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Metabolic reprogramming determines y6 T cell fate during thymic
development; however, the metabolic requirements of interleukin (IL)-
17A-producing y6 T cells (y6T17 cells) under psoriatic conditions are unclear.
Combining high-throughput techniques, including RNA sequencing,
SCENITH, proteomics and stable isotope tracing, we demonstrated that
psoriaticinflammation caused y6T17 cells to switch toward aerobic glycolysis.
Under psoriatic conditions, y6T17 cells upregulated ATP-citrate synthase to
convert citrate to acetyl-CoA, linking carbohydrate metabolism and fatty acid
synthesis (FAS). Accordingly, we used a pharmacological inhibitor, Soraphen
A, whichblocks acetyl-CoA carboxylase (ACC), to impair FASin y6T17 cells,
reducing their intracellular lipid stores and ability to produce IL-17A under
psoriatic conditions in vitro. We pinpointed the pathogenic role of ACClin
y6T17 cellsin vivo by genetic ablation, ameliorating inflammationin a psoriatic
mouse model. Furthermore, ACC inhibition limited human IL-17A-producing
yS&T17 cells. Targeting ACC1 to attenuate pathogenic y6T17 cell function has
importantimplications for psoriasis management.

Psoriasis is an immune-mediated inflammatory disease driven by
abnormal IL-17A-IL-23 axis activation'*. IL-17A, produced by activated
T cells, triggers keratinocyte hyperproliferation and massive type
17 immune cell recruitment' >, resulting in psoriatic skin inflamma-
tion. IL-17°CD4" T helper (T,)17 cells are the primary IL-17A producers
in response to self-antigens’. Studies have linked dysregulated lipid
metabolismto pathogenic T,17 cellsin multiple inflammatory diseases,
including psoriasis®’. Accordingly, we have shown that targeting the
rate-limiting enzyme of FAS, acetyl-CoA carboxylase 1 (ACC1), in of3

T cells attenuated psoriatic skin inflammation in a mouse model of
imiquimod (IMQ)-induced psoriasis’. Nevertheless, IL-17A-producing
yS&T17 cells were reported to be significantly increased in the psoriatic
skinlesions of patients'®'®. Dermal y§ T cells constitutively express the
IL-23 receptor (IL-23R) and represent amajor IL-17A source in response to
IL-23 directly’* . Thus, understanding the metabolic mechanisms deter-
miningIL-17A-producing y6T17 cell effector functionis of great interest.

y6 T cells are a unique T cell subpopulation enriched in multiple
peripheral tissues, providing localized immune responsiveness at
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anatomical sites that are inadequately served by af T cells'®. Unlike
of T cells, yS T cells can produce large quantities of cytokines (for
example, IL-17A) independently of major histocompatibility complex
restriction; thus, they have essential roles in inflammatory diseases
such as psoriasis'®**'*!8, Successful thymic selection generates y&
T cells with unique y8 T cell receptors (TCRs), which are less diverse
than af TCRs"?°. At this point, naive y8 T cells can either leave the
thymus to the circulatory system and secondary lymphoid organs
or undergo further differentiation and commit to the interferon-y
(IFNy)-producing or IL-17-producing lineage, ySIFN, and y§T17 cells®.
Most muriney8 T cells are pre-programmed to develop into the y6T17
or y8IFN functional subsets®, following a step-wise metabolic pro-
gramme during thymic development?. Early CD24* y8T precursors
upregulate their mitochondrial membrane potential (MMP) to develop
into y8T17 cells. Meanwhile, y§T17 cells maintain high mitochondrial
dependence acquired in the thymus even after reaching peripheral
lymphoid organs?.

Psoriatic inflammation selectively promotes the migration and
expansion of Vy4'y8 T cellsin mice™ %%, Accordingly, inhibiting mito-
chondrial translation effectively reduces Vy4'y8T17 cells, attenuat-
ing psoriatic inflammation®. IL-23 or IL-1B alone barely elicits dermal
yS T cells to produce IL-17A%%°, However, combining IL-23 and IL-1p
stimulates dermal y8 T cells to produce large amounts of IL-17A%°.
IL-23R and IL-1R-deficient dermal y8 T cells fail to produce IL-17A%.
Gardiquimod (a TLR7 agonist) induced IL-17A production in murine
skin cell suspension containing dermal y5 T cells, and that effect was
completely abolishedinthe y8 T cells from IL-1R-knockout (KO) mice™°.
Furthermore, the psoriatic inflammation mediated by y§T17 cells is
mainly dependent on their response to cytokines, as demonstrated
by the attenuated inflammation induced by IMQ in mice bearing
IL-1R-deficient y5 T cells compared to wild-type (WT) littermates™.
Nevertheless, it remains unclear whether psoriaticinflammation (that
is, increased IL-1B and IL-23 levels** ) induces y8T17 cells to engage
other metabolic pathways. In addition to the role of Vy4y8 T cells in
mice, human y8 T cells have been shown to express IL-17A in situ in
psoriatic skin lesions from patients'’. However, the link between the
usage of the yd TCR and IL-17A-producing phenotype in tissue remains
tobe furtherinvestigated in humans’.

yS8T17 cells have high lipid storage and can further increase their
intracellular lipid content under psoriatic conditions?. However,
whether y6T17 cells can orchestrate de novo FAS to meet their high
lipid demand under psoriatic conditions is unknown. Typically, pyru-
vate produced by the glycolytic pathway is converted into acetyl-CoA
inthe mitochondriabefore entering the tricarboxylicacid (TCA) cycle
as citrate’®°, During T, cell differentiation, citrate is transported
to the cytosol by the citrate carrier®*"*?, ATP-citrate lyase (ACLY)
converts citrate to acetyl-CoA and oxaloacetate®>*, Acetyl-CoA can
then be converted to malonyl-CoA, used for de novo FAS mediated
by the rate-limiting enzyme ACC1***. Subsequently, fatty acid syn-
thase (FASN) uses seven malonyl-CoA molecules and one acetyl-CoA
primer to synthesize palmitate®. Although two ACC isoforms, ACC1
and ACC2, catalyse the ATP-dependent carboxylation of acetyl-CoA to
malonyl-CoA***, only ACClis crucial for de novo FAS in the cytosol. Pre-
vious work showed that pharmacological ACCinhibition prevented the

development of T,;17-mediated experimental autoimmune encephalitis
and limited the severity of intestinal infections®”*®. These findings
imply that inhibiting ACC1-mediated FAS represents a feasible thera-
peutic strategy for psoriasis.

We previously demonstrated that inhibiting ACClin of3 T cells
attenuated psoriatic skin inflammation in the IMQ model by limiting
T,17and Tcl7 (anIL-17-producing subset of CD8* T cells) numbers with-
outaffecting y§T17 cells’. Residual y§T17 cells significantly contributed
tolL-17-mediated psoriatic inflammationin the IMQ model®"**>'°, Nev-
ertheless, how the metabolic dysregulation of y§T17 cells contributes
to psoriasis pathogenesis remains poorly understood. Therefore, the
present study aimed to investigate the metabolic requirements for
y6T17 cells and determine the role of ACC1-mediated FAS in psoriatic
inflammation.

Results

Metabolic reprogramming in y6T17 cells upon psoriatic
condition

To study the metabolic requirements of pathogenic y6T17 cells, we
began by differentiating and expanding y8T17 cells using a variation of a
previously published protocol®. We then cultured the sorted y8T17 cells
withIL-7 inthe absence or presence of IL-1f and IL-23 to mimic ‘homeo-
static’and ‘psoriatic’ conditions, respectively**?”. We performed bulk
RNA sequencing (RNA-seq) analysis to identify transcriptional changes
that occurred in y§T17 cells on their transition from homeostatic to
psoriatic environments (Fig. 1a and Extended Data Fig. 1a). Psoriatic
conditions caused y8T17 cells to upregulate cytokine-encoding genes,
including/l17a, ll17fand /122 (Fig.1a). We next explored the functional
implications of the upregulated gene signatures by performing pathway
analysis using the Molecular Signature Database (MSigDB) hallmark
gene set database (Fig. 1b). Multiple highly ranked pathways, includ-
ing NF-kB, IL-2-STATS5 and IL-6-JAK-STAT3 signalling pathways, were
upregulatediny6T17 cells under psoriatic conditions, consistent with
previously published reports*®~*2. Unexpectedly, pathways upregu-
lated under psoriatic conditions were related to hypoxia and glycolysis
(Fig. 1b). We found that y6T17 cells did indeed downregulate genes
related to mitochondrial metabolismand upregulated genesinvolved
inglycolysis under psoriatic conditions (Extended DataFig. 1b,c). In par-
ticular, y6T17 cells downregulated the gene encoding nuclear respira-
tory factor 1 (NrfI) and components of the mitochondrial respiratory
chain (for example, Sdha and Cox7a2l) and upregulated c-Myc (Myc)
and hypoxia-inducible factor 1-alpha (Hifla) required toinitiate glyco-
lysis*® (Extended Data Fig. 1b-d). RNA-seq findings, therefore, revealed
that y6T17 cells reprogrammed metabolic pathways in response to
psoriatic conditions.

Reduced mitochondrial activities under psoriatic conditions

Compartment analysis of the RNA-seq data suggested that y6T17 cells
expressed higher levels of the FASN complex under psoriatic conditions
(Fig. 1c). Therefore, we reasoned that under such conditions, y§T17
cellsmay engage in aerobic glycolysis to support FAS. Accordingly, we
observed that the genes encoding hexokinase 2 (Hk2), a lactate dehy-
drogenaseisoform (Idha) and alactate transporter (Slcl6al), indicators
of anincreased glycolyticrate, were highly enriched in y8T17 cellsunder

Fig.1|y8T17 cellsundergo metabolic reprogramming toward aerobic
glycolysis under psoriatic conditions. In vitro-expanded y6T17 cells

(lineage y6TCR'CD27") were re-seeded on day 9 and stimulated with IL-7in

the presence (psoriatic conditions) or absence (homeostatic conditions) of
IL-1B and IL-23 for 3 h. a, RNA-seq heatmap showing the upregulated (red)

and downregulated (blue) genes (fold change >12) in y6T17 cells under
psoriatic versus homeostatic conditions. b, MsigDB pathway analysis of genes
upregulated in y§T17 cells under psoriatic conditions. ¢, Jensen Compartment
analysis of genes upregulated in y5T17 cells under psoriatic conditions. P values
are obtained by the Benjamini-Hochberg-corrected ¢-test forband c.d,e, In

vitro-expanded y6T17 cells were sorted on day 6 and cultured with IL-7 for 3 days
inthe presence or absence of 1,000 nM SorA. On day 9, cells were re-seeded and
stimulated with IL-7 either alone or combined with IL-1f and IL-23 for 24 hand
treated with DMSO or 1,000 nM SorA. Representative flow cytometry histograms
(left) and asummary graph (right) showing MitoTracker Green staining (d)

and MitoTracker Red CM-H,Xros staining (e) in y§T17 cells under indicated
conditions. Pooled means of normalized mean fluorescence intensities (MFIs)
from three independent experiments are shown. Error bars, s.d. P values were
obtained using two-way ANOVA ford and e.

Nature Metabolism | Volume 7 | May 2025 | 966-984

967


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-025-01276-z

psoriatic versus homeostatic conditions (Extended DataFig.1c,d). The
ATP-citrate lyase (encoded by Acly) links glucose to lipid metabolism®*
by converting mitochondrial citrate to acetyl-CoA in the cytoplasm for
cholesterol metabolism and FAS***°, We found that the genes involved
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in cholesterol metabolism (HmgcsI and Hmgcr)** were enriched under
psoriatic conditions (Extended Data Fig. 1c). However, the expression
pattern of FAS genes (for example, Fasn and Acaca) was unclear after
exposing y6T17 cells to psoriatic conditions for 3 h (Extended Data
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Fig.1c).Inaddition, cytosolic acetyl-CoA canbe derived fromacetate via
acetate-CoA synthetase 2 (ACSS2); nevertheless, y6T17 cells exhibited
lower Acss2 expression under psoriatic than homeostatic conditions
(Extended DataFig.1c,d).

To verify whether psoriatic conditions reprogrammed y6T17 cells
toward aerobic glycolysis, we checked their mitochondrial function
by measuring mitochondrial mass and MMP with MitoTracker Green
and MitoTracker Red CM-H,Xros, respectively (Fig.1d,e). Inagreement
with RNA-seq data, y6T17 cells showed reduced mitochondrial activity
under psoriatic conditions, as demonstrated by lower mitochondrial
mass (Fig. 1d) and MMP (Fig. 1e). We further determined the role of
FASinregulating mitochondrial activity using the ACC inhibitor Sora-
phen A (SorA). Pre-treating y6T17 cells with SorA before exposure to
psoriatic conditions significantly reduced their mitochondrial mass,
suggesting that FAS was actively needed to maintain mitochondrial
mass under homeostatic conditions (Fig. 1d). Furthermore, SorA
treatment showed atendency to reduce the MMP of y6T17 cells under
homeostatic but not psoriatic conditions (Fig. 1e, right). Together,
these results imply that although y8T17 cells physiologically rely on
FAS-mediated mitochondrial activity, they undergo a metabolic shift
under psoriatic conditions.

The metabolic shift under psoriatic conditions in vivo

Having shown that pathogenic y6T17 cells rewire metabolic pathways
under psoriatic conditions in vitro, we wondered whether the same
couldbe observed in the in vivo IMQ-induced psoriasis mouse model®.
To this end, we determined the metabolic profiles of y6T17 cells iso-
lated from skin-draining lymph nodes (LNs) of mice treated with either
control cream or IMQ (Fig. 2a), by using the Single Cell Metabolism
by Profiling Translation Inhibition (SCENITH) protocol*. The SCEN-
ITH method uses the level of puromycinincorporationtoindicate the
protein translation rate, which reflects cellular metabolism*. Under
homeostatic conditions, y6T17 cells of mice treated with control cream
were strongly dependent on glucose metabolism and mitochondrial
activity, as evidenced by the fact that both 2-deoxy-D-glucose (2-DG)
and oligomycin treatment significantly reduced puromycinincorpora-
tion compared to the dimethylsulfoxide (DMSO) control (Fig. 2a, left
panel). Under psoriatic conditions, however, the oligomycin-treated
and DMSO-treated groups showed comparable levels of puromycin
incorporation (Fig. 2a, right panel), suggesting that the y§T17 cells
from IMQ-treated mice were less dependent on mitochondrial activ-
ity than the control mice (Fig. 2a). Following the SCENITH protocol®,
we calculated the glucose dependence, mitochondrial dependence,
glycolytic capacity and fatty acid and amino acid oxidation capacities
of y6T17 cells obtained from mice (Fig. 2b). The resulting metabolic
profilesindicated that y6T17 cells primarily used glucose rather than
fatty acids or amino acids for their energy production under homeo-
static and psoriatic conditions (Fig. 2b). Furthermore, y§T17 cellsiso-
lated from IMQ-treated mice had a substantially lower mitochondrial
dependence and a significantly higher glycolytic capacity than those
derived from control mice (Fig. 2b). These results aligned with the data
obtained from the y8T17 cells cultured under psoriatic conditions,
thus confirming that pathogenic y§T17 cells underwent metabolic
reprogramming toward aerobic glycolysis after exposure to inflam-
matory conditionsin vivo.

Increased glycolytic flux under psoriatic conditions

SCENITH analysis indicated predominant glucose usage in y§T17
cells. To elucidate how y8T17 cells use glucose in responding to
psoriatic conditions, we coupled our cell culture system witha48 h
U-[3C,J-glucose-tracing protocol (Fig. 2c and Extended Data Figs. 2 and
3).Mass spectrometry (MS)-based analysis of metabolite abundance
revealed thatthe y6T17 cellsincreased levels of lactate (Extended Data
Fig. 2a and Supplementary Fig. 1) as well as TCA cycle intermediates
and related metabolites, including citrate (Extended Data Fig. 2b),

glutamate (Extended Data Fig. 2c), succinate (Extended Data Fig. 2d)
and malate (Extended Data Fig. 2e). Fractional contribution analysis
demonstrated significant enrichment of C in the products of the
glycolytic pathway (Fig. 2c) and TCA cycle intermediates (Extended
DataFig.2b-e). We found that -30% of the y6T17 cells cultured under
homeostatic conditions contained isotopically enriched lactate
(Fig. 2c), and this figure rose to -60% when y5T17 cells were exposed
to psoriatic conditions (Fig. 2c). These findings imply that glycolytic
flux was significantly upregulated in y6T17 cells on transitioning from
homeostatic to psoriatic conditions. The amount of *C incorporation
(Extended Data Fig.3b) into citrate (Extended Data Fig. 3c), glutamate
(Extended DataFig.3d), succinate (Extended Data Fig. 3e) and malate
(Extended Data Fig. 3f) also increased under psoriatic conditions.
Amongthese, theincrease inglucose labelling was particularly promi-
nent for the M2, M3 and M4 isotopomers (Extended Data Fig. 3c-f).
Collectively, these datasuggest that although y6T17 cells maintained
their glucose usage for the TCA cycle under both homeostatic and
psoriatic conditions, the psoriatic conditions caused themto further
increase their glycolytic flux.

Enriched proteins for biosynthesis under psoriatic conditions

We nextinvestigated potential mechanisms underlying how pathogenic
y6T17 cellsunderwent metabolic reprogramming toward aerobic glyco-
lysis under psoriatic conditions. We performed an MS-based proteomic
analysis of y6T17 cells cultured in vitro under psoriatic (IL-7 plus IL-1B/
IL-23) or homeostatic (IL-7 alone) conditions. Among the 6,140 proteins
identified in y6T17 cells, 237 were significantly upregulated and 213
were significantly downregulated under psoriatic versus homeostatic
conditions (Fig. 3a). Strikingly, the expression of basic ATF-like leucine
zipper transcriptionfactor (BATF) underwentalog,(fold change) > 20in
the y8T17 cells under psoriatic conditions owing to the deficient levels
under homeostatic conditions (Fig. 3a). Nevertheless, BATF deficiency
inmice did notalter the frequencies of physiological y§ T cell subsets or
their IL-17 production*®. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis showed that under psoriatic
conditions, y6T17 cells enriched proteins that were required for T,;17
cell differentiation and involved in the NF-kB-JAK-STAT-IL-17 signal-
ling pathways (Fig. 3b), as previously described”. As expected, Gene
Ontology term analysis indicated that the proteins upregulated under
psoriatic conditions were involved in translation, effector function and
cytokine production (Fig. 3c). Therefore, we speculated that under
psoriatic conditions, y6T17 cells reprogrammed their metabolism to
support pro-inflammatory effector functions. Indeed, we observed that
under psoriatic conditions, y8T17 cells upregulated the metabolic pro-
cessesrequired for biosynthesis (Fig. 3d) while downregulating those
required for cell division and DNA metabolic processes (Supplementary
Fig.2). Next, we evaluated which individual proteins were involved in
the metabolic switchinduced by psoriaticinflammation. Interestingly,
our proteomic data suggested that y§T17 cells significantly increased
the expression of ACLY and malic enzyme 1 (ME1) under psoriatic con-
ditions (Fig. 3e-g) while maintaining comparable levels of ACC1 and
FASN (Fig. 3f). ACLY provides cytosolic acetyl-CoArequired for FAS by
converting citrate from the citrate shuttle system®*** (Fig. 3g). As a
result, elevated ACLY expression canincrease the acetyl-CoA supply for
FAS and generate oxaloacetate as abyproduct™® (Fig. 3g). Cytoplasmic
oxaloacetate is converted to malate and then to pyruvate by ME1 to
rejoin the glycolytic pathway**~° (Fig. 3g). ME1, an NADP-dependent
enzyme, generates NADPH for FAS***° (Fig. 3g). Together, these data
suggest that psoriatic conditions reprogramme the metabolic path-
ways of y6T17 cells linking to FAS along with their effector functions.

Upregulated FAS to support neutral lipid synthesis

Given that the expressions of two essential components supporting
FASwereincreased under psoriatic conditions, we reasoned that y6T17
cells altered their glucose metabolisminfavour of glycolysis coupling
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Fig.2|y8T17 cells display distinct metabolic profiles in the mouse model of isotopomer distributions of lactate. Data were collected from WT mice treated
IMQ-induced psoriasis. The ears of mice were treated topically with control with control cream (n =9) and IMQ (n =10). In vitro-expanded y§T17 cells were
cream or IMQ for five consecutive days. a, MFI of puromycin staining was sorted onday 6 and cultured with IL-7 for 3 days. On day 9, cells were re-seeded
analysed in CD3'Vy4'y58T17 cells isolated from the IMQ model using SCENITH* and stimulated with either IL-7 (homeostatic conditions) or acombination of
under control conditions and negative control or after the addition of 2-DG, IL-1B and IL-23 (psoriatic conditions) in the presence of U-[C¢]-glucose in the
oligomycin or both inhibitors. Theillustration was created in BioRender.com. last 48 h of the experiment. Pooled means from three independent experiments
b, Percentages of glucose dependence, mitochondrial dependence, glycolytic areshown. Error bars, s.d. P values were obtained from one-way ANOVA inaand
capacity or fatty acid and amino acid oxidation (FAO and AAO) capacity. ¢, Mass two-way ANOVAinbandc.

to FAS. To assess whether y6T17 cells used glucose-derived carbon  that this process was ACC-dependent (Fig. 4a-c). Takentogether, these
for de novo FAS, we next incubated the cells with U-[*C,]-glucoseand  findings imply that y§T17 cells significantly increase ACC-mediated
determined theincorporation of *Cinto palmitate (Fig.4a).Inlinewith ~ FAS under psoriatic conditions.

our hypothesis, we observed that y6T17 cells incorporated fivefold Toinvestigate whether y6T17 cellsincrease FAS to provide palmi-
more ®C into palmitate under psoriatic than under homeostatic con-  tate as fuel for fatty acid oxidation, we determined the use of palmi-
ditions (Fig. 4b). We found that the amounts of the even isotopomers  tate by stable isotope tracing with U-[*C,¢]-palmitate (Extended Data
(M4-M14) increased under psoriatic versus homeostatic conditions  Fig.4a). We observed that y6T17 cells significantly increased the uptake
(Fig. 4c), indicating that the contribution of U-[*C,] glucose to the  of U-[*C]-palmitate under psoriatic conditions, as indicated by the
lipogenicacetyl-CoA poolwasincreased. Furthermore, SorAtreatment  enrichment of M16 isotopomer (Extended Data Fig. 4b). Strikingly,
completely abolished theisotopic enrichment of palmitate, indicating  although fatty acid uptake was increased under psoriatic conditions,
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we observed reduced rates of B-oxidation, as evidenced by lower abun-
dance of palmitate labelin the TCA cycle metabolites, including citrate
and glutamate (Extended Data Fig. 4c,d), indicating that most of the
increased demand for palmitate input was not used for (3-oxidation
to generate energy. As excess palmitate can cause lipotoxicity, we
speculated that the increased palmitate flux could be actively used as
abuildingblock for the synthesis of neutrallipids (Fig. 4d). Therefore,
we next checked whether FAS was required for maintaining the intra-
cellular neutrallipid levels iny8T17 cells (Fig. 4e). Inline with previous
reports?, we confirmed that the intracellular neutral lipid content of
y6T17 cellsincreased under psoriatic conditions (Fig. 4e). Importantly,
SorA-mediated FAS inhibition prevented the accumulation of these
lipidsinduced by psoriatic conditions (Fig. 4e). Upon psoriaticinflam-
mation, y6T17 cells significantly increased the rate of FAS to provide an
increased supply of palmitate to synthesize neutral lipids rather than
fuel for fatty acid oxidation.

Y6T17 cells rely on glycolysis to fuel IL-17A production
Although y6T17 cells rewire their metabolic pathways to engage in
aerobic glycolysis and FAS, whether they rely on the glycolytic-lipo-
genic pathway for IL-17A production under psoriatic conditions is
unclear. Tothisend, we treated y§T17 cellsisolated from the IMQ model
with 2-DG, oligomycin and SorA, respectively and evaluated which
metabolic pathways were required for IL-17A production (Extended
Data Fig. 5a,b). We found that the glycolysis inhibitor 2-DG, but not
oligomycin or SorA, significantly reduced the ability of y6T17 cells to
produceIL-17A (Extended DataFig. 5a,b). Acute FAS inhibition (45 min)
did not affect the IL-17A translation and energetic state of y6T17 cells
isolated from the IMQ model, given that puromycinincorporation was
comparable between the SorA and DMSO control groups (Extended
Data Fig. 5a,b). These results imply that IL-17A-producing y6T17 cells
predominately use glycolysis to supply energy for IL-17A production
under psoriatic conditions.

FAS is required for IL-17A expression in y§6T17 cells

Having shown that FAS inhibition significantly reduced neutral lipid
accumulation induced by psoriatic conditions (Fig. 4e), we were next
interested in whether 24 hFAS inhibition could affect IL-17A, given that
FAS was required for biosynthetic needs under psoriatic conditions.
Tothisend, we treated y6T17 cells directlyisolated from the LNsof WT
mice with SorA for 24 h (Extended Data Fig. 6a). After 24 h, approxi-
mately 7% of y6T17 cells were maintaining retinoic acid receptor-related
orphanreceptor-gamma-t (RORyt) and IL-17A expressionin response to
IL-1B and IL-23 (Extended DataFig. 6b-e). SorA treatment did not affect
the percentage and MFI of RORyt" or the percentage of IL-17A" cells after
24 hexposuretolL-1 and IL-23 (Extended DataFig. 6b-e). However, 24 h
SorA treatment significantly reduced the expression levels of IL-17A,
as measured by MFI (Extended Data Fig. 6e), suggesting that inhibit-
ing FAS does notinduce new IL-17A producers butisimportant for the
amount of IL-17A produced by y6T17 cells. We further addressed the
role of FASinthelast 24 h of the in vitro-differentiated-and-expanded
y8T17 cells (Fig. 5a-h) and found that 24 h FAS inhibition did not affect
the viability of y§T17 cells under both homeostatic and psoriatic con-
ditions (Fig. 5b). However, SorA-treated y§T17 cells had significantly
increased lipid uptake under psoriatic conditions to compensate for
FAS inhibition (Fig. 5¢), indicating the importance of lipids to y6T17
cells. Exposure to psoriatic conditions caused around 30% of the y6T17
cells to actively produce IL-17A (Fig. 5d). By contrast, 24 h FAS inhibi-
tion with SorA significantly reduced IL-17A*y8T17 cells to around 16%
(Fig. 5d). To assess whether the decreased percentage of IL-17A"y8T17
cells was the consequence of enhanced secretion, we further collected
the supernatant to determine the levels of secreted IL-17A (Fig. 5e) and
found that 24 h FAS inhibition did not affect IL-17A secretion (Fig. 5e).
We also examined whether FAS inhibition reduced the percentage of
IL-17A"y8T17 cells by limiting cell proliferation using the intracellular

proliferation markerKi-67 (Supplementary Fig. 3) and found that 24 h
FASinhibition or lipid-deprived conditions did not affect the percent-
age and MF1 of Ki-67 expression (Supplementary Fig. 3a,b), indicating
thatneither 24 h FAS inhibition nor lipid-deprived conditionsimpaired
the proliferation of y6T17 cells. These data suggest that 24 h FAS inhibi-
tion decreased the percentage of IL-17A"y8T17 cells by limiting their
IL-17A expression.

y8T17 cells were shown to have a higher lipid droplet (LD) content
than y8IFN cells under homeostatic conditions®. Therefore, we next
checked whether FAS-derived palmitate was required for maintaining
the intracellular neutral lipid levels and IL-17A expression in y6T17
cells, using confocal microscopy. In line with previous reports®, we
confirmed that y6T17 cells were loaded with LDs under psoriatic
conditions and that the accumulation of these lipids was abrogated
after 24 h of SorA-mediated FAS inhibition (Fig. 5f). IL-17A showed a
punctate pattern dispersed throughout the cytoplasmin y§T17 cells
under psoriatic conditions (Fig. 5f). Furthermore, IL-17A MFI was
significantly reduced in the y6T17 cells after 24 h of FAS inhibition
(Fig.5g). Palmitate supplementation restored the IL-17A expressionin
the SorA-treated yST17 cells, suggesting that FAS-derived palmitate is
required for IL-17A production (Fig. 5g). Interestingly, palmitate sup-
plementation did not replenish the intracellular neutral lipid content
of SorA-treated y6T17 cells to control levels, indicating that either
yS6T17 cells were rapidly consuming palmitate or exogenous palmitate
did not favour lipid storage as FAS (Fig. 5h). Furthermore, palmitate
supplementationrescued IL-17A expressionin the SorA-treated y6T17
cellswithout replenishing LD accumulation and LipidTOX MFI to the
same levels as the DMSO control, suggesting that IL-17A expression is
independent of the presence of LDs (Fig. 5f-h). We further confirmed
our findings by using IL-17A-GFP-reporter (C57BL/6-I[17a"™ 5"/
(IL17A-IRES-GFP-KI) mice to culture yd6T17 cells following the same
in vitro-differentiated-and-expanded protocol (Extended Data
Fig. 7a-c). Similarly, SorA significantly reduced IL-17A-GFP expres-
sionlevels of y§T17 cells from IL-17A-GFP-reporter mice but notin the
presence of additional palmitate supplement (Extended Data Fig. 7b).
These results suggest that the y6T17 cells are strongly dependent on
FAS to supply palmitate and support their IL-17A production under
psoriatic conditions.

To gain more insight into how y8T17 cells adjusted their lipid
demand upon FAS inhibition, we performed RNA-seq analysis to char-
acterize y8T17 cells treated with either SorA or DMSO under psoriatic
conditions for 3 h (Extended Data Fig. 8a). We observed that y6T17
cells upregulated several genes involved in cholesterol metabolism
(for example, Hmgcr, Ldlr, Acat2 and Hmgcsl) in the first 3 h following
FASinhibition (Extended DataFig. 8a). We then conducted a proteomic
analysis to evaluate the molecular alterations occurring iny8T17 cells at
24 hafter FASinhibition (Extended Data Fig. 8b). Amongthe 6,140 pro-
teins identified in y§T17 cells after SorA-mediated FAS inhibition, four
proteins were overexpressed and eight were underexpressed (Extended
DataFig. 8b). This finding suggests that upon FAS inhibition, y5T17 cells
can cope with their cellular lipid demand of FAS by relying on this small
set of proteins (Extended Data Fig. 8b). Abhydrolase domain containing
2 (ABHD2) was identified as the highest-ranking upregulated protein
(Extended Data Fig. 8b). ABHD2 catalyses the hydrolysis of endocan-
nabinoid arachidonoylglycerol* and serves as a triacylglycerol lipase
to release free fatty acids®?, which may compensate for the reduced
lipids generated by FAS under psoriatic conditions (Fig. 4e). The pro-
tein expression of the rate-limiting enzyme in cholesterol synthesis,
3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMDH, encoded
by Hmgcr), was downregulated after 24 hFAS inhibition (Extended Data
Fig. 8b). Gene Ontology pathway analysis of proteomic data indicated
that the triglyceride metabolic process and storage were markedly
downregulated following 24 h FAS inhibition (Extended Data Fig. 8c).
The top-ranking downregulated proteins included three LD-binding
proteins, namely lysophosphatidic acid acyltransferase (ABHDS),
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Fig. 5| FASisrequired for IL-17A expression in y8T17 cells under psoriatic
conditions.Onday 9, in vitro-expanded y6T17 cells were re-seeded and stimulated
withIL-7 alone (homeostatic conditions) or in combination with IL-13 and IL-23
(psoriatic conditions) for 24 hin the presence or absence of 1,000 nM SorA
concentration and palmitate (PA) supplementation. a, Flow cytometry gating
strategy for IL-17A. b, Viability of y8T17 cells. ¢, Normalized MFI of lipid uptake
measured by BODIPY C,,.d, Percentages of IL-17A*in y8 T cells. e, IL-17A secretion
inthe supernatant of cultured y8T17 cells on day 10 of the indicated conditions.

f, Representative images of LD and IL-17A expression, evaluated by LipidTOX and
anti-IL-17A antibody, respectively. g,h, MFIs of IL-17A (g) and LipidTOX (h) were
determined in each individual cell under psoriatic conditions (IL-7 + IL-1B/IL-23)
for 24 h. Pooled means from independent experiments: n=5for DMSOandn =3
for SorA-treated conditions inb and d; n=4 for DMSO and n =3 for SorA-treated
conditionsinc; n=3ine. One set of representative image analysis from three
independent experimentsis showningand h. Error bars, s.d. P values were
obtained using two-way ANOVA for b-e and the one-way ANOVA forgand h.

adipose triglyceride lipase (ATGL/PLPL2) and perilipin 2 (PLIN2)
(Extended Data Fig. 8b). ABHDS interacts with ATGL, which governs
the hydrolysis of intracellular triglyceride to release fatty acids from
LDs>*>*, As PLIN2 is susceptible to ubiquitin-mediated proteasomal
degradation without intracellular lipids®, its expression mirrors the

levels of intracellular LDs. In concordance with the LipidTOX staining
(Figs. 4e and 5f), SorA treatment reduced PLIN2 expression in y§T17
cells, indicating thatintracellular lipid stores were diminished (Extended
DataFig. 8b). Overall, these data suggest that under psoriatic conditions,
y&T17 cells use FAS to meet their lipid demands and that FAS inhibition
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triggers compensatory fatty acid release from LDs, resulting in signifi-
cantly reduced lipid storage after 24 h. In addition, we found that 24 h
FAS inhibition decreased the expression of proteins (prenylated Rab
acceptor protein1(PRAF1), trans-Golgi network integral membrane pro-
tein1(TGON1) and AP-4 complex accessory subunit (RUSC1)) locatedin
the Golgiapparatus required for trans-Golgi network and vesicular traf-
ficking, which are essential processes to deliver cytokines™ (Extended
DataFig. 8b). Lipid homeostasis has acritical role in Golgi secretory func-
tion, asthe unique lipid composition of the Golgi membrane s essential
for maintaining the trafficking of proteins and lipids*®. FAS inhibition
disruptinglipid balance could significantly impair the efficiency of Golgi
secretory function, as suggested by decreased expression of PRAF1,
TGONI and RUSCI. Accordingly, 24 h FAS inhibition prevented y6T17
cells from replenishing their lipid stores under psoriatic conditions,
limited palmitate supply and decreased trans-Golgi network, impairing
IL-17A production (Extended Data Fig. 8d).

ACClis indispensable for the IL-17A-producing y6T17 cells
Having highlighted the reliance of y6T17 cells on FAS under pso-
riatic conditions in vitro, we next investigated whether targeting
ACCl-mediated FAS in y8T17 cells could attenuate their ability to
produce IL-17A and reduce psoriatic inflammation in vivo. We used
Rorc’““® mice carrying ACCl-deficient y§ T cells***”. We exposed the
mice toIMQ and monitored the effect of ACC1 deficiency iny6T17 cells
onthe development of psoriatic inflammation (Fig. 6a). We found that
IMQ-treated Rorc*““™° mice showed significantly reduced erythemaon
day 5 compared to the IMQ-treated WT mice (Fig. 6b). Furthermore,
WT mice developed thicker skin lesions following IMQ exposure than
Rorc*““™° mice (Fig. 6¢). ACC1 depletion did not affect skin scaling
(Fig. 6d). RORyt is an essential transcription factor for thymic T cell
development during the double-positive (CD4*CD8"*) thymocyte phase”’.
Thus, Rorc“ could affectboth ap T cellsand y8 T cells* . These results
obtained from the Rorc*““™*° mice imply that targeting ACClin aB T cells
and y8T17 cells reduced the extent of psoriatic inflammation in vivo.

y8T17 cells migrated from the skin-draining LNs into the skin
on day 5 after IMQ treatment'®. Given that ACC1 deletion reduced
skin thickening and erythemain IMQ-treated Rorc*““*° mice onday 5,
we next asked whether ACC1 deficiency inhibited y6T17 cell infiltra-
tion into the skin, thus attenuating skin inflammation. To this end,
we extracted immune cells from the IMQ-treated skin of model mice
and characterized the y§ T cell populations by flow cytometry®. We
observed that IMQ treatment induced the expansion of dermal y6T17
cells (CD3*ySTCR™; Fig. 6¢), which accounted for 20-35% of the total
skinT cellsonday 6 after IMQ treatment (Fig. 6f). Frequencies and cell
numbers of dermal y§T17 cells (CD3'ySTCR™) were significantly lower
in the Rorc*““° than WT mice following IMQ treatment (Fig. 6¢,f). We
alsofound that ACCldeficiency furtherimpaired the ability of the y§T17
cellstoproducelL-17Ainthe skin, as evidenced by the lower frequencies
of IL-17A*dermal yS T cells in the IMQ-treated Rorc*““™° than WT mice
(Fig. 6g).y6T17 cells accounted for more than 70% of IL-17A-producing
cells in the IMQ-treated skin and 60% in the skin-draining LNs of WT
miceonday 6 (Extended DataFig.9a,b). Their contribution was reduced
to below 50% in the IMQ-treated skin of Rorc*““™° mice (Extended Data
Fig.9a,b). We further characterized IL-17A productionin Vy4'y8 T cells
(CD45'ySTCR'Vy4"), VY4 yS T cells (CD45'ySTCR*Vy4™), CD4" T cells
(CD45 oS TCR'CD4'ySTCR"), CD8'T cells (CD45'aTCR'CD8*YySTCR"),
double-negative o T cells (CD45'aBTCR'CD4 CD8 ySTCR"), dendritic
epidermal T cells (CD45'y8TCR"e") and non-T cells within treated skin
(Extended DataFig.9c,d). We observed that Vy4'yS T cells are the main
IL-17A producers, followed by Vy47y8 T cells (y6TCR* Vy4") and CD4*
T cells (CD45"aBTCR*CD4*y8TCR"). Rorc“-mediated ACC1 deficiency
reducedIL-17A productioninVy4*yS6 T cellsand CD4" T cells (Extended
DataFig.9c-e).

We next assessed whether ACC1wasrequired for y6T17 cell expan-
sion in the skin-draining LNs and found comparable frequencies and

numbers of total y§ T cells between IMQ-treated Rorc*““™© and WT
mice (Fig. 6h,i), suggesting that ACC1 deficiency did not affect y§ T cell
expansion. Notably, IMQ-treated Rorc"““™*° mice had significantly
lower frequencies of IL-17A"y8T17 cells in the skin-draining LNs than
the IMQ-treated WT mice, which led to reduced y6T17 cell infiltration
into the skin (Fig. 6g-j). Among IL-17A-producing cells on day 6, ACC1
deficiencyreducedIL-17A production mostin Vy4'yS T cells (Extended
DataFig. 9f-h). These data highlight the selective role of ACC1inIL-17A
production by y6T17 cells on day 6 (Fig. 6g,j). We further address the
effect of ACC1 deficiency on the expression of RORyt. Mice bearing
ACCl-deficient y6 T cells showed comparable expression of RORyt"
cellsinthe skin-draining LNs and skin compared to WT mice (Supple-
mentary Fig. 4a,b). We evaluated whether ACC1-deficient y6 T cells
engaged any compensatory lipid uptake under psoriaticinflammation
invivo. ACCl-deficient y5T17 cells (RORyt'ySGTCR") significantly upreg-
ulated their lipid uptake capacity but not ACC1-deficient RORyt yd
T cells (RORyt"y8TCR") in the skin-draining LNs compared to their
WT counterparts (Supplementary Fig.4a). As aresult, ACC1-deficient
y6T17 cells exhibited intracellular lipid levels comparable to WT
(Supplementary Fig. 4a). Interestingly, ACCl-deficient y§T17 cells in
the skin did not increase lipid uptake capacity, suggesting that these
y&T17 cells could have a lower dependency on ACC1-mediated FAS
compared to those ACCl-deficient y6T17 cells in the draining LNs
(Supplementary Fig.4a,b). Nevertheless, the lipid availability in physi-
ological conditions and potentially different intracellular lipid distri-
butions between endogenous and exogenous lipid sources meant that
ACCl-deficient y8T17 cells failed to meet their lipid demand for IL-17A
production in vivo (Fig. 6g,j). In summary, ACC1 deficiency restrains
IL-17A-producing y6T17 cells in the skin and skin-draining LNs of mice
withIMQ-induced psoriasis.

Finally, we extended our findings to in vitro-expanded human
IL-17A-producing V562'y8 T cells*® (Fig. 7a). Human y§ T cells can be
dividedinto three subtypes: V81,V62and V63, based on & chain usage.
However, the link between y6TCR usage and IL-17A-producing capac-
ity is still controversial®®>*. Recent evidence suggested that a com-
mitted Vy9V62 y8 T cell subset derived from adult blood was biased
toward the y§T17 cell profile®. Therefore, we optimized a protocol
using peripheral blood to have maximum IL-17A'VS2T cells*® to study
human y6T17 cells (Fig. 7). We found that FAS inhibition attenuated
humanV62*y8 T cell expansion and their IL-17A production (Fig. 7b-d).
These results suggest that ACC1-mediated FASis indispensable for the
IL-17A-producing function of pathogenic y6T17 cells under psoriatic
conditions in mice and humans.

Discussion

Metabolic dysregulationis associated with variousimmune-mediated
inflammatory conditions, including type 2 diabetes, nonalcoholic fatty
liver disease (NAFLD), atherosclerosis and psoriasis®®®". Although a
previous publication has highlighted the metabolic dichotomy of y6
T cell subsets?, little is known about the metabolic profiles of y6T17
cells under pathogenic conditions. Here, we found that y6T17 cells
responded to the pro-inflammatory cytokines IL-13 and IL-23, hallmarks
of psoriaticinflammation, by undergoing metabolic reprogramming.
Mitochondrial metabolism is required during y8T17 cell differentia-
tionin the thymus and is maintained as the y6T17 cells exit the thymus
and infiltrate peripheral tissues and even tumours®. Unexpectedly,
we showed that under psoriatic conditions, y6T17 cells underwent
metabolicreprogrammingin favour of aerobic glycolysis, bothin vitro
(exposuretolIL-13 and IL-23) and in vivo (IMQ-treated mice), which was
essential for their IL-17A production. This metabolic reprogramming,
the so-called Warburg effect, was identified using the SCENITH proto-
col®* of pathogenic y8T17 cellsisolated from the IMQ-treated mice and
may provide a potential therapeutic target. In support of thisidea, we
showed that 2-DG inhibition effectively blocked IL-17A production by
y8&T17 cells under psoriatic conditions. Notably, the pro-inflammatory
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Fig. 6| Genetic ablation of ACC1inRORyt' y8 T cells attenuates IMQ-induced
skininflammation. a, Ears and back skin of WT or Rorc*““**® model mice were
treated topically with IMQ for six consecutive days. b-d, The clinical scores

of erythema (b), thickness of ear skin (c) and clinical scores of scaling (d) were
measured daily during the IMQ treatment period. e, Flow cytometry gating
strategy for identifying y§T17 cells (CD3*ySTCR™IL-17A") within skin samples
ofthe treated ear areas on day 6.f,g, Percentages and cell numbers of dermal y6

T cells (CD3*yS§TCR™) (f) and y8T17 cells (CD3"'ySTCR™IL-17A* (g) in the ear skin of

4 000000000000 0

WT or Rorc*““™*© mice. h, Flow cytometry gating strategy for identifying y5 T cells
and IL-17A-producing cells within skin-draining LNs on day 6. i,j, Percentages and
cellnumbers of y§ T cells (CD3'y§TCR") (i) and y8T17 cells (CD3*ySTCR'IL-17A%)
(j) in the skin-draining LNs of WT or Rorc*““™*° mice. The means of pooled data
from three independent experiments are shown. Error bars, s.d. P values were
determined using two-way ANOVA to compare IMQ-treated WT and Rorc““'x°
mice inb-d; atwo-sided t-test was used in e-j.
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Fig.7|SorA treatment reduces the frequencies of human IL-17A-producing
V82'y8 T cells. a, Human peripheral blood mononuclear cells (PBMCs) were
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Onday 6, half of the old media was removed and replaced with fresh media
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SorA for another 6 days®. b, Flow cytometry gating strategy of total and
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IL-17A-producing V62'y8 T cells. ¢,d, The cells were re-stimulated with PMA/
ionomycin for 4 hinthe presence of BFA for the last 2 h; percentages of V62'yd
Tcells (CD3*V62*) (¢) and IL-17A'V62*yS T cells (CD3*V62°IL-17A") (d) are shown.
The means of one representative set of three independent experiments are
shown. Error bars, s.d. P values were determined using two-way ANOVA.

effects mediated by IL-1B and IL-23 exhibit abroader pathophysiological
relevanceinadditionto psoriatic disease models. Therefore, the meta-
bolicreprogramminginresponse toIL-1 and IL-23 and the proteomic
database of y6T17 cellsin the current study provide insights for other
inflammatory models, such as neuroinflammation’®.

Naive af3 T cellsrewire their metabolismto fulfil their differentia-
tionrequirements, whichisinitiated by mTOR signalling upon o TCR
stimulation®”*2"%, Similarly, IL-1B and IL-23 activate the mTOR pathway
iny8T17 cells®, which could trigger metabolic reprogramming to sup-
porttheirIL-17 production under pathogenic conditions. Inagreement
with these data, we demonstrated that y6T17 cells adopted aerobic
glycolysis as their primary energy source to support their IL-17 pro-
duction. RNA-seq data indicated that this metabolic reprogramming
of y6T17 cells was associated with Myc upregulation. Interestingly, a
similar metabolic shift from oxidative phosphorylation (OXPHOS)
to glycolysis occurs during thymic development, when y& T cell pro-
genitors commit to becoming IFNy-producing y5 T cells®. We speculate
that this metabolic shift triggered by psoriatic conditions may blur
the distinction between IL-17-producing and IFNy-producing y5 T cell
populations. Indeed, our RNA-seq data suggested that y6T17 cells
upregulated both IL-17A and IFNy mRNA transcripts in response to
IL-1B and IL-23. Nevertheless, whether these y6T17 cells co-expressed
IL-17A and IFNy remains to be investigated.

y8T17 cells exhibit more active mitochondrial metabolism than
YSIFN cells®. Although y8T17 cells were forced to switch toward aero-
bic glycolysis under psoriatic conditions, y6T17 cells maintained a
high mitochondrial metabolic rate even under psoriatic conditions,
as indicated by the active isotope labelling of TCA cycle metabolites
during culture with U-["*C,]-glucose. This may explain why inhibiting
mitochondrial translation reduced the frequencies of y§T17 cells and,
consequently, psoriatic inflammation in the IMQ model®. Further-
more, targeting OXPHOS by inhibiting isocitrate dehydrogenase and
pyruvate kinase significantly diminished IL-17A production by skin
yS T cells®. Given that FAS supports mitochondrial activity in y§T17

cells, its inhibition can dampen mitochondrial metabolism and limit
y6T17 cell function.

OXPHOS generates reactive oxygen species (ROS) as byprod-
ucts®®. Aberrant mitochondrial ROS productionimpairs mitochondria-
mediated OXPHOS®**’. Thus, maintaining redox balance is essential
for regulating oxidative stress, preserving mitochondrial integrity and
optimizing T cell effector functions®® . Our RNA-seq data revealed that
y&T17 cells upregulated SLC4Al1, amitochondrial uncoupler located
atthe inner mitochondrial membrane, under psoriatic conditions’ ",
SLC4AIll orchestrates ammonia-sensitive H* uncoupling to suppress
the production of mitochondrial ROS”*7*, Ammonia is a byproduct of
glutaminolysis™. This reaction could generate a-ketoglutarate to enter
the TCA cycleandincrease OXPHOS, which could, inturn, accelerate the
formation of ROS, causing oxidative stress”. Ammonia reduces MMP
hyperpolarization by activating SLC4Al1-mediated H* uncoupling”> ™.
Therefore, the increased expression of SLC4Al11in y6T17 cells under
psoriatic conditions could have a key role in lowering the MMP and
maintaining mitochondrial function.

Our proteomic data identified that y6T17 cells significantly
increased the expression of ME1 and ACLY, the enzymes linking glu-
cose metabolism to de novo FAS®****° under psoriatic conditions.
The glucose isotope tracing experiments ascertained that psoriatic
inflammation caused y8T17 cells to increase their rate of FAS to meet
their lipid demands for IL-17A production. Accordingly, ACC inhibi-
tion with SorA significantly reduced the ability of both murine and
humany6T17 cells to produce IL-17A in response to psoriatic conditions
in vitro. Therefore, inhibiting ACC1 and other core enzymes of FAS,
including ACLY and FASN, represents an attractive therapeutic strategy
for psoriasis. Given the potential beneficial effect of pharmacological
FAS inhibition in individuals with NAFLD, the development of several
natural FAS inhibitors has reached the clinical stage®. These studies
indicate that hepatocytes can bypass FAS inhibition by scavenging
alternative carbon sourcesin a cell-type-specific manner. For instance,
ACLY inhibition increased the expression of ACSS2 in the liver as a
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compensatory mechanism®. Furthermore, a variety of unanticipated
secondary effects of hepatic ACC inhibition has also been noted, such
as the loss of malonyl-CoA synthesis, leading to increased fatty acid
oxidation and gluconeogenesis’””. These clinical implications suggest
thatany potential compensatory effects should be addressed further
to determine whether combination therapies or changes in diet may
berequired for effective psoriasis management.

We showed that inhibiting ACC1in y8T17 cells reduced IL-17A pro-
duction without significantly affecting the viability or physiological
functionsof the y§ T cells. These findings suggest that ACClis a promis-
ingtarget for reducing y§T17-cell-mediated psoriaticinflammation. An
important consequence of inhibiting liver ACC is developing hypertri-
glyceridemia. This conditionincreases SREBP-1c expression, leading to
increased triglyceride release into plasma’®. By contrast, inhibition of
diacylglycerol acyltransferase 2 (DGAT2) downregulated SREBP-1¢”.
Therefore, the co-administration of DGAT2 and ACCinhibitors has been
proposed as a potential strategy for the clinical management of raised
plasma triglyceride levels for patients with NAFLD®*°. We examined the
potential compensatory pathways used by y6T17 cells under psoriatic
conditions by investigating the effect of SorA. We found that y6T17 cells
downregulated LD-associated proteins upon FAS inhibition. Although
the RNA-seq data suggested that y6T17 cells upregulated genes associ-
ated with cholesterol metabolism, we observed reduced expression
of HMDH protein, controlling the rate-limiting step in the cholesterol
synthesis after 24 h of FAS inhibition. The proteomic analysis further
indicated that y8T17 cells actively used acompensatory mechanism to
release free fatty acids and consumed their stored lipids upon FAS inhi-
bition. Meanwhile, flow cytometric analysis confirmed that y6T17 cells
depleted intracellular lipid stores while increasing extracellular lipid
uptake to compensate for ACC inhibition. The fact that y6T17 cells can
increase lipid uptake following FAS inhibition suggests that they become
more dependentonlipid sources (thatis, fromadipose tissue and dietary
lipids)®. Therefore, additional diet management should be considered
with ACCinhibition as a potential strategy for psoriasis treatment.

In the psoriatic mouse model, the contribution of IL-17-producing
dermal yS T cells to skin inflammation has been acknowledged'®'%%%,
Nevertheless, whether or not IL-17-producing y6 T cellshave akeyrolein
triggering human psoriasisis still debated*’. Owing to the low frequency
of y& T cellsin human skin, the majority of human yS§ T cell studies have
been carried out by blood-derived y§ T cells (mainly Vy9V62*)*, includ-
ing our current study. Although IL-17A transcripts were not detected in
humanyST cells, IL-17-committed y§ T cell subsets (by CCR6, RORC and
IL23R expression) within Vy9V62' T cells have beenidentified in human
neonatal cord blood or adult peripheral blood using single-cell RNA-seq
analysis®’. After polarization and stimulation, Vy9V82* T cells from the
peripheral blood of healthy donors can produce detectable levels of
IL-17A%. We used ex vivo expanded human Vy9V82' T cellsto test the role
of FAS in IL-17A production. Whether blood-derived human yS T cells
share asimilar metabolic profile withtissue-resident y5 T cellsis unclear.
Therefore, theimportance of the metabolic pathway in skin-resident y6
T cellsin psoriatic lesions from patients remains for further investigation.

We showed that y6T17 cells used several approaches, including
FAS, lipid uptake and LD storage, to ensure that their lipid demand
was met under psoriatic conditionsinvitro. Collectively, these results
highlight theimportance of lipids for y§T17 cells in psoriasis. However,
why y&T17 cells rely so heavily on lipids is currently unclear. Our first
obvious explanation was that palmitate from FAS was transported
into the mitochondria through the carnitine palmitoyltransferase
system for fatty acid oxidation”. However, using SCENITH analysis and
isotope-tracing experiments, we found that y6T17 cells used limited
levels of fatty acid oxidation under homeostatic and psoriatic condi-
tions. Mechanistically, FAS and lipid uptake regulate the intracellular
lipid composition of y§T17 cells. The availability of different lipid
ligands can affect the DNA binding and activity of RORyt in T,;17 cells’.
Given that RORyt is also a master transcription factor for y6T17 cells,

FAS or lipid uptake could regulate the binding of RORyt to the /lI7a gene
locus in these cells, thus potentially reducing their ability to produce
IL-17.In addition, ACClinhibition could trigger changes in metabolite
availability, potentially affecting post-translational modifications
such as acetylation, malonylation and palmitoylation®2. For instance,
ACClinhibition couldincrease acetyl-CoA levels and affect epigenetic
regulation through histone acetylation® ¢,

In addition, FAS provides the building blocks for the synthesis
of phospholipids, sphingolipids and glycerolphospholipids required
for signalling and membrane structure®?**, which could be the under-
lying machinery of reduced mitochondrial mass, LD formation and
trans-Golgi network upon FAS inhibition in y8T17 cells. For instance,
palmitate restriction can limit the capacity of membrane biosynthesis
to support intracellular cytokine trafficking. The proteomic analysis
of SorA-treated y8T17 cells showed a reduced trans-Golgi network,
which implicates decreased intracellular cytokine trafficking from
the endoplasmic reticulum (ER)-Golgi-intracellular vesicle to deliver
IL-17A upon FAS inhibition. Blocking ER-Golgi transport has been
shown to interfere with ER functions and thereby lead to ER protein
misfolding, accumulation of proteinsin the ER, ER stress and ultimately
induce unfolded protein response (UPR)¥. In response to ER stress,
cells repress protein biosynthesis to reduce the load of proteins in the
ERand, consequently®’, mightinhibit IL-17A translation. Furthermore,
proteomic analysis showed that SorA-treated y6T17 cells significantly
upregulated DNJB9, aselective repressor of inositol-requiringenzyme1
(IRE1), one of the main sensors of the UPR®, suggesting that an ongoing
reaction counteracts with UPR. Therefore, evaluation of the trans-Golgi
network and ER stress will reveal whether palmitate supply is required
for maintaining the trans-Golgi network following IL-17A translationin
response to IL-1B and IL-23. Interestingly, IL-23 activates the IRE1 pathway
and enhances T,;17 responses™. Investigating whether DNJB9 agonists
can affect IL-17A production in y8T17 by inhibiting IRE1 could provide
moreinsightsinto the role of ER stressin the regulation of IL-17A.

Targeting IL-17A-producing o3 T cells mainly limited psoriatic skin
inflammation in the early stages of the disease (that is, days 3-4 after
IMQtreatment)’, and further targeting y5T17 cells (by genetic deletion)
reducedinflammation onday 5post IMQ treatment. Accordingly, devel-
oping abroad-spectrum ACCl inhibitor to limit the IL-17A-producing
capacity of conventional T cells and y§T17 cells represents a promising
therapeuticstrategy for psoriasis. In summary, our study demonstrated
that abolishing ACC1 activity in y6T17 cells effectively reduced IL-17A
production upon psoriatic inflammation both in vitro and in vivo
(Extended Data Fig. 10). We found that under psoriatic conditions,
y6T17 cells preferentially increased the rate of aerobic glycolysis rather
thanrelying on OXPHOS. We performed a proteomic analysis to show
that psoriatic conditions selectively supported the pro-inflammatory
effector functions of y6T17 cells. Moreover, the y5T17 cells upregulated
ACLY, thuslinking glucose metabolism to de novo FAS. Stable isotope
tracing confirmed that y6T17 cells boosted the rate of glycolysis to
support ACCl-mediated FAS under psoriatic conditions. FAS-derived
palmitateis required for IL-17A expressionin y§T17 cells. Accordingly,
FAS inhibition reduced IL-17A production by in vitro-cultured murine
and human y8T17 cells. Furthermore, genetic ablation of ACCl in
y8T17 cells reduced the extent of skin inflammation observed in the
model of psoriasis. Collectively, our findings suggest that targeting
ACCl-mediated FAS in y8T17 cells represents a promising approach
for treating psoriasis. Moreover, the pharmacological inhibition of
FAS in specificimmune cell subsets could open up new avenues for
the treatment of other autoimmune and inflammatory conditions.

Methods

Mice

Animal experiments were performed with either C57BL/6JRj (Janvier
Labs) WT mice or the Rorc*““™° mouse line, which was generated by
crossing Rorc™* mice” to ACCI'™/** mice** and maintained ona C57BL/6)
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genetic background. Their littermate Rorc“**ACCI"" mice were used as
WT controls. Mice were bred and housed in the animal facility of the Uni-
versity Medical Center of the Johannes Gutenberg University of Mainz
under specific-pathogen-free conditions. Allanimal experiments were
performed in compliance with the relevant guidelines and regulations
foranimal welfare by the federal state of Rhineland-Palatinate, Germany.
Experiments were done with approval from the Landesuntersuchung-
samt Rheinland-Pfalz (individual animal experimentation application
no. G19-1-060), and all efforts were made to minimize the potential
suffering of the mice. Untreated female and male C57BL/6J and female
IL-17A-GFP-reporter (C57BL/6-Il17a"™"*"/}; IL17A-IRES-GFP-KI) mice
were used as organ donors for primary y6T17 cell culture.

Mouse and human y6T17 cell culture

CD27y8T cellswere expanded invitro by an optimized protocol modi-
fied fromaprevious publication®. Inbrief, the cells were collected from
LNs and pre-enriched with biotin-conjugated anti-CD11b antibodies
by Streptavidin/Anti-Biotin MicroBeads. Cells were then cultured at
1x10° mI™ in IMDM media containing 10% FCS, antibiotics, 10 mM
HEPES, 1 mM sodium pyruvate and 50 pM 2-mercaptoethanol in the
presence of 5 ng ml™ murine IL-1B/IL-23 and 10 pg mianti-IFNy (clone
XMG1.2; BioXCell) in 96-well round-bottom plates coated with1mg ml™
anti-TCR-y6 (clone GL3; Biolegend) for 3 days. Cells were re-seeded on
fresh 96-well round-bottom plates at 1x 10° cells per ml for another
3 days as mentioned above but without anti-TCR-y5 stimulation. This
protocol was adapted to have pure CD277y8 T cells as y6T17 cells by
sorting out expanded CD27 y6TCR" y6T17 cells on day 6 (ref. 90).
CD27'y8 T cells were separated and maintained by 20 ng ml™IL-7 as a
YSIFN control.Sorted y8T17 cells were expanded for 3 days by 20 ng ml™*
IL-7.0On day 9, the cellswere collected and plated at1 x 10° cells per mlin
96-well U-bottom plates and randomly assigned to be stimulated with
cytokines (20 ng mI'IL-7,5 ng mI murine IL-1B/IL-23) in the presence
or absence of indicated SorA concentration. Any cell culture with low
viability owing to stress induced by enrichment or sorting or failed
experimental procedure was excluded. For human IL-17A-producing
V62'yS T cell culture®®, peripheral blood mononuclear cells were stimu-
lated by 5 uM zoledronate, 50 ng ml™ recombinant human (rh)IL-6,
10 ng mI* rhiL-23, 10 ng mI™ rhIL-1f and 10 ng mI* rhTGF- in IMDM
medium (with10% FCS). On day 6, half of the old medium was removed
and replaced with a fresh IMDM medium containing 20 U ml™ rhIL-2
in the presence or absence of the indicated SorA concentration for
another 6 days*®. For intracellular cytokine staining, cells were stimu-
lated with phorbol12-myristate 13-acetate (0.1 pg ml™; Sigma-Aldrich)
and ionomycin (1 pg ml™; Sigma-Aldrich) for 2 h, followed by brefeldin
A (5 ug mI™) for 2 h. Data collection and analysis were not performed
blind to the conditions of the experiments.

RNA-seq and bioinformatical analysis

y6T17 cellsisolated from mice were enriched as described in the y6T17
cell culture and sorted on day 6 and further expanded for 3 days with
IL-7. Following 3 hofincubation with the indicated cytokines, RNA was
extracted from yS6T17 cells and purified with the RNeasy Plus Micro
Kit (Qiagen, cat. no. 74034) according to the manufacturer’s instruc-
tions. RNA was quantified with a Qubit 2.0 fluorometer (Invitrogen),
and the quality was assessed on a Bioanalyzer 2100 (Agilent) using an
RNA 6000 Nano chip (Agilent). Barcoded mRNA sequence libraries
were prepared from100 ng of total RNA (RNA integrity number of >9)
using a NEBnext poly(A) mRNA Magnetic Isolation Module and NEB-
next RNA Ultra Il lib prep kit for Illumina (New England Biosciences,
cat. no. E7775) according to the manufacturer’s instructions with a
final PCR cycle number of 13. Quality controls were carried out by
using Invitrogen’s Qubit HS assay and fragment size was determined
on Agilent’s 2100 Bioanalyzer High Sensitivity DNA Assay. Premade
libraries were sent to Novogene. After quality control was performed,
libraries were pooled and sequenced on Illumina’s NovaSeq 6000

accordingto effective library concentration and dataamount (around
30 million paired-end 150 bp reads per sample). Sequence reads were
trimmed for adaptor sequences and further processed using Qiagen’s
software CLC Genomics Workbench (v.22.0.1) with default settings for
RNA-seq analysis. For statistical analysis, CLC’s count-based ‘Empiri-
cal analysis of differential gene expression’ implementing the ‘Exact
test’ for two-group comparisons’ was applied, and it was filtered for
differentially expressed genes by a fold change of >6, difference of >4
and P value of <0.05. Reads were aligned to the GRCm38 genome. The
heatmaps in Fig. 1a and Supplementary Fig. 1 were prepared using
Morpheus (https://software.broadinstitute.org/morpheus). For this
purpose, the expression values were shown in the logarithm to the
base 2, and hierarchical clustering was performed with one minus
Pearson’s correlation, average linkage. The genes with higher than
sixfold change are shown in Supplementary Fig. 1 and genes with
higher than12-fold change are in Fig. 1. The pathway enrichment anal-
ysis was performed by Enrichr (https://maayanlab.cloud/Enrichr/)
using MSigDB’s hallmark gene set and Jensen Compartments® %%,
The heatmaps of mitochondrial-metabolism-related and glycolytic-
lipogenic-associated genes were prepared using SRplot™.

Stable isotope tracing experiment
Atthe end of the y6T17 cell culture, the cell medium was switched toa
glucose-free IMDM medium supplemented with 25 mM U-[*C,]-glucose
in the last 48 h or alipid-free medium with 100 puM U-[**C,]-palmitate
inthelast24 h. The cellswere collected and washed with normal saline.
Thecell pellets were collected in mass-spectrometry-grade methanol.
For metabolite extraction, ice-cold double-distilled H,0O (containing
1pg mi™glutaric acid-dé asinternal standard) and chloroform (contain-
ing 30 pg ml™ palmitic acid-d31) were used as previously published®.
Inbrief, collected extracts were shaken at 4 °C for 20 minat 1,400 rpm,
followed by centrifugation at 4 °C for 5 min at 17,000g. For analysis
of polar metabolites, the upper phase was transferred to GC vials
with micro inserts and evaporated to dryness under vacuum at 4 °C.
Dried extracts were derivatized using methoxyamine hydrochloride
(20 mg ml™inpyridine) and MTBSTFA. For palmitate analysis, the lower
phase was evaporated to dryness, followed by fatty acid transesterifi-
cation using 2% H,SO, in methanol for 2 h at 50 °C. Fatty acid methyl
esters were extracted by sequential addition of saturated NaCl solution
and hexane. The upper hexane phase was transferred to glass vials and
evaporated to dryness. Dried extracts were dissolved in hexane.
Metabolite separation was performed usinga GC 7890 A gas chro-
matograph (Agilent) in splitless mode equipped with a30 m DB-35MS
+5 m Duruguard capillary columnand acquired on a 5975 MS (Agilent)
in selective ion monitoring mode. Datawas analysed using Metabolite
Detector Software.

IMQ-induced psoriasis mouse model

Mice (7 weeks old) were shaved and depilated with hair removal cream
(Veet) on the back skin 2 days before treatment and then randomly
assigned to be treated daily with 50 mg Aldara (containing 5% IMQ;
purchased from Meda) or sham cream (without IMQ) on the back skin
and 5 mgAldara or sham cream per ear for both ears for six consecutive
days, as previously published’. Male mice with scars on the skin from
fighting between littermates were excluded from performing the model
experiment. For the back skin, skin thickness and disease severity were
assessed daily with ascoring system for scaling and erythemainline with
the human Psoriasis Area and Severity Index (PASI). Erythema and scal-
ing were scored from zero to four, with zero indicating no severity and
fourindicating high disease severity. Thickness was scored based onthe
increase in the back skin thickness on day 0, as previously published’.

Skin digestion protocol
Ears were separated into ventral and dorsal halves and cut into small
pieces, followed by enzymatic digestion for 90 min at 37 °C with
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4 mg ml™(1.2Uml™) collagenase D (Sigma-Aldrich) and 50 U mI™ DNase
I (Applichem) in agentleMACS Dissociator (Miltenyi Biotech).

Flow cytometry

Single-cell suspension was incubated with an in-house Fc-receptor
blocking reagent before staining of surface antigens. Dead cells were
excluded with the Live/Dead Fixable Dead Cell Stain Kit (Life Technolo-
gies). For analysis of surface markers, cells were stained in PBS contain-
ing 0.25% BSA (Roche) and 0.02% NaN, (Carl Roth). For the labelling
of murine surface antigens, the following fluorescence-conjugated
monoclonal antibodies were used: CD3e (145-2C11; eBiosciences) and
YSTCR (GL3; eBiosciences). Forintracellular staining of cytokine, cells
were stained with IL-17A (eBiol7B7; eBiosciences) and Ki-67 (11F6;
BioLegend) using the Foxp3/Transcription Factor Fixation/Permea-
bilization Kit (eBiosciences) according to the manufacturer’sinstruc-
tions. For mitochondrial mass, membrane potential and neutral lipid
measurement, cells were stained with the MitoTracker Green FM
Dye, MitoTracker Red CM-H,Xros and HCS LipidTOX Red (Thermo
Fisher) following the manufacturer’s instructions. As indicated in the
respective experiments, cells were stimulatedin vitroin the presence
of phorbol-12-myristate-13-acetate (0.1 pg ml™; Sigma-Aldrich) and
lonomycin (1 pg ml™; Sigma-Aldrich) for 2 h, followed by incubation
for 2 h with brefeldin A (5 pg ml™; eBiosciences) before staining. For
lipid uptake measurement, the cells were incubated with BODIPY FL
C,¢ (Thermo Fisher) according to the manufacturer’s instructions.
Cells were acquired on Cytoflex S (Beckman Coulter) or Cytek North-
ern Lights (Cytek Biosciences), and data were analysed with FlowJo
software (v.10.8.1, Tree Star).

SCENITH

The SCENITH kit containing all reagents and protocols* was obtained
from GammaOmics (http://www.gammaomics.com). After activation
of y& T cells collected from the IMQ model, cells were treated for 15 min
at 37 °C, 5% CO, with control (DMSO), 2-DG (100 mM), oligomycin
(1 M) or a combination of both drugs. Puromycin (10 pg ml™) was
added for 30 min at 37 °C. Cells were washed in cold PBS and stained
with the Live/Dead Fixable Dead Cell Stain Kit (Thermo Fisher Scien-
tific) to exclude the dead cells. After washing with PBS, cells were fixed
and permeabilized using the Foxp3/Transcription Factor Fixation/
Permeabilization Kit (eBiosciences) according to the manufacturer’s
instructions. Intracellular staining of puromycin using the anti-puro
monoclonal antibody (1:600, Clone R4743L-E8) was performed by
incubating cells for 45 min at room temperature (20 °C)*.

Filter Aided Sample Preparation

For mass spectrometric analysis, cells were collected and washed with
PBS. Cell pellets were lysed using a urea-based lysis buffer (7 Murea,2 M
thiourea, 5 mMdithiothreitol (DTT), 2% (w/v) CHAPS). Lysis was further
promoted by sonication at 4 °C for 15 min using a bioruptor (Diagen-
ode). After lysis, the protein concentration was determined using the
Pierce 660 nmprotein assay (Thermo Fisher Scientific) according tothe
manufacturer”s protocol. Then, 20 pg of total protein was subjected
to tryptic digestion using amodified Filter Aided Sample Preparation
as previously detailed”®, In brief, samples (corresponding to approxi-
mately 20 pg total protein amount) were transferred into spin filter
columns (Nanosep centrifugal devices with Omega membrane, 30 kDa
MWCO). Afterward, detergents were removed by washing the samples
(membrane) three times with a buffer containing 8 M urea and 0.1M
TRIS Base. After reduction and alkylation by DTT and iodoacetamide,
excessiodoacetamide was quenched with DTT, and the membrane was
washed three times with 50 mM NH,HCO,. Afterwards, proteins were
digested overnightat37 °Cwith trypsin (Trypsin Gold, Promega) using
an enzyme-to-protein ratio of 1:50 (w/w). After digestion, peptides
were recovered by centrifugation and washed with 50 mM NH,HCO,.
Combined flow-through was acidified with trifluoroacetic acid to a

final concentration of 1% (v/v) trifluoroacetic acid and thenlyophilized.
Purified peptides were reconstituted in 0.1% (v/v) formicacid for liquid
chromatography-mass spectrometry (LC-MS) analysis.

LC-MS analysis

LC-MS analyses were performed using an Ultimate 3000 RSLCnano
LC system (Thermo Fisher Scientific) coupled to an Orbitrap Exploris
480 instrument platform (Thermo Fisher Scientific). Tryptic peptides
werefirstloaded ontoa PEPMAP100 C18 5-pm 0.3 x 5-mm trap column
(Thermo Fisher Scientific) and subsequently separated on an HSS-T3
C181.8-um, 75 pm x 250-mm analytical reversed-phase column (Waters
Corporation). Mobile phase A contained water with 0.1% (v/v) formic
acidand 3 % (v/v) DMSO. Peptides were separated, running a gradient
of2-35% mobile phase B (0.1% (v/v) formicacid, 3 % (v/v) DMSO in ace-
tonitrile) over 40 min at a flow rate of 300 nl min™. The total analysis
time was 60 min, including the wash and column re-equilibration steps.
The column temperature was set to 55 °C. The following settings were
used for MS analysis of eluting peptides on the Orbitrap Exploris 480
instrument platform: spray voltage was set to 1.8 kV, the funnel RF level
to 40 and the heated capillary temperature was at 275 °C. Data were
acquired in data-independent acquisition mode. Full MS resolution
was set t0120,000 at m/z200, and full MS automated gain control tar-
get to 300% with amaximum injection time of 20 ms. The mass range
was set to m/z345-1,250. Fragmention spectra were acquired with an
automated gain control target value of 1,000%. In total, 21 windows
with varying sizes (adjusted to precursor density) were used with an
overlap of 0.5 Th. Theresolution was set to 30,000, and injection time
was determined automatically (‘auto mode’). The normalized collision
energy was fixed at 27%. All data were acquired in profile mode using
positive polarity.

Data analysis and label-free quantification

MS raw data were processed using DIA-NN (v.1.8)””, which applied
the default parameters for library-free database search. Data were
searched using a custom-compiled database containing UniProtKB
and SwissProt entries of the murine reference proteome and a list of
common contaminants. For peptideidentification and in-silico library
generation, trypsin was set as protease, allowing one missed cleavage.
Carbamidomethylation was set as a fixed modification, and the maxi-
mum number of variable modifications was set to zero. The peptide
lengthranged between 7 and 30 amino acids. The precursor m/zrange
was set to300-1,800, and the production m/zrange to 200-1,800. As
a quantification strategy, we applied the ‘Robust LC (high precision)’
mode with ‘RT-dependent median-based cross-run normalization’
enabled. We used the built-in algorithm of DIA-NN to automatically
optimize MS2 and MS1 mass accuracies and scan window size. Peptide
precursor false discovery rates (FDRs) were controlled below 1%. In
the final proteome datasets, proteins had to be identified by at least
two peptides. Statistical analysis of the data was conducted using the
Student’s ¢-test, which was corrected by the Benjamini-Hochberg
method for multiple hypothesis testing (FDR of 0.01). For functional
enrichment of upregulated and downregulated proteins, the KEGG
and Gene Ontology enrichment analysis and the FDR were estimated
using the freely available software STRING (v.11.5) under a Creative
Commons BY 4.0 license (https://string-db.org). Enrichment analysis
results were plotted in RStudio.

)9()

Immunofluorescence

Cells were cultured in the presence of brefeldin A (5 ug ml™; eBio-
sciences) in the last 2 h before staining. After washing with PBS, cells
were fixed and permeabilized using the Foxp3/Transcription Factor
Fixation/Permeabilization Kit (eBiosciences) according to the manu-
facturer’sinstructions. After the incubation with washing and blocking
buffer (10% heat-inactivated goat serum in PBS) for 30 min at room
temperature, cells were incubated with monoclonal APC anti-mouse
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IL-17A antibody (TC11-18H10.13; BioLegend) for 30 min at room tem-
perature. Finally, cells were labelled with NucBlue Live ReadyProbes
Reagent (Hoechst 33342; Invitrogen), and LDs were stained with HCS
LipidTOX Red (Thermo Fisher) following the manufacturer’s instruc-
tions. After incubation for 30 min at room temperature, cells were
washed with PBS. Cells were transferred to glass coverslips coated
with poly-L-lysine (Sigma-Aldrich) and mounted with ProLong Glass
Antifade Mountant (Thermo Fisher). Forimmunofluorescence, images
were collected using a fully motorized Nikon Ti-E with Perfect Focus
System (interferometric-based focus maintenance (PFS) equipped
withan Agilent high-power MLC400 (150 mW/647 nm; 70 mW/561 nm;
70 mW/488 nm; 25 mW/405 mW). Images were captured with a x100
objective (numerical aperture, 1.49) using the appropriate lasers and
analysed with NIS-Elements software (v.5.2).

Statistical analysis

Aside from the RNA-seq and proteomic analysis, statistical tests of all
the other experiments were performed with GraphPad Prism (v.10)
(GraphPad Software). The P values were calculated using a Student’s
t-test, one-way ANOVA or two-way ANOVA, as indicated. The P values
were considered significantat P < 0.05. Data distribution was assumed
to be normal but this was not formally tested.

Ethics approval

Allanimal experiments were performed in compliance with therelevant
guidelines and regulations for animal welfare by the federal state of
Rhineland-Palatinate, Germany. The experimental protocols were
approved by the Landesuntersuchungsamt Rheinland-Pfalz (individual
animal experimentation application no. G19-1-060), and efforts were
made to minimize animal suffering.

Materials availability

Unique resources generated in this study are available upon reason-
able request, although they may require the completion of a Material
Transfer Agreement.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated and analysed during this study are available
from the following public repositories. The RNA-seq data generated
in this study were deposited to the Gene Expression Omnibus (GEO)
under accession number GSE256512. The proteomic datagenerated in
this study were deposited to the public repository ProteomeXchange
and iPOST. The accession numbers for the raw data are PXD050505 for
ProteomeXchange andJPST002976 for jPOST. Any additional informa-
tion required to reanalyse the data reported in this paper is available
fromthe lead contact uponrequest
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Extended Data Fig. 1| y8T17 cells undergo metabolic reprogramming,
reducing mitochondrial metabolism under psoriatic conditions. /n vitro-
expanded y8T17 cells (Lineage yYSTCR'CD27) were re-seeded on day 9

and stimulated with IL-7 in the presence (psoriatic conditions) or absence
(homeostatic conditions) of IL-1B and IL-23 for 3 h. a, RNA-seq heatmap showing
the upregulated (red) and downregulated (blue) genes (> 6 fold-change) in y6T17
cells under psoriatic versus homeostatic conditions. The black frame indicates
the highest-ranked differentially expressed genes (> 12 fold-change), listed in
Fig.1a. Data from four independent experiments were collected. For statistical

analysis, CLC’s count-based ‘Empirical analysis of Differential Gene Expression’
implementing the ‘Exact Test’ for two-group comparisons and p < 0.05 indicates
statistically significant differences. b, Heatmap of mitochondrial-metabolism-
related gene expression. ¢, Heatmap showing the expression of genes associated
with the glycolytic-lipogenic pathway. d, Schematic model of differentially
expressed genes under psoriatic versus homeostatic conditions identified by
RNA-seq analysis was created in BioRender. Kao, Y. (2025) https://BioRender.
com/x17k361.
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stimulated with IL-7 either alone (homeostatic conditions) or combined with
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and tricarboxylic acid (TCA) cycle metabolites in y6T17 cells on day 11 was
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experiment. Metabolite abundance (left-hand graphs) and fractional glucose
contribution analysis (right-hand graphs) revealed the levels of lactate aand TCA
cycleintermediates and associated metabolites, including citrate b, glutamate
¢, succinated, and malate e in the y6T17 cells cultured under psoriatic versus
homeostatic conditions. Pooled means from three independent experiments are
shown. Error bars represent standard deviation (SD), and p-values were obtained
using a two-sided t test. The graphic was created in BioRender. Kao, Y. (2025)
https://BioRender.com/s40a656.
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Extended DataFig. 5| Glycolysis fuels IL-17A production in y6T17 cells from the
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expression was analyzed in CD3"Vy4'y8T17 cells isolated from the IMQ model
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(Created in BioRender. Kao, Y. (2025) https://BioRender.com/y77u034)
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b, Representative flow cytometry dot plots and b, percentages showing the IL-
17A-expressing y8 T cells obtained under the indicated conditions. Data obtained
from 10 mice for the groups of control (C), 2-DG, oligomycin (0), and both

inhibitors (DGO), as well as 5 mice for the SorA condition, were shown. Error

one-way ANOVA.

barsrepresent standard deviation (SD). p-values were obtained using the
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | 24-h FAS inhibition decreases IL-17A expressionin y§T17 inyS T cells. b, ¢, percentage (b) and MFI (c) of RORyt within purified y§ T
cellsisolated from LNs without affecting RORyt expression. a, Murine y§ T cells.d, e, percentages (d) and MFI (e) showing the IL-17A-expressing yS T cells
cellsisolated from lymphoid organs cultured with IL-7 or IL-7, IL-23, IL-13 for 24 h obtained under the indicated conditions. Pooled means from three independent
inthe presence or absence of 1000 nM SorA. Cells were re-stimulated with PMA/ experiments are shown and error bars represent SD. p-values were obtained
lonomycininthelast4 h (Created in BioRender.Kao, Y. (2025) https://BioRender. using the two-way ANOVA.

com/q70s671). Representative gating strategy of RORyt and IL-17A expression
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immunofluorescence images of Lipid droplets (LipidTOX, red), IL-17A-GFP
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Extended Data Fig. 8 | RNA-seq and proteomic analysis demonstrate that with >0.35log2 fold-change (FC) values were identified in the proteomic analysis
Y6T17 cells downregulated lipid storage upon FAS inhibition in vitro. In vitro- comparing y6T17 cells treated with SorA and DMSO. ¢, Gene ontology (GO)
expanded y8T17 cells (Lineage yYSTCR*'CD27) were sorted on day 6 and cultured enrichment analysis shows the biological processes and pathways associated
withIL-7 for 3 days. Onday 9, cells were re-seeded and stimulated with IL-7, IL-1B, with the downregulated proteins, as shown inb. The proteomic analysis results
and IL-23 (psoriatic conditions) in the presence or absence of the indicated were obtained from four independent experiments, and p-values were generated
concentration of SorA for 3 h (for RNA-seq analysis) or 24 h (for proteomic using the two-sided Benjamini-Hochberg corrected t-test. p < 0.05 indicates
analysis); y8T17 cells treated with SorA or DMSO (control) were compared. statistically significant differences. d, Schematic model of the pathway analysis
a, Heatmap of genes upregulated (red) and downregulated (blue) in bulk RNA- with downregulated proteins comparing SorA versus DMSO control under

seq analysis of y§T17 cells in the presence of SorA or DMSO under psoriatic psoriatic conditions was created in BioRender. Kao, Y. (2025) https://BioRender.

conditions. b, Significantly upregulated (red) and downregulated (blue) proteins ~ com/x09m732.
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Extended DataFig. 9 | Genetic ablation of ACC1in RORyt" T cells limits IL-17A
production mainly from the Vy4'y8 T cellsin the IMQ model. The ears and
back skin of wild-type (WT) or Rorc*““™*° model mice were treated topically with
imiquimod (IMQ) for six consecutive days. a, Flow cytometry gating strategy for
identifying IL-17A-producing cells within skin samples of the treated ear areas
and skin-draining LNs on day 6. b, Percentages of Vy4*y5 T cells (ySTCR* Vy4),
Vy4y8 T cells (y6TCR* Vy4'), and non-y§ T cells in the ear skin and skin-draining
LNs of WT or Rorc*““™®® mice (gated on IL-17A" cells). ¢, Flow cytometry gating
strategy for analyzing IL-17A+in CD4" T cells (CD45'aBTCR'CD4'y8TCR), CD8' T
cells (CD45'aTCR'CD8*YSTCR), double-negative af3 T cells (CD45'aBTCR'CD4
CD8YSTCR), DETC (CD45'ySTCR"e"), y§T17 cells (CD45*y8§TCR™) and non-T

cells within treated-skin. d, Flow cytometry gating strategy for IL-17A"Vy4'yd
Tcellsand IL-17A"Vy4y8 T cells from the treated skin. e, Percentages of IL-17A
inindicated cell typesin the treated skin. f, Flow cytometry gating strategy for
analyzing IL-17A+in CD4" T cells (CD45'aBTCR'CD4"y8TCR), CD8' T cells (CD
45'aTCR'CD8'Y8TCR'), double-negative o T cells (CD45'aS TCR'CD4 CD8
YS8TCR), y8T17 cells (CD45'ySTCR™) and non-T cells in the skin-draining lymph
node (LN) on day 6.g, Flow cytometry gating strategy for IL-17A*'Vy4*y8 T cells
and IL-17A"Vy4y8 T cells from the skin-draining LNs. h, Percentages of IL-17A in
indicated cell types in the skin-draining LNs. The data were from WT (n=2) or
Rorc*““®® mice (n=2).
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | The overview of metabolic reprogramming of y6T17
cells under psoriatic inflammation and SorA-mediated FAS inhibition. y5T17
cells upregulated aerobic glycolysis while reducing mitochondria dependence to
support de novo FAS to meet their high lipid demand under psoriatic conditions
(IL-7 + IL-1B/1L-23) compared to homeostatic conditions (IL-7). Pyruvate produced
by the glycolytic pathway is converted into acetyl-CoA in the mitochondria
before entering the tricarboxylic acid (TCA) cycle as citrate. Without entering

the TCA cycle, citrate can be transported to the cytosol. Upon psoriatic
inflammation, y8T17 cells increased the expression of ATP-citrate lyase (ACLY)

to link glucose metabolism to FAS by converting citrate to acetyl-CoAand a
byproduct, oxaloacetate in the cytosol. Acetyl-CoA can then be used for

de novo FAS mediated by the rate-limiting enzyme acetyl-CoA carboxylase (ACC1)
to synthesize palmitate. Cytoplasmic oxaloacetate is converted to malate and then
to pyruvate by malic enzyme 1(ME1) to rejoin the glycolytic pathway. Meanwhile,
ME1, an NADP-dependent enzyme, generates the NADPH required for FAS.
FAS-derived palmitate is required for maintaining mitochondrial mass, neutral
lipid synthesis, lipid droplet formation (mainly consisting of triacylglycerol,
TAG), and IL-17A expression in y§T17 cellsin response to psoriatic conditions. FAS
inhibition using ACC inhibitor Soraphen A (SorA) reduces mitochondrial mass,
intracellular lipid stores, lipid droplet formation, trans-Golgi network, and IL-17A
expression while increasing compensatory lipolysis. Theillustration was created
inBioRender.Kao, Y. (2025) https://BioRender.com/e31v719.
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Data collection  Metabolite separation was performed using a GC 7890A gas chromatograph (Agilent) in splitless mode equipped with a 30 m DB-35 ms+ 5
mDuruguard capillary column and acquired on a 5975 mass spectrometry (Agilent) in selective ion monitoring mode. Flow cytometry data
were acquired on Cytoflex S (Beckman Coulter) or Cytek Northern Lights (Cytek Biosciences,F remont,C A). Liquid chromatography-mass
spectrometry (LC-MS) analysis for proteomic data was collected using an Ultimate 3000 RSLCnano LC system (Thermo Fisher Scientific)
coupled to an Orbitrap Exploris 480 instrument platform (Thermo Fisher Scientific).

Data analysis Metabolite data was analyzed using Metabolite Detector Software (https://md.tu-bs.de/). RNA-seq data were analyzed with CLC Genomics
Workbench and heatmaps were prepared by Morpheus (https://software.broadinstitute.org/ morpheus) and SRplot (https://
www.bioinformatics.com.cn/en). RNA-seq data enrichment analysis was performed by Enrichr (https:// maayanlab.cloud/Enrichr/). Proteomic
raw data were processed using DIA-NN (version 1.8),a nd enrichment analysis results were analyzed with STRING (version 11.5) and plotted
via R studio (R studio, version 4.4.1, Posit, P BC). Flow cytometry data were analyzed using FlowJo software (version 10.8.1, Tree Star). Images
obtained by confocal microscopy were analyzed by NIS-Elements software (version 5.2). Graph Pad Prism (Version 10) was used for statistical
analysis. All analyses are described in the methods.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets generated and analyzed during this study are available from the following public repositories. The RNA-seq data generated in this study were
deposited to the Gene Expression Omnibus (GEO) under accession number GSE256512. The proteomic data generated in this study were deposited to the public
repository ProteomeXchange and iPOST. The accession numbers for the raw data are PXD050505 for ProteomeXchange and JPST002976 for jPOST.
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Life sciences study design
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Sample size No statistical analysis was used to pre-determine the sample size. Pilot experiments were used to estimate the required sample sizes and
referred to previously published results with similar experimental methods [6, 9, 21].

Data exclusions | Observed outliers and failed experiments were excluded. If a data point is more than 2 standard deviations above or below the mean is
considered an outlier. Any cell culture with low viability due to stress induced by enrichment or sorting or failed experiment procedure was
excluded.

Replication All experiments were repeated as described in the figure legends.

Randomization  Samples were randomly allocated into experimental groups.

Blinding The majority of the experiments were not blinded as preparation of cell culture and readout measurement were carried out by the same

investigator. The cell culture and metabolite measurement were performed by different investigators.
The results in Figure 6 were performed blinded by revealing the genotypes after completing the score determination and analysis.
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Antibodies

Involved in the study

Eukaryotic cell lines

n/a | Involved in the study

IZI D ChIP-seq
|:| |Z| Flow cytometry

Palaeontology and archaeology IZI D MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Antibodies used

Validation

Purified anti-mouse TCR g/d Antibody (1:500, clone: GL3, Biolegend, cat#118101); CD11b Monoclonal Antibody (1:100, clone MI/70,
Biotin, Bioscience, cat#B-0112-82); InVivoMAb anti-mouse IFNy (10 ug/ml, clone: XMG1.2, Bio X Cell, cat#BE0055); CD3e Monoclonal
Antibody (1:200, 145-2C11, PerCP-Cyanine5.5/APC, eBiosciences, cat#45-0031-82/17-0031-82); PE anti-mouse TCR Vy4 Antibody
(1:100, clone UC3-10A6, Biolegend, cat#137706); TCR gamma/delta Monocional Antibody (1:100, clone GL-3, eBioGL3 (GL-3, GL3),
eFluor 450, eBioscience, cat#48-5711-82); IL-17A Monoclonal Antibody (1:200, clone eBio17B7, PE- Cyanine7, eBioscience,
cat#25-7177-82); CD27 Monoclonal Antibody (1:200, clone LG.7F9, PE, eBioscience, cat#11-0271-82); Ki-67 (1:100, clone 11F6,
BV421, Biolegend cat#151208); APC anti-mouse IL-17A Antibody (1:200, clone TC11-18H10.13; Biolegend, cat# 506915).

All antibodies are commercially available and validated by the manufacturers.

Biolegend antibodies: https://www.biolegend.com/en-us/quality/quality-control

Biolegend employs a comprehensive approach to antibody validation, analyzing 1-3 target cell types with single- and multi-colour
analysis to encompass positive and negative cell types. Upon confirming specificity, each new lot is required to match the intensity of
the in-date reference lot, with the brightness (MFI) evaluated across both positive and negative populations to ensure consistency.
Furthermore, quality control testing, including a series of titration dilutions, is conducted for every lot.

eBioscience reagents for immunology, multicolor flow cytometry, and biological system analysis are now part of Thermo Fisher
Scientific.

Thermo Fisher Scientific antibodies: https://www.thermofisher.com/de/de/home/life-science/antibodies/invitrogen-
antibodyvalidation.html

Thermo Fisher Scientific tests each antibody using different methods, including flow cytometry, Immunoprecipitation-Mass
Spectrometry Antibody Validation, Knockout and Knockdown Antibody Validation, Independent Antibody Validation, Peptide Array
Antibody Validation, Cell Treatment, Neutralization Antibody Validation, Relative Expression Antibody Validation, and SNAP-ChIP
Antibody Validation. The precise validation method for each antibody is outlined in its respective antibody datasheet.

The XMG1.2 antibody from InVivoMab is a neutralizing antibody and validated by western blot: https://bioxcell.com/pub/media/tds/
BEOQ55-TDS.pdf

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Animal experiments were performed with either 7 to 10 week-old C57BL/6JRj (Janvier Labs) WT mice or the RorcACC1KO mouse line.
The RorcACC1KO mouse line was generated by crossing RorcCre/+ mice [57] to ACCllox/lox mice [35) and maintained on a C57BL/6)
genetic background. Their littermate RorcCre/wtACCIfl/fl mice were used as WT controls. Mice were bred and housed in the animal
facility of the University Medical Center of the Johannes Gutenberg-University of Mainz under specified pathogen-free conditions. All
mice were kept on a 12-h light-dark-cycle (24°C, air humidity 55%).

No wild animals were used in the study.

Untreated female and male C57BL/6) and female IL-17A-GFP-reporter (C57BL/6-1117atm1Bcgen/J; IL17A-IRES-GFP-KI) mice were
used as organ donors for primary y6T17 cell culture. For, IMQ-induced psoriasis mouse model, mice were shaved and depilated with
hair removal cream (Veet®, Reckitt Benckiser Group, Slough, England) on the back skin 2 days before the treatment and then daily
treated with 50 mg Aldara (containing 5% IMQ, purchased from Meda [Solna, Sweden]) or sham cream (without IMQ) on the back
skin and 5 mg Aldara or sham cream per ear for both ears for six consecutive days, as previously published [9]. Male mice with scars
on the skin from fighting between littermates were excluded from performing the model experiment.

No field collected samples were used in the study.

All animal experiments were performed in compliance with the relevant guidelines and regulations for animal welfare by the federal
state of Rhineland-Palatinate, Germany. Experiments were done with approval from the Landesuntersuchungsamt Rheinland-Pfalz
(individual animal experimentation application no. G19-1-060), and all efforts were made to minimize the potential suffering of the
mice.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Single-cell suspension was incubated with in-house Fe-receptor blocking reagent before staining of surface antigens. Dead
cells were excluded by the LIVE/DEAD Fixable Dead Cell Stain Kit (Life Technologies). For analysis of surface markers, cells
were stained in PBS containing 0.25% BSA (Roche, Mannheim, Germany) and 0.02% NaN3 (Carl Roth GmbH+Co.KG,
Karlsruhe, Germany). For the labeling of murine surface antigens, the following fluorescence-conjugated monoclonal
antibodies were used: CD3e (145-2C11; Biosciences, San Diego, CA) gdTCR (GL-3; Biosciences, San Diego, CA). For
intracellular staining of cytokines or antigens, cells were stained with IL-17A (eBio17B7; eBiosciences, San Diego, CA) Ki-67
(11F6, Biolegend, San Diego, CA); APC anti-mouse IL-17A Antibody (TC11-18H10.13; Biolegend, San Diego, CA) using the
Foxp3/Transcription Factor Fixation/Permeabilization Kit (Biosciences, San Diego, CA) according to the manufacturer's
instructions. For mitochondrial mass, membrane potential, and neutral lipid measurement, cells were stained with the
MitoTracker"" Green FM Dye, MitoTracker™ Red CM-H2Xros, and HCS LipidTox Red (Thermo Fisher, Waltham, MA) following
the manufacturer's instructions. As indicated in the respective experiments, cells were stimulated in vitro in the presence of
phorbol-12-myristate-13-acetate (PMA) (0.1 pg/mL; Sigma-Aldrich, St. Louis, MO) and lonomycin (1 pg/mL; Sigma-Aldrich, St.
Louis, MO) for 2 h followed by incubation for 2 h with Brefeldin A (5 ug/ml; eBiosciences, San Diego, CA) before staining. For
lipid uptake measurement, the cells were incubated with BODIPY FL C16 (Thermo Fisher) according to the manufacturer's
instructions.

For flow cytometry, Cells were acquired on Cytoflex S (Beckman Coulter) or Cytek Northern Lights (Cytek Biosciences,
Fremont, CA), and data were analyzed with FlowJo software (Tree Star).

Flow cytometry data were analyzed using FlowJo software (version 10.8.1, Tree Star). Graph Pad Prism (Version 10) was used
for statistical analysis. All analyses are described in the methods.

Post-sorting samples contained at least 90% of the desired cell population for further analysis.

We excluded the debris by FSC/SSC and doublets by SSC-H/SSC-A and FSC-H/FSC-A. We used live/dead dye to exclude the
dead cells.

We define cell populations: IL-17A production in Vy4+y8 T cells (CD45+ySTCR+Vy4+), Vy4-yd T cells (CDA5+ySTCR+Vy4-), CD4
+T cells (CD45+aBTCR+CD4+y8TCR-), CD8+ T cells (CD45+aBTCR+CD8+ySTCR-), double-negative af T cells (CD45+aTCR
+CD4-CD8-y8TCR-), dendritic epidermal T cells (DETCs, CD45+yS8TCRhigh), non-T cells within treated-skin.

We provided gating strategies for dyes and antigens in the figures.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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