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Optimizing Treg function and improving Treg stability aretactive treatment strategies
for treating autoimmune rheumatoid arthritis (RA). Howevethe limited number of
circulating Tregs and questions about the functional stabty of in vitro-expanded Tregs

are potential limitations of Treg-based cell therapy. Theim of this study was to analyze
the regulatory effect of daurinol, a catalytic inhibitor ofopoisomerase I&, on Th cell

differentiation and to evaluate their therapeutic poterdl in a preclinical experimental
model of RA. We investigated the effect of daurinol on T celliffierentiation by ow

cytometry. Foxp3 stability and methylation were analyzedybsuppression assays and
bisul te pyrosequencing. Daurinol was treated in the collgen-induced arthritis (CIA)
model, and the effectsin vivowere determined. We found that daurinol can promote Treg
differentiation and reciprocally inhibit Th17 differemtiion. This Treg-inducing property of
daurinol was associated with decreased activity of Akt-mTR and reciprocally increased
activity of neuropilin-1 (Nrp1)-PTEN. Daurinol treatmetimhibited aerobic glycolysis in
Thl7 conditions, indicating the metabolic changes by dauniol. We found that the

daurinol increase the Treg stability was achieved by Foxp3ypomethylation. In vivo

daurinol treatment in CIA mice reduced the clinical arthiit severity and histological
in ammation. The Treg population frequency increased andhe Th17 cells decreased in
the spleens of arthritis mice treated with daurinol. Theseesults showed the anti-arthritic
and immunoregulating properties of daurinol is achieved bincreased differentiation and
stabilization of Tregs. Our study provides rst evidence fodaurinol as a treatment for RA.

Keywords: daurinol, regulatory T cells, stability, FOXP3 h  ypomethylation, rheumatoid arthritis, neuropilin 1

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, systemic, in ammay disease characterized by tumor-like
growth of the synovium and in ltration of immune cells thrah the a ected joints. Interleukin 17
(IL-17)-secreting CDE€ T cells (Th17) have been shown to play a crucial role in the pgehesis
of autoimmune diseaseg)( It has become clear that these proin ammatory cytokinesluding
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tumor necrosis factoa (TNF-a), IL-6, and IL-1 play together animal facility. The protocols used in this study were approved
with other in ammatory mediators IL-17 in an additive or by the Animal Care and Use Committee of the Catholic
synergistic wayd). Many studies have identi ed the pivotal roles University of Korea.

of IL-17 and Th17 cells in the development and progression of RA

(3). In contrast to Th17 cells, regulatory T cells (Tregs) coisgr Induction of Arthritis and

anindispensable mediator that sustains immune tolerancelte s Dgurinol Treatment

antigens and helps to maintain immune homeostasis The  cojlagen-induced arthritis (CIA) was induced in DBA1/J mice
Th17-Treg paradigm is vital to understanding the pathogesneskeach groupn D 10). Mice were immunized with 106g of

of T cell-mediated autoimmune disorders such as BASf, and  picken ClII (Chondrex Inc., Redmond, WA, USA) dissolved
systemic lupus erythematosus (SLB) ( ~overnight in 0.1N acetic acid (4 mg/ml) in complete Freund's

RA patients with a high number of COBICD23C Tregs in  agjuvant or incomplete Freund's adjuvant (Chondrex IncheT

whole blood respond better to the anti-TNF agent in iximab jmynization was performed intradermally into the base of the
than do those with lower number of Tregs measured at baselingj; The mice were randomly assigned to three experimental
before the treatmentd). This nding suggests that a strategy groups (1 D 10) and treated with daurinol (5 mg/kg or 25 mg/kg

to expand the Treg population may be helpful in controlling ot hody weight) or vehicle by oral gavage three times a weeks f
RA disease activity and augmenting treatment e cacy in RAg \eeks since 3 weeks after 1st Cll immunization.

patients. In addition to the lower number of Tregs in some
RA patients 9), several studies provided evidence of disturbect|inical Scoring and Histological
immunoregulatory function of these cells in RA patients),( A .

. : ssessment of Arthritis
11). CDACCD25C Tregs present in RA patients do not express . - .

o : The onset and severity of arthritis were measured visuall

FOXP3 (10)._Foxp3 acts to stabilize the mmunoregulatorytwice er week based yon the appearance of arthritis in th}é
function of Tregs (2), and appears to be related to defects P PP

in Tregs function in RA patients. Foxp3 is required for Tregjo'ms’ bas_ed on thg previously described seorng. systgm
development and function. (17). Detailed experimental procedures are described in

Daurinol is a natural aryl naphthalene lactone that CanSuppIementarysectloMaterlals and Methods.

be isolated from the traditional medicinal plaktaplophyllum .
dauricum (13). Our previous studies have identi ed its anti- Measurement of Cyt0kme and l9G Levels

cancer property 14, 15). The chemical structure of daurinol is 1 N€ concentrations of IFNg, and IL-17 in culture supernatants

similar to that of VP-16, which is also known as etoposide, &1d Sérum were measured using a sandwich enzyme-linked

widely used clinical anticancer drug.@). The safety pro le of Immunosorbent assay (ELISA Duoset; R&D Systems, Lille,

daurinol di ers considerably for that of etoposide. Comparedrance). Serum levels of 19G, 1gG1, and IgG2a antibodies

with etoposide, daurinol causes little loss of body weight an'V€'® measured using a commercially available ELISA kit

less bone marrow suppressioi4]. Previous studies showing (Bethyl Laboratories).

the therapeutic potential of daurinol have focused mainly . .

on its ability to inhibit cell proliferation and the underlgg Murine and Human T Cell Isolation

mechanisms. Until now, no one, including our research teamand Differentiation

has studied the anti-in ammatory or anti-arthritc e cacy To purify mouse splenic or human CI54 T cells, the

of daruinol. splenocytes were incubated with CD4-coated magnetic bewtls a
The aim of the present study was to examine the therapeutiisolated using magnetic-activated cell sorting separataunons

potential of daurinol in RA and the underlying mechanisms,(Miltenyi Biotec, Bergisch Gladbach, Germany). Mouse Th17

especially on modulation of T cell subsets. Thisis the rgtae  cell di erentiation was induced by treatment with anti-CD3

of the reciprocal regulation of Th17 and Tregs by daurinol(0.5mg/ml); and soluble anti-CD28 (0rsg/ml), IL-6 (20 ng/ml)

treatmentin vitro andin vivo. We found that daurinol induced and TGFb (2 ng/ml), anti-IFN-g, and anti-IL-4 antibodies (each

the proliferation and di erentiation of Tregs from naive CG4 ata concentration of Bg/ml). HumanTh17 cells were stimulated

T cells and that the increase in immunoregulatory functiowda with plate-bound anti-CD3 (0.5g/ml); and soluble anti-CD28

Treg number induced by daurinol was achieved through Foxp%0.5mg/ml), anti-IFN-g (2mg/ml), anti-IL-4 (2mg/ml), anti-IL-

induction via Foxp3 hypomethylation. We suggest that daurino1b (20 ng/ml), and anti-IL-6 (20 ng/ml) for 72 h.

has potential as a novel compound to inhibit RA through a

Treg-speci ¢ mechanism involving expansion and stabilmati Metabolic Assays

of this population. The ECAR were measured with an XF96 analyzer (Seahorse
Bioscience). Cultured CD4 T cells were seeded at a density of 5

MATERIALS AND METHODS 1P cells per well of a XF96 cell culture microplate. Before assay,
cells were equilibrated for 1 h in unbu ered XF assay medium

Mice supplemented with 0.1% Insulin-Transferrin-Selenium-Sodium

DBA/1J and C57BL/6 (B6) mice, 8-10 weeks of age, weRyruvate (ITSA). Compounds were injected during the assay
purchased from OrientBio (Sungnam, Korea) and wereat the following nal concentrations: 2M Oligomycin, 3mM
maintained under speci c-pathogen-free conditions in anFCCP, and 5niM Rotenone-Antimycin A.
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Crisper Cas9 Transfection Flow Cytometry

The Alt-R CRISPR/Cas9 system was carried out as previousyononuclear cells were immunostained with various
described 18, 19. Nrp-1 or PTEN CRISPR/Cas9 vector wascombinations of the following uorescence-conjugated
transfected using an Amaxa 4D-nucleofector X unit accagdin antibodies: CD25, CD4, FoxP3, IL-17, CTLA-4, and
to the manufacturer's recommendations with program DN-100glucocorticoid-induced tumor necrosis factor receptor (KT

(Lonza, Cologne, Germany). ICOS, C103, and PD-1. These cells were also intracellularly
- stained with the following antibodies: CTLA-4 (BD Biosciea};
Treg Stability Nrp-1(R&D), IL-17, and FoxP3 (eBioscience). Prior to

To test of Treg stability, mouse CIOA" cells were stimulated intracellular staining, cells were restimulated for 4h with
with Treg di erentiation condition (CD3 and CD28 and phorbol myristate acetate (25 ng/ml) and ionomycin (250 ntj/m
rhiTGF-b (5ng/ml) for 3 days and restimulated with Th17 cellin the presence of GolgiSTOP (BD Biosciences). Intracellular
di erentiation condition(anti-CD3 (0.5mg/ml); and soluble anti-  staining was conducted using a kit (eBioscience), follgviime
CD28 (0.5mg/ml), IL-6 (20 ng/ml) and TGHs (2ng/ml), anti-  manufacturer's protocol. Flow cytometry was performed using a
IFN-g, and anti-IL-4 antibodies (each at a concentration ofFACSCalibur instrument (BD Biosciences).

5mg/ml) with or without dauirinol. After 3 days, the cell suda

was stained with CD4, CD25, and FoxP3 antibodies. Labeling With 5,6-Carboxy uorescein

Proliferation Assay Succinimidyl Ester (CFSE)

For proliferation analysis, cells were pulsed with 1 Ci 3H-Mononuclear cells isolated from mice spleens were washed once

thymidine (GE Healthcare) per well for the nal 8h of the in 0.1% bovine serum albumin (BSA) in PBS aYHd labeled with

72-h culture period. Finally, 3H-thymidine incorporation wa 1 _I of 5mM CFSE (Invitrogen) at a density of ‘1@elis/ml in

determined using a liquid beta-scintillation counter (Rewan). ~ 0-1% BSA in PBS for 10min at 37in the dark. CFSE-labeled
cells were stimulated with Th17 di erentiation conditiongated

CpG Methylation Analysis with either vehicle and daurinol for 3 days. Flow cytometrgsv

CpG methylation analysis was determined by pyrosequenciri¢sed to assess CFSE uorescence.
of bisulphite-modi ed genomic DNA from non-treated CO2IT

cells or daurinol-treated CD@T cells. Pyrosequencing was Confocal Microscopy and Immunostaining

performed using the PyroMark Q96 ID (Qiagen) machine, andsp|een tissues were obtained 8 or 14 days after BMT, snap-frozen
results were analyzed with PyroMark CpG Software 1.0 (Q)egenn |iquid nitrogen, and stored at 80 C. Tissue cryosections
Methylation analysis was conducted by Genomictree, Dagjeopy ym thick) were xed in 4% (v/v) paraformaldehyde and

South Korea. stained using uorescein isothiocyanate (FITC)-, phycakerin

. . (PE)-, PerCP-Cy5.5-, or allophycocyanin -conjugated
ReaI-Tlme P0|ymerase Chain monoclonal antibodies to mouse CD4, CD25, pSTAT3 {Sr
Reaction (PCR) IL-17, Foxp3 (eBioscience), and Nrpl (R&D). After incubation

Messenger RNA (mRNA) was extracted using the TRI Reagenternight at 4C, stained sections were visualized by confocal
(Molecular Research Center, Inc. Cincinnati, OH, USA)microscopy (LSM 510 Meta; Zeiss, Gottingen, Germany).
according to the manufacturer's instructions. Complementa
DNA was synthesized using a SuperScript Reverse Transcriptiyjn

system (Takara Bio Inc., Otsu, Japan). A LightCycler 2. mmunohistochemistry was performed using the VECTASTAIN

instrument (software version 4.0; Ro_che !Dlagnostlcs, Mmh ABC kit (Vector Laboratories, Burlingame, CA, USA). Tissues
Germany) was used for PCR ampli cation. All reactions were

) . ere rst incubated with the primary anti-IL-17, anti-Foxp3,
performed using the LightCycler FastStart DNA Master SYBR' - i - _— - -
Green | mix (Takara Bio Inc.), following the manufacturer's anti-TNF-a, anti-IL-b, anti-IL-6, anti-RANK, and anti-RANKL

instructions. Primer sequences are describedrables S1, S2 antibodies overnight at 4&. The primary antibody was detected

All mRNA levels were normalized to that bfactin. W'th a _blotmylated second._ar_y I|nk|ng_ antibody, followed by
incubation with a streptavidin—peroxidase complex for 1h.

The nal color product was developed using DAB chromogen
gDAKO, Carpinteria, CA, USA).

munohistochemistry

Western Blotting

Proteins were separated by sodium dodecyl sulfat
polyacrylamide gel electrophoresis (SDS—PAGE) and tranesfer
to nitrocellulose membranes (Amersham Pharmacia BiotechVlicroarray Data

Buckinghamshire, UK). Membranes were stained with primaryl' cells were isolated from WT mice, and treated with Th17
antibodies against phosphorylated (active) form of pSTATZondition with or without daurinol. A ymetrix microarrays
(Tyr’95 Sef?h, STAT3, STATS, pSTATS, PTEN, pPTEN, Akt, HT_MG-430A were used to measure the resulting mRNA.
pAkt (Sef’3 TyrP%) pmTOR, Nrpl (all from Cell Signaling, Expression data was preprocessed using the RMA algorithm
Danvers, MA, USA), andb-actin. A horseradish peroxidase followed by quantile normalization. To identify di erentially
(HRP)-conjugated secondary antibody was then added. Psimaexpressed genes of interest, real-time PCR (RT-PCR) was used
antibodies used for western blot are describediable S3 to validate the microarray results.
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Statistical Analysis Thus, Th17 di erentiation experiments were conducted using
Data are presented as the mearstandard deviation (s.d.). The only isolated CD44-CDG2 naive T cells in order to more
Mann-WhitneyU test or Student-test was used for comparing selectively identify the potential of daurinol during Th17
values between two groups. One-way analysis of varianckerentiation. We conrmed that daurinol also induced
followed by Bonferroni'spost-hoctest was used to compare Th1l7-Treg reciprocal regulation in a dose-dependent manner
the di erences between three or more groups. To assess ti{Eigure S1A and attenuated IL-17 production in naive CD4
Gaussian distribution and the equality of variance, theftloa= T cells Figure S1B. To elucidate the Th17-Treg-modulating
Wilk test and Levene test were used, respectively. Di erencesechanisms of daurinol, the mRNA expression levels of
between arthritis incidences at a given time point were amlyz immunoregulatory mediators expressed in Tregs were andlyze
by the $2 contingency analysis. The program used for théby real-time PCR. Under the Thl7-polarizing condition,
statistical analysis was the SPSS statistical softwareagmck daurinol treatment (2nM) of murine splenic CDL T cells
standard version 16.0 (SPSS, Chicago, IL, UBAnlues< 0.05 signi cantly induced mRNA expression dfjfbp4 Sell NtSe
(two-tailed) were considered signi cant. IL-7R, and neuropilin-1 Nrpl) (Figure SJ. Taken together,
these data suggest that the immunoregulatory properties
of daurinol occurs through reciprocal regulation of Thl7

RESULTS and Treg dierentiation from naive CD&@ T cells and
. . promotion of gene expression of immunoregulatory mediators
Reciprocal Regulation of Th17 and Tregs of Tregs.

by Daurinol Treatment
First, we examined the e ects of daurinol on Th1l7 and Treg .
di erentiation. CD4C T cells isolated from normal DBA/LJ mice NrP1-Dependent Treg Induction
were cultured under the Th17-polarizing condition (as désed by Daurinol
in section Materials and Methods) in the presence or absendgrpl has been identi ed as a Treg-expressing marker at least in
of daurinol (concentration ranging from 0.5 toriV) for 72h.  murine T cells £5). Nrpl-induced transcriptome augments Treg
Flow cytometry demonstrated that daurinol treatment of i@ stability by promoting survival factor and inhibiting terméal
CD4C T cells inhibited Th17 dierentiation and promoted di erentiation (26). Nrpl stabilizes Treg function by potentiating
Treg di erentiation (Figures 1A,B. IL-17 production in culture its downstream target, phosphatase and tensin homolog (PTEN)
supernatants of daurinol-treated cells was signi cantligibited  activity (26). PTEN is a negative regulator of the Akt—-mTOR
in a dose-dependent manner, compared with that in culturesignaling axis in T cell$2(7). PTEN-induced suppression of Akt—
supernatants of vehicle-treated celsgure 10). mTOR activity helps to maintain Treg function, homeostasis,
Next, we analyzed the populations of COR25Foxp3, and stability by augmenting Foxp3 expressiaiv+29). Based
and IL-17TC cells among CFSE-labeled proliferating T cellon this rationale, we next examined whether the daurinol
cultured under the Th17-skewing condition. As expected, ILtreatment could alter the abovementioned signaling pattsvay
17C cells among the CD& T cells were inhibited by daurinol. that are pivotal for Treg dierentiation and stabilization in
Although CD25 is expressed upon activation of GDZ cells CDAC T cells.
(20) and is an accepted surface marker of Treg$),( Foxp3 Total CDAC T cells isolated from mouse spleens were
is the critical master regulator of immunoregulatory fuimet  cultured under the Thi17-polarizing condition for 3 days.
of Tregs and their development®. Interestingly, daurinol The levels of total and phosphorylated forms of STAT3
treatment decreased the percentage of OD2&ells among (pSTAT3, as a transcriptional factor for Thl7 cells), STAT5
proliferating CD4C T cells but increased that of Foxp3 (as a transcriptional factor for Tregs), PTEN, and Akt,
cells Figure 1D). and phosphorylated mTOR, Smad3 and Nrpl activity were
Daurinol treatment increased the mRNA levels of Treg-evaluated by Western blotting in cells treated with or withou
related molecules (Foxp3, TGK-and SOCS3) in murine 2mM daurinol. Compared with vehicle-treated cells, daurinol
CD4AC T cells cultured under the Thl7-skewing condition treatment markedly attenuated the expression levels of the
(Figure 1B. Hypoxia-inducible factor-a (HIF-1a), a master phosphorylated forms of STAT3 (both Tyr705 and Ser727),
transcription factor of hypoxia-inducible genes, plays a @uc Akt (both Ser473 and T308), and mTOR but reciprocally
role in the balance between Th1l7 and Treg cells. It directiaugmented pPTEN, Smad3, and Nrpl activityigure 2A).
promotes Thl17 dierentiation via activation of RQ@R Interestingly, pSTAT5 activity was inhibited by daurinol
the key transcription factor for Th1l7 cell dierentiation treatment Eigure 2A). Although STAT5 plays as a major
(23, and reciprocally suppresses Treg dierentiation bydriver of di erentiation and homeostasis of Treg cells, STAT5-
stimulating Foxp3 degradation 2{). Daurinol treatment independent pathway such as mTOR have a negative impact
in murine CD4AC T cell decreased the mRNA expressionon Treg cells §0). Previous many studies have demonstrated
of Thil7-related molecules including IL-17, R@R and that specic loss of MTOR activity and mTOR inhibitor (such
HIF-1a (Figure 1B. as rapamycin) treatment resulted in loss of Thl, Th2, and
Since splenic CD& T cells also contain CD62— memory Th17 cells, while enhancing Treg di erentiation, implyingeth
T cells, the dierentiation from splenic total CB@& T cells selective role of mTOR during Treg di erentiation3{—33).
and CD6Z naive T cells into Thl7 cells are dierent. Thus, we assumed that daurinol can promote Treg di erentiatio
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FIGURE 1 | Reciprocal effects of daurinol on Th17 and Treg cell diffengiation in murine CDA T cells. Splenic CDL T cells from DBA/1J mice were cultured under
the Th17-inducing condition (cultured with plate-bound ati-CD3 (0.5mg/ml), soluble anti-CD28 (0.5ng/ml), anti-interferong anti-IFNg; [5 mg/ml (A) or 2 mg/ml (D)],
anti—IL-4 [5mg/ml (A) or 2 mg/ml (D)], IL-6 (20 ng/ml), and TG (2 ng/ml) for 72 h in the presence of vehicle or daurinol. Thredays later, the cells were stained with
antibodies to CD4, IL-17, and FoxP3.(A) A plot from one representative experiment shows the frequegies of IL-17C, CD25C, and FoxP3C cells among CDC T cells.
(B) Mean SD values are presented in the form of a histogram. Data are peesentative of four independent experiments with similaesults. (C) IL-17 levels in culture
supernatants shown in(A,B) were measured by ELISA(D) CD25C, Foxp3C, or IL-17C cells among CFSE-labeled proliferating CD@ T cells cultured under the
Th17-skewing condition were analyzed by ow cytometry.(E) Expression of Treg-related genesRoxp3, TGF- , SOCS3; upper panel) and Th17-related genesl(-17,
ROR t, HIF-1 ; lower panel) in the experiments shown ifD) were determined by real-time PCR. Data were obtained from tiee independent experiments, and values
are represented as the mean SD. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. —, untreated; Veh, vehicle-treated (DMSO); Dau, dainol.

by Smad3 activity which was promoted by inhibition of and that this e ect depends on the Nrpl-PTEN-Akt-mTOR
mTOR activity. signaling axis.

We examined whether daurinol treatment increased the T
cell populations expressing Treg markers such as GITR, ICOS, L. .
CTLA-4, CD103, PD-1, and Nrpl. Flow cytometry showedASSOCIatIon Between Treg Induction by
that the percentages of Cl#oxpX T cells expressing Treg Daurinol and Decreased Aerobic Glycolysis
markers were increased by daurinol in CO4T cells cultured The activation of e ector T cells, including Thl and Th17 cells
under the Thl7-skewing condition; this supports the Treg-from naive T cells, is accompanied by a metabolic switch to
inducing property of daurinol Figure 2B). Next, the CRISPR— aerobic glycolysis to fuel the energy demands of the proGeks (
Cas9 system was used to determine whether the Treg-induci8y contrast, Tregs have a high fatty-acid oxidation metaboli
property of daurinol is dependent on Nrpl. By applying CRISPR+ate (35). HIF-1a is a key transcription factor that orchestrates
Cas9 system, Nrpl activity was e ective reduced by abouhe expression of glycolytic enzymes, thereby modulatirg th
50% in murine CDL T cells (data not shown). The Fox@3 di erentiation of Th17 and Tregs%6). To identify whether the
Treg-inducing property induced by daurinol was diminished reciprocal regulation of Th17/Treg cells by daurinol is assted
by Nrp1l silencing Figure 20). Taken together, these ndings with metabolic switch, we measured glycolytic activity inime
suggest that daurinol induces the di erentiation of Foxp3regs CD4C T cells cultured under the Th17-polarizing condition.
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FIGURE 2 | Daurinol induce the Neuropilin-CFoxp3 Treg cell expansion(A) Mouse splenic CDAC T cells were cultured under the Th17-skewing condition for Zh in
the presence or absence of daurinol (2nM). Cell lysates were analyzed by Western blotting to deted¢btal and phosphorylated forms of STAT3 (pSTAT3), STAT5
(PSTATS5), PTEN (pPTEN), Akt (pAkt), and pmTOR, Nrp1, and Sdfa (B) The cell populations with the Treg phenotype (GIT®, ICOSC, CTLA-4C, CD103C, PD-1C,
and NrplC cells) after daurinol (2nM) treatment were analyzed by ow cytometry.(C) Nrp1 was deleted in CDAC T cells using the CRISPR—-Cas9 system. Naive
CDAC T cells andNrp1-deleted cells were cultured under the Th17-polarizing codition in the presence or absence of daurinol. The populatits of Foxp3C T cells
were analyzed by ow cytometry. Data were obtained from threéndependent experiments, and values are represented as thmean SD. *p < 0.05, **p < 0.01.

To determine the inuence of daurinol on glycolysis, thein CD4C T cells cultured in the Th1l7-skewing condition
changes in aerobic glycolysis-associated mediators wahgze&d (Figure 3B), which suggests that Treg induction by daurinol
in CD4AC T cells. Real-time PCR analysis of murine @D4 treatment may occur through the metabolic changes.
T cells cultured under the Th17-polarizing condition revedl
that daurinol treatment downregulated genes encodingoussi . o T
molecules involved in aerobic glycolysis, suctGagl (glucose Increased Dlﬁere_ntlatlon and Stabilization
transport 1),MCT4 (monocarboxylic acid transporter member Of Tregs by Daurinol Through
4), HK2 (hexokinase 2)GPI (glucose-6-phosphate isomerase),FOXp3 Hypomethylation
TPI (triosephosphate isomerasdjnol (enolase 1), andPKM  Next, to con rm the function of daurinol in terms of Treg
(pyruvate kinase muscle), compared with those of vehiclaté@®  stabilization, murine CD& T cells were cultured under the
cells Figure 3A). Glutl is a transporter for glucose uptake and isTreg-polarizing condition for 72h and then further cultured
rapidly induced following T cell activation and plays a pivotsdé  under the Th17-polarizing condition for 72 h. The population
in e ector T cells 87). MCT4 is a plasma membrane transporter of Tregs induced under the Treg-polarizing condition decea
for the lactate exporter and is involved in aerobic glycaly38).  after culture under the Th17-skewing condition. Interesfiy
Next, we measured the extracellular acidi cation rate (BEJA daurinol treatment in murine CD& T cells prevented this
to investigate whether daurinol could change the degree afecrease in Treg population§i§ure 4A). The concentrations
glycolysis in CD&€ T cells. Daurinol decreased glycolysisof IL-17 and IFNg in culture supernatants were measured
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FIGURE 3 | Daurinol inhibits aerobic glycolysis in CD@T cells. (A) The expression levels of aerobic glycolysis-associated ges were determined by real-time PCR in
murine CDAC T cells cultured under the Th17-polarizing condition in theresence of absence of daurinol (2nM). (B) ECAR in CDAC T cells cultured under the
Th17-polarizing condition in the presence or absence of datinol. The data are representative of three independent exgriments and are expressed as the mean
SD. *p < 0.05, **p < 0.01, ***p < 0.001.

by ELISA. The production of IL-17 and IFN-was inhibited Tregs suppressed the proliferation of e ector T cells in a ratio-

in daurinol-treated T cells compared with vehicle-treated Tdependent manner, and these cells showed the same suppression

cells Figure 4B). e ect as TGlB-induced Tregs Kigure 40, which suggests that
Next, we studied whether daurinol-induce Tregs have arthe daurinol stimulated the di erentiation of Tregs and thei

immunoregulatory function by inhibiting the proliferationfo immunoregulatory function. Foxp3 is a major transcription

anti-CD3-stimulated CD& T cells. The proliferative response factor for Treg induction and its maintenance is essental f

of anti-CD3-stimulated CD€ T cells cultured with daurinol- the control of in ammation. The hypomethylated region within

induced Tregs (e ector T cells alone, 1:10, 1:1) was evaluaté-oxp3is considered to be the hallmark of stable Tregs ¢0).

by measuring H] thymidine incorporation. Daurinol-induced Therefore, we examined whether daurinol can directly madtl

Frontiers in Immunology | www.frontiersin.org 7 July 2019 | Volume 10 | Article 1526


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Park et al. Therapeutic Effects of Daurinol in CIA

501
A —_
. . : X 40-
Treg condition Vehicle Daurinol [ .
. [o2]
o § 2 301
£ v -
o + 20
o Th17 condition >
» X
O 104
; 3 days e
: 0-
| Treg Vehicle Daurinol
B (o] Treg -> Th17 condition
IL17 IFN-y
- 8001 c *kk
1000 e S 800000,
© *%
800+ G ] -
600 S 600000
— —_ o _
g 600 £ 2s
) B 4004 § 8. 400000+
Q. 400 o e
200 X 200000
4 T
200 e
0- : 5 0- X ) » " S N O n
Treg - Vehicle Daurinol Treg - Vehicle Daurinol «o(\\* \\\ N ,\\N N
Treg->Th17 condition Treg->Th17 condition d@& Daurinol- TGFp-
@'{@ induced Treg induced Treg
D
Positive control Negative control Th17 condition Th17 +Vehicle Th17 +Daurinol
[E8 : YGAGGTTTGYGGTTTTTAYGTYGT ] [E9: YGAGGTTTGYGGTTTTTAYGTYGT [D9: YGAGGTTTGYGGTTTTTAYGTYGT 1 [E5: YGAGGITIGYGGTTTTTAYGTYGT 1 (67 YGAGGTTTGYGGTTTTTAYGTYAT !
88% 90% 91% 92% NA NA NA 71% 71% 67% 59% 62% 64% 63% 57% 58% 56% 57% 52%
(:Z 3 75 100 100
2
“ 1 " 7 75|
30}
o I\ 50 50)
201 ‘d 1| - 25! H \J " J J J
10] I 25
o »..:.JULL ‘\.J \ \;JKJ__ULJ\L z o J‘ ‘\__}uJ \_J‘\.LLJ\L\J\ o L’\.‘ \_JJJ( \ “JJULJ\. 0 \_\J ‘\J‘L\Jﬂ \ J&UJJJJ&
ESGTCGAGTAGTCGTTGATCTGTCG ESGTCGAGTAGTCGTTGATCTGTCG ES GTCGAGTAGTCGTTGATCTGTCG ESGTCGAGTAGTCGTTGATCTGTCG TSCTCOAGTAGTCETTEATCTETCE
H 10 15 20 5 10 15 2 5 10 15 20 § 10 15 2 5 10 15 2
FIGURE 4 | Stable immunoregulatory potential of daurinol-induced ®gs associated with Foxp3 hypomethylation(A) Murine CDAC T cells were cultured under the
Treg-inducing condition and cultured for a further 72 h undethe Th17-inducing condition in the presence or absence of durinol (2mM). The CD4CCD25CFoxp3C
Treg population was analyzed by ow cytometry.(B) IL-17 and IFN-g levels in culture supernatants from cells described i(A) were measured by ELISA. —, untreated
(C) T cell stimulatory capacity of daurinol-induced Tregs. AMCD3-stimulated CDAC T cells were cultured with daurinol-induced Tregs at diffent Treg:effector T cell
ratios for 3 days. T cell proliferation was determined on da$ of culture by measuring the incorporation O?H—thymidine. Data are presented as mean SD (bars) of
triplicates. *p < 0.01, ***p < 0.001. (D) Representative pyrograms showing hypomethylation of Foxgin CDAC T cells cultured under the Th17-skewing condition
with daurinol treatment.

Foxp3and, if so, the regulatory mechanism. To analyze therally once every 2 days for 3 weeks from day 21 after
methylation density of the promoter region Foxp3 gene byprimary immunization with Cll emulsi ed in Freund's complete
daurinol, we conducted pyrosequencing of bisul te-modi ed adjuvant. Daurinol ameliorated arthritis severity and igence
genomic DNA from CpG island at promoter regions of Foxp3.compared with vehicle-treated CIA mice in a dose-dependent
Daurinol treatment of CD€ T cells cultured under the Th17- manner Figure 5A). Histological sections of hind paw joints
polarizing condition induced decreased methylation of Cp@si showed that daurinol treatment in CIA mice attenuated the
at Foxp3 promoter regions, which stimulated the di erentiatio severity of in ammation, cartilage damage, and bone enosio

and increased the stability of Tregsdure 4D). as investigated by hematoxylin—eosin (H&E) and Safranin
O staining Figure 5B). IL-1b, IL-17, TNF4a, and IL-6 are
. considered to be proin ammatory cytokines that are implichte
Attenuation of the Development of P vy P

- . . in the pathogenesis of RA4{). The role of the receptor
In ammatory Arthritis by Daurinol in a activator of nuclear factokB ligand (RANKL)/RANK system
Dose-Dependent Manner has been extensively studied in joint destruction in RA ani@ i
We investigated whether daurinol could suppress in ammationmajor treatment target in RA. Compared with joints of vehicle-
and joint destruction in an experimental murine model of treated mice with CIA, joints of daurinol-treated mice with
RA (CIA). Daurinol (5 mg/kg or 25 mg/kg) was administered CIA had signi cantly fewer cell populations expressing Ib-1
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FIGURE 5 | In vivotherapeutic effects of oral administration of daurinol orhie development of autoimmune arthritis. Three weeks aftemimunization with type Il
collagen (ClI), mice with Cll-induced arthritis (CIA) were oyaldministered vehicle or daurinol (5 mg/kg or 25 mg/kg) once eary 2 days for 3 weeks.(A) Clinical
scores for arthritis (left) and incidence of arthritis (fi¢g) are shown for each treatment group over time (representae results from one of two independent
experiments).(B) At 46 days after the rst Cll immunization, tissue sections wer obtained from the ankle joints of mice with CIA and stained Wi hematoxylin and
eosin (H&E; original magni cation 40) and Safranin O (original magni cation 200) to examine the severity of arthritis (left). Histolagil scores for in ammation, bone
damage, and cartilage damage were determined (right{C) Synovial tissue sections of ankle joints from each group of ive were stained with antibodies to IL-b,
IL-17, TNF-, IL-6, RANK, and RANKL.(D) Concentrations of total and Cll-speci c IgG1 and IgG2a in the semn of mice from each group were measured by ELISA.
Data show the mean SD (bars) for six mice per group(E) RNA was extracted from splenic CD€ T cells from vehicle- or daurinol (25 mg/kg)-treated CIA miceral
analyzed by real-time PCR for the expression dfoxp3, Nrpl, IL-19, KLF2, IL-17, HIF-1 , ROR t, and TNF- mRNA. Bars show the mean SD mRNA expression
relative to that of GAPDH for six mice per group from two indepndent experiments.(F) Left, Spleens were examined by immuno uorescence staining wh
monoclonal antibodies against CD4 (red), IL-17 (green), CBZblue), Foxp3 (yellow), and Nrpl (green). Original magnaton 400. Scale bar represents 20mM.
Right, CD4CIL-17C Th17 cells and CD4ACD25CFop3CNrplC Tregs were enumerated visually at higher magni cation as pjected on a screen, with each confocal
image representative of four elds of view. Values represerthe mean SD for six mice per group from at least three independent exp@ments. *p < 0.05, **p < 0.01,

*p < 0,001, **p < 0.0001.

IL-17, TNF4, IL-6, RANKL, and RANK Figure 5C. Serum T cells isolated from each group of mice. mRNA expression

levels of Cll-speci c IgG, IgG1, and IgG2a antibodies wevedp  levels of Treg factors in the splenic T cells were signi cantly

in daurinol-treated mice than in vehicle-treated mice, ati@  higher after daurinol treatment (25 mg/kg) compared with sell

e ects were dose dependeriigure 5D). from CIA mice treated with vehicle. By contrast, the mRNA
IL-10, one of the anti-in ammatory cytokines, restrainseth expression of Th17 factors was decreased by daurinol tredtme

Thl7-medicated in ammatory processt®). IL-10 signaling is (Figure 5E). Confocal analysis showed signi cantly suppressed

also pivotal for maintaining the immunoregulatory function IL-17C and reciprocally augmented CDZFoxp3NrplC cell

of Tregs ¢3. Kruppel-like factor 2 (KLF2) promotes Treg populations among splenic C[@#4cells after daurinol treatment

generation and function through Foxp3 inductioni4). We in CIA mice (Figure 5F).

analyzed the mRNA expression of factors associated with the Next, we conrmed the anti-inammatory e ect of

di erentiation and function of Th17 and Tregs in splenic CB4 intraperitoneal (IP) administration of daurinol. Daurinol
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FIGURE 6 | Reciprocal regulation of Nrp1 and PTEN signaling-dependdérhuman Th17 and Treg differentiation by daurinol. Human CBZ T cells from peripheral
blood mononuclear cells were treated with daurinol (dose, 8—10mM) or vehicle under the Th17 cell-polarizing condition for 8ays. (A) The populations of CD4A
Foxp3C cells and CDACFoxp3C cells were analyzed by ow cytometry. Th17 cell differentian was inhibited by daurinol treatment in a dose-dependentnanner,
whereas Treg cell differentiation was reciprocally incread. (B) IL-17 levels in culture supernatants were measured by ELISAC) Expression ofNrp1, Foxp3, TGF- ,
and IL-17 mRNA was determined by real-time PCR(D) The populations of Foxp3 CD4C cells altered byNrp1 and PTENknockdown in the CRISPR—Cas9 system in
human CDAC T cells were analyzed by ow cytometry. Foxp® CDA4C T cell differentiation was inhibited by attenuating the expssion of Nrp1 and PTEN compared
with untreated cells.(E) IL-17 and IFN-g levels in culture supernatants in the experiments shown i(D) were measured by ELISA. Data were obtained from at least
three independent experiments, and values are representeds the mean SD *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

(20 mg/kg) was administered intraperitoneally once every To determine whether the populations of Th17, Thl, Th2,
2 days for 3 weeks from day 21 after Cll immunization. IPand Tregs were altered in daurinol-treated mice with CIA, we
daurinol treatment signi cantly reduced the arthritis @ity  used ow cytometry to analyze IL-17-, IF§-, IL-4-, and Foxp3-
and incidence compared with those observed in vehicleexpressing cells among CD4cells in the spleens from mice
treated CIA mice Figure S3A. Serum levels of Cll-specic with CIA. Spleens from daurinol-treated CIA mice showed fewer
IgG, IgG1, and IgG2a antibodies were lower in daurinol-Th17, Thl, and Th2 cells and a reciprocal increase in the numbe
treated mice than in vehicle-treated miceFigure S3B. of Foxp3-expressing Tregs compared with spleens from vehicle-
Histological sections of ankle joints stained with H&E,r8ain  treated mice Figure S4A. IP daurinol treatment increased
O, and toluidine blue showed less severe arthritis in IRhe populations of CD& cells expressing Treg markers, such
daurinol-treated CIA mice compared with vehicle-treatedas GITR, ICOS, CD103, CTLA-4, or PD-1 in CIA mice
mice (Figure S3G. Compared with joints of vehicle-treated (Figure S4B. Confocal immunostaining of spleen tissue sections
mice, joints of IP daurinol-treated mice with CIA exhibited also showed signi cantly decreased populations of CDHcells
smaller populations of cells expressing TRFH.-17, IL-6, and that was expressing pSTAT3Ser727, and a signi cantly ineckas
IL-1b (Figure S3D. population of CDLCD25CFoxp3 T cells fFigure S§.
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Inhibition of Osteoclastogenesis by a su cient number of Tregs with functional stability byn
Daurinol in vitro and in vivo vitro expansion remains an issue that hinders the clinical
Pathologically enhanced osteoclast activation is an ingart exploitation of these cells in autoimmune diseases including
therapeutic target, which contribute to progressive jointRA. In this study, we rst con rmed that daurinol diverted #n
damage in RA patients. Since both oral and intraperitoneali erentiation of human and murine CDZ T cells toward a
administration of daurinol showed a signi cant anti-artiic 19 phenotype, even under Thi17-polarizing conditions, and
e ectsin vivo, we tried to con rm whether daurinol a ects not increased Treg stability through Nrp1-PTEN-Foxp3 signaling
only T cell subset di erentiation but also osteoclastogemesi Interestingly, the optimal and stable immunoregulatory étion
For this purpose, BMM cells isolated from normal DBA/1J0f Tregs induced by daurinol is associated with hypomethgtati
mice were cultured with M-CSF and RANKL in the presence of the lineage-speci ¢ transcription factor Foxp3. The Tregs
absence of daurinol (@M). TRAP staining showed that daurinol induced by daurinol treatment showed signi cantly reduced
treatment signi cantly inhibitedin vitro osteoclastogenesis in @erobic glycolysis. The change in the metabolic prole may
BMMs compared with vehicle-treated cellBigure S64. We explain the reduced populations of e ector T cells including
next tried to identify the pro-osteoclastogenic factors aest Thl, Th2, and Thl17 cells, and reciprocally augmented Treg
by in vivo daurinol treatment. BMM cells were isolated from Subsets in daurinol-treated CIA mice compared with vehicle-
daurinol-treated CIA mice or vehicle-treated CIA mice andne  treated animals. Here, we found that systemic adminisirati
cultured in the presence of M-CSF and RANKL. Real-time PCRf daurinol (oral and IP administration) e ectively reduced
was used to analyze the levels of mRNA for osteoclast marketg€ clinical and histological scores in a murine model of RA.
including TRAP, MMP9, carbonic anhydrase I, calcitoninthe Treg-inducing property byin vivo daurinol treatment
receptor, and Itgb8ntegrin b3) in the cells. mRNA transcript iN CIA mice was associated with signi cant induction of
levels of osteoclastogenesis markers were also signlydamter ~ Nrp1 and Foxp3 expression. In addition, daurinol signi cantly
in daurinol-treated CIA mice than in the vehicle-treatedimmals ~ inhibited osteoclast di erentiation and related gene expi@ss
(Figure S6B. This nding suggests that daurinol ameliorates Which suggests that daurinol has an inhibitory e ect on bone

CIA by reducing osteoclastogenesis in mice. destruction. However, one of the limitation of our study st

the presentation of inherent mechanisms to explain the anti-
Daurinol Upregulates Treg Cell Through in ammatory and immunoregulatory e ects of daurinol shown
Nrp1-PTEN Signaling and Reciprocal invivois fairly limited.

o . One reasonable treatment strategy for autoimmune
Inhibition of Th17 Cell in Human CD4 C diseases under a new paradigm may involve optimizing the
T Cells immunoregulatory function of Tregs. Some trials have téede
We next investigated the e ects of daurinol on human GD4 Tregs in autoimmune diseases including graft-vs.-hostadise

T cells isolated from PBMCs obtained from normal healthy(45), SLE ¢6), and RA ¢7). However, few studies have targeted
volunteers. Puri ed CD& T cells were cultured under the Th17- the epigenetic stabilization of Foxp3, a key transcriptionﬁaof
polarizing condition in the presence or absence of daurinolrregs. The ways by which Tregs maintain their lineage stgbil
(at doses of 0.5-1@M). Daurinol treatment signicantly and immunosuppressive function include multiple epigenetic
increased the Foxi@ Treg cell population in a dose-dependent changes 49). Epigenetic changes including DNA methylation
manner but suppressed Th17 cell di erentiatiofigure 6A).  a ect cell di erentiation and lineage stabilization at thevi
Daurinol also reduced the IL-17 level in the culture supeamat of transcription @9, 50). In the research eld of Treg function,
(Figure 6B). We measured the mRNA levels of Treg- and Th17-several studies have been published to support the claim that
related molecules in the cells. Daurinol-induced Treg iotion  demethylation of Foxp3 gene promoter sites mainly contrisute
and Th17 suppression were associated with increased levelsi@their immunoregulatory function and development of a dtab
MRNA encoding\Nrpl, Foxp3 andTgfh and with decreasell?  suppressor cell lineage@ 51). Through our present study, we
mMRNA level Figure 60). We next used the CRISPR-Cas9 systentst proved that daurinol has immunoregulatory potential via
to con rm that Treg induction e ect by daurinol is dependent the epigenetic change (DNA demethylation) of Foxp3 promoter
on Nrpl and PTEN. By applying CRISPR-Cas9 system, Nrpfegion, rather than the expression control of transcription
and PTEN protein activity was e ective reduced by about 50%gactor STATS.

in human CDAC T cells Figure S7. The results showed that e assumed that daurinol has shown Treg-induction e ects
Treg induction by daurinol in human CD@ T cells was also through modulation of mTOR/Akt signaling activity. The
dependent on Nrp1-PTEN signaFigure 6D), which suggests systained expression of Foxp3 is important for maintenance of
that human T cell reactions to daurinol correspond to thoseTreg lineage. Foxp3 retains the immunoregulatory functidn o
observed in murine CD& T cells. The decreased production of Tregs and blocks the transition of Tregs into e ector T cells,

IL-17 and IFN4g induced by daurinol treatment was attenuatedsych as Th1 and Th17 cell53). Previous study demonstrated

by knockdown ofNrp1andPten(Figure 6B. clearly that Foxp3-negative Tregs lose their suppressive fimcti
and assume an in ammatory phenotypé&d). The forkhead
DISCUSSION box protein O (FoxO) is a transcription factor that induces

Foxp3 gene expression by enhancing Foxp3 promoter region,
Treg-induced immune tolerance has emerged as an attractitbereby contributes to Tregs stabilization and maintagiheir
strategy in RA treatment. However, the ability to generatémmunoregulatory function %4). Interestingly, Akt-induced
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phosphorylation of FoxO protein triggers the translocation of AUTHOR CONTRIBUTIONS

FoxO protein form nucleus to cytoplasm, which ultimately

results in the suppression of Foxp3 expressibf).(Although ~All authors were involved in drafting the article or revigin
this study could not clarify the underlying mechanisms byit critically for important intellectual content, and all #wrs
which mTOR/Akt axis regulation by daurinol aected the approved the nal version to be published. M-LC and DS had
subcellular location of FoxO protein, we presumed thafull access to all of the data in the study and takes respditgibi
mTOR/Akt/FoxO axis regulation by daurinol induced Foxp3 for the integrity of the data and the accuracy of the data psial
promoter activity, which ultimately resulted in Tregs indiom. ~ M-JP, S-IJM, DS, and M-LC contributed to study conception,
Promoted Treg function driven by sustained Foxp3 expressioftudy design, data acquisition, analysis, and interpretatind

by daurinol may be a novel treatment strategy for autoimmunglrafted the manuscript. E-JL, E-KK, J-AB, S-YK, SHL, D-SK,
diseases that involve impaired Treg function, such as RAJ, and JC contributed to data acquisition, analysis, and
and SLE. interpretation. SHL, J-KM, and S-HP contributed to analysid an

Our study provides the rst evidence that daurinol interpretation of data.

can regulate the dierentiation of Tregs and stabilize
their immunoregulatory function. Our ndings suggest FUNDING
that daurinol can regulate Thl7 dierentiation by

STAT3 inhibition while stimulating Treg di erentiation This research was supported by a grant of the Korean Health
and stabilizing  Tregs  through  Nrpl-PTEN-Foxp3Technology R&D Project, Ministry for Health & Welfare,
signaﬁng_ By hypomethylation of Foxp3, a Treg |ineageRepUb|IC of Korea (H|14C3417) and the National Research

specic transcription factor, daurinol  concurrently Foundation of Korea (NRF) grant funded by the Korea
stimulates Treg dierentiation while suppressing the government (MSIP) (NRF-2017R1A2B3007688).
Th17 population.
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