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Abstract

Oral lichen planus (OLP) is a T cell-mediated immunoinflammatory disease. Glycolysis
plays an essential role in T-cell immune responses. Blocking glycolytic pathway in ac-
tivated T cells represents a therapeutic strategy for restraint of immunologic process
in autoimmune disorders. 2-Deoxy-D-glucose (2-DG) has been widely used to probe
into glycolysis in immune cells. This study was aimed to explore the role of glycoly-
sis inhibition by 2-DG on regulating immune responses of OLP-derived T cells. We
observed that lactic dehydrogenase A (LDHA) expression was elevated in OLP le-
sions and local T cells. 2-DG inhibited the expression of LDHA, p-mTOR, Hifla and
PLD2 in T cells; meanwhile, it decreased proliferation and increased apoptosis of T
cells. T cells treated by 2-DG showed lower LDHA expression and elevated apoptosis,
resulting in a reduced apoptotic population of keratinocytes that were co-cultured
with them, which was related to the decreased levels of IFN-y in co-culture system.
Rapamycin enhanced the effects of 2-DG on immune responses between T cells and
keratinocytes. Thus, these findings indicated that OLP-derived T cells might be highly
dependent upon high glycolysis for proliferation, and 2-DG treatment combined with
rapamycin might be an option to alleviate T-cell responses, contributing to reducing

apoptosis of keratinocytes.
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1 | INTRODUCTION

Oral lichen planus (OLP) is a chronic inflammatory immune disease
of unknown aetiology and has been recognized as an oral poten-
tially malignant disorder (OPMD).>? The typically histopathological
characteristics of OLP are dense subepithelial infiltration of lympho-
cytes and liquefactive degeneration in the basal keratinocytes.2 T
cell-mediated dysfunctional immunity has been widely supposed to
be the main pathogenesis of OLP.3* Our previous studies demon-

strated that Thi-biased responses participated in the development

of OLP.>® Specifically, T helper (Th) cells are activated after antigen
presentation by major histocompatibility complex Il (MHC-1I) mol-
ecules and then produce pro-inflammatory cytokines, including in-
terferon-y (IFN-y) and interleukin-2 (IL-2).% These cytokines together
with MHC-I molecules on keratinocytes activate cytotoxic T cells,
which further induce the apoptosis of keratinocytes,4

The metabolic reprogramming in T-cellimmune responses is char-
acterized by a switch to aerobic glycolysis, also known as ‘Warburg
effect’ that was first described in cancer.” Blocking aerobic glycoly-

sis is pernicious to proliferation and differentiation of effector T cells
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while beneficial for development of regulatory T cells.2 Our recent
study showed that activated T cells required glycolytic metabolism
to increase glucose utilization, during which Glutl expression was
elevated, thereby promoting T-cell proliferation and differentiation.’?
In this process, glucose-derived pyruvate was guided into glycolytic
flux by lactic dehydrogenase A (LDHA), rather than into tricarboxylic
acid cycle by pyruvate dehydrogenase (PDH).>'° Moreover, molec-
ular pathways, including mammalian target of rapamycin (mTOR),
hypoxia-inducible factor 1« (HIF1la) and phospholipase D2 (PLD2),
motivate glycolytic metabolism in T cells.**™*® We have found that
the expression of p-mTOR, HIF1a and PLD2 was elevated in periph-
eral or local T cells of OLP, and mTOR/HIF1a/PLD2 axis could upreg-
ulate the phosphorylation of LDHA in T cells.”***> Besides, mTOR
pathway could dynamically respond to extracellular glucose signals,
then correspondingly regulate T-cell glycolysis, and finally support T-
cell proliferation and differentiation.” These findings suggested that
deregulated mTOR pathway might disturb the glycolytic metabolism
in T cells, thereby leading to the dysfunctional immunity of OLP.
Lactic dehydrogenase activity has been investigated in OLP lesions
in 1965%; however, LDHA expression and the role of glycolysis in T
cells from OLP remains unknown to date.

Recently, immunometabolism has been a burgeoning field.®118
Targeting aerobic glycolysis turns into an attractive therapeutic
strategy for restraint of immunologic process in autoimmune dis-
eases, such as systemic lupus erythematosus (SLE) and rheumatoid
arthritis (RA).”1° This therapy does not have broad toxicity in normal
tissues that depend on oxidative metabolism.” 2-Deoxy-D-glucose
(2-DG) is a glucose analogue that blocks the initial phase of glycol-
ysis. Fu et al. demonstrated that 2-DG significantly reduced CD4*
T-cell infiltration and attenuated Sjogren's syndrome (SS)-like auto-
immune response in mice model.’? Thus, targeting aerobic glycoly-
sis by 2-DG is a feasible strategy for controlling T-cell responses in
diseases.

In this study, the expression of LDHA in OLP lesions and local
T cells was investigated by immunohistochemistry and immunoflu-
orescence staining. Then, the effects of 2-DG on OLP-derived T
cells were assessed by detecting the expression of LDHA and mTOR
pathway, T-cell proliferation, and cell apoptosis. Finally, the co-
culture system was established with 2-DG pretreated OLP-derived
T cells and LPS-stimulated keratinocytes to explore the modulation
of 2-DG on immune responses between T cell and keratinocytes.

2 | MATERIALS AND METHODS

2.1 | Patients

Sixteen patients with diagnosis of OLP and ten healthy controls
were enrolled prospectively in this study. They were referred to the
Department of Oral Medicine, School and Hospital of Stomatology,
Wuhan University. Diagnosis of OLP was made according to the clin-
ical and histopathological findings.2 Healthy controls came from pa-
tients without any impairment on oral mucosa or systemic diseases.

Other inclusion and exclusion standards were consistent to our pre-
vious study.” The clinical characteristics of samples were shown in
Appendix S1 and Appendix S2. This research was carried out on the
principles of the Declaration of Helsinki. It has been approved by
the Ethical Committee Broad of School and Hospital of Stomatology,
Wuhan University (no. 2015C35). The patients’ informed consent
was obtained before collection of tissue specimens and peripheral
blood.

2.2 | Immunohistochemistry and
immunofluorescence

The formalin-fixed, paraffin-embedded oral mucosal tissues were
prepared, sectioned at 4 micrometres and analysed for the presence
of LDHA antigen on the basis of standard immunohistochemistry
protocols. Tissue sections were incubated overnight at 4°C with
LDHA rabbit polyclonal antibody (1:100, Catalog # 19987-1-AP,
Proteintech, Wuhan, China), followed by HRP polymer conjugated
anti-rabbit secondary antibody for 1 h at 37°C. Next, diaminoben-
zidine solution was used to detect the signal, and haematoxylin
was used to counterstain the nucleus. Images were acquired using
OLYMPUSCH30 microscope (BHS-313, Olympus, Japan) at 200x
and 400x. The mean optical density (MOD) was used to analyse
the positive staining via Image-Pro Plus 6.0 version (IPP, Media
Cybernetics).

The sections for immunofluorescence staining were incu-
bated with CD3 mouse monoclonal antibody (1: 100, Catalog #
60181-1-Ig, Proteintech) and LDHA rabbit polyclonal antibody (1:
100, Proteintech) at 4°C overnight. Then, signals were observed
using Cy3-conjugated (1: 200, Catalog # GB21301, Servicebio,
Wouhan, China) and Alexa Fluor® 488-conjugated (1: 200, Catalog
# GB25303, Servicebio) secondary antibodies. Nuclei were
stained with DAPI. The slides were scanned under Pannoramic
MIDI, and images were captured with CaseViewer (3DHISTECH).
The fluorescence contrast parameters were described in detail in
Appendix S3.

2.3 | Cellculture

Peripheral blood mononuclear cells (PBMCs) were isolated from
four erosive OLP patients’ blood samples using Ficoll-Hypaque solu-
tion (Catalog # LDS1075, TBD) by density gradient centrifugation.
Next, T cells were sorted from PBMCs using BD IMag™ Human T
Lymphocyte Enrichment Set-DM (Catalog # 557874) by IMag™
cell separation system (BD). T cells (1 x 10° cells/ml) were cultured
with human T-cell robust expansion medium (Catalog # CT-007,
StemEry) and 500 U/ml IL-2 (Catalog # 17908, Sigma). The medium
was replaced by half every 2 days. Subsequently, T cells (4.5 x 10°
cells/ml) were treated with 1 pg/ml anti-CD3 mAb and 2 pg/ml
anti-CD28 mAb (Catalog # 16-0037-85, # 16-0289-85, Thermo,
Massachusetts, USA) for 72 h in a 37°C humidified incubator with
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5% CO,. Then, activated T cells (1 x 10° cells/ml) were cultured with
2-DG (1 or 5 mM, Catalog # B1027, APExBIO)) or/and rapamycin
(100 nM, Catalog # A8167, APExBIO) for 24 h. 2-DG and rapamycin
were dissolved in dimethylsulfoxide (DMSO).

Human oral keratinocytes (cell line named OKF4, 5 x 10* cells/ml)
were seeded in a 24-well plate with keratinocyte serum-free medium
(K-SFM, Catalog # 10744019, Thermo) at 37°C with a 5% CO,. In the
logarithmic growth phase, keratinocytes were stimulated with 10 pg/
ml LPS (Catalog # L2654, Sigma) for 36 h to simulate a local inflamma-
tory microenvironment of OLP and resuspended with fresh medium
before co-culture.

The co-culture system was established with OLP-derived T
cells and human oral keratinocytes via 24-well transwell inserts
with aperture of 0.4 um (Catalog # 140620, Thermo). OLP-derived
T cells (1 x 10° cells/ml) were pretreated with 5 mM 2-DG or/and
100 nM rapamycin for 24 h, then placed in the upper compartment
with fresh medium and co-cultured with LPS-stimulated keratino-
cytes from the lower compartment for 24 h. The co-culture medium
consisted of 500 pl human T-cell robust expansion kit and 500 pl
K-SFM.

2.4 | Immunocytochemistry

Paraformaldehyde-fixed cells were smeared on the slides, permea-
bilized with Triton X-100 after dying at room temperature, blocked
with bull serum albumin (3%), and incubated with a primary anti-
body against LDHA (Proteintech) and then Cy3-conjugated sec-
ondary antibody (Catalog # GB21303, Servicebio). Nuclei were
stained with DAPI. The cell smears were observed under a fluores-
cence microscope (NIKON ECLIPSE C1, Japan) and an imaging sys-
tem (NIKON DS-U3). The images were captured with CaseViewer
(3DHISTECH).

2.5 | Western blotting

Protein extraction was performed with RIPA buffer (Catalog #
P0O013B, Beyotime) by centrifugation at 12,000 x g for 20 min.
Proteins were separated by 8%, 10% or 12% polyacrylamide gel elec-
trophoresis and transferred on polyvinylidene fluoride membranes.
After blocking with 5% skimmed milk, membranes were incubated
overnight at 4°C in the presence of primary antibodies against
mTOR (1:1000, Catalog # 2983S, CST), p-mTOR (1:1000, Catalog
# 5536S, CST), 4E-BP1 (1:1000, Catalog # 9644S, CST), p-4E-BP1
(1:1000, Catalog # 2855S, CST), HIF1a (1:1000, Catalog # 20960-
1-AP, Proteintech), PLD2 (1:1000, Catalog # NBP2-61784, Novus)
and B-actin (1:1000, Catalog # BM0627, Bosterbio). Horseradish
peroxidase-conjugated secondary antibodies were subsequently
incubated, and the signals were visualized with enhanced chemi-
luminescence by the Odyssey® Fc Imaging System (LI-COR). The
grey-scale analysis was conducted via ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA).

2.6 | Cell proliferation assay

Primary T cells at a density of 5 x 10* cells/well were seeded into 96-
well plates for 24 h. After treatment, the cells were incubated with
the Cell Counting Kit-8 (CCK-8, Catalog # CK04, Dojindo) reagent
for 2.5 h at 37°C. Cell viability was quantified by optical density (OD)

value at an absorbance wavelength of 450 nm.

2.7 | Cell apoptosis assay

Either T cells or keratinocytes were resuspended at a density of 10°
cells/ml approximately for the apoptosis assay and assessed using
an Annexin V-FITC/PI Apoptosis Detection Kit (Catalog # KGA108,
KeyGEN) by flow cytometry (Beckman). The results were expressed
as the percentage of apoptotic (Annexin V positive) cells.

2.8 | Cytokines assay

The concentrations of IFN-y, IL-4 and IL-17 in the supernatants of
co-culture system were measured using human IFN-y, IL-4 and I1L-17
ELISA kits (Catalog # CHEOO17, # CHEOOO5, # CHEO054, 4A Biotech
Co., Ltd).

2.9 | Statistical analysis

Statistical analyses were performed, and graphs were generated
using the Graphpad Prism 5 (Graphpad Software). The data were re-
ported as the mean + SEM. Significant differences between groups
were evaluated by Mann-Whitney test, unpaired t test and one-way

ANOVA. p < 0.05 was regarded as statistical significance level.

3 | RESULTS

3.1 | The glycolysis was highly activated in OLP
lesions and local T cells

LDHA can guide glucose metabolism into the glycolysis pathway.®
Therefore, the glycolysis in OLP lesion and local T cells was evaluated
by detecting LDHA protein. The diaminobenzidine staining and im-
munostaining data showed that LDHA resided in the cytoplasm and
nuclei of cells (Figure 1). In Figure 1a, the diaminobenzidine staining
was observed in the epithelium of OLP lesions and predominantly
accentuated in the basal layers, where lymphocytes were infiltrated.
For healthy tissues, there was slight staining in the epithelium and
inflammatory cells in connective tissue. The statistical data showed
that OLP lesions had significantly increased MOD values of LDHA
(p = 0.0161). Besides, MOD value of LDHA staining was elevated
in erosive OLP lesions, compared to non-erosive OLP lesions and
healthy tissues (Appendix S4). Immunofluorescent staining showed
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FIGURE 1 LDHA protein was highly expressed in OLP lesions and local T cells. Representative images of immunohistochemical staining
and immunofluorescent staining for LDHA in OLP lesions (n = 12) and normal oral mucosa tissues (n = 10). (A) LDHA immunoreactivity was
observed in the epithelium and infiltrated lymphocytes of OLP lesions. The statistical data were reported using mean optical density (MOD)
of at least three randomly captured fields at x400 magnification. Bar: 100 um for x200, 50 um for x400. (B) Abundant red fluorescence
signals for CD3 overlapped with the green signals for LDHA in OLP lesions. b1: single channel images for DAPI (blue), CD3 (red), LDHA
(green); b2: merged images. Bar: 100 pm for x200
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FIGURE 2 2-DG inhibited glycolysis and mTOR pathway in OLP-derived T cells. OLP-derived T cells were activated with 1 pg/ml anti-
CD3 mAb and 2 pg/ml anti-CD28 mAb for 72 h, then cultured with 1 mM or 5 mM 2-DG for 24 h. 2-DG was dissolved in DMSO. DMSO at a
concentration of 0.1% (v/v) was used as the solvent control. (A) Representative images of immunofluorescent staining for LDHA expression
in T cells. The fluorescence intensity of LDHA was decreased in the 2-DG groups. 5 mM 2-DG group showed a weaker fluorescence than

1 mM 2-DG group. Red: LDHA. Blue: nucleus. Bar: 50 um for x400. (B) Representative images of Western Blot detection for p-mTOR,
mTOR, p-4E-BP1, 4E-BP1, HIF1la and PLD2 expression. Grey-scale analysis revealed that the ratios of p-mTOR/mTOR, p-4E-BP1/4E-BP1,
HIF1a/B-actin and PLD2/p-actin were decreased in 5 mM 2-DG group, rather than in 1 mM 2-DG group. *** p < 0.001
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abundant red signals for CD3 overlapped with the green signals for
LDHA in OLP lesions, confirming that CD3" T cells in OLP lesions
expressed a large number of LDHA protein (Figure 1b).

3.2 | OLP-derived T cells were dependent upon
high glycolysis and mTOR pathway for proliferation

2-DG, a glycolytic inhibitor, was used to study the effects of glyco-
lysis on OLP-derived T cells. At concentrations of 1 and 5 mM, 2-DG
treatment for 24 h visibly decreased the fluorescence intensity of
LDHA in T cells (Figure 2a). 5 mM 2-DG group showed a weaker
fluorescence than 1 mM 2-DG group. These findings indicated that
1 and 5 mM 2-DG could effectively inhibit glycolysis of OLP-derived
T cells. For mTOR pathway, 5 mM 2-DG remarkably downregulated
the ratios of p-mTOR/mTOR, p-4E-BP1/4E-BP1, HIFla/p-actin
and PLD2/p-actin in OLP-derived T cells, while 1 mM 2-DG did not
(p < 0.001, Figure 2b). Meantime, 5 mM 2-DG significantly inhibited
the proliferative activity of OLP-derived T cells, rather than 1 mM
2-DG (p < 0.01, Figure 3a). Taken together, when both glycolysis and
mTOR pathway were inhibited, 2-DG could impede the proliferation
of OLP-derived T cells. Further apoptosis analysis revealed that the
number of apoptotic OLP-derived T cells in 5 mM 2-DG group was
larger than that in DMSO group (p = 0.0005, Figure 3b).

3.3 | 2-DG treatment combined with rapamycin
alleviated T-cell responses, contributing

to the reduced apoptosis of keratinocytes in co-
culture system

In OLP lesions, colloid bodies were seen in basement membrane of
OLP tissues rather than in healthy controls (Appendix S5). Colloid
bodies represented apoptotic keratinocytes, suggesting that ap-
optosis is common in the basal layer of OLP. The mTOR inhibitor
rapamycin was used in combination with 2-DG to investigate the ef-
fects of glycolysis and mTOR pathway on T cell-mediated apoptosis
of keratinocytes. 2-DG and rapamycin both inhibited the expres-
sion of LDHA in OLP-derived T cells, and the combined treatment
showed the strongest inhibitory effects (Figure 4). In co-culture sys-
tem (Figure 5a), keratinocytes that were cultured with OLP-derived
T cells had elevated apoptotic populations compared to ones cul-
tured alone (Figure 5b2 & c2, DMSO T-cell group vs. Blank group,
p < 0.001). 2-DG or rapamycin pretreatment increased the apoptotic
populations in OLP-derived T cells (Figure 5b1 & c1, 2-DG group vs.
DMSO group, p < 0.001; Rap group vs. DMSO group, p < 0.001), cor-
respondingly the apoptosis rates of keratinocytes were decreased
when co-cultured with T cells that were pretreated with 2-DG or ra-
pamycin (Figure 5b2 & c2, 2-DG T-cell group vs. DMSO T-cell group,
p < 0.001; Rap T-cell group vs. DMSO T-cell group, p < 0.001).
Combined treatment of 2-DG and rapamycin resulted in a higher ap-
optosis rate of OLP-derived T cells and lower apoptotic events of ke-
ratinocytes after co-culture (Figure 5b & c). Specifically, 2-DG and/

or rapamycin mainly increased the early apoptosis of T cells, while
T cells predominantly induced the late apoptosis of keratinocytes
(Appendix Sé).

3.4 | IFN-ylevelin co-culture system was
decreased after inhibiting glycolysis and mTOR
pathway in OLP-derived T cells

Cytokines play an important role in T cell-mediated keratinocyte
apoptosis.* Considering the involvement of Th1, Th2 and Th17 cells
in the immunopathogenesis of OLP, the levels of IFN-y, IL-4 and IL-
17 in medium of co-culture system were detected. Results showed
that IFN-y level was increased when keratinocytes were co-cultured
with OLP-derived T cells (Figure 6a), which was corresponded to the
results of apoptotic analysis for T cells and keratinocytes in Figure 5.
When OLP-derived T cells were pretreated with 2-DG or rapamycin,
the IFN-vy levels in co-culture system were decreased, and combined
treatment showed the strongest effects on the IFN-y level. No sig-
nificant change was found in the levels of IL-4 and IL-17 in the co-

culture supernatant (Figure 6b,c).

4 | DISCUSSION

The abnormal metabolic state of T cells interferes in cellular biology
and functions, thereby results in dysfunctional immune responses,
ultimately leads to chronic inflammation in autoimmune diseases,
including systemic lupus erythematosus (SLE) and rheumatoid ar-
thritis (RA).1° It has been reported that CD4* T cells in SLE have
increasing abnormal mitochondria which cause hyperactivated me-
tabolism, and naive T cells in RA undertake the pentose phosphate
pathway and possess anti-glycolysis effects.?%22 |n different T cell-
mediated diseases, metabolic status is different. However, little is
known about metabolic state of T cells in OLP. In this study, data
showed that expression of LDHA was elevated in OLP lesions and
local T cells compared with healthy tissues, which was consistent
the results reported by Shklar that lactic dehydrogenase activity was
elevated in OLP lesions.’® LDHA is a glycolytic enzyme that converts
glucose-derived pyruvate into lactic acid.}® With lactate produc-
tion, NAD" pools would backfill and then maintain glycolytic flux.?®
Therefore, it was demonstrated that glycolysis mediated by LDHA
was hyperactivated in T cells of OLP.

2-DG is considered as an inhibitor of glucose metabolism.
Concretely, 2-DG can be phosphorylated by hexokinase into
2-deoxyglucose-6-phosphate, which cannot continue to be metabo-
lized in the energy payoff phase of glycolysis.24 Competitive nature
of 2-DG over glucose utilization and inaccessibility of phosphory-
lated product into glycolysis can reduce substrates for the glyco-
lytic flux, thus decreasing the production of ATP.2*"2% Intracellular
ATP can active mTOR pathway in a variety of ways.27 Reyes et al.
found that 2-DG induced the depletion of cellular ATP, contributing
to the inhibition of MTOR as well as its downstream 4E-BP1.2° Our
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FIGURE 3 2-DG decreased proliferation and increased apoptosis of OLP-derived T cells. (A) After activation, OLP-derived T cells were
cultured with 1 or 5 mM 2-DG for 24 h for proliferation analysis using CCK-8 reagents. The OD value in 5 mM 2-DG group was lower than
thatin 1 mM 2-DG group and DMSO group. **, p < 0.01. (B) OLP-derived T cells were cultured with 5 mM 2-DG for 24 h for apoptosis
analysis using Annexin V-FITC/PI reagents, and representative images for T-cell apoptosis were shown. The number of Annexin V-positive
cells in 5 mM 2-DG group was larger than that in DMSO group. DMSO at a concentration of 0.1% (v/v) was used as the solvent control group
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FIGURE 4 2-DG and/or rapamycin inhibited LDHA expression in OLP-derived T cells. Representative images of immunofluorescent
staining for LDHA expression. DMSO at a concentration of 0.1% (v/v) was used as the solvent control group. Red: LDHA. Blue: nucleus. Bar:

50 pm for x400

previous findings revealed that the activation of mTOR pathway in T
cells varied with glucose concentration, demonstrating mTOR serves
as an important metabolic sensor.’ Besides, inhibition of mTOR
pathway could reduce the expression of Hifla in T cells,** which is
a major transcriptional regulator of LDHA. Either downregulation
of mTOR or Hifla could lead to the inhibition of LDHA.2%7 In this
study, 2-DG at concentration of 1 and 5 mM both remarkably inhib-
ited the expression of LDHA in OLP-derived T cells, while only 5 mM
2-DG significantly reduced activation of mTOR and 4E-BP1 and ex-
pression of Hifla and PLD2 in OLP-derived T cells. Meanwhile, the
reduced proliferation was observed in OLP-derived T cells treated
with 5 mM 2-DG, rather than 1 mM 2-DG. These findings suggested
that 2-DG could impede the proliferation of OLP-derived T cells
when both glycolysis and mTOR pathway were inhibited, that is,
mTOR pathway might be responsible for the regulation of 2-DG on
T-cell proliferation. In our previous studies, it has been reported that

the phosphorylation of mTOR was higher in T cells of OLP patients

than that in healthy samples.”*® Thus, OLP-derived T cells required
a high concentration of 2-DG to efficiently block the mTOR pathway
and simultaneously enhance the inhibition of glycolysis, thereby im-
peding T-cell proliferation and functions.

IFN-y is an important cytokine from Th1 cells. We found that the
levels of IFN-y in serum and local tissues of OLP were higher than
healthy controls,® and the transcriptional expression of T-bet was
increased in the peripheral and infiltrating T cells of OLP.>%° The in-
duction of T-bet is dependent on IFN-y signalling and critical for Thl
differentiation, contributing to the immunologic dissonance in OLP.%!
Moreover, IFN-y increases CD40 expression on keratinocytes and
promotes these cells releasing chemokines, such as CXCL9, CXCL10
and CXCL11, which may effectively mediate T cells recruitment.3?
CD40-expressed cells in OLP lesions were reported to be relatively
prone to apoptosis.33 Marshall et al. demonstrated that CD154, the
CDA40 ligand, was expressed on T cells in OLP lesions, and positive
cells mainly located near focal areas of epithelial cell damage.®® Thus,
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FIGURE 5 Blocking glycolysis and mTOR pathway in OLP-derived T cells resulted in a reduced apoptotic population of keratinocytes that
were co-cultured with them. (A) The co-culture system was established with OLP-derived T cells and human oral keratinocytes via transwell
inserts. T cells were pretreated with DMSO (at 0.1% v/v), 5 mM 2-DG or 100 nM rapamycin for 24 h. Then, T cells were placed in the upper
compartment with fresh medium; LPS-stimulated keratinocytes were cultured in the lower compartment. They were co-cultured for 24 h

for apoptosis analysis. The co-culture medium was consisted of 500 ul human T-cell robust expansion kit and 500 pl K-SFM. For T cells,

DMSO at a concentration of 0.1% (v/v) was used as the solvent control group. For keratinocytes, cells cultured without T cells were used as a
blank control. (B) Flow cytometry assay was used to detect the apoptosis of OLP-derived T cells and keratinocytes in co-culture system. B1:
representative images for T-cell apoptosis; B2: representative images for keratinocyte apoptosis. (C) The histogram of apoptosis rates of T
cells and keratinocytes in co-culture system. C1: for T cells, the apoptotic populations in 2-DG group and Rap group were larger than DMSO
group, and the apoptotic populations in 2-DG +Rap group were larger than 2-DG group and Rap group. C2: for keratinocytes, the apoptosis
rate was increased in DMSO T-cell group compared to Blank group, while decreased in 2-DG T-cell group and Rap T-cell group compared to
DMSO T-cell group. The apoptosis rate in 2-DG +Rap T-cell group was lower than that in 2-DG T-cell group and Rap T-cell group. *p < 0.05;

**p < 0.01; ***p < 0.001

under the manipulation of IFN-y, peripheral T cells would migrate to

OLP lesions, bind to keratinocy

tosis through ligation between

tes, and mediate keratinocyte apop-
CD40 and CD154. On the contrary,

IFN-vy directly induces morphological changes in epithelial cells from

polygonal shape to fibroblast-like shape, loss of cell-to-cell contact,

E-cadherin overexpression and downregulated Vimentin expres-

sion, which finally results in th

e liquefactive degeneration of basal

keratinocytes in OLP.3* Additionally, IFN-y-inducible CCL27 secre-
tion from keratinocytes is involving in the recruitment of memory T

cells into epithelium, which might be associated with the recurrence

and chronicity of OLP.®® In the present study, keratinocytes that were

co-cultured with OLP-derived T cells had a larger number of apoptotic

populations than ones cultured alone. Besides, IFN-y was highly ex-

pressed in co-culture supernatant of keratinocytes and OLP-derived
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FIGURE 6 IFN-ylevel in co-culture system was decreased after blocking glycolysis and mTOR pathway in OLP-derived T cells. (A,

B, C) ELISA kits were used to detect the levels of IFN-y, IL-4 and IL-17 in co-culture system. IFN-y level was increased in DMSO T-cell
+keratinocyte group compared to keratinocyte group, while decreased in 2-DG T-cell +keratinocyte group and Rap T-cell +keratinocyte
group compared to DMSO T-cell +keratinocyte group. IFN-y level in 2-DG +Rap T-cell +keratinocyte group was lower than that in 2-DG
T-cell +keratinocyte group and Rap T-cell +keratinocyte group. *p < 0.05; **p < 0.01

4

A

Lactate

T cell proliferation
T cell apoptosis

FIGURE 7 Diagram of the role of 2-DG on OLP-derived T cells. OLP T cells are highly dependent upon high glycolysis for proliferation.
2-DG blocking glycolysis leads to the inhibition of mMTOR pathway, which is responsible for the expression of LDHA. T cells treated by 2-DG
have lower LDHA expression and elevated apoptosis, resulting in a reduced apoptotic population of target cells, namely keratinocytes,
which is related to the decreased levels of IFN-y in the microenvironment. Rapamycin enhanced the effects of 2-DG on immune responses
between T cells and keratinocytes
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T cells. Collectively, it was postulated that IFN-y was involved in the
interaction between OLP-derived T cells and keratinocytes.

Glycolysis has been shown to be indispensable for Th1 differen-
tiation and signature cytokine IFN-y production.36 It was shown that
CD4" T cells in the absence of LDHA produced less IFN-y.%” LDHA
promoted IFN-y expression through an epigenetic mechanism of
histone acetylation, indicating a critical role for LDHA-mediated gly-
colysis in promoting Th1 responses.37 Moreover, our previous study
demonstrated that blocking mTOR pathway could diminish LDHA
phosphorylation and reduce T-bet expression in T cells, suggest-
ing that mTOR-dependent glycolytic pathway in T cells might serve
as a metabolic target to regulate Th1 responses.” The current data
showed that IFN-y level was increased when keratinocytes were co-
cultured with OLP-derived T cells. When OLP-derived T cells were
pretreated with 2-DG or rapamycin, the IFN-y levels in co-culture
system were decreased, and combined treatment showed the stron-
gest effects on the IFN-y level. These findings suggested that both
blocking glycolysis and mTOR pathway in OLP-derived T cells could
effectively reduce IFN-y production then weaken the induction for
keratinocyte apoptosis (Figure 7).

In conclusion, OLP-derived T cells might be highly dependent
upon high glycolysis for proliferation. 2-DG treatment combined
with rapamycin might be an option to alleviate T-cell responses,
contributing to the reduced apoptosis of keratinocytes, which was

related to the decreased levels of IFN-y in co-culture system.

ACKNOWLEDGEMENTS

This work was supported by grants from National Natural Science
Foundation of China (No. 81500868 to Jing Zhang, Nos. 81970949
and 81771080 to Gang Zhou).

CONFLICTS OF INTEREST

The authors declared no conflict of interest.

AUTHOR CONTRIBUTION

Fang Wang: Conceptualization (lead); Data curation (lead); Formal
analysis (lead); Investigation (lead); Resources (lead); Validation
(lead); Writing-original draft (lead). Jing Zhang: Conceptualization
(supporting); Funding acquisition (lead); Resources (supporting);
Writing-review & editing (supporting). Gang Zhou: Data curation
(supporting); Funding acquisition (lead); Resources (supporting);
Supervision (supporting); Writing-review & editing (supporting).

DATA AVAILABILITY STATEMENT

Data are available from the corresponding author upon reasonable

request.

ORCID

Gang Zhou " https://orcid.org/0000-0003-4988-0814
REFERENCES

1. Carrozzo M, Porter S, Mercadante V, Fedele S. Oral lichen pla-
nus: a disease or a spectrum of tissue reactions? Types, causes,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

diagnostic algorhythms, prognosis, management strategies.
Periodontol. 2000;2019(80):105-125. 10.1111/prd.12260

Cheng YS, Gould A, Kurago Z, Fantasia J, Muller S. Diagnosis of oral
lichen planus: a position paper of the American Academy of Oral
and Maxillofacial Pathology. Oral Surg Oral Med Oral Pathol Oral
Radiol. 2016;122:332-354. 10.1016/j.0000.2016.05.004

Wang K, Lu W, Tu Q, et al. Preliminary analysis of salivary mi-
crobiome and their potential roles in oral lichen planus. Sci Rep.
2016;6:22943. 10.1038/srep22943

Roopashree MR, Gondhalekar RV, Shashikanth MC, George
J, Thippeswamy SH, Shukla A. Pathogenesis of oral li-
chen planus-a review. J Oral Pathol Med. 2010;39:729-734.
10.1111/j.1600-0714.2010.00946.x

Lu R, Zhou G, Du G, Xu X, Yang J, Hu J. Expression of T-bet and
GATA-3 in peripheral blood mononuclear cells of patients with oral
lichen planus. Arch Oral Biol. 2011;56:499-505. 10.1016/j.archo
ralbio.2010.11.006

Hu JY, Zhang J, Cui JL, et al. Increasing CCL5/CCR5 on CD4+ T cells
in peripheral blood of oral lichen planus. Cytokine. 2013;62:141-
145. 10.1016/j.cyto0.2013.01.020

Kornberg MD. The immunologic Warburg effect: Evidence and
therapeutic opportunities in autoimmunity. Wiley Interdiscip Rev
Syst Biol Med. 2020;12:e1486. 10.1002/wsbm.1486

O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism
for immunologists. Nat Rev Immunol. 2016;16:553-565. 10.1038/
nri.2016.70

Wang F, Zhang J, Zhou G. The mTOR-glycolytic pathway pro-
motes T-cell immunobiology in oral lichen planus. Immunobiology.
2020;225(3):151933-10.1016/j.imbi0.2020.151933

Gaber T, Chen Y, Krauss PL, Buttgereit F. Metabolism of T lympho-
cytes in health and disease. Int Rev Cell Mol Biol. 2019;342:95-148.
10.1016/bs.ircmb.2018.06.002

Phan AT, Goldrath AW. Hypoxia-inducible factors regulate T
cell metabolism and function. Mol Immunol. 2015;68:527-535.
10.1016/j.molimm.2015.08.004

Zeng H, Chi H. mTOR signaling in the differentiation and function
of regulatory and effector T cells. Curr Opin Immunol. 2017;46:103-
111. 10.1016/j.c0i.2017.04.005

Toschi A, Lee E, Thompson S, et al. Phospholipase D-mTOR require-
ment for the Warburg effect in human cancer cells. Cancer Lett.
2010;299:72-79. 10.1016/j.canlet.2010.08.006

Wang F, Zhang J, Zhou G. HIF1alpha/PLD2 axis linked to glycolysis
induces T-cell immunity in oral lichen planus. Biochim Biophys Acta
Gen Subj. 2020;1864:129602. 10.1016/j.bbagen.2020.129602
Zhang N, Zhang J, Tan YQ, Du GF, Lu R, Zhou G. Activated
Akt/mTOR-autophagy in local T cells of oral lichen planus. Int
Immunopharmacol. 2017;48:84-90. 10.1016/j.intimp.2017.04.016
Shklar G. Lactic dehydrogenase activity in oral lichen planus le-
sions. J Invest Dermatol. 1965;45:220-226. 10.1038/jid.1965.120
Cohen S, Danzaki K, Maclver NJ. Nutritional effects on T-cell immu-
nometabolism. Eur J Immunol. 2017;47:225-235. 10.1002/€ji.20164
6423

Klein Geltink RI, Kyle RL, Pearce EL. Unraveling the complex inter-
play between T cell metabolism and function. Annu Rev Immunol.
2018;36:461-488. 10.1146/annurev-immunol-042617-053019

Fu J, ShiH, Wang B, et al. LncRNA PV T1 links Myc to glycolytic me-
tabolism upon CD4(+) T cell activation and Sjogren's syndrome-like
autoimmune response. J Autoimmun. 2019;107:102358. 10.1016/j.
jaut.2019.102358

Choi SC, Titov AA, Sivakumar R, Li W, Morel L. Immune cell me-
tabolism in systemic lupus erythematosus. Curr Rheumatol Rep.
2016;18:66. 10.1007/511926-016-0615-7

Sharabi A, Tsokos GC. T cell metabolism: new insights in systemic
lupus erythematosus pathogenesis and therapy. Nat Rev Rheumatol.
2020;16:100-112. 10.1038/s41584-019-0356-x


https://orcid.org/0000-0003-4988-0814
https://orcid.org/0000-0003-4988-0814
https://doi.org/10.1111/prd.12260
https://doi.org/10.1016/j.oooo.2016.05.004
https://doi.org/10.1038/srep22943
https://doi.org/10.1111/j.1600-0714.2010.00946.x
https://doi.org/10.1016/j.archoralbio.2010.11.006
https://doi.org/10.1016/j.archoralbio.2010.11.006
https://doi.org/10.1016/j.cyto.2013.01.020
https://doi.org/10.1002/wsbm.1486
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1016/j.imbio.2020.151933
https://doi.org/10.1016/bs.ircmb.2018.06.002
https://doi.org/10.1016/j.molimm.2015.08.004
https://doi.org/10.1016/j.coi.2017.04.005
https://doi.org/10.1016/j.canlet.2010.08.006
https://doi.org/10.1016/j.bbagen.2020.129602
https://doi.org/10.1016/j.intimp.2017.04.016
https://doi.org/10.1038/jid.1965.120
https://doi.org/10.1002/eji.201646423
https://doi.org/10.1002/eji.201646423
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1016/j.jaut.2019.102358
https://doi.org/10.1016/j.jaut.2019.102358
https://doi.org/10.1007/s11926-016-0615-7
https://doi.org/10.1038/s41584-019-0356-x

WANG ET AL.

Wi LEYJﬂ

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Weyand CM, Zeisbrich M, Goronzy JJ. Metabolic signatures of T-
cells and macrophages in rheumatoid arthritis. Curr Opin Immunol.
2017;46:112-120. 10.1016/j.c0i.2017.04.010

Almeida L, Lochner M, Berod L, Sparwasser T. Metabolic path-
ways in T cell activation and lineage differentiation. Semin Immunol.
2016;28:514-524. 10.1016/j.smim.2016.10.009

Laussel C, Léon S. Cellular toxicity of the metabolic inhibitor
2-deoxyglucose and associated resistance mechanisms. Biochem
Pharmacol. 2020;182:114213. 10.1016/j.bcp.2020.114213

Reyes R, Wani NA, Ghoshal K, Jacob ST, Motiwala T. Sorafenib
and 2-deoxyglucose synergistically inhibit proliferation of both
sorafenib-sensitive and -resistant HCC cells by inhibiting ATP
production. Gene Expr. 2017;17:129-140. 10.3727/105221616X
693855

Ingram DK, Roth GS. Glycolytic inhibition: an effective strat-
egy for developing calorie restriction mimetics. Geroscience.
2021;43(3):1159-1169. 10.1007/s11357-020-00298-7

Ye J. Mechanism of insulin resistance in obesity: a role of ATP. Front
Med. 2021;15(3):372-382. 10.1007/5s11684-021-0862-5
Koukourakis MI, Giatromanolaki A, Sivridis E, et al. Lactate dehy-
drogenase-5 (LDH-5) overexpression in non-small-cell lung cancer
tissues is linked to tumour hypoxia, angiogenic factor produc-
tion and poor prognosis. Br J Cancer. 2003;89:877-885. 10.1038/
sj.bjc.6601205

Broecker-Preuss M, Becher-Boveleth N, Bockisch A, Diihrsen U,
Muiller S. Regulation of glucose uptake in lymphoma cell lines by c-
MYC- and PI3K-dependent signaling pathways and impact of glyco-
lytic pathways on cell viability. J Transl Med. 2017;15:158. 10.1186/
s12967-017-1258-9

Enomoto A, Sato E, Yasuda T, Isomura T, Nagao T, Chikazu D.
Intraepithelial CD8+ lymphocytes as a predictive diagnostic
biomarker for the remission of oral lichen planus. Hum Pathol.
2018;74:43-53. 10.1016/j.humpath.2017.12.008

Banerjee A, Schambach F, DeJong CS, Hammond SM, Reiner SL.
Micro-RNA-155 inhibits IFN-gamma signaling in CD4+ T cells. Eur J
Immunol. 2010;40:225-231. 10.1002/€ji.200939381

Marshall A, Celentano A, Cirillo N, McCullough M, Porter S.
Tissue-specific regulation of CXCL9/10/11 chemokines in

33.

34.

35.

36.

37.

keratinocytes: Implications for oral inflammatory disease. PLoS
One. 2017;12:e0172821. 10.1371/journal.pone.0172821

Marshall A, Celentano A, Cirillo N, Mirams M, McCullough M,
Porter S. Immune receptors CD40 and CD86 in oral keratinocytes
and implications for oral lichen planus. J Oral Sci. 2017;59:373-382.
10.2334/josnusd.16-0334

Liu Y, Liu G, Liu Q, et al. The cellular character of liquefaction de-
generation in oral lichen planus and the role of interferon gamma. J
Oral Pathol Med. 2017;46:1015-1022. 10.1111/jop.12595

Marshall A, Celentano A, Cirillo N, McCullough M, Porter S. Oral
keratinocytes synthesize CTACK: a new insight into the patho-
physiology of the oral mucosa. Exp Dermatol. 2018;27:207-210.
10.1111/exd.13471

Shi LZ, Wang R, Huang G, et al. HIF1alpha-dependent glycolytic
pathway orchestrates a metabolic checkpoint for the differen-
tiation of TH17 and Treg cells. J Exp Med. 2011;208:1367-1376.
10.1084/jem.20110278

Peng M, Yin N, Chhangawala S, Xu K, Leslie CS, Li MO. Aerobic
glycolysis promotes T helper 1 cell differentiation through an epi-
genetic mechanism. Science. 2016;354:481-484. 10.1126/scien
ce.aaf6284

SUPPORTING INFORMATION

Additional supporting information may be found in the online ver-

sion of the article at the publisher’s website.

How to cite this article: Wang F, Zhang J, Zhou G. 2-Deoxy-
D-glucose impedes T cell-induced apoptosis of keratinocytes
in oral lichen planus. J Cell Mol Med. 2021;25:10257-10267.
doi:10.1111/jcmm.16964



https://doi.org/10.1016/j.coi.2017.04.010
https://doi.org/10.1016/j.smim.2016.10.009
https://doi.org/10.1016/j.bcp.2020.114213
https://doi.org/10.3727/105221616X693855
https://doi.org/10.3727/105221616X693855
https://doi.org/10.1007/s11357-020-00298-7
https://doi.org/10.1007/s11684-021-0862-5
https://doi.org/10.1038/sj.bjc.6601205
https://doi.org/10.1038/sj.bjc.6601205
https://doi.org/10.1186/s12967-017-1258-9
https://doi.org/10.1186/s12967-017-1258-9
https://doi.org/10.1016/j.humpath.2017.12.008
https://doi.org/10.1002/eji.200939381
https://doi.org/10.1371/journal.pone.0172821
https://doi.org/10.2334/josnusd.16-0334
https://doi.org/10.1111/jop.12595
https://doi.org/10.1111/exd.13471
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1126/science.aaf6284
https://doi.org/10.1126/science.aaf6284
https://doi.org/10.1111/jcmm.16964

