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Purpose: Head and neck cancer (HNC) improvements are
stagnant, even with advances in immunotherapy. Our previous
clinical trial data show that altered fatty acid (FA) metabolism
correlates with outcome. We hypothesized that pharmacologic and
dietary modulation of FA catabolism will affect therapeutic efficacy.

Experimental Design: We performed in vivo and in vitro experi-
ments using PPARo agonism with fenofibrate (FF) or high oleic
acid diets (OAD) with radiotherapy, generating metabolomic,
proteomic, stable isotope tracing, extracellular flux analysis, and
flow-cytometric data to investigate these alterations.

Introduction

Head and neck cancer (HNC) remains a disease site with only
modest benefit from recent immunotherapeutic advances (1-5). Prog-
nosis in HNC has been linked to the ratio of tumoricidal effector T cells
(Teff) to suppressive regulatory T cells (Treg; ref. 6) and the compo-
sition of the immunologic tumor microenvironment (TME) is highly
dependent on both etiology of the carcinogenesis and anatomic
location (7). Patients with tumors enriched for proinflammatory
phenotype have improved prognosis (8). However, the majority
of HPV-unrelated HNC is considered immunologically cold with
relatively lower levels of tumor-infiltrating lymphocytes, specifically
Teff cells (9).

Radiotherapy (RT) is utilized routinely for HNC in localized,
recurrent, and metastatic settings (10). Through its intrinsic cytotoxic
properties, RT can augment the immunologic response by recruiting
effector cells through exposure of neoantigens and increased proin-
flammatory cytokine signaling (11, 12). Resistance to RT remains a
major obstacle to the curative treatment for HPV-unrelated HNC (13),
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Results: FF improved antitumor efficacy of high dose per fraction
radiotherapy in HNC murine models, whereas the OAD reversed
this effect. FF-treated mice on the control diet had evidence of
increased FA catabolism. Stable isotope tracing showed less glyco-
lytic utilization by ex vivo CD8" T cells. Improved efficacy corre-
lated with intratumoral alterations in eicosanoid metabolism and
downregulated mTOR and CD36.

Conclusions: Metabolic intervention with increased FA catab-
olism improves the efficacy of HNC therapy and enhances antitu-
moral immune response.

and the intersection of metabolism with the immune system represents
an important sector that warrants further investigation. Furthermore,
there is an increased interest in investigating high dose per fraction RT
(HRT) in the context of HNC, known as stereotactic body radiother-
apy (SBRT; ref. 14), which has differing radiobiological attributes in
comparison with conventional RT, including potentially less immu-
nosuppression and increased endothelial damage. Cancer cells com-
monly adapt metabolic pathways to take on an enriched glycolytic
phenotype, which is often exacerbated by a dysfunctional tumor
vasculature and associated hypoxic TMEs (11, 15, 16). This can
enhance therapeutic resistance due to the scarcity of glucose, a carbon
source that immune cells prefer for effector function. Concomitantly,
the relative increase in the abundance of fatty acids (FA) favors Treg
and other immunosuppressive cells that catabolize these substrates for
long-term function (17, 18).

Despite a growing body of literature in support of tumor immu-
nometabolic reprogramming, most conclusions are drawn from
in vitro work, and can overlook the in vivo complexities (19). Our
previous clinical trial incorporating neoadjuvant anti-PD-L1 therapy
with SBRT in HNC had shown a positive correlation between meta-
bolites involving FA catabolism and response to therapy, and further
metabolomic interrogation revealed that higher serum oleic acid (OA)
correlated with pathologic response (20). Following up on these
observations in humans, here we investigated the interactions between
dietary and pharmacologic modulation of FA catabolism in the setting
of orthotopic, syngeneic murine models of HNC and the downstream
effect on anticancer efficacy of HRT.

Materials and Methods

Cell lines

For in vivo and in vitro experiments, MOC2 (RRID:CVCL_ZD33),
MEER (RRID:CVCL_B6J2), and LY2 (RRID:CVCL_Z594) murine
cancer cells were used (MOC2 and LY2 cell lines are wild-type
TP53 and EGFR). MOC2 was derived from C57Bl/6 mice (RRID:
MGI:2159769, Jax Labs) who developed squamous cell carcinoma after
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Translational Relevance

While the employment of immunotherapies has had success in
improving outcomes in the metastatic and recurrent setting for
head and neck cancers, progress in definitive management has been
rather stagnant leaving a potential for improvement in radiother-
apy efficacy. A current major area of interest is the intersection of
the immune system and metabolism. This work expands on
metabolomic findings from a recently published radioimmu-
notherapy phase I/Ib trial that shows alterations in fatty acid
catabolism correlated with response. We employ an already
FDA-approved pharmacologic metabolic intervention (fenofi-
brate) that upregulates fatty acid catabolism and improves radio-
therapy efficacy. We also investigate how dietary supplementation
of oleic acid factors into this, as dietary interventions are often
brought up by patients in the clinic and there are reports of
improved radiotherapy outcomes in other cancer subsites with
oleic acid supplementation. Efforts to translate this into a clinical
trial are ongoing.

exposure to 7,12-Dimethylbenz(a)anthracene (DMBA) and were
obtained from Ravindra Uppaluri (Dana-Farber Cancer Institute).
The MEER cell line was obtained from Dr. John Lee (Sanford Health).
The LY2 cell line was derived from lymph node metastases in BALB/c
(RRID:IMSR_APB:4790, Charles River) mice originating from PAM
212 squamous cell carcinoma and obtained from Nadarajah Vignes-
waran (University of Texas Health Science Center). In culture, low
(<20) passage cells were maintained at 37°C and at 5% CO, and grown
in media containing IMDM (MOC2) or DMEM-F12 (LY2) supple-
mented with 10% FBS and 1% primocin/fungin. The MOC2 media
were also supplemented with 1.75 pug EGF, 20 ug hydrocortisone, and
0.1% insulin solution (human). Cell lines were periodically tested for
Mycoplasma.

Animal models of HNC

Murine models of HPV-unrelated HNC cell lines MOC2 (10°
cells) and LY2 (10° cells) or HPV-driven MEER (10° cells) were
implanted into the buccal mucosa of anesthetized C57BL/6 (MOC2
or MEER) and BALB/c (LY2) mice as previously described (21, 22).
The appropriate cell counts were suspended in 50:50 volumes of
Matrigel (10 mg/mL, BD Biosciences) and culture media and then
injected (100 pL) submucosally into the right buccal tissue. HRT
was initiated (with n = 8-10 mice per group) when the average
tumor volume or groups reached 100 mm® (approximately 7 days
for MOC2, 9 days for MEER, and 14 days for LY2). Tumor
measurements were recorded at least twice weekly and calculated
using the formula (V = short diameter x long diameter® / 2 mm?>).
Mice that were experiencing treatment toxicity, significant weight
loss, ulceration, or malocclusion were euthanized according to
guidelines from the Institutional Animal Care and Use Committee
(IACUC), and all protocols for experiments were approved by the
IACUC of the University of Colorado. Specimens including tumors,
draining lymph nodes, and serum were obtained for analysis from
the mice after euthanization.

Radiotherapy

The X-RAD SmART image-guided irradiator (Precision X-ray) was
used to deliver HRT treatments. Mice were anesthetized with isoflur-
ane, positioned in the prone orientation, and monitored closely during
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treatments. The buccal tumors were identified via fluoroscopy and
positioned to minimize the dose to surrounding structures. Mice
were irradiated using an AP beam to 8 Gy per fraction (at 5.6
Gy/minute) for a total of 24 Gy (3 fractions) with 225 keV X-rays
through a 0.3 mm Cu filter and a square collimator. Mice implanted
with MEER cells were irradiated with 10 Gy in a single fraction.
Dosimetry with the Monte-Carlo method and treatment plans were
verified using the SmART-ATP software (SmART Scientific Solu-
tions). Cancer cells irradiated in vitro received 8 Gy via open colli-
mation while plated in a 6-well plate.

Antibodies and drugs

For in vivo experiments, fenofibrate (FF; Sigma-Aldrich F6020)
was given at a dose of 100 mg/kg/day either by oral gavage or
intraperitoneal injection (IP). FF was started on day 5 after the first
fraction of HRT. Anti-PD-L1 antibodies were obtained from Bio X
Cell and injected IP at 10 mg/kg given during the first and third
fractions of HRT. For in vitro experiments, OA (Sigma-Aldrich
01383) was diluted in dimethylsulfoxide (DMSO). The activated
form of FF, fenofibric acid (FFA), was obtained from Thermo Fisher
(466170010) and diluted in DMSO for in vitro experiments. Drugs
used for extracellular flux assays are described below in the Seahorse
section.

Antibodies used for in vitro CD4 conversion flow cytometry:
BV711-CD44 (BioLegend, cat # 103057, RRID:AB_2564214),
BV785-CD62 L (BioLegend, cat # 104440, RRID:AB_2629685), BV750
TNF-alpha (BioLegend, cat # 506358, RRID:AB_2801090), AF532-
FOXP3 [Thermo Fisher Scientific, cat # 58-5773-82 (also 58-5773),
RRID:AB_11218870], PE/Dazzle594 CD25 [BioLegend, cat # 101920
(also 101919), RRID:AB_2721702], APC-CD36 (Thermo Fisher Sci-
entific, cat # 17-0362-82, RRID:AB_2734967), PerCP-eF710-PD-1
[Thermo Fisher Scientific, cat # 46-9981-82 (also 46-9981), RRID:
AB_11151142], APC-eF 780-Ki-67 (Thermo Fisher Scientific, cat # 47-
5698-82, RRID:AB_2688065), Pe-Cy7-IFN gamma (Thermo Fisher
Scientific, cat # 25-7311-82, RRID:AB_469680), BV605-IL-4
[BioLegend, cat # 504126 (also 504125), RRID:AB_2686971], PB-
Granzyme B [BioLegend, cat # 515407 (also 515408), RRID:
AB_2562195], PerCP/Cy5.5-CTLA4 [BioLegend, cat # 106315 (also
106316), RRID:AB_2564473].

For in vivo flow cytometry, antibodies used were (if not listed above):
BV786-CD25 (Thermo Fisher Scientific, cat # 417-0251-80, RRID:
AB_2925723), PerCP-Cy5.5-CD3 (BD Biosciences, cat # 340949,
RRID:AB_400190), BUV805-CD3 (Thermo Fisher Scientific, cat #
368-0037-42, RRID:AB_2896068), BUV496-CD4 (Thermo Fisher
Scientific, cat # 364-0042-80, RRID:AB_2920953), eF450-CD4
[Thermo Fisher Scientific, cat # 48-0041-82 (also 48-0041), RRID:
AB_10718983], BV570-CD44 (BioLegend, cat # 103037, RRID:
AB_10900641), BV421-CD44 (Thermo Fisher Scientific, cat # 404-
0441-82, RRID:AB_2925505), eF506-CD45 (Thermo Fisher Scientific,
cat # 69-0459-42, RRID:AB_2637382), AF700-CD45 [BioLegend, cat #
157210 (also 157209), RRID:AB_2860730], SB436-CD62 L (Thermo
Fisher Scientific, cat # 62-0621-82, RRID:AB_2762739), BV570-CD62
L (BioLegend, cat # 104433, RRID:AB_10900262), BUV805-CD8 (BD
Biosciences, cat # 564920, RRID:AB_2716856), BUV737-IFN gamma
(BD Biosciences, cat # 564693, RRID:AB_2722494), BV605-IL10
(BioLegend, cat # 505031, RRID:AB_2563146), PE-Cy7-NKp46
[Thermo Fisher Scientific, cat # 25-3359-41 (also 25-3359),
RRID:AB_2573443], PE-phospho-4E-BP1 (Cell Signaling Technol-
ogy, cat # 7547, RRID:AB_10949897), AF488-phospho-S6 ribosom-
al protein (Cell Signaling Technology, cat # 5018, RRID:
AB_10695861), PerCP-PPAR alpha (StressMarq Biosciences, cat
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# SPC-1309D-PCP, RRID:AB_2713364), AF488-Pan CK (Thermo
Fisher Scientific, cat # 53-9003-80, RRID:AB_1834351), SB645-PD-
L1 (Thermo Fisher Scientific, cat # 64-5982-80, RRID:
AB_2688083), and BV650-MHCII (Thermo Fisher Scientific, cat
# 416-5321-82, RRID:AB_2937214).

High OA diet

To supplement dietary OA, a customized diet (high OA diet, OAD)
with 20% kcal from protein, 35% kcal from carbohydrates, and 45%
kcal from fat was designed with the source of fat from high OA
sunflower oil (37.6% of total kcal from OA; Research Diets D22083002
Rodent Diet with 45% kcal fat from High Oleic Sunflower Oil and
Wheat Starch with Green dye; Supplementary Fig. S2). Mice were
started on the high OA for atleast 3 weeks prior to tumor implantation.
The control diet (CD) used was the Teklad Diets Global Soy Protein-
Free Extruded Rodent Diet 2020X (Supplementary Fig. S2).

CD4 and CD8 T-cell isolations and culture

Spleens from experimental mice (ex vivo CD8 data Seahorse and
heavy glucose assays) or donor C57BL/6 mice (CD4 conversion flow
assay and Treg Seahorse assays) were harvested in order to isolate
T cells of interest with EasySep Mouse CD8" T-cell Isolation
Kit (Stemcell), EasySep CD4" T-cell Isolation Kit (Stemcell), or
CD4*CD25" Regulatory T-cell Isolation Kit (Miltenyi Biotec). Briefly,
spleens were converted into a single-cell suspension with a 70-mm
strainer and then incubated with the corresponding isolation cocktail
followed by magnetic coating. To increase specificity for CD8, CD4 T
cells, and Tregs, unwanted cells were then separated from the media
with a magnet three times. In culture, Tregs were plated in a 24-well
plate coated with 1 pug/mL anti-CD3 (clone 2C11, Invitrogen) and
5 ug/mL anti-CD28 (clonePV-1, Bio X Cell); on the first day of
activation 500 U/mL recombinant IL2 (Biological Resources Branch,
National Cancer Institute, USA) was added and then split as needed to
a concentration of 1x10° cells/mL and replated on a coated plate with
an additional 100 U/mL recombinant IL2. CD4 " T cells were plated on
a 24-well plate coated with 2 pig/mL anti-CD3 and 2 pg/mL anti-CD28
and split as needed; 30 U/mL recombinant IL2 was given initially and
on days of activation. For heavy glucose tracing experiments and
upon isolation, the ex vivo CD8 T cells were cultured for 6 hours in
glucose-free RPMI supplemented with '>Cs-glucose in order to
trace glycolytic metabolism with mass spectrometry. Cell pellets
and media samples were taken at 5 minutes, 1 hour, 2 hours, and
6 hours for metabolomic analysis.

Flow cytometry

For flow-cytometric analysis of tumor tissue, tumors were digested
into single-cell suspension as previously reported (23). Briefly, tumors
were finely cut and incubated in HBSS solution with Collagenase IIT
(Worthington) at 37°C. After incubation, tumors were passed through
a 70-mm nylon mesh. The resulting cell suspension was centrifuged
and resuspended in red blood cell (RBC) lysis buffer for 5 minutes.
RBC lysis buffer was deactivated, cell suspensions were centrifuged,
resuspended, and counted using an automated cell counter. Tumor-
draining inguinal lymph nodes and spleens were processed into single-
cell suspensions as above. For flow-cytometric analysis, cells were
plated in 24-well plates and cultured for 4 hours in the presence
of monensin, PMA, and ionomycin to stimulate cytokine production
and block Golgi transport. Cells were then blocked with anti-CD16/32
antibody. Where necessary, cells were fixed and permeabilized prior
to staining using the FoxP3 Fixation/Permeabilization protocol
(eBioscience). Samples were run on the Cytek Aurora Spectral Ana-
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lyzer (RRID:SCR_019826) at the Barbara Davis Center at the Uni-
versity of Colorado Diabetes Research Center (NIDDK grant # P30-
DK116073). Data were analyzed using FlowJo Analysis software
(RRID:SCR_008520, v10.8.1).

Serum metabolomics and heavy glucose tracing in CD8"
T cells

High-throughput metabolomics analysis was performed at the
University of Colorado Cancer Center Mass Spectrometry Shared
Resource on murine serum samples and CD8" T cells upon ex vivo
incubation with 11.1 mmol/L "*C¢-glucose (Sigma-Aldrich) for 6 hours
in glucose-free RPMI. Samples were thawed on ice and metabolites
extracted from serum and CD8" T cells by adding ice-cold 5:3:2
methanol:acetonitrile:water (v/v/v) to each tube at 1:24 ratio or 1
million cells/mL of solution equivalent, followed by 30 minutes of
vortexing and 10 minutes of centrifugation, both at 4°C. All
extracts were analyzed twice (10 mL injections each) by ultra-high
performance liquid chromatography using a Thermo Vanquish
UHPLC coupled to a Thermo Q Exactive mass spectrometer in
negative and positive polarity modes, as described (24, 25). For each
method, the UHPLC utilized a Phenomenex C18 column at a flow rate
of 0.45 mL/minute with a 5-minute gradient (24, 25), whereas a
separate UHPLC-MS method was used for oxylipins (25). Data
analysis and peak picking (including 13C-labeled isotopologues) were
performed via Maven (RRID:SCR_022491, 1.4.20-dev-772). Meta-
boAnalyst (RRID:SCR_015539, 5.0) was used to perform multivariate
analyses including partial least square-discriminant analysis (PLS-
DA), and hierarchical clustering analyses with heat map representa-
tion of the top 50 metabolites by ANOVA (26).

Bulk tumor proteomics

Approximately 500 pg of lyophilized tissue were resuspended in
8 mol/L urea, 0.1 mol/L Tris (pH 8.5), 5 mmol/L TCEP (tris(2-
carboxyethyl)phosphine) and incubated with constant agitation
(1,400 rpm) for 2 hours at 37°C (27, 28). Samples were then alkylated
with 50 mmol/L 2-chloroacetamide for 30 minutes in the dark at room
temperature. The solutions were diluted with four volumes of
100 mmol/L Tris-HCI (pH 8.5) before digestion with Lys-C (1:100;
PierceTM) for 2 hours at 37°C with constant shaking (1,400 rpm).
Samples were then digested overnight with trypsin (1:100) followed by
a second treatment of trypsin for 2 hours. Both steps were carried out
with continuous agitation (1,400 rpm) at 37°C. Following trypsin
digestion, samples were acidified with formic acid to a final concen-
tration of 1%, centrifuged at 16,000 x g for 5 minutes at room
temperature, and the supernatant was collected. Aliquots containing
10 pg of digested peptides were purified using PierceTM C18 Spin
Tips (Thermo Scientific) according to the manufacturer’s protocol,
dried in a vacuum centrifuge, and resuspended in 0.1% FA in mass
spectrometry-grade water.

Liquid chromatography-tandem mass spectrometry (LC/MS-MS)
was performed using an Easy nLC 1200 instrument coupled to an
Orbitrap Fusion Lumos Tribrid mass spectrometer (all from Thermo
Fisher Scientific). Proteolytic peptides were separated on a C18
column (100 umol/L inner diameter X 20 cm) packed in-house with
2.7 umol/L Cortecs C18 resin. The flow rate was set to 0.4 uL/minute
and the column was developed with a linear gradient of 0.1% formic
acid in ddH2O (solution A) and 0.1% formic acid in 80% ACN
(solution B) at 6% B for 3 minutes, followed by 6%—42% B for 102
minutes, 42%—60% B for 5 minutes, 60%—95% B for 1 minute,
isocratic at 95% B for 9 minutes. The Orbitrap Fusion Lumos was
set to 120 K resolution, and the top N precursor ions in a 3-second cycle
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time (within a scan range of 300-1,800 m/z) were subjected to high-
energy collision dissociation with 30% collision energy for peptide
sequencing using a 15 K resolution setting. MS/MS was performed on
the most abundant precursors exhibiting a charge state from 2 to 7 and
an intensity threshold of 2 x 10*. Dynamic exclusion was set to 45
seconds with a 10 ppm mass tolerance.

Fragmentation spectra were interpreted against the UniProt mouse
proteome database (RRID:SCR_002380) using the MSFragger-based
FragPipe computational platform (ref. 29; RRID:SCR_022864). Con-
taminants and reverse decoys were added to the database automat-
ically. The precursor-ion mass tolerance and fragment-ion mass
tolerance were set to 10 ppm and 0.2 Da, respectively. Fixed modifica-
tions were set as carbamidomethyl (C), and variable modifications
were set as oxidation (M), oxidation (P; hydroxyproline), GIn—pyro-
Glu (N-term), deamidated (NQ), and acetyl (Protein N-term). Two
missed tryptic cleavages were allowed, and the protein-level false
discovery rate was < 1%.

Seahorse extracellular flux assays

Extracellular flux assays were run on the Agilent Seahorse XFe96
Analyzer (RRID:SCR_019545). Kits purchased from Agilent included
the Seahorse XFe96/XF Pro FluxPak Mini and the Real-Time
ATP rate Assay (containing oligomycin, rotenone and antimycin
A). Additional reagents used included oligomycin (Cayman Chemical
11341), 2-deoxy-D-glucose (2-DG, Sigma-Aldrich D6134), and FCCP
(Cayman Chemical 15218). Depending on the assay, instructions were
followed based on the manufacturer’s recommendations. Briefly,
cancer cells were plated the night before (2 x 10* MOC2 cells/well
or 1 x 10* LY2 cells/well) in appropriate tissue media and then washed
on the day of the assay and replaced with Agilent Seahorse media. For
T-cell experiments, 1.5 X 10° ex vivo CD8 T-cell/well or 1 x 10°
cultured Tregs/well were suspended in Agilent Seahorse media after
isolation on the day of the assay. The Seahorse XF DMEM assay
medium pack with appropriate dilution of 1.0 mol/L glucose,
100 mmol/L pyruvate, and 200 mmol/L glutamine was used for the
assays. Final dilution was 2 mmol/L glutamine alone for the glycolytic
stress test and 10 mmol/L glucose, 1 mmol/L pyruvate, and 2 mmol/L
glutamine for all other assays. ATP rate assay final injection concen-
trations included 1.5 umol/L oligomycin followed by 0.5 pmol/L
rotenone with antimycin A; glycolytic rate assay included a final
injection concentration of 10 mmol/L glucose, followed by 1.5 umol/L
oligomycin, and then 50 mmol/L 2-DG; the mitochondrial stress test
included 1.5 pmol/L oligomycin followed by 1.5 pmol/L FCCP, and
then 0.5 umol/L rotenone with antimycin A. For the extracellular
flux assays investigating the in vitro effect of experimental drugs on
Tregs, drugs were injected prior to the glycolytic/mitochondrial
assay as injection “A” (final concentration FFA 100 pumol/L, OA
100 umol/L, and 100 umol/L of combined FFA/OA). Hoescht stain
(Thermo 622449) was used as a final injection and cells were
counted with the Agilent BioTek Cytation-1 (RRID:SCR_019730)
for normalization purposes.

Trypan blue viability assay

MOC2 cancer cells were seeded onto a 24-well plate (0.5x10°
cells/mL media) and incubated for 24 hours at 37°C and 5% CO, with
the addition of 0.1% DMSO as control, or 100 Lmol/L of OA, FF, or both
diluted in 0.1% DMSO (6 replicates per group). After staining with
Trypan Blue Solution, 0.4% (Thermo Fisher 15250061), cells were then
counted twice with a Bio-Rad TC20 Automated Cell Counter. This
experiment was repeated for confirmation, and the data shown are a
compilation of both experiments.
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Trial data

Human metabolomic and RNA sequencing (RNA-seq) data were
used from the recently published phase I/Ib trial using combination
hypofractionated SBRT with single dose durvalumab (anti-PD-L1) in
the neoadjuvant setting (NCT03635164; ref. 20). Briefly, enrolled
patients (>18 years old, n = 21) with high intermediate- or high-
risk (stage III or IV and M0) HPV-unrelated HNC (squamous cell
carcinoma of the oral cavity, oropharynx, larynx, or hypopharynx)
who were deemed either resectable or borderline resectable by an
otolaryngologist, underwent therapy at one of three locations (Uni-
versity of Colorado Hospital, Aurora, CO; Memorial Hospital Central,
Colorado Springs, CO; Poudre Valley Hospital, Fort Collins, CO).
Patients received one dose of neoadjuvant durvalumab (1,500 mg) with
concurrent SBRT (12-18 Gy in 2-3 fractions) followed by standard-of-
care therapy. Pathologic response was based on a review by two
independent board-certified pathologists of the surgical specimen and
determined to be either a complete response, microscopic residual
tumor, or macroscopic residual tumor. For RNA-seq, please refer to
the methods on publication of the trial (20). A heat map was generated
from RNA-seq data described in Darragh and colleagues (20). Log*-
transformed CPM values were used for time of surgery time points in
responders and nonresponders to therapy. Expression values were z-
scaled and visualized with the ComplexHeatmap package (v.2.14.0;
ref. 30) in R (RRID:SCR_001905, v.4.2.3, https://www.R-project.org/).

The Cancer Genome Atlas program analysis

The HNSCC (head and neck squamous cell carcinoma) data
set was generated from The Cancer Genome Atlas (TCGA; RRID:
SCR_003193, https://www.cancer.gov/ccg/research/genome-sequen
cing/tcga); in order to make a subgroup of HPV-negative HNC
that underwent RT, patients with oropharyngeal primaries, HPV-
positive samples by ISH, and those that did not receive radio-
therapy were removed from the cohort (final n = 268). Gene set
enrichment was determined from RNA-seq data regarding the
genetic expression of PPARs, CPTs, ACOXs, or CD36. Survival
data were generated based on dichotomizing the cohorts into
groups based on high or low expression with Xena (RRID:
SCR_018938, University of California, Santa Cruz; ref. 31). These
data were extracted and then analyzed using Prism GraphPad v9
(RRID:SCR_002798), with differences in survival analyzed using
the log-rank test.

Pathway analysis

GSEA was performed similarly as described (20). For pathway
analyses of FF-based experiments, differential genetic expression from
proteomic data were generated using the statistical analysis module
from MetaboAnalyst 5.0 (26) after removing proteins with less than
half of nonzero values (reduction of total proteins from 3,227 to 2,137).
A volcano plot was used from this analysis to visualize up or down-
regulated genes. Differential expression was then determined by
generating up- or downregulated genes based on the experiment for
those values with a P < 0.15. KEGG pathways and GO terms for
biological processes were evaluated with Metascape (RRID:
SCR_016620; ref. 32) by entering the differentially expressed genes
with background correction (and visualizing P value of pathways
<0.10). For the MOC2 and MEER comparisons, differentially
expressed proteins were detected using the R package DEP (Differ-
ential Enrichment analysis of Proteomics data, RRID:SCR_023090;
ref. 33) after dividing by the sum of intensities over all proteins detected
in each sample. GSEA was then performed using clusterProfiler
(RRID:SCR_016884; ref. 34) and Hallmark, KEGG, or GO gene sets.
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Figure graphics and statistical analyses

BioRender.com was used to generate Fig. 1B, schematics for
experiments (Figs. 2A, 2E, 2G, and 3A), and for images that show
metabolic reactions (Figs. 3C and 3D). GraphPad Prism v9 was
used to generate other graphs in the figures, including survival plots,
extracellular flux graphs, genetic/metabolic expression compari-
sons, tumor volume curves, and flow-cytometric data. Quantitative
analyses were performed using the Mann-Whitney test, one-way
ANOVA with multiple comparisons, or log-rank test for survival
using GraphPad Prism. P values less than 0.05 were considered
statistically significant. Generally, P values greater than 0.25 were
not shown in the figures.

Data availability

The RNA-seq data (20) have been previously deposited in
a repository and is publicly available through GEO accession
number GSE210287 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE210287). Other nonsequencing data generated in this
study are available upon request from the authors.

Results

FA metabolism is altered in HPV-unrelated HNC and upregulated
FA catabolism correlates with response to neoadjuvant HRT with
checkpoint blockade.

Our phase I/Ib clinical trial using combination checkpoint
blockade with neoadjuvant SBRT for HPV-unrelated advanced
HNC (20) showed that responders to treatment had increased
tumor-infiltrating effector T cells, decreased immunosuppressive
cells, and increased antigen presentation with corresponding altera-
tions in FA metabolites. Specifically, plasma metabolomic analyses
revealed increased circulating free FAs in nonresponders as well
as decreased acyl-carnitines, a potential signal for increased FA
synthesis and/or decreased FA catabolism (Extended Data from
figure 7 of Darragh and colleagues; ref. 20). Further investigation
with transcriptomic analysis revealed that responders had enrich-
ment in FA metabolism and oxidative phosphorylation along with a
generalized pattern of upregulated FA catabolism (Fig. 1A and B).
Specifically, we observed increased expression relating to peroxi-
some proliferator-activated receptors (PPAR), the nuclear receptors
that regulate FA homeostasis and metabolic phenotype of cells
(Supplementary Fig. S1A).

Because PPARs serve as a barometer of metabolite availability
through FAs acting as their natural ligands, we examined the
expression of downstream enzymes involved in FA catabolism and
beta-oxidation as a readout of PPAR activity. These included
enzymes that catalyze acyl-carnitine formation and shuttling of
FAs into the mitochondria (35). Responders had higher levels of
rate-limiting carnitine shuttle enzymes (ref. 36; Supplementary
Fig. S1B), CD36 (the FA membrane translocase; Supplementary
Fig. S1C), and rate-limiting FA oxidation enzymes, including both
peroxisomal Acyl-CoA oxidases (ref. 37; Supplementary Fig. SID)
and acyl-CoA dehydrogenases (ref. 38; Supplementary Fig. S1E).
Concordantly, expression of ACOTI, an enzyme that hydrolyzes
coenzyme A from fatty acyl-esters resulting in decreased FA
catabolism, was significantly lower in responders (Supplementary
Fig. S1F). PDKI, an enzyme involved in inactivating the pyruvate
dehydrogenase complex and polarizing the citric acid cycle away
from glycolysis and toward utilizing FAs as the source of acetyl-
CoA, was also upregulated in responders (Fig. 1A). To validate
these findings, we utilized the TCGA HNC cohort data set
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and generated a subgroup of HPV-negative HNC patients who
underwent RT. Overall survival (OS) was significantly higher
in those with higher expression of PPARA (P = 0.039; Fig. 1C)
and trended toward improved OS in those with higher ACOXI
expression (P = 0.052; Fig. 1D). Other related or downstream genes
were concordant with similar survival analyses findings, including
PPARGCIA (PPARy cofactor; Supplementary Fig. S1G), CPTIC
(the carnitine shuttle; Supplementary Fig. SIH), and PDKI (shunts
the citric acid cycle toward FA use; Supplementary Fig. S1I).
To further explore this finding, we compared proteomic enrich-
ment pathways between mice implanted with the MEER cell line
that responds to HRT (responders) to those implanted with
the MOC2 cell line (nonresponders; Supplementary Fig. S2A).
KEGG and Hallmark pathways for oxidative phosphorylation and
fatty acid metabolism were upregulated in the responder mice
(Fig. 1E and F; Supplementary Fig. S2B-S2D), as well as the GO
Biological Process for lipid oxidation (Supplementary Fig. S2E).
Overall, these data are consistent with the upregulated expression
of fatty acid catabolism and correlated with improved outcomes in
our clinical trial data.

To investigate the potential link between metabolism and
immune response, we interrogated circulating metabolites in trial
patients’ plasma. Serum OA, a main constituent FA in olive
oil (39-41), was significantly upregulated in pretreatment sera of
responders (Supplementary Fig. S1J) and correlated with response
(ROC curve with AUC 0.885; Supplementary Fig. S1K). Cell via-
bility assays showed increased intrinsic cancer cell toxicity in vitro
upon treatment with FF or OA (Supplementary Fig. S1L). Extra-
cellular acidification rate (ECAR), a surrogate to glycolysis, also
decreased in cancer cells in response to acute injections of FF, OA,
or both (Supplementary Fig. SIM and SIN). Furthermore, mea-
surement of extracellular flux 24 hours after cancer cell irradiation
with 8 Gy showed that RT results in an augmented glycolytic
phenotype (Supplementary Fig. S10). These data suggest that
pharmacologic treatment with either FF or OA could increase
cancer cell cytotoxicity and synergize with RT in concordance with
previous literature (42, 43). Given these collective findings, we
aimed to investigate the relationship between RT, immune
response, and metabolic changes in murine models of HNC fed
a high concentration OA diet (37.6% kcal from OA; Supplementary
Fig. S3) with and without pharmacologic upregulation of FA
catabolism with PPARo. agonist fenofibrate (FF).

FF enhances antitumor efficacy of HRT whereas OAD results in
effect reversal

Given the in vitro findings of enhanced cancer cell kill and glycolytic
activity, we hypothesized that enhancing FA catabolism either through
a high OA diet (Supplementary Fig. S3) or pharmacologic PPARx
agonism with FF would improve the efficacy of RT in combination
with checkpoint blockade in murine orthotopic models of HNC
(Fig. 2A; Supplementary Fig. S4A). At day 26 after tumor implanta-
tion, FF combined with HRT significantly improved antitumor effect
in comparison with HRT alone or control (Fig. 2B), an effect that was
only present synergistically with HRT (Fig. 2C). Notably, mice treated
with combination HRT and FF had equivalent outcomes in mean
tumor volume in comparison with HRT with anti-PD-L1 therapy and
HRT with both FF and anti-PD-L1 therapy (Fig. 2D). Upon
measuring tumor volume response in mice fed either the OAD or
CD for 3 weeks prior to cancer cell implantation, there were no
differences between groups based on either diet or the addition of
radiotherapy (Fig. 2E and F). However, in stark contrast to the HRT
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Figure 1.

FA metabolism is altered in HPV-unrelated HNC and upregulated FA catabolism correlates with response to neoadjuvant SBRT with checkpoint blockade. A, Z-score
of genetic expression of selected genes derived from RNA-seq from human samples from Darragh and colleagues (20). Significantly upregulated in responders by
those shown with the red asterisk, whereas significantly downregulated shown with the blue asterisk (Mann-Whitley test, P< 0.05). B, Selected genes coded by color:
PPARs (orange), peroxisomal acyl-CoA oxidases (light blue), carnitine shuttle enzymes (gray), mitochondrial acyl-CoA dehydrogenases (purple), glycolytic enzymes
(green), pyruvate dehydrogenase kinases (red), and lactate dehydrogenases (dark blue). C and D, Overall survival of patients from TCGA H&N cohort split into high
or low genetic expression PPARA (C; log, normalized count cut point of 9.214) and ACOX1 (D; log, normalized count cut point of 10.38). P values calculated with
the log-rank test. E and F, GSEA of KEGG pathways showing enrichment of oxidative phosphorylation (E) and FA metabolism (F) in the MEER responder cell line in
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Figure 2.

FF enhances antitumor efficacy of HRT, whereas OAD results in effect reversal. A, Schematic for experimental design with the following MOC2 groups (n = 8 per
group): no treatment control (black), HRT alone (gray), HRT with FF (blue), HRT with aPDL1 (orange), HRT with FF and aPDL1 (teal). FF was started on day 5 after the
first HRT fraction. HRT delivered as 24 Gy in 3 fractions (shown as red waves). All mice were on the CD. B, Tumor volume curve with day 26 mean volume. HRT fractions
are denoted with a red wave. P values generated with an ordinary one-way ANOVA with multiple comparisons correction. HRT fractions are denoted with a red
wave symbol. C, Tumor volume curve comparing control to daily FF (started on day 12, 100 mg/kg/day) alone. There was no difference between groups on day 17
(P=0.721). D, Tumor growth curve and day 26 mean tumor volume showing HRT with FF vs. HRT with aPDL1vs. HRT with both. There were no significant differences
between groups (all P> 0.05 one-way ANOVA; P = 0.9961). FF was started on day 5 after the first HRT fraction. HRT delivered as 24 Gy in 3 fractions (shown as
red waves). E, Schematic for experiment comparing CD vs. OAD with or without HRT (n = 10 mice in each group). F, Mean tumor volume curve with SEM for mice
with buccal tumors irradiated to 24 Gy in 3 fractions who were fed the CD versus the OAD. Mann-Whitney test of mean tumor volume at day 18 was nonsignificant
(P = 0.255). Mean tumor volume with SEM curve for mice fed the CD versus the OAD. Mann-Whitney test of mean tumor volume at day 18 was nonsignificant
(P=0.573). G, Schematic for experimental design with the following MOC2 groups (n = 10 mice in each group): OAD with HRT and FF (green) and control diet with
HRT and FF (blue). H, Tumor volume curve for the OAD experiment with day 31average tumor volumes and average weight over time. FF was started on day 5 after
the first HRT fraction. HRT delivered as 24 Gy in 3 fractions (shown as red waves). Mean tumor volume at day 31in the OAD (green) vs. the CD group (blue). P value
generated from the Mann-Whitney test. (A, E, G, Created with BioRender.com.)
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Figure 3.

FF upregulated acyl-carnitine formation and fatty acid catabolism whereas the OAD results in significantly lower serum omega 3 and 6 fatty acids.
A, Schematic for in vivo experiment for mechanistic evaluation (n = 10 mice per group). The mice were euthanized on day 20 for metabolomics, proteomics,
and flow cytometry. The following graphics show groups: CD + HRT (gray), CD + HRT + FF (blue), OAD + HRT + FF (green). B, MOC2 tumor volume curve
with 24 Gy HRT in 3 fractions given on days 7, 12, and 16. FF (100 mg/kg/day) was started on day 12. HRT fractions are shown as red waves. C and D, L-Carnitine
is increased in FF compared with mice not on FF (C); acyl-carnitines are generally upregulated in FF-treated mice (D). Below each graph shows a schematic
outlining the metabolic pathway involved. P values generated using multiple unpaired t tests (*, P <0.05; **, < 0.01; ***, <0.001). E and F, Fold change heat map
of saturated and unsaturated FAs comparing mice on the OAD with HRT/FF vs. control diet with HRT/FF (OA effect); mice on the control diet treated with
HRT/FF vs. HRT alone (FF effect); and mice on the OAD treated with HRT/FF vs. mice on the control diet treated with HRT alone (OA with FF effect). The FAs
denoted with an asterisk (*) are PUFAs. G-I, Omega 3 FAs (G) and omega 6 FAs (H) are decreased in the OAD + HRT + FF group (green) in comparison with
the CD + HRT + FF group (blue); linoleoyl-CoA (I) was higher in the HRT + FF group (blue) in comparison with the OA + HRT + FF group (green) and the CD +
HRT group (gray). P values generated using multiple unpaired t tests or ordinary one-way ANOVA for 3 groups without multiple comparison correction (*, P <
0.05; **, P < 0.01). PUFA, polyunsaturated fatty acid. (A, Created with BioRender.com.)
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+ FF combination treatment, the addition of OAD to this combi-
nation resulted in negation of the antitumoral growth effect
observed with HRT and FF (Fig. 2G and H; Supplementary
Fig. S4B). Validation of increased OA with OAD was confirmed
with bulk serum metabolomics showing upregulated serum-free OA
and the acyl-carnitine form of OA in mice fed the OAD (Supple-
mentary Fig. $4C and S4D). This reversal of effect with the OAD
was replicated with the LY2 murine HNC model (Supplementary
Fig. S4E and S4F). To explore the potential reason why there was
no synergy of FF and anti-PD-L1, flow cytometry performed on
tumors removed from mice on either the OAD or CD and treated
with HRT and FF or HRT alone showed that PD-L1 expression was
overall lower for all cells and CD45-negative cells in mice treated
with FF (Supplementary Fig. S4G). Pertinently, the reversal of the
antitumoral benefit of FF 4+ HRT observed with OAD was unique to
this combination as it was not observed in the context of HRT and
anti-PD-L1 (Supplementary Fig. S4H-S4K). These results collec-
tively suggest that when combined with HRT, FF is equally effica-
cious to immune checkpoint inhibition in reducing tumor growth,
an effect that is negated with the addition of OAD.

FF upregulates acyl-carnitine formation and FA catabolism
whereas the OAD results in significantly lower serum omega
3 and 6 FAs

For metabolic exploration of the interaction of the OAD, FF, and
HRT, mice were started on either the OAD or CD prior to implantation
and treated them with CD + HRT, CD + HRT + FF, or OAD + HRT
+ FF (Fig. 3A). Consistent with our previous findings, treatment with
FF improved HRT efficacy, whereas the OAD counteracted this effect
(Fig. 3B). Serum metabolomic analysis revealed that mice from the CD
+ HRT + FF group compared with HRT alone were consistent with
upregulated carnitine production, where the amino acids used to
synthesize L-carnitine were significantly lower, whereas L-carnitine
itself was higher in the combination HRT + FF-treated group
(Fig. 3C). Several fatty acyls (FAs attached to L-carnitine to shuttle
into the mitochondria for beta oxidation), including short, medium,
and long-chain fatty acyls were also higher in the combination CD +
HRT + FF group in comparison with the CD + HRT group (Fig. 3D).
These data are consistent with upregulated enzymes involved in the
carnitine shuttle pathway, including CPT1, and imply that FA catab-
olism increased with FF treatment.

To assess the effect of FF on FA catabolism, serum FA compar-
ison between the CD + HRT + FF group and the CD + HRT group
showed lower free saturated FA with relatively unaffected free
unsaturated FAs (Fig. 3E and F, shown as “FF effect”). The addition
of OAD to the HRT + FF group increased free saturated FAs and
lowered unsaturated FAs (“OA effect,” Fig. 3E and F) in compar-
ison with the HRT 4+ FF group on the CD. When the OAD was
combined with FF, the free saturated FAs remained increased or
near baseline. Lastly, upon a comparison of the OAD + HRT + FF
group with the CD + HRT group, the decrease in saturated FAs
noted from the FF effect was negated (“OA with FF effect,” Fig. 3E
and F). This shows that when OA and FF were combined, the FA
profile appeared to be less affected by the PPARc agonism with FF
and more so by the supplementation with OA. Subclassification by
monounsaturated fatty acids (MUFA) and polyunsaturated fatty
acids (PUFA) revealed that the FF effect resulted in predominantly
increased PUFAs, whereas the OAD with FF resulted in increased
MUFAs (PUFAs shown with asterisks in Fig. 3F). These findings
were corroborated with significant reduction in omega-3 FAs and
omega-6 FAs (key PUFAs) when OA was added to HRT+ FF

1924 Clin Cancer Res; 30(9) May 1, 2024

(Fig. 3G-I). Specifically, the omega-6 FA arachidonic acid and
linoleoyl-CoA (activated form of linoleic acid) were higher in the
CD + HRT + FF group. In summary, these data show that FF
lowers serum free saturated FAs and increases PUFA, whereas the
addition of OAD increased free saturated FAs and lowered free
unsaturated FAs. The combination of OAD and FF resulted in an
FA profile similar to OAD alone.

Proteomic analyses reveal that in addition to HRT
upregulation of antigen presentation, FF alters
arachidonic acid metabolism

As PUFAs, particularly omega-3 and omega-6 FAs, are relevant in
the synthesis of eicosanoids (prostaglandins, leukotrienes, hydroxyei-
cosatetraenoic acids, hydroxyoctadecadienoic acids, etc.), which play a
role in the regulation of inflammation and the immune response (44),
we next examined the differential expression of these proteins using
proteomic analyses with mass spectrometry. Pathway analyses of
tumors taken from the in vivo experiments (Figs. 2 and 3) showed
that HRT increased proteins related to pathways involved in antigen
processing and presentation, regulation of response to cytokines, and
extracellular matrix organization. These features are consistent with
previous literature (refs. 45-47; Supplementary Fig. S5A). Down-
regulated features in the HRT group included regulation of DNA
metabolism, protein assembly, and positive cell-cycle regulation (Sup-
plementary Fig. S5B).

To examine the impact of pharmacologic treatment of FF on
proteomic profiles, we compared enrichment patterns of HRT + FF
to HRT alone and observed upregulation of KEGG pathways for
asthma and arachidonic acid metabolism (Fig. 4A). GO biological
processes for B-cell activation, adaptive immune response, and gran-
ulocyte migration and eicosanoid biosynthetic processes were also
increased (Fig. 4B). Upon comparison of the proteomic profiles of
OAD + HRT + FF and CD + HRT + FF, unsupervised clustering
shows well-defined groups (Supplementary Fig. S5C) with upregulated
GO pathways including interleukin-4 production, cellular response to
oxygen levels, and positive regulation of apoptotic signaling pathways
in the OAD group (Supplementary Fig. S5D). In connection with the
metabolomic findings, lipoxygenase enzymes commonly expressed in
leukocytes and involved in catalyzing leukotriene production (ALOX5
and ALOX15) were increased when FF was added to HRT (Fig. 5C).
Given that arachidonate 5-lipoxygenase (ALOX5) converts arachido-
nic acid into leukotrienes, whereas arachidonate 15-lipoxygenase
(ALOX15) converts polyunsaturated omega FAs into various meta-
bolites (15 S-HETE and 13S-HODE; ref. 48), these data collectively
suggest the pharmacologic treatment with FF increases FA catabolism
and leukotriene production.

To further substantiate the association of FF treatment with
enhanced PUFA catabolism, we compared the levels of oxylipins,
lipophilic signaling molecules that are derived from the oxidation of
PUFAs (ref. 49; Supplementary Fig. S6A and S6B). Oxylipin analysis
revealed a significantly higher expression of Prostaglandin E2/D2
within OAD + HRT + FF mice in comparison with both CD groups
(Fig. 4D). However, there was no significant difference in leukotriene
B4 between groups (Fig. 4E). Prostaglandins such as E2 have been
identified to be involved in the progression, invasion, and modu-
lation of immune signaling in epithelial cancers (50, 51). Finally, to
examine the impact of FF treatment on protein acetylation patterns,
which have been shown to correlate with tumor progression and
metastasis (52-54), acetylome analysis was conducted. Of relevance,
N-terminal acetylation showed a decreased trend in FF-treated
groups relative to other groups (Supplementary Fig. S6C). These

CLINICAL CANCER RESEARCH



PPAR« Agonism Enhances Radiotherapy, While Dietary OA Counteracts

KEGG pathways

Motor proteins

Asthma

Hypertrophic cardiomyopathy
Primary immunodeficiency
Lysosome

S. Aureus infection

Arachidonic acid metabolism
Mineral absorption

Fc epsilon RI signaling
Renin-angiotensin system

Protein digestion and absorption
Calcium signaling

Arginine and proline metabolism
Hippo signaling

Starch and sucrose metabolism
Arrhythmogenic right ventricular cardiomyopathy
Bacterial invasion of epithelial cells
Endocytosis

Diabetic cardiomyopathy

0 2 3 4 5
B -log,, (P)
Muscle system process
] Positive regulation of B cell activation
1 Negative regulation of immune system process
| Actin filament-based process
] Adaptive immune response
] Endocytosis
] Eicosanoid biosynthetic process
| Regulation of production of molecular mediator of immune response
] Granulocyte migration
] Regulation of twitch skeletal muscle contraction
] Negative regulation of T cell activation
] Regulation of endocytosis
] Regulation of protein autophosphorylation
I Regulation of anatomical structure size
I GO bio|ogica| Positive regulation of monoatomic ion transport
] processes Regulation of G protein-coupled receptor signaling
] Glycosyl compound catabolic process
] Synapse pruning
I Skeletal muscle contraction
:I Regulation of leukocyte apoptotic process
0 4 6 8
-log,, (P)
C Alox5 Alox15 D Prostaglandin E2/D2 E Leukotriene B4
P=0.010 P =0.004 P =0.460
107 P=0877 8x10°7
10°4 10° f e P=0.885
P=0.038
5.
£ ® P =0.003 6x10 o |
c 108+ { 108 [ ] A
Q -t
€ £ 1064 4x%x1054 __7_ -
£ ;é T e
3 1071 107 T o . --r-
@ o Axa 2 5 ° (] la
RPN I - x -1 K
o .1 x- 10
= A
6 6
10 10 105 T T 0 T T T
: ' : ) < S < < A
& & & & <& SN S
x‘b &x x‘b &x < Qs ox é Q'« Ox
& Qg' O ~§' x~2~ D O x~2~ ;b (@)
Q" Q" 3 O 8
S S o o
Figure 4.

Proteomic analyses reveal that in addition to HRT upregulation of antigen presentation, FF alters arachidonic acid metabolism. A and B, Bulk proteomic
pathway analyses showing KEGG pathways (A) or GO processes (B) that were upregulated in FF + HRT compared with HRT alone. DGE terms with P <
0.15 and pathway analyses with P < 0.1. C, Spectral intensity of Alox5 and Alox15 proteins. Mann-Whitney test was used to compare means. D and
E, Oxylipin analysis with expression of prostaglandin E2/D2 (D) and leukotriene B4 (E) within the OAD 4+ HRT + FF (green), CD + HRT + FF (blue), and

CD + HRT (gray) groups.
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Figure 5.

In vivo flow-cytometric characterization of the immunologic effects of FF and OA. A and B, Flow cytometry results from the excised tumors from the in vivo
experiment comparing OAD + HRT + FF (green) with CD + HRT 4+ FF (blue) and CD + HRT (gray), including CD36™ CD3™ T cells (A) and mTOR upregulated CD3* T
cells (B). C-I, Flow cytometry results from the draining lymph node from the in vivo experiment comparing OAD + HRT + FF (green) with CD + HRT + FF (blue) and
CD + HRT (gray). Included gating: CD8" T cells (C), CD4™ T cells (D), CD25" FOXP3* regulatory T cells (E), CD36™" regulatory T cells (F), and mTOR upregulated
(p4EBP1 and pS6 ribosomal protein) regulatory T cells (G). Geometric MFI is shown for Tbet and IL10 expression on regulatory T cells (H=1). J-L, Flow cytometry
results from the draining lymph node from the in vivo experiment comparing OAD + HRT + FF (green) with CD + HRT + FF (blue) and CD + HRT (gray). Included MFI
of CD36 on CD8s (J), CD25" CD8™ T cells (K), and granzyme B™ PD-1- CD8™" T cells (L). M-P, Flow cytometry results from the excised tumors from the in vivo
experiment comparing OAD + HRT + FF (green) with CD + HRT + FF (blue) and CD + HRT (gray), including naive CD44~ CD62 L high CD8 T cells (J), MFI of Ki-67 on
CD8 T cells (K), PD-L1" alive cells (0), and PD-L1" CD45-negative cells (P).
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data suggest that N-acetylation could serve as a potential future
biomarker to evaluate the efficacy of FF-based treatment.

In vivo flow-cytometric characterization of the immunologic
effects of FF and OA

Given our data demonstrating that the addition of FF acts to catalyze
the increased FA catabolism (Fig. 3), the observed increase in the
leukotrienes (Fig. 4D), and previous literature associating FF with
CD8 T-cell stimulation via increased FA catabolism (55), we sought to
examine the immune effects of FF within the TME and regional lymph
nodes.

Multispectral flow cytometry was utilized to investigate the in vivo
immunologic profile of the tumor and tumor-draining lymph node
(LN) of mice from the experiment comparing CD + HRT, CD + HRT
+ FF, and OAD + HRT + FF. Within the TME, there was a lower
proportion of CD36™" T cells in the FF groups (Fig. 5A). Accordingly,
the HRT alone group had less overall mTOR upregulated T cells
compared with the FF groups, but this was not significant (Fig. 5B).
Within the LN compartment, there was a trend toward an increase in
CD8 T cells observed in the CD + HRT + FF group relative to other
groups (Fig. 5C), whereas a corresponding significant decrease was
seen of CD4 T cells when comparing the CD + HRT + FF group to the
OAD + HRT + FF group (Fig. 5D). This decrease corresponded with a
significant reduction in Tregs in mice treated with CD + HRT + FF
relative to other groups, most prominently in the LN (Fig. 5E). In the
CD + HRT + FF group, Tregs also had less CD36 expression, and less
mTOR upregulation (defined as phosphorylated 4EBP1 and s6 ribo-
somal protein; Fig. 5F and G). Tregs from the CD + HRT group had a
significantly higher expression of T-box transcription factor TBX21
(Tbet) and IL10 on MFI in contrast to the other two groups (Fig. 5H
and I). In contrast, CD8 activation markers were highest in the CD +
HRT + FF group in both the tumor and the LN (Fig. 5J-N).
Additionally, PD-L1 expression was significantly lower in both alive
cells and CD45-negative cells in groups treated with FF (Fig. 50-P).
These data collectively suggest that within the LN compartment, CD +
HRT + FF mice had more activation of CD8" T cells and less CD36*
expressing Tregs with less mTOR activation, indicative of a dampened
activation profile.

FF favors a th1 phenotype while the addition of OA polarizes
CD4 T cells to a Treg phenotype

With the increase in Tregs that was observed when OA was added to
HRT + FF, we hypothesized that cytotoxic effector T-cell function is
possibly mitigated by this uprise in Tregs. To test this hypothesis, we
performed a CD4" T-cell conversion assay where isolated CD4" T
cells from tumor-free C57BL/6 mice were cultured for 24 hours with
DMSO control, FFA, OA, or a combination of FFA + OA. On flow-
cytometric analysis, treating the CD4 ™ T cells with either OA or FFA +
OA combination resulted in significantly upregulated CD36, the FA
translocase (Fig. 6A). Contrarily, PPARo was downregulated in CD4
T cells cultured with OA or a combination FFA + OA (Fig. 6B).
Average expression of TNFo, was higher in CD4" T cells cultured in
FFA alone in comparison with the other three groups (Fig. 6C) and a
marked increase in polarization to Tregs was observed with the
addition of OA to HRT and FF (Fig. 6D).

Consistent with increased Tregs with OA addition, both OA alone
and combination FFA + OA also had proportionally lower central
memory CD4 " T cells (Fig. 6E; gated as CD62L"" and CD44") with
higher CTLA4 positivity (Fig. 6F) and with lower PPARo. expression
(Supplementary Fig. S7A). Accordingly, PPAR0. was significantly
lower in the OA and combination FFA + OA groups (Fig. 6G).

AACRJournals.org

Overall, these data suggest that FF increased the proportion of central
memory CD4" T-cell polarization in comparison with OA groups,
whereas OA downregulated PPAR. signaling within all CD4™ T cells
and memory CD4" T cells; the combination FFA + OA group
increased the proportion of Tregs in comparison with the other three
groups.

Ex vivo isolated CD8 T cells from mice treated with FF have
decreased glycolytic activity

Supported by our flow cytometry data, we predicted that FF-
induced upregulation of FA catabolism within the irradiated TME
would allow higher glucose availability specifically for CD8 T cells to
perform their effector functions (56). To test this hypothesis, CD8 T
cells were isolated from the groups in Fig. 4A for ex vivo ">Cg-glucose
labeling studies and tracing of their glycolytic metabolism. CD8 T cells
in CD + FF + HRT mice had decreased glycolytic activity, and mice on
the OAD had even lower glycolytic activity (Fig. 7A). Specifically, the
initial glycolytic intermediate after the rate-limiting step of hexokinase
(glucose-6-phosphate) was lower in the two FF groups compared with
CD + HRT and this trend continued throughout the glycolytic
pathway. This corresponded with metabolomic data on the serum of
tumor-bearing mice sacrificed at the same time point that revealed
lower glucose 6-phosphate levels in mice treated with HRT and FF on
the CD in comparison with HRT alone (Fig. 7B).

To further examine the metabolic effects on CD8 T cells, we
performed extracellular metabolic flux analysis on ex vivo CD8 T cells
from murine models of HNC who were fed the CD or OAD and treated
with HRT with or without FF. A glycolytic stress test (Supplementary
Fig. S7A) revealed that ex vivo CD8 T cells from mice treated with FF
and regardless of diet had decreased glycolytic capacity in comparison
with control mice on either the CD or OAD. A mitochondrial stress
test (Supplementary Fig. S7B) did not show a significant difference in
mitochondrial respiration. Alternatively, to characterize how Tregs
respond in vitro to PPARo agonism and OA, we performed similar
extracellular flux assays including a mitochondrial stress test and a
glycolytic stress test with drug injections of FFA (activated FF), OA, or
both (Supplementary Fig. S7C and S7D). These assays revealed that
Tregs increase respiratory capacity in response to FFA, OA, and both;
however, FF alone did not increase glycolytic capacity whereas OA or
FFA/OA combination did result in an increase in glycolytic capacity.

Discussion

This study expanded on potential avenues of immunometabolic
interactions uncovered from our phase I/Ib clinical trial using anti-
PD-L1 immunotherapy and HRT for HPV-unrelated HNC (20) that
showed increased FA catabolism in responders. We evaluated the
interaction of PPAR« agonism (FF), supplemental dietary OA (with
the OAD), and HRT on murine models of HNC. The combination of
HRT with FF improved local control of tumors in comparison with
HRT alone, and mice on the OAD showed a reversal of this effect. The
combination FF and anti-PD-L1 therapy group did not result in
significant tumor volume reduction in comparison with single-
agent FF, which we postulate may be related to suppression of PD-
L1 expression on tumor cells. Metabolomic exploration showed that
FF-treated CD mice had lower free saturated fats and higher acyl-
carnitine metabolite production with higher PUFAs whereas FF-
treated OAD mice had lower free unsaturated fats and importantly,
higher MUFAs. Stable isotope tracing showed less glycolytic utilization
by ex vivo CD8" T cells from mice treated with FF or OA, and
extracellular flux analyses were consistent with these findings. Bulk
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Figure 6.

FF favors a Th1 phenotype whereas the addition of OA polarizes CD4 T cells to a Treg phenotype. A-C, Flow cytometry results of the CD4 conversion assay showing
the MFI of CD36 (A), PPARa. (B), and TNFa (C) as a geometric mean of the four groups: DMSO control (gray), 100 umol/L FFA (blue), 100 umol/L OA (teal),
combination 100 umol/L FFA + OA (light green). D-G, Flow cytometry results of the CD4 conversion assay showing the polarization of cells to FOXP3" CD25"
regulatory T cells (D), CD44™ CD62 L high central memory CD4 T cells (E), CTLA4™ expressing central memory CD4 T cells (F), PPARo MFI on central memory

CD4 T cells (G).

tumor proteomic analysis suggested that the beneficial effect of
PPARa« signaling through FF is potentially related to arachidonic
metabolism, eicosanoid biosynthetic processes, and the adaptive
immune response. Characterization of immunologic changes from
these metabolic modulators showed that increased FA catabolism
or supplementation of OA resulted in enhanced memory pheno-
types of memory lymphocytes and that the combination of the two
may enhance immunosuppressive Tregs and result in decreased
antitumor efficacy. The FF group without OA supplementation
resulted in a Treg phenotype within the draining LN with down-
regulated mTOR and CD36, which could explain differences in
tumor growth.

Modulating the metabolic conditions of the TME is of increasing
interest as the link between the immune response and the metabolic
environment has been further elucidated (57-59). The TME of HNC is

1928 Clin Cancer Res; 30(9) May 1, 2024

typically hypoxic, which correlates with treatment resistance and
oxidative stress (43, 60-62). The result is a cascade of metabolic
changes that shift the tumor cell to a glycolytic phenotype character-
ized by higher expression of glucose transporters and glycolytic
enzymes (7, 42). These metabolic changes result in a hypoglycemic
TME that favors immunosuppressive and memory cells, but one that is
poorly conducive to Teff cells maintaining effector functions. Previous
work on murine sarcoma models showed that tumor competition for
glucose consumption restricts Teffs function by dampening mTOR
activity, glycolytic capacity, and interferon gamma (IFNY) production.
In these models, PD-L1 inhibition on the cancer cell inhibited mTOR
activity and decreased glycolytic enzyme expression (63) whereas the
effector function of T cells, specifically IFNy and granzyme produc-
tion, was restored with increased glucose availability. A similar effect
was observed in a murine melanoma model where Teff cells showed
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Ex vivo isolated CD8 T cells from mice treated with fenofibrate had decreased glycolytic activity. A, Heavy glucose labeling of ex vivo CD8 T cells from mice on the
control diet with HRT alone (gray) or HRT with FF (blue), and mice on the high OAD treated with HRT and FF (green). Mice treated with fenofibrate results in
decreased glycolytic flux, which was further decreased by the addition of OA. B, Correlative serum glucose 6-phosphate from HRT alone mice (gray), HRT with FF

mice (blue), and mice on the OAD treated with HRT and FF (green). One-way ANOVA with multiple comparisons testing (uncorrected Fisher LSD) was used to
determine P values (P values greater than 0.25 not shown).
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increased PPAR« signaling in hypoglycemic and hypoxic conditions
but were rescued with FF (PPARo agonism), reprogramming them
to instead utilize FAs subsequently resulting in improved response to
immunotherapy (55).

Our results are consistent with previous literature in that FF-treated
CD8" T cells showed decreased glucose utilization ex vivo and
increased FA catabolism with lower free saturated FAs and increased
FA shuttling with acyl-carnitines were observed with FF treatment
in vivo. Flow-cytometric results substantiated these concepts through
enhanced mTOR expression in lymphocytes in the TME with
decreased CD36 expression. Recent immunometabolism work has
shown that CD36 expression in CD8™" T cells is associated with tumor
progression and poor survival, as CD36 is integral for lipid peroxi-
dation, ferroptosis, and dampening of tumor-infiltrating effector
cells (64). Our data also showed that CD36 was downregulated in
Tregs in the CD + HRT + FF group in comparison with the OAD +
HRT + FF group and CD + HRT group, and in conversion assay, the
addition of OA to FF markedly enhances Treg polarization phenotype.
These data are indicative of enhanced Treg-suppressive function with
the addition of OA as it has been recently shown that CD36 expression
through PPARR signaling is a characteristic feature of activated and
highly suppressive Tregs and that lipid uptake via CD36 is vital for
maintaining suppressive function (65). Likewise, the CD4 conversion
assay (Fig. 6) showed polarization of CD4s to Treg in both the FFA and
OA groups, but with the most significant polarization within the
combination FFA + OA groups, which may be related to suppressed
mTOR activity (66) from PPAR agonism. Likewise, extracellular flux
analyses of cultured Tregs showed enhanced glycolytic capacity
only in OA groups but did show enhanced mitochondrial respira-
tion in FF groups. Although suppression of the mTOR pathway
can result in polarization of naive CD4 T cells to favor Treg
phenotypes, there is evidence that mTORC1 (p4EBP1 and pS6
ribosomal protein pathway) is necessary to maintain suppressor
function (67-69), and that downregulation of mTOR in already
activated Tregs may dampen their suppressor functions. This could
explain how there was more Treg polarization in the in vitro assay in
FFA groups, whereas the in vivo flow data showed potentially a
benefit of mTOR downregulated Tregs in the CD + FF + HRT
group with less CD36 expression.

Additionally, various PUFAs including docosahexaenoic acid and
arachidonic acid were upregulated in the CD + FF + HRT group in
comparison with the OAD + FF + HRT group, which is notable due to
previous work showing that these metabolites are associated with
antiproliferative effects (70). Furthermore, arachidonic acid is critical
for eicosanoid biosynthetic pathways, which was shown to be upre-
gulated in FF-treated mice in the proteomics data. Specifically, alox5
and alox15 were upregulated in FF-treated mice which are involved in
the conversion of arachidonic acid into leukotrienes. There are data
that alox15 expression can lead to cancer cell apoptosis and is down-
regulated in many cancer subtypes, and increasing flux through these
pathways with cyclooxygenase inhibitors could have antitumor effi-
cacy (71, 72); likewise, alox15 may promote tumor ferroptosis (73),
which could also explain improved HRT efficacy. Additionally, mice
sera of the poorer performing OAD + HRT + FF group had increased
levels of prostaglandin E2/D2, which has been linked to stimulated
proliferation, stabilization of B-catenin, activation of EGFR, and
stimulation of tumor angiogenesis (74). This difference in prostaglan-
din levels between dietary groups treated with FF may be explained by
increased linoleoyl-CoA in the CD + FF + HRT group in comparison
with the OAD group, as linoleoyl-CoA can inhibit prostaglandin
synthesis (75).
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The translational implications of this work are significant and pave
the way for integrating FF as a novel, widely available and inexpensive,
immunotherapeutic agent in HNC. Our data showed that FF had an
equivalent benefit to immune-checkpoint blockade when combined
with HRT. Historically, PPARo agonists (fibrates) have been used in
the treatment of dyslipidemia, whereas PPARY agonists (glitazones)
have been used to increase insulin sensitivity in the management of
diabetes mellitus (35). FF is commonly used and is FDA-approved to
treat various forms of dyslipidemia (generally as second-line therapy;
ref. 76), as its main mechanism for this indication is lowering
triglycerides and increasing high-density lipoprotein cholesterol
(HDL). It has a favorable toxicity profile compared with most onco-
logic therapies which can be easily monitored (77). Oncologic studies
involving PPARY agonists have shown dichotomous effects, with some
studies showing inhibition of cancer cell proliferation and others
showing anti-inflammatory effects that may dampen the immune
response (78). In HNC, and in agreement with the beneficial effects
of FF, others have shown that FF can have a direct effect on decreasing
cancer cell proliferation, survival, and metastasis through the NFKB
pathway (79), reactivation of the p53 pathway (80), or enhancing
cancer cell apoptosis by G,—M arrest especially when combined with
RT (81).

There has been considerable debate about the optimal diet while
undergoing anticancer therapies and pharmacologic metabolic inter-
ventions are in the early stage of employment in clinical trials (82).
Early work evaluating nutritional status in the setting of chemotherapy
and radiotherapy revolved around support to optimize the diet,
considering the relevance of anorexia related to treatment side effects
and cancer-related cachexia (83). Several retrospective reviews of HNC
show improved OS and improved distant control with higher pre-
treatment BMI (84-86). Dietary modifications are so far inconclusive
as a general means of improving oncologic outcomes (87).

There have been conflicting studies regarding the oncologic benefits
or lack thereof for OA. Curiously, when comparing the OAD to CD
when treating with HRT without FF, there was a trend for improve-
ment in tumor volume control for mice on the OAD which aligned
with our original hypothesis (Fig. 2F). The OAD only had a negative
effect in comparison with CD when fenofibrate was added to HRT
(Fig. 2H). A recent review (88) highlights OA as a dietary MUFA from
vegetables with several health benefits that exerts its effect through
upregulated FA oxidation via PPARY coactivator 1-a (PGC-1a) where-
as other common long-chain FAs do not (89). The benefit of oleic acid
in a nononcologic context could be related to resistance to ferroptosis;
however, exogenous MUFAs such as OA can promote an advantage for
cancer cells to resist RT through downregulated ferroptosis by dis-
placing PUFAs from plasma membranes and resulting in decreased
reactive oxygen species accumulation (90). Therefore, the OAD may
provide a protective advantage to tumor cells through resistance to
ferroptosis (91). The CD + HRT + FF group showed a higher
proportion of PUFAs in comparison with MUFAs, which may be
related, in part, to the advantage of FF alone. Research supporting
potential oncologic benefits for OA is related to the suppression of the
HER2/EGFR/ERBB family or contrarily, induction of apoptosis from
intracellular reactive oxygen species production (92, 93). Alternatively,
the induction of immunosuppression results from the feedback loop
from overinflammation of the TME to regain homeostasis by recruit-
ing Tregs. Further in vivo investigation of these agents is warranted as a
potential avenue to modulate immunometabolism with diet or drugs
of long approval status and known tolerability and adverse effects.

There are several limitations of this study that should be considered
before drawing concluding interpretations of this study. The RNA-seq
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data from human samples included a relatively low number of samples
for hypothesis generation, and the overall interpretation of the data
in Fig. 1 should be approached with caution due to low numbers. The
TCGA survival analyses almost certainly contained a cohort of con-
ventionally fractionated patients as opposed to SBRT. However, this
specific treatment information is not included in the database. It is also
important to note that the small animal linear accelerator used in this
study is not capable of delivering SBRT but did deliver HRT as a
surrogate under fluoroscopic guidance, which has a similar dose and
fractionation as SBRT. The bulk mass spectrometry-based analyses
also have inherent limitations including the measurement of relative
protein/metabolite concentrations instead of absolute quantifications,
the limited detection of low-abundance proteins/metabolites, and the
lack of spatial or temporal resolution (94, 95). For these reasons,
statistically significant findings in the reported data may not always
imply biological significance. Another consideration is that OA was
not administered as a single agent for the in vivo experiments and
otherwise was supplemented with a diet that included other ingre-
dients that could influence the results.
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