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Abstract

NAD(P)H quinone oxidoreductase 1 (NQO1) is a flavoprotein that catalyzes two-electron

reduction of quinone to hydroquinone by using nicotinamide adenine dinucleotide

(NADPH), and functions as a scavenger for reactive oxygen species (ROS). The function

of NQO1 in the immune response is not well known. In the present study, we demon-

strated that Nqo1-deficient T cells exhibited reduced induction of T helper 17 cells (Th17)

in vitro during Th17(23)- and Th17(β)- skewing conditions. Nqo1-deficient mice showed

ameliorated symptoms in a Th17-dependent autoimmune Experimental autoimmune

encephalomyelitis (EAE) model. Impaired Th17-differentiation was caused by overproduc-

tion of the immunosuppressive cytokine, IL-10. Increased IL-10 production in Nqo1-defi-

cient Th17 cells was associated with elevated intracellular Reactive oxygen species

(ROS) levels. Furthermore, overproduction of IL-10 in Th17 (β) cells was responsible for

the ROS-dependent increase of c-avian musculoaponeurotic fibrosarcoma (c-maf)

expression, despite the lack of dependency of c-maf in Th17(23) cells. Taken together, the

results reveal a novel role of NQO1 in promoting Th17 development through the suppres-

sion of ROS mediated IL-10 production.

Introduction

T helper 17 cells (Th17) are defined as interleukin-17 (IL-17)-producing cells which are impor-

tant for the defense against extracellular bacteria. They are also involved in the pathogenesis of

various autoimmune diseases [1]. Th17 cells could be subdivided into inflammatory Th17

(described as Th17(23)) cells and suppressive Th17 (described as Th17(β)) cells, resulting from

exposure to IL-6 + IL1β + IL-23, or IL-6 + transforming growth factor-beta (TGFβ) [2, 3],

respectively. The Th17(23) cells are involved in the pathogenesis of rheumatoid arthritis,
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multiple sclerosis, and inflammatory bowel disease, whereas Th17(β) cells can suppress disease

symptoms by IL-10 production [4].

IL-10 is a robust immunosuppressive cytokine, which inhibits the development, growth,

and function of various immune cells [5–8]. It also regulates the mucosal immune response

against gut microbes to promote the homeostasis of mucosal immunity. Various innate and

adaptive immune cells such as Th1, Th2, Th17(β), Tr1, Treg, dendritic cells, and macro-

phages have a capacity to produce IL-10. Transcription of the Il-10 gene is regulated by vari-

ous cell-specific transcription factors, such as signal transducer and activator of

transcription 4 (STAT4), nuclear factor of activated T-cells (NFAT), and B-lymphocyte-

induced maturation protein 1 (Blimp1) in Th1 cells, STAT6 and basic leucine zipper ATF--

Like transcription factor (BATF) in Th2 cells, STAT3 and aryl hydrocarbon receptor (AhR)

and Blimp1 in Th17 cells, and Blimp1 in regulatory T (Treg) cells [9–12]. The transcription

factor, c-avian musculoaponeurotic fibrosarcoma (c-maf), is involved in many T cell types

[10, 12]. Expression of c-maf is strongly induced in Th17(β), iTreg, and Type 1 regulatory

cells (Tr1), but not in Th17(23) cells [13]. The transcription factor c-maf plays multiple roles

in Th17 cells. For example, it induces IL-10 production, promotes RAR-related orphan

receptor gamma (RORγt) expression, and inhibits IL-22 and interferon gamma (IFNγ)

expression [14].

Reactive oxygen species (ROS) are generated as by-products of various metabolic processes

and are highly reactive, causing harm to cells. However, low concentrations of ROS are recog-

nized as an important second messenger in various signal transduction pathways. In T cells, T

cell receptor (TCR) stimulation, as well as the metabolic shift upon differentiation and activa-

tion, induces ROS generation to regulate function and differentiation. Accordingly, ROS is

reported to modulate Th17 differentiation [15–18]. However, the impacts of ROS on Th17 cell

differentiation are controversial and unclear.

Intracellular concentrations of ROS are strictly regulated and homeostatically maintained

by several antioxidants and antioxidative enzymes, such as glutathione and superoxide dismut-

ase (SOD) [19]. Among antioxidative enzymes, NAD(P)H quinone oxidoreductase 1 (NQO1)

has unique characteristics to scavenge ROS by multiple mechanisms. Besides direct reduction

of ROS [20], NQO1 indirectly reduces ROS via reducing antioxidants such as Vitamin E [21].

Additionally, NQO1 reduces quinone to hydroquinone without formation of semiquinone,

which induce ROS production, resulting in the suppression of ROS production [21]. The

expression of NQO1 is induced by drug metabolisms and stress reactions by transcription fac-

tors, such as NF-E2-related factor 2 (Nrf2) and AhR [21, 22]. We have studied the function of

NQO1 in the immune system and discovered a novel function of NQO1 in macrophages and

dendritic epidermal T cells [23, 24]. Involvement of some antioxidative enzymes such as Gpx

in Th17 differentiation has been reported [18], however, analysis of the function of NQO1, a

unique antioxidative enzyme would shed light on comprehensive understanding of the effect

of ROS signaling on Th17 differentiation.

In the present study, we focused on the function of NQO1 on Th17 differentiation and

found that NQO1 modulates Th17 differentiation. NQO1 was highly expressed in Th17 cells

and inhibited ROS accumulation. In the absence of NQO1 in T cells, intracellular ROS was

increased upon activation and accumulated ROS led to overproduction of IL-10, resulting in

the suppression of Th17 differentiation. In Th17(β) cells, ROS-dependent overproduction of

IL-10 was c-maf-dependent, whereas it was independent of c-maf in Th17 (23) cells. Collec-

tively, we identified a novel role of NQO1 in Th17 cell differentiation and demonstrated the

involvement of NQO1 in acquired immunity.
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Materials & methods

Mice

C57BL/6J mice were purchased from SLC Japan (Shizuoka, Japan). Recombination activating
gene2 (RAG2)-deficient mice were purchased from Jackson Laboratory. Nqo1 KO mice

(C57BL/ 6J background) were provided by A.K. Jaiswal (University of Maryland, Baltimore)

[25]. c-maf Flox mice (C57BL/6J background) were provided by S. Takahashi (University of

Tsukuba, Japan). Il-10 venus reporter mice were provided by K. Takeda (Osaka University,

Japan) [26]. All mice were housed under specific pathogen-free conditions in our animal facil-

ity. Anesthesia was used each time to reduce pain for mice. All mice experiments (6–12 week

of age) were performed by skilled staffs under protocols approved by the Animal Care and Use

Committee of the National Center for Global Health Medicine Research Institute (No.21050).

Induction of active and adoptive EAE and disease analysis

Four to five female B6J WT or Nqo1-deficient mice were injected subcutaneously in the back

with 200 μg CFA-MOG mixture which premixed MOG (35–55) (BEX) with an equal volume

of complete Freund’s adjuvant (DIFCO) containing of H37RA (BD Biosciences, San Jose, CA,

USA). These mice were injected with 200 μg/ml Pertussis toxin i.p. (Merck Millipore, Burling-

ton, MA, USA) in PBS on days 0 and 2. To examine infiltrating cells into the central nervous

system, spinal cord and brain were collected from mice perfused with physiological saline con-

taining heparin under anesthesia. For adoptive transfer EAE, CD4+ T cells were harvested

from donor mice at peak of disease (days 21). These cells were cultured in the presence of

MOG antigen under the Th17 (23) condition for 3 days. These cells were injected into recipi-

ent Rag2-deficient mice i.v. at 10 million cells /mice. Clinical score follows; 0: normal, 1: Par-

tially limp tail, 2: Complete limp tail, 3: Partial hind limb paralysis, 4: Complete hind limb

paralysis, 5: Moribund state (euthanasia), 6: death. Clinical score and animal health were mon-

itored once every two days. Mice were euthanized at end of experiments (at 23–30 days), or at

the humane endpoints defined by> 20% loss in maximal body weight, or appearance of gen-

eral paralysis symptoms.

ELISA

The concentrations of mouse IL-10, IL-17A, IL-17AF and IL-22 from supernatants of the cul-

ture media were measured by means of ELISA according to the manufacturer’s instructions

(eBioscience, San Diego, CA, USA).

Quantitative mRNA analysis

Total RNA was extracted from cells by using the RNeasy Mini kit (Qiagen) and reverse tran-

scribed with ReverTra Ace qPCR RT Master Mix (TOYOBO, Japan). Real-time PCR was per-

formed with the SYBR Premix ExTaq (TaKaRa, Japan) and StepOne Real-Time PCR System

(Thermo Fisher, USA). All RT-PCR experiments were normalized with the internal control

Gapdh. Relative mRNA levels were calculated using a standard curve of a total cDNA dilution

series starting with an arbitrary number and using the CFX384 software. The following prim-

ers were used: Gapdh, sense 50- AACTTTGGCATTGTGGAAGG, antisense 50-GGATGCAGG
GATGATGTTCT; Nqo1, sense 5’-TAGTCCCAGTTAGATGGCATCC, antisense 50-CTCGG
CCATTGTTTACTTTG; c-maf, sense 5’-TGGAGATCTCCTGCTTGAGG, antisense 5’- TGA
CACCTTACAAAACCCGGA; Catalase, sense 5’-AGCGACCAGATGAAGCAGTG, antisense 5’-
TCCGCTCTCTGTCAAAGTGTG; Sod1, sense 5’-AACCAGTTGTGTTGTCAGGAC, antisense

5’-CCACCATGTTTCTTAGAGTGAGG; Sod2, sense 5’-CAGACCTGCCTTACGACTATGG,
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antisense 5’-CTCGGTGGCGTTGAGATTGTT; Gpx1, sense 5’-AGTCCACCGTGTATGC
CTTCT, antisense 5’-GAGACGCGACATTCTCAATGA; Gpx2, sense 5’-GCCTCAAGTAT
GTCCGACCTG, antisense 5’-GGAGAACGGGTCATCATAAGGG. The amplification reaction

was performed as follows: 30 seconds at 95 ˚C, followed by 40 cycles of denaturation (5 s at 95

˚C), primer annealing, and extension (30 s at 60 ˚C), followed by melting curve analysis.

Naïve CD4+ T cell preparation and T cell differentiation

Naïve CD4+ T cells were enriched from splenocytes using negative selection for depletion of

B220, CD8α, CD11b, CD11c, CD25, CD44, TER119, Ly6G, NK1.1 positive cells. And then,

CD62L+ cells were isolated from B220-, CD8α -, CD11b-, CD11c-, CD25-, CD44-, TER119-,

Ly6G-, NK1.1- fraction using CD62L MicroBeads and MACS MS column and MACS separa-

tor (Miltenyi Biotec). This fraction was CD4+ CD62Lhi naïve T cells and was confirmed to

be> 90% pure population by flow cytometry before use.

Cell culture

For Th17 cell differentiation, 2.5 x 105 isolated naïve CD4+ T cells were cultured with plate

bound 2 μg/ml anti-CD3 (Biolegend, USA) and 2 μg/ml soluble anti-CD28 (Biolegend,) for 3

days. The following cytokine mixes were added to skew each subset.

Th17(β): 2 ng/ml TGF-β (R&D systems, Minneapolis, MN, USA), 20 ng/ml IL-6

(Biolegend,).

Th17(23): 20 ng/ml IL-1β (Biolegend,), 20 ng/ml IL-6 (Biolegend,), 25 ng/ml IL-23 (R&D

systems, USA).

Cell analysis

For cell-surface staining and intracellular staining, the following Abs were used: anti-IL-17A

(Tc11-18H10.1), anti-IL-10R (1B1.3a), anti-RORγt (B2D), anti-CD4 (RM4-5), anti-CD8 (53–

6.7), anti-c-maf (Sym0F1), and anti-Foxp3 (150D). All Abs were purchased from BioLegend or

eBioscience.

The transcription staining was performed with Foxp3 staining kit (eBioscience), according

to the manufacturer’s protocol. For, cytokine analysis, cultured cells were stimulated phorbol

12-myristate 13-acetate (PMA), ionomysin, and brefeldin A (BFA) for 4 h at 37˚C and fixed

with 4% paraformaldehyde for 30 minutes, permeabilized with 1x permeabilized buffer

(eBioscience).

FACS analysis was performed using a FACS Canto II (BD Biosciences) and the data were

analyzed with Flow Jo software, version 10.2.

Analysis of ROS

For the depletion of ROS, NAC (N-acetyl cysteine) was dissolved in DDW at 1 M and added

into the cell culture media at a final concentration of 5 mM.

For detection of oxidative stress, three types of ROS detection probes, DCFDA (ENZO life

science, USA), DHE (Cayman, USA), and mitochondrial ROS detection kit (Cayman), were

used.

Statistical analysis

Data were analyzed with Graphpad Prism software. Statistical signified were assessed by an

unpaired Student’s t test or one-way ANOVA with multiple comparisons. P-values <0.05 were

considered statistically significant. Data are presented as means ±SE.
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Results

NQO1 promotes Th17 polarization in vitro
First, we analyzed the expression of Nqo1 mRNA in induced Th17 cells, which were differenti-

ated from naïve CD4+CD62Lhi T cells in vitro. As shown in Fig 1A, Nqo1 was highly expressed

Fig 1. NQO1 promotes Th17 differentiation in vitro. Isolated CD4+ CD62Lhi naïve T cells were stimulated with anti-CD3 (2 μg/ml)

and anti-CD28 (2 μg/ml) antibodies and cultured with Th17(β) (stimulated with IL-6 +TGFβ) and Th17(23) (stimulated with IL-1β
+IL-6 +IL-23) skewing conditions for 3 days. (A) Real-time PCR analysis of Nqo1 gene expression in WT (n = 3). (B) IL-17A and IL-

22 production in the cell culture supernatant was measured by ELISA. (n = 5) (C) On days 3, the differentiated cells were stimulated

with PMA, Ionomycin, and BFA for 4 h. The plot indicates frequencies of CD4+ IL-17A+ T cells (n = 3). (D) Histogram showing

internal staining of CD4+ RORγt+ expression (n = 3). Each graph indicates the mean ± SE, One way ANOVA.

https://doi.org/10.1371/journal.pone.0272090.g001
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in Th17(β) cells (induced with TGFβ + IL-6) and Th17(23) cells (induced with IL-1β + IL-6

+ IL-23) compared with Th0 cells (TCR stimulation without cytokines). We examined the

effect of NQO1 on Th17 differentiation in vitro. Induction of both Th17(β) and Th17(23)

from naïve CD4+ T cells after 3 days of culture was significantly suppressed in Nqo1-deficinent

T cells as determined by internal IL-17A staining and secretion of IL-17A and IL-17AF into

the culture media (Fig 1B and 1C). Proliferation and absolute number of cultured Th17 cells

were comparable between Nqo1-deficient and WT cells (S1 Fig). The production of IL-22,

which is typically produced by Th17 cells, was also reduced in Nqo1-deficient Th17(23) cells

(Fig 1B, right panel). Expression of Foxp3 was not changed in these cells (S1 Fig). Consistently,

induction of RORγt expression, an essential transcription factor for Th17 differentiation, was

markedly inhibited in Nqo1-deficient T cells (Fig 1D). These data indicated the involvement of

NQO1 in Th17 development.

NQO1 deficiency upregulated the production of IL-10

IL-10 is known to suppress IL-17 production and RORγt expression, resulting in the inhibition

of Th17 differentiation [5–7]. We hypothesized that Nqo1 deficiency promotes IL-10 produc-

tion which inhibits Th17 differentiation. As shown in Fig 2A, the amount of IL-10 produced

under Th17(β)- and Th17(23)-inducing culture conditions was significantly increased in

Nqo1-deficient cells. The increased frequency of IL-10 producing cells in Nqo1-deficient CD4+

T cells was confirmed by flow cytometry utilizing IL-10 reporter mice (Fig 2B) [26].

Fig 2. NQO1 promotes Th17 differentiation by inhibiting IL-10 production. (A, C) Purified naïve CD4+ T cells from WT, Nqo1 KO,

Il-10 KO, or Nqo1/Il-10 double knock-out were stimulated with anti-CD3/CD28 antibody in each differentiation conditions for 3 days.

Cytokines secreted into the cell culture supernatant were measured by ELISA (n = 4–8). (B) Naïve CD4+ T cells from Il-10 venus reporter

mice, and Nqo1 KO/Il-10 venus reporter mice were differentiated into Th17 (β) or Th17 (23) cells (n = 3). The ratio of IL-10 expressing

CD4+ cells cultured under each condition for 3 days was determined. Data are representative of three independent experiments. Graphs

indicate the mean ± SE, One way ANOVA.

https://doi.org/10.1371/journal.pone.0272090.g002
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To confirm the dependency of IL-10 on NQO1-mediated suppression of Th17 differentia-

tion, we generated double knock-out mice that were deficient in Nqo1 and Il-10. As shown in

Fig 2C, the introduction of Il-10 deficiency into Nqo1 knock-out T cells successfully restored

reduced IL-17A production in both Th17(β) and Th17(23) cells. These results indicated that

Nqo1 deficiency enhanced IL-10 production and concomitantly suppressed Th17

differentiation.

NQO1 plays a crucial role in Th17 differentiation in vivo
As has been reported, development of T cells in Nqo1-deficienct mice was normal [27], there-

fore the frequency of IL-17+, RORgt+, or Foxp3+ CD4+ T cells in spleen and mesenteric lymph

node was not altered in Nqo1-deficienct mice (S2 Fig). To investigate the effect of NQO1 on

Th17 induction in vivo, Nqo1-deficient mice were examined by an autoimmune Experimental

autoimmune encephalomyelitis (EAE) model, in which pathogenesis is dependent upon Th17

cells. As we expected, Nqo1-deficient mice exhibited a significant decrease in disease severity

(Fig 3A), which is consistent with reduced Th17 induction observed in vitro (Fig 1). In addi-

tion, the incidence of active EAE induction in Nqo1-deficient mice was nearly 60%, despite the

100% incidence in wild-type mice (Fig 3B). Then, infiltrated cells in the central nervous system

(CNS) were analyzed. As shown in Fig 3C, absolute number of CNS infiltrating CD4+ T cells,

as well as IL-17 producing, IFNγ producing, and IL-17/IFNγ double producing CD4+ T cells

were strongly reduced in Nqo1-deficient animals (Fig 3C). In addition, IL-17 production of

splenic CD4+ T cells from these EAE mice by re-stimulation with MOG peptide in vitro was

significantly reduced in Nqo1-deficient mice (Fig 3D). Collectively, these results suggested the

involvement of NQO1 in Th17 differentiation in vivo.

To examine the T cell intrinsic function of NQO1, we next performed an adoptive transfer

EAE experiment. CD4+ T cells from the spleens of EAE-induced mice were stimulated with

MOG antigen and Th17(23) -skewing cytokines in vitro. These activated CD4+ T cells were

transferred into Rag2-deficient mice (Fig 3E). As shown in Fig 3F, the adoptive transfer EAE

experiments revealed essentially the same results of active EAE. Furthermore, these amelio-

rated symptoms in Nqo1-deficient mice were dependent upon IL-10, because double knock-

out mice for NQO1 and IL-10 restored the clinical scores and disease incidence to that of wild-

type mice (Fig 3F). That is, transfer of Nqo1-deficient CD4+ T cells exhibited a reduced clinical

score, whereas Nqo1/Il-10 DKO exhibited a recovered score. Collectively, these results indi-

cated that NQO1 regulates the Th17-related immune response in vivo.

Accumulation of ROS in Nqo1-deficient T cells augments IL-10 production

The amount of ROS is controlled by antioxidants and antioxidative enzymes, such as SOD,

Gpx, and NQO1, to maintain an optimum concentration [19–21]. Therefore, the absence of

NQO1 would increase ROS accumulation. We examined the total H2O2 levels in Nqo1-defi-

cient Th17 cells in 24 hours after activation by 2’,7’-dichlorofluorescin diacetate (DCFDA)

staining. At the same time, total superoxide (O2
-�) levels were examined by dihydroethidium

(DHE) staining. As expected, we observed increased total ROS in Nqo1-deficient Th17 cells

(Fig 4A and 4B). On the contrary, mitochondrial ROS (mtROS) levels, measured by Mitochon-

drial ROS detection kit (Cayman) was unchanged between wild-type and Nqo1-deficient T

cells (Fig 4C). Therefore, accumulated ROS in Nqo1-deficient Th17 cells should be cytosolic

ROS. To exclude the possibility of compensatory increase of other antioxidative enzymes, we

measured mRNA expression of various other antioxidative enzymes in Nqo1-deficient T cells,

resulting in unaltered expressions (Fig 4D).
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Fig 3. Nqo1 deficiency ameliorates EAE severity depend on IL-10. (A, B) The graph shows clinical scores and induction ratio for EAE in

WT, Nqo1 KO mice after immunization with a MOG-CFA mixture and p-toxin. Mice were sacrificed under anesthesia at end of

experiment (n = 4). (C) Absolute numbers of CNS infiltrating cells were analyzed. Total CD4+ cells are presented in left panel and IL-17

expression CD4+ cells are shown in right panel (n = 4). (D) Splenocytes from immunized mice were re-stimulated with 50 μM MOG

peptide for 72 h. Frequencies of CD4+ IL-17+, IFNγ+ cells (%) were measured by FACS (n = 4). (E, F) The graph indicates clinical scores

for adoptive transfer EAE in recipient mice (n = 5). Mice were sacrificed under anesthesia at 23 days (end of experiment) or at the humane

endpoints. Data are representative of three independent experiments. Graphs indicate the mean ± SE. (A-C) Unpaired student T-test,

(D-F) One way ANOVA.

https://doi.org/10.1371/journal.pone.0272090.g003
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Since ROS induces IL-10 production in human and murine macrophages [28, 29], we

hypothesized that the accumulated ROS induces augmented IL-10 production in Nqo1-defi-

cient Th17 cells. Thus, we tested the effect of the antioxidant, N-acetyl-cysteine (NAC),

which inhibits ROS accumulation on the production of IL-10 in Nqo1-deficient Th17 cells.

As shown in Fig 4E, NAC treatment decreased IL-10 production in Nqo1-deficient T cells

compared to that of the wild-type T cells. Additionally, addition of NAC partially recovered

Fig 4. NQO1 inhibits IL-10 production by regulating ROS. (A-C) Naïve CD4+ T cells from Nqo1 KO and WT mice were differentiated

into Th0, Th17(β), and Th17(23) cells with the indicated cytokines for 1 day. Cells were loaded with the ROS indicator, DCFDA, DHE, or

mtROS detecting reagent and the fluorescence intensities were detected by flow cytometry (n = 3). (D) IL-10 secretion in the cell culture

supernatant with or without NAC (5 mM) as measured by ELISA (n = 4). (D) The expressions of a lot of antioxidative enzymes were

measured by RT-PCR (n = 4). These graphs indicate the mean ± SE, One way ANOVA.

https://doi.org/10.1371/journal.pone.0272090.g004
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the reduced IL-17 production in Nqo1-deficient Th17 cells (S3 Fig). Collectively, these results

indicated that ROS accumulation in Nqo1-deficient T cells is responsible for the increased

production of IL-10.

Increased IL-10 production is dependent on c-maf in Nqo1-deficient Th17

(β) cells, but not in Th17(23) cells

Transcriptional regulation of IL-10 gene has been extensively studied and the leucine zipper

transcription factor, c-maf, is known to play a pivotal role in IL-10 gene transcription in CD4+

T cells [8, 9, 11], which is reduced by depletion of c-maf [30]. Therefore, we next focused on

the expression of c-maf in Nqo1-deficient T cells. As shown in Fig 5A, the expression of c-maf
was markedly induced in Th17(β) cells, whereas Nqo1 deficiency accelerated its expression.

Consistent with previous reports [13], c-maf was not expressed in Th17(23) cells and its

expression was not increased even in the absence of Nqo1. Therefore, we determined whether

Fig 5. NQO1 inhibits IL-10 production by controlling c-maf upregulation by ROS in Th17(β) cells. (A) Isolated naïve CD4+ T

cells from Nqo1KO or WT mice stimulated with Th0, Th17(β), and Th17(23) skewing cytokine conditions for 3 days. The expression

of c-maf was determined by RT-PCR (n = 5). (B) Naïve CD4+ T cells from CD4cre/+ or c-mafFlox/Flox, CD4cre/+ mice were

differentiated into Th0, Th17(β), or Th17(23) cells for 3 days. Secreted IL-10 in the cell culture supernatant was measured by ELISA

(n = 4). (C) Naïve CD4+ T cells from CD4cre/+ or Nqo1 KO, CD4cre/+ or c-mafFlox/Flox, CD4cre/+ or Nqo1 KO, c-mafFlox/Flox, CD4cre/+

mice were cultured in Th17(β) skewing conditions for 3 days. The secretion of IL-10 in the supernatant was measured by ELISA

(n = 5). (D) c-maf gene expression with or without the antioxidant NAC (5 mM) was measured by RT-PCR (n = 4). Graphs indicate

the mean ± SE, One way ANOVA.

https://doi.org/10.1371/journal.pone.0272090.g005
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c-maf-induced IL-10 expression was evident in Th17(β) cells. Consistent with a previous

report [30], the production of IL-10 was decreased in c-maf-deficient Th17(β) cells (Fig 5B).

From these results, we hypothesized that increased c-maf expression is responsible for IL-10

overproduction in Nqo1-deficient Th17(β) cells. To test this idea, we established Nqo1 and c-

maf (Nqo1 KO, Cd4cre/+, c-maf F/F) double knock-out mice. As shown in Fig 5C, c-maf defi-

ciency in Nqo1-deficient T cells successfully canceled the increased IL-10 production observed

in Nqo1-deficient Th17(β) cells. From these results, increased IL-10 production in Nqo1-defi-

cient Th17(β) cells was dependent on c-maf expression. Next, we examined the relationship

between c-maf and ROS, because both are required for the overexpression of IL-10 in Nqo1-

deficient Th17(β) cells. We determined the effect of NAC on c-maf induction in Th17(β) cells.

As shown in Fig 5D, NAC treatment successfully canceled increased induction of c-maf in

Nqo1-deficient Th17(β) cells. Collectively, in Th17(β) cells, Nqo1 deficiency caused ROS accu-

mulation to increase c-maf expression, leading to enhanced transcription of IL-10. In contrast,

in the case of Th17(23) cells, ROS-induced IL-10 overproduction occurred in a c-maf-inde-

pendent manner.

Discussion

NQO1 functions as a ROS scavenger and its expression is induced by various environmental

stimuli [20]. When effector T cells differentiate from naïve T cells, an enormous amount of

ROS is generated by stimulation with TCR and cytokines such as IL-6 [31]. Indeed, ROS was

accumulated in Th17(β), Th17(23) cells, however, Nqo1 was induced concomitantly (Fig 1A),

resulted in depletion of excess amount of ROS (Fig 4A and 4B). Upon stimulation, elevated

ROS augments c-maf expression to accelerate IL-10 production resulting in the suppression of

Th17 differentiation in Th17(β) cells. On the other hand, the same TCR/cytokine-stimulation

simultaneously upregulates expression of NQO1, which counteract this ROS/c-maf/IL-10 axis

by scavenging ROS. NQO1 acts as an upstream negative regulator against c-maf, and thus it

may contribute to accelerate or maintain Th17-mediated inflammation.

IL-10 is a suppressive cytokine and is capable of inhibiting differentiation and function of

various immune effector cells. A lot of studies reported that IL-10 deficient mice showed

enhanced Th17 responses in vivo [6, 32, 33]. Accordingly, we observed accelerated EAE

responses in IL-10 deficient mice (Fig 3F). However, IL-10-deficient Th17 cells did not exhibit

enhanced IL-17 production in Th17-inducing cultures in vitro (Fig 2C). These unexpected

results indicated that the amount of IL-10 produced by wild-type Th17 cells under these condi-

tions was not sufficient to suppress Th17 differentiation. As a matter of fact, Wu et al. reported

the IL-10-independent Th17 differentiation from naive CD4 T+ cells in vitro [34], although

Zhang et al. reported discrepant IL-10-dependent in vitro Th17 differentiation in similar con-

dition [35], indicating that in vitro results could be sensitive for detailed experimental condi-

tions. Because expression levels of IL-10 receptor were not different between wild-type and

Nqo1 deficient Th17 cells (S4 Fig), substantial increase of IL-10 production in Nqo1-deficient

Th17 cells may exceed the threshold to suppress Th17 differentiation.

We demonstrated that the accumulation of ROS in cells lacking NQO1 suppressed Th17

differentiation. Our observation is consistent with that of a previous report in which the

depletion of the antioxidative enzyme, Gpx1 (Glutathione peroxidase 1), resulted in ROS

accumulation and suppression of Th17(β) differentiation [18]. Anti-oxidative enzymes play

important roles in the regulation of Th17 differentiation, because the deficiency of two dif-

ferent antioxidative enzymes demonstrated the same phenotype. In the present study, we

demonstrated that ROS-induced Th17 suppression was responsible for the overproduction

of IL-10.
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ROS can be measured as two different types, total (intracellular) ROS and mitochondrial

ROS (mtROS). Total ROS represents sum of cytosolic ROS and mtROS. Although the effects

of ROS on Th17 differentiation have been controversial, discrimination of cytosolic ROS and

mtROS may solve this confusion. Zhi et al. reported that increased mtROS in immediate early
response gene X-1 (Iex-1)-deficient cells accelerated Th17(β) differentiation [15]. In contrast,

two independent groups reported that suppressed production of cytosoilc ROS in NADPH

oxidase 2 (NOX2)-deficient cells accelerated Th17(β) differentiation [16, 17]. Our results dem-

onstrated that increased cytosolic ROS in Nqo1-deficient cells suppressed differentiation of

both Th17(β) and Th17(23) cells. From these observations, mtROS promotes Th17 differentia-

tion, whereas it is inhibited by cytosolic ROS, indicating that the effect of ROS may depend on

the species and intracellular localization.

Interestingly, mtROS levels were not changed in Nqo1-deficient Th17 cells (Fig 4C),

although total ROS levels was increased (Fig 4A and 4B). More than 90% of ROS is generated

from mitochondria, therefore ROS generation in mitochondria should be more strictly con-

trolled than the one in the cytosol. Indeed, several antioxidative enzymes such as SOD2, thiore-

doxin-2, and peroxiredoxin-3 are exclusively expressed in mitochondria. Since NQO1 is

dominantly expressed in cytosol, depletion of Nqo1 may have little effect on mtROS

generation.

Low concentrations of ROS play an important role in various signal transduction pathways,

such as TCR dependent activation and differentiation [36]. In Th17 cells, it was reported that

ROS regulate IL-17A production [37]. We demonstrated that ROS is also involved in the IL-10

production in Th17(β) and Th17(23) cells (Fig 4E). Although ROS-dependent IL-10 produc-

tion was reported in macrophages [28, 29], we firstly demonstrated the existence of the same

pathway in T cells. Furthermore, we demonstrated that this ROS-induced IL-10 overproduc-

tion in Th17(β) cells was dependent on c-maf (Fig 5C and 5D), which is a central IL-10 tran-

scription factor.

Ordinary Th17(23) cells do not produce IL-10 [1, 3], however, Nqo1-deficient Th17(23)

cells abnormally produced small amounts of IL-10 (Fig 2A and 2B), which was dependent on

ROS (Fig 4E). Although ROS-induced IL-10 production was dependent on c-maf in Th17(β)

cells (Fig 5C and 5D), it was not the case in Th17(23) cells, because c-maf was not expressed in

Th17(23) cells (Fig 5A) [13]. Therefore, there must be an alternative c-maf-independent path-

way for ROS-induced IL-10 production. Synergistic stimulation with IL-6 and TGFβ induces

vigorous c-maf expression, which is dependent on STAT3 activation [8]. Because ROS-depen-

dent enhancement of STAT3 activation was reported in cancer cells [38], STAT3 may be

involved in the ROS-dependent increase of c-maf expression. Akt was reported to be involved

in c-maf-independent IL-10 production in Tr1 cells [39] and in ROS-induced IL-10 produc-

tion in macrophage [28]. Because Akt can be activated not only by TCR signaling, but also by

IL-23 signaling [40], Akt activation may be stronger in Th17(23) cells compared with Th17(β)

cells. The stronger Akt activation in Th17(23) cells may replace the c-maf-dependent pathway

for IL-10 production.

We showed that Th17-mediated inflammation was ameliorated in NQO1-deficient EAE

model (Fig 3), indicating that inhibition of NQO1 by specific inhibitor such as dicoumarol

could be a potential candidate for the therapeutic treatment against autoimmune diseases such

as multiple sclerosis. Besides current strategy that aim to inhibit inflammatory cytokines, non-

cytokine based approaches to suppress Th17 responses may be beneficial for the development

of novel therapy for autoimmune diseases.

The relationship between Th17(β) and Th17(23) is still unclear and not well understood.

These two subtypes may not represent the terminally differentiated lineage, but they may be

mutually exchangeable depending on the cytokine environment. There could be intermediate
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type Th17 cells between Th17(β) and Th17(23). Indeed, some Treg-like suppressor Th17 cells

(Th17(β)) existing in normal mucosa could acquire the proinflammatory phenotype (Th17

(23)) upon exposure to IL-1β and IL-23 from inflamed environmental cells [1]. In other

words, although Th17(β) exhibits a suppressive phenotype, it may instantly transform into an

inflammatory phenotype upon environmental stimulation, and NQO1 may be a good candi-

date for the conversion. We demonstrated that even proinflammatory Th17(23) cells, which

are involved in the pathogenesis of various autoimmune diseases, potentially produce the sup-

pressive cytokine IL-10, through ROS accumulation. This observation may give rise to a possi-

ble new therapeutic approach for the treatment of autoimmune disease.

Supporting information

S1 Fig. There are no differences of proliferation, cell number and the frequency of Foxp3

+ cells in cultured cells between WT and Nqo1 deficiency. (A, B) Naïve CD4+ T cells from

Nqo1 KO and WT mice were differentiated into T0, Th17(β) and Th17(23) cells for 72 h. The

absolute number of cultured cells was shown (A) (n = 3). Cells were loaded with cell tracker

agent detecting cell proliferation and the fluorescence Intensities were detected by flow cytom-

etry (B) (n = 3). (C) Expression of Foxp3 in the cells cultured with T0, Th17(β), Th17(23) each

condition cytokine for 72 h (n = 4). These graphs indicate the mean ± SE, One way ANOVA.

(TIF)

S2 Fig. The number and frequence of peripheral T cells. (A) Splenocytes from Nqo1-/- and

WT mice were stained for CD4 and CD8. The numbers indicated the percentages of cells

(n = 4). (B) The gated CD4+ T cells were analyzed CD44 and CD62L expression in splenocytes

(n = 4). (C) Splenocytes and lymphocytes from Nqo1KO and WT mice were stimulated with

PMA, Ionomycin and BFA for 4 h and analyzed for IL-17A expressing CD4+ T cells by flow

cytometry. Right panel showed the percentages of IL-17+ CD4+ T cells in mesenteric lymph

node, and left panel displayed it in spleen from Nqo1 KO and WT mice (n = 4). (D) The fre-

quency of CD4+ RORγt+ T cells or CD4+ Foxp3+ T cells in splenocytes from Nqo1 KO and

WT mice in steady state (n = 4). These graphs indicate the mean ± SE, Unpaired T-test.

(TIF)

S3 Fig. The effect of NAC treatment on IL-17 production. Naïve CD4+ T cells from WT and

Nqo1-deficient mice were cultured under the Th17 conditions media for 72 h with or without

5 mM NAC. IL-17A production was measured by ELISA (n = 4). This graph indicates the

mean ± SE, One way ANOVA.

(TIF)

S4 Fig. The expression of IL-10R on the cell surface. Naïve CD4+ T cells from Nqo1 defi-

ciency and WT mice were cultured under the Th17 conditions media for 48 h. The graph

showed expression of IL-10 receptor α (n = 4). This graph indicates the mean ± SE, One way

ANOVA.

(TIF)
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