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Inhibiting Oxidative Phosphorylation In Vivo Restrains Th17
Effector Responses and Ameliorates Murine Colitis

Luigi Franchi,* Ivan Monteleone,” Ling-Yang Hao,” Mark A. Spahr,* Wenpu Zhao,*
Xikui Liu,i Kellie Demock,i Aditi Kulkarni,*‘ Chuck A. Lesch,*‘ Brian Sanchez,SF

Laura Carter,” Irene Marafini,’ Xiao Hu,* Oksana Mashadova,§ Min Yuan,
John M. Asara,' Harinder Singh,# Costas A. Lyssiotis,**"" Giovanni Monteleone,

Anthony W. Opipari,™ and Gary D. Glick®®

ﬂ
.;.

Integration of signaling and metabolic pathways enables and sustains lymphocyte function. Whereas metabolic changes occurring
during T cell activation are well characterized, the metabolic demands of differentiated T lymphocytes are largely unexplored. In
this study, we defined the bioenergetics of Th17 effector cells generated in vivo. These cells depend on oxidative phosphorylation
(OXPHOS) for energy and cytokine production. Mechanistically, the essential role of OXPHOS in Th17 cells results from their
limited capacity to increase glycolysis in response to metabolic stresses. This metabolic program is observed in mouse and
human Th17 cells, including those isolated from Crohn disease patients, and it is linked to disease, as inhibiting OXPHOS reduces
the severity of murine colitis and psoriasis. These studies highlight the importance of analyzing metabolism in effector lymphocytes
within in vivo inflammatory contexts and suggest a therapeutic role for manipulating OXPHOS in Th17-driven diseases. The

Journal of Immunology, 2017, 198: 2735-2746.

uring activation and differentiation, T cells adapt their

metabolism in highly coordinated ways to provide energy

and substrates for growth, trafficking, and the synthesis and
secretion of immunoactive molecules (1, 2). Regulating metabolic
pathways has thus emerged as an attractive approach to developing
new therapeutic strategies to control immune function (3, 4).
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Th17 cells are CD4", af TCR-expressing cells that secrete the
proinflammatory cytokines IL-17A, IL-17F, IL-21, and GM-CSF,
which makes these cells critical in host defense against infections
and cancer (5, 6). In contrast, abnormally increased Th17 cell ac-
tivity can result in autoimmune and inflammatory diseases (5, 7).
Th17 cells can be generated in vitro from naive CD4" T cells in the
presence of activating stimuli and appropriate polarizing cytokines
(8-10). Under these conditions, hypoxia-inducible factor-la
(HIF1a), which upregulates the expression of glycolysis genes (11),
and pyruvate dehydrogenase kinase, isozyme 1 (Pdkl), which in-
hibits the flux of pyruvate into the tricarboxylic acid (TCA) cycle
(12), promote Th17 differentiation (13—-16). Consistent with these
findings, mice deficient in genes that control glycolysis have im-
paired Th17 differentiation in vivo (13, 15-17).

In contrast to the detailed understanding of the metabolic re-
quirements for differentiation of naive CD4" T cells into Th17, the
metabolic requirements of differentiated Th17 effector cells have
not been defined. At least two studies suggest that the metabolism
of Th17 cells after differentiation differs from the glycolytic
metabolism used during differentiation (16, 18). In particular,
blocking glycolysis and/or glycolysis-linked biosynthesis is inef-
fective at treating Th17-driven diseases once Thl7 cells are pre-
sent (16, 18). Hence, metabolic targeting of Th17-driven disease
processes requires analysis of the metabolism and bioenergetics
of differentiated Th17 cells within in vivo inflammatory contexts.

To develop a metabolically targeted approach to control
Th17-mediated inflammation, we analyzed the bioenergetics of
differentiated Th17 cells and their metabolic requirements for the
secretion of proinflammatory cytokines and the induction of colitis.
We paid particular attention to two key parameters that influence
T cell metabolism and function (19, 20). First, we compared the
metabolic profiles of Th17 effector cells differentiated in vitro to
those differentiated in vivo, as we and others have shown that
T cells activated in vitro adapt a different metabolic phenotype than
cells similarly activated in vivo (21, 22). Second, we took particular
note of the inflammatory environment, comparing for the first time,
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to our knowledge, the metabolic requirements of cells isolated from
normal lymphoid tissues with those from inflammatory lesions.

Materials and Methods
Mice

C57BL/6 mice were obtained from Charles River Laboratories. OT-II mice
(B6.Cg-Tg (TcraTerb)425Cbn/J), SIL mice (B6.SJL-Ptprc® Pep3b/B0yJ),
and IL-17GFP knock-in mice (C57BL/6-1117a"""%¢*"/J) were purchased
from The Jackson Laboratory. Mice were kept under specific pathogen-free
conditions and provided with food and water ad libitum. The animal
studies were conducted under protocols approved by the University of
Michigan Committee on Use and Care of Animals.

PBMCs and biopsy specimens

PBMC:s from healthy subjects and patients with inflammatory bowel disease
(IBD) were isolated via Ficoll gradient fractionation and treated overnight
with indicated compounds. All experiments using human PBMCs were
collected in accordance with the University of Michigan Institutional
Review Board, and written informed consent was obtained.

Ileum intestinal biopsy samples were taken from two patients with Crohn
disease (CD) undergoing intestinal resection due to disease severity and in-
adequate responses to medical treatment. Biopsy specimens were obtained from
an inflamed area of the large intestine of a patient with active ulcerative colitis
(UC) and were used to isolate lamina propria mononuclear cells (LPMCs). One
CD patient and the UC patient were receiving corticosteroids, and the remaining
CD patient was treated with mesalazine. Each patient who took part in the study
gave written informed consent, and the study protocol was approved by the local
Ethics Committees (Tor Vergata University Hospital, Rome, Italy).

In vitro Thl7 differentiation

Naive cells were isolated from the spleens of 8- to 12-wk-old mice using a
CD4"CD62L* T cell isolation kit IT (Miltenyi Biotec) or an EasySep mouse
naive CD4" T cell isolation kit (Stemcell Technologies) following the
manufacturers’ protocols. Cells (100,000-200,000) were plated in RPMI
1640 (Corning Cellgro) and supplemented with 10% heat-inactivated FBS
(HyClone), 1% GlutaMAX (Life Technologies), 1% penicillin/streptomycin
(Sigma-Aldrich), and 0.1% 2-ME (Life Technologies) on anti-CD3—coated
(2.5 pg/ml; BD Biosciences) 96-well plates with anti-CD28 (10 wg/ml; BD
Biosciences) and Th17 differentiation mixture (see below) for 4 d in a 37°C
incubator with 5% CO,. Alternatively, splenocytes from OT-I and OT-II mice
were cultured with up to 0.5 pwg/ml OVA,s;7 564 peptide for OT-I and
OVA353_339 peptide for OT-II (RS Synthesis) and supplemented with a Th17
differentiation mixture. Unless otherwise stated, Th17 differentiation
mixture was prepared with IL-1f (10 ng/ml), IL-6 (10 ng/ml), IL-23 (10 ng/ml),
and human TGF-$ (2.5 ng/ml). All cytokines were purchased from R&D
Systems. In vitro—differentiated Th17 cells were >90% CD45.1"CD4" at the
end of differentiation.

In vivo Thl7 differentiation

Naive cells (~100,000) isolated from OT-I or OT-II mice were transferred
into B6.SJL mice by tail vein injection. Six to 16 h later, mice were im-
munized s.c., two to four sites per mouse, with 50 .l of a 2:1:1 mixture of
Mycobacterium tuberculosis H37 Ra (Difco), 100 mg dissolved in 10 ml of
CFA (Sigma)/OVAj353_339 peptide (4 pg/ml water)/PBS. Cells from lymph
nodes and spleens were isolated 7-9 d postimmunization, subjected to
RBC lysis (Sigma-Aldrich), filtered through a 70-pwm cell strainer (Max
Scientific), and purified by surface CD4 MicroBeads (Miltenyi Biotec,
130-049-201). In experiments analyzing cytokine expression, donor cells
(CD4*CD45.2%) and recipient cells (CD4"CD45.1%) were gated by FACS.
When higher purity donor cells were required, CD4" cells were sorted by
flow cytometry using either IL-17GFP or PE-CD45.2 surface marker
(1:500; eBioscience, 12-0454-82). Sorted in vivo—differentiated Th17 cells
were >90% CD4"CD45.2". Alternatively, naive cells (~100,000) isolated
from OT-II (Thy1.1*Thy1.2") mice were transferred into B6 (Thy1.1 Thy1.2%)
mice by tail vein injection. After immunization as above, lymph node and
splenic CD4* T cells were enriched by negative selection using a Miltenyi
Biotec CD4" T cell isolation kit followed by positive selection with anti—
CD90.1-PE (BD Biosciences) and anti-PE MicroBeads. Sorted in vivo—
differentiated Th17 cells were typically >80% CD4"CD90.1".

Lamina propria isolation

Dissected mucosa were freed of mucus and epithelial cells sequentially with
DTT and EDTA, and then digested with 2 mg/ml Liberase (Roche) as
previously described (23). After digestion, the medium containing the

mononuclear cells was collected and centrifuged at 400 X g for 10 min.
After two washes in calcium- and magnesium-free HBSS, the pellet was
resuspended in 40% Percoll solution. Two microliters each of 100, 60, 40,
and 30% Percoll were layered in a 15-ml tube. The tube was centrifuged at
400 X g for 25 min, and LPMCs were collected from the interface at the
60-40% Percoll layers.

Cell sorting

Cells were harvested at the end of the differentiation protocol, counted, and
resuspended to 5 X 10%ml of 1% FBS/PBS prior to passing through a 50-p.m
filter (Partec) and sorted on a MoFlo Astrios or MoFlo XDP (Beckman
Coulter) at the University of Michigan Flow Cytometry Core. After sorting,
cells were washed once with full media and stored as pellet at —80°C for
RNA or protein extraction.

Intracellular staining

Cells were processed for intracellular staining following the manufacturer’s
protocol (eBioscience, 88-8823-88). Mouse Abs used were anti-IL-17a
(clone eBiol7B7; eBioscience), anti-CD4 (clone eBioRM4-5; eBio-
science), anti-IFN-y (clone XMG1.2; eBioscience), anti-Foxp3 (clone
FJK-168S; eBioscience), anti-CD62L (clone MEL-14; eBioscience), anti-
CD45.2 (clone 104; eBioscience), anti-CD44 (clone IM7; eBioscience),
retinoic acid-related orphan receptor (ROR)yt (clone AFKJS-9; eBio-
science), and anti-CD90.1 (clone OX-7; BD Biosciences). Murine LPMCs
were stained with the following Abs: anti-CD45-allophycocyanin-Cy7
(1:50, final dilution, clone 30f11; BD Biosciences); anti—-CD3-Pacific
Blue (1:50, final dilution, clone 500a2; BD Biosciences); anti—-CDS8-
FITC (1:50, final dilution; clone 53-6.7; BD Biosciences), and intracel-
lularly with anti-IL-17A-allophycocyanin (1:50 final dilution, clone
Ebiol7b7; eBioscience); and anti-IFN-y-PE-Cy7 (1:50 final dilution,
clone XMG1.2; BD Biosciences). Human Abs used were anti-human CD3
from eBioscience (clone OKT3) and anti-human IL-17a Ab (clone
eBi0o64CAP17). Human LPMCs were stained with the following Abs:
anti-CD45-allophycocyanin-H7 (1:50, final dilution, clone 2D1; BD
Biosciences) and anti—-CD3-Pacific Blue (1:50, final dilution, clone
UCHTI; BD Biosciences). To assess the intracellular expression of IFN-y
and IL-17A, cells were stained with the following Abs: anti—-IFN-y-allo-
phycocyanin (1:50 final dilution, clone 25723.11; BD Biosciences) and
anti-IL-17A-PE (1:50, final dilution, clone 033-782; BD Biosciences).
Where indicated, cells were stimulated with PMA (Sigma-Aldrich), ion-
omycin calcium salt (Sigma-Aldrich), and brefeldin A (eBioscience) for 4—
5 h prior to fixation in 2% formaldehyde/PBS (Thermo Scientific). Cells
were analyzed using a FACSVerse cytometer and FACSuite software (BD
Biosciences).

Anti-CD3 activation in vivo

Female C57BL/6 mice received compound at specified dose or vehicle
(40% DMSO/PBS) via i.p. injection in 200 wl. One hour later, anti-CD3e
(5 g per mouse) (BD Biosciences) was injected i.p. in PBS. Four hours
after anti-CD3e injection, serum was collected by cardiac puncture and
cytokines were analyzed by ELISA.

Seahorse measurements

Cells (7 X 10%) were plated per well on an XF24 plate coated with 0.5 mg/ml
poly-p-lysine (Sigma-Aldrich), centrifuged in 100 pl of extracellular flux
(XF) media supplemented with 1 mM sodium pyruvate (Sigma-Aldrich),
11 mM glucose (Sigma-Aldrich), and 1% FBS (pH 7.4), then filtered
through a 0.22-pm filter. Extracellular flux (XF) media (530 wl) was then
added to each well and incubated for 30 min in a CO,-free incubator at 37°C,
then run per the manufacturer’s protocol with oligomycin, carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone, and antimycin A injections in ports
A, B, and C, respectively.

Cell proliferation analysis

Naive cells were labeled with 10 uM CFSE (Life Technologies) in 1 ml of
RPMI 1640 plus 2% FBS for 10 min at 37°C, then washed with RPMI
1640 and resuspended into full medium culture. For in vivo measurements,
2 X 10° labeled cells were transferred through tail vein injection into
B6SJIL mice.

Lactate measurement

Sorted in vivo Th17 cells and in vitro Th17 cells were plated at 100,000 cells
per well in a 96-well plate and treated with indicated compounds. After the
indicated time, cells were pelleted and supernatants from triplicate cultures
were analyzed by the colorimetric method using a glycolysis cell-based
assay kit (Cayman Chemical) according to the manufacturer’s protocol.
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ATP measurement

Sorted in vivo Th17 cells and in vitro Th17 cells were plated at 100,000 cells
per well in a 96-well plate and treated with the indicated compounds. After the
indicated time, cells were pelleted and lysed with a lysis buffer from an ATP
bioluminescence assay kit CLS II (Roche Applied Science) supplemented
with Halt protease inhibitor cocktail (Thermo Scientific) and Halt phosphatase
inhibitor cocktail (Thermo Scientific) prior to heat extraction. To determine
the intracellular ATP level, the lysate was processed according to the man-
ufacturer’s protocol. Analysis was performed in triplicate cultures.

Real-time PCR

RNA was isolated with RNeasy (Qiagen) according to the manufacturer’s
instructions. RNA was reverse transcribed using a high-capacity cDNA
reverse transcription kit (Applied Biosystems), and cDNA was then used
for quantitative PCR by a SYBR Green gene expression assay on an ABI
7900HT analyzer (Applied Biosystems). Primer sequences are as follows:
hifla forward, 5'-CGGCGAGAACGAGAAGAA-3', reverse, 5'-AAACTT-
CAGACTCTTTGCTTCG-3'; pdkl forward, 5'-GGACTTCGGGTCAGTG-
AATGC-3', reverse, 5'-TCCTGAGAAGATTGTCGGGGA-3'; rorc2 forward,
5'-CCACAGATCTTGCAAGGGATC-3', reverse, 5'-CCGCTGAGAGGGC-
TTCAC-3'; foxp3 forward, 5'-TGGCAGAGAGGTATTGAGGG-3', reverse,
5'-CTCGTCTGAAGGCAGAGTCA-3'; Ldha forward, 5'-CTGGGTCCTG-
GGAGAACAT-3’, reverse, 5'-GTGCCCAGTTCTGGGTTAAG-3'; aldoa
forward, 5'-TCAGTGCTGGGTATGGGTG-3', reverse, 5'-GCTCCTTAGT-
CCTTTCGCCT-3'; hk2 forward, 5'-TGATCGCCTGCTTATTCACGG-3',
reverse, 5'-AACCGCCTAGAAATCTCCAGA-3'; B-actin forward, 5'-ATG-
GAGGGGAATACAGCCC-3', reverse, 5'-TTCTTTGCAGCTCCTTCGTT-3'.

For hypoxia pathway activity, an RT> Profiler mouse hypoxia signaling
pathway PCR array (Qiagen) was used following the manufacturer’s
protocol.

Gene expression profiling

Microarray analysis was performed on sorted CD4*IL-17GFP* cells iso-
lated from in vitro— or in vivo—differentiated Th17. RNA was extracted
with an RNeasy Plus mini kit (Qiagen) and samples were processed and
analyzed at the University of Michigan Microarray Core Facility with a
GeneChip mouse gene 1.0 ST array (Affymetrix). RNA was analyzed on an
Agilent 2100 bioanalyzer (Agilent Technologies). All samples had a >9
RNA integrity number. Microarray quality control was performed with R
(Bioconductor). The data were processed with robust multichip average
normalization. Technical replicates were averaged for fold change. Genes
were considered differentially expressed when they were >log,-fold dif-
ferent. The microarray data are available in the Gene Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/gds) under accession number
GSE68017.

Gene set enrichment analysis

All of the genes differentially expressed by >log,-fold difference between
in vivo (CD45.2"CD4™)- or in vitro (CD4™)—differentiated Th17 cells were
selected and analyzed using gene set enrichment analysis (GSEA). Three
GSEA tests were employed using default program settings, testing the
complete 2 log-fold gene set.

Transfection of small interfering RNA

Splenocytes from OT-II mice were cultured with up to 0.5 pwg/ml OVA323_339
peptide (RS Synthesis) and supplemented with a Th17 differentiation
mixture as described above. After 3—4 d, cells were nucleofected with 4D-
Nucleofector according to the Amaxa protocol (Lonza). Briefly, 5 X 10°
cells were resuspended in 98 wl of nucleofector solution V4XP with 300
pM ON-TARGETplus small interfering RNA (siRNA) SMARTpool (GE
Healthcare Dharmacon), transferred to a cuvette, and then electroporated
using the DN-100 pulsing parameter. Cells were immediately transferred
into wells containing a 37°C prewarmed culture medium and used 1 d after
electroporation.

Animal disease models

For induction of acute colitis, 2.5 mg of 2,4,6-trinitrobenzenesulfonic acid
(TNBS) in 50% ethanol was administered to lightly anesthetized mice
through a 3.5 French catheter inserted into the rectum on day 0. The catheter
tip was inserted 4 cm proximal to the anal verge, and 150 pl of fluid was
slowly instilled into the colon, after which the mouse was held in a vertical
position for 30 s. Starting at day 1 mice received an i.p. dose of vehicle
(0.01% DMSO in PBS) or oligomycin (0.25 mg/kg) once a day, or ursolic
acid orally (0.75 mg/kg in 1% gum acacia) twice a day. On day 2, colon
tissue was collected for histology. Alternatively, colitis was induced by
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giving mice water containing 3% dextran sodium sulfate (molecular weight of
36,000-50,000; MP Biomedicals) for 3 d.

For the induction of psoriasis, Aldara (a 5% cream of imiquimod; 3M
Pharmaceuticals) was applied to the ear of mice daily for 5 d. Starting at day
1 mice received an i.p. dose of vehicle (0.01% DMSO in PBS) or oligo-
mycin (0.25 mg/kg) once a day, or ursolic acid orally (0.75 mg/kg in 1%
gum acacia) twice a day.

Histology

From the colitis animal models, upon necropsy, colon tissue was separated
and Swiss rolls were prepared. Tissues were fixed in 10% buffered formalin
and paraffin embedded. The sections (5 wm) were stained with H&E. A
pathology score (0-10) was determined based on analysis of the following:
goblet cell hyperplasia, crypt lymphocytic infiltrate, surface mucosa ul-
ceration, mucosa prolymphocytic infiltrate, lamina propria fibrosis, lamina
propria crypt abscess, crypt dilatation, crypt hyperplasia, and crypt
branching. An experienced veterinary pathologist without knowledge of
the tissues’ origin performed histologic scoring.

Measurements of cytokines

Cytokines were measured in cell-free culture supernatants of triplicate
cultures by ELISA kits (R&D Systems) at the University of Michigan
Cancer Center Immunology Core.

Metabolomics

Naive (CD4") cells from nonimmunized OT-II mice, in vivo Th17 (CD4*
CDY0.1%) cells, and in vitro Th17 (CD4*CD90.1%) cells were purified by
magnetic sorting. Immediately after isolation, cells were cultured in RPMI
1640 in the presence of an equimolar concentration of unlabeled and
isotope-labeled D-glucose-'>Cg (Sigma-Aldrich, catalog no. 660663) or
L-glutamine-"*C5 (Sigma-Aldrich, catalog no. 605166). After 3 h, T cell
pellets were extracted in 80% methanol at dry ice temperatures, and me-
tabolite fractions corresponding to input cell numbers were dried using a
SpeedVac in preparation for liquid chromatography—tandem mass spec-
trometry. Metabolomics analyses were performed and the data were pro-
cessed and analyzed as described in the literature (24, 25).

Statistical analysis

Statistical analysis was conducted using a two-tailed unpaired or paired
Student ¢ test using Prism (GraphPad Software). A p value = 0.05
was considered significant. Results were considered reproducible
when all independent experiments had comparable p values that were
significant.

Results

To determine whether Th17 cells differentiated in vivo depend on
the same metabolic processes as those previously described for
cells differentiated in vitro (14, 17, 26), protocols were optimized
to produce populations of Th17 cells in vivo and in vitro that had
nearly equivalent expression of IL-17 and RORyt with limited
levels of IFN-y and Foxp3 (Supplemental Fig. 1). To generate
cells in vivo, OT-II spleen cells were transferred to syngeneic
wild-type host animals and then activated by immunization with
OVA peptide in CFA (Fig. 1A). In vitro—differentiated Th17 cells
were generated by placing naive T cells in culture and activating
them with agonistic anti-CD3 and anti-CD28 Abs or by activating
OT-II T cells with OVA-pulsed APCs in the presence of IL-1f3, IL-6,
IL-23, and TGF-B (Fig. 1A).

The proportion of CD4™ cells with detectable intracellular IL-17
was maximal after differentiation for 4 d in vitro and for 7 d
in vivo (Supplemental Fig. 1). Notably, the in vivo—differentiated
CD4* T cells, generated after transfer of 10° donor cells,
expressed IL-17, RORvyt, but not IFN-y or Foxp3 (Fig. 1B,
Supplemental Fig. 1C, 1D), at levels that were comparable to
those of T cells generated in vitro with IL-13, IL-6, IL-23, and
TGEF-B. Importantly, they secreted equivalent amounts of IL-17 in
response to stimulation with PMA and ionomycin (Fig. 1C).
Analysis by CFSE labeling showed that a similar number of cell
divisions was achieved in cells differentiated for 4 d in vitro and
7 d in vivo (Fig. 1D).
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Having optimized the differentiation conditions, we compared
the gene expression profiles of in vitro— and in vivo—derived Th17
cells. To isolate purified Th17 cells, OT-II mice were crossed with
syngeneic IL-17GFP knock-in mice to generate F; animals that
expressed the IL-17GFP reporter and OVA-specific TCR. These
mice were used to isolate and characterize gene expression se-
lectively in CD4*IL-17GFP* T cells, which represented ~2% of
the T cells after in vitro or in vivo differentiation. Importantly, the
purified Th17 cells were not restimulated with PMA and ion-
omycin prior to RNA isolation and gene expression analysis, so as
to provide a more biologically informative comparison of the
transcriptomes of the in vitro versus in vivo Th17-differentiated
states. More than 98% of all genes were expressed equivalently in
the in vitro— and in vivo—derived cells (Fig. 1E). GSEA was ap-
plied to identify predefined gene sets with statistically significant
concordant differences between in vitro and in vivo conditions
(Table I). Gene sets defined as RORwyt-regulated transcripts or
linked to differentiated Th17 cells were, as expected, expressed
equivalently in the in vitro— and in vivo—differentiated Th17 cells
(Table I). Conversely, multiple metabolism-related gene sets de-
fined by the KEGG pathway database, including glycolysis-related
genes, had significantly lower concordant expression in in vivo—
differentiated cells. Lower expression of glycolytic genes in
in vivo—differentiated Th17 cells was confirmed using quantitative
RT-PCR by measuring transcript levels of 13 selected glycolytic
enzymes, all of which were lower in in vivo cells (Fig. 1F). Re-
markably, both HIFla and Pdkl1, two genes that have been pre-
viously shown to regulate Th17 differentiation via controlling
glycolysis, were substantially more highly expressed in the
in vitro—generated effector Th17 cells. These data suggested that
in vivo—differentiated IL-17* cells function with significantly re-
duced utilization of glycolysis.

In vivo Thl7 cells exhibit low glycolysis

To determine whether glycolytic activity differed between Th17
cells differentiated in vivo and in vitro as predicted by the gene
expression profiles, we measured the rate of lactate production. The
in vivo—differentiated Th17 cells exhibited a 2-fold lower rate of
lactate production than did the in vitro—generated counterparts
(Fig. 2A). To further interrogate and compare glucose metabolism
in these cell types, we analyzed the abundance of metabolites in
glycolysis and the pentose phosphate pathway (PPP) using
targeted mass spectrometry—based metabolomics (25). Indeed,
when normalized to the levels in in vitro—differentiated cells, the
in vivo—differentiated Th17 cells had dramatically smaller
metabolite pool sizes across both pathways (Fig. 2C, 2D).

To exclude the possibility that the reduced glycolytic metabolism
of in vivo—differentiated Th17 cells was simply due to the isolation
procedure and brief ex vivo manipulation, we activated OVA-specific,

Table I. Results of GSEA

Pathway NES p Value FDR (g Value)
OXPHOS —-1.79 0.0 0.006
FA Met —1.95 0.002 0.001
Glycolysis/ —1.64 0.004 0.02
gluconeogenesis

Citrate cycle —1.75 0.002 0.009
PPP —1.66 0.012 0.017
Th17 signature —1.37  0.094488 0.094
TFs associated to RORy —0.73  0.883019 0.883

GSEA of the running enrichment score based on fold change of in vitro Th17
(CD45.1"CD4*IL-17GFP*) versus in vivo Th17 (CD45.2*CD4*IL-17GFP™).

FA Met, fatty acid metabolism; FDR, false discovery rate; NES, normalized
enrichment score; TF, transcription factor.
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FIGURE 2. In vivo—differentiated Th17 cells are oxidative.
(A) Lactate concentration was determined in cell-free super-
natant from triplicate cultures of naive CD4 cells, in vivo—
differentiated Th17 cells (CD4*CD90.1%), in vivo CDS§ cells
(CDS*CDY0.1%), in vitro Th17 cells, or in vitro CDS8 cells stimu-
lated with PMA/ionomycin. (B) OXPHOS and glycolysis
of naive, in vivo (red)—differentiated, and in vitro (blue)—
differentiated Th17 cells was analyzed via OCR and ECAR
on a Seahorse bioanalyzer and expressed as OCR/ECAR ratio.
(€) Schematic depiction of glucose metabolism in glycolysis,
the PPP, and the TCA cycle. (D) Relative metabolite pool sizes
normalized to those in the in vitro—derived Th17 cells for each
of the metabolites in glycolysis (top) and the PPP (bottom).
Metabolic profiles for in vitro—derived Th17 cells are depicted
in black and in vivo Th17 profiles in red. Error bars represent
the SEM for n = 3, and data are representative of four inde-
pendent experiments. DHAP, dihydroxyacetone phosphate;
E4P, erythrose 4-phosphate; FBP, fructose bisphosphate; FOP,
fructose 6-phosphate; Ga3P, glyceraldehyde 3-phosphate;
GdLG6P, glucono-d-lactone 6-phosphate; G3P, glycerol 3-phosphate;
GOP, glucose 6-phosphate; Lac, lactate; OBP, octulose bisphos-
phate; PEP, phosphoenolpyruvate; 3PG, 3-phosphoglycerate; 6PG,
6-phosphogluconate; Pyr, pyruvate; RSP, ribose 5-phosphate; RuSP,
ribulose 5-phosphate; SBP, sedoheptulose bisphosphate. S7P,
sedoheptulose 7-phosphate; X5P, xylulose 5-phosphate.

Lactate (mM)

GLycoLysis

OT-1 CD8" T cells in vivo by injection of OVA peptide, similarly
isolated them, and measured their rate of lactate production. As
seen in Fig. 2A, CD8" T cells activated in vivo demonstrated
much higher rates of lactate production than did CD4" Th17 cells,
thereby suggesting the metabolic program in the latter is not simply
attributable as a procedure-related effect.

In vivo Thi7 cells are oxidative

The balance between ATP synthesis from glycolysis and oxidative
phosphorylation (OXPHOS) can be compared among different cell
populations by calculating the ratio of the oxygen consumption rate
(OCR) to the extracellular acidification rate (ECAR), with the latter
being primarily attributed to lactic acid production from glucose
through glycolysis (21, 27). Because in vivo—differentiated Th17
effectors use less glycolysis, we reasoned that their balance of
OXPHOS and glycolysis might be shifted toward oxidative meta-
bolism compared with in vitro—differentiated Th17 cells. OCR and
ECAR measurements showed that in vivo—differentiated Th17 cells
possess a significantly higher OCR/ECAR ratio than in vitro cells
when measured immediately after isolation (Fig. 2B). This differ-
ence is primarily accounted for by reduced glycolysis in the
in vivo—generated cells (Fig. 2D, Supplemental Fig. 2A) and has
also been observed in T cells activated in vivo by alloantigen (21).
To exclude the possibility that differences in the OCR/ECAR ratios
could be explained by the different stimuli used to activate T cells
in vitro than those used in vivo, we compared OCR/ECAR values
of T cells activated in vitro by anti-CD3/anti-CD28 stimulation under
polarizing conditions to OT-II T cells activated by OVA-pulsed
APCs. Thl7 cell populations differentiated in response to either
stimulation protocol in vitro had lower OCR/ECAR values compared
with Th17 cells differentiated in vivo (Supplemental Fig. 2B). Ad-
ditionally, stimulation of differentiated Th17 cells with PMA and
ionomycin, which is commonly used to increase IL-17 production,
did not affect the OCR/ECAR balance (Supplemental Fig. 2B).
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Because there is often a reciprocal relationship between levels of
ATP generated by glycolysis and OXPHOS, the differences in
OCR/ECAR values suggest that ATP levels in in vivo—differentiated
Th17 cells should be more dependent on OXPHOS than in in vitro
cells. To test this hypothesis, cells were treated for 4 h with oli-
goymcin, a selective inhibitor of mitochondrial ATP synthase. Oli-
gomycin reduced OCR in both the in vitro—and in vivo—differentiated
Th17 effector cells to roughly comparable levels (Fig. 3A). In
contrast, after 3 h, oligomycin reduced the intracellular ATP
concentration by 70% in the in vivo Thl7 cells, whereas ATP
levels in the in vitro cells were unchanged from control (Fig. 3B).
When intracellular ATP levels were assessed over the time of
oligomycin treatment, there was an initial drop in ATP in both the
in vitro and in vivo cells; ATP levels in the in vitro Th17 effector
cells returned to baseline, whereas ATP levels remained low in the
in vivo effector Th17 cells. The transient drop in ATP in the
in vitro effector Th17 cells (Fig. 3C), followed by the recovery of
ATP production in the presence of oligomycin, demonstrates
the cells’ metabolic adaptability and suggests that in vitro—
differentiated cells increase glycolysis to compensate for energy
stress (28).

In vitro Thi7 cells activate glycolysis when OXPHOS is
blocked

The ability to adapt metabolism by increasing glycolytic flux to
meet energy demands in the face of oxygen deprivation is well
established in many tissue types. However, some cell types lack
this capacity (29), which presents a putative liability that could
be exploited therapeutically. Therefore, we tested whether in vivo—
generated Th17 cells lack metabolic flexibility; namely, the
ability to increase glycolysis to preserve effector function when
OXPHOS is blocked.

Consistent with this possibility, oligomycin doubled the
ECAR in in vitro Th17 cells but had no effect on the ECAR of
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FIGURE 3. In vivo Thl7 cells are metabolically inflexi-
ble. (A-D) In vivo (red)- and in vitro (blue)—differentiated
Th17 cells were treated for 1 h with DMSO or oligomycin
(1 wM) and then stimulated with PMA/ionomycin. OCR was
analyzed on a Seahorse bioanalyzer (A); intracellular ATP
was evaluated by bioluminescence (B and C); and ECAR was
analyzed on a Seahorse bioanalyzer (D). (B and C) Results
are expressed as percentage of DMSO-treated cells. (C)
Arrows indicate time in which intracellular ATP was eval-
uated. (A-D) Representative of three independent experi-
ments. Error bars represent SEM. *p < 0.001 (unpaired
Student ¢ test). n.s., not significant.
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in vivo—differentiated Th17 cells (Fig. 3D). Next, we modu-
lated the increase in glycolysis caused by oligomycin to the
extent necessary to maintain lactate production at basal levels
by partially blocking glycolysis (by inhibiting hexokinase 2
with 2-deoxyglucose [2-DG]) concurrent with oligomycin
treatment. Lactate production increased =2-fold when in vitro
effector Th17 cells were treated with oligomycin in the absence
of 2-DG, but it did not increase in the in vivo-differentiated
Th17 cells (Fig. 4A). In comparison, treatment with 2-DG
inhibited the oligomycin-induced increase in lactate production
from in vitro effector Th17 cells (Fig. 4A) to the level observed
in the in vivo effector Th17 cells. Importantly, cotreatment with
2-DG sensitizes in vitro—differentiated Th17 cells to oligomy-
cin, causing both intracellular ATP and IL-17 to fall by >90%
(Fig. 4B, 4C). From these results, we conclude that the ability
to increase glycolysis to generate ATP in response to energy
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restriction allows in vitro—differentiated Th17 cells to function
independently of OXPHOS. This property is not observed with
in vivo Th17 cells, thus rendering them exquisitely susceptible
to OXPHOS inhibition.

To further confirm that Th17 cells in vivo but not those
in vitro rely on OXPHOS for IL-17 production, oligomycin was
applied to 1) in vivo—differentiated Th17 cells, 2) naive CD4
T cells differentiated in vitro using anti-CD3 plus anti-CD28—
coated plates, and 3) OT-II splenocytes differentiated in vitro
to Th17 cells by OVA Ag in the presence or absence of
muramyl dipepdide, the active component of adjuvant CFA
(30, 31) that was used for in vivo Thl7 differentiation
(Supplemental Fig. 3B, 3C, 3E). Oligomycin inhibited IL-17
production in the in vivo—differentiated Th17 cells, whereas
in vitro—differentiated Thl17 cells were insensitive, irre-
spective of the differentiation protocol used.
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FIGURE 5. Pdkl regulates in vitro Th17 metabolic flexibility. (A, B, and
D-F) In vitro—differentiated Th17 cells were nucleofected with siRNA
scramble or siRNA targeting HIFla (A and B) or Pdkl (D-F) and were
treated for 1 h with DMSO or oligomycin (1 wM) and then stimulated with
PMA/ionomycin. Gene expression level was analyzed by RT-PCR (A and
D), lactate concentration in cell-free supernatant from triplicate cultures
was determined by a colorimetric assay (E), and IL-17 production in cell-
free supernatant from triplicate cultures was analyzed by ELISA (B and F).
(C) Gene expression in vivo—differentiated Th17 (red) and in vitro—differentiated
Th17 (blue) cells was analyzed by RT-PCR. Results are representative of two
(C) and three (A, B, and D-F) independent experiments. Error bars represent
mean = SEM. *p < 0.05 (unpaired Student ¢ test).

Because IL-1p and IL-2 can regulate glycolysis in T cells (32, 33),
we differentiated naive CD4 cells with a polarization mixture in the
presence or absence of IL-1@, with or without IL-2 blocking Abs.
Consistent with the literature (34, 35), the absence of IL-1B reduced
the number of Th17 cells from ~25 to ~5% (Supplemental Fig. 3B)
whereas IL-2 blocking Abs increased the number of Th17 from ~25 to
~80% (Supplemental Fig. 3D), confirming their biological activity.
Moreover, in vitro—differentiated Th17 cells were insensitive to oli-
gomycin, irrespective of whether IL-13 and IL-2 blocking Abs were
present during the differentiation (Supplemental Fig. 3B, 3D). As Th17
differentiated in vitro with several different protocols are all insensitive
to oligomycin, the reliance on OXPHOS for cytokine production ap-
pears to be a distinctive feature of in vivo—derived Th17 cells.

Glutamine metabolism is not affected by Thl7 differentiation
conditions

Glucose and glutamine are two of the primary carbon substrates
across many aspects of T cell biology (3). These nutrients are able
to displace one another in important metabolic pathways, in-
cluding mitochondrial metabolism in the TCA cycle (3). Given the
increased utilization of glycolysis in in vitro cells, and the in-
creased reliance of in vivo cells on mitochondrial metabolism, we
predicted that the in vivo cells would more avidly metabolize
glutamine carbon in the mitochondria. To test this hypothesis, we
traced glucose and glutamine carbon into intermediary meta-
bolism using the nonradioactive carbon-13 isotope and targeted
mass spectrometry—based metabolomics (24). The data from these
studies confirmed the glycolytic phenotype of the in vitro Th17
cells, and surprisingly revealed that the in vitro cells were gen-

2741

erally more metabolic—consuming and metabolizing both more
glucose and more glutamine carbon (data not shown). However,
when glucose and glutamine entry into the TCA cycle was ana-
lyzed as a function of total carbon, major global differences were
not observed (data not shown). These results suggest that in vivo—
differentiated Th17 cells do not rely on glutamine metabolism to
fuel the TCA cycle, and that the major difference between in vivo
and in vitro Th17 cells is at the level of glycolytic flux.

Pdkl controls the metabolic flexibility of Thl7 cells in vitro

We next sought to identify molecular differences between in
vitro— and in vivo—differentiated Th17 cells to define the mecha-
nism of metabolic flexibility. Established glycolytic activators during
Th17 differentiation include HIF1a and Pdkl. HIFla is transiently
upregulated in normoxic conditions during Th17 cell differentiation
(13, 17) (Supplemental Fig. 3F). There is evidence that HIF1a-driven
glycolysis skews differentiation of T cells toward a Th17 phenotype
(13, 17); however, its role in the bioenergetics of already differentiated
Th17 has not been defined. When HIFla in in vitro—differentiated
Th17 cells was reduced by siRNA transfection, there was a slight
reduction in the expression of glycolytic enzymes (Fig. SA); however,
the expression of ROR+yt remained constant and production of 1L.-17
was comparable to cells transfected with scramble siRNA. These data
suggest that HIF1a is important during Th17 differentiation (17, 36)
but is dispensable for IL-17 production in differentiated Th17 cells
(Fig. 5B). Moreover, in cells transfected with either control siRNA or
with HIF1a siRNA, treatment with oligomycin did not reduce lactate
or IL-17 production (Fig. 5B, Supplemental Fig. 3G), indicating that
HIFla expression does not control sensitivity to oligomycin and
dependence on OXPHOS.

Pdk1 inhibits the pyruvate dehydrogenase complex, which leads
to an increase in pyruvate to lactate conversion and a reduction of
mitochondrial pyruvate oxidation. Indeed, Pdk1l expression was
nearly 6-fold higher in the cells derived in vitro than in those
derived in vivo (Fig. 5C). As expected, siRNA knockdown of Pdk1
expression in differentiated Th17 cells did not affect expression of
either RORyt or Foxp3 (Fig. 5D). In contrast, lowering Pdkl
expression significantly reduced the amount of lactate produced in
response to oligomycin (Fig. 5E) and made cells dependent on
OXPHOS for IL-17 production (Fig. 5F). Thus, we deduce that
Pdk1 provides metabolic flexibility to in vitro Th17 effectors and
that low Pdkl expression by in vivo cells can account for their
OXPHOS-dependent phenotype.

Thl7 cells employ OXPHOS for cytokine production in vivo

A primary function of effector Th17 cells is the secretion of cy-
tokines such as IL-17 (37). Synthesis and secretion of cytokines
are energy-intensive processes that cease when intracellular ATP
is reduced (38). Hence, we sought to determine whether the
metabolic differences between the in vitro— and in vivo—differentiated
cells are important for this Th17 effector function by examining
IL-17 expression following OXPHOS inhibition.

Treating in vivo—derived effector Th17 cells with oligomycin
for 1 h ex vivo reduced IL-17" cells by 40-60% (Fig. 6A), along
with the amounts of IL-17 (Fig. 6B) and other Th17 signature
cytokines such as GM-CSF, TNF, and IL-21 that were secreted
(Fig. 6C-F). In contrast, oligomycin had a much smaller effect on
IL-17 production by in vitro effector Th17 cells (10-30% decrease
in CD4'IL-17* cells and 30-40% decrease in IL-17 titer)
(Fig. 6C-F). The differential sensitivity of IL-17 production to
oligomycin is independent of when oligomycin is added relative to
the time at which cells are analyzed and the specific polarization
mixture employed (Supplemental Fig. 3). Taken together, these
results show that in vivo—differentiated Th17 cells rely on
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OXPHOS for cytokine production and suggest that Th17 function
in vivo can be modulated by inhibition of oxidative metabolism.

Modulating OXPHOS regulates Thl7 effector function in vivo

We sought to determine whether the metabolic sensitivity of I1L-17
production to oligomycin identified ex vivo is also observed in vivo.
For these experiments, mice were injected with anti-CD3 Ab to
induce IL-17 production in the presence or absence of oligomycin,
and plasma levels of IL-17 were measured. To confirm that the IL-17
produced in this model is ROR+yt-dependent, a control group of
animals received ursolic acid (an ROR+t inhibitor) together with the
anti-CD3 Ab (39). Both oligomycin and ursolic acid reduced IL-17
serum to similar levels (Fig. 7A). Notably, this effect was specific
for Th17 cells, as production of other cytokines (e.g., TNF; Fig. 7B)
was not affected. In contrast, echinomycin, which was effective in
blocking the transcription of HIF1a target genes in vivo (Fig. 7C),
had no effect on anti-CD3-induced IL-17, indicating that HIFla
does not regulate Th17 effector function in vivo (Fig. 7A, right).

To test whether inhibiting OXPHOS controls inflammatory
cytokine production in vivo, we assessed the effect of oligomycin in
a murine TNBS colitis model in which development of disease is
IL-17-dependent (40). In this model, oligomycin was comparable
to ursolic acid in reducing disease (Fig. 7D, 7E). To further
evaluate the role of OXPHOS in IL-17 production in vivo, we next
tested the effect of oligomycin and ursolic acid in a murine IL-17—
driven model of psoriasis (41, 42). In this model, oligomycin re-
duced ear thickness, keratinocyte proliferation, and immune cell
infiltration (Fig. 7F, 7G). The efficacy of oligomycin in this model
was comparable to ursolic acid.
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FIGURE 6. OXPHOS inhibition reduces Th17 cytokine production. (A-F)
In vivo (red)- or in vitro (blue)—differentiated Th17 cells were treated for 1 h
with DMSO or the indicated concentration of oligomycin and then stimulated
with PMA/ionomycin. IL-17 expression was analyzed by FACS (A). The
production of IL-17a, GM-CSF, TNF, and IL-21 in cell-free supernatant from
triplicate cultures was evaluated by ELISA (B-F). (A—F) Results are expressed
as percentage of DMSO-treated cells. (A) For in vivo Th17, each dot repre-
sents an individual mouse; for in vitro Th17, an independent cell culture. (A—F)
Representative of three independent experiments. Error bars represent mean =
SEM. *p < 0.001 [(A) paired Student ¢ test; (B—F) unpaired Student ¢ test].

——]
DMSO 01 03 1
Oligo (uM)

To determine whether oligomycin reduces IL-17 production di-
rectly on cells isolated from sites of inflammation, LPMCs were
isolated from mice with colitis and healthy controls and treated ex
vivo with oligomycin before stimulation with PMA and ionomycin.
Because the CD4 Ag is cleaved during isolation of LPMCs, we
compared the effect of oligomycin on total CD3* cells relative
to CD3*CD8" cells. Animals with colitis had almost 3-fold more
CD3*IL-17*TFN-y~ cells relative to controls (Fig. 8A, Supplemental
Fig. 4A, 4B, 4E), and oligomycin reduced the number of CD3*
IL-17*TFN-y~ cells in LPMCs from mice with colitis by ~70%
(Fig. 8B, Supplemental Fig. 4B, 4E). In contrast, oligomycin had no
effect on the production of IL-17 in CD3*CD8" cells, and only
slightly increased the number of CD3*CDS8*IFN-y™ cells (Fig. 8C),
consistent with the glycolytic phenotype of CD8* effector cells
(Fig. 2A). From these results we conclude that, similar to the bio-
energetic requirements of effector Th17 cells generated by adjuvant
challenge in vivo, OXPHOS is required for IL-17 production by
Th17 cells at sites of colonic inflammation.

We next asked whether OXPHOS supports the IL-17 production
by differentiated human Th17 cells. To address this question,
purified PBMCs from healthy subjects and patients with IBD were
stimulated with PMA and ionomycin. Oligomycin reduced IL-17
expression and secretion in CD4* lymphocytes from both healthy
subjects and patients with IBD, whereas echinomycin, an inhibitor
of HIF1a, had no effect (data not shown). Other Th17 cytokines,
including TNF and GM-CSF, were also sensitive to oligomycin
and unaffected by echinomycin (data not shown). Thus, the se-
cretion of cytokines by human Th17 cells isolated from blood
depends on OXPHOS, similar to murine Th17 effector cells
generated in vivo.

Lastly, LPMCs were purified from human tissue biopsied at sites
of inflammation identified by endoscopy in subjects with active
IBD. After isolation, cells were stimulated with PMA and ion-
omycin in the absence or presence of oligomycin. Oligomycin
significantly decreased the percentage of CD3*IL-17*IFN-y~ and
T cells, producing both IFN-y and IL-17, whereas the proportion
of CD3"IFN-y*IL-17~ was not changed (Fig. 8D). These data
provide evidence that human Th17 cells at sites of colonic in-
flammation selectively depend on OXPHOS for their function,
similar to murine Th17 cells generated in vivo, thereby rendering
them susceptible to OXPHOS inhibitors. These results also un-
derscore the importance of using in vivo models to understand
metabolic control of T cell function (43).

Discussion

In this study, we show that the environment in which naive
T lymphocytes differentiate into eftector Th17 cells has a profound
influence on their metabolism after differentiation. Th17 cells
differentiated in vitro are metabolically flexible and meet the
bioenergetic demands of cytokine production (which can account
for up to 50% of total cellular ATP requirements in lymphocytes)
(38) using either OXPHOS or glycolysis (Fig. 8E). These results
are consistent with previous studies showing that lymphocytes are
metabolically flexible in vitro and can upregulate glycolysis when
OXPHOS is inhibited or when certain nutrients are limiting (44), a
feature thought to promote lymphocyte fitness (45). In contrast,
Th17 cells derived in vivo rely on OXPHOS to supply ATP needed
for cytokine production (Fig. 8E). The finding that in vivo—derived
effector Th17 cells are metabolically inflexible and cannot up-
regulate glycolysis when bioenergetically challenged was unex-
pected. This result has significant implications for the discovery
and development of therapeutics to control immune responses, in
that the inability to compensate to metabolic stress renders Th17
cells vulnerable to drugs that target their metabolism (4).
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FIGURE 7. OXPHOS inhibition reduces IL-17 production in vivo. (A—
C) Mice were treated via i.p. injection with vehicle, ursolic acid (A), oli-
gomycin (A and B), and echinomycin for 1 h and then stimulated i.p. with
agonistic anti-CD3e Ab for 3 h. (A and B) IL-17a (A) and TNF (B) plasma
concentrations were determined by ELISA. (C) Expression of HIF 1o target
genes was analyzed using RNA extracted from at least three spleens per
treatment group by quantitative PCR and expressed as a ratio between
vehicle and 0.25 mg/kg echinomycin-treated animals. Dashed line depicts
the cutoff of >2-fold difference. Dark gray bars show higher expression in
vehicle-treated samples. (D and E) B6 mice were dosed with oligomycin or
ursolic acid and then challenged intrarectally with TNBS. (D) Graph shows
histology score of individual mice 2 d after TNBS challenge. (E) Repre-
sentative images. (F and G) B6 mice dosed with oligomycin or ursolic acid
followed by daily application of Aldara cream. (F) Graph shows ear
thickness of individual mice 5 d after Aldara treatment. (G) Representative
histology. (E and G) H&E, original magnification X40. (A, B, D, and F)
Each dot represents an individual mouse. (A, C, and F) Representative of
three independent experiments. (D) Results from two independent exper-
iments are plotted together. Error bars represent mean = SEM. *p <
0.001, **p < 0.05 (unpaired Student ¢ test). n.s., not significant.

The dependence of effector Th17 cells on oxidative metabolism
in vivo contrasts with the glycolytic phenotype described for other
proinflammatory lineages of differentiated CD4 cells (14, 26) and
for CD8 effector cells (46, 47) and is comparable to the metabolic
phenotype of memory CDS cells that require OXPHOS for sur-
vival and function (48, 49). Both memory CD8 T cells and Th17
cells can survive in vivo for extended periods and produce more
differentiated progeny (50, 51); hence, it is possible that depen-
dence of Th17 cells on OXPHOS is linked to this enhanced sur-
vival advantage in vivo. In support of this hypothesis, increased
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oxidative metabolism promotes stemness and survival in CD8
cells (43, 52). Similarly, Kawalekar et al. (53) showed that 4-1BB(
CAR T cells are characterized by increased central memory dif-
ferentiation, along with enhanced mitochondrial biogenesis, and
greater oxidative metabolism compared with Ag-stimulated
CD28¢ CAR T cells. These data further support the hypothesis
that increased oxidative phosphorylation with limited glycolysis is
necessary for central memory differentiation and long-term sur-
vival (43, 54).

A key outstanding question regarding the metabolism of immune
cells is how environmental cues influence the metabolic pathways
that shape immune responses (3, 20). Environmental signals
in vitro, in the form of nutrient availability, oxygen tension, cy-
tokine concentration, and length and type of cellular stimulation,
are all known to affect cellular bioenergetics (reviewed in Ref. 3).
To probe the possibility that the metabolism of effector Th17 cells
varies as a result of the context in which they are found, we
assessed the bioenergetics of Th17 cells isolated from different
anatomical loci and at sites of inflammation, which differ with
respect to nutrient availability and cytokine levels (20). This point
is quite relevant in the intestine, where the microenvironment
contains substrates derived from food, as well as unique metab-
olites from the intestinal microbiome that can impact immune
responses and that are not present in lymph nodes (55). Not-
withstanding, we found that Th17 cells isolated from the lymph
nodes, spleen, and thymus (data not shown) of immunized mice,
human peripheral blood, and cells isolated from inflamed lamina
propria all employ OXPHOS to generate the energy required for
production of IL-17. These data indicate that the bioenergetics of
Th17 cells are independent of the specific compartment from
which cells are isolated and suggest that the observed oxidative
phenotype is an intrinsic property of in vivo—differentiated Th17
cells. Given that limited oxygen availability in the inflamed in-
testine can promote glycolysis (20), the finding that Th17 derived
from oxygen-poor sites of inflammation retain an oxidative phe-
notype suggests that the environment in which Th17 cells differ-
entiate instructs their metabolic fate, as opposed to the environments
in which they function. However, we cannot exclude the possibility
that Th17 effector cells isolated from other tissues and microenvi-
ronments, such as tumors, have alternate metabolic programs that
more closely match that of in vitro—derived Th17 cells (20). Col-
lectively, our data are consistent with other studies showing that
immune cells adapt specific metabolic phenotypes in vivo (21, 22,
56); hence, conclusions about metabolism and energy production by
immune cells should not be based entirely on results from in vitro
models.

We explored the basis for the difference in metabolic flexibility
between in vitro and in vivo Th17 cells. HIFla is activated by
reduced O, tension and in normoxic conditions by inflammatory
cytokines, reactive oxygen species, growth factors, and bacterial
products (57). Even though HIFla is necessary for Thl17 cell
differentiation (13, 17) and promotes glycolysis in immune cells
(20), reducing its expression in differentiated Th17 cells had no
effect on IL-17 production, even when mitochondrial ATP pro-
duction was inhibited. These findings suggest that differences in
the metabolic programs of in vitro and in vivo Th17 cells do not
result from differential expression of HIFla and are consistent
with transient expression of HIFla during Th17 cell differentia-
tion (Supplemental Fig. 3F) (17, 36).

Pdk1 is another gene that regulates glucose metabolism. By
inhibiting the activity of the pyruvate dehydrogenase complex,
Pdk1 increases the rate that glucose-derived pyruvate is converted
into lactate (58). The expression of Pkdl is regulated by nutrient
levels and several signaling pathways (59, 60), and it is expressed

2202 ‘9z Areniged uo 1senb Aq /Bio’ jounwiwi[mmmy/:dny wouy papeojumod


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1600810/-/DCSupplemental
http://www.jimmunol.org/

2744 OXPHOS PROMOTES THE EFFECTOR FUNCTION OF DIFFERENTIATED Th17

A o 20 R + 8 Hig
&8 ns. 15 iy % 6 =X =
ol L = L T ES
= 1 [ =4
& 4 . é = "
o, o s &2
0 0 o
DMSO Oligo DMSO Oligo DMSO Oligo
B £
20 15 15
p N + ns. w ns.
=15 % = +
! & 10 . <10 ) i
sl s i A
. 8 5 %‘ O 5 m & 5 .
FIGURE 8. OXPHOS controls IL-17 production . 8
in IBD. (A-D) LPMCs that were isolated from 0 . - 0 . - 0 . -
mice treated with ethanol (A) or TNBS (B and C), DMSO Oligo DMSO Oligo DMSO Oligo
or from human IBD patients (D), were treated for C 15 80 . t 8 .
1 h with DMSO or oligomycin (1 wM) and then k) + ) ﬁ
. . . . > 60 . 6
stimulated with PMA/ionomycin. IL-17 and IFN-y E 10 . ' g * % k3 : n-s.
production in CD3* and CD8" was evaluated by g ﬂ.:_ & 40 -—:E- T 4 _:E E
FACS analysis. Each dot represents an individual g S —E— 8 50 e & P . -
mouse (A-C) or subject (D). (A—C) Representative ol [ 8 "
of three independent experiments. Error bars rep- 0 DMSO Oligo 0 OMSO Oligo 0 DMSO Oligo
resent mean = SEM. (E) Schematic representation D 8
. +
of the metabolic pathways used to fuel effector = . e n.s. =
function in Th17 cells. Th17 cells derived in vitro :9 15 % . L . L5 .
. . - < 30 +
predominantly use glycolysis to generate ATP to 2 40 % % [ 4 —:E
sustain effector function (left). Additionally, these & * % el l il *
o . o [a] 8 25 T 2
cells exhibit metabolic flexibility and can engage o5 . : . a —__.E
OXPHOS-derived ATP when glycolysis is inhibited. 0 20 O g '
Th17 cells derived in vivo (right) generate ATP used DMSO Oligo DMSO Oligo DMSO Oligo
to sustain effector function through mitochondrial
OXPHOS and are unable to engage glycolysis to E
sustain ATP lévels following OXPHOS 1.r1h1.blt10n. T Qlncos:
*p < 0.05 (paired Student ? test). n.s., not significant. l
EFFECTOR EFFECTOR
> FUNCTION /"7 FUNCTION
ATP. ATF
,m, ATP
Pyruvate o, Pyruvate
04, 7
J ( % Lactate * G ho.s‘
Lactate TC

In Vitro T 17 | In Vivo T 17

in in vitro—differentiated Th17 cells at a >6-fold excess of
in vivo—differentiated cells. Gerriets et al. recently found that by
increasing glycolysis, Pdkl drives Th17 differentiation in vitro
(16). In addition to functioning during Th17 differentiation, our
data show that Pdkl activity has a role in IL-17 production in
in vitro—differentiated Th17 cells under metabolic stress, but that
Pdk1 does not affect in vivo—derived Th17 cell metabolism. Fur-
thermore, low Pdkl expression in Th17 cells generated in vivo
likely explains their particular dependence on OXPHOS for IL-17
production.

The Crabtree effect is a phenomenon whereby exposure to a high
concentration of glucose limits OXPHOS (61). Unlike with the
Warburg effect, cells retain the ability to switch to mitochondrial
respiration when glycolysis is inhibited (61). The Crabtree effect
has been observed in lymphocytes (62) and cancer cells (61), but
the underlying molecular mechanism remains poorly character-
ized. In vitro, Th17 cells are exposed to a high concentration of
glucose (=11 mM versus 4 mM in vivo), and glucose concen-
tration can drive the expression of Pdkl (60). An intriguing pos-

sibility is that the metabolic phenotype of in vitro Th17 cells can
be explained by the Crabtree effect and that the Crabtree effect is
regulated at a molecular level by the expression of Pdkl. Addi-
tional studies are required to test this hypothesis.

Th17 cells are a central component of immune host defense. There
is evidence that these cells also contribute to pathological inflam-
mation associated with autoimmune diseases, including IBD (6, 63)
and psoriasis (41, 42). The critical role of IL-17 in psoriasis is
documented by the efficacy of anti-IL-17A Abs (64), but blocking
IL-17A alone is not sufficient to limit colitis (65), suggesting that
therapeutic interventions in IBD need to target a more complete
spectrum of Th17 effector functions. In agreement with this hy-
pothesis, adoptive transfer experiments have shown that Th17 cells
are more effective than Thl in inducing murine colitis (65), Th17
cells accumulate in intestinal inflammatory lesions in IBD (66, 67),
and that genetic polymorphism of cytokines controlling Th17
generation and function is associated with an increased risk of IBD
(68). The metabolic dependence of in vivo—derived Th17 cells on
OXPHOS provides the possibility of controlling Th17 cell-driven

2202 ‘9z Areniged uo 1senb Aq /Bio’ jounwiwi[mmmy/:dny wouy papeojumod


http://www.jimmunol.org/

The Journal of Immunology

disease by restricting OXPHOS. In this study, we showed that oli-
gomycin, a specific and potent inhibitor of OXPHOS, reduced key
Th17 cytokines produced by human and murine cells, is effective in
blocking Th17 effector functions in cells from sites of colonic in-
flammation, and controls disease in murine TNBS-induced colitis
and psoriasis. The differences in the metabolic pathways available
to Th17 effector cells generated in vitro and in vivo highlight the
importance of studying metabolism in vivo, particularly with re-
spect to designing interventions that exploit cellular bioenergetics
and support the concept that modulation of OXPHOS has thera-
peutic potential for diseases driven by Th17 cells.
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