes of PD-1 blockade
(5). Currently, this therapy has been approved for melanoma, non—
small-cell lung carcinoma (NSLC), kidney cancer, non-Hodgkin
lymphoma, and head and neck cancer. It has dramatically ameliorated
the survival rate of cancer patients compared with not only previous
cancer immunotherapy but also current standard cancer treatments.
However, around 30 to 50% of patients still remain unresponsive, or
less responsive, to PD-1 blockade therapy (5, 6). To overcome this
lack of response, PD-1 blockade therapy has been combined with
various types of treatments including inhibition of other negative
coreceptors such as Lag3 and Tim3, cancer vaccines, mild irradiation,
and low doses of chemotherapy, but no striking synergistic effects have
so far been reported (7). Consequently, effort has been focused on the
identification of biomarkers that can distinguish between responders
and nonresponders at the initiation of PD-1 blockade treatment (5).
Such marker identification will save the precious time of patients,
laborious efforts of doctors, and cost of social welfare. Again, none of
the biomarkers tested so far have been demonstrated to be useful in
clinical samples, although PD-L1 expression levels on NSLC are as-
sociated with clinical responses to some extent (2, 5).

PD-1, a surface receptor expressed mostly by activated T cells,
acts as a negative regulator of the immune response at the effector
phase. Engagement of PD-1 by either one of two ligands (PD-L1
and PD-L2) causes phosphorylation of the tyrosine residue in the
immunoreceptor tyrosine-based switch motif, which leads to
the recruitment of the Src homology region 2 domain-containing
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phosphatase-2, resulting in dephosphorylation of T-cell receptor
(TCR) activation-induced phosphorylated accessory molecules,
including Zap70 (8, 9). The negative regulatory function of PD-1
has been proven by the observation that PD-1 deficiency leads to
autoimmunity (10-12). The discovery of the fundamental role of
PD-1 led to the idea that PD-1 could be manipulated to help the
immune system fight cancer or infections. Although the animal
model of cancer therapy by PD-1 blockade has been established
(13, 14), detailed mechanisms for the breakage of immune toler-
ance that leads to activation of tumor-reactive cytotoxic T lym-
phocytes (TR CTLs) and enhancement of their tumoricidal effects
still remain unknown. It is also a mystery how effective immune
surveillance induced by PD-1 blockade can last for years in treated
cancer patients (15, 16). To answer these questions, it is particu-
larly important to understand how PD-1 signal blockade affects
the properties of TR CTLs in vivo. However, we do not even know
whether effector T cells are generated at the tumor site or in the
draining lymph nodes (DLNs). All these questions have to be
asked in in vivo systems where CD8* T cells differentiate into
heterogeneous CTL populations, including tumoricidal effectors
and long-term memory cells.

Significance

Although PD-1 blockade has innovated cancer therapy, a novel
combinatorial strategy is required to save less sensitive cancer
patients. Mitochondria are key cytoplasmic organelles that effi-
ciently supply the ATP necessary for the rapid proliferation and
differentiation of T cells. We found that reactive oxygen species
(ROS) strongly activate mitochondrial function of tumor-reactive
T cells and synergize tumor regression by PD-1 blockade. ROS
appear to activate both AMP-activated protein kinase (AMPK)
and mechanistic target of rapamycin (mTOR), which subsequently
induce the PPAR-gamma coactivator 1o (PGC-1a) transcription
factor. Small-molecule activators of AMPK and mTOR, or PGC-1c,
also synergistically enhance tumor-growth suppression by PD-1
blockade therapy. These findings not only open a new aspect of
immune metabolism but also pave a way to developing a com-
binational strategy of PD-1 cancer immunotherapy.
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Recently, mitochondrial activation has been reported to be
critical for generation of T-cell proliferation and memory for-
mation by studies in vitro (17) as well as in vivo (18). T-cell re-
ceptor signaling induces Ca”* release, which in turn promotes
mitochondrial activities including the tricarboxylic acid (TCA)
cycle and reactive oxygen species (ROS) generation (19). ROS are
generated at complexes I, II, and III of the mitochondrial electron
transport chain (20), and superoxide converted from ROS was
shown to activate CD4" as well as CD8" T cells through NFAT
activation and IL-2 production (21).

Because our studies on PD-1-deficient animals as well as tu-
mor-bearing mice with PD-1 blockade indicated that mitochon-

drial activities are augmented in vivo by blocking PD-1 signaling,
we examined whether ROS generators or uncouplers enhance the
antitumor effect of PD-1 blockade therapy. Indeed, not only both
ROS and uncouplers but also a series of chemical activators of
AMP-activated protein kinase (AMPK) and the mechanistic tar-
get of rapamycin (mTOR) showed synergistic antitumor effects
with PD-1 blockade. These activators increased expression of
PPAR-gamma coactivator la (PGC-1a), a downstream target of
both AMPK and mTOR. Finally, chemical activators of PGC-1a,
known to increase mitochondrial activity, synergize with PD-1
blockade for tumor-growth suppression. These findings will pave a
way for the development of combinatorial cancer therapy for
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Fig. 1.

0 5 10 15 20
Days after MC38 inoculation

CD8™ T-cell priming in DLNs and their trafficking to tumor sites via the MIG/CXCR3 pathway. (A) MC38-bearing mice were treated with PD-L1 mAb on

days 5, 10, and 15. (B and C) Tumor sizes of mice with CD8* T-cell depletion (B) or DLN ablation (C) on day 4 are shown. Data represent the means + SEM of
five mice. (D) Cytokine and chemokine levels in the serum 1 d after the second therapy were detected by bead array. Data are representative of three mice
(Left). MIG level in the serum was measured by ELISA. Data represent the means + SEM of 11 mice. ***P < 0.001, two-tailed Student t test (Right). (E) CD8" T
cells of DLNs 1 d after the second therapy were stained with anti-CD44 mAb and anti-CXCR3 mAb. (F) The numbers of CXCR3* CD44* CD8™ T cells in distal LNs
(disLNs) or DLNs of PD-L1 mAb-treated mice were calculated 1 d after the second therapy. Numbers of CXCR3" CD44* CD8* T cells in LNs of tumor-free mice
were used as a control (LN). ***P < 0.001, one-way ANOVA analysis. (G) Cells isolated from tumor mass 1 d after the second therapy were stained with anti-
CD45 mAb and anti-CD8 mAb (Upper). The frequency of CD8* T cells among CD45* cells and number of CD8" T cells per mg of tumor tissue were calculated
(Lower). Data represent the means + SEM of five mice. **P < 0.01, ***P < 0.001, one-way ANOVA analysis. (H) Tumor sizes of mice treated with anti-PD-L1
mAb along with anti-CXCR3 mAb on days 5 and 10 are shown. Data represent the means + SEM of five mice. (/) Tumor sizes of mice treated with anti-PD-L1
mADb and FTY720. FTY720 was injected on day 4 and every 2 d for 3 wk. Data represent the means + SEM of five mice. Data are representative of two in-
dependent experiments.
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those patients who are currently less responsive to PD-1 blockade
treatment. Furthermore, mitochondrial activation can be used as a
biomarker for effectiveness of PD-1 blockade therapy.

Results

Antitumor Effect by PD-1 Blockade Requires CD8* T-Cell Priming in
DLNs and Their Trafficking to Tumor Sites via the MIG/CXCR3 Axis. To
examine the requirement of the priming and effector phases of
CTLs in DLNs and the tumor mass, respectively, we either de-
leted CD8* T cells or ablated the DLNs in the PD-L1 mAb
therapy model using mouse colon cancer MC38. Both manipu-
lations completely canceled the tumor-growth inhibition by PD-
L1 mAb, indicating that DLNs are critical for CD8" T-cell
priming and CTL generation in PD-1 blockade therapy (Fig. 1
A-C). Using the cytokine and chemokine array, we found that
the serum level of MIG (CXCL9) was significantly elevated
during the therapy (Fig. 1D). Importantly, CXCR3, the receptor
of MIG, was predominantly expressed on activated CD44* CD8*
T cells (Fig. 1E). During the therapy, the numbers of CXCR3*
CD44* CD8* T cells significantly increased in DLNs but not in
distal LN, again indicating that CTL generation after the injection
of PD-L1 mAb mainly occurs in DLNs (Fig. 1F). Furthermore, the
CXCR3 blockade significantly reduced the frequency and number
of CD8, tumor-infiltrating lymphocytes (TIL) (Fig. 1G) and com-
pletely abolished the PD-L1 mAb tumoricidal effect (Fig. 1H).
Experiments using the sphingosine 1-phosphate receptor antagonist
FTY720, which inhibits the egression of T cells from LNs, also
showed the requirement of CTL migration into tumor sites for ef-
fective tumor suppression by PD-1 blockade (Fig. 11). Together, these
data clearly demonstrate the requirement of DLNSs for priming and
generation of CTLs, and of their MIG/CXCR3-dependent traf-
ficking to the tumor site for efficient tumor killing.

Augmentation of Mitochondrial Activities of Tumor-Reactive CD8* T
Cells in DLNs by PD-1 Blockade. Because CTL priming takes place in
DLNs, we next investigated proliferative changes of tumor-reactive
CDS8* T cells in DLNs induced by PD-1 blockade. One problem
with studying the mechanism of PD-1 blockade therapy is the dif-
ficulty in identification of the TR CTLs, because PD-1 blockade
likely generates CTLs with a large repertoire of TCRs in response
to a variety of tumor antigens (22, 23). To circumvent this problem,
CellTrace-labeled CD45.1" CD8" T cells were transferred into
CD45.2* CD8™~ mice and their proliferation in DLNs was exam-
ined assuming that tumor-activated CD8" T cells will proliferate
vigorously (Fig. 24). Among the transferred CD45.1* CD8* T cells,
we could easily distinguish the vigorously proliferating population
(high proliferation) and less dividing population (low proliferation)
in mice with MC38 (Fig. 2B). The frequency and number of rapidly
proliferating CD45.1"7 CD8" T cells increased in tumor-bearing
mice treated with PD-L1 mAb compared with those injected with
control IgG. Remarkably, PD-L1 mAb did not induce proliferation
in the absence of tumor, strongly indicating that highly proliferating
CD8* T cells are indeed activated by tumor antigens (Fig. 2B).
Moreover, a significantly higher fraction of such highly proliferating
CD45.1* CD8" T cells in DLNs became positive for the MHC
tetramer loaded with mLama4 peptide, a mutated epitope of
MC38, by the anti-PD-L1 treatment (Fig. 2C) (24). Therefore, it is
highly likely that the vigorously proliferating cell population in
DLNSs is rich in TR CTLs.

During our studies on the mechanism of disease develop-
ment in PD-1-deficient mice (10-12), we found that these mice
show drastic metabolic changes. A metabolic snapshot of serum
metabolome for small, water-soluble molecules revealed a sig-
nificant reduction of compounds involved in the TCA cycle in
PD-1-deficient mice compared with wild-type mice, which led us
to speculate excessive consumption by accelerated mitochondrial
activities in CTLs (Fig. S14). Similar metabolic changes in sera
were also observed in MC38-bearing mice treated with anti-PD-
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1 mAb (Fig. S1B). In addition, RNA-sequencing data of PD-1-
deficient mouse LNs showed enhanced transcription of genes
required for mitochondrial activation (Fig. S1C). We therefore
suspected that mitochondrial activation may be induced in DLN
CTLs of tumor-bearing mice by PD-1 blockade.

In fact, compared with less dividing cells, highly proliferating
CDS8* T cells in response to tumor antigens contained more cel-
lular ROS, larger mitochondrial mass, higher mitochondrial
membrane potential, and more mitochondrial superoxide, a major
source of mitochondrial ROS (25), clearly indicating activation of
mitochondria in TR CTLs in vivo by PD-1 blockade (Fig. 2D). In
agreement with this, the oxygen consumption rate (OCR), an in-
dicator of mitochondrial respiration, and ATP turnover were
significantly higher in CD8" T cells isolated from DLNs of PD-L1
mAb-treated mice (Fig. 2 E and F) (26). In contrast, PD-1
blockade-dependent mitochondrial activation was not observed in
mice carrying Lewis lung carcinoma (LLC), whose proliferation
was not efficiently inhibited by PD-L1 mAb treatment (Fig. S2).
Together, these data demonstrate that increased mitochondrial
activity in proliferating TR CTLs is associated with tumor re-
gression by PD-1 blockade therapy. The results also suggest that
indicators for mitochondrial activation could serve as biomarkers
for effectiveness of antitumor therapy by PD-1 blockade.

ROS Can Enhance Antitumor Activity by PD-1 Blockade. We thus
suspected ROS may be involved in CTL activation by PD-L1 mAb
treatment. Because exogenous ROS or its generators are known
to directly damage tumor cells (27), we first tested whether a
ROS generator alone exhibits tumor-killing activity. When a ROS
precursor, fert-butyl hydroperoxide solution (Luperox), was in-
jected into MC38-bearing mice, it did not show any antitumor
activity (Fig. 34). We further confirmed the absence of significant
changes in immune-regulatory surface markers and transcriptional
profiles of tumor cells treated in vivo with Luperox alone (Fig. S3).
However, combined with PD-L1 mAb, Luperox greatly enhanced
the antitumor activity and survival of tumor-bearing mice (Fig. 3 B
and C). These data indicate that Luperox synergized with the
antitumor activity of PD-L1 mAb, probably through modulation of
the T-cell activation status but not through a direct effect on tu-
mor cells. Other ROS generators, chaetocin and phytol, however,
did not show the synergistic antitumor effect, suggesting they differ
quantitatively or qualitatively from Luperox in the ROS gener-
ation mechanism in T cells (Fig. S4 A-C) (28, 29).

Although chemical uncouplers are known to decrease ROS
production in isolated mitochondria (30, 31), there are reports that
the uncouplers rather increase mitochondrial ROS production in
cells through hypoxia and HIF-1a activity (32-34). We thus tested
the effect of carbonylcyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) and 24-dinitrophenol (DNP), and compared with oligo-
mycin (an ATP synthase inhibitor) as control. FCCP and DNP, but
not oligomycin, augmented the efficacy of the PD-L1 mAb therapy
and considerably extended the survival time of treated animals
compared with those treated by PD-L1 mAb alone (Fig. 44 and Fig.
S4B). Importantly, like in the case of Luperox, administration of
FCCP or DNP alone did not exhibit any antitumor activity (Fig.
4B). Furthermore, the phenotypic analysis of tumor cells harvested
from mice treated with FCCP alone did not show a significant
difference, indicating again that uncouplers synergized with the
antitumor activity of PD-L1 mADb but did not directly affect the
tumor cells (Fig. S3). We found that the effect of the uncouplers on
the PD-L1 mAb therapy was cancelled when ROS were quenched
by treatment with MnTBAP (a synthetic metalloporphyrin acting as
a ROS scavenger) (Fig. 4C). These results strongly indicate that the
synergistic effect of the uncouplers is mediated by ROS signals.
Curiously, the combination of DNP and Luperox additionally
augmented the antitumor activity by PD-L1 mAb (Fig. S4D), sug-
gesting that they may have additional nonoverlapping mechanisms
to augment the effect of PD-1 blockade.
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Fig. 2. Mitochondrial activation in TR CTLs by PD-1 blockade in vivo. (A) A schematic diagram of the experimental schedule. (B-D) CellTrace-labeled CD45.1*
CD8" T cells were transferred into CD45.2* CD8~ mice. The mice were inoculated with MC38 and treated with PD-L1 mAb on day 8. CD8* CD45.1* T cells in DLNs
were gated and analyzed. (B) Intensities of CD62L and CellTrace among the gate are shown (Left). The frequencies of highly proliferating cells were compared
between groups. Data represent the means + SEM of four or five mice. *P < 0.05, one-way ANOVA analysis (Right). (C) Among the gated cells shown in A, the
positivity of CellTrace and MHC tetramer loaded with mLama4 peptide or an unrelated peptide was analyzed in the group treated with PD-L1 mAb. (D) DLN cells
of PD-L1 mAb-treated mice were stained with dyes indicating mitochondrial activities. Representative FACS data of the gated population (A) are shown (Upper).
The median of fluorescence intensity (MFI) of each dye was compared between highly proliferating (high) and less proliferating (low) populations. Data rep-
resent the means + SEM of five mice. *P < 0.05, ****P < 0.0001, two-tailed Student t test (Lower). Data are representative of three independent experiments
(A-D). (E and F) MC38-bearing wild-type mice were treated with the same schedule as in Fig. 1A. The oxygen consumption rate of DLN CD8" T cells isolated from
treated or untreated mice was measured by the Seahorse XF¢96 analyzer. Cells were mixed from three mice 2 d after the second therapy (E). ATP turnover
defined as (last rate measurement before oligomycin) — (minimum rate measurement after oligomycin injection) was calculated (F). Data represent the means +
SEM of six wells. ****P < 0.0001, two-tailed Student t test. Data are representative of two independent experiments.

FCCP Increases Cellular ROS in CD62L~ CD44" Effector T Cells in DLNs  As shown in Fig. 54, we found that in DLNs the frequency and
and Their Accumulation at the Tumor Site. We then examined number of CD8" T cells with the surface phenotype indicative of
whether the uncouplers enhanced proliferation of CTLs in DLNs  effector/memory T cells (CD62L~ CD44* gated as P3) signifi-
and tumor sites synergistically with the PD-L1 mAb treatment. cantly increased by the combination therapy with PD-L1 mAb
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Fig. 3. Synergistic effect of Luperox, a ROS generator, with PD-L1 mAb
therapy. (A) tert-butyl hydroperoxide solution (Luperox) treatment was
conducted from day 7 every 3 d for 3 wk. Tumor sizes are shown. Data
represent the means + SEM of five mice. (B) Schematic diagram of the
combination therapy schedule. (C) Following the schedule of B, mice were
treated with PD-L1 mAb and the chemicals indicated. Tumor sizes and/or
survival rates are shown. Data represent the means + SEM of five mice. *P <
0.05, **P < 0.01, two-tailed Student t test (anti-PD-L1 vs. anti-PD-L1 +
Luperox). Data are representative of two independent experiments.

and FCCP compared with anti-PD-L1 mAbD alone. By contrast,
the numbers of naive (CD62L* CD44~ gated as P1) and central
memory T cells (CD62L*Y CD44* gated as P2) were not in-
creased by the FCCP addition, although these populations were
significantly increased by the injection of anti-PD-L1 mAb alone
(Fig. 54).

Importantly, the P3 population in any treatment group con-
tained larger mitochondrial areas, higher membrane potential,
and more ROS per cell than either the P1 or P2 CD8" T cells,
and the cellular levels of membrane potential and ROS were
significantly augmented when FCCP was combined with PD-L1
mAD (Fig. 5B). These observations suggest that (i) the dose of
FCCP used did not have irreversible toxic effects (which might
be expected at higher doses); (ii) ROS were increased and may
be involved in the enhanced tumoricidal efficacy by uncouplers,
as the expanded P3 population contained higher levels of su-
peroxide per cell (Fig. 5B); and (iii) the feedback mechanism of
mild mitochondrial damage may have rather augmented the
mitochondrial activity (35). Remarkably, such changes in DLNs
were accompanied by a significant increase in P3 cells infiltrating
the tumor (Fig. 5C). Together, these data indicate that the
combination treatment of the uncoupler and PD-L1 mAb
boosted the size and functional potency of the effector/memory
CD8* T cells both in DLNs and at their target tumor site.

Energy Sensors AMPK and mTOR Are Involved in Immune-Enhancing
Activity by Uncouplers. Because the balance of phosphorylated
AMPK and mTOR, known as differential energy sensors, is pro-
posed to control the fate of CD8" T-cell differentiation (36-41),
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we investigated the activation of AMPK and mTOR pathways in
CD8* T cells of DLNs from tumor-bearing mice treated with PD-
L1 mAb and the uncouplers. AMPK was activated at multiple
time points after the combination therapy in CD8" T cells har-
vested from mice treated by DNP or FCCP and PD-L1 mAb (Fig.
64). Unexpectedly, however, mTOR and its associated proteins
S6K and 4EBP1 were also activated after the combination ther-
apy, although p-mTOR signal was rather weak, probably due to its
rapid turnover (Fig. 64) (42).

The simultaneous activation of AMPK and mTOR is puzzling.
However, this could be explained by the presence of heteroge-
neous populations of CTLs at different differentiation stages,
each of which may carry distinct AMPK-mTOR balance, within
the total CD8" T cells in DLNs. Indeed, the P2 population was
found to up-regulate p-AMPK more than p-mTOR, whereas the
P3 population expressed higher p-mTOR compared with
p-AMPK, although each of the P2 and P3 populations should
contain heterogeneous stages of CTLs (Fig. S5). Based on these
results, we next tested whether direct activation of either mTOR
or AMPK enhances the efficacy of the PD-1 blockade therapy.
As shown in Fig. 6B, either the mTOR activator or AMPK ac-
tivator moderately augmented the efficacy of PD-1 blockade
therapy in the early phase (before day 20), whereas their com-
bination further enhanced the antitumor activity by the PD-L1
mAb treatment and improved animal survival. The results in-
dicate that activation of both mTOR and AMPK is involved in
the synergistic tumoricidal activity of the uncouplers with PD-
L1 mAb.

PGC-1a Activators Enhance PD-1 Blockade Therapy. PGC-la, a
transcriptional cofactor regulated by either AMPK or mTOR, is
known to enhance mitochondrial biogenesis and oxidative phos-
phorylation (43, 44). We found that combination of not only
FCCP but also activators of mTOR and AMPK with PD-L1 mAb
increased the expression levels of PGC-1a protein and mRNA in
agreement with recent reports (Fig. 6C) (35, 43, 44). The re-
duction of PGC-1la mRNA by PD-L1 mAb treatment alone de-
spite an increase in its protein is probably due to multiple steps of
PGC-1a regulation, namely transcription, translation, and protein
stabilization (44, 45). It is reported that PGC-1a enhances mito-
chondrial activity through partner transcription factors: nuclear
respiratory factors (NRFs) and peroxisome proliferator-activated
receptors (PPARs) (44). We tested oltipraz and bezafibrate,
known to activate PGC-1a/NRF2 and PGC-1a/PPARs, respec-
tively, for their synergistic tumor-suppression activity with anti—
PD-L1 mAb (46, 47). Both oltipraz and bezafibrate strongly en-
hanced tumor-growth suppression and animal-survival activities by
anti-PD-L1, whereas these chemicals alone did not show any ef-
fects on tumor growth (Fig. 6D).

To examine whether this PD-1 blockade combination therapy
is applicable to tumors other than MC38, we tested the effect of
the FCCP, Luperox, or oltipraz combination therapy on MethA,
a murine skin sarcoma line injected intradermally into BALB/c
mice. All of the chemicals tested had strong synergistic effects
with anti-PD-L1 on MethA-growth suppression (Fig. S6). The
results clearly indicate that the combinatorial therapy of mito-
chondrial activators with PD-1 blockade is applicable to multiple
tumors of different genetic backgrounds.

Combination Therapy with FCCP Augments T-bet Expression on CTLs.
T-bet, a critical transcription factor involved in cytokine synthesis
and antitumor CTL activity by PD-1 blockade, is known to be up-
regulated by mTOR through FOXO1 inhibition (48). We thus
examined whether FCCP affects T-bet and Eomes expression in
combination therapy with anti-PD-L1. FCCP increased T-bet
but not Eomes in CD8" T cells, in agreement with the above
finding that FCCP plus anti-PD-L1 activates mTOR (Fig. S74).
Finally, cytotoxic cytokine IFN-y production is also augmented in
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CD8" TIL by synergistic activity of FCCP (Fig. S7B). Taken
together, the molecular mechanism of uncouplers’ synergistic
effects with anti-PD-L1 involves activation of AMPK, mTOR,
and their downstream transcription factors, including PGC-1a
and its cofactors such as NRF2 and PPARs (Fig. S8).

Discussion

Currently, the major issues for cancer therapy by PD-1 blockade
arise from the fact that not all patients are responding to this
therapy. To solve this problem, efforts have been concentrated
on the identification of clinically applicable reagents or methods
that would augment the antitumor efficacy of PD-1 blockade
therapy. In addition, it is important to identify biomarkers that
could help distinguish between responders and nonresponders to
this therapy, which could be beneficial to patients and society.
We demonstrated that TR CTLs boosted by PD-L1 mAb carry
activated mitochondria with higher ROS production, and found
that administration of ROS generators as well as uncouplers has
synergistic effects with PD-1 blockade on tumor-growth in-
hibition. The uncouplers’ synergistic effect may be due to their
ability to induce cellular ROS through hypoxia or feedback mi-
tochondrial proliferation, as a ROS scavenger cancelled the
synergistic effect of uncouplers and CTLs stimulated with un-
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couplers contained higher ROS (34, 35). We found that the
administration of the uncouplers alone did not show a direct
impact on the growth or gene expression of tumor cells.
Mitochondrial energy metabolism is closely linked with cel-
lular metabolism via mTOR and AMPK (36, 49, 50). We found
that uncouplers combined with PD-1 blockade activate not only
the AMPK but also the mTOR pathway. This result was rather
unexpected, because previous reports suggested that activation
of mTOR actually competes with AMPK phosphorylation (36,
38-40, 51). However, our observations may not be entirely
contradictory, considering that the ex vivo isolated CD8" T cells
consist of heterogeneous cells at different stages of activation
and effector functions, and also given the dynamic nature of
immune cells as well as complex regulatory reactions governing the
two energy sensors (51). We speculate that mTOR activation leads
to the expression of T-bet in DLN CTLs stimulated by FCCP to-
gether with PD-L1 blockade. T-bet is important for the antitumor
function of CTLs as well as for the development of memory pre-
cursors, which potentially give rise to the sufficient numbers of
terminally differentiated effector CTLs required for tumor re-
gression (52, 53). On the other hand, terminally differentiated
CTLs, which strongly express Eomes, were tolerized by chronic
antigen recognition (53, 54). The results that the combination

Chamoto et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620433114/-/DCSupplemental/pnas.201620433SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620433114/-/DCSupplemental/pnas.201620433SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1620433114

L T

z

1\

BN AS - PNAS D)

A DLN cells
Tumor+ Tumor + Tumor + Gated on
Isotype ctrl anti-PDL-1  anti-PDL-1 + FCCP CD8* T cells
. P1 | P2
oN -
= 8
o Qa
© P3
CD44 ~coaa
= P1 = P2 = P3
S 22 215 .
X ! a3 o e oo X °
=8 5 15 == 3 10 %
£ £10 otk %
€ =] .
S 4 =] Sogo €5 L
c = [ L
% 2 = 5 g B 4
O 0 O 0 T T T 0 T T T
anti-PD-L1 - + + R . ¥ R . n
FCCP - - + - - + - - +
B DLN cells
8
3“ 23.4 '51
CD8'T ¢ 8
w
cells § °
. 5 612 D4t
—————p Mito Membrane potential —» Cellular ROS
anti-PD-L1 X anti-PD-L1
Ctrol IgG anti-PD-L1 +FCCP ° Ctrol IgG anti-PD-L1 +FCCP
LAB33 171 2473 11T2 0.1
@ | g "
P3 g S
2 @ '
= 6.20 274|992 2|lers 24463 17 o6 P11
——— - Mito Membrane potential ——————————————— Cellular ROS
. Mito Membrane . .
Mito mass potential Mito superoxide Cellular ROS
3 4 12 * x
) &3 d2 B
x 2 3 N = z
= = m s
£+ < = s
0
PD-L1mAb - + + - + +
FCCP - - + - - . - - +
C 1w
anti-PD-L1
Isotype ctrl anti-PD-L1 + FCCP
A PS
o 2
= * L] x %
e 8 15 A g 12 .
o 5 EE 9
Vo g0 - & 2P
» L] o
»CD8 2 5 & °f | . s
Gated on CD45* CD8* T cells 2 2 olse W °
A . 0.081 A T T T
, 0.065 | 0.39] {0 0.21 | 077 ntiPD-L1 - + + anti-PD-L1 -+ +
g — ] i FCCP . - 4 FCCP . . +
%] faso W o W e OB
2.83 .7/ 11.60 ["98.2| 10.88 ["98.3
» CD44
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therapy with FCCP increases T-bet and IFN-y expression but Activation of AMPK or mTOR phosphorylates or augments
rather decreases Eomes expression support our conclusion that the ~ PGC-1a, which regulates a series of transcriptional factors involved
combination therapy expands the effector-memory population (P3  in mitochondrial biogenesis and mitochondrial oxidative phos-
population) with the activated mitochondria. phorylation activation. We have shown that the PD-1 blockade
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Involvement of the mTOR and AMPK pathways for the synergistic effects of uncouplers and PD-L1 mAb. (A) CD8* T cells were isolated from the

pooled DLN cells of five mice at the indicated time points of the DNP or FCCP combination therapy scheduled as in Fig. 3B. Phosphorylation of AMPK, mTOR,
and S6K and the expression of 4EBP1 were analyzed by Western blotting with the indicated antibodies. (B) MC38-bearing mice were treated with PD-L1 mAb
along with AMPK activator (A769662) and/or mTOR activator (MHY 1485). Tumor sizes and survival rates are shown. Data represent the means + SEM of five
mice. *P < 0.05, **P < 0.01, two-tailed Student t test (anti-PD-L1 mAb vs. each combination therapy). Each color of asterisk corresponds to the group indicated
by the same color. (C) PGC-1a expression levels were examined by Western blotting and quantitative PCR (QPCR) in DLN CD8* T cells treated with PD-L1 mAb
along with FCCP, AMPK activator, or mTOR activator. Mice were killed on the indicated day and CD8" T cells were pooled from five mice. Data represent the
means + SEM of three wells, assuming the untreated group equals 1 in the gPCR analysis. The expression level of each group was compared with the PD-L1-
treated group. ***P < 0.001, ****P < 0.0001, one-way ANOVA analysis. (D) MC38-bearing mice were treated with PD-L1 mAb along with NRF2 activator
(oltipraz) or PPAR activator (bezafibrate). Tumor sizes and survival rates are shown. Data represent the means + SEM of five mice. *P < 0.05, two-tailed

Student t test (anti—-PD-L1 mAb vs. each combination therapy).

combination therapy with uncouplers increases PGC-1a expression
and that PGC-1a activators (bezafibrate and oltipraz) also syn-
ergize with the PD-L1 mAbD treatment of tumors. The results
clearly indicate that PGC-1a is a key molecule that triggers mi-
tochondrial activation and expansion and induces the feed-for-
ward signaling cycle of mTOR and AMPK activation. In addition,
uncouplers, when combined with PD-L1 mADb, activate T-bet, a
critical cytokine regulator located downstream of mTOR. Ac-
cordingly, the whole picture of the current hypothesis for mech-
anistic flow is summarized in Fig. S8: (i) PD-1 blockade activates
mitochondrial expansion and proliferation in activated CD8* T
cells. (i) Uncouplers and ROS generators further enhance mi-
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tochondrial mass, resulting in increased ROS, which probably
activates AMPK and mTOR for unknown reasons (34).
(@ii) Activation of mTOR and AMPK induces and activates PGC-
la. (iv) Finally, PGC-1a and its cofactors, NRFs and PPARs, in-
duce a series of transcription factors, which activate fatty acid oxi-
dation and OXPHOS, and mitochondrial expansion, which
promotes CTL activation and proliferation. Two papers very re-
cently published, showing that PD-1 signal blocks mitochondrial
activity and PGC-1a expression, strongly support our hypothesis
(55, 56). Together, all chemicals used in this study—namely ROS,
uncouplers, AMPK activators, mTOR activators, and PGC-1a ac-
tivators—lead to CD8* T-cell activation and differentiation through
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mitochondrial activation and expansion when combined with PD-1
blockade but not by the chemicals alone.

The current results provide a proof of concept for a novel
combination therapy that could be applied to those cancer pa-
tients who do not respond efficiently to PD-1 blockade. Our
findings also provide possible candidates for biomarkers of ef-
fectiveness in PD-1 blockade therapy, because mitochondrial
activation did not occur in CTLs derived from mice bearing PD-1
blockade-insensitive tumors. It would be important to examine
whether the mitochondrial metabolic changes detectable in sera,
the OCR activity of CD8" T cells, and/or RNA expression as-
sociated with mitochondrial activation signals could serve as
biomarkers for responders using clinical samples before and af-
ter PD-1 mAb treatment. Synergistic enhancement of PD-1
blockade by chemicals will also save on the amount of expensive
antibodies, which has been discussed as endangering the social
security system.

Recent clinical observations have indicated that the efficacy of
PD-1 blockade therapy for tumor regression depends largely on
the preexisting CD8% TILs (22, 24). However, in the current
study, the DLN ablation completely cancelled the efficacy of the
PD-1 blockade therapy, indicating that the numbers of preex-
isting CTLs in TILs are not enough for durable tumor-growth
inhibition. We revealed that PD-1 blockade quickly triggers
proliferation of TR CTLs in DLNs and that newly generated
CTLs must be continuously supplied to tumor sites via a che-
motactic pathway involving the CXCR3-MIG interaction. The
results were also supported by experiments with FTY720, which
inhibits the egression of T cells from LNs to the periphery. Al-
though preexisting TILs were previously reported to be sufficient
for B16 regression in a case of CTLA-4 and PD-1 double-
blocking immunotherapy, the reported system differs from ours
in the therapy mAb and timing and route of FT'Y720 adminis-
tration (57). The most obvious effect of PD-L1 mAb is a
prominent increase in the number of CD62L~ CD44* CXCR3*
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CDS" T cells in DLNs. This cellular subset, called “effector-
memory,” contains heterogeneous activated T cells ready to ex-
ecute their effector functions (58, 59). However, the surgical
removal of tumors is often accompanied by the excision of
DLNs, which could reduce the antitumor activity of the immune
system. More careful studies are required to evaluate the impact
of PD-1 blockade therapy in hosts with lymphadenectomy and to
identify the best combinatorial treatment for such cases.

In conclusion, we discovered a series of chemicals that enhance
the efficacy of PD-1 blockade therapy by reinvigorating mito-
chondrial energy metabolism. These findings open a new avenue
for the study of PD-1-mediated T-cell regulation as well as a
combinatorial treatment strategy for patients with cancers and
possibly infectious diseases who are less sensitive to PD-1 block-
ade therapy alone. Notably, oltipraz and bezafibrate have already
been used as clinical medicines, being applicable to clinical studies
of combination therapy with PD-1 mAb (60, 61). The current
study also suggests that mitochondrial activation parameters could
be clinical biomarker candidates for distinction between responders
and nonresponders to PD-1 blockade therapy.

Methods

Mice were maintained under specific pathogen-free conditions at the In-
stitute of Laboratory Animals, Graduate School of Medicine, Kyoto University
or RIKEN Center for Integrative Medical Sciences and used under protocols
approved by the respective institutional review board (IRB).
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