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I M M U N O L O G Y

Sphingolipid biosynthesis is essential for metabolic 
rewiring during TH17 cell differentiation
Thiruvaimozhi Abimannan1, Velayoudame Parthibane1, Si-Hung Le2, Nagampalli Vijaykrishna3, 
Stephen D. Fox4, Baktiar Karim5, Govind Kunduri1, Daniel Blankenberg3, Thorkell Andresson4, 
Takeshi Bamba2, Usha Acharya1*, Jairaj K. Acharya1*

T helper 17 (TH17) cells are implicated in autoimmune diseases, and several metabolic processes are shown to 
be important for their development and function. In this study, we report an essential role for sphingolipids syn-
thesized through the de novo pathway in TH17 cell development. Deficiency of SPTLC1, a major subunit of serine 
palmitoyl transferase enzyme complex that catalyzes the first and rate-limiting step of de novo sphingolipid 
synthesis, impaired glycolysis in differentiating TH17 cells by increasing intracellular reactive oxygen species 
(ROS) through enhancement of nicotinamide adenine dinucleotide phosphate oxidase 2 activity. Increased ROS 
leads to impaired activation of mammalian target of rapamycin C1 and reduced expression of hypoxia-
inducible factor 1–alpha and c-Myc–induced glycolytic genes. SPTLCI deficiency protected mice from develop-
ing experimental autoimmune encephalomyelitis and experimental T cell transfer colitis. Our results thus 
show a critical role for de novo sphingolipid biosynthetic pathway in shaping adaptive immune responses 
with implications in autoimmune diseases.

INTRODUCTION
T helper 17 (TH17) cells are a subset of CD4+ T helper cells that 
characteristically produce interleukin-17A (IL-17A) and mediate 
protective immunity against extracellular bacteria and fungi (1–3). 
However, aberrant TH17 cells are also associated with the pathogen-
esis of many inflammatory and autoimmune diseases like multiple 
sclerosis, inflammatory bowel diseases, rheumatoid arthritis, and 
psoriasis, suggesting that fine-tuning of their differentiation and 
function is required for proper health. Naïve T cells undergo pro-
grammed activation and differentiation to form mature T helper 
cells. Following antigenic stimulation, transforming growth factor–
β1 (TGF-β1) along with IL-6 initiates TH17 differentiation by induc-
ing the expression of retinoic acid–related orphan receptor gamma t 
(RORγt), a master transcription factor that controls the production 
of TH17–specific cytokines (4, 5). Further, under in vivo conditions, 
TH17 cells are stabilized by environmental factors including cyto-
kines like IL-1β and IL-23, hypoxia, glucose, salt, and microbiota, 
indicating the role of intrinsic and extrinsic factors in TH17 cell 
development and function (4, 6–13).

The quiescent naïve T cells derive their energy mainly from mito-
chondrial oxidative phosphorylation (OXPHOS) for maintaining 
their minimal functions. However, upon activation, T cells increase 
their bioenergetic and biosynthetic demands for supporting rapid 
cell growth and proliferation. To meet this increased energy demand 
and increased need for the metabolic intermediates for synthesis 
of macromolecules (nucleic acid, lipids, and proteins), T cells up-
regulate OXPHOS and aerobic glycolysis (14–17). Increased glycol-
ysis in these cells is mediated by mammalian target of rapamycin 

(mTOR), a metabolic sensor, which induces the expression of genes 
related to glycolysis via transcription factors c-Myc and hypoxia-
inducible factor 1–alpha (HIF-1α) (18–20). Further, studies have 
shown requirement for distinct energy metabolic programs during 
differentiation of T helper cell subsets. Glycolysis is important for 
TH17 development, whereas regulatory T (Treg) cell development 
depends on OXPHOS. Blocking glycolysis inhibits TH17 cell devel-
opment in vitro and inhibits the development of experimental auto-
immune encephalomyelitis (EAE) (10, 21, 22). Growing evidence 
also highlights the need for other metabolic processes like fatty acid 
and cholesterol biosynthesis and amino acid metabolism (glutami-
nolysis) in TH17 cell differentiation (23–27). However, the role of other 
metabolites/metabolic processes in regulating the energy metabo-
lism and, hence, metabolic rewiring during TH17 differentiation is 
still emerging (28–30).

Sphingolipids, a class of lipids with sphingoid base as backbone, 
are generally membrane components and are essential for the sur-
vival of all eukaryotic cells from yeast to mammals (31–33). They 
constitute around 10 to 15% of total membrane lipids and regulate 
the biophysical properties of the membranes including the organi-
zation of proteins for cell recognition and signaling (33–37). Apart 
from their structural function, sphingolipids also play important 
roles as signaling molecules in many cell types including immune 
cells (33, 38–43). Sphingolipid-mediated biological outcomes are 
determined by the levels of sphingolipids in the cells, which, in turn, 
are regulated by a balance maintained between their synthesis and 
catabolism (31–33).

De novo sphingolipid biosynthetic pathway is the major contribu-
tor of cellular sphingolipids. Their synthesis begins in the endoplasmic 
reticulum (ER) with the condensation of serine and palmitoyl–
coenzyme A to form 3-ketosphinganine (3-KDS), catalyzed by the 
rate-limiting enzyme serine palmitoyltransferase (SPT). In subse-
quent reactions, 3-KDS is converted to ceramide, which is then trans-
ported to Golgi complex for the synthesis of complex sphingolipids 
including sphingomyelin and glycosphingolipids (31). Mammalian 
SPT consists of two large subunits (SPTLC1 and SPTLC2 or SPTLC3) 
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and one small subunit ssSPTa (small subunit a of SPT) or ssSPTb 
(small subunit b of SPT). The hetero oligomer of SPTLC1 and SPTLC2 
contribute to the catalytic site, and, hence, activity and small subunits 
enhance the SPT activity and confer substrate specificity. In humans, 
missense mutations in genes encoding for SPTLC1 and SPTLC2 are 
associated with hereditary sensory neuropathy type 1 (HSAN-I) and a 
form of amyotrophic lateral sclerosis (44–46). Sphingolipid biosynthe-
sis induces a conformational change in the murine norovirus receptor 
and facilitates viral infection since cells deficient in SPTLC2 are resis-
tant to norovirus infection (47). In dendritic cells, sphingolipid biosyn-
thesis is critical for phagocytosis of Candida albicans, and SPTLC2 
deficiency in CD8+ T cell impairs its response to viral infection (41, 
42). However, the role of de novo sphingolipid biosynthesis in CD4+ 
T helper cell differentiation and function is largely unknown.

Here, we report a critical role for de novo sphingolipid biosyn-
thesis in regulating redox balance and metabolic rewiring during 
TH17 cell differentiation. By deleting SPTLC1 specifically in CD4+ 
T cells, we demonstrate that sphingolipids synthesized by this path-
way are essential for regulating reactive oxygen species (ROS) 
production from nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase. SPTLC1 deficiency increased the intracellular 
ROS and inhibited mTORC1 activity leading to reduced glycolysis 
and TH17 differentiation. ROS scavenger N-acetyl cysteine (NAC) 
and the NADPH oxidase (NOX) inhibitor diphenyleneiodonium 
chloride (DPI) rescued the defects in SPTLC1-deficient TH17 cells. 
A similar rescue was observed upon treatment with 3-KDS, the 
product of SPT reaction. Supplementation with downstream prod-
ucts ceramide or glucosylceramide but not sphingomyelin or galac-
tosylceramide rescued the cytokine profile of TH17 cells, indicating 
a specific requirement for glucosylceramide in TH17 differentia-
tion. Further, SPTLC1 deficiency showed defective TH17 develop-
ment in vivo and showed attenuated response in EAE and colitis. 
Thus, our data position de novo sphingolipid biosynthesis as a meta-
bolic checkpoint, which can be explored as a therapeutic target in 
TH17-mediated autoimmune diseases.

RESULTS
SPTLC1 modulates CD4+ T helper subset differentiation
Although the role of sphingolipids synthesized via de novo pathway 
is appreciated in many cellular functions of immune cells including 
T cells, its role in CD4+ T helper cell differentiation and function is 
yet to be explored in detail (40–42, 48). We examined the potential 
role of the de novo sphingolipid biosynthetic pathway in CD4+ T 
cell biology by using Sptlc1 conditional knockout (KO) mice, as the 
germline deletion of Sptlc1 is embryonic lethal (34). For deleting 
Sptlc1 specifically in T cells, mice with loxP-flanked Sptlc1 alleles 
(Sptlc1floxl/flox) were crossed with CD4-Cre transgenic mice. Sptlc1 
deletion was confirmed in CD4+ T cells by quantitative polymerase 
chain reaction (qPCR) (fig. S1A) and by mass spectrometry analysis 
of sphingolipid content. Sptlc1 deletion significantly reduced the 
levels of sphingomyelin, ceramide, and hexosylceramide in naïve 
cells (fig. S1B). Under homeostatic conditions, in thymus, SPTLC1-
deficient mice showed equal frequency and number of CD4+ CD8+ 
double-positive (DP) and CD8+ single-positive (SP) thymocytes 
and slightly reduced frequency and number of CD4+ SP thymocytes 
compared to wild-type (WT) mice (fig.  S1C). In peripheral lym-
phoid compartments, CD4+ T cell frequency and numbers were 
slightly reduced in spleen, while these were not affected in lymph 

nodes (fig. S1, D and E). In both spleen and lymph nodes, CD8+ 
T cell frequency and numbers were drastically reduced (fig. S1, D 
and E). However, the naïve, effector, and memory CD4+ T cell fre-
quencies were comparable between WT and KO mice in spleen 
(fig. S1F). These data suggest a possible role for SPTLC1 in CD4+ T 
cell development in thymus and for the peripheral CD4+ and CD8+ 
T cell homeostasis.

Next, we explored the role of SPTLC1 in CD4+ T helper cell dif-
ferentiation. Naïve CD4+ T cells from WT and Sptlc1-deficient mice 
were differentiated into major T helper subsets [TH1, TH2, TH17, and 
induced Treg (iTreg) cells], with different cytokine and neutralizing an-
tibodies as described in Materials and Methods. After 4 days, the cells 
were analyzed for subset-specific intracellular cytokines and tran-
scription factors in viable cells (fig.  S2A) [interferon-γ (IFN-γ) for 
TH1 cells, IL-4 for TH2 cells, and IL-17A for TH17 cells and forkhead 
box protein 3 (FOXP3) for iTreg cells]. SPTLC1 deficiency increased 
the frequency of IFN-γ+ cells under TH1 differentiating conditions 
(fig.  S2B). However, under TH2 differentiating conditions, SPTLC1 
deficiency decreased IL-4+ cells and increased IFN-γ+ cells (fig. S2B). 
SPTLC1-deficient cells showed defective TH17 differentiation, char-
acterized by reduced frequency of IL-17A+ cells and an unanticipated 
increase in frequency of IFN-γ+ cells (Fig. 1A). We also found that 
SPTLC1 deficiency enhanced the iTreg differentiation as evidenced by 
increased frequency of FOXP3-positive cells (fig. S2C) and increased 
Foxp3 mRNA levels (fig.  S2D). Together, these data suggest that 
SPTLC1 differentially regulate CD4+ T cell subset differentiation.

TH17 cells are implicated in many autoimmune and inflammatory 
disorders. TH17 cells maintain a distinct metabolic profile, alterations 
of which could impair their immune response. Increasing evidence 
suggests that the distinct metabolic state in TH17 cells is indeed con-
tributed and maintained by changes in various metabolic processes 
during its differentiation and function (23, 27–29). Since sphingolipid 
flux through de novo synthetic pathway is shown to modulate the 
metabolic fitness of immune cells and inhibiting the SPT enzyme re-
duced the inflammation in many autoimmune settings, we hypothe-
size a role for de novo sphingolipid pathway in TH17 differentiation 
and function (32, 41, 42, 49). Hence, we sought to delineate the role of 
SPTLC1 in TH17 cells and evaluate molecular interactions that inte-
grate de novo sphingolipid pathway to determination of T cell fates. 
We estimated ceramide, sphingomyelin, and hexosylceramide levels 
in the different subsets by mass spectrometry. We found that levels of 
hexosylceramide in TH17 cells were trending higher than in other 
subsets (fig.  S2E). Further analysis of SPTLC1-deficient TH17 cells 
showed reduced intracellular levels of IL-17A per cell [integrated 
mean fluorescence intensity (iMFI)] and reduced amount of secreted 
IL-17A in SPTLC1-deficient TH17 cells (Fig. 1, B and C). In addition, 
we observed a significant decrease in the expression levels of TH17 
lineage–specific genes (Fig. 1D). SPTLC1-deficient cells also showed 
increased expression of mRNA for FOXP3 under TH17 polarizing 
conditions (Fig. 1D). The defect in IL-17A production was also seen 
under pathogenic TH17 cell differentiating conditions: (i) IL-1β, IL-6, 
and IL-23 (Fig. 1E) and (ii) TGF-β1 + IL-1β + IL-6 + IL-23 (Fig. 1F) 
(9, 11, 50). Defective IL-17A production is not attributed to reduced T 
cell activation, as SPTLC1-deficient CD4+ T cells under TH17 polar-
izing conditions showed similar levels of surface activation markers, 
CD25 and CD69 (fig. S3A). Further, analysis of WT and KO CD4+ T 
cell activated under unbiased conditions also showed similar levels 
of these activation markers and similar levels of phosphorylated 
Zeta-chain–associated protein kinase-70 (ZAP70), an early T cell 
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Fig. 1. SPTLC1 is essential for TH17 differentiation in vitro. (A) Naïve CD4+ T cells from WT or KO mice were differentiated into TH17 cells (as described in Materials and Methods) 
for 4 days, and intracellular cytokines were scored by flow cytometry. The left panel is a representative flow figure showing frequency of IL-17A+ and IFN-γ+ cells, and the right 
panel shows the cumulative data of the same. n = 5 biologically independent samples, representative of five experiments. (B) iMFI of IL-17A. iMFI = (MFI)(P) where, MFI is the 
median fluorescence intensity of cytokine-positive cells, and P is the percentage of cytokine-positive cells. (C) WT and KO naïve T cells were differentiated under TH17 conditions 
for 4 days and reactivated with anti-CD3 for 24 hours, and the culture supernatant was analyzed for IL-17A by bioplex assay. n = 3 biologically independent samples. (D) WT and 
KO naïve T cells were differentiated into TH17 cells for 3 days and RNA quantified by reverse transcription qPCR. n = 3 to 5 biologically independent samples. (E and F) WT and KO 
naïve CD4+ T cells were differentiated into TH17 cells with IL-1β + IL-6 + IL-23 (E) or TGF-β1 + IL1-β + IL-6 + IL-23 (F) for 4 days and analyzed for frequency of IL-17A+ and IFN-γ+ cells 
by flow cytometry. The left panel is a representative flow figure, and the right panel shows the cumulative data for the same. n = 3 biologically independent samples. Each dot 
represents an individual mouse. All data presented as means ± SEM: **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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receptor (TCR) signaling marker (fig. S3, A and B). Cell proliferation 
and cell numbers were also reduced in SPTLC1-deficient CD4+ T 
cells under TH17 conditions (fig.  S3, C and D). QVD-OPh, a pan-
caspase inhibitor, restored cell viability but failed to rescue IL-17A 
production, indicating that the defect in cytokine production is due to 
intrinsic defects of cells and not due to cell death (fig. S3E). Moreover, 
Ki-67hi +ve (proliferating) cells in SPTLC1-deficient CD4+ T cells un-
der TH17 polarizing conditions also showed reduced frequency of IL-
17A+ cells and increased frequency in IFN-γ+ cells compared to the 
WT counterpart, indicating that the differentiation defect is indepen-
dent of proliferation (fig.  S3F). Since SPTLC1-deficient TH17 cells 
showed increased frequency of IFN-γ+ cells (Fig.  1A), and since 
IFN-γ can inhibit the TH17 cell differentiation (51), we investigated 
whether IFN-γ has a role in the observed phenotype. IFN-γ signals 
through the interferon-gamma receptor (IFNGR), which is a het-
erodimer composed of IFNGR1 and IFNGR2 (52). We analyzed the 
expression of IFNGR1 in WT and KO TH17 cells as a measure of 
IFNGR expression. We noted that SPTLC1-deficient TH17 cells had 
reduced expression of IFNGR1 compared to WT TH17 cells (fig. S4A). 
We then knocked down the expression of IFNGR1 in differentiating 
TH17 cells using SMARTpool Accell mouse Ifngr1 as described in 
Materials and Methods. We confirmed that this resulted in a reduc-
tion of cell surface expression of IFNGR1 (about 45%) in TH17 cells 
(fig.  S4B). Accell nontargeting control pool small interfering RNA 
(siRNA) is used as negative control. Knockdown of IFNGR1 in WT 
cells did not alter the frequency of IL-17A+ cells (fig. S4C). Knock-
down of IFNGR1 in SPTLC1-deficient cells did not rescue the defect, 
and they showed similar frequencies of IL-17A+ cells compared to 
SPTLC1-deficient cells (fig. S4C). Of note, Ifngr1 siRNA further in-
creased the IFN-γ+ cells in KO SPTLC1-deficient TH17 cells, 
which was also observed upon control siRNA addition to these cells 
(fig. S4C). The nonspecific response of SPTLC1 KO cells to siRNA is 
currently not understood. To further rule out the role of IFN-γ in the 
observed defect in the SPTLC1-deficient TH17 cells, we differentiated 
naïve CD4 T cells from WT and IFNGR1 KO mice into TH17 cells in 
the presence of myriocin, a potent inhibitor of SPT (53). Myriocin-
treated WT TH17 cells showed defects in TH17 differentiation evi-
denced by reduced frequency of IL-17A+ cells compared to WT TH17 
cells (fig. S4D). IFNGR1 KO TH17 cells showed slightly reduced fre-
quency of IL-17A+ cells compared to WT TH17 cells, and myriocin-
treated IFNGR1 KO cells showed similar frequency of reduction in 
IL-17A+ cells compared to myriocin-treated WT TH17 cells (fig. S4D). 
IFNGR1 KO was confirmed by surface staining for IFNGR1 in TH1 
cells (fig. S4E). TH17 culture condition also has neutralizing antibody 
to IFN-γ. Together, these data indicate that defects in the TH17 dif-
ferentiation observed in SPLCT1-deficient cells are independent of 
increased IFN-γ production in these cells.

T cell–specific deletion of SPTLC1 affects TH17 cell 
function in vivo
TH17 cells are required for mediating protective immunity against 
extracellular bacterial and fungal infections, but aberrant activation 
of these cells is also implicated in many autoimmune diseases in-
cluding multiple sclerosis, a demyelinating disease in humans (3, 
54). To examine the role of SPTLC1 in TH17 cell differentiation and 
function in  vivo, we induced EAE, an animal model of human 
multiple sclerosis (55). Mice were immunized with the myelin 
oligodendrocyte glycoprotein (MOG)33-55 peptide in complete 
Freund’s adjuvant (CFA) followed by pertussis toxin and monitored 

daily for 28 days. WT mice displayed the disease symptoms at day 9, 
which peaked at day 15 after the initial immunization with a maxi-
mum score of around 3 (Fig. 2A). However, the KO mice had mild 
symptoms that were delayed, and the disease did not progress be-
yond a score of 0.5 (Fig. 2A). Analysis of the splenic CD4+ T cell 
population showed reduced IL-17A+ cells in KO mice compared to 
WT (Fig.  2B). Unlike in  vitro differentiation studies, the IFN-γ+ 
cells were also reduced in this condition. The frequency of FOXP3+ 
cells did not differ between WT and KO spleen (Fig.  2B). Histo-
pathological analysis of spinal cords showed reduced infiltration of 
leukocytes and demyelination in the KO mice compared to the WT 
(Fig. 2C). Further, immunohistochemical analysis confirmed fewer 
infiltration of CD45+ and CD4+ T cells in the spinal cord of KO 
mice (Fig.  2D). Since SPTLC1-deficient cells showed increased 
FOXP3 expression under in vitro TH17 differentiating conditions, 
we analyzed FOXP3 in splenic CD4+ T cells of immunized mice at 
disease preonset time point to assess the possibility of TH17 plastic-
ity in  vivo. On day 8 after immunization (disease preonset time 
point), analysis of splenic CD4+ T cells from SPTLC1-deficient mice 
showed similar frequency of FOXP3-positive cells compared to the 
WT counterpart (fig. S5A). SPTLC1-deficient mice showed reduced 
frequency of IL-17A+ cells in the spleen at this time (fig. S5A). Since 
SPTLC1-deficient mouse showed slightly reduced CD4+ T cells in 
spleen and lymph nodes under homeostatic conditions (fig. S1, D 
and E), we induced EAE by adapting an adoptive transfer protocol 
(fig. S5B) (55). In these experiments, cells from spleen and lymph 
nodes of immunized mice were cultured ex vivo under TH17 differ-
entiating conditions, and CD4+ T cells were isolated for adoptive 
transfer. The cultured cells were assessed for intracellular cytokines 
before the transfer. CD4+ T cells from SPTLC1-deficient mice 
showed reduced frequency of IL-17A+, IFN-γ+, and IL-17A+IFN-γ+ 
DP cells compared to WT (fig. S5C). Equal numbers of ex vivo–
differentiated cells were transferred to Rag−/− mice and scored daily 
for EAE symptoms. Mice receiving WT TH17 cells showed the 
symptoms of EAE from day 10, and, on the other hand, mice receiv-
ing KO TH17 cells did not show signs of EAE throughout the study 
(Fig. 2E). We examined CD4+ T cells from the central nervous sys-
tem (CNS) by harvesting spinal cord and brain at the peak of the 
disease. We found significantly reduced frequency and numbers 
of infiltrating IL-17A+, IFN-γ+, and IL-17A+IFN-γ+ DP cells in 
mice receiving KO cells compared to WT cells receiving mice (Fig. 2, 
F and G). Further, analysis of spleen also showed reduced fre-
quency and numbers of IL-17A+, IFN-γ+, and IL-17A+IFN-γ+ DP 
cells in mice receiving KO cells compared to their counterpart 
(Fig. 2, F and H).

We additionally evaluated the intrinsic role of SPTLC1 in the T 
cell transfer model of colitis, a mouse model for inflammatory 
bowel disease mediated by TH17 cells (56), by adoptive transfer of 
sorted naïve (CD4+ CD45RBhi) T cells from WT and KO mice into 
Rag−/− mice (fig. S5D). Rag−/− mice that received WT naïve CD4+ 
T cells showed significantly reduced body weight and increased co-
lon weight-to-length ratio compared to Rag−/− mice that received 
KO CD4+ T cells (fig. S5, E and F). Further, histopathological ex-
amination of distal colon of Rag−/− mice that received WT naïve 
CD4+ T cells showed severe histiocytic colitis with hyperplastic 
crypt epithelium, whereas Rag−/− mice that received KO CD4+ T 
cells showed no signs of colitis (fig. S5G). Consistent with this find-
ing, analysis of CD4+ T cells in the colon of Rag−/− mice receiving 
the KO CD4+ T cells showed reduced IL-17A+–positive cells 
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Fig. 2. SPTLC1 is required for TH17 differentiation in vivo. (A) Mean clinical EAE scores of WT and KO mice immunized with MOG35–45 peptide. n = 3 mice per experimental group, 
representative of two independent experiments. (B) Frequency of IL-17A+, IFN-γ+, and FOXP3-positive cells in splenocytes of immunized mice at day 28. n = 3 biologically indepen-
dent samples. (C) Representative hematoxylin and eosin staining of spinal cord sections obtained from indicated immunized mice at day 28. Red arrows and asterisks indicate infil-
trated inflammatory cells and demyelinated foci, respectively. Scale bars, 50 μm (left) and 500 μm (right). n = 3 biologically independent samples. (D) Immunohistochemical staining 
for CD4+ and CD45+ cells in spinal cord sections from immunized WT and KO mice at day 28. The red arrow indicates positive cells. Scale bar, 50 μm. n = 3 biologically independent 
samples. (E) Mean clinical scores for EAE in RAG−/− mice transferred with equal number of ex vivo differentiated CD4+ T cells from MOG35–45 immunized WT and KO mice. RAG−/− 
mice receiving WT cells (n = 4); RAG−/− mice receiving KO cells (n = 5). (F to H) CNS and spleen were isolated from the RAG−/− mice receiving WT cells at the peak of the disease and 
from corresponding RAG−/− mice receiving KO cells and scored for frequency (F) and absolute number (G and H) of IL-17A+, IFN-γ+, and IL-17A+IFN-γ+ DP cells by flow cytometry. (F) 
The left panel is a representative flow figure, and the right panel shows the cumulative data of the same. The top panel is from CNS and the bottom panel is from spleen. (G and H) 
CNS (G) and spleen (H). RAG−/− mice receiving WT cells (n = 4); RAG−/− mice receiving KO cells (n = 5). Each dot represents an individual mouse. All data presented as means ± SEM: 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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(fig. S5H). These data suggest that SPTLC1 is required for TH17 dif-
ferentiation and function in vivo.

SPTLC1 is required for metabolic reprograming in 
TH17 differentiation
To investigate the mechanism underlying the defective TH17 dif-
ferentiation in SPTLC1-deficient cells, we first checked IL-2 sig-
naling by measuring phosphorylation of signal transducer and 
activator of transcription 5 (p-STAT5) by flow cytometry. IL-2 is 
known to suppress TH17 differentiation and enhance iTreg differ-
entiation through STAT5 signaling (57–59). SPTlC1-deficient 
TH17 cells showed reduced p-STAT5 phosphorylation compared 
to WT cells (Fig. 3A), ruling out IL-2 as the causative factor.

TGF-β induces the expression of both RORγt and FOXP3. Under 
TH17 conditions, IL-6, through STAT3 signaling, inhibits FOXP3 
expression by TGF-β and enhances differentiation of TH17 cells. 
Therefore, we assessed the phosphorylation status of STAT3 by flow 
cytometry and found no change in the levels of STAT3 phosphoryla-
tion between WT and KO TH17 cells, indicating that SPTLC1 does 
not regulate the IL-6 signaling pathway in TH17 cells (Fig. 3B). Our 
recent report documented ER stress in SPTLC1-deficient bone mar-
row cells (34). Therefore, we checked for markers of ER stress in dif-
ferentiated TH17 cells. The ER stress marker, BiP, did not differ 
between WT and KO TH17 cells at both mRNA and protein levels 
(fig. S6, A and B). The mRNA levels of XBP1s were reduced in KO 
TH17 cells (fig. S6C), and the protein levels of PERK did not differ 
between WT and KO TH17 cells (fig.  S6D). These results indicate 
that SPTLC1 deficiency did not induce ER stress in the KO TH17 cells.

To further investigate how SPTLC1 regulates TH17 differentia-
tion, we performed bulk RNA sequencing (RNA-seq) in WT and KO 
TH17 cells. The gene expression profiles of WT and KO TH17 cells 
were clearly distinct (Fig.  3C) with 5683 differentially expressed 
genes (DEGs), which include 2944 up-regulated and 2739 down-
regulated genes (fig.  S6E). Next, we performed unbiased pathway 
enrichment analysis and compared RNA-seq data of WT and KO 
TH17 cells. Notably, among enriched pathways, most of them be-
longed to carbohydrate and related metabolic processes (fig.  S6F). 
When T cells are activated, they enhance aerobic glycolysis (19). 
Among the T cell subsets, TH17 cells show maximum glycolysis, and 
its inhibition affects TH17 differentiation (10, 54). Gene set enrich-
ment analysis (GSEA) revealed that transcripts from KO TH17 
cells negatively correlated with glycolytic genes, suggesting a poten-
tial metabolic alteration during TH17 differentiation (Fig.  3D and 
fig. S7A). To confirm, we performed qPCR for the genes related to 
glycolysis in WT and KO TH17 cells and found that SPTLC1 defi-
ciency reduced the expression of glycolytic genes (Fig. 3E). To ana-
lyze glycolysis in real time, we measured extracellular acidification 
rate (ECAR) in equal numbers of viable WT and KO TH17 cells by an 
extracellular flux analyzer. SPTLC1 deficiency showed significantly 
reduced glycolysis after addition of glucose without altering the gly-
colytic capacity (Fig.  3F). In Cell Mito Stress Test (Agilent), basal 
oxygen consumption rate (OCR) and maximal respiration did not 
differ in SPTLC1-deficient cells compared to WT (Fig. 3G). To assess 
the detailed bioenergetic state of these cells, we calculated rates of 
adenosine triphosphate (ATP) production by glycolysis, JATPglyc, and 
oxidative metabolism, JATPox, using methods developed by Brand and 
Mookerjee that do not use exogenous supplementation of substrates 
under basal conditions and use only glucose as a substrate for assess-
ing ATP production (60). For this, OCR and ECAR were measured 

simultaneously in TH17 cells under the basal condition, followed by 
sequential addition of glucose, oligomycin, carbonyl cyanide-​p-
trifluoromethoxyphenylhydrazone (FCCP), and rotenone plus anti-
mycin A (fig. S7B). ATP production from glycolysis and OXPHOS 
in basal and all injections is presented in stacked column graph 
(fig. S7C). Under the basal conditions, cells are assumed to produce 
ATP mainly by OXPHOS from glycogen. This process is compro-
mised in SPTLC1-deficient TH17 cells (fig. S7D). When glucose is 
added in WT TH17, JATPglyc increased, and JATPox decreased (fig. S7, E 
and D). Under this condition, SPTLC1-deficient TH17 cells showed 
reduced JATPglyc compared to WT cells; however, JATPox increased 
more than in WT cells (fig. S7, E and D). Further, SPTLC1-deficient 
TH17 cells continued to show reduced ATP production by glycolysis 
during subsequent addition of oligomycin (which inhibited the mito-
chondrial ATP synthesis) and FCCP (under maximal respiration) 
(fig. S7E). However, FCCP addition increased the ATP production 
via OXPHOS in SPTLC1-deficient cells (fig.  S7D). The total ATP 
production did not significantly differ between WT and SPTLC1-
deficient TH17 cells in glucose and FCCP addition (fig.  S7F). Our 
data suggest that while SPTLC1 deficiency impairs glycolysis in TH17 
cells, and mitochondria retain the ability to sustain ATP production 
through OXPHOS when supplemented with exogenous substrate, 
they have defective OXPHOS under basal conditions.

SPTLC1 deficiency reduces c-Myc, HIF-1α, and 
mTOR signaling
Metabolic rewiring in activated T cells require coordination be-
tween different signaling pathways and transcription factors (19). 
In TH17 cells, phosphatidylinositol 3-kinase (PI3K)–Akt–mediated 
mTORC1 signaling integrates the metabolic rewiring toward gly-
colysis by regulating c-Myc and HIF-1α–mediated glycolytic gene 
expression (10, 15, 18, 20). To understand why SPTLC1 initiated 
sphingolipid flux is integral to TH17 cell development, we explored 
the relationship between SPTLC1 and the three key metabolic reg-
ulators during TH17 differentiation. We checked mTORC1 activity 
in WT and SPTLC1-deficient CD4+ T cells under TH17 conditions 
by measuring phosphorylation of S6 subunit (S6) and 4E-BP1(p4E-
BP1), two well-established downstream targets of mTORC1. 
SPTLC1-deficient TH17 cells showed significant reduction in the 
phosphorylation of the two proteins compared to control cells 
(Fig.  4, A and B). In concordance with these observations, the 
GSEA of RNA-seq data showed negative enrichment of mTORC1 
pathway genes in the mutant (Fig. 4C and fig. S8A). In differentiat-
ing TH17 cells, mTORC1 regulates glycolysis through c-Myc and 
HIF-1α. Therefore, we measured the mRNA expression levels of 
Myc and Hif1a and found that compared to the WT, SPTLC1-
deficient TH17 cells showed reduced expression of both Myc and 
Hif1a (Fig. 4, D and F). Correspondingly, protein levels of Myc and 
HIF-1α were also reduced in SPTLC1-deficient cells (Fig. 4, E and 
G). Furthermore, RNA-seq analysis revealed that SPTLC1 deficien-
cy impaired the expression of c-Myc and HIF-1α target genes in 
TH17 cells (Fig. 4, H and I, and fig. S8, B and C). These data indicate 
the importance of SPTLC1 in regulating mTORC1 activity and 
metabolic rewiring in developing TH17 cells.

SPT enzyme product 3-KDS rescues the defects in 
SPTLC1-deficient TH17 cells
SPTLC1 is a component of the catalytic core of SPT enzyme com-
plex whose activity is required for maintaining cellular levels of 
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Fig. 3. SPTLC1 is required for metabolic reprograming in TH17 cells. (A) WT and KO naïve cells were differentiated under TH17 conditions for 12 hours and scored for phos-
phorylated STAT5 by flow cytometry. The left panel is a representative flow figure, and the right panel shows the cumulative data of the pSTAT5 MFI. n = 3 biologically independent 
samples. (B) WT and KO naïve cells were differentiated under TH17 conditions for 12 hours and scored for phosphorylated STAT3 by flow cytometry. The left panel is a representa-
tive flow figure, and the right panel shows the cumulative data of the pSTAT3 MFI. n = 3 biologically independent samples. (C) Principal components analysis (PCA) of WT and KO 
TH17 cell RNA-seq data. n = 3 biological replicates per group. (D) GSEA result of HALLMARK_GLYCOLYSIS gene sets between WT and KO TH17 cells. (E) qPCR analysis of indicated 
glycolytic genes in WT and KO TH17 cells (naïve CD4+ T cells cultured under TH17 conditions for 3 days). n = 5 biologically independent samples. (F) WT and KO naïve T cells were 
differentiated under TH17 conditions for 3 days and ECAR measured in equal number of viable cells by Seahorse analyzer. The left panel shows the representative data, and the 
right panel shows the percentage change in ECAR for glycolysis and glycolytic capacity. n = 3 biologically independent samples. (G) TH17 cells were differentiated as in (F) and OCR 
measured in equal number of viable cells by Seahorse analyzer. The left panel shows the representative data, and the right panel shows the cumulative data for basal and maximal 
respiration. n = 3 biologically independent samples. Each dot represents an individual mouse. All data presented as means ± SEM: **P < 0.01;  ****P < 0.0001; ns, not significant.
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Fig. 4. SPTLC1 deficiency reduces c-Myc, HIF-1α, and mTORC1 signaling. (A) Naïve CD4+T cells from WT and KO were differentiated under TH17 conditions for 12 hours 
and scored for frequency of phospho-S6+ cells by flow cytometry. The left panel is a representative flow figure, and the right panel shows the cumulative percent pS6-
positive cells. n = 5 biologically independent samples. (B) Immunoblot of p-4E-BP1 in WT and KO naïve CD4+ T cells differentiated for 12 hours under TH17 polarizing 
conditions. The left panel shows representative Western blot, and the right panel is the quantitative data for the same. n = 5 biologically independent samples from two 
independent experiments. (C) GSEA for mTORC1 signaling genes between WT and KO TH17 cells. (D) WT and KO naïve T cells were differentiated into TH17 cells for 3 days 
and Hif1a mRNA quantified by qPCR. n = 5 biologically independent samples. (E) Immunoblot of HIF-1α in WT and KO naïve CD4+ T cells differentiated for 3 days under 
TH17 polarizing conditions. The left panel shows representative Western blot, and the right panel is the quantitative data for the same. n = 3 biologically independent 
samples. (F) Myc mRNA quantified by qPCR in cells differentiated as in (D). n = 5 biologically independent samples. (G) Immunoblot of c-Myc in WT and KO naïve CD4+ T 
cells differentiated for 12 hours under TH17 polarizing conditions. The left panel shows representative Western blot, and the right panel is the quantitative data for the 
same. n = 5 biologically independent samples from two independent experiments. (H and I) GSEA for hallmark gene sets (H) c-Myc target genes and (I) HIF-1α target 
genes between WT and KO TH17 cells. Each dot represents an individual mouse. All data presented as means ± SEM:  **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not 
significant.
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sphingolipids. To test whether SPT enzymatic activity is necessary 
for TH17 differentiation and to examine the specificity of the de novo 
sphingolipid biosynthetic pathway defect in the observed pheno-
type, we performed rescue experiments with 3-KDS, the product of 
SPT reaction. For this, naïve CD4+ T cells were pretreated with 
3-KDS and then differentiated under TH17 conditions. The addition 
of 3-KDS rescued all observed defects of SPTLC1-deficient TH17 
cells. 3-KDS increased the frequency of IL-17A+ cells and reduced 
the frequency of IFN-γ + cells to the WT levels (Fig. 5A). 3-KDS also 
rescued the mTORC1 signaling defect in SPTLC1-deficient TH17 
cells. 3-KDS restored the phospho-S6–positive cells to the WT level 
(Fig.  5B) and enriched mTORC1 signaling genes (Fig.  5C and 
fig. S9A). Expression of c-Myc and HIF-1α target genes were also 
restored back to WT levels in SPTLC1-deficient cells in the presence 
of 3-KDS (Fig. 5, D and E, and fig. S9, B and C). Further, 3-KDS 
rescued the defect in glycolysis in SPTLC1-deficient TH17 cells. 3-
KDS supplementation up-regulated the glycolysis-related genes in 
SPTLC1-deficient TH17 cells as evidenced by GSEA (Fig.  5F and 
fig.  S9D), which is further confirmed by qPCR analysis of Hk2 
mRNA (Fig. 5G). 3-KDS also significantly restored ECAR, a mea-
sure of glycolysis (Fig. 5H). De novo sphingolipid biosynthesis path-
way produces various biologically important sphingolipid species. 
3-KDS, formed in the first reaction by SPT enzyme, in subsequent 
reactions is converted to ceramide, which serves as a building block 
for the synthesis of complex sphingolipids like glucosylceramide, 
galactosylceramide, and sphingomyelin. To investigate which of 
these downstream products could influence TH17 differentiation, 
we preincubated SPTLC1-deficient naïve CD4+ T cells with ce-
ramide or glucosylceramide or galactosylceramide or sphingo-
myelin and then differentiated them under TH17 conditions. 
Supplementation of ceramide and glucosylceramide rescued the 
defects in the cytokine production in SPTLC1-deficient TH17 cells 
(Fig. 5, I and J). However, supplementation of sphingomyelin or 
galactosylceramide did not rescue the defect (Fig. 5, K and L), indi-
cating the specific requirement of glucosylceramide for TH17 
differentiation. Together, these data suggest a critical role for sphin-
golipid synthesis via the de novo synthetic pathway for TH17 differ-
entiation and implies that the physiological regenerative flux of 
sphingolipids via salvage pathway in the absence of de novo pathway 
is not sufficient for TH17 differentiation.

SPTLC1 deficiency impairs TH17 differentiation by increasing 
intracellular ROS
In differentiating T cells, mTORC1 activity is regulated by PI3K–
protein kinase B (AKT) (PI3K-AKT) signaling. Since mTORC1 
activity is reduced in SPTLC1-deficient TH17 cells, we hypothe-
sized that PI3K-AKT signaling might be compromised in these 
cells. We examined the phosphorylation status of AKT in differen-
tiating TH17 cells as an index of PI3K-AKT signaling and found 
no difference between WT and KO cells (Fig.  6A). These data 
indicate that PI3K-AKT signaling is not compromised in these 
cells. Adenosine monophosphate (AMP)–activated protein kinase 
(AMPK), a negative regulator of mTOR activity, was unexpectedly 
decreased in the mutant cells indicating that AMPK activity was 
not responsible for reduced mTOR activity (fig. S10A). RNA-seq 
data showed increased expression of genes that positively regulate 
reactive ROS in SPTLC1-deficient TH17 cells, suggesting a possi-
bility of oxidative stress in these cells (Fig. 6B and fig. S10B). Since 
ROS can modulate mTOR activity, we measured the intracellular 

ROS in WT and SPTLC1-deficient differentiating TH17 cells using 
2′,7′-dichlorofluorescin diacetate (DCFDA), which measures total 
intracellular ROS. SPTLC1-deficient TH17 cells showed signifi-
cantly increased intracellular ROS validating the RNA-seq data 
(Fig. 6C). To ascertain whether ROS was involved in the observed 
phenotype, we evaluated the benefits of an antioxidant in SPTLC1-
deficient TH17 cells. We differentiated naive WT and SPTLC1-
deficient cells into TH17 cells in the presence of antioxidant 
NAC. NAC rescued the defect in cytokine production in SPTLC1-
deficient TH17 cells. NAC restored the frequency of IL-17A+ cells 
and reduced the frequency of IFN-γ+ cells (Fig. 6D and fig. S10C). 
NAC also corrected the defect in mTORC1 activity in the SPTLC1-
deficient TH17 cells (Fig. 6, E and F, and fig. S11A) and restored the 
c-Myc and HIF-1α target gene levels (Fig. 6, G and H, and fig. S11, 
B and C). NAC improved glycolysis defects in SPTLC1-deficient 
TH17 cells. NAC supplementation up-regulated the glycolysis-
related genes in SPTLC1-deficient TH17 cells as evidenced by 
GSEA (Fig. 6I and fig. S11D), which is further confirmed by qPCR 
analysis of Hk2 mRNA (Fig.  6J). Its treatment significantly re-
stored ECAR, a measure of glycolysis (Fig. 6K). NAC also signifi-
cantly reduced ROS production in SPTLC1-deficient TH17 cells 
(fig.  S12A). Our data suggest that SPTLC1 deficiency increases 
intracellular ROS that disrupts the mTOR activity and its down-
stream targets.

SPTLC1 deficiency increases intracellular ROS by enhancing 
NOX activity
In T cells, intracellular ROS are mainly generated by mitochondria 
and NOX (61–64). Therefore, we next investigated the source of in-
creased ROS in SPTLC1-deficient T cells. We measured mitochon-
drial ROS in WT and SPTLC1-deficient TH17 cells using MitoSOX 
red. There was no significant difference in mitochondrial ROS 
between WT and SPTLC1-deficient T cells (Fig. 7A). Next, we in-
vestigated the involvement of NOX using DPI, a NOX inhibitor. DPI 
preincubation, like NAC, corrected the defect in cytokine produc-
tion in SPTLC1-deficient TH17 cells (Fig. 7B). DPI also significantly 
reduced ROS production in SPTLC1-deficient TH17 cells (fig. S12B). 
In T cells, TCR cross-linking produces intracellular ROS within 
minutes by activation of membrane NOX2 (63, 65). To check wheth-
er SPTLC1 influences NOX2-mediated ROS production, we mea-
sured total intracellular ROS using DCFDA in WT and KO in naïve 
CD4+ T cells 15 min after activation with anti-CD3. SPTLC1-
deficient CD4+ T cells showed significantly increased ROS produc-
tion compared to WT (Fig. 7C). Preincubation with DPI and NAC 
also significantly reduced the ROS production at this instance 
(fig. S12, C and D). The de novo sphingolipid biosynthetic pathway 
consumes NADPH at two steps while synthesizing ceramide (31, 
66). Therefore, it is reasonable to posit that SPTLC1 deficiency could 
increase the NADPH levels and fuel the NOX resulting in increased 
ROS. To consider this possibility, we measured the cellular NADPH 
levels in TH17 cells and found no significant difference between WT 
and SPTLC1-deficient TH17 cells, thus ruling out elevated NADPH 
levels driving increased NOX activity (fig. S12E). NOX2 has mem-
brane (gp91phox and p22phox) and cytosolic components (p47phox, 
p67phox, and p40phox). TCR cross-linking activates NOX2 by recruit-
ing the cytosolic components to the membrane (67). Therefore, we 
measured the translocation of cytosolic p47phox to membrane by 
Western blot analysis and colocalization of p47phox and gp91phox as 
an index of NOX2 activity. We activated the naïve CD4+ T cells from 
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Fig. 5. SPT enzyme product 3-KDS rescues the defects in SPTLC1-deficient TH17 cells. (A) WT and KO naïve cells were differentiated under TH17 conditions with or 
without 3-KDS (1 μM) for 4 days and scored for frequency of IL-17A+ and IFN-γ+ cells by flow cytometry. The left panel is a representative flow figure, and the right panel 
shows the cumulative data of the same. n = 3 biologically independent samples. (B) WT and KO naïve cells were differentiated under TH17 conditions for 12 hours with or 
without 3-KDS and scored for frequency of phospho-S6+ cells by flow cytometry. n = 3 biologically independent samples. (C to F) GSEA for (C) mTOR signaling genes, (D) 
c-Myc target genes, (E) HIF-1α target genes, and (F) glycolytic genes between KO and (WT and KO + 3-KDS) TH17 cells. (G) WT and KO naïve cells were differentiated under 
TH17 conditions with or without 3-KDS (1 μM) for 3 days and Hk2 mRNA quantified by qPCR. n = 3 biologically independent samples. (H) WT and KO naïve T cells were dif-
ferentiated under TH17 conditions with or without 3-KDS for 3 days and ECAR measured in equal number of viable cells by Seahorse analyzer. n = 3 biologically independent 
samples. (I to L) WT and KO naïve cells were differentiated under TH17 conditions for 4 days with or without indicated concentrations of (I) C6 ceramide (Cer), (J) glucosylce-
ramide (GluCer), (K) sphingomyelin (SM) (L), and galactosylceramide (GalCer), and reactivated with phorbol 12-myristate 13-acetate/ionomycin for 6 hours and scored for 
frequency of IL-17A+ and IFN-γ+ cells by flow cytometry. (I and J) Left: %IL-17A+ cells; right: % IFN-γ+ cells. n = 3 biologically independent samples. Each dot represents an 
individual mouse. All data presented as means ± SEM: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Fig. 6. SPTLC1 deficiency impairs TH17 differentiation by increasing intracellular ROS. (A) WT and KO naïve cells were differentiated under TH17 conditions for 
12 hours and scored for phospho-Akt(S473) by flow cytometry. The left panel is a representative flow figure, and the right panel shows cumulative p-Akt MFI. n = 3 bio-
logically independent samples. (B) GSEA for positive regulation of ROS genes between WT and KO TH17 cells. (C) WT and KO naïve cells were differentiated under TH17 
conditions for 12 hours and intracellular ROS measured using DCFDA by flow cytometry. The left panel is a representative flow figure, and the right panel shows the cu-
mulative data of DCFDA MFI. n = 3 biologically independent samples. (D) WT and KO naïve cells were differentiated under TH17 conditions for 4 days with or without NAC 
and scored for intracellular cytokine. The left panel is a representative flow figure, and the right panel shows the cumulative data of the same. n = 4 to 6 biologically inde-
pendent samples. (E) WT and KO naïve cells were differentiated under TH17 conditions with or without NAC for 12 hours and scored for frequency of phospho-S6+ cells by 
flow cytometry. n = 5 biologically independent samples. (F to I) GSEA for (F) mTOR signaling genes, (G) c-Myc target genes, (H) HIF-1α target genes, and (I) glycolytic genes 
KO and (WT and KO + NAC) TH17 cells. n = 3 biologically independent samples. (J) Hk2 mRNA quantification by qPCR of TH17 under the indicated differentiation condi-
tions. n = 3 biologically independent samples. (K) WT and KO naïve T cells were differentiated under TH17 conditions with or without NAC for 3 days and ECAR was mea-
sured in equal number of viable cells by Seahorse analyzer. n = 3 biologically independent samples. Each dot represents an individual mouse. All data presented as 
means ± SEM: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Fig. 7. SPTLC1 deficiency increases intracellular ROS by enhancing NOX activity. (A) WT and KO naïve CD4+ T cells were differentiated under TH17 conditions for 
12 hours and mitochondrial ROS measured using Mitosox red. The left panel is a representative histogram, and the right panel shows the cumulative data (MFI) from n = 3 
biologically independent samples. (B) WT and KO naïve CD4+ T cells were differentiated under TH17 conditions for 4 days with or without DPI (10 nM) and scored for intra-
cellular cytokines. The left panel is a representative flow figure, and the right panel shows the cumulative data from n = 4 biologically independent samples. (C) WT and 
KO naïve CD4+ T cells cross-linked with anti-CD3 for 15 min with DCFDA and read in flow cytometry. The left panel is a representative histogram, and the right panel shows 
the cumulative data (MFI) from n = 3 biologically independent samples. (D) WT and KO naïve CD4+ T cells cross-linked as in (C) and membrane fraction immunoblotted 
for p47 phox. Each lane is a pooled sample from four to eight mice. The left panel shows representative blot, and the right panel is the quantitative data from three inde-
pendent experiments. (E) CD4+ T cells cross-linked as in (C) and stained for gp91phox (green) and p47 phox (red) and analyzed using confocal microscopy. The left panel 
shows the representative confocal picture, and the right panel shows the number of colocalization spots per cell. n = 3 biologically independent samples. (F) WT and KO 
Naïve CD4+ T cells were nucleofected with control or p47phox siRNA, differentiated into TH17 cells, and scored for intracellular cytokines. The left panel is a representative 
flow figure, and the right panel shows the cumulative data. Each dot represents cells pooled from three mice. n = 3 independent experiment. All data presented as 
means ± SEM: *P < 0.05; **P < 0.01;  ****P < 0.0001; ns, not significant.
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WT and KO mice with anti-CD3 for 15 min; membrane fractions 
were isolated by ultracentrifugation and probed for p47phox. Com-
pared to WT, KO cells showed increased levels of p47phox in the 
membrane fraction (Fig. 7D). In addition, we measured the colocal-
ization of p47phox and gp91phox by confocal microscopy. Our analy-
sis of confocal images showed increased colocalization p47phox 
and gp91phox in SPTLC1-deficient cells (Fig.  7E). However, we 
found that the total levels of p47phox did not differ between WT 
and SPTLC1-deficient naive CD4+ T cells after CD3 activation 
(fig. S12F). Last, to probe the involvement of NOX2 activity in the 
observed defect in SPTLC1-deficient TH17 cells, we knocked down 
p47phox, a component of NOX2, in naïve CD4+ T cells and differen-
tiated them to TH17 cells. Knockdown of p47phox was confirmed by 
qPCR (fig. S12G). Knocking down p47phox significantly rescued the 
frequency of IL-17A+cells in SPTLC1 KO mutants. However, knock-
ing down p47phox in WT cells did not alter the frequency of IL-17A+ 
cells compared to control siRNA-treated WT cells (Fig. 7F). These 
results together indicate higher levels of NOX2 activity in Sptlc1-
deficient CD4+ T cells emphasizing the importance of Sptlc1 in 
maintaining appropriate levels of sphingolipids that modulate sub-
cellular localization of protein complexes such as NOX2 in differen-
tiating CD4+ T cells. An imbalance in NOX2 activity in Sptlc1 KO 
cells results in increased ROS production that compromises mTOR, 
HIF-1α, and c-Myc signaling pathways that ultimately results in 
defective TH17 differentiation.

DISCUSSION
Aberrant TH17 cells are associated with many autoimmune and in-
flammatory disorders and curbing their development or function 
remains an attractive therapeutic mode (3, 54, 68–70). In this study, 
we demonstrated that SPTLC1 deficiency impaired TH17 cell dif-
ferentiation and attenuated EAE and colitis.

Activated T cells enhance glycolysis. Increasing evidence shows 
the requirement of glycolysis for TH17 differentiation (10, 12, 21). 
Here, we report an essential function for SPTLC1 in metabolic re-
wiring of differentiating TH17 cells. SPTLC1 deficiency impaired 
glycolysis. TCR activation along with CD28 costimulation activates 
the metabolic sensor mTORC1, which, in coordination with HIF-1α 
and c-Myc, rewires the metabolism to glycolysis (19). Growing evi-
dence shows that perturbation of this axis impairs TH17 develop-
ment and that different metabolites/metabolic pathways regulate 
this metabolic shift by modulating several key players of this path-
way. Deletion of one-carbon metabolism enzyme methylenetetrahy-
drofolate dehydrogenase 2 suppresses mTORC1 signaling and alters 
histone methylation, impairing TH17 differentiation (29). Further, 
short-chain fatty acids are shown to activate mTOR (71). In this 
study, we show that SPTLC1 deficiency impaired mTORC1 activity 
and reduced the expression of its downstream targets, HIF-1α, c-
Myc, and glycolytic genes. Further, supplementation of an SPT en-
zyme product, 3-KDS, rescued the mTORC1 activity, indicating a 
specific role for the de novo sphingolipid biosynthetic pathway in 
maintaining the mTORC1 activity during TH17 differentiation. Our 
result contrasted with a recent study where they have shown that 
specific deletion of SPTLC2, another major subunit of SPT enzyme, 
in T cells prolonged the activation of mTORC1 in CD8+ T cells (42). 
The observed differences could be attributed to the cell types and the 
specific conditions, where sphingolipid flux through the de novo 
pathway could regulate mTORC1 signaling differently.

Further, our study shows that SPTLC1 is essential for maintain-
ing the redox balance in activated T cells, and its deficiency increas-
es intracellular ROS. The absence of SPTLC1 exaggerates the ROS 
production via NOX. ROS once considered only as harmful meta-
bolic by-products are now appreciated to play essential roles as sec-
ond messengers in T cell biology (61–63, 72, 73). Recent evidence 
documented ROS as a negative regulator of TH17 differentiation 
(72, 74, 75). However, the multiple sclerosis drug dimethyl fuma-
rate (DMF) can activate the transcription factor nuclear factor 
(erythroid-derived 2)–like 2 (Nrf2) and is believed to act as an anti-
oxidant in T and other cells. Their precise mechanism of action in 
MS and T cells is still emerging (76, 77). In addition, in mice, DMF’s 
immune regulatory function is independent of NRF2 expression as 
it can modulate both innate and adaptive immune system in Nrf2 
KO animals (78). Here, we show that the NAC, a ROS scavenger, 
reversed all the defects in SPTLC1-deficient TH17 cells. NAC cor-
rected the defects in cytokine production, glycolysis, and mTORC1 
activity. ROS can inhibit or activate mTOR signaling depending on 
cell types and conditions (79). Restoration of mTORC1 activity by 
NAC to WT levels places ROS upstream of mTORC1 and indicates 
that it inhibits mTORC1 activity in SPTLC1-deficient TH17 cells. In 
activated T cells, ROS is mainly produced by mitochondria and 
NOX, and both are implicated in T cell function (61, 65). SPTLC1 
deficiency did not increase mitochondrial ROS as detected by Mito-
sox red. NOX2 is the main isoform expressed in mouse T cells, and 
TCR activation produces ROS via NOX2 within minutes (63). We 
detected increased ROS in SPTLC1-deficient CD4+ T cells as early 
as 15 min after TCR cross-linking and increased colocalization of 
p47phox and gp91phox. Further, DPI reversed the cytokine defects in 
SPTLC1-deficient TH17 cells, indicating NOX2 as a possible source 
of increased ROS in SPTLC1-deficient TH17 cells. In line with our 
data, a recent study in neuroblastoma cells showed that exogenous 
addition of glucosylceramide or overexpression of glucosylceramide 
synthase impaired NOX2-mediated ROS production and conferred 
chemoresistance. Glucosylceramide modulates membrane environ-
ment by inducing positive curvature that could affect NOX by influ-
encing subunit-subunit and subunit-membrane interactions (80). 
Thus, our study highlights the importance of sphingolipid flux 
through de novo pathway in regulating NOX2 activity in T cells. It 
will be further interesting to study how various sphingolipids pro-
duced via de novo sphingolipid pathway could influence NOX as-
sembly and, subsequently, ROS production.

In vitro culturing of SPTLC1-deficient naïve CD4+ T cells under 
TH17 conditions showed a defect in IL-17A production but showed 
increased IFN-γ and FOXP3 production. Further, SPTLC1 deficien-
cy enhanced TH1 differentiation by increasing IFN-γ production 
and enhanced iTreg cells by increasing FOXP3 production. In the 
EAE model, SPTLC1 cKO mice showed delayed onset and reduced 
clinical symptoms of EAE compared to WT mice. This is accompa-
nied by reduced IL-17A–positive cells in the CNS and spleen. Fur-
ther, IFN-γ+ cells were also reduced in this condition, which was 
different from our in vitro culture where we observed an increase in 
IFN-γ+ cells under TH1 and TH17 differentiating conditions. This 
difference could be due to the difference in the activation and co-
stimulation signals under in vivo conditions. When cells for adop-
tive transfer were differentiated using splenocytes (from MOG 
peptide primed mice) with MOG peptide and TH17 polarizing 
cytokines (as opposed to plate-bound anti-CD3 and -CD28 activa-
tion for in vitro experiments), CD4+ T cells from KO mice showed 
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reduced IL-17A+ and IFN-γ+ cells as seen in active EAE. Further, we 
also noted no change in FOXP3+ Treg cells in the SPTLC cKO mice 
after EAE induction, indicating that specific deletion of SPTLC1 in 
T cells selectively impaired pathogenic TH17 and TH1 cells’ differen-
tiation in vivo.

Sphingolipids are an important class of lipids having structural 
and functional roles in eukaryotic cells. Growing evidence indi-
cates a definitive role for sphingolipid metabolism in T cell func-
tion. Loss of SPTLC2 impairs CD8+ T cell responses to infection, 
and age-dependent changes in sphingolipid composition alter 
CD4+ T cell function (39, 42). Further, the role of sphingolipid 
metabolism in T helper differentiation and function is still emerg-
ing. A recent report on a genome-scale metabolic modeling of hu-
man CD4+ T cells has documented a role for the SPT complex in 
TH17 cell cytokine production; however, the molecular details 
were undefined (40). Another study showed the importance of ce-
ramide accumulation in Treg cell function (81). Consistently, the 
expression of sphingomyelin synthase 1, which converts ce-
ramide into sphingomyelin, was found to be reduced in Treg cells 
(81). They showed that ceramide accumulation inhibited mTORC1 
activity by activating protein phosphatase 2. However, another 
study showed the opposing effect where the pharmacological inhi-
bition of acid sphingomyelinase or its genetic deficiency increased 
Treg cells in mice (82), indicating that the source of ceramide 
could have a different effect on cellular function. Sphingosine-1-
phosphate (S1P) is shown to induce TH17 cells (83, 84), and re-
ducing S1P ameliorates TH17-mediated alcoholic steatohepatitis 
in mice (85). In line with this, another study has shown that ge-
netic ablation of sphingosine kinases affected expression of IL-17 
in human T lymphocytes (86). Our study gains importance since 
we demonstrate the existence of a protein interaction network that 
connects homeostatic sphingolipid flux to glucose metabolism in 
differentiating TH17 cells.

MATERIALS AND METHODS
Mice and reagents
All animal studies were performed according to National Insti-
tutes of Health (NIH) guidelines for the use and care of live ani-
mals and were approved by the Animal Care and Use Committees 
of the National Cancer Institute (NCI) under the protocol 20-
073. C57BL/6 CD4-Cre transgenic, RAG−/− mice and Ifngr KO 
(JAX:003288) mice were obtained from the Jackson Laboratory 
and bred in our institute animal facility under specific pathogen–
free conditions. Sptlc1foxl/flox mice were generated in our labora-
tory as previously described (34). Sptlc1foxl/floxCD4-Cre (KO) 
conditional KO mice were generated by crossing Sptlc1floxl/flox 
mice to CD4-Cre transgenic mice. Sptlc1foxl/flox or Sptlc1+/+CD4-Cre 
were used as control mice (WT). All mice used for experiments 
were aged 8 to 12 weeks, and both female and male mice were 
used for experiments. Primers for qPCR were obtained from IDT 
(Integrated DNA Technologies, USA). Cytokines mIL-4, mIL-12, 
hTGF-β1, IL-7, and IL-1β were purchased from PeproTech, USA; 
hIL-2 was obtained from R&D Systems; and IL-6 and IL-23 were 
purchased from BioLegend, USA. Antibodies for activation and 
cytokine neutralization were procured from Bio X Cell, USA. All 
chemicals were purchased from Sigma-Aldrich unless otherwise 
mentioned.

Mouse cell isolation and in vitro differentiation of T helper 
cell subsets
Naïve CD4+ T cells were isolated from spleen and peripheral 
lymph nodes of 8- to 12-week-old mice by negative selection, using 
the Mojosort mouse CD4+ naïve T cell isolation kit (BioLegend, 
catalog no. 480006), according to the manufacturer’s protocol. Cell 
purity was assessed by fluorescence-activated cell sorting (FACS) 
and was consistently higher than 95%. Isolated cells were cultured 
in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 
penicillin (100 U/ml), streptomycin (100 mg/ml), and 50 mM 
2-mercaptoethanol referred hereafter as complete medium (CM). 
For TH1 and TH2 differentiation, naïve CD4+ T cells at 1 million 
cells/ml concentration were activated by plate-bound anti-CD3 
(1 μg/ml, Bio X Cell, catalog no. BP0001-1) and anti-CD28 
(2 μg/ml, Bio X Cell, catalog no. BE0015-1) for 4 days along with 
IL-12 (10 ng/ml, PeproTech, catalog no. 210-12) and anti–IL-4 
(10 μg/ml, Bio X Cell, catalog no. BP0045) for the TH1 condition, 
and IL-4 (10 ng/ml, PeproTech, catalog no. 214-14) and anti–IFN-γ 
(10 μg/ml, Bio X Cell, catalog no. BP0055) for the TH2 condition. 
For TH17 differentiation, naïve CD4+ T cells at 1 million cells/ml 
concentration were activated by plate-bound anti-CD3 (5 μg/ml) 
and soluble anti-CD28 (2 μg/ml) for 4 days along with hTGF-β1 
(5 ng/ml, PeproTech, catalog no. 100-21C), IL-6 (40 ng/ml, BioLe-
gend, catalog no. 575704), anti–IL-4 (10 μg/ml), and anti–IFN-γ 
(10 μg/ml). For pathogenetic TH17 differentiation, the naïve CD4+ 
T cells were activated with IL-1β (20 ng/ml, PeproTech, catalog no. 
211-11B), IL-23 (20 ng/ml, BioLegend, catalog no. 589002), IL-6, 
anti–IL-4 (10 μg/ml), and anti–IFN-γ (10 μg/ml). For chemical 
treatments, naïve CD4+ T cells were preincubated with chemicals 
for 60 to 120 min before activation and differentiation. For myrio-
cin treatment, naïve CD4+ T cells were incubated with myriocin 
(5 μM) for 12 hours and differentiated under TH17 conditions 
for 4 days.

Immunoblotting
Differentiated cells were collected at different time points and 
washed once with ice-cold phosphate-buffered saline (PBS) and 
lysed using radioimmunoprecipitation assay (RIPA) lysis buffer, 
containing protease and phosphatase inhibitors (Thermo Fisher 
Scientific). Proteins were quantified by the Bradford method 
(Bio-Rad reagent), and equal amounts of protein were fraction-
ated by 12% SDS–polyacrylamide gel electrophoresis, electro-
transferred onto polyvinylidene difluoride membranes, blocked 
with 5% bovine serum albumin (BSA) in tris-buffered saline sup-
plemented with Tween 20, and incubated with primary antibodies 
overnight at 4°C. Primary antibodies, HIF-1α, phospho-4E-BP1 
(Thr37/46), c-Myc, BiP, PERK, and AMPKα, p-AMPKα1(S485)/
AMPKα2(S491) (all from Cell Signaling Technology, CST) were 
used at 1:1000 dilution. Membranes were washed and incubated 
with horseradish peroxidase–conjugated secondary antibodies 
(1:10,000, CST) for 1 hour at room temperature. The bands were 
detected using SuperSignal West Pico PLUS Chemiluminescent 
Substrate (Thermo Fisher Scientific). Membranes were stripped 
by Restore Western blot stripping buffer (Thermo Fisher Scien-
tific) and reprobed for total proteins or β-actin (Abcam or Pro-
teintech). The intensity of the bands was quantitated using Fiji 
ImageJ software. The intensity of each band normalized to the 
corresponding loading control.
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For detecting membrane p47phox, 20 million WT or KO naïve 
cells were cross-linked with anti-CD3 for 15 min as described else-
where and subjected to membrane fractionation. Cells were washed 
with ice-cold PBS and lysed with 1 ml of hypotonic lysis buffer 
[10 mM tris (pH 7.4), 1 mM EDTA, 25 mM NaF, and 1 mM dithio-
threitol with protease and phosphatase inhibitors]. After 10 min of 
incubation on ice, the cells were homogenized using dounce ho-
mogenizer on ice (30 strokes) and then centrifuged for 10 min at 
400g, 4°C to pellet nuclei and unbroken cells. Resulting superna-
tants were loaded to ultracentrifuge tubes and centrifuged at 40,000 rpm 
for 30 min at 4°C. Pellets were washed twice with ice-cold PBS and 
resuspended in RIPA lysis buffer containing protease and phospha-
tase inhibitors and subjected to Western blot analysis using mono-
clonal antibody to p47phox (Santa Cruz Biotechnology, sc-17845, 
clone D-10). Nonspecific band around 25 kDa was used as loading 
control for quantification. Three independent experiments were 
performed, and in each experiment, fold change was calculated 
relative to WT.

Real-time qPCR
Total RNA was extracted from in vitro differentiated T helper sub-
sets using TRIzol reagent (Ambion catalog no. 15596026), and DNA 
was removed with amplification grade deoxyribonuclease (DNase) I 
(Sigma-Aldrich) before cDNA synthesis. First-strand cDNA synthe-
sis was carried out with the Transcriptor First-Strand cDNA synthe-
sis kit (Roche, catalog no. 04896866001) using Oligo (dT) primers. 
Reverse-transcribed cDNA was quantified by real-time PCR using 
iTag universal SYBR green supermix (Bio-Rad, catalog no. 172-
5124) on Applied Biosystems QuantStudio 5 Real-Time PCR Sys-
tem. Actb was used as a reference gene to normalize for total RNA in 
each sample. Fold change was calculated by using the 2−ΔΔct method.

Oligonucleotides
The following primer pairs were used for analysis of gene expression 
by qPCR: Rorc, 5′-TGAGGCCATTCAGTATGTGG-3′(forward) 
and 5′-ACACCACCGTATTTGCCTTC-3′ (reverse); Il17f, 5′-CC- 
CCATGGGATTACAACATCAC-3′ (forward) and 5′-CATTGAT- 
GCAGCCTGAGTGTCT-3′ (reverse); Il23r, 5′-AACATGACATGC- 
ACCTGGAA-3′ (forward) and 5′-TCCATGCCTAGGGAATT- 
GAC-3′ (reverse); Ldha, 5′-CATTGTCAAGTACAGTCCACACT-3 
(forward) and 5′-TTCCAATTACTCGGTTTTTGGGA-3′ (re-
verse); Pkm, 5′-GCCGCCTGGACATTGACTC-3′ (forward) 
5′-CCATGAGAGAAATTCAGCCGAG-3 (reverse); Mct4, 5′-TCA- 
CGGGTTTCTCCTACGC-3′ (forward) and 5′-GCCAAAGCGGTT- 
CACACAC-3′ (reverse); Gpi, 5′-TCAAGCTGCGCGAACTTT- 
TTG-3′ (forward) and 5′-GGTTCTTGGAGTAGTCCACCAG-3′ 
(reverse); Tpi1, 5′-CCAGGAAGTTCTTCGTTGGGG-3′ (forward) 
and 5′-CAAAGTCGATGTAAGCGGTGG-3′ (reverse); Eno1, 
5′-TGCGTCCACTGGCATCTAC-3′ (forward) and 5′-CAGAGCA- 
GGCGCAATAGTTTTA-3′ (reverse); Hif1a, 5′-ACCTTCATCGG- 
AAACTCCAAAG-3′ (forward) and 5′-CTGTTAGGCTGGG- 
AAAAGTTAGG-3′ (reverse); Myc, 5′-ATGCCCCTCAACGTGAA- 
CTTC-3′ (forward) and 5′-CGCAACATAGGATGGAGAGCA-3′ 
(reverse); Foxp3, 5′-GGTACACCCAGGAAAGACAGC-3′ (for-
ward) and 5′-AAGACCTTCTCACAACCAGGC-3′ (reverse); Hk2, 
5′-TGATCGCCTGCTTATTCACGG-3′ (forward) and 5′-AACCG- 
CCTAGAAATCTCCAGA-3′ (reverse); Glut1, 5′-CTCTGTCGGCC- 
TCTTTGTTAAT-3′ (forward) and 5′-CCAGTTTGGAGAAGCCC- 
ATAAG-3′ (reverse); Tbet, 5′-AGCAAGGACGGCGAATGTT-3′ 

(forward) and 5′-GGGTGGACATATAAGCGGTTC-3′ (reverse); 
Gata3, 5′-​GAGGTGGTGTCTGCATTCCAA-3′ (forward) and 
5′-TTTCACAGCACTAGAGACCCTGTTA-3′ (reverse); Sptlc1, 
5′-ACGAGGCTCCAGCATACCAT-3′ (forward) 5′-TCAGAACG- 
CTCCTGCAACTTG-3′ (reverse); Actb, 5′-GGCTGTATTCCCCT- 
CCATCG-3′ (forward) and 5′-CCAGTTGGTAACAATGCCATG- 
T-3′ (reverse). All the primers were from IDT, USA.

Flow cytometry
For surface staining, cells were incubated with fluorescently la-
beled antibodies in FACS buffer (PBS with 2% FBS) for 30 min 
at 4°C in the dark. For detecting intracellular cytokines, 1 × 106 
differentiated T helper cells or cells isolated from spleen, lymph 
nodes, small intestine, colon, spinal cord, or brain were reacti-
vated with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml) 
and ionomycin (1 μM) for 6 to 8  hours in the presence of 
brefeldin A (BFA) at 10 μg/ml concentration during the last 4 to 
6 hours. After washing, the cells were stained with violet, fluo-
rescent reactive dye in PBS for discriminating dead cells and 
fixed and permeabilized with Cytofix/Cytoperm fixation/permea-
bilization kit (BD, catalog no. 554714). Intracellular cytokine 
levels per cell were determined by iMFI. iMFI  =  (MFI)(P), 
where MFI is the median fluorescence intensity of cytokine-
positive cells and P is the percentage of cytokine-positive cells. 
For staining p47phox, cells were fixed with BD Cytofix/Cy-
toperm fixation/permeabilization kit and stained with primary 
antibody for p47phox (600 ng, Santa Cruz Biotechnology, cata-
log no. sc-17845) followed by secondary antibody Alexa Flour 
goat anti-mouse immunoglobulin (IgG) (H + L) (1:1000; Invit-
rogen, catalog no. A32723). Transcription factor staining was 
performed using FOXP3-staining buffer set (eBioscience) ac-
cording to the manufacturer’s instructions. Cells were incubated 
with conjugated antibodies for 1 hour at 4°C, washed twice in 
FACS buffer, and read using a flow cytometer.

For intracellular phosphoprotein staining, unstimulated or stim-
ulated T helper cells were fixed with formaldehyde (final concentra-
tion of 1.5%) for 30 min at room temperature, permeabilized with 
ice-cold methanol, and stained with conjugated antibodies in stain-
ing media (PBS with 1% BSA) for 1 hour at room temperature. Data 
were acquired on a BD LSR Fortessa II or FACSCalibur and ana-
lyzed with FACSDiva or CellQuest Pro Software (BD, San Jose, CA, 
USA) or FlowJo 10.0.8 (Tree Star, Ashland, OR, USA). Antibody 
used for the flow cytometry are as follows: Alexa Flour 647 anti-
mouse IL-17A (BD, catalog no. 560184); allophycocyanin (APC)–
Cy7 anti-mouse IFN-γ (BD, catalog no. 561479); phycoerythrin 
(PE) anti-mouse IL-4 (BD, catalog no. 554435); PE anti–Hu/Mo 
phosphor-AKT1(Ser473, eBioscience, catalog no. 17-9715-42); Alexa 
Fluor 647 mouse anti-Stat5 (pY694, BD, catalog no. 612599); PE 
mouse anti-Stat3 (pY705, BD, catalog no. 612569); PE anti Hu/Mo 
phosphor-S6 (Ser235, Ser236, eBioscience, catalog no. 12-9007-42); 
PerCP-Cyanine5.5 anti-Mo/Rt FOXP3 (eBioscience, catalog no. 
45-5773-82); BV786 Rat anti-mouse CD4 (BD, catalog no. 563331); 
PE anti-mouse CD8a (BioLegend, catalog no. 100708); PE anti-
mouse CD4 (eBioscience, catalog no. 12-0043-82); APC-eFluor 
780 (eBioscience, catalog no. 47-0691-82); fluorescein isothiocya-
nate (FITC) anti-Mo/Rt Ki-67 (eBioscience 12-5698-82); Percp-
Cyanine5.5 anti-Mo CD62L (eBioscience, catalog no. 45-0621-82); 
PE mouse anti-Zap70 (Y319, BD, catalog no. 557881); PE anti-Mo 
CD119 (IFNGR1, eBioscience, catalog no. 12-1191-82); PE Armenian 
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hamster IgG isotype (eBioscience, catalog no. 12-4888-81); FITC rat 
anti-mouse CD44 (BD, catalog no. 561859); Alexa Fluor 647 anti-
Mo CD25 (eBioscience, catalog no. 51-0251-82); FITC anti-Mo 
CD3 (eBioscience, catalog no. 11-0032-82).

Seahorse metabolism assay
ECAR and OCR were measured using the Agilent Seahorse 
XFe24 bioanalyzer. The Seahorse XF glycolysis stress test kit (cat-
alog no. 103020-100) or in-house chemicals were used to mea-
sure ECAR. Briefly, naïve CD4+ T cells were isolated from WT 
and KO and activated on αCD3/CD28-coated plates under TH17 
differentiating conditions as described above for 3 days. Then, 
cells were harvested and washed in assay medium (XF RPMI 
1640 with 2 mM glutamine), and 0.3 million cells in assay medi-
um were spun onto a 24-well plate coated with Cell-Tak (BD Bio-
science, catalog no. 354240). Then, ECAR was measured under 
basal conditions and in response to glucose (10 mM), oligomycin 
(1.0 μM), and 2-deoxyglucose (50 mM). ECAR values expressed 
as percentage change relative to WT (WT ECAR values defined 
as 100% after glucose or oligomycin addition for calculating gly-
colysis or glycolytic capacity, respectively). The Seahorse XF Cell 
Mito Stress Test Kit (catalog no. 103015-100) was used to mea-
sure the OCR according to the manufacturer’s instruction. A to-
tal of 250,000 cells were used per well. The OCR was measured 
under basal conditions and in response to 1 μM oligomycin, 1 μM 
FCCP, and 0.5 μM rotenone/antimycin A. Quantification of rate 
of intracellular ATP production from OXPHOS and glycolysis 
was estimated using methods developed by Mookerjee et al. (60). 
Briefly, cells were washed in Krebs-Ringer phosphate Hepes 
(KRPH) medium [2 mM Hepes, 136 mM NaCl, 2 mM NaH2PO4, 
3.7 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2, and 0.1% (w/v) fatty 
acid–free BSA (pH 7.4) at 37°C], and 0.3 million cells were seed-
ed on a Cell-Tak–coated XFe24 Cell Culture microplate in 100 μl 
of KRPH buffer. Cells were centrifuged and incubated for 30 min 
at 37°C with atmospheric CO2. OCR and ECAR were measured 
under basal conditions and in response to 10 mM glucose (port 
A), 1 μM oligomycin (port B), 1 μM FCCP (port C), 1 μM rote-
none, and 1 μM antimycin A (port D). Three measurement cycles 
of 1-min mix, 1-min wait, and 3-min measure were carried out. 
Calculations of JATP were performed using the spreadsheet pro-
vided in Mookerjee et al. (60).

Cytokine measurement by Luminex assays
For measuring secreted cytokines during recall response, 0.5 × 106 
differentiated WT and KO viable TH17 cells were reactivated with 
plate-bound anti-CD3 (5 μg/ml) for 24 hours and supernatants were 
collected. Culture supernatants were collected and sent to Eve Tech-
nologies, Canada for measuring cytokine using Luminex technology.

ROS detection
For detecting total cellular ROS, naïve T cells were differentiated un-
der TH17 conditions as mentioned above for 12 hours and incubated 
with 5 μM DCFDA for 30 min before the harvest. The reaction was 
terminated with ice-cold CM, washed with FACS buffer, and read 
using a flow cytometer. For detecting mitochondrial ROS, differen-
tiating cells were incubated with 5 μM MitoSOX for 30 min before 
the harvest at 37°C in a cell culture incubator, washed, and read us-
ing a flow cytometer. For detecting anti-CD3–induced ROS genera-
tion, naïve T cells (1 × 106 cells/ml) were precoated with anti-CD3 

(2C11) at 10 μg/ml for 30 min on ice, washed, and resuspended in 
ice-cold CM, and maintained on ice at 1 ×  106 cells/0.1 ml. Cells 
were then transferred to tubes containing rabbit anti-hamster anti-
body (5 μg/ml; to cross-link 2C11) and DCFDA at 5 μM concentra-
tion in CM at 37°C and incubated for 15 min. The reaction was 
terminated by adding ice-cold FACS buffer, and the cells were 
washed before FACS measurement. In experiments using inhibitors, 
the cells were preincubated with drugs during the antibody incuba-
tion at 4°C and in the subsequent steps. To show the effect of NAC 
and DPI on ROS production in TH17 cells, naïve T cells were prein-
cubated in NAC (5 mM) and DPI (10 nM) for 1 to 2 hours and dif-
ferentiated under TH17 conditions for 3 days. Then, cells were 
harvested and CD3 cross-linked for 15 min in the presence of DCF-
DA, washed, and analyzed by flow cytometry.

RNA interference
Naive CD4+ T cells isolated from WT and SPTLC1-deficient mice 
were differentiated into TH17 cells in Accell siRNA delivery medium 
(Dharmacon, catalog no. B-005000-500) supplemented with 2.5% 
FBS. On day 1, cells were treated with SMARTPool Accell Mouse 
Ifngr1 siRNA (1 μm, Dharmacon, catalog no. E-043702-00-0005) or 
Accell nontargeting control pool (1 μm, Dharmacon, catalog no. D-
001910-10-05). On day 5, cells were reactivated to analyze intracel-
lular cytokines by flow cytometry.

Nucleofection
Naive CD4+ T cells (10 million) were transfected with 300 nM 
SMARTPool Accell mouse siRNA for p47phox (Ncf1, neutrophil 
cytosolic factor; Dharmacon, catalog no. E-057350-00-0010) or 
with 300 nM Accell nontargeting control pool using Amaxa P3 Pri-
mary Cell 4D-Nucleofector X Kit L (Lonza, catalog no. V4XP-3024) 
and program DN-100 (for mouse T cells) in a 4D-Nucleofector unit 
(Lonza) as per the manufacturer’s instructions. After nucleofection, 
the cells were transferred immediately to prewarmed CM and incu-
bated for 24 hours at 37°C and differentiated into TH17 cells. Four 
days later, cells were reactivated to analyze intracellular cytokines by 
flow cytometry.

NADPH measurement
The intracellular NADPH levels in TH17 cells were determined 
by bioluminescent assay using the NADP/NADPH-Glo assay kit 
(Promega, catalog no. G9081) according to the manufacturer’s pro-
tocol. Briefly, naïve CD4+ T cells from WT and SPTLC1-deficient 
mice were differentiated under TH17 differentiating conditions for 
4 days. A total of 0.5 million cells were used for the assay. The in-
tensity of light detected by a luminometer is proportional to the 
amount of NADPH, and data were presented as relative light units.

Sphingolipid analysis
For analyzing sphingolipids in the T helper cell subset, naïve CD4+ 
T cells isolated from WT mice were differentiated under TH0, TH1, 
TH2, TH17, and iTreg conditions as mentioned above for 4 days. Cells 
were washed in cold PBS and pellets were stored at −80°C until ex-
traction. Lipids were prepared from the respective cells by chloro-
form and methanol extraction. The internal standards, 500 pmol 
(20 μl) of Cer/Sph mixture I (Avanti Polar Lipids LM-6002), were 
added to the cells before extraction. Three biologically independent 
samples were taken for each subset. Lipids were normalized to 
the carbon content (100 μg/ml). Sphingolipids were analyzed by 
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supercritical fluid chromatography coupled with mass spectrometry 
(SFC/MS/MS) using a Nexera UC system (Shimadzu Corp.) cou-
pled to an LCMS-8060 system (Shimadzu Corp.) as previously 
described (87). The SFC analysis conditions were as follows: col-
umn, ACQUITY UPC2 Torus DEA Column (100 mm by 3.0 mm 
inner diameter; particle size, 1.7 μm, (Waters Co.); column tempera-
ture, 50°C; mobile phase A, supercritical carbon dioxide; mobile 
phase B, methanol/water (95:5, v/v) with 0.1% (w/v) ammonium 
acetate; flow rate of mobile phase, 1.0 ml/min; flow rate of make-up 
pump, 0.1 ml/min; and back-pressure regulator, 10 MPa. The gradi-
ent conditions were as follows: 1% B, 1 min; 1 to 76% B, 1 to 24 min; 
76% B, 24 to 26 min; and 1% B, 26 to 30 min. The MS/MS operating 
conditions were as follows: polarity, positive ionization; electrospray 
voltage, 4.0 kV; desolvation line temperature, 250°C; heat block tem-
perature, 400°C; nebulizing gas flow rate, 3.0 liters/min; drying gas 
flow rate, 10.0 liters/min; collision-induced dissociation gas pres-
sure, 0.23 MPa; detector voltage, 2.16 kV; dwell time, 2 ms; and 
pause time, 2 ms. Data processing was performed using Skyline soft-
ware v21.2 (MacCoss Laboratories).

Active and adoptive T cell transfer EAE induction
For active EAE induction, on day 0, 8- to 10-week-old age-matched 
Sptlc1+/+CD4-Cre (WT) and Sptlc1fl/flCD4-Cre (KO) mice were im-
munized subcutaneously in the hind flank with 400 μg of MOG35–55 
(AnaSpec; AS-60130; ≥95%) emulsified in 100 μl of CFA containing 
Mycobacterium tuberculosis H37Ra (400 μg, BD Difco Laboratories; 
231141) at a final volume of 200 μl in PBS. On days 0 and 2, the ani-
mals were injected with 200 ng of pertussis toxin (Sigma-Aldrich; 
P2980) in 100 μl of PBS intraperitoneally. Mice were observed daily 
for clinical signs of EAE up to 26 days after immunization and scored 
on a scale of 0 to 5: 0, no disease; 1, complete tail paralysis; 2, 
hindlimb weakness; 3, complete hindlimb paralysis; 4, hind- and fore-
limb paralysis; and 5, moribund/death. For the adoptive T cell trans-
fer EAE model, WT (n = 10) and KO (n = 18) mice were primed with 
MOG peptide and CFA. At day 11, spleen and draining lymph nodes 
were isolated, and single-cell suspension was prepared after RBC lysis. 
The cells were then differentiated with MOG peptide (20 μg/ml) un-
der TH17 differentiating conditions (IL-23, 8 ng/ml; IL-1a, 10 ng/ml; 
anti–IFN-γ, 10 μg/ml; anti–IL-4, 10 μg/ml). Four days later, CD4+ 
T cells were isolated by magnetic sorting as described above, and 
5 million purified cells were transferred to female RAG−/− mice in-
traperitonially and scored daily for EAE up to 32 days after trans-
fer as described above. Mice were euthanized when the scores reached 
4 for two consecutive days or when body weight drops below 20% of 
the initial weight. A score of 4 is retained for these mice for the re-
mainder of the time course of the experiment. During the experi-
ment, the animals are managed according to the NCI Laboratory of 
Animal Sciences clinical assessment and management guidelines.

Isolation of mononuclear cells from CNS
Both brain and spinal cords were used for analyzing mononuclear 
cells infiltrating the CNS after EAE induction. After intracardial 
perfusion with cold PBS, brains were dissected, and spinal cords 
were obtained by flushing the spinal canal with cold PBS. Single-cell 
suspensions were prepared by pressing the tissues through a 70-μm 
cell strainer and mononuclear cells were obtained by 80/40% Percoll 
gradient centrifugation. Cells were removed from the interphase, 
washed, counted, and reactivated with PMA/ion with BFA for 
6 hours and stained for intracellular cytokines.

Adoptive T cell transfer colitis model
For inducing colitis, naive CD4+D45RBhi T cells were purified from the 
spleen and lymph node of Sptlc1+/+CD4-Cre (WT) and Sptlc1fl/flCD4-Cre 
(KO) by FACS. Briefly, CD4+ T cells were enriched using the Mojo-
sort mouse CD4+ T cell isolation kit, and after staining with BV786-
conjugated CD4 and PE-conjugated CD45RB, naive CD4+CD45RBhi 
T cells were purified by cell sorting using a FACSAria II cell sorter 
(BD). Sorted cells were washed in sterile PBS, and 5 × 106 cells were 
transferred to Rag1−/− recipient mice intraperitoneally. Recipient 
mice were assessed two times a week for weight loss and other 
symptoms of disease for 8 weeks. At the end of the experiment, mice 
were euthanized, and spleen, mesenteric lymph nodes, small intes-
tine, and colon were collected for immune cell isolation and histo-
pathogy analysis. For isolating lamina propria lymphocytes, small 
intestine and colon were washed twice with Hanks’ balanced salt 
solution (HBSS, Gibco, Ca2+ and Mg2+ free), and intraepithelial 
cells were dissociated using HBSS supplemented with 5 mM EDTA 
by shaking the tissues at 37°C, 200 rpm for 30 min. After removing 
the epithelial cells, the tissues were minced and digested with 10% 
FBS-supplemented RPMI 1640 containing collagenase D (1 mg/ml, 
Roche, catalog no. 11088858001) and DNase I (100 μg/ml, Roche, 
catalog no. 10104159001) for 45 min at 37°C with constant shaking 
at 155 rpm. Digested tissues were filtered through a 70-μm cell 
strainer, and lymphocytes were isolated by Percoll gradient (40/80%) 
centrifugation.

Bulk RNA-seq
For RNA-seq, naïve CD4+ T cells from WT and KO mice were dif-
ferentiated for 3 days under TH17 differentiating conditions in the 
presence or absence of NAC or 3-KDS. Samples from three inde-
pendent biological replicates were processed for each condition. To-
tal RNA was extracted using TRIzol, further treated with DNase I, 
and purified using the RNA Clean and Concentrator-5 kit (Zymore-
search). RNA (1.3 μg) was submitted to Novogene for total RNA-
seq. The data obtained were further subjected to differential gene 
expression analysis using the DESeq2 R package. Principal compo-
nents analysis (PCA) plots were generated using the plotPCA func-
tion. The DEGs were ranked on the basis of the log2 fold change and 
false discovery rate (FDR)–corrected P values. We used variance-
stabilized transformation gene count values for downstream path-
way analysis using the R package GAGE and GSEA with the 
commonly used gene set data based on Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways and Gene Ontology (GO) 
terms. The gene sets specific for the analysis were downloaded from 
http://bioinformatics.org/go2msig/ and modified with additional 
genes downloaded from https://gsea-msigdb.org/gsea/index.jsp. 
Gene sets having normalized P value <0.001 and an FDR cutoff of 
<0.1 were considered significant.

Confocal imaging
Naïve CD4 T cells from WT and KO mice were cross-linked with 
anti-CD3. One million cells were fixed and permeabilized with the 
Cytofix/Cytoperm fixation/permeabilization kit from BD according 
to the manufacturer’s instruction. Then, they were blocked with 5% 
normal goat serum (NGS) for 1 hour and incubated with primary 
antibody NOX2 [Proteintech (19013-1-AP), 1:100 dilution] and 
p47phox (Santa Cruz Biotechnology, 600 ng) in 5% NGS in permea-
bilization buffer for 1 hour. Cells were washed with 5% NGS in per-
meabilization buffer and incubated with secondary antibody (1:1000 

http://bioinformatics.org/go2msig/
https://gsea-msigdb.org/gsea/index.jsp
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dilution in 5% NGS in permeabilization buffer) overnight for 1 hour. 
Cells were washed and stained with 4′,6-diamidino-2-phenylindole 
(DAPI) (300 nM DAPI in PBS) for 1 to 5 min. After washing, cells 
were concentrated onto microscopic slide by cytospin method and 
mounted with VECTASHIELD (H-1000) mounting medium. The 
slides were imaged on ZEISS confocal laser scanning microscope 
LSM880. Confocal images were processed with Imaris software, 
wherein images were first smoothed by applying a Gaussian filter to 
each channel. Subsequently, all the punctate structures in each chan-
nel of a three-dimensional z-stack were traced with the spots tool by 
setting up appropriate thresholds. Spot-to-spot colocalization was 
performed by overlying spots from two different channels and apply-
ing the shortest distance (0.5 μm) between the two spots. Three inde-
pendent experiments were performed for each treatment, and about 
10 images from each experiment were analyzed. Each image con-
tained at least three cells.

Statistics
Statistical analysis was performed using GraphPad Prism 9 software. 
No statistical analysis was used to predetermine the sample size, and 
no data were excluded from the analyses. Error bars present the 
means ± SEM. All data are representative of at least two indepen-
dent experiments. Comparison between two groups was analyzed 
using an unpaired two-tailed Student’s t test. Comparison of more 
than two groups was analyzed by ordinary one-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparisons test. P  <  0.05 
was considered as statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
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