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Abstract

Immune cell-derived IL-17A is one of the key pathogenic cytokines in psoriasis, an immuno-

metabolic disorder. While IL-17A is an established regulator of cutaneous immune cell biology, 

its functional and metabolic effects on non-immune cells of the skin, particularly keratinocytes, 

have not been comprehensively explored. Using multi-omics profiling and systems biology-based 

approaches, we systematically uncover new roles for IL-17A in the metabolic reprogramming 

of human primary keratinocytes (HPKs). High-throughput LC-MS/MS and NMR spectroscopy 

revealed IL-17A-dependent regulation of multiple HPK proteins and metabolites of carbohydrate 

and lipid metabolism. Systems-level Mitocore modeling using flux-balance analysis identified 

IL-17A-mediated increases in HPK glycolysis, glutaminolysis, and, lipid uptake, which were 

validated using biochemical cell-based assays and stable isotope resolved metabolomics (SIRM). 

IL-17A treatment triggered downstream mitochondrial reactive oxygen (mROS) and HIF1α 
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expression and resultant HPK proliferation, consistent with the observed elevation of these 

downstream effectors in the epidermis of patients with psoriasis. Pharmacological inhibition of 

HIF1α or ROS reversed IL-17A-mediated glycolysis, glutaminolysis, lipid uptake, and HPK 

hyperproliferation. These results identify keratinocytes as important target cells of IL-17A and 

reveal its involvement in multiple downstream metabolic reprogramming pathways in human skin.
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INTRODUCTION

Skin is a critical site of immunological surveillance wherein immune and nonimmune 

cells communicate and interact through cytokine signaling mediators (1). Dysregulation 

of cytokine networks within and between cells can lead to pathogenesis of inflammatory 

cutaneous diseases. IL-17A, along with several other cytokines such as IL-9, IL-13, IL-23, 

and IFNγ have been implicated in the pathogenesis of several immunological diseases of 

the skin(2–8). In psoriasis, a prevalent skin inflammatory disorder, IL-17A is an especially 

abundant cytokine, and is thus of premier importance (9–12). Aberrant high expression of 

both IL-17A and its receptor, IL-17R (9, 13), has been linked to neutrophil infiltration, 

skin inflammation, and psoriatic disease progression (14, 15). IL-17A exerts paracrine 

effects on multiple immune cell subsets, including T-cells, neutrophils and macrophages 
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within psoriatic skin, and triggers secretion of multiple cytokines, including IL-6, IL-8, and 

TNFα, along with chemokine and angiogenic factors, thus exacerbating immune effector 

and homing functions and resultant skin inflammation (16, 17).

IL-17A, along with other cytokines, additionally act as crucial regulators of cellular 

metabolism(18) since they functionally mimic metabolic hormones (19). In this respect, 

they behave as sensors of nutrient fluctuations and can fine-tune adaptive immune 

responses accordingly (20), thus factoring heavily in the pathophysiological progression of 

inflammatory disorders (21–28). Such IL-17A-dependent metabolic modulation may involve 

a broad range of potential pathways, the specific nature of which may vary according to 

respective target cell type. For example, IL-17A alters lactate production and fatty acid 

oxidation in macrophages and decreases mitochondrial membrane potential in neutrophils 

through regulation of p38, Erk1/2 signaling(29, 30). Non-immune cells such as fibroblastic 

reticular cells of the lymph node undergo metabolic reprogramming in response to IL-17A, 

resulting in enhanced proliferation and survival (31). In adipocytes, IL-17A inhibits lipid 

and glucose metabolic pathways and suppresses adipogenesis and resultant obesity (32).

Despite extensive studies examining IL-17A-mediated immunobiological and metabolic 

effects, new and unexpected facets of IL-17A biology continue to emerge and numerous 

outstanding questions remain (33). Largely unexplored and requiring systematic dissection 

are IL-17A effects on major, non-immune target cells of the skin, namely keratinocytes, 

and its potential downstream modulation of keratinocyte-intrinsic metabolic pathways and 

resultant cellular functions. Regarding this, IL-17A was found to alter the urea cycle 

in keratinocytes overexpressing arginase-1, thus implicating an IL-17A-metabolic, pro-

inflammatory feedback loop in the progression of psoriatic skin (34, 35). Additional reports 

have highlighted the importance of glucose and glutamine metabolism in the development 

of psoriasis (2, 36), now viewed as a metabolism-associated disease, in which IL-17A is 

believed to factor heavily in its metabolic pathophysiology. IL-17A has also been implicated 

in mediation of redox imbalances within inflamed skin (37–39), where elevated levels 

of reactive oxygen species (ROS) are thought to contribute to disease pathogenesis in 

both psoriasis and atopic dermatitis (40–42). Cytokines, mirroring their important roles in 

metabolism, may crucially regulate such redox homeostatic processes (43, 44). Indeed, we 

recently reported that IL-9 suppresses ROS levels in keratinocytes(25), while conversely, 

IL-17A increases oxidative stress in hepatocytes, peripheral monocytes and human 

mesenchymal stem cells (45–47). Nonetheless, IL-17A-dependent effects on downstream 

metabolic and redox pathways intrinsic to keratinocytes have not been comprehensively 

examined in either psoriasis or in any other inflammatory cutaneous disorder for that matter. 

Systematic evaluation of such IL-17A-triggered metabolic dysregulation and comprehensive 

interrogation of resultant downstream pathways directly in a major, non-immune cell type 

of the skin, human primary keratinocytes, is critical to comprehensive understanding of the 

full spectrum of IL-17A-dependent disease processes, independent from its well-established 

immunobiological roles (48).

Here, we systematically dissect roles of IL-17A in the metabolic reprogramming of human 

keratinocytes, using several independent multiomics-, systems biology-, and functional-

based experimental approaches. We identified an IL-17A-dependent ROS-HIF1α axis 
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intrinsic to human keratinocytes involved in keratinocyte metabolic rewiring. This was 

marked by IL-17A-dependent elevation of mROS, HIF1α, intracellular lipids, and pro-

proliferative metabolic effectors in IL-17A-treated primary keratinocytes and/or clinical skin 

biospecimens from patients with psoriatic disease. This study provides new mechanistic and 

translational insight into IL-17A and its downstream effectors in keratinocyte metabolism 

and psoriasis.

MATERIALS AND METHODS

Human primary and immortalized keratinocyte isolation and culture methods.

Healthy skin specimens were collected from the Plastic Surgery Department of B.Y.L. Nair 

Charitable Hospital, Mumbai, upon approval of the Institute Ethics Committee (IEC) of 

IIT Bombay and B.Y.L. Nair Charitable Hospital, Mumbai. Keratinocytes were isolated 

as described earlier(49, 50). Information for donors of healthy skin used for normal 

keratinocyte isolation (Figure 1) is shown in Table 1. In brief, sterile skin sections were 

dissected into smaller pieces and incubated for 16 hours at 4°C in 2.4 U of Dispase 

II (Roche, Mannheim, Germany). The epidermal layer was isolated by digestion with 

1% Trypsin-EDTA solution (Gibco, NY, USA) for 20 min at 37°C. The epidermis was 

macerated, strained through a sterile gauze, and then keratinocytes obtained and cultured 

in serum free EpiLife media containing human keratinocyte growth supplements (Gibco, 

Thermo-Scientific, USA) for <5 passages. The immortalized human keratinocyte line, 

HaCaT (AddexBio, India), a gift from Prof. Rinti Banerjee, IIT Bombay, India, was cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine 

Serum. IL-17A treatments were performed at 50 ng/ml for 24 hours except as otherwise 

noted, with the concentration selected based on prior studies performed by our group or 

others validating statistically significant effects at this concentration on HPK physiology 

(49),(51–54). For assays of longer duration involving HPK proliferation and viability, 

IL-17A concentration was maintained as above for up to 72 hours.

Validation of human primary keratinocyte purity.

Purity of keratinocyte isolates cultured from human skin were verified by flow cytometry 

as described(55). HPK isolates were cultured and harvested at passage three and then 

surface stained with PE-Cy7-conjugated anti-CD3 Ab (catalogue number: 25–0038-42, 

Thermofisher Scientific) and PE-conjugated anti-CD1a Ab (catalogue number: 300106, 

BioLegend) to rule out T cell and Langerhans cell (LCs) contamination, or intracellularly 

stained for the keratinocyte lineage marker using unconjugated pan-cytokeratin antibody 

(Catalogue number: MSM17–999-P1ABX) followed by Alexa Fluor 657-conjugated goat 

anti-mouse secondary Ab (catalogue number: A-21235, ThermoFisher Scientific) in the dark 

at room temperature. 99.1% of total cells were positive for pan-cytokeratin, with only 0.7% 

of cells positive for CD3, and 0.97% cells positive for CD1a, thus demonstrating high purity 

of keratinocyte cultures (Supplementary Figure S1a). Similar results were obtained with the 

positive control keratinocyte line, HaCaT, which were 99.5% positive for cytokeratin.
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Sample preparation for high-throughput label-free proteomics by LC-MS/MS.

For proteomic analysis, human primary keratinocytes were treated with IL-17A (50ng/ml) 

for 24 hours in minimal EpiLife medium. All treatments were administered with an 

incubation of 24 hours at 37°C with 5% CO2. Each of these experiments was performed 

with HPKs derived from 3 separate individuals (n=3 biological replicates). Sample 

preparation for LC-MS/MS was performed using modifications of protocols described 

previously (56, 57) according to the manufacturer’s guidelines for Promega MS-grade 

Trypsin. In brief, HPKs were lysed in TRIzol reagent (Invitrogen, Carlsbad, CA) and 

proteins were extracted as per the manufacturer’s instructions. The phenol protein fraction 

was separated from DNA by ethanol extraction (molecular biology grade), and protein 

precipitated by isopropanol. The pellet was washed with 3M Guanidium Hydrochloride 

solution in 95% EtOH and sonicated followed by 100% EtOH washes. Protein pellets were 

re-solubilized in Urea-Thiourea Buffer (8M Urea, 2M Thio-urea in Tris-Cl). A quality 

control check was performed using SDS-PAGE and agarose gel electrophoresis to detect 

any DNA contamination. The protein extract (25μg) was reduced using 10mM Dithiothreitol 

(Merck KGaA, Darmstadt, Germany) at 60°C for 60 min followed by alkylation with 

15mM Iodoacetamide (Merck KGaA, Darmstadt, Germany) for 30 min at RT in the dark. 

The volume of the digestion mixture was then increased by 4x using 50mM Ammonium 

bicarbonate and the protein was digested using 1ug MS-grade trypsin (Promega, WI, USA) 

for 18 hours at 37°C. This volume of the digestion mixture was maintained constant across 

samples treated in the batch. The peptides thus obtained were cleaned using C18-ziptips, 

quantified using Scopes’ method(58). Subsequently, 600 ng - 1 μg of clean peptide samples 

were injected into a ThermoScientific Q-Exactive Plus via an EasyNLC HPLC autosampler 

and C18 PepMapTM column. The instruments were set to an MS1 resolution of 70000 and 

an MS2 resolution of 17500. The acquisition experiments were optimized to run on 120 min 

and 240 min liquid chromatography gradients.

Proteomics data analysis and label-free quantification.

The MS spectra were analyzed using the Thermo-scientific mass informatics platform 

Proteome Discoverer Version 2.2. The common workflows for discovery proteomics were 

used with Mascot and SequestHT as search engines. For label-free quantification, the 

standard workflows by Thermo were used. Samples were normalized by peak-area based 

“total peptide amount”. The permitted retention time (RT) shift was set to 2 min. Fragment 

mass tolerance was set to 0.02 Da and the precursor mass tolerance to 2ppm. The false 

discovery rate (FDR) was set to 0.01 (Strict). Importantly, only unique peptides were 

considered for peak-area based quantification. For statistical analysis of identified proteins, 

null hypothesis testing was performed using ANOVA (background based).

Heat map generation, functional annotation and pathway analysis of proteomics data.

A stringent protein filtering criteria was used to select for target hits used for later 

functional annotation and pathway analysis. This included protein hits with at least 2 unique 

peptides, abundance ratio p-value less than 0.1, and abundance ratios greater than 1.5 and 

less than 0.667. Filtered differentially expressed proteins were annotated for associations 

with biological processes using Panther server. STRING server was then used to generate 
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functional protein association network visualizations of filtered proteins. ClustVis server 

was used to generate heat maps with log2 transformed abundance ratios of the significant 

differentially expressed proteins.

1H nuclear magnetic resonance (NMR) sample preparation, spectral acquisition and data 
analysis.

Keratinocyte samples were seeded in 6-well plates and treated with 50ng/ml IL-17A for 

24 hours. Post 24 hours, cells were harvested, media removed, and cells were washed with 

PBS to remove leftover media or impurities. Cells were scraped and metabolites isolated in 

microfuge tubes using methanol-based extraction as described previously (25). Cells were 

sonicated for 6 min at 50% amplitude with 20s Pulse On-15s Pulse Off, centrifuged at 14000 

rpm for 15 min, supernatant was collected, vacuum dried and stored at −80°C. Vacuum 

dried samples were dissolved in Phosphate Buffer (pH 7.4) containing D2O. 10mM DSS 

was used as a chemical shift indicator (CSI) for referencing such that all chemical shifts 

were on the δH scales relative to CSI at 0. NMR experiment was performed on a Bruker 

spectrometer operating at 750.0 MHz for 1H NMR, at a fixed temperature of 298K, in 5 mm 

NMR tubes. For SIRM, vacuum dried samples were dissolved in D2O. NMR experiments 

were performed on a Jeol spectrometer operating at 600.0 MHz for 1D and 13C NMR, at a 

fixed temperature of 298K, in 5 mm NMR tubes. 1D sample spectrums were obtained and 

used for identification of metabolites through analytical software. For quantitative sample 

profiling, spectra were processed and analysed with Bruker topspin 3.1 and Chenomx NMR 

suite 8.3 software. NMR spectra were initially phased in Bruker topspin 3.1 and the final 

baseline and spectra processing was performed using Chenomx NMR suite 8.3. Processing 

included baseline correction, phase correction, shim correction, CSI calibration and line 

broadening. Metabolites were identified using the database stored in Chenomx NMR suite 

8.3 and were quantified from the comparison of the internal standard (DSS). Comparison 

of the spectral data obtained for each sample with the Chenomx metabolite library along 

with the known concentration of internal standard resulted in a list of compounds together 

with their respective concentrations. Metabolites identified from cytokine-treated HPK 

samples were run on the MetaboAnalyst 5.0, an online functional and analytical software, 

in which pathway and statistical analyses were performed. Metabolite concentrations were 

uploaded in .csv format. For normalization, sample specific normalization was performed. 

For statistical analysis, data was log transformed and auto scaled. For pathway analysis, only 

range scaling was applied.

Stable isotope-resolved metabolomics.

HPKs were cultured in 6-well plates (Merck) in EpiLife medium and stimulated with 

50ng/ml IL-17A or left untreated for 24 hours. The medium was then exchanged for RPMI 

(ThermoFisher Scientific, Waltham, USA) containing 10 mM [U-13C] glucose or 4 mM 

[U-13C] glutamine (Cambridge Isotope Laboratories, Tewksbury, USA), with or without 

IL-17A for 24 hours. Cells and supernatants were collected over multiple time points and 

metabolites were extracted as mentioned above.
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Computational analysis of metabolic flux.

A manually curated constraint-based model of human metabolic networks, Mitocore(59), 

was used to perform constraint-based flux balance analysis(60). MitoCore modeling 

comprises 324 metabolic reactions, 83 transport reactions between mitochondria and the 

cytosol, and 74 metabolite exchanges through the plasma membrane. This curated model 

was constrained for reversibility and inactivation of some reactions. Primary focus was 

on central metabolic networks under different physiological conditions. The model was 

imported into COBRApy environment(61) and optimized using the built-in Gurobi linear 

programming solver. For each experimental dataset and condition, we constrained uptake 

and secretion rates of glucose, amino acid exchange reactions, metabolites associated 

with central metabolic pathways based on experimental data, optimized the model using 

maximizing ATP (towards biomass) as the objective function, and predicted lactate and other 

intermediary fluxes in the central metabolic network.

Intracellular Lipid Analyses.

Adherent HaCaT (1 × 105) cells and HPKs were incubated with or without 50ng/ml IL-17A 

at 37°C for 24 hour, and incubated at room temperature for 20 min in the dark with either 

10 μM Nile red (HaCaT) or with BODIPY (493/503) at 5 μg/ml (HPKs) or 200 ng/ml 

(HaCaT) (ThermoFisher Scientific). Neutral lipid content measured on a BD FACSVerse 

(BD Biosciences).

Lipidomics analysis.

Non-polar metabolites were extracted using methanol/chloroform protocol, were dried 

and used for lipidomics. At the time of LC-MS/MS injection, dried lipid samples were 

reconstituted in Chloroform: Methanol (1:1, v/v). Further, extracted lipids were separated on 

VANQUISH UHPLC system using Aquity CSH C18 column (Waters) maintained at 500C. 

Lipids gradient elution program comprised of mobile phase A containing ACN: H2O (60:40, 

v/v), with 10mM ammonium acetate and mobile phase B containing IPA: ACN (90:10, 

v/v), with 10mM ammonium acetate with a flow rate of 0.3ml/min. The UHPLC system 

was connected to Thermofisher Q - Exactive Plus mass spectrometer containing an ESI ion 

source. Lipids were detected in positive ion mode with a full ms scan range of 70 to 1000 

m/z. The injection volume was 5μl for positive ion mode. The separated lipid species were 

analyzed using Lipid Search software (version 4.2.9). This study used product ion search 

with mass tolerance set to <5ppm, and the m-score threshold was set to 2.

Glutamine/Glutamate measurement.

HPKs were treated in the presence or absence of 50ng/ml IL-17A, NAC (10mM) and 

Echinomycin (2.5nM) for 24 hours. Supernatant were collected and glutamine/glutamate 

concentration were measured using Glutamine/Glutamate-Glo-Assay (Promega, WI, USA) 

according to the manufacturer protocol.

Multiple reaction monitoring (MRM) targeted proteomics assay.

HPKs were treated with IL-17A (50ng/ml) and/or echinomycin (2.5nM) for 24 hours. 

Proteins were then extracted in urea (6M) and thio-urea (2M) buffer made in Tris-Cl. 
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25μg protein was then treated with dithiothreitol (DTT) and iodoacetamide (IAA) and 

digested in MS-grade trypsin (Promega, WI, USA). Peptides were desalted in C-18 

silica based material, quantified. All transitions for unique peptides with 0 missed 

cleavages (precursor ion +2 charge, and product ion +1 charge) as predicted by the 

Skyline™ Daily software (Ver 22.2.1) were monitored. We first refined this list on 

a pool of IL-17A treated samples. 6 peptides of LDH-A (LVIITAGAR, NVNIFK, 

FIIPNVVK, QVVESAYEVIK, VTLTSEEEAR, SADTLWGIQK) and 8 peptides of 

PKM (LDIDSPPITAR, ITLDNAYMEK IYVDDGLISLQVK, GADFLVTEVENGGSLGSK, 

FGVEQDVDMVFASFIR, AGKPVICATQMLESMIK, LAPITSDPTEATAVGAVEASFK, 

and VNFAMNVGK) were finalized. 3 bio-replicates of each condition were used for the 

MRM experiment and results acquired were analysed on Skyline™ Daily. For the MRM 

sample runs, around 1.6 ug of peptides were injected onto Hypersil gold C18 column with 

an Ultimate 3000 UHPLC system. A binary buffer system (Buffer A = 0.1% Formic acid 

in water and Buffer B = 0.1% Formic acid in Acetonitrile) allowed for the separation of 

peptides that were fed directly into the Thermo TSQ Altis system for data acquisition. 

All the data and results have been made available at the URL: https://panoramaweb.org/

IL17A-keras-glycolysis.url.

Glucose Uptake and Lactate Quantification.

Cells were stimulated with IL-17A at 10, 25 or 50 ng/ml for 24 h. Media was removed, cells 

were washed in PBS, 2-NBDG (10μM) was added in glucose-free RPMI media (200 μl), and 

cells were incubated for 30 min at 37°C. Finally, media was removed, cells were washed, 

and data was acquired on a BD FACSVerse (BD Biosciences, NJ, USA).

HPKs were treated in the presence or absence of 50ng/ml IL-17A for 24 hours in EpiLife 

medium. Cell-free supernatants were incubated in lactate assay buffer (NAD+ substrate plus 

1 U/ml Lactate Dehydrogenase in Tris-Glycine-Hydrazine, pH 9.0) for one hour at 37°C. 

Absorption at 340 nm was read to detect NADH.

Insulin was used as a positive control in the assays above assessing lactate production and 

glucose uptake as described (62). Cells were incubated with insulin (150nM) or IL-17A 

(50ng/ml), in DMEM without glucose (catalogue no. D5030). For glucose uptake assays, 

media was removed post-incubation and replaced with fresh medium containing 2-NBDG 

(10μM), IL-17A and/or Insulin, for 30 min at 37°C, media removed, cells washed, and data 

acquired on a BD FACSVerse (BD Biosciences, NJ, USA). For assays assessing lactate 

production, cells were incubated with insulin and/or IL-17A in low glucose (10mM) DMEM 

for 24 h. Supernatants were collected and lactate levels quantified as described above.

Fatty Acid Uptake Assay.

Palmitic acid uptake was measured by incubating cells with 100 nM BODIPY FL C 16 

(ThermoFisher Scientific) for 30 min at 37ºC in FBS-free medium. Cells were washed in 

four volumes of ice-cold PBS containing 2% FBS to stop the reaction. Finally, cells were 

trypsinized, collected, washed twice in PBS, and then subjected to flow cytometric analysis. 

Results are reported as the geometric mean fluorescence intensity.
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Cell viability and proliferation analyses.

HaCaT and HPKs (0.1 million/ml) were suspended in DMEM, 10% FBS, 1% penicillin/

streptomycin or complete Epilife medium and seeded into 24-well plates. Cells were 

pre-treated with 3uM NAC (for 1 hour in respective wells), or 2.5nM echinomycin or 

metabolites (10uM Glucose, 4uM Glutamine, 2uM Sodium Pyruvate and 2uM Malic acid). 

Cells were then cultured for 24 h or 72 h in the presence or absence of IL-17A (50ng/ml). 

Post-incubation, cells were harvested and stained for trypan blue, and cell viability was 

calculated by dividing the number of live cells by total cell number.

Flow Cytometric staining of GLUT1 and HIF1α.

HPKs were stimulated with IL-17A (50 ng/ml) and/or H2O2 (50 μmol/L) and/or pre-treated 

with NAC for 4 hour. Cells were washed once in FACS buffer (2% FBS in PBS) at 4°C and 

then incubated with the Fixation-Permeabilizing Solution (ThermoFisher Scientific) at room 

temperature for 40 min. Fixed HPKs were stained with unconjugated rabbit anti-human 

HIF1α Ab (PA1–16601) or GLUT1 (MA5–31960), ThermoFisher Scientific), then with 

Alexa Fluor 488-conjugated goat anti-rabbit Ab (A-11008, ThermoFisher Scientific) and 

acquired on a BD FACSVerse flow cytometer (BD Biosciences).

Western Blot Analyses.

HaCaT cell cultures at <60% confluence were treated with IL-17A (50ng/ml) in incomplete 

DMEM media for 8 h. Cells treated with EGF (20ng/ml) and CoCl2 were used as positive 

controls. Cells were lysed by sonication at 4°C in RIPA buffer (Sigma-Aldrich, Germany) 

supplemented with 2mM CoCl2 and a protease and phosphatase inhibitor cocktail (Sigma-

Aldrich, Germany). Lysates were quantified by the BCA assay (Pierce, ThermoFisher 

scientific), and 35–50 μg of protein was resolved by SDS-PAGE at 60–90V. Proteins were 

transferred to PVDF membranes using a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad, 

Hercules, CA, USA), blocked in 7.5% non-fat dry milk (Himedia, India) dissolved in TBS/

0.25% Tween-20 (Merck, Germany), and then probed with rabbit anti-human HIF1α and 

mouse anti-human GLUL (PA1–16601 and MA-527749, ThermoFisher Scientific, Waltham, 

USA) or anti-actin primary Abs (PA1–183, ThermoFisher Scientific, Waltham, USA) in 

blocking buffer. Membranes were washed in TBS/0.25% Tween-20, incubated with HRP-

conjugated goat anti-rabbit secondary Ab (G-21234, ThermoFisher Scientific, Waltham, 

USA), and developed with ECL Chemiluminescent Substrate (Bio-Rad, California, USA) 

using the iBright FL1500 Imaging System (ThermoFisher Scientific, Waltham, USA). 

Images were analyzed by ImageJ software by normalizing mean grey value band intensities 

of HIF1α (100–120 kDa) to corresponding actin (42kDa) bands.

Apoptosis Assay.

HPKs were seeded in complete EpiLife media at 1 × 105 cells/well in 12-well plates for 

24 hour. Media was replaced with minimal Epilife containing IL-17A with or without 

echinomycin (Sigma-Aldrich, Germany) for 48 h, with one replenishment of IL-17A 

halfway through. Similarly, for glutamine synthetase related apoptosis experiments, HaCaT 

cells were cultured in complete DMEM for 24 hours. The media was then replaced with 

glutamine deficient RPMI with or without the GS inhibitor, methionine sulfoximine (MSO) 
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(Sigma-Aldrich, Germany) over 36 hours, with one replenishment of IL-17A at the 24-

hour mark. In both cases, cells were, trypsinized, harvested, washed in PBS, and stained 

with PE-conjugated Annexin V followed by 7-AAD (Annexin-V Apoptosis Detection Kit, 

ThermoFisher Scientific). Flow cytometric analyses for early- and late-stage apoptosis and 

necrosis were performed on a BD FACSVerse (BD Biosciences).

Oxidative Stress Evaluation.

HPKs were seeded into 12-well plates and treated with or without 50ng/ml IL-17A 

indicated for 4 h or 24 h. Cells were washed with PBS and stained with 1 μM 2,7-

dichlorodihydrofluorescein diacetate (H2DCFDA, Sigma-Aldrich, Germany) in 1ml PBS 

or 5 μM MitoSOX Red (ThermoFisher Scientific) in 200 μl PBS for 20 min at 37°C to 

measure cellular and mitochondrial ROS levels, respectively(63). Data was acquired on a 

BD FACSVerse (BD Biosciences).

Immunofluorescence Staining of Skin Biospecimens.

Information for donors of healthy and psoriatic skin biopsies is shown in Table 1. Skin 

biospecimens obtained from psoriatic patients and healthy individuals were snap-frozen 

in isopentane and stored in liquid nitrogen. Biopsies were embedded in OCT solution 

(ThermoFisher Scientific, Waltham, USA), cryosectioned at −25°C, and seven micrometer 

thick sections were immobilized on silane-coated slides (BioMarq, India) and stored at 

−80°C or 4°C until needed for immunofluorescence and ROS studies, respectively. For 

staining of HIF1α, GLUL and Ki-67, cryosections were thawed at room temperature, fixed 

in 4% paraformaldehyde and blocked in 2% BSA/PBS (5% BSA/PBS for Ki-67). Anti-

HIF1α Antibody, anti-GLUL antibody and anti-Ki-67-FITC conjugated antibody (PA1–

16601, MA-527749 and 11–5698-82 respectively, ThermoFisher Scientific), in 2% BSA, 

0.3% Triton-X100, PBS was incubated overnight (2 hour at RT for Ki-67), washed in PBS, 

and incubated 2 h with Alexa Fluor 488-conjugated goat anti-rabbit secondary Ab (A11008, 

ThermoFisher Scientific) in the dark at room temperature. Sections were counterstained 

with 4′,6-diamidino-2-phenylindole (DAPI), dried, mounted with ProLong Gold Antifade 

Mountant (ThermoFisher Scientific), and imaged using an EVOS M7000 Imaging System 

(ThermoFisher Scientific). ImageJ software was used to measure the integrated density of 

HIF1α staining, which was then normalized across sections to unit length of skin. For 

staining of ROS, sections were washed with warm PBS, incubated with 5μM MitoSOX 

(510/580) for 20 min at 37°C in dark to stain mROS, stained with DAPI (5 μg/ml) for 5 min 

in the dark at room temperature, washed in PBS and mounted with DPX solution. Sections 

were visualised with an LSM 780 microscope under 10x and 40x magnification using ZEN 

Blacksoftware, and the mean fluorescence intensity of images were analyzed with ImageJ.

For staining of lipids, cryosections were fixed in 4% paraformaldehyde for 5 min at 

RT, incubated with 50 μg/ml BODIPY in DMSO (493/503) for 30 min in the dark at 

room temperature, and stained with DAPI (5 μg/ml) for 5 min in the dark at room 

temperature. Slides were washed in PBS, mounted with DPX solution (Dibutylphthalate 

Polystyrene Xylene, Sigma-Aldrich, Germany), and imaged with an LSM 780 microscope 

(Zeiss, Oberkochen, Germany) under 10x magnification using ZEN Black software (Zeiss, 

Oberkochen, Germany). Mean fluorescence image intensities were analyzed using ImageJ.
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Statistics.

Proteomic analysis abundance ratio p-values were calculated using background-based 

ANOVA (Figures 1a, Supplemental data). P-values were calculated by Student’s paired or 

unpaired t-test (Figures 2, 3, 4, 5, 6) as indicated. P-values < 0.001, < 0.01, and < 0.05 are 

represented as ***, **, and *, respectively.

Study Approval.

All studies involving human specimens were approved by the Institute Ethics Committee 

(IEC, Approval ID: SVD/47) of IIT Bombay and B.Y.L. Nair Charitable Hospital, Mumbai. 

Written informed consent was obtained from all subjects and all studies were conducted in 

accordance with the Declaration of Helsinki.

RESULTS

Tandem LC-MS high-throughput quantitative proteomics reveals modulation of metabolic 
pathways in keratinocytes by IL-17A

IL-17A-stimulated HPKs (n = 5) were subjected to high-throughput label-free quantitative 

LC-MS/MS. The heat map depicts 401 differentially expressed proteins (≥1.5-fold change) 

out of 2111 total proteins detected with high confidence (Supplemental Data), of which 

the top 100 are listed by name (n = 5, p ≤ 0.1, Supplementary Figure S1b). As expected, 

established IL-17A targets in psoriatic and inflammatory diseases, including IL-36, members 

of the small proline-rich (SPRR) family (SPRR2A and SPRR2D), and S100 (S100A7, A8, 

and A9) family proteins were upregulated by IL-17A. Notably, PantherDB-based functional 

relationship analysis revealed that ~31% of all differentially expressed proteins were 

associated with cellular metabolic processes (Figure 1a). Consistently, six major metabolic 

clusters downstream of IL-17A signaling were identified using STRING protein association 

network studies, including the TCA cycle, pyruvate, lipid, and primary metabolic processes, 

precursor metabolites and energy mediators (Supplementary Figure S1c).

IL-17A significantly altered levels of key proteins involved in carbohydrate and glutamine 

metabolism, such as enzymes involved in glycolysis (pyruvate kinase, lactate dehydrogenase 

A), lactate transport (monocarboxylate transporter SLC16A1), TCA cycle (isocitrate 

dehydrogenase isoforms G and B, and succinate CoA ligase) and glutamine synthesis 

(Glutamine synthetase, GLUL) (Figure 1b). IL-17A treatment also upregulated the 

biosynthesis of lipids, particularly cholesterol and sphingolipids, in HPKs (Figure 1c). 

Together, the proteomics analyses support IL-17A as a crucial regulator of carbohydrate, 

glutamine and lipid metabolic pathways in human primary keratinocytes.

IL-17A regulates metabolic flux in keratinocytes as revealed by NMR-based metabolic 
profiling and systems biology simulations

We next investigated the effects of IL-17A on metabolic profile and flux of defined 

pathways in HPKs using 1H-NMR metabolic profiling. Metabolites were extracted 

from IL-17A-treated HPKs, chemically identified, and then quantified using 1H-NMR 

spectroscopy (Chenomx NMR Suite 8.3) (Supplemental Data). The heat map in 

Supplementary Figure S2a depicts top 75 metabolites that were dysregulated in IL-17A-
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treated keratinocytes. Pathway analysis using MetaboAnalyst 5.0 revealed alterations 

in TCA cycle and pyruvate metabolism (Figure 1d). IL-17A treatment significantly 

dysregulated (p < 0.05) concentrations of metabolites such as glucose, malate, sarcosine, 

and glutathione, involved in carbohydrate metabolism (Figure 1e).

To map the global effects of IL-17A on central carbohydrate metabolism in HPKs, 

we inserted the flux values of differentially regulated metabolites (Supplemental Data, 

constraints for mitocore) into MitoCore, a systems biology tool used for simulating 

metabolic changes (59). The resultant metabolic model (Figure 1f) revealed IL-17A-

mediated increases in glycolysis, glutamine uptake and glutaminolysis pathways, as 

depicted by upward-pointing arrows. The simulation further predicted increased flux 

toward pyruvate from both glucose and glutamine sources, which is then redirected 

toward lactate production. Increased flux of malate to pyruvate was also predicted, along 

with resultant elevation in lipid metabolism. In summary, the metabolic profiling and 

multiomics simulation studies indicated that IL-17A potentiates metabolic reprogramming in 

HPKs by markedly increasing overall nutrient intake, thus leading to enhanced glycolysis, 

glutaminolysis, and lipid accumulation.

Stable isotope-resolved metabolomics and biochemical assays confirm IL-17A-mediated 
upregulation of glycolysis and glutamine metabolism in keratinocytes

We next experimentally validated the metabolic profiling results and simulation predictions 

by employing Stable Isotope-Resolved Metabolomics (SIRM) to directly quantify IL-17A-

mediated nutrient uptake and metabolite production in ex vivo keratinocyte culture 

systems. Specifically, SIRM was used to trace the fate of 13C-labeled glucose ([U-13C6]-

Glc) in IL-17A-treated HPK cultures (Figure 2a). Briefly, control and IL-17A-treated 

HPKs (post-24 hour stimulation) were cultured in RPMI medium devoid of glucose 

and then supplemented with U-13C-labeled glucose. Culture supernatants were collected 

at defined time points, and lactate production was quantified (Figure 2b). 13C NMR 

spectra depict 13C-glucose (Figure 2c) and 13C-lactate amounts (Figure 2d), respectively, 

in HPK supernatants 24 hours after the addition of 13C-glucose. NMR-based 13C and 

1H investigations revealed a significant increase in lactate production (Figure 2e) at 4 

and 8 hours in IL-17A-treated HPKs as compared to untreated control cells. Moreover, 

glucose uptake by HPKs increased with elevating concentrations of IL-17A (Figure 2f) or 

positive control insulin (150nM, Supplementary Figure S2b), thus corroborating the results 

above supporting an IL-17A-stimulated enhancement of glycolytic flux. In fact, IL-17A 

stimulation induced greater uptake of glucose in HPKs in comparison to insulin, thereby 

affirming IL-17A as a potent regulator of keratinocyte metabolism.

Next, we employed SIRM to trace the fate of uniformly 13C-labeled glutamine ([U-13C6]-

Gln) in IL-17A-treated HPKs (Figure 3a). As described above, both IL-17A-stimulated 

and untreated control HPKs were cultured in RPMI medium without glutamine and then 

supplemented with 4 mM U-13C glutamine ([U-13C5]-Gln); the culture supernatants were 

collected at different time points, and lactate was quantified (Figure 3b). SIRM analysis 

revealed a significant increase in glutamine-derived 13C-lactate production at 8 and 12 hours 

(Figure 3c). Moreover, there was a decrease in glutamine (p value: 0.06) and concurrent 
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increase in glutamate concentration in the supernatants of IL-17A-treated keratinocytes, 

indicative of increased glutamine consumption (Figure 3d). Thus, IL-17A promoted the 

utilization of glutamine as an alternative, non-glucose carbon source for anaplerosis to 

enhance energy production in keratinocytes.

We employed biochemical assays to further confirm the multiomics results above. 

Indeed, IL-17A treatment significantly augmented extracellular levels of lactate, assayed 

biochemically, in supernatants of HPK cultures (Figure 3e). Treatment with insulin, an 

established positive control and known physiologic mediator of glycolysis, also significantly 

increased keratinocyte-intrinsic lactate production (Supplementary Figures S2c). The 

production of lactate varied based on the presence or absence of glucose (10 mM) and 

glutamine (4 mM) in the medium, wherein lactate levels were ~1.6-fold higher in glucose 

versus glutamine supplemented media (Figure 3f). These results thus corroborate the 

IL-17A-dependent triggering of glycolysis predicted above, including the increased reliance 

on glucose over glutamine as a substrate for lactate production.

Along with glutaminolysis, we also studied the mechanism for endogenous glutamine 

production affected by IL-17A treatment. As shown in figure 1b, glutamine synthetase 

(GLUL) was found to be upregulated in keratinocytes. We found that the expression of 

glutamine synthetase is dependent on the levels of glutamine availability (Figure 3g) with 

a higher expression observed in glutamine scarcity. As these metabolites serve a crucial 

role in keratinocyte physiology and functions, we wanted to explore their role in HPK 

proliferation. IL-17A-treated HPKs were cultured in the presence of various metabolites. 

We observed that glucose, glutamine and pyruvate were required for proliferation of 

keratinocytes (Figure 3h). Interestingly, we observed glutamine to be extremely critical for 

HPKs enhanced proliferation. To underscore the reliance of IL-17A stimulated keratinocytes 

on glutamine, we inhibited the activity of GLUL using methionine sulfoximine (MSO) in 

glutamine deficient medium. We found IL-17A stimulated cells to undergo significantly 

higher apoptosis than untreated cells (Figure 3i). Moreover, psoriasis biopsies probed for 

GLUL showed enhanced expression of this enzyme as compared to healthy biopsies, 

highlighting the importance of glutamine in disease progression (Supplementary Figure 

S2d).

IL-17A promotes the uptake and accumulation of lipids in human keratinocytes

Considering that MitoCore modeling and proteomic analyses showed marked increases 

in lipid biosynthetic processes and activation of sphingolipid metabolism, we performed 

lipidomic analysis to compare the lipidome of IL-17A-treated with untreated HPKs. We 

present here a comprehensive lipid profile revealing increased polar and neutral lipids in 

IL-17A-treated HPKs. Specifically, IL-17A treatment significantly increased concentration 

of ceramide, sphingomyelin, and triglyceride lipid classes in primary keratinocytes (Figure 

4a-c, Supplemental Data). To validate the lipidomics data, we quantified the lipid content 

of keratinocytes using BODIPY and Nile Red fluorescent staining. In agreement with our 

prior results, IL-17A treatment significantly increased lipid content as indicated by BODIPY 

staining in both HPKs (Figure 4d) and HaCaT cells (Figure 4e) and by Nile Red staining 

(Supplementary Figure S2e). As expected, intracellular lipid content was also markedly 

Dhamija et al. Page 13

J Immunol. Author manuscript; available in PMC 2025 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elevated by treatment with the positive control, oleic acid-conjugated albumin, which is an 

established stimulator of lipid accumulation(64). Next, we investigated the mechanism of 

IL-17A-mediated increase in lipid content. Notably, IL-17A significantly promoted lipid 

uptake by HPKs and HaCaT cells, as determined using BODIPY FL C16 staining (Figures 

4f and 4g, respectively). To validate these results in vivo, we measured intracellular lipid 

levels in both healthy and psoriatic skin biospecimens. Significantly enhanced intracellular 

lipid pools were indeed confirmed in skin biospecimens obtained from psoriasis versus 

healthy control patients based on BODIPY (493/503) staining (Figure 4h). Collectively, 

these results support the notion that IL-17A promotes increased levels of intracellular lipid 

pools in human keratinocytes.

An IL-17A-mediated ROS–HIF1α axis regulates metabolic reprogramming in human 
keratinocytes

Given that HIF1α is a known transcriptional regulator of IL-17A-dependent glycolysis, and 

a metabolic effector molecule, we assessed whether HIF1α might be a downstream target of 

IL-17A signaling in HPKs. Notably, IL-17A increased HIF1α levels in human keratinocytes 

(Figure 5a). Because IL-17A induced HIF1α, an established sensor and target of oxygen and 

reactive oxygen species (ROS), we examined the effects of IL-17A on oxidative stress and 

ROS levels in HPKs. IL-17A significantly increased both cytosolic (c) and mitochondrial 

(m) ROS levels in HPKs (Figure 5b). Moreover, IL-17A-mediated changes in ROS levels 

were reduced by addition of the antioxidant, N-acetyl cysteine (NAC) (Figure 5b). Given 

that ROS is a known agonist of HIF1α (4), we further assessed whether ROS stimulated 

expression of HIF1α in IL-17A-treated keratinocytes. As predicted, induction of ROS 

by either IL-17A or H2O2 (50 μmol/L) significantly increased the expression of HIF1α, 

whereas inhibition of ROS by NAC reduced it (Figure 5c).

To determine if ROS-HIF1α axis was functionally involved in the IL-17A-mediated 

metabolic reprogramming, we employed echinomycin, a peptide antagonist of HIF1α 
(65) and NAC, an antioxidant. We performed targeted mass spectrometry using multiple 

reaction monitoring (MRM) to investigate the effector proteins involved in IL-17A-mediated 

metabolic reprogramming. Expression of Lactate Dehydrogenase A and Pyruvate Kinase 

(key metabolic downstream gene targets of HIF1α) (66), were found to be significantly 

upregulated by IL-17A, which were subsequently reduced by echinomycin (Figure 5d-e, 

Supplementary Figure S3). Further, IL-17A increased expression of the glucose transporter 

protein type 1 (GLUT1) in HPKs, which was reversed upon treatment with echinomycin 

or NAC (Figure 5f). Echinomycin and NAC blocked IL-17A-induced lactate production 

(Figure 5g-h), lipid synthesis (Figure 5i) and glutamine consumption in HPKs (Figure 

5k). Consistently, induction of ROS production by H2O2 (50 μmol/L) further increased 

intracellular levels of lipids in HPKs (Figure 5j), highlighting ROS as a crucial metabolic 

regulator of the IL-17A–HIF1α axis. Together, these results reveal a ROS-HIF1α axis in the 

metabolic reprogramming of keratinocytes downstream of and specific to IL-17A (Figure 

5l).
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IL-17A drives HIF1α- and ROS-mediated hyperproliferation in psoriasis

Because IL-17A potently triggered energy metabolism via ROS–HIF1α as evidenced 

by significant induction of carbohydrate, glutamine, and lipid metabolic pathways, we 

examined the functional involvement of HIF1α in the IL-17A-driven proliferation of 

keratinocytes (Supplementary Figure S3c). Inhibition of HIF1α with echinomycin markedly 

blocked IL-17A-mediated survival (Figure 6a-b) and viability (Figure 6c) of HPKs as well 

as of HaCaT cells (Supplementary Figure S3d). Moreover, immunofluorescence staining 

revealed increased levels of HIF1α in the epidermis of psoriatic skin as compared with that 

in biopsies from healthy control individuals (Figure 6d).

Given that ROS is an established marker of cellular proliferation(67) and is involved in 

HIF1α activation, we next examined whether the observed increase in ROS promoted 

the growth of keratinocytes. Indeed, IL-17A stimulation significantly enhanced, while 

inhibition of ROS by NAC reduced, proliferation of keratinocytes (HPKs, Figure 6e; HaCaT, 

Supplementary Figure S3e). Consistently, mROS levels were significantly increased in the 

epidermis of proliferating psoriatic skin specimens compared with those in healthy control 

samples (Figure 6f). Moreover, IL-17A increased expression of the pro-proliferative marker, 

Ki-67, in human keratinocytes which was reduced by the inhibitory effects of echinomycin 

and NAC (Figure 6g). The results were consistent with immunofluorescence-based staining 

revealing co-expression of mROS and Ki-67 in Psoriatic skin (Figure 6h), thus reflecting 

involvement of mROS in cell proliferation. Together, these data reveal an IL-17A–triggered 

ROS–HIF1α axis operative in the metabolic reprogramming and hyperproliferation of 

human keratinocytes during IL-17A-mediated skin inflammation.

DISCUSSION

The inflamed psoriatic skin microenvironment contains numerous cytokine effectors, 

including IL-17A, along with IL-23, IL-36, IFNγ, and TNF-α, among others. 

These signaling mediators trigger pleiotropic effects on multiple cell types leading 

to disease progression. Despite the presence of several distinct cytokines, IL-17A 

factors critically in psoriatic disease etiopathology(68) as evidenced by the fact that 

administration of Secukinumab, a blocking antibody targeting IL-17A, results in rapid 

improvement in clinical, histopathological, and molecular indications of psoriasis (69). 

Furthermore, numerous murine models of psoriasis emphasize the crucial importance 

of the IL-17A pathway in experimental psoriasis. As IL-17A represents a premier 

cytokine in the pathogenesis of psoriasis (68), we systematically examined IL-17A-

mediated metabolic reprogramming pathways intrinsic to keratinocytes using several 

independent methodologies, including high-throughput shotgun and targeted mass 

spectrometry-based proteomics, lipidomics, SIRM, NMR spectroscopy, flow cytometry, 

and immunofluorescence in both primary cultures and clinical tissues of patients with 

psoriasis. We identified IL-17A-mediated increases in glycolysis, glutaminolysis and lipid 

accumulation in HPKs, and downstream HIF1α and ROS in regulation of these metabolic 

rewiring processes in keratinocytes in psoriasis. Increased expression of ROS and HIF1α 
were detected in psoriasis lesional skin. Pharmacological inhibition of the ROS–HIF1α 
axis reversed IL-17A-driven pro-proliferative metabolism and keratinocyte pathophysiology. 
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Together, these results provide new mechanistic insights into IL-17A-dependent metabolic 

reprogramming of a major, non-immune cell type within human skin, the keratinocyte. They 

also identify ROS and HIF1α as promising downstream therapeutic targets for reversing 

IL-17A-driven metabolic sequelae and hyperproliferation in inflamed skin in psoriasis.

The IL-17A-triggered upregulation of glycolytic enzymes coincided with enhanced glucose 

flux into keratinocytes, as validated by glucose uptake assays, and was consistent with 

our systems-based model predicting increased glycolytic flux, glutaminolysis, and resultant 

enhancement of lactate production and increased lipid synthesis. SIRM was employed to 

confirm these algorithmic predictions, wherein 13C-labeled glucose and glutamine were 

incorporated into HPK culture medium and were found to contribute to increased production 

of 13C-labeled lactate, with glucose being the predominant source. In accordance with 

our findings, increased glycolytic activity and lactic acid levels have been previously 

reported in psoriasis patients (70–72). A recent study by Konieczny et al. also showed 

that IL-17A-mediated increased glycolysis is associated with wound healing in the 

mouse epidermis(73). It has been previously noted that targeting glucose uptake and/or 

glycolytic flux via inhibition of GLUT1 and CD147 suppressed imiquimod (IMQ)-induced 

psoriasis-like inflammation in mice, thus highlighting glucose metabolism in psoriasis 

pathogenesis(36, 74–76). IL-17A-induced glycolysis and glutaminolysis demonstrated in 

this study potentially mirrors the metabolic alterations of psoriasis, in which high glucose 

and glutamine uptake are critical for survival of psoriatic cells (36, 77). Our results 

corroborate these findings by underscoring glutamine, in comparison to other metabolites, 

as particularly critical in IL-17A-driven HPK proliferation. Glutamine is indispensable 

for DNA and protein synthesis and cell proliferation (78), thus rationalizing therapeutic 

strategies to block exogenous glutamine uptake to reduce psoriatic lesional growth and 

survival as reported (79). In further support, Wang et al. uncovered immuno-metabolic 

crosstalk between the miR-31–5p micro-RNA, which is highly expressed in keratinocytes 

of psoriatic skin, and glutamine metabolism. MicroRNA-31–5p promoted Th17 cell 

differentiation pathways and also increased glutamine metabolism and corresponding pro-

survival and pro-proliferative functions(80). These findings consistent with our results of 

IL-17A-dependent increases in keratinocyte glutaminolysis. Enhanced glutaminolysis in 

IL-17A-treated HPKs led to scarcity of exogenous glutamine, thereby inducing glutamine 

synthetase enzyme expression, possibly through a glutamine concentration dependent 

mechanism (81). Inhibition of glutamine synthetase resulted in keratinocyte cell death in 

cultures with exogenous glutamine scarcity, thus, highlighting this enzyme as a key regulator 

of glutamine accessibility to hyperproliferating keratinocytes. Psoriatic biopsies showed 

similarly increased expression of glutamine synthetase, as previously reported(82). Thus, 

metabolic overreliance on anaerobic glycolysis and glutamine addiction could be exploited 

as potential therapeutic targets of the IL-17A axis.

In addition to our analyses of IL-17A-dependent regulation of central carbohydrate 

metabolism, we analyzed its role in lipid biosynthesis, given the crucial role of lipid 

reservoirs as sources of cellular energy and membrane building blocks, and in proliferation 

and inflammation (83, 84). Proteomics and systems biology data revealed IL-17A-mediated 

alterations of lipid metabolism as IL-17A-treated keratinocytes showed enhanced activation 

of the lipogenesis pathway involving upregulation of multiple enzymatic regulators of 
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cholesterol and sphingolipid biosynthesis. Lipidomics analyses uncovered increased levels 

of sphingolipids (ceramides, sphingomyelin) and triglycerides in IL-17A-treated HPKs, 

as corroborated by biochemical functional assays demonstrating enhanced intracellular 

lipid content and fatty acid uptake by IL-17A-stimulated HPKs. Other groups have 

reported IL-17A-mediated rewiring of lipid metabolism in additional cell types, including 

fibroblasts, dendritic cells and hepatocytes, underscoring IL-17A as a modulator of lipid 

metabolism across diverse cell lineages(9, 31, 85, 86). Our results identifying increased 

lipid accumulation specifically in keratinocytes in response to IL-17A might thus partly 

explain the abnormal lipid metabolism associated with psoriasis (87). Indeed, we detected 

increased intracellular lipid accumulation in the epidermis of psoriasis patients as compared 

to healthy individuals. Likewise, multiple studies report increasing risk of psoriasis with 

increasing lipoprotein, glycerophospholipid and serum lipid concentrations (88–91). In fact, 

cholesterol crucially regulates IL-17A signaling in psoriasis (92), again highlighting the 

interplay between IL-17A and metabolic dysregulation.

We identified the oxygen-sensitive transcription factor, HIF1α, as a key regulator of 

IL-17A-driven metabolic reprogramming in keratinocytes. HIF1α level can be controlled 

by multiple mechanisms, of which the most prominently described involves its upregulation 

under hypoxic conditions (93). HIF1α expression can still be induced under scenarios 

of normal oxygen level, termed normoxic, by agonists such as Insulin-like growth factor 

1 (IGF1) through an oxygen-independent mechanism termed pseudohypoxia(94, 95). We 

found significant upregulation of HIF1α in both HPKs and HaCaT cells in response to 

IL-17A treatment even under normal oxygen conditions, coinciding with elevated glycolysis, 

glutaminolysis, lipid accumulation, and proliferation. Inhibition of HIF1α with echinomycin 

reduced extracellular lactate levels, intracellular neutral lipid amount, glutamine uptake, 

and HPK proliferation, thereby highlighting HIF1α as a critical downstream effector of the 

IL-17A-driven metabolic rewiring of human keratinocytes. Unlike near-normoxic conditions 

found in cell culture incubators of 20% oxygen, a state of hypoxia has been reported 

in the human epidermis in vivo(96). Such reduced oxygen levels coincide with elevation 

of HIF1α expression in the skin. It is hence plausible that IL-17A signaling, which 

we found to induce downstream hypoxia-associated pathways such as HIF1α may thus 

exacerbate pre-existing, baseline hypoxic effects(96). Additional studies have also found 

increased HIF1α expression in psoriatic lesions and serum of patients with psoriasis (97–

100) and further demonstrate its ability to regulate GLUT1 expression and keratinocyte 

proliferation in psoriasis (101). Though our results regarding IL-17A-dependent effects are 

valid under the conditions tested, different dosages and/or time points might yield different 

results. Moreover, the contribution of other cytokine mediators to these keratinocyte-intrinsic 

processes within inflamed skin requires further investigation.

Our data identifying an IL-17A–HIF1α axis in regulation of keratinocyte metabolism, 

prompted us to investigate ROS as a potentially critical agonist of this pathway, particularly 

in light of prior reports demonstrating ROS-mediated regulation of HIF1α(102, 103). 

However, whereas these studies involved cancer cells, to our knowledge, there are 

no reports regarding IL-17A-mediated ROS-dependent regulation of HIF1α in primary 

human keratinocytes. Cellular and mitochondrial ROS levels were increased in HPKs and 

HaCaT cells in response to IL-17A. Our metabolomics-based studies further revealed 
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decreased levels of the antioxidant, glutathione, a key regulator of redox homeostasis 

(Figure 1e). Interestingly, induction of ROS upregulated HIF1α expression, subsequent 

production of lactate and intracellular lipids, and keratinocyte hyperproliferation. In 

agreement, we detected increased expression of mROS and intracellular lipids in psoriatic 

skin biopsies, consistent with a recent report identifying overproduction of ROS and 

lipid mediators in patient psoriasis samples(42). We also found co-expression of mROS 

with Ki-67 in epidermal tissue from psoriatic patients, pointing to an association with 

keratinocyte hyperproliferation. Redox homeostasis is functionally important in both 

healthy and tumor cells (Supplementary Figure S3f), as in normal cells elevated ROS 

can trigger pro-proliferative signaling to promote inflammation, while conversely inducing 

cytotoxicity in malignant cells. Such IL-17A-driven oxidative stress and hyperproliferation 

can be reduced in psoriatic skin via topical or oral administration of glutathione, which 

has proven clinically beneficial for disease prevention and recurrence(104). Additional 

ROS-associated pathway antagonists are currently under evaluation to alleviate psoriatic 

skin inflammation(105), including inhibitors designed to reduce excess ROS levels by 

targeting NADPH oxidase and the Nav1.8 sodium channel(106–108). This study provides 

new mechanistic and translational insight into IL-17A-dependent downstream pathways 

in keratinocyte metabolism and function by leveraging systematic metabolomics-based 

approaches. We uncover a heretofore undescribed IL-17A–ROS–HIF1α axis intrinsic 

to keratinocytes that modulates downstream metabolic processes and proliferation, and 

associates with psoriatic disease pathology. By considering the keratinocyte as both a non-

immune target cell of IL-17A, and one that undergoes metabolic rewiring in response to 

IL-17A exposure, this work adds to the growing body of knowledge into IL-17A biological 

functions in inflammatory settings. It also lays the groundwork for future studies aimed 

at evaluating drugs targeting the IL-17A-axis in keratinocytes, further validating the in 
vivo significance of these results, and dissecting roles of additional cytokine networks and 

metabolic activities potentially operative in psoriasis.
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KEY POINTS

• IL-17A modulates keratinocyte metabolism and proliferation via a ROS-

HIF1α axis.

• Inhibition of the keratinocyte-IL-17A axis suppresses pro-proliferative 

metabolism.

• IL-17A axis downstream effectors are elevated in inflamed psoriatic vs. 

normal skin.
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Figure 1. Multiomics and systems biology approaches reveal IL-17A-mediated metabolic 
reprogramming in human primary keratinocytes.
Human primary keratinocytes (HPKs) obtained from healthy individuals were stimulated 

with or without IL-17A. (a) Pie-chart depicting functional pathways altered in IL-17A-

treated versus untreated HPKs (n = 5) based on frequencies of differentially expressed (p 
< 0.1) proteins as determined using the PantherDB software. (b-c) Heat maps depicting 

selected dysregulated proteins and their associations with (b) carbohydrate and glutamine 

metabolism and (c) lipid metabolism in HPKs. (d-f) Cells were lysed and 1H NMR 
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spectroscopy was performed. Metabolite concentrations were calculated and statistically 

evaluated using the Metaboanalyst software. Shown are (d) major metabolic pathways (color 

and size increase corresponds to increased effect of the pathway) and (e) a heat map 

of metabolites exhibiting significant changes in response to IL-17A stimulation of HPKs 

versus unstimulated controls (n = 3). (f) Schematic representation of dysregulated metabolic 

pathways and metabolites in HPKs by IL-17A treatment. Solid vertical and dashed arrows 

represent increased metabolites and pathway flux based on MitoCore modeling.
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Figure 2. IL-17A regulates glycolytic flux (Warburg-like effect) in human keratinocytes as 
determined using stable isotope-resolved metabolomics.
Human primary keratinocytes (HPKs) obtained from healthy individuals were stimulated 

with or without IL-17A. (a) Stable isotope-resolved metabolomics was performed using 

U-13C-labeled glucose as a tracer. (b) Spectra of 13C NMR isotope (13C-U-Glc) tracing 

over different time points in IL-17A-treated HPKs. (c-d) 13C NMR spectra depicting (c) 
U-13C-labeled glucose consumption and (d) 13C-lactate secretion in HPK supernatants. (e-f) 
1D 1H and 13C NMR analyses were used to quantify (e) 13C lactate production in HPK 
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supernatants over the indicated time points (n = 3). (f) Glucose uptake was quantified using 

a flow cytometer with 2-NBDG at different IL-17A concentrations, viz., 10, 25, and 50 

ng/mL (n = 3). Results are representative of n = 3 independent experiments and values 

are expressed as mean ± SEM.; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 

(Student’s paired t-test).
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Figure 3. Stable isotope-resolved metabolomics and proteomics unravel IL-17A-dependent 
regulation of glutamine metabolism in keratinocytes.
Human primary keratinocytes (HPKs) from healthy individuals were stimulated with or 

without IL-17A. (a) Schematic of U-13C-labeled glutamine and 13C-labeled lactate tracers 

used in stable isotope metabolomics assays for glutaminolysis. (b) Spectra of 13C NMR 

isotope (13C-U-Gln) tracing over different time points in IL-17A-treated HPKs. (c) 13C 

NMR analysis was used to quantify 13C-lactate production in HPK supernatants at different 

time points (n = 3). (d) Luminometric quantification of glutamine and glutamate in 
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supernatant of IL-17A treated HPKs (e) Spectrophotometric quantitation of lactate in HPK 

supernatants (n = 4). (f) Contributions of glucose and glutamine toward lactate production 

in UT versus IL-17A-treated HPKs (n = 4) (g) Glutamine synthetase expression in absence 

of glutamine and 5mM of glutamine upon 24hr IL-17A treatment; values are fold changes 

in mean intensity of bands measured in ImageJ software; hypothesis testing for significance 

was performed by ratio-paired t-test (n=6). (h) Proliferation of IL-17A-treated HPKs in 

presence of metabolites (glucose: 10mM, glutamine: 4mM, sodium pyruvate: 2mM, Malic 

acid: 2mM) was analyzed at days 1 and 3 based on trypan blue exclusion of dead cells 

(n = 3). (i) Apoptosis of IL-17A-treated HPKs in the presence of myriocin and under 

glutamine deficient conditions was performed using flow cytometry; percentage of apoptotic 

cells (Annexin V+ve), percentage of surviving cells (Annexin V-ve, 7AAD-ve). Results are 

representative of n = 3–6 independent experiments and values are expressed as mean ± 

SEM.; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s paired t-test).
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Figure 4. IL-17A stimulates lipid accumulation and fatty acid uptake in human keratinocyte.
Human primary keratinocytes (HPKs) were treated with or without IL-17A (50 ng/mL) 

for 24 h. (a-c) Cells were lysed and metabolites (non-polar) were isolated using methanol/

chloroform extraction protocol. Samples were reconstituted in chloroform: methanol (1:1) 

and lipidomics was performed. Area of different lipid classes were measured and compared. 

(d-e) Intracellular neutral lipid content was measured using flow cytometry with BODIPY 

(493/503). Shown are representative histogram and cumulative data of BODIPY stained 

neutral lipid content in (d) HPKs and (e) HaCaT respectively (n = 4). Oleic acid-BSA (200 
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μM) was used as a positive control. (f-g) Lipid uptake in response to IL-17A treatment 

(24 h) was assessed using flow cytometry with BODIPY FL C16. Shown are representative 

histogram and cumulative data depicting increased fluorescence in IL-17A-stimulated vs. 

untreated in (f) HPKs and (g) HaCaT (n = 4) respectively. (h) Representative microscopic 

images and cumulative data of BODIPY (493/503) stained skin biospecimens obtained from 

healthy and psoriatic individuals (n=3), with nuclei stained by DAPI (magnification 10X). 

(Results are representative of n = 3–4 independent experiments and values are expressed as 

mean ± SEM.; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s paired 

t-test).
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Figure 5. IL-17A modulates redox homeostasis, stimulates ROS-dependent HIF1α expression, 
and reprograms keratinocyte metabolism
(a) Modulation of HIF1α expression in IL-17A-treated versus Untreated HaCaT cells 

as measured using western blot analysis (n = 5). (b) HPKs were stimulated with or 

without IL-17A, positive control H2O2 (50 μmol/L), or negative control N-acetyl cysteine 

(NAC) for 24 h, and levels of cellular (cROS) and mitochondrial (mROS) were measured 

using flow cytometry with H2DCFDA (upper panel) and MitoSOX (lower panel), 
respectively. Representative histograms of cROS levels based on H2DCFDA staining (4 h) 
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and cumulative results from independent experiments (n = 4), following 24 h of stimulation. 

(c) Representative flow cytometry histograms and quantitation of ROS-mediated HIF1α 
expression in HPKs (n = 6) (d-e) multiple reaction monitoring (MRM) targeted mass 

spectrometry of (d) LDH-A and (e) pyruvate kinase in IL-17A and echinomycin treated 

HPKs. (f-h) Effect of IL-17A, echinomycin and NAC-mediated inhibition on (f) intracellular 

GLUT1 expression and (g-h) extracellular levels of lactate in HPKs as measured by flow 

cytometry and spectrophotometrically respectively. (i-j) HIF1α and ROS-dependency of 

intracellular lipid levels in IL-17A stimulated HPKs, evaluated using BODIPY 493/503 (n = 

3). (k) Effect of echinomycin and NAC-mediated inhibition on extracellular glutamine levels 

in IL-17A treated HPKs (n=3). (l) Schematic for ROS-induced HIF1α activation in HPKs 

leading to metabolic reprogramming of glucose, glutamine and lipid biosynthetic pathways. 

Results are representative of n = 3–6 independent experiments and values are expressed as 

mean ± SEM.; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s paired 

t-test).
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Figure 6. IL-17A triggers ROS-HIF1α-mediated hyperproliferation in psoriasis.
Human primary keratinocytes (HPKs) were treated with or without IL-17A (50 ng/mL). (a-
b) Frequencies of apoptotic versus live HPKs were assessed by flow cytometry of Annexin 

V- and 7AAD-stained cells (n = 5). Graphs represent percent live (AnnexinV-ve/7AAD-

ve) and dead cells (7AAD+ve). (c) Effect of IL-17A and echinomycin-mediated HIF1α 
inhibition on proliferation of HPK cells was analyzed over 24 h and quantified using trypan 

blue exclusion assay (n = 3) (d) HIF1α expression in skin biopsies of psoriasis patients 

(n = 3) versus healthy individuals (n = 3) was assessed using immunofluorescence. (e) ROS-
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mediated proliferation of HPKs was analyzed at days 1 and 3 based on trypan blue exclusion 

of dead cells (n = 3). (f) Analysis of mROS levels in biopsies obtained from psoriasis 

patients (n = 3) and healthy individuals (n = 3). Staining intensity was measured using the 

ImageJ software and expressed as mean fluorescence intensity/area. (g) Effect of IL-17A, 

echinomycin and NAC on Ki-67 expression in HPKs was measured using flow-cytometry 

(n-4) (h) Immunofluorescence staining of psoriatic skin biopsies showing co-expression of 

Ki-67 and mROS in basal layer of epidermis at 10X and 40X magnification. All results 

are representative of n = 3–4 independent experiments and values are expressed as mean ± 

SEM.; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test).
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Table 1.

Donor information for keratinocyte cell isolates and for healthy and psoriatic patient skin biospecimens.

Sample Sample ID Age Gender Location

Keratinocytes isolated from healthy skin donors

a,b1 P-105 27 F Thigh

a,b2 P-106 18 M Thigh

b3 P-113 22 F Neck

4 P-114 29 M Malar area

5 P-115 48 F Periumbilical

a6 P-116 35 M Back

7 P-117 28 M Thigh

8 P-118 20 M Malar area

9 P-119 37 M Sebaceous cyst

10 P-120 37 F Thigh

11 P-121 25 F Back

12 P-124 37 M Thigh

a13 P-125 47 M Thigh

a14 P-127 35 M Back

15 P-129 41 F Thigh

16 P-131 29 M Malar area

17 P-132 34 M Thigh

18 P-134 22 M Back

19 P-135 46 F Skin

20 P-138 32 F Scar forehead

21 P-139 36 F Cyst

22 P-140 60 F Thigh

23 P-141 48 F Thigh

24 P-142 41 M Thigh

25 P-143 36 M Left eyebrow

26 P-144 40 M Back

27 P-145 49 M Back

28 P-146 26 M Thigh

29 P-147 35 M Thigh

Skin Biopsies from Healthy Donors

1 H1 45 M Left arm

2 H2 22 F Back

3 H3 35 M Face

Skin Biopsies from Psoriasis Donors

1 PSP1 50 M Scalp
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Sample Sample ID Age Gender Location

2 PSP2 15 F Right Forearm

3 PSP3 22 M Back

a
used in proteomics-based analyses,

b
used in metabolic-based analyses
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