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Interleukin-6 (IL-6) is a multifunctional cytokine that plays important roles in
inflammation. Several studies have shown that IL-6 regulates various aspects of T
cell function, including the differentiation of CD4" T cells into the pro-
inflammatory Thl7 subset. Given the tight link between T cell metabolism and
function, and the role of IL-6 in regulating cellular metabolism across tissues, we
investigated the role of IL-6 signaling in Thl7 cell metabolism. Using T cell
specific IL-6 receptor (IL-6R) conditional knockout mice and littermate controls,
we found that IL-6R signaling regulates the proportions of CD4* and CD8* T
cells and drives CD4™ T cell differentiation into Th17 cells. We also found that IL-
6R signaling is required for Th17 cell glycolytic metabolism. In T cell-specific IL-
6R knockout mice, Th17 cells had reduced glucose uptake and glycolysis, as well
as decreased expression of key glycolytic enzymes, while showing increased
basal oxygen consumption. However, we also found that IL-6R signaling
enhanced oxidative capacity and mitochondrial coupling efficiency in Thl17 T
cells. Importantly, inhibition of lactate dehydrogenase using FX11 selectively
impaired Thl7 cell differentiation with minimal effects on Treg cells. These
findings suggest that targeting metabolic pathways regulated by IL-6R
signaling can selectively inhibit inflammatory Thl7 responses, offering a
potential strategy for controlling IL-6 mediated inflammation.

KEYWORDS

interleukin-6 (IL-6), T cells, cellular metabolism, glycolysis, inflammation,
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1 Introduction

Interleukin-6 (IL-6) is a pleiotropic cytokine with roles in acute phase response,
inflammation, and lymphocyte differentiation (1, 2). IL-6 is secreted by various cell types
including macrophages, fibroblasts, adipocytes, and skeletal muscle cells during exercise (3, 4).
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At the molecular level, binding of IL-6 to either its transmembrane
receptor (IL-6R) or its soluble receptor (sIL-6R) allows the cytokine-
receptor complex to bind with gp130 on target cells, leading to
activation of downstream Jak-STAT and Ras-ERK signaling
pathways (5). Several cell types such as hepatocytes, monocytes, and
T cells express the IL-6R, making them responsive to IL-6 signal (5).
However, other cells that express gp130, such as smooth muscle cells
and B cells, can respond to IL-6 signaling without IL-6R through sIL-
6R (6, 7).

IL-6 has multiple effects on cell functions but is generally
recognized as a pro-inflammatory cytokine that stimulates
immune cell proliferation (8-10). Although IL-6 is essential for
resolving bacterial and viral infections, increased levels of IL-6 have
been associated with poor outcomes to certain infections such as
SARS-CoV-2 (11, 12). Moreover, in autoimmune conditions, higher
levels of IL-6 are associated with more severe disease outcomes
(13, 14).

IL-6 signaling has been found to promote proliferation of T
effector (Teff) cells in select contexts, increase differentiation of Teff
cells into pro-inflammatory T helper 17 (Th17) cells, which produce
the inflammatory cytokine IL-17, promote differentiation of T
follicular helper cells, and inhibit the generation of T regulatory
(Treg) cells (15, 16). T cell metabolism and function are tightly
connected, and different metabolic programs are required for T cells
to perform specific functions. In general, Teff cells primarily rely on
glycolysis to meet their energy demands while naive, Treg, and
memory T cells predominantly utilize oxidative metabolism (17).

Although the effects of IL-6 on T cell function are well
characterized, and IL-6 effects on the metabolism of metabolically
active tissues and tumors have been investigated (18-20), the
intrinsic effects of IL-6R signaling on T cell metabolism remain
poorly understood. In this study, we investigated the effects of IL-6R
signaling on T cell metabolism using a mouse model with T cell-
specific knockout of the IL-6R (IL-6R cKO). We found that IL-6R
induces glycolysis and enhances oxidative capacity in Th17 cells,
and we identified several glycolytic enzymes that are upregulated by
IL-6. Importantly, we also found that targeting lactate
dehydrogenase selectively inhibited Th17 cell differentiation
without affecting Treg cells. Taken together, these results
highlight IL-6R as a key regulator of Th17 cell metabolism via
metabolic mediators that can be selectively targeted for the
treatment of IL-6-associated pathologies such as autoimmune
disease and infection-associated inflammation.

2 Materials and methods

2.1 Animals

T cell-specific IL-6Ro conditional knockout (cKO) mice were
generated by crossing CD4Cre transgenic mice (on a C57BL/6
background) with IL-6Ro-floxed C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME). Mice were group housed (up to 5
per cage), maintained at ambient temperature, and given ad libitum
access to food and water. Experimental mice were used at 8-12

Frontiers in Immunology

10.3389/fimmu.2025.1568514

weeks of age. All animal protocols were approved by the
Institutional Animal Care and Use Committee at the University
of North Carolina.

2.2 T cell isolation and differentiation

For the isolation of CD4" T cells, spleens were disrupted into
single cell suspensions in complete RPMI 1640 media (Corning,
Corning, NY) using a 70 wm strainer. EasySep buffer (StemCell
technologies, Cambridge, MA) was then added, and the cells were
centrifuged at 1400 rpm for 5 min. Cells were then resuspended in
EasySep buffer, and CD4" T cells were isolated using the EasySep
magnetic negative selection kit (StemCell technologies) following
the manufacturer's protocol.

CD4" T cells were differentiated into Th1, Th17, and Treg cell
subsets as previously described (21). Briefly, isolated CD4" T cells
were cultured for 3 days in 6 well plates [700,000 cells/well in 4 ml of
complete RPMI (Th1 and Tregs) or IMDM (Th17)] precoated with
25 pg/ml anti-hamster antibodies (MP Biomedical, Solon, OH). The
media contained a final concentration of 0.25 pg/ml anti-CD3 and
1 pg/ml anti-CD28 antibody (Biolegend). The following cytokines
and antibodies were added to differentiate each subset; Th1: 40 ng/
ml IL-12 (Biolegend), 100 IU/ml human IL-2 (Biolegend), 2 ng/ml
anti-IL-4 (Biolegend); Th17: 10 ng/mL IL-6 (Biolegend), 0.3 ng/ml
human TGF-B1 (Biolegend), 2 ng/ml anti-IL-4, 2 pg/mL anti-IFN-y
(Biolegend); and Treg: 10 ng/ml human TGF-B1, 100 IU/ml human
IL-2, 2 ug/ml anti-IL-4, 2 ug/mL anti-IFN-y.

2.3 Flow cytometry

Splenocytes were isolated from WT and IL-6R ¢KO mice. For
the determination of the proportions of CD4, CD8, Thl, and Th17
cells, one million splenocytes were incubated in v bottom 96 well
plate for 4.5 h in 200 pl complete media containing Brefeldin A
(10ng/ml) (Biolegend), phorbol 12-myristate 13-acetate (PMA) (50
ng/ml) (Sigma-Aldrich, St. Louis, MO), and ionomycin (1 pg/ml)
(Sigma-Aldrich). The cells were then washed with FACS buffer (2%
FBS in PBS) and stained with BV605 Armenian Hamster anti-
mouse CD3e (BD BioSciences, Franklin Lakes, NJ), Pacific Blue rat
anti-mouse CD4 (Biolegend), and PE/cy7 rat anti-mouse CD8
(Biolegend) in FACS buffer containing rat anti-mouse CD16/
CD32 (BD BioSciences). After 30 min incubation at 4°C, the cells
were washed with FACS buffer, permeabilized, and fixed with
Cytofix/Cytoperm kit (BD Biosciences) and stained with Alexa
fluor 488 rat anti-mouse IFNYy, APC rat anti-mouse IL-17A
following the manufacturer’s protocol.

For the determination of the proportions of Treg cells, one
million splenocytes were incubated in a 96 well v-bottom plate in a
volume of 100 pl of FACS buffer (2% FBS in PBS) containing rat
anti-mouse CD16/CD32 (BD BioSciences), BV605 Armenian
Hamster anti-mouse CD3e, pacific blue rat anti-mouse CD4, and
Alexa fluor 488 rat anti-mouse CD25 (Biolegend) for 30 min at 4°C.
The cells were then washed, fixed, and permeabilized using the
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Foxp3 Transcription Factor Staining Buffer kit (eBioscience) and
stained for Foxp3 following the manufacturer’s protocol. All
samples were analyzed on a BD FACSCanto II flow cytometer,
and data were processed using FlowJo software (BD Biosciences).

For the determination of the proportions of differentiated Th1
and Th17 cells, 200,000 skewed cells were incubated in v bottom 96
well plate for 4.5 h in 200 pl complete media containing Brefeldin A
(10ng/ml), PMA (50 ng/ml), and ionomycin (1 pg/ml). The cells
were then washed with PBS and stained with Zombie green
(Biolegend) for 10 min at room temperature, washed again,
permeabilized and fixed with Cytofix/Cytoperm kit, and stained
with PE rat anti-mouse CD4 (Biolegend), APC rat anti-mouse IFNY,
or IL-17A following the manufacturer’s protocol. For the
determination of GLUT1 expression, anti-mouse GLUT1 (Abcam,
Cambridge, United Kingdom) was added at the cytokine staining
step. All samples were analyzed on a BD FACSCanto II or BD
Accuri C6 flow cytometer.

For the determination of the proportions of differentiated Treg
cells, 200,000 skewed cells were washed with PBS then stained with
Zombie green (Biolegend) for 10 min at room temperature, washed
again, fixed and permeabilized using the Foxp3 Transcription
Factor Staining Buffer kit (eBioscience), and stained for PE rat
anti-mouse CD4, PE/cy7 anti mouse CD25, and Foxp3 following
the manufacturer’s protocol. All samples were analyzed on a BD
Accuri C6 flow cytometer.

To assess STAT3 phosphorylation, 200,000 cells were incubated
in Th17 differentiation media for 30 minutes. Cells were then
collected and fixed with pre-warmed 1% PFA at 37°C for 10
minutes after which they were suspended in ice cold methanol
and incubated at -20°C overnight. Cells were then washed with
FACS buffer and stained with PE anti phospho-STAT3 and AF647
anti STAT3 antibodies (Biolegend) for 30 minutes at 4°C. After a
final wash with FACS buffer, the cells were analyzed on a BD Accuri
C6 flow cytometer.

2.4 Glucose uptake assay

Glucose uptake in T cells was assessed by tracking the
accumulation of 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-D-glucose (2-NBDG) as we have previously described
(22). In brief, cells were washed with glucose-free RPMI media
containing 0.5% heat-inactivated FBS, then incubated for 30 min in
the same media with 100 UM 2-NBDG (Thermo-Fisher) at 37°C.
After that, the cells were washed with FACS buffer, stained for
surface markers, and analyzed by flow cytometry.

2.5 Metabolic flux analysis

In vitro differentiated Th17 cells were washed with Seahorse XF
RPMI 1640 media (Agilent, Santa Clara, CA) and plated at a density
of 250,000 cells/well (50 LL) in a Seahorse XFe96 plate (Agilent) pre-
coated with Cell-Tak following manufacturer instructions (Corning).
The plate was then spun down at 200 rpm for 1 min, after which it
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was incubated for 30 min in a CO, free humidified 37°C incubator.
Following the incubation, 130 uL of Seahorse XF RPMI 1640 media
was added, and the plate was incubated for an additional 20 min. For
the glycolytic rate assay, proton efflux rate (PER) was measured using
a Seahorse pro XFe96 metabolic flux Analyzer (Agilent). Data were
collected under basal conditions and after the serial addition of the
following drugs: 0.5 UM rotenone (Sigma-Aldrich) with 0.5 uM
antimycin A (Sigma-Aldrich), followed by 20mM 2-deoxyglucose
(Sigma-Aldrich). For the mitostress assay, oxygen consumption rate
(OCR) was measured under basal conditions and after the addition of
the following: 1uM oligomycin (Sigma-Aldrich), 0.5 uM
flurorcarbonyl cynade phenylhydrazone (FCCP; Sigma-Aldrich),
and 0.75 pM rotenone with 1.5 uM antimycin A.

2.6 Quantitative RT-QPCR of metabolic
genes

RNA was isolated from in vitro differentiated Th17 cells using
the RNeasy RNA extraction kit (Qiagen, Germantown, MD). From
that, we synthesized cDNA using the iScript cDNA synthesis kit
(BioRad, Hercules, CA). We retrieved the NCBI gene symbol for
230 metabolic genes from the KEGG signaling pathways database
(23) spanning the glycolytic pathway, pentose phosphate pathway,
TCA cycle, fatty acid synthesis, and oxidative phosphorylation.
Using the NCBI gene symbol, we queried the PrimerBank database
(24) for primers sets, selected the sets with experimental
amplification evidence, and tested the sets for selectivity by
running them against mouse transcript sequences using the
Primer-BLAST (25). If we did not find primer sets with
experimental evidence, new primers were designed using Primer-
BLAST and tested using cDNA synthesized from universal mouse
RNA (Agilent) (full list of primers is available in the Supplementary
Files). We carried out the RT-qPCR reactions in 384 well PCR
plates in a total volume of 4 pl containing 10 uM of reverse and
forward primers, 2 pl of SensiFAST Sybr lo ROX RT-PCR mix
(Bioline, Boston, MA), and 5 ng of template cDNA (1 ul). The
reaction was run on a QuantStudio 5 RT-PCR thermo cycler
(Thermo-Fisher).

2.7 Western blot

Differentiated Th17 cells from WT mice were washed with ice
cold PBS and lysed with RIPA buffer (Sigma-Aldrich). Protein
concentrations were measured using the Bio-Rad DC protein
determination kit (Bio-Rad), and 50 ug of protein were resolved on
a Bio-Rad TGX 8-16% gel (Bio-Rad) and transferred to PVDF
membrane using TransBlot Turbo transfer system (Bio-Rad).
Membranes were then blocked with EveryBlot blocking buffer (Bio-
Rad) and probed with antibodies against the glycolytic enzymes using
the cell signaling glycolysis antibody sampler kit (Cell Signaling
Technologies, Danvers, MA), except for lactate dehydrogenase A
where the antibody #2012 was used (Cell Signaling Technologies).
We also probed for the mitochondrial OXPHOS complexes using the
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total OXPHOS rodent WB Antibody Cocktail kit (Abcam,
Cambridge, UK). Rabbit anti-mouse B-actin (Cell Signaling
Technology) was used as loading control. Images were acquired
using ChemiDoc XRS+ imaging system (Bio-Rad). Band intensities
were quantified using image Lab software (Bio-rad). Relative intensity
was calculated by dividing band adjusted volume intensity by 3-Actin
band adjusted volume intensity.

2.8 Lactate assay

Media from T cell cultures (diluted 200X) and lactate standard
(0-50 pg/ml) were diluted in lactate assay buffer (100 mM Tris HCI,
20 mM KCI pH 8.5), and 50 pl of the diluted sample was added to a
96 well black plate (Corning). After that, to each well, 50 pl of
detection reagent (2.25 U/ml lactate dehydrogenase (Sigma-
Aldrich), 2.7 U/ml Diaphorase (Innovative research, Novi, MI), 2
mM NAD (Sigma-Aldrich), and 28 pM Resazurin (Sigma-Aldrich)
prepared in in assay buffer) was added. The plate was then
incubated for 30 min at 37°C, after which fluorescence was
measured at EX: 544/EM: 590 nm) using an Omega Fluostar plate
reader (BMG LABTECH, Ortenberg, Germany).

2.9 In vitro inhibition of glycolysis

CD4" T cells were isolated from WT mice and differentiated
into Th17 or Treg cells for 72 hours in 96 well plates (20,000 cells
per well in 200yl of media). After 48 hours from the start of the
differentiation, the cells were treated with different concentrations
of 2 deoxyglucose (2-DG; Cayman chemical, Ann Arbor, MI) or
FX11 (Cayman chemical) for 24 hours. The Th17 cells were then
collected and stained with zombie green fixable viability dye, PE
CD4 (Biolegend) and APC rat anti-mouse IL-17A (eBioscience).
Treg cells were stained with zombie green dye (Biolegend), PE CD4
(Biolegend), PE/Cy7 CD25 (Biolegend) and AF647 Rat anti-mouse
Foxp3 (Biolegend), and viability and staining intensity were
analyzed with flow cytometry.

2.10 Statistical analysis

Data were checked for normality using Shapiro-Wilk's test.
Unpaired t-tests with Welch’s correction were used if the data were
normally distributed; if more than two groups were present, equal
standard deviation was not assumed and the Brown-Forsythe and
Welch ANOVA with Dunnett’s T3 multiple comparisons test was
used. If samples failed the normality test, Mann Whitney
nonparametric test was used; for multiple groups comparison,
Kruskal-Wallis test was used with Dunn’s multiple comparisons
test to compare group pairs. Any pvalue less than 0.05 was
considered significant. T-test statistical analyses and grouped plot
graphing were performed using GraphPad Prism 9 (GraphPad
Software, Inc., La Jolla, CA).
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3 Results

3.1 Loss of IL-6 receptor expression
induces changes in T cell proportions and
alters CD4™ T cell differentiation

To elucidate the role of IL-6R signaling in T cells, we generated
T cell specific IL-6Ro. conditional knockout (CD4Cre” IL-6Ro/" /ﬂ)
and littermate controls (CD4Cre" IL-6R0*”™") by crossing IL-6R-
flox mice with CD4-Cre mice. T cell specific IL-6Ro. knockout mice
(IL-6R cKO) showed a decrease in the proportion of splenic CD4" T
cells and an increase in CD8" T cells (Figures 1A, B). We did not see
any significant effect on the proportions of IFNy" CD8" T cells
(Figure 1C). Examination of CD4" T cell subpopulations revealed a
decrease in pro-inflammatory Th17 cells, while Thl and Treg cell
proportions remained unchanged (Figures 1D-F). We then
examined the effect of losing IL-6R signal on CD4" T cell
differentiation in vitro. We found that CD4" T cells from IL-6R
cKO mice exhibited a profound defect in Th17 differentiation when
activated by anti-CD3 and anti-CD28 antibodies in the presence of
IL-6 and TGFP1, as demonstrated by a striking decrease in IL-17
production compared to differentiated Th17 cells from littermate
control mice (Figures 2A-C). These cells also showed reduced
expression of RORyt (Supplementary Figure 1A) and increased
expression of Foxp3 (Supplementary Figure 1B), suggesting a shift
toward a Treg phenotype. In contrast, CD4" T cells from IL-6R ¢cKO
mice showed no change in differentiation into Treg cells when
activated by anti CD3 and anti CD28 antibodies in the presence of
IL-2 and TGFP1, as demonstrated by similar expression of Foxp3
and proportions of CD25"FOXP3" T cells (Figures 2D-F). In
differentiated Th1 cells from IL-6R cKO mice CD4" T cells, we
observed an increase in IFN-y expression compared to Thl cells
differentiated from littermate control mice but without any
significant change in the proportion of the differentiated Th1 cells
(Figures 2G-I).

3.2 IL-6R induces glycolysis and enhances
oxidative capacity in Thl7 cells

T cell metabolism and function are closely linked, such that
different T cell subsets require and execute distinct metabolic
programs to support their proliferation and function. Teff cells
rely heavily on glycolysis to meet their energy demands, although
glutamine metabolism is also important, while naive, Treg, and
memory T cells rely heavily on oxidative metabolism. Given that IL-
6 is a strong inducer of Th17 differentiation, it would be reasonable
to hypothesize that IL-6 induces metabolic changes in T cells that
aid Th17 differentiation and function. Several reports have shown
that IL-6 induces glycolysis in different types of cells including
colorectal cancer cells, neuroblastoma cells, mouse fibroblasts and
macrophages (18, 26-28); however, the role of IL-6 in driving T cell
metabolism has not been investigated. To study the effect of IL-6 on
T cell metabolism, we first compared glucose uptake between
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IL-6 receptor signaling influences T cell proportions and Th17 differentiation. Splenocytes were isolated from T cell-specific IL-6 receptor knockout
mice and littermate controls. (A, B) Cells were stained for CD4 and CD8 expression to assess T cell proportions. (C—F) To evaluate effector cytokine
production, cells were stimulated with ionomycin and PMA in the presence of Brefeldin A for 4.5 hours, followed by intracellular staining. Shown are
the percentages of IFN-y producing CD8" T cells (C), IFN-y producing CD4* T cells (D), IL-17 producing CD4* T cells (E), and CD25"Foxp3*
regulatory CD4" T cells (F), as determined by flow cytometry. Data are pooled from 2-3 independent experiments. Error bars represent + SEM.
T-test with Welch's correction or Mann Whitney test was used to compare groups depending on the normality of the distribution as judged by the

Shapiro-Wilk test. n=7-10 mice/group; *p <0.05, **p <0.01.

differentiated Th17 cells from IL-6R ¢cKO mice and littermate
controls by monitoring uptake of the fluorescent glucose analogue
2-NBDG using flow cytometry (Figure 3A). We also compared
expression of the glucose transporter Glutl (Figure 3B) and
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production of lactate (Figure 3C), between differentiated Th17
cells from control versus IL-6R ¢cKO mice. In all of these
parameters of glycolytic activity, we found a significant decrease
in glucose uptake and utilization in Th17 cells differentiated from
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FIGURE 2

CD4* cells from T cell-specific IL-6R KO mice fail to differentiate into Th17 cells in vitro. CD4" T cells were isolated from T cell-specific IL-6
receptor knockout mice and littermate controls, differentiated in vitro toward Thl7, Treg, or Thl subsets, and analyzed by flow cytometry.

(A) Representative plot for intracellular staining of IL-17 in cells differentiated toward Th17. (B) Proportion of differentiated Th17 cells producing IL-17.
(C) Quantification of I1L-17 expression in differentiated Th17 cells. (D) Representative plot for intracellular staining of CD25"Foxp3™ in cells
differentiated toward Treg. (E) Proportion of differentiated Treg cells expressing CD25 and Foxp3. (F) Quantification of Foxp3 expression in
differentiated Treg cells. (G) Representative plot for intracellular staining of IFN-v in differentiated Th1l cells. (H) Proportion of differentiated Th1l cells
expressing IFN-y. (I) Quantification of IFN-y expression in differentiated Th1l cells. Results are representative of 2—-6 independent experiments, n=3
mice/group. Error bars represent + SEM. T-test with Welch's correction or Mann Whitney test was used to compare groups depending on the
normality of the distribution as judged by the Shapiro—Wilk test. *p <0.05, **p <0.01.

IL-6R c¢KO mice compared to Th17 cells from littermate controls.
We then confirmed decreased glycolytic activity in Th17 cells
differentiated from IL-6R cKO mice using a Seahorse Glycolytic
Rate Assay (Figure 3D). Here, we observed a decrease in basal
glycolysis (Figure 3E) and proton efflux rate (PER) from glycolysis
(Figure 3F) in Th17 cells differentiated from IL-6R ¢KO mice
compared to Th17 cells from littermate controls. Additionally,
Th17 cells differentiated from IL-6R cKO mice had decreased
compensatory glycolysis, which is the ability to induce glycolysis
in response to blocking oxidative metabolism using rotenone and
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antimycin A compared to Th17 cells differentiated from littermate
control mice (Figure 3G). Moreover, Th17 cells differentiated from
IL-6R c¢KO mice had higher ratios of mitochondrial oxygen
consumption rate (OCR) to glycolytic PER (Figure 3H). These
results indicate that loss of IL-6R makes Th17 cells more oxidative
than glycolytic.

To determine the effects of IL-6R deficiency on oxidative
metabolism, we performed a Seahorse Mito Stress Test on
differentiated Th17 cells from IL-6R cKO mice versus littermate
controls (Figure 4A). Indeed, we found that basal OCR was
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FIGURE 3

IL-6 receptor is required for Th17 cell glucose uptake and metabolism. CD4™ T cells were isolated from T cell-specific IL-6 receptor knockout mice
and littermate controls and differentiated toward Th17 in vitro. (A) Cells were stained with 2-NBDG and analyzed flow cytometrically to determine
glucose uptake. (B) Glutl expression was measured by intracellular flow cytometry. (C) Lactate was measured in the culture media. (D—H) Glycolytic
Rate Assay was performed using Seahorse extracellular flux analysis (D), and the following parameters were calculated: glycolysis (E), percent PER
from glycolysis (F), compensatory glycolysis (G), and the ratio of mitoOCR to glycoPER (H). Results representative of 2 independent experiments
(A—C) or pooled from 2 independent experiments (D—H), n=2-3 mice/group. Error bars represent + SEM. T-test with Welch's correction was used to
compare groups depending on the normality of the distribution as judged by the Shapiro—Wilk test. *p < 0.05, **p < 0.01, ****p <0.0001
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FIGURE 4

IL-6 receptor is required for Th17 cell oxidative capacity. CD4"* T cells were isolated from T cell-specific IL-6 receptor knockout mice and littermate
controls and differentiated toward Th17 in vitro. (A—F) Mito Stress Test was performed using Seahorse extracellular flux analysis (A), and the following
parameters were calculated: basal OCR (B), ATP production (C), coupling efficiency (D), maximum OCR (E), and spare respiratory capacity (F)
Results representative of 2 independent experiments, n=3 mice/group. Error bars represent + SEM. T-test with Welch's correction was used to
compare groups depending on the normality of the distribution as judged by the Shapiro—Wilk test. *p < 0.05.

significantly elevated in Th17 cells from IL-6R ¢KO mice compared
to Th17 cells from littermate controls (Figure 4B), accompanied by
an increase in mitochondrial ATP production (Figure 4C), but with
lower efficacy as indicated by reduced coupling efficiency
(Figure 4D). Interestingly, lack of IL-6R in Th17 cells led to a
decrease in maximum OCR following the addition of oligomycin
(an ATP synthase inhibitor) and FCCP (an electron transport chain
uncoupler) (Figure 4E). This reduction resulted in diminished spare
respiratory capacity (Figure 4F), indicating mitochondrial
dysfunction and impaired oxidative capacity.

3.3 STAT 3 is a key mediator of IL-6 effects
on T cell metabolism and IL-17 production

IL-6 signals through multiple intracellular pathways, with
STAT3 being a major downstream effector of its actions in T
cells. To investigate the role of STAT3 activation, we assessed
STAT3 phosphorylation in CD4" T cells from wild-type (WT)
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and IL-6R cKO mice. We found that Th17 differentiation
conditions containing IL-6 induced robust STAT3
phosphorylation in WT cells, but not in IL-6R cKO cells
(Figure 5A), confirming that IL-6R is required for STAT3
activation in this context. To determine if the inhibition of
STAT3 could recapitulate the effects of IL-6R deficiency on Th17
differentiation and metabolism, we treated WT CD4" T cells with
the STAT3 inhibitor Stattic V. We selected a concentration of the
inhibitor that did not cause excessive cell death (Figure 5B).
Inhibition of STAT3 partially but significantly reduced Th17
differentiation and IL-17 expression (Figures 5C, D), mimicking
the phenotype observed in IL-6R cKO T cells. Consistent with this,
STATS3 inhibition also decreased Glutl expression to levels
comparable to those seen in IL-6R-deficient Th17 cells
(Figure 5E). Moreover, lactate production was similarly reduced
upon STATS3 inhibition, again resembling the metabolic phenotype
of IL-6R ¢KO T cells (Figure 5F). Together, these findings support a
central role for STAT3 in mediating IL-6 dependent metabolic
reprogramming and effector function in Th17 cells.
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STAT 3 is a key mediator of IL-6 regulation of Th17 function and metabolism. (A) CD4" T cells were isolated from T cell-specific IL-6 receptor
knockout mice and littermate controls and differentiated toward Th17 in vitro. After 30 minutes, cells were fixed and stained for total STAT3 and
phosphorylated STAT3. (B—F) CD4" T cells were differentiated toward Th17 in vitro for 72 hours in the presence of absence of the STAT3 inhibitor
Stattic V (Stat3i, 400 nM), and their viability (B), Th17 differentiation (C) IL-17 production (D) and GLUT1 expression (E) were measured by flow
cytometry. Media was collected and lactate was measured (F). Results representative of 2 independent experiments n=3 mice/group. Error bars
represent + SEM. Brown-Forsythe and Welch ANOVA test were used to determine statistical significance and Dunnett's T3 multiple comparisons test
was used to compare groups depending on the normality of the distribution as judged by the Shapiro-Wilk test. *p <0.05, **p < 0.01, ***p <0.001,

*rixp < 0.0001.
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3.4 IL-6R induces changes in metabolic
gene expression

IL-6R-induced changes in Thl7 glycolysis and oxidative
capacity suggest corresponding changes in the expression or
activity of the enzymes that regulate these metabolic programs.
To investigate this, we profiled the RNA expression of 230
metabolic genes in Th17 cells differentiated from IL-6R cKO mice
and littermate controls using RT-qPCR (Figure 6A). The gene panel
spanned key metabolic pathways including glycolysis, TCA cycle,
pentose phosphate pathway, amino acid metabolism, fatty acid
metabolism, and oxidative phosphorylation, as well as several
glucose, amino acid, and fatty acid transporters. We observed
significant differences in the metabolic gene expression profiles
between Th17 cells from IL-6R ¢cKO mice compared to Th17 cells
from littermate controls (Figure 6B). Several genes were identified
that were significantly upregulated or down regulated by IL-6R
signaling (Figure 6C). For example, we found that IL-6R is required
for the expression of several glycolytic genes (e.g., Slc2al (Glutl),
Hk1, Pfkp and Pkm2), as well as genes encoding enzymes involved
in amino acid metabolism (e.g., Gotl and Gpt2). At the same time,
IL-6R signaling decreased the expression of genes involved in fatty
acid transport (e.g., Slc27a3 and CD36). Additional genes were
found to be highly induced by IL-6R that, to our knowledge, have
not been previously implicated in IL-6R signaling in T cells, such as
the vacuolar ATPase subunit Atp6v0d2 and the complex IV
stabilizing subunit Cox6a2 (29).

At the protein level, we examined the expression of key
glycolytic enzymes using immunoblotting. We found that the loss
of IL-6R signaling led to significantly reduced protein levels of
hexokinase II, glyceraldehyde-3-phosphate dehydrogenase, and
phosphofructokinase, with a trend decrease in the expression of
hexokinase I, pyruvate kinase and lactate dehydrogenase A
(Figures 7A-C). We also examined the expression of complexes
in the mitochondrial electron transport chain, using the OXPHOS
antibody cocktail in Th17 cells differentiated from IL-6R ¢KO mice
versus littermate controls (Figure 7D). Here, we found a significant
increase in the expression of complex II in Th17 cells from IL-6R
cKO mice compared to controls.

3.5 Blocking lactate dehydrogenase activity
selectively inhibits Th17 differentiation

Our data thus far indicate that IL-6R signaling strongly induces
the glycolytic pathway, with an increase in the expression of several
glycolytic enzymes. We therefore hypothesized that glycolysis is
critical for the induction of Th17 differentiation by IL-6, while less
important for Treg cells, which depend more on oxidative
metabolism and do not require IL-6R signal for differentiation.
To test this hypothesis, we differentiated Th17 and Treg cells in
vitro and inhibited glycolysis at two key points. First, we targeted
the upstream step of glucose phosphorylation using 2-deoxyglucose
(2-DG). Although 2-DG can be phosphorylated by hexokinase I and
IT into 2-deoxy-D-glucose-6-phosphate, it inhibits glucose-6-
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phosphate isomerase activity, preventing further metabolism and
resulting in upstream blockade of glycolysis. We also targeted the
downstream step of lactate dehydrogenase activity using the small
molecule inhibitor FX11 (30). Differentiated Th17 and Treg cells
from wildtype C57BL/6] mice were treated with either 2-DG or
FX11 for 24 hours following differentiation. At high concentrations
of 2-DG, Treg cell viability was more affected than Th17 cells
(Figures 8A, D). At nontoxic concentrations of 2-DG (less than
500uM) we found that Treg differentiation (Figure 8E) and Foxp3
expression (Figure 8F) were significantly reduced compared to
Th17 differentiation (Figure 8B) and IL-17 expression
(Figure 8C). In contrast, when treating Th17 and Treg cells with
nontoxic concentrations of FX11 (less than 25uM) (Figures 8G, J),
Th17 differentiation (Figure 8H) and IL-17 expression (Figure 81)
were more reduced when compared to Treg differentiation
(Figure 8K) and Foxp3 expression (Figure 8L) at the same FX11
concentration. These results suggest that inhibiting lactate
dehydrogenase activity, a key downstream enzyme in the
glycolytic pathway, can selectively inhibit Th17 differentiation,
and may be used to strategically limit inflammation in the setting
of disease.

4 Discussion

IL-6 is a pivotal regulator of immune responses, influencing
various immune cell functions and playing a critical role in Th17
cell differentiation. Th17 cells are particularly important due to their
role in autoimmune diseases and chronic inflammation. Given the
broad impact of IL-6 on immune cell function, several inhibitors
have been developed to target the IL-6R signaling pathway as a
treatment for autoimmune diseases and to control viral infection-
associated inflammation (31-33). However, due to the pluripotent
function of IL-6 and the ability of any cell that expresses gp130 to
conduct the IL-6 signal through the sIL-6R trans-signaling,
targeting IL-6 directly can have widespread effects on the immune
system. Better understanding of IL-6 signaling pathways
downstream of IL-6R may lead to the development of more
targeted therapies to modulate inflammation and autoimmunity.

While the role of IL-6 in regulating metabolism is well
documented in various types of metabolic tissues, the effects of IL-6
on T cell metabolism have not been studied. Given that T cell function
and differentiation are highly dependent on their metabolic
phenotype, understanding the role of IL-6 in T cell metabolism is
critical. In this study, we used a T cell specific IL-6R cKO mouse model
to identify how IL-6R signaling affects T cell metabolism. Previous
studies using IL-6R ¢cKO mice found that loss of IL-6 signal impaired
Th1 and Th17 immune responses (34) and reduced inflammation and
diet-induced insulin resistance in the early stage of diet-induced
obesity (35). Building on this work, we found that IL-6R signaling is
essential for maintaining T cell homeostasis, as IL-6R cKO mice
exhibited decreased frequencies of CD4" and Th17 cells, increased
CD8" T cells, and no significant changes in Treg cell proportions. In
vitro, IL-6R-deficient CD4" T cells failed to efficiently differentiate into
Th17 cells, as shown by their markedly reduced IL-17 production.
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FIGURE 6

IL-6 receptor signaling induces broad changes in metabolic gene expression. CD4" T cells were isolated from T cell-specific IL-6 receptor knockout
mice and littermate controls and differentiated toward Th17 in vitro, after which RNA was isolated, and cDNA was synthesized. Samples were
analyzed for the expression of 230 different metabolic genes spanning several metabolic pathways by RT-gPCR. (A) Volcano plot for all measured
genes comparing expression in IL-6 receptor knockout mice to wildtype. (B) Principal component analysis for the expression of the metabolic genes
comparing expression in IL-6 receptor knockout mice to wildtype. (C) Heat map of significantly changed genes with more than 1.5-fold difference

(n=3 mice/group, z-score calculated based on 274<Y).

This was accompanied by diminished RORYt expression and increased
Foxp3 expression, suggesting a shift toward a Treg-like phenotype.
The presence of residual IL-17-producing cells may reflect the activity
of other cytokines such as IL-1, IL-21, and IL-23 (36), or the presence
of soluble IL-6R in the culture media. In contrast, IL-6R-deficient
CD4" T cells retained normal Treg and Th1 differentiation capacities,
although Th1 cells exhibited enhanced IFN-y production.
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Given the specific impairment in Th17 differentiation, we next
examined how IL-6R signaling regulates Th17 cell metabolism.
Utilizing metabolic flux analysis, we found that Th17 cells from IL-
6R cKO mice were less glycolytic with lower glucose uptake, lower
Glutl expression, and decreased lactate production than Th17 cells
from littermate controls. This was accompanied by an increase in
basal oxidative metabolism but reduced oxidative capacity. These
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FIGURE 7

IL-6 receptor signaling induces the expression of glycolytic enzymes. CD4" T cells were isolated from T cell-specific IL-6 receptor knockout mice
and littermate controls and differentiated toward Thl7 in vitro, after which cells were lysed and immunoblotted for several glycolytic proteins:
hexokinase |, pyruvate kinase M1/2, and lactate dehydrogenase (A), hexokinase Il, pyruvate kinase M2, and glyceraldehyde phosphate dehydrogenase
(B), phosphofructokinase and pyruvate dehydrogenase (C) and expression of complexes in the mitochondrial electron transport chain, using the
OXPHOS antibody cocktail (D). Results representative of 2 independent experiments, n=3 mice/group. Expression calculated relative to actin. Error
bars represent + SEM. T-test with Welch's correction or Mann Whitney test was used to compare groups depending on the normality of the

distribution as judged by the Shapiro—Wilk test. *p < 0.05, ***p < 0.001.

findings suggest that IL-6R signaling promotes both glycolytic flux
and oxidative metabolic fitness in Th17 cells. In the absence of IL-
6R signaling, Th17 cells may attempt to compensate by
upregulating oxidative pathways, albeit ineffectively. Our data
indicate that STAT3 is a key mediator of IL-6R-mediated
metabolic programming. IL-6-induced STAT3 phosphorylation
was abrogated in IL-6R-deficient T cells. Furthermore,
pharmacologic inhibition of STAT3 phosphorylation partially
recapitulated the metabolic and functional defects observed in IL-
6R cKO cells, including reduced IL-17 production and diminished
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glycolysis. RNA and protein expression analyses further confirmed
that IL-6R signaling induces the expression of several glycolytic
enzymes, including Glutl, reinforcing the central role of STAT3 in
this pathway.

To investigate if blocking glycolysis would mimic the effects of
loss of IL-6R signal on Th17 cells, we used 2-DG and FX11 to block
upstream and downstream portions of the glycolytic pathway,
respectively. 2-DG, at non-toxic doses, had no effect on Th17
differentiation or IL-17 production but significantly reduced Treg
proportions. In contrast, FX11 significantly reduced Th17
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FIGURE 8
Blocking lactate dehydrogenase activity selectively inhibits Th17 differentiation. CD4" T cells were isolated from wildtype C57BL/6 mice and
differentiated in vitro toward Th17 or Treg subsets for 72 hours. Differentiated cells were then treated with increasing concentrations of 2DG or FX11
for an additional 24 hours. Cells were collected and stained for viability (A, D, G, J), IL-17 expression (B, C, H, 1), or Foxp3 and CD25 expression
(E, F, K, L). Shaded area represents the concentration at which no significant effect on viability is noticed with changes in the differentiation of any of
the two subsets. Results representative of two independent experiments, pooled from 3 mice/group. Sigmoidal 4PL non liner fit was used to create
the regression line. Error bars represent + SEM.

differentiation and IL-17 production without significant effect on
Treg cell differentiation. These results suggest that lactate
dehydrogenase activity is essential for the differentiation of Th17
cells but dispensable for Treg cell differentiation, identifying it as a
potential target for the treatment of Th17-induced inflammation in
disease. LDH’s relevance extends beyond autoimmune diseases.
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Elevated LDH activity is a hallmark of many cancers, where it
fuels the Warburg effect, supports tumor growth, and promotes
adaptation to hypoxia (37). In the tumor microenvironment, lactate
accumulation enhances Treg function and suppresses effector T cell
responses, contributing to immune evasion (38). Similarly,
pathogens such Staphylococcus aureus, produce lactate that drives

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1568514
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Alwarawrah et al.

Treg expansion and IL-10 production, dampening host immunity
(39). In autoimmunity, LDH is elevated in several types of
inflammatory immune cells and is an important driver for
promoting their pathogenic function (40, 41).

In summary, IL-6R is a key regulator of T cell homeostasis and
Th17 cell differentiation, which is mediated at least in part through
metabolic reprogramming. IL-6R signaling promotes both
glycolysis and oxidative capacity in Th17 cells, and its effects are
largely mediated through STAT3. Targeting the metabolic
mediators of IL-6R signaling in T cells provides a promising
strategy for modulating Th17-induced inflammation. Due to the
reversible nature of targeting metabolic enzymes with small
molecule inhibitors, targeting the metabolic enzymes induced by
IL-6 can be used to fine tune inflammation associated with
autoimmune disease or viral infection without causing deleterious
effects on protective immunity.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee at the University of North Carolina. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

YA: Writing - original draft. AN: Writing - review & editing.
IP: Writing - review & editing. AB: Writing - review & editing.
NM: Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the National Institutes of Health Office of Nutrition Research,
the National Institutes of Health Office of Disease Prevention, and
the National Institute of Diabetes and Digestive and Kidney
Diseases of the National Institutes of Health under Award
Number U24DK132715, P30DK056350, IUM2AI30836-01. YA is
supported by a UNC Junior Faculty Development Award.

Frontiers in Immunology

14

10.3389/fimmu.2025.1568514

Acknowledgments

The authors thank the UNC Nutrition Obesity Research Center
metabolic (NORC) phenotyping core facility and UNC Flow
Cytometry core facility for providing access to their research
equipment. The authors would also like to thank the
SPLENDOR-NC program for their support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Author disclaimer
The content is solely the responsibility of the authors and does

not necessarily represent the official views of the National Institutes
of Health.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1568514/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1568514/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1568514/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1568514
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Alwarawrah et al.

References

1. Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease. Nat
Immunol. (2015) 16:448-57. doi: 10.1038/ni.3153

2. Rincon M. Interleukin-6: from an inflammatory marker to a target for
inflammatory diseases. Trends in immunology. (2012) 33(11):571-577. doi: 10.1016/
j.it.2012.07.003

3. Grebenciucova E, VanHaerents S. Interleukin 6: at the interface of human health
and disease. Front Immunol. (2023) 14:1255533. doi: 10.3389/fimmu.2023.1255533

4. Fischer CP. Interleukin-6 in acute exercise and training: what is the biological
relevance? Exerc Immunol Rev. (2006) 12:6-33.

5. WolfJ, Rose-John S, Garbers C. Interleukin-6 and its receptors: a highly regulated
and dynamic system. Cytokine. (2014) 70:11-20. doi: 10.1016/j.cyto.2014.05.024

6. Klouche M, Bhakdi S, Hemmes M, Rose-John S. Novel path to activation of
vascular smooth muscle cells: up-regulation of gp130 creates an autocrine activation
loop by IL-6 and its soluble receptor. J Immunol. (1999) 163:4583-9. doi: 10.4049/
jimmunol.163.8.4583

7. Zhang C, Xin H, Zhang W, Yazaki PJ, Zhang Z, Le K, et al. CD5 binds to
interleukin-6 and induces a feed-forward loop with the transcription factor STAT3 in B
cells to promote cancer. Immunity. (2016) 44:913-23. doi: 10.1016/j.immuni.2016.04.003

8. Tosato G, Seamon KB, Goldman ND, Sehgal PB, May LT, Washington GC, et al.
Monocyte-derived human B-cell growth factor identified as interferon-beta 2 (BSF-2,
1L-6). Science. (1988) 239:502-4. doi: 10.1126/science.239.4839.502

9. LiB, Jones LL, Geiger TL. IL-6 promotes T cell proliferation and expansion under
inflammatory conditions in association with low-level RORgammat expression. |
Immunol. (2018) 201:2934-46. doi: 10.4049/jimmunol.1800016

10. Braune J, Weyer U, Hobusch C, Mauer J, Bruning JC, Bechmann 1, et al. IL-6
regulates M2 polarization and local proliferation of adipose tissue macrophages in
obesity. J Immunol. (2017) 198:2927-34. doi: 10.4049/jimmunol.1600476

11. Jain V, Kumar P, Panda PK, Suresh M, Kaushal K, Mirza AA, et al. Utility of IL-6
in the diagnosis, treatment and prognosis of COVID-19 patients: A longitudinal study.
Vaccines (Basel). (2022) 10(11):1786. doi: 10.3390/vaccines10111786

12. Grifoni E, Valoriani A, Cei F, Lamanna R, Gelli AMG, Ciambotti B, et al.
Interleukin-6 as prognosticator in patients with COVID-19. ] Infect. (2020) 81:452-82.
doi: 10.1016/j.jinf.2020.06.008

13. Ding J, Su S, You T, Xia T, Lin X, Chen Z, et al. Serum interleukin-6 level is
correlated with the disease activity of systemic lupus erythematosus: a meta-analysis.
Clinics (Sao Paulo). (2020) 75:¢1801. doi: 10.6061/clinics/2020/e1801

14. Stampanoni Bassi M, Iezzi E, Drulovic J, Pekmezovic T, Gilio L, Furlan R, et al.
IL-6 in the cerebrospinal fluid signals disease activity in multiple sclerosis. Front Cell
Neurosci. (2020) 14:120. doi: 10.3389/fncel.2020.00120

15. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and regulatory
T cells. Nature. (2006) 441:235-8. doi: 10.1038/nature04753

16. Crotty S. T follicular helper cell differentiation, function, and roles in disease.
Immunity. (2014) 41:529-42. doi: 10.1016/j.immuni.2014.10.004

17. Maclver NJ, Michalek RD, Rathmell JC. Metabolic regulation of T lymphocytes.
Annu Rev Immunol. (2013) 31:259-83. doi: 10.1146/annurev-immunol-032712-095956

18. Han J, Meng Q, Xi Q, Zhang Y, Zhuang Q, Han Y, et al. Interleukin-6 stimulates
aerobic glycolysis by regulating PFKFB3 at early stage of colorectal cancer. Int ] Oncol.
(2016) 48:215-24. doi: 10.3892/ij0.2015.3225

19. Lin W, Song H, Shen J, Wang J, Yang Y, Yang Y, et al. Functional role of skeletal
muscle-derived interleukin-6 and its effects on lipid metabolism. Front Physiol. (2023)
14:1110926. doi: 10.3389/fphys.2023.1110926

20. Giraldez MD, Carneros D, Garbers C, Rose-John S, Bustos M. New insights into
IL-6 family cytokines in metabolism, hepatology and gastroenterology. Nat Rev
Gastroenterol Hepatol. (2021) 18:787-803. doi: 10.1038/s41575-021-00473-x

21. Espinosa JR, Wheaton JD, Ciofani M. In vitro differentiation of CD4(+) T cell
effector and regulatory subsets. Methods Mol Biol. (2020) 2111:79-89. doi: 10.1007/978-
1-0716-0266-9_7

22. Alwarawrah Y, Danzaki K, Nichols AG, Fee BE, Bock C, Kucera G, et al. Irgm1
regulates metabolism and function in T cell subsets. Sci Rep. (2022) 12:850.
doi: 10.1038/s41598-021-04442-x

Frontiers in Immunology

15

10.3389/fimmu.2025.1568514

23. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. (2000) 28:27-30. doi: 10.1093/nar/28.1.27

24. Spandidos A, Wang X, Wang H, Seed B. PrimerBank: a resource of human and
mouse PCR primer pairs for gene expression detection and quantification. Nucleic
Acids Res. (2010) 38:D792-9. doi: 10.1093/nar/gkp1005

25. Ye ], Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL. Primer-
BLAST: a tool to design target-specific primers for polymerase chain reaction. BMC
Bioinf. (2012) 13:134. doi: 10.1186/1471-2105-13-134

26. Marko DM, Foran G, Vlavcheski F, Baron DC, Hayward GC, Baranowski BJ,
et al. Interleukin-6 treatment results in GLUT4 translocation and AMPK
phosphorylation in neuronal SH-SY5Y cells. Cells. (2020) 9(5):1114. doi: 10.3390/
cells9051114

27. Ando M, Uehara I, Kogure K, Asano Y, Nakajima W, Abe Y, et al. Interleukin 6
enhances glycolysis through expression of the glycolytic enzymes hexokinase 2 and 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3. J Nippon Med Sch. (2010)
77:97-105. doi: 10.1272/jnms.77.97

28. Kumari N, Das A, Bhatt AN. Interleukin-6 confers radio-resistance by inducing
Akt-mediated glycolysis and reducing mitochondrial damage in cells. ] Biochem. (2020)
167:303-14. doi: 10.1093/jb/mvz091

29. Quintens R, Singh S, Lemaire K, De Bock K, Granvik M, Schraenen A, et al. Mice
deficient in the respiratory chain gene Cox6a2 are protected against high-fat diet-
induced obesity and insulin resistance. PLoS One. (2013) 8:¢56719. doi: 10.1371/
journal.pone.0056719

30. Deck LM, Royer RE, Chamblee BB, Hernandez VM, Malone RR, Torres JE, et al.
Selective inhibitors of human lactate dehydrogenases and lactate dehydrogenase from
the malarial parasite Plasmodium falciparum. J Med Chem. (1998) 41:3879-87.
doi: 10.1021/jm980334n

31. Jiao L, Guo S. Anti-IL-6 therapies in central nervous system inflammatory
demyelinating diseases. Front Immunol. (2022) 13:966766. doi: 10.3389/
fimmu.2022.966766

32. Chen JJ, Zhang LN, Hou H, Xu L, Ji K. Interleukin-6 signaling blockade
treatment for cytokine release syndrome in COVID-19 (Review). Exp Ther Med.
(2021) 21:24. doi: 10.3892/etm.2020.9456

33. Koga T, Kawakami A. Interleukin-6 inhibition in the treatment of
autoinflammatory diseases. Front Immunol. (2022) 13:956795. doi: 10.3389/
fimmu.2022.956795

34. Nish SA, Schenten D, Wunderlich FT, Pope SD, Gao Y, Hoshi N, et al. T cell-
intrinsic role of IL-6 signaling in primary and memory responses. Elife. (2014) 3:
€01949. doi: 10.7554/eLife.01949

35. Xu E, Pereira MMA, Karakasilioti I, Theurich S, Al-Maarri M, Rappl G, et al.
Temporal and tissue-specific requirements for T-lymphocyte IL-6 signalling in obesity-
associated inflammation and insulin resistance. Nat Commun. (2017) 8:14803.
doi: 10.1038/ncomms14803

36. Maddur MS, Miossec P, Kaveri SV, Bayry J. Th17 cells: biology, pathogenesis of
autoimmune and inflammatory diseases, and therapeutic strategies. Am ] Pathol.
(2012) 181:8-18. doi: 10.1016/j.ajpath.2012.03.044

37. Claps G, Faouzi S, Quidville V, Chehade F, Shen S, Vagner S, et al. The multiple
roles of LDH in cancer. Nat Rev Clin Oncol. (2022) 19:749-62. doi: 10.1038/s41571-
022-00686-2

38. Kim J, Li J, Wei J, Lim SA. Regulatory T cell metabolism: A promising
therapeutic target for cancer treatment? Immune Netw. (2025) 25:e13. doi: 10.4110/
in.2025.25.e13

39. Arumugam P, Kielian T. Metabolism shapes immune responses to
staphylococcus aureus. ] Innate Immun. (2024) 16:12-30. doi: 10.1159/000535482

40. Souto-Carneiro MM, Klika KD, Abreu MT, Meyer AP, Saffrich R, Sandhoft R,
et al. Effect of increased lactate dehydrogenase A activity and aerobic glycolysis on the
proinflammatory profile of autoimmune CD8+ T cells in rheumatoid arthritis. Arthritis
Rheumatol. (2020) 72:2050-64. doi: 10.1002/art.41420

41. Lu, Osis G, Zmijewska AA, Traylor A, Thukral S, Wilson L, et al. Macrophage-
specific lactate dehydrogenase expression modulates inflammatory function in vitro.
Kidney360. (2025) 6:197-207. doi: 10.34067/KID.0000000630

frontiersin.org


https://doi.org/10.1038/ni.3153
https://doi.org/10.1016/j.it.2012.07.003
https://doi.org/10.1016/j.it.2012.07.003
https://doi.org/10.3389/fimmu.2023.1255533
https://doi.org/10.1016/j.cyto.2014.05.024
https://doi.org/10.4049/jimmunol.163.8.4583
https://doi.org/10.4049/jimmunol.163.8.4583
https://doi.org/10.1016/j.immuni.2016.04.003
https://doi.org/10.1126/science.239.4839.502
https://doi.org/10.4049/jimmunol.1800016
https://doi.org/10.4049/jimmunol.1600476
https://doi.org/10.3390/vaccines10111786
https://doi.org/10.1016/j.jinf.2020.06.008
https://doi.org/10.6061/clinics/2020/e1801
https://doi.org/10.3389/fncel.2020.00120
https://doi.org/10.1038/nature04753
https://doi.org/10.1016/j.immuni.2014.10.004
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.3892/ijo.2015.3225
https://doi.org/10.3389/fphys.2023.1110926
https://doi.org/10.1038/s41575-021-00473-x
https://doi.org/10.1007/978-1-0716-0266-9_7
https://doi.org/10.1007/978-1-0716-0266-9_7
https://doi.org/10.1038/s41598-021-04442-x
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkp1005
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.3390/cells9051114
https://doi.org/10.3390/cells9051114
https://doi.org/10.1272/jnms.77.97
https://doi.org/10.1093/jb/mvz091
https://doi.org/10.1371/journal.pone.0056719
https://doi.org/10.1371/journal.pone.0056719
https://doi.org/10.1021/jm980334n
https://doi.org/10.3389/fimmu.2022.966766
https://doi.org/10.3389/fimmu.2022.966766
https://doi.org/10.3892/etm.2020.9456
https://doi.org/10.3389/fimmu.2022.956795
https://doi.org/10.3389/fimmu.2022.956795
https://doi.org/10.7554/eLife.01949
https://doi.org/10.1038/ncomms14803
https://doi.org/10.1016/j.ajpath.2012.03.044
https://doi.org/10.1038/s41571-022-00686-2
https://doi.org/10.1038/s41571-022-00686-2
https://doi.org/10.4110/in.2025.25.e13
https://doi.org/10.4110/in.2025.25.e13
https://doi.org/10.1159/000535482
https://doi.org/10.1002/art.41420
https://doi.org/10.34067/KID.0000000630
https://doi.org/10.3389/fimmu.2025.1568514
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Targeting IL-6 receptor mediated metabolic pathways to control Th17 cell differentiation and inflammatory responses
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 T cell isolation and differentiation
	2.3 Flow cytometry
	2.4 Glucose uptake assay
	2.5 Metabolic flux analysis
	2.6 Quantitative RT-QPCR of metabolic genes
	2.7 Western blot
	2.8 Lactate assay
	2.9 In vitro inhibition of glycolysis
	2.10 Statistical analysis

	3 Results
	3.1 Loss of IL-6 receptor expression induces changes in T cell proportions and alters CD4+ T cell differentiation
	3.2 IL-6R induces glycolysis and enhances oxidative capacity in Th17 cells
	3.3 STAT 3 is a key mediator of IL-6 effects on T cell metabolism and IL-17 production
	3.4 IL-6R induces changes in metabolic gene expression
	3.5 Blocking lactate dehydrogenase activity selectively inhibits Th17 differentiation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Author disclaimer
	Supplementary material
	References


