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TonEBP is a key transcriptional activator in macrophages #i an M1 phenotype.
High expression of TonEBP is associated with many in ammaty diseases. Heme
oxygenase-1 (HO-1), a stress-inducible protein, is induag by various oxidative and
in ammatory signals, and its expression is regarded as an aaptive cellular response
to in ammation and oxidative injury. Here, we show that TonBP suppresses expression
of HO-1 by blocking Nrf2 binding to the HO-1 promoter, therely inducing polarization of
macrophages to the M1 phenotype. Inhibition of HO-1 expres®n or activity signi cantly
reduced the inhibitory responses on M1 phenotype and stimaltory effects on M2
phenotype by TonEBP knockdown. Additional experiments shawed that HO-1 plays a
role in the paracrine anti-in ammatory effects of TonEBP kockdown in macrophages.
Identi cation of HO-1 as a downstream effector of TonEBP preides new possibilities for
improved therapeutic approaches to in ammatory diseases.

Keywords: NFAT5, M1 macrophages, M2 macrophages, in ammation, innate immunity

INTRODUCTION

Macrophages are a heterogeneous population of immune cellsghaesent in all tissues and
plays a central role in initiation and resolution of in ammiah induced by pathogens or tissue
damage {, 2). Macrophages can acquire two distinct functional phenotypésssical (M1) and
alternative (M2), depending on the activating (environmép&imulus 3, 4). Whereas, the M1
phenotype plays a causal role in in ammatory diseases, the M2 gilgpa functions to resolve
pathologic in ammation and aid tissue repair during wound tieg (5, 6). Plasticity and exibility
are key features of activated macrophages’), Macrophages can undergo dynamic transition
between the M1 and M2 states and promote di erentiation of neigfilg macrophages to their
same activation state. Moreover, dynamic changes in macgglphenotype frequently reveal
divergent roles in health and disease. Thus, identi catidmolecules and mechanisms associated
with phenotypic switching of macrophages provides a molecusmifor macrophage-centered
diagnostic and therapeutic strategies.

Heme oxygenase (HO) is the rate-limiting enzyme during hetegradation §), which leads to
generation of carbon monoxide (CO), free iron, and bilivierd9o-11). These by-products of HO
enzymatic activity are regarded as cytoprotective molechéeause of their antioxidant activity
[reviewed in (2, 13)]. Two mammalian HO isoforms, HO-1 and HO-2, have been idei
(13. HO-1 is a stress-inducible protein induced by various atide and in ammatory signals,
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while HO-2 is a constitutively expressed form. HO-1 haddi erentiated for 7 days using 20% L929-conditioned medias,
strong immunomodulatory and anti-in ammatory properties a source of M-CSF, to obtain bone marrow-derived macrophages
(14), which have been demonstrated in HO-1-de cient mice(BMDMs) (41). The cells were treated as indicated in the
and human cases of genetic HO-1 de ciency5€20). At gure legends and analyzed. All experimental protocols were
present, evidence suggests that induction of HO-1 can drivapproved by the Institutional Animal Care and Use Committee
the phenotypic shift from M1 to M2 in macrophages?flj, of the Ulsan National Institute of Science and Technology
reviewed in 22, 23] HO-1 modulates the immune system (UNISTACUC-12-15-A).

during homeostasis and disease by regulating the functiah a

phenotype of macrophages 24-26). Isolation of the Human Primary Monocytes

Tonicity-responsive enhancer binding protein (TonEBP),and Differentiation of Monocyte-Derived
also known as nuclear factor of activated T cells 5 (NFATS)MaCI’OphageS

belongs to the Rel family of transcriptional factors, which derived h q
includes nuclear factokB (NFkB) and NFAT1-4 27, 29). Human monocyte-derived macrophages were prepared as

TonEBP was initially identied as the central regulator Ofdescribed previously39). The study was approved by the

cellular responses to hypertonic stresa7,(29-31). Recent Institutional Review Board of the Ulsan National Institute of

studies show that high expression of TonEBP in humans anﬁci_ence and Technology (UNISTIRB-15-25-A). Brie_y, human
mice is associated with in ammatory and autoimmune dis:.*xasepe”pheraI blood mononuclear cells (PBMCs) were isolated by

(32-36). TonEBP induces M1 macrophages by Stirnula,[ingcentrifugation of whole b.Iood (donlated by hea!thy volunge

expression of pro-inammatory genes and by suppressin n Hlstopaque-1077.(ﬁlgdm?-Aldr;ch,hISt..Lo|U|s,d MO, gSAg'
expression of anti-in ammatory geness{=39). Consequently, or_u_)cytes were enriched from iresnly 150 ated PBMCs oy
downregulation of TonEBP reduces in ammation, therebypOSItIve selection on CD_14 m!cro_beads foIIov_ved by separation
helping to prevent in ammatory and autoimmune diseases?" MACS columns (Miltenyi Biotec, Bergisch, Germany).

(32-36). Here, we explored the potential interplay betweenMacrOphageS were obtained from hyman monocytes aftgr 7

TonEBP and HO-1 in macrophages. We found that TonEBFsjays of cultur_e in RPMI-1640 medium ;upplemented with

is a potent suppressor of HO-1 in human and mouseloo/0 fetal bovine serum (FBS), 1% sodium pyruvat(_a, 0'1%

macrophages. Double knockdown of TonEBP/HO-1 or col-mercaptoethanol, and human M-CSF (20ng/ml; Miltenyi

treatment with a HO inhibitor reduced the inhibitory respoes Biotec) ¢2).

on M1 phenotype and stimulatory e ects on M2 phenotype .

by TonEBP knockdown, thereby supporting a role of Ho-C€ll Culture, Transfection, and

1 in the anti-inammatory e ects of TonEBP knockdown Adenoviral Infection

in macrophages. Human monocyte-like THP-1 (ATCC TIB-202) cells were
cultured in Dulbecco's Modied Eagle's Medium (DMEM)
containing 10% FBS (ThermoFisher Scienti ¢ Inc., Waltham,

MATERIAL AND METHODS MA, USA) and penicillin/streptomycin (100 U/ml and

. . 100mg/ml, respectively; GE Healthcare Life Sciences, UT,
Animals, Peritoneal Macrophages, and USA) and then di erentiated into macrophages by exposure to
Bone Marrow-Derived Macrophages 5ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich)

The TonEBE=1 mice on C57BL/6 backgroun@() were crossed for 2 days. The murine macrophage cell line RAW264.7 (ATCC
back to the C57BL/6 line (The Jackson Laboratory, Bar HarboilIB-71) was cultured in DMEM containing 10% FBS and
ME) to produce TonEBP™! animals and their TonEBFC  penicillin/streptomycin (100 U/ml and 10@g/ml, respectively).
littermates. Mice were kept on a 12-h light/dark cycle withAll siRNA duplexes were purchased from Integrated DNA
free access to standard chow and water. Peritoneal macrephad echnologies (Coralville, 1A, USA). Human monocyte-dedve
(PMs) were isolated from our previously developed mouse modehacrophages and PMA-di erentiated THP-1 and RAW264.7
of type 1 diabetes3(). Brie y, males were selected and madecells were transfected with concentration-matched pairs of
diabetic by daily intraperitoneal injections of freshly pregé scrambled (Scr) siRNA or with siRNAs specic for target
streptozotocin (STZ) (50 mg/kg body weight; Sigma-Aldrich,genes at concentration of 2nM using HiPerFect transfectant
St. Louis, MO) in 0.1 M citrate bu er (pH 4.5) for 4 days. Animals (Qiagen, Valencia, CA, USA) as previously describ&®) or
displaying fasting blood glucose levels above 250 mg/di aftesing lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
2 weeks of STZ injections were considered diabetic. Controccording to the manufacturer's instructions, respectivédy
non-diabetic animals were injected with the bu er. Six week24 h. The transfected cells were then cultured in fresh cotaeple
post the STZ injections the animals were analyzed for PMsnedium, treated with vehicle or chemicals and analyzed as
PMs were isolated from non-diabetic and diabetic mice a#dicated in the gure legends. For overexpression, RAW264.
described 40). In short, 1 ml thioglycollate (30 mg/ml) was cells were infected with an empty control virus (Ad-EV) or an
injected intraperitoneally and the peritoneal cells werdemtéd adenovirus carrying the human TonEBP gene (Ad-TonEBP) at
4 days later. The macrophages were adhesion-puri ed for 1 B multiplicities of infection (MOI) of 50 for 24 h followed by
followed by a wash with PBS to remove non-adherent cellgeatment with LPS (100 ng/ml) for 6 h. The 4kb fragment of
and analyzed. Bone marrow cells obtained from femurs werthe mouse HO-1 promoter (4,045C74 pGL2), a gift from Dr.
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S.W. Chung (University of Ulsan, Ulsan, South Koret)(was Luciferase Reporter Assay
subcloned into pGL3B (Promega, Madison, WI, USA). AREs oCells were transfected for 48 h with Scr siRNA or siRNA targeting
TonE sites in the promoter were mutated using a two-step PCRonEBP, followed by transfection with the HO-1 promoter-
procedure and overlapping internal primers. All plasmids werelriven luciferase reporter vector. The Renilla luciferagorer
puri ed using an endotoxin-free puri cation system (Qiagen) plasmid was used as a control for transfection e ciency. At
and transfected into cells using lipofectamine 2000 (Igan). 24 h post-transfection, cells were treated with LPS (100 ng/ml
After 8h, cells were lysed in passive lysis buer and a
Immunoblot Assay luciferase assay was performed using the dual-luciferaseteepo
Western blotting was performed using standard methods. Brie System (Promega).
cells were washed with cold PBS and lysed in RIPA buer
[L0mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1mM EGTA, CNIP Assay . _
1% Triton X-100] containing 1mM sodium orthovanadate, Chromatin immunoprecipitation (ChiP) was performed using
phosphatase inhibitor cocktail, and protease inhibitor cadkt & commercial kit (Millipore, Bedford, MA, USA). In brief, cells
Lysates were centrifuged at 16,000y for 15min at 4C. The Were cross_llnked with formaldehy_d_e (1% nal concentra_tlon
protein concentration was measured in a BCA protein assag'gma'Ald”,Ch) followed by addition of 125mM glycine.
system (Pierce, Rockford, IL, USA). Proteins were resolved yftér washing, chromatin fragmentation was performed by
SDS-PAGE, transferred to nitrocellulose membranes (Wiaaim Sonication on ice to yield an average fragment length00
Clifton, NJ, USA), and probed with anti-TonEBR), anti- bp. Su_pernatants _con;alr_nng fragmented lysates were ditL@ed
HO-1, anti-HO-2, anti-p65, anti-lamin B (all from Santa Cruz fold with chromat!n dllutlon bu er. Samples were pre-plgared
Biotechnology, Santa Cruz, CA, USA), anti-Nrf2 (Abcam,for 1h at 4C with protein A Sephgrose beads (Millipore,
Cambridge, UK), and anti-Hsc70 (Rockland, Gilbertsville, PAMA, USA) that were pre-adsorbed with salmon sperm DNA.

USA) antibodies. Speci ¢ antibodies (anti-Nrf2 1gG, anti-Pol 1l 1gG, normal
rabbit IgG (Abcam), anti-TonEBP serum, and normal rabbit
RNA Isolation and gPCR serum (Merck Millipore, Darmstadt, Germany) were added after

Total RNA was isolated from human monocyte-derivedremovmg the pre_—clearlng beads._ After adding the_antlqu|es
. tpe lysates were incubated overnight aC4 After elution and
macrophages and cultured cells  using TRIzol reagenreverse crosslinking the antibody/DNA complexes, DNA was
(Invitrogen). First-strand cDNA was synthesized with iy g Y P !

of total RNA and subjected to quantitative real-time PCR (§9C gun eF()i ClIJ?SIEgir? D’:Iiﬁq;u” ;?202052“(,?Iaggrgsarfofgalzfegss
using SYBR Green mastermix in a LightCycler 480 systemy q gp P g ! ’

(Roche, Rotkreuz, Switzerland). Relative amount of mMRNA w £9ions of the HO-1 promoter ar_ld exon 3 of the HO-1 gene.
. . . rimers used for qPCR are describedinpplementary Table 1

determined by using the comparative CT1( CT) method, . .

. . . Immunoprecipitated DNA from each sample was normalized to

normalized to cyclophilin A gene as the internal control and.

expressed as arbitrary units. Primers used are described I|tr§ respective chromatin input.

Supplementary Table 1 Transwell Co-culture Assay
. BMDMs were plated in 6-well plates (Corning Incorporated,
Immunocytochemistry Corning, NY, USA). RAW264.7 cells were plated on

The cells were grown on glass coverslips and xed with 4%answell permeable supports with @h pore size (Corning
paraformaldehyde in PBS (pH 7.4) for 20min atG4 Cells |ncorporated), transfected with Scr SiRNA or siRNA speci ¢ for
were permeabilized with 0.25% Triton-X 100 in PBS for 30 mirgrget genes for 24 h, and treated with LPS (100 ng/ml) for 12 h.
and blocked with PBS containing 5% FBS and 5% bovinghe cells were then added to 6-well companion plates contginin
serum albumin for 1 h at room temperature. After incubation the BMDMSs and co-cultured for 3 or 12 h. At the end point of the

with rabbit anti-Nrf2 overnight at 4C, the cells were washed experiment, BMDMs were collected for use in a gene expression
with PBS and treated with goat anti-rabbit Alexa Fluor 488'assay to assess the paracrine e ects of macrophagesl

conjugated secondary antibodies for 1 h. Cells were washéd wi

PBS and incubated in Omg/ml Hochest (DAPI) for 30min. Statistical Analysis

After wash with PBS, coverslips were mounted onto microscopPata are expressed as the me@ SD or SEM. Statistical
slides. Images were recorded using an Olympus FV1000 cdnfogigni cance was estimated using two-way ANOVA with Tukey's

uorescence microscope. post-hoctest for multiple comparisons. All statistical analyses
were performed using GraphPad Prism 5.0 software (GraphPad,
ROS Assay CA, USA).

Cells transfected with Scr siRNA or siRNA targeting TonEBP

were pre-treated for 30 min with vehicle or NAC (10mM) and RESULTS

then cultured in the presence of LPS (100 ng/ml). Then, caltew .

trypsinized and resuspended in PBS. Intracellular accunuriati TONEBP Suppresses Expression of HO-1

of ROS was measured using a ow cytometer (Becton-Dickinsorn Macrophages

Franklin Lakes, NJ, USA) and the uorescent prob872  We previously reported that TonEBP in macrophages promotes
dichlorodihydro uorescein diacetate (Sigma-Aldrich). hyperglycemia-mediated proin ammatory activation and
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chronic renal in ammation leading to diabetic nephropathy (Figure 1H), further con rming that TonEBP suppresses HO-1
(DN) (35. Given the protective role of HO-1 on diabetic expression in murine macrophages.
complications including DN 24, 44, 45), we asked whether We asked whether the suppression of HO-1 by TonEBP
TonEBP a ected HO-1 expression in macrophages. To addresgcurred in human macrophages. For this we used human
the question, we examined peritoneal macrophages (PMshonocyte-derived macrophages obtained from three donors as
obtained from our previously developed mouse model of typ@lescribed previously3Q) and macrophages di erentiated from
1 diabetes 5. In macrophages from both diabetic and non- the human monocyte cell line THP-1. LPS induced expression
diabetic animals, TonEBP haplo-de ciency (TonEBP) was of HO-1 mRNA in human monocyte-derived macrophages, and
associated with elevated HO-1 mRNA expresskigire 1A). In ~ TonEBP knockdown increased the expression of HO-1 mRNA
order to characterize the regulation of HO-1 by TonEBP ferth under unstimulated and LPS-stimulated conditiorisgure 11).
we examined PMs and bone marrow derived macrophageSimilar results were observed for macrophage-di erentiated
(BMDMs) obtained from non-diabetic TonEBPC and THP-1 cells. Expression of HO-1 in response to LPS was induced
TonEBF=1 mice. PMs and BMDMs were cultured with at1h, and increased further up to 6 Rigure 1J. This response
medium containing normal (5.5 mM) or high (25 mM) glucose was dose-dependerfigure 1K). TonEBP knockdown increased
in the presence or absence of lipopolysaccharide (LPS), a potempression of HO-1 in THP-1 cells under unstimulated and LPS-
trigger of hyperglycemia-induced in ammation and diabetic stimulated conditionsKigures 1J,K. The elevated HO-1 mRNA
complications 23, 46, 47), to mimic a diabetic condition. levels were associated with increased expression of HO-&iprot
PMs and BMDMs from the TonEBP! mice cultured in (Figure 1L). These data demonstrate that TonEBP suppresses
normal glucose (5.5 mM) showed reduced TonEBP expressidaO-1 expression in human and murine macrophages.
and enhanced HO-1 expression compared to those from
TonEBFC littermates in both resting and LPS-stimulated cells
(Supplementary Figure 1A. Raising glucose concentration to TonEBP Induces the Macrophage M1
25mM in the presence of LPS resulted in a higher expressid®henotype via Downregulation of HO-1
of TonEBP and HO-1 mRNA in PMsHigure 1B) and BMDMs Here we asked whether M1 genes tumor necrosis faetor
(Figure 1O while addition of mannitol to the same osmolality (TNFa), cyclooxygenase-2 (COX-2), chemokine (C-X-C maotif)
did not. Importantly, the cells from the TonEBP! mice ligand 10 (IP-10), and chemokine (C-C motif) ligand 5
showed enhanced HO-1 expression compared to those frofRANTES), that are associated with diabetic complications
TonEBFC littermates. These data suggest that elevated level$3-50), were aected by the increased expression of HO-
of TonEBP may limit hyperglycemia-mediated induction ofl in response to TonEBP knockdown. First, we examined
HO-1 in macrophages. the e ects of siRNA-mediated silencing of TonEBP and HO-
Next, we asked whether knocking down TonEBP by siRNA1 in PMA-di erentiated THP-1 and RAW264.7 cells. Both
mediated gene silencing would aect expression of HO-1siRNAs (hTon #1 and hTon #2) targeting di erent regions of
RAW264.7 cells were transiently transfected with two siRNAthe human TonEBP mRNA e ciently reduced protein levels
(mTon #1 and mTon #2) targeting di erent regions of the mouseof TonEBP and increased expression of HO-1 protein after
TonEBP mRNA. Both siRNAs e ciently reduced protein levels of 24 h of transfection in THP-1 cellSQpplementary Figure 1D).
TonEBP and increased expression of HO-1 protein after 24 h dfor the following studies we used the siRNA hTon #1 at
transfection Figure 1D). Targeting TonEBP by siRNA mTon #1 concentration of 2nM. TonEBP targeting siRNA TonEBP
resulted in a dose-dependent knockdovirigure 1B). Thisledto  reduced expression of TonEBP mRNA while increasing HO-1
increased expression of HO-1 protein for up to 96Higure 1.  mRNA in THP-1 (Supplementary Figure 2A and RAW264.7
For the following experiments, we used the siRNA mTon #1 atells Supplementary Figure 2B, whereas siRNA targeting
2nM, because siRNA mTon #1 was more e ective in silencingf HO-1 reduced HO-1 mRNA without aecting TonEBP
TonEBP than mTon #2Kigure 1D). LPS increased expressionmRNA expression. LPS induces rapid expression of the pro-
of HO-1 (43) and TonEBP 87, 39 proteins Figure 1F, as in ammatory M1 genes %1). LPS-induced expression of mMRNA
previously reported. Notably, TonEBP knockdown increase@&ncoding TNR, COX-2, IP-10, and RANTES in THP-1
expression of HO-1 protein and mRNA in resting and LPS-cells fell after TonEBP knockdown. Notably, TonEBP/HO-1
stimulated RAW264.7 cellsFigures 1F,G. Neither LPS nor double knockdown reduced the suppressive e ects of TonEBP
TonEBP knockdown a ected expression of the HO-2 proteinknockdown on expression of these gen&g(re 2A). Same
a constitutive isoform Figure 1F. High glucose (25mM) pattern of changes was observed in RAW264.7 deiggi(e 2B),
enhanced the expression of both TonEBP and HO-1 mRNA irdemonstrating that TonEBP induces M1 genes in human and
response to LPS in RAW264.7 cells, and TonEBP knockdownurine macrophages (at least in part) by downregulating HO-1.
increased the expression of HO-1 mRNA both under normal and Next, we examined the e ects of zinc protoporphyrin (ZnPP),
high glucose conditionsSupplementary Figure 1B. We found  which inhibits HO-1 activity and cobalt protoporphyrin
that adenoviral vectors can be used to transduce RAW264(CoPP), an inducer of HO-1. Both ZnPP and CoPP
cells without toxicity up to MOI of 100 without cytotoxicity increased HO-1 mRNA expression, a nding in line with
(Supplementary Figure 1§ Overexpression of TonEBP using previous reports %2, 53) while not aecting TonEBP
the adenoviral vector at an MOI of 50 resulted in a reducednRNA expression fupplementary Figures 2C,0 TonEBP
expression of HO-1 mRNA in resting and LPS-stimulated cell&nockdown signi cantly increased CoPP or ZnPP-mediated
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FIGURE 1 | TonEBP reduces expression of HO-1 both in human and murine n@ophages. (A) Peritoneal macrophages (PM) were obtained from non-diabit (Veh,n
D 5) and streptozotocin-induced diabetic (STZn D 8-9) TonEBF°=1 and TonEBF°=C mice (34). The abundance of HO-1 mRNA was measured by quantitative
RT-PCR. MeanC SEM. (B,C) PM (B) and bone marrow-derived macrophages (BMDMJC) obtained from TonEBF-=C or TonEBF*=1 mice were cultured in normal
glucose (5.5 mM), high glucose (25 mM), or 5.5 mM glucos€ 19.5 mM mannitol (osmotic control for high glucose) for 24 hiad then treated with LPS (100 ng/ml) for
6 h. Quantitative RT-PCR was performed to measure expressivof mRNA encoding TonEBP and HO-1(D) RAW264.7 cells were transfected with scrambled [Scr (-)]
or two siRNAs (Ton #1 or Ton #2) targeting different regionsfanouse TonEBP mRNA for 24 h. Immunoblotting to detect TonEBR1O-1 and Hsc70 was performed.
(E-G)RAW?264.7 cells transfected with scrambled (Scr) siRNA orRNA targeting TonEBP (Ton) for 24 h(E) Transfected cells were further cultured for 24 or 72 h,
followed by immunoblotting to detect TonEBP, HO-1, and Hsc®. (F) Transfected cells were treated with vehicle (Con) or LPS (@Gr 1,000 ng/ml) for 24 h and
immunoblotted with antibodies speci ¢ for TonEBP, HO-1, HO2, and Hsc70. (G) Transfected cells were treated with LPS (100 ng/ml) for 6 or 1B, and abundance of
HO-1 mRNA was measured by quantitative RT-PCR(H) RAW264.7 cells infected with adenovirus expressing TonEBFAd-TonEBP) or with empty vector (Ad-EV) at
an MOI of 50 for 24 h and then treated with LPS for 6 h, followed  immunoblotting to detect TonEBP and quantitative RT-PCRotdetect HO-1 mRNA. (1) Human
peripheral blood monocyte-derived macrophages were trantected for 48 h with Scr siRNA or siRNA targeting TonEBP and #n treated with LPS (100 ng/ml) for 6 h.
(Continued)
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FIGURE 1 | Quantitative RT-PCR to measure HO-1 mRNA was performedJ,L) Human PMA-differentiated THP-1 cells transfected for 24 h ith Scr siRNA or siRNA
targeting TonEBP.(J,K) Transfected cells were treated with vehicle (Con) or LPS asdicated. The abundance of mMRNA encoding HO-1 was measured Y quantitative
RT-PCR. (L) Transfected cells were treated with vehicle (Con) or LPS (0@g/ml) for 24 h, followed by immunoblotting to detect TonEBPHO-1, and Hsc70.
(A—C,G-K) Two-way ANOVA with Tukey'spost-hoc test was used for multiple comparisons. Different lettersdicate statistical differences af < 0.05. (B,C,G-K)
Data (meanC SD) were from three independent experimentsn(D 3) each with more than three replicates(D—F,L) Data are representative of three independent
experiments. AU, arbitrary units.

expression of HO-1 mRNA Supplementary Figures 2C,0  to induce expression of HO-15@, 60). Given the nding
ZnPP increased expression of T&JFCOX-2, IP-10, and that TonEBP knockdown increases expression of HO-1, and
RANTES in LPS-stimulated RAW264.7 cellsigure 20. In  the results of our previous report showing that TonEBP
addition, inhibition of these genes' expression upon TonEBKnockdown induces the M2 phenotype by upregulating IL-
knockdown was attenuated by treatment with ZnFHgre 20. 10 (39, we next used siRNA to elucidate the relationship
CoPP increased expression of HO-1 protein in resting andetween HO-1 and IL-10. Expression of HO-1 mRNA was not
LPS-stimulated RAW264.7 cells and TonEBP knockdowa ected by siRNA-mediated knockdown of IL-10 in resting and
increased CoPP-mediated protein expression of HO-1LPS-stimulated RAW264.7 cellSypplementary Figure 3A.
(Supplementary Figure 2t CoPP reduced expression of TAIF However, knockdown of HO-1 reduced IL-10 expression in both
COX-2, IP-10 and RANTES in LPS-stimulated RAW264.7 cellsell types Supplementary Figure 3 demonstrating that HO-
(Figure 2D). Furthermore, treatment of TonEBP knockdown 1 contributes to expression of IL-10 both in resting and LPS-
cells with CoPP exacerbated the reduction in these genesAnRNtimulated RAW264.7 cells.

expression induced by TonEBP knockdowiigure 2D). The Next, we asked whether increased expression of HO-1 in
opposite actions of ZnPP and CoPP provide further supportesponse to TonEBP knockdown played a role in induction of the
that M1 induction by TonEBP is mediated by downregulationM2 phenotype in IL-4-stimulated macrophages. As previously

of HO-1. reported (9), IL-4 induced expression of mMRNA encoding
IL-10, Arg-1, and CD206 in RAW264.7 cellFidure 4A).

TonEBP Suppresses the Macrophage M2 TonEBP knockdown promoted IL-4-induced expression of

Phenotype via Downregulation of HO-1 mRNA encoding IL-10, Arg-1, and CD206, whereas HO-1

LPS-stimulated in ammatory responses lead to expressioheft knockdown reduced expression of these genes in response to
anti-in ammatory cytokine interleukin-10 (IL-10) %4, 55), and  IL-4 (Figure 4B). The TonEBP knockdown-mediated increase
M2 genes, such as arginase-1 (Arg-1) and CDZ@} this acts  in expression of mMRNA encoding IL-10, Arg-1, and CD206 was
as a feedback mechanism that curtails in ammatory respansesuppressed by TonEBP/HO-1 double knockdowfig(ire 4B).
Because induction of HO-1 in macrophages promotes expressidfaken together, the data irFigures 3 4 demonstrate that
of IL-10 (57), we examined whether TonEBP knockdown-suppression of M2 phenotype by TonEBP is mediated by reduced
mediated induction of HO-1 played a role in the expression ef IL expression of HO-1.
10. As reported previouslhs@), TonEBP knockdown increased .
expression of IL-10 MRNA in THP-1 and RAW264.7 cells underl ONEBP Blocks Recruitment of Nrf2 to the
unstimulated and LPS-stimulated conditions, whereas HO-Enhancer Region of the HO-1 Gene
knockdown reduced IL10 expressioRigure 3A). The TonEBP  Next, we investigated molecular mechanism underlying TBRE
knockdown-mediated increase in IL-10 expression in both cemediated regulation of the HO-1 gene. First, we examined
types was attenuated by TonEBP/HO-1 double knockdowmgeneration of reactive oxygen species (ROS), which induce
under unstimulated and LPS-stimulated conditiolsgure 3A).  expression of the HO-1 gene1). TonEBP knockdown did
In addition, LPS-induced expression of mRNA encoding Arg-not a ect ROS levels in resting macrophages for up to 48h
1 and CD206 increased upon TonEBP knockdown in both cel{Supplementary Figure 4A. Furthermore, TonEBP knockdown
types, and TonEBP/HO-1 double knockdown attenuated theeduced LPS-mediated ROS generation and acted synerdystical
TonEBP knockdown-mediated increase in expression of Argwith NAC, a ROS scavenger, to reduce ROS levels further
1 and CD206 Figure 3B). Furthermore, treatment of TonEBP (Figure 5A). Pre-treatment of resting and LPS-stimulated
knockdown cells with ZnPP almost completely abolished theells with NAC reduced expression of HO-Figure 5B) as
TonEBP knockdown-mediated increase in expression of ILexpected. TonEBP knockdown increased expression of HO-
10, Arg-1, and CD206 by LPS-stimulated RAW264.7 cell$ in control and NAC-exposed cells, despite the lower levels
(Figure 3Q. Reversely, treatment with CoPP promoted theof ROS accumulation Higure 5B. These data demonstrate
TonEBP knockdown-mediated increase in expression of ILthat depleting TonEBP induces HO-1 expression independently
10, Arg-1, and CD206 by LPS-stimulated RAWZ264.7 cellsf ROS.
(Figure 3D). These data suggest that HO-1 mediates the Next, we asked whether TonEBP knockdown increased
stimulation of M2 genes in response to TOonEBP knockdown. transcription of HO-1. For this, we constructed a pGL3 lucitaa

In macrophages, HO-1 and IL-10 form a positive feedbackeporter using a 4kb HO-1 promoter fragment containing
loop that ampli es the anti-in ammatory response. Brie y, HO the enhancer E1 region which is a key regulator of the HO-1
1 promotes expression of IL-1G§), which then feeds back gene transcription [reviewed in Re64)]. TonEBP knockdown
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FIGURE 2 | TonEBP induces the macrophage M1 phenotype by downregulatig HO-1. (A,B) Differentiated THP-1(A) and RAW264.7 (B) cells were transfected with
scrambled [Scr (-)], TonEBP-targeting, and HO-targetingiBNA in the combinations indicated at the bottom of the panel for 24 h. The concentration of total SIRNA
was equalized by adjusting the concentration of Scr (-) siRAl Transfected cells were then treated with LPS (100 ng/ml) f& h (for TNF) or 6 h (for COX-2, IP-10 and
RANTES). Expression of mMRNA was measured by quantitative FPICR. (C,D) RAW264.7 cells transfected with Scr (-) or TonEBP-targetqnsiRNA were treated for 3h
(for TNFa) or 6 h (COX-2, IP-10, and RNATES) with LPS in the presence of BR (20mM), CoPP (5mM), or vehicle (-). Expression of mRNA was measured by
quantitative RT-PCR. Two-way ANOVA with Tukey'post-hoc test was used for multiple comparisons. Different lettersiicate statistical differences aP < 0.05. Data
(meanC SD) were from three independent experiments(D 3) each with more than three replicates. AU, arbitrary units
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FIGURE 3 | TonEBP suppresses the macrophage M2 phenotype by downregating HO-1. (A,B) Differentiated THP-1(A) and RAW264.7 (B) cells were transfected
with scrambled [Scr (-)], TonEBP-targeting, or HO-targety siRNA in the combinations indicated at the bottom of the paels for 24 h. The concentration of total SiRNA
was equalized by adjusting the concentration of Scr (-) siRAl Transfected cells were then treated with LPS (100 ng/ml) fdl.2 h, and expression of mRNA encoding
IL-10, Arg-1, and CD206 was measured by quantitative RT-PCR(C,D) RAW264.7 cells transfected with Scr (-) or TonEBP-targetqisiRNA were treated for 12 h with
LPS in the presence of ZnPP (20nM), CoPP (5mM), or vehicle (-). The abundance of mMRNA encoding IL-10, Arfj; and CD206 was measured by quantitative
RT-PCR. Two-way ANOVA with Tukey'spost-hoc test was used for multiple comparisons. Different lettersidicate statistical differences af < 0.05. Data (meanC
SD) were from three independent experimentan(D 3) each with more than three replicates. AU, arbitrary units

stimulated the HO-1 promoter-driven luciferase expression i Nrf2), a critical regulator of HO-1Kigure 5D). Therefore, we
resting and LPS-stimulated RAW?264.7 celsg(re 50. The asked whether TonEBP binds to the TonE site. Because TonEBP
4 kb fragment contains one TonE sequence (a TonEBP bindinknockdown activated basal expression of HO-1 even in the
sequence) near the three antioxidant response elements jAREbsence of LPSFigure 1), we performed a ChIP assay using
that bind to nuclear factor erythroid-derived 2-like 2 (NEE2, resting RAW264.7 cells. Fragments of the region containing

[e2)

Frontiers in Immunology | www.frontiersin.org April 2019 | Volume 10 | Article 850


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

Yoo et al. TonEBP Suppresses HO-1 Gene

A b
.20 - b ~ 250 - 5 30 -
< 45 | < 200 - =
' < < 20 A
< a Z 150 A z
o
r 1.0 A x c
IS € 100
o 05 = @ 10
= S 50 s .
=i < a
= 00 0 © o
Con IL4 Con IL-4 Con IL-4
B
2.5 1 b 2.0 ~ b 25 -
— = 5‘ b
D 20 | c = c 2.0
5 =0 < 15 | < .
< <
< 15 1 N a Z 1.5 1
x a X 1.0 - d % a
£ 1.0 A d E 1.0 - d
- ©
= % 0.5 2
-— o U. 7 N z
o 0.5 A z a 05
- (@]
0.0 - 0.0 - 0.0 -
siTonEBP - + + - siTonEBP - + + - siTonEBP - + + -
siHO-1 - -+ o+ siHO-1 - -+ o+ siHO-1 - -+ 4+
IL-4 IL-4 IL-4
FIGURE 4 | HO-1 mediates the stimulatory effects of TonEBP knockdown o the M2 phenotype. (A) RAW264.7 cells were treated with IL-4 (10 ng/ml) for 12 h.
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TonE were precipitated by an antibody speci ¢ for TonEBP; thigoromoter was detected in resting cells, and its binding inczdas
precipitation was abrogated by TonEBP de cien&ygure 5B, in response to TonEBP knockdowfi@jure 5J, consistent with
demonstrating that TonEBP binds to this region on chromatin elevated Nrf2 binding to the AREs. These data demonstrate that
To investigate whether stimulation of the HO-1 promoter TonEBP binding reduces Nrf2 recruitment to the AREs leading
in response to TonEBP knockdown was dependent on the& reduced Pol Il binding to the promoter.

TonE sequence within the promoter, we constructed a mutant Finally, we asked whether increased expression of HO-
construct (mTonE) in which TonE was inactivated by site-1 upon TonEBP knockdown required Nrf2 binding to
directed mutagenesis. mTonE showed enhanced transcrigitionAREs. To answer the question, we deleted the three AREs
activity, which was not aected by TonEBP knockdownfrom the HO-1 promoter reporter construct Figure 5D).
(Figure 50, con rming the functionality of TonE on the HO-1 Deletion of AREs I1AREs) markedly reduced HO-1
promoter activity. Next, we asked whether binding of TonEBP t promoter activity, which is consistent with the function
the TonE site a ected binding of Nrf2 to the neighboring AREs.of Nrf2 as a major transcriptional regulator of HO-1
Recruitment of Nrf2 to the AREs in the enhancer E1 region wafreviewed in Ref. §2)] (Figure 5K). Importantly, while
stimulated by TonEBP knockdowrfigure 5G). On the other wild-type HO-1 promoter-driven luciferase activity incredse
hand, TonEBP knockdown did not a ect protein expressionafter TonEBP knockdown, TonEBP knockdown did not
(Supplementary Figure 4B or nuclear translocation of Nrf2 alter HO-1 promoter activity in the construct lacking
(Figure 5H and Supplementary Figure 4¢, suggesting that AREs, demonstrating Nrf2-dependent suppression of HO-1
TonEBP directly prevents recruitment of Nrf2 to the enhanceitranscription by TonEBP.

El region of the HO-1 gene. Anti-Nrf2 antibody speci city .

was con rmed in cells transfected with Nrf2-targeting siRNA TONEBP-de cient M1 Macrophages Exert
(Supplementary Figure 40). Because recruitment of Nrf2 to the Paracrine Anti-in ammatory Effects

HO-1 enhancer EL1 region facilitates binding of RNA polymeras@o examine whether TonEBP de ciency in Ml-primed

Il (RNA Pol II) to the human HO-1 promoter region§3), we macrophages aects activation of resting macrophages, we
examined RNA Pol Il enrichment at the transcription start siteconducted indirect co-culture experiments using the Trarnswe
(TSS). Recruitment of Pol Il to the TSS region of the HO-1system. Control and TonEBP knockdown RAW264.7 cells were
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(A) Intracellular ROS levels were measured by DCF oxidatio(B) Immunoblotting to detect HO-1 and Hsc70 was performed.(C) The siRNA-transfected cells were
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FIGURE 5 | primer pairs speci ¢ for two regions of the HO-1 promoter: a poximal region covering the TonEBP binding site and exon 3 régn (as a control).(F) The
siRNA-transfected cells were transfected a second time whtthe 4,045/C74 promoter construct (WT) or with a mutant 4,045/C74 construct [in which the TonE
site was mutated (mTonE)] and luciferase activity was meaged (n D 4). (G) RAW264.7 cells were transfected with Scr or TonEBP-targeig siRNA for 24 h. ChIP
assay was performed using an anti-Nrf2 antibody or 1gG to detet AREs (A) (n D 3) and the exon 3 (E3) region on the HO-1 gene of RAW264.7 cell§H) Confocal
immuno uorescence images of Nrf2 protein. RAW264.7 cells wee transfected with scrambled (Scr) or TonEBP-targeting RNA (Ton) for 24 h. Sulforaphane (SFN)
was used as a positive control of Nrf2 nuclear localizatiorThe signals of Nrf2 protein (green) were detected using arrf2 antibody. Nuclei were counterstained with
DAPI (blue). Data are representative of three independenkpgeriments. (I) A ChIP assay was performed using an anti-Pol Il antibody or IgG tdetect the TSS(C) of
the HO-1 promoter and the TSS region of the GAPDH promoter (aa control). (J) The siRNA-transfected cells were transfected a second timeith the 4,045/C74
promoter construct (WT) or a mutant 4,045/C74 construct [in which the three AREs are mutatedl( ARESs)]. Luciferase activity was measuredA,C,E-G,1,J)
Two-way ANOVA with Tukey'spost-hoc test was used for multiple comparisons. Different lettersidicate statistical differences af < 0.05. Data (meanC SD) were
from three independent experimentsif D 3) each with more than three replicates. AU, arbitrary units

FIGURE 6 | Loss of TonEBP from M1 macrophages induces paracrine antniammatory effects on bone marrow-derived macrophages.(A,B) RAW264.7 cells were
plated in transwell permeable supports, transfected with srambled siRNA or siRNA speci c for target genes for 24 h, andhen treated with LPS (100 ng/ml) for 12 h.
RAW264.7 cells were then added to the 6-well companion plate and co-cultured with BMDMs for 3h (for TNR®) or 12 h (for COX-2, IP-10, RANTES, IL-10, Arg-1,
and CD206) (seeSupplementary Figure 5 ). BMDMs were collected, and expression of mMRNA encoding thgenes indicated at the bottom of the panel was
measured by quantitative RT-PCR. Two-way ANOVA with Tukeypost-hoc test was used for multiple comparisons. Different lettersdicate statistical differences a
< 0.05. Data (meanC SD) were from three independent experimentan(D 3) each with more than three replicates. AU, arbitrary unit$C) Proposed mechanism for
the role of TonEBP. Increased expression of TonEBP by M1-priad macrophages suppresses HO-1 expression, leading to ineased expression of M1 genes and
reduced expression of M2 genes.

stimulated with LPS to induce an M1 phenotype. Then, LP$TNFa, COX-2, IP-10, RANTES) and M2 genes (IL-10, Arg-1,
was removed prior to co-culture of M1-primed macrophagesCD206) in BMDMs Figure 6A). Co-culture of BMDMs

with resting BMDMs GSupplementary Figure . Co-culture  with TonEBP knockdown M1 macrophages resulted in lower
with  M1-primed macrophages induced expression of Milexpression of pro-in ammatory M1 genes and higher expression
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of anti-inammatory M2 genes (compared with control Genetic and pharmacological induction of HO-1 expression
macrophages) Higure 6B). However, co-culture of BMDMs in synovial cells from RA patients reduces expression of pro-
with HO-1 knockdown M1 macrophages induced expressionin ammatory genes §7). In this regard, TonEBP depletion-
of M1 genes and attenuated expression of M2 genes (comparddven immunosuppression resembles the immunosuppressive
with controls) (Figure 6B). Moreover, double knockdown of e ects of HO-1. Importantly, we show here that depleting
TonEBP and HO-1 reduced the e ects of TonEBP knockdownTonEBP promotes expression of HO-1 even under basal
on activation of BMDMs Figure 6B), conrming that M1  conditions. This nding is of great interest because inwieg
macrophages push surrounding resting macrophages into Maf evidence suggests basal HO-1 levels are more important in
phenotype, and that TonEBP-mediated priming toward M1the protection against in ammation and oxidative stressha
macrophages is driven by downregulation of HO-1 expression. the degree of upregulation of HO-1 following injury@21, 68,

69). Thus, this study provides an opportunity to further our
DISCUSSION understanding of the role of TonEBP during polarization, ad

the functions, of macrophages. As such, it may facilitatétesf
Dynamic changes in the functional phenotype of macrophagesew regimens that prevent in ammatory diseases.
are associated with pathogenesis of in ammatory diseases ( Expression of HO-1 is regulated primarily at the
7). TonEBP primes macrophages toward an M1 phenotyperanscriptional level, and distinct DNA sequence-dependent
which has pro-in ammatory properties. TonEBP does this byenhancer regions in the upstream regulatory regions of the HO
promoting expression of pro-in ammatory genes via interactio promoter mediate basal and inducible HO-1 gene expression in
with NF-kB (36) and by binding directly to the promoter dierentspecies [reviewed in Refd.4 62)]. One majorcisacting
(37, 64). In addition, TonEBP suppresses expression of th®NA sequence element in the enhancers is called stress-
anti-in ammatory cytokine IL-10 by limiting chromatin a@ss responsive element which contains AREs. Cognate transaniptio
to the promoter 7). The pro-inammatory function of factor for AREs is Nrf2, a Cap“n’collar/basic-leucine zipper
TonEBP suggests that inhibiting its expression or activatio transcription factor {0). Under basal conditions, Keapl forms
could suppress in ammatory responses. Indeed, TonEBP hapler complex with Nrf2 and limits its nuclear translocatiof1.
de cient and myeloid-specic TonEBP knockout mice are\When cells are exposed to inducing stimuli, such as endotoxin
e ectively protected from inammatory diseases. TonEBPheme, and oxidants, Nrf2 dissociates from Keapl, transhscat
haplo-insu ciency in a mouse model of rheumatoid arthritis to the nucleus, and binds to the ARE&Z. Here, we suggest a
almost completely prevented pannus formation and cartilag@ew regulatory mechanism for Nrf2-mediated HO-1 induction
destruction, which was related to the reduced survival ofn macrophages: downregulation of TonEBP stimulates HO-1
macrophagesl(, 34). Also, formation of atherosclerotic lesions expression by recruitment of Nrf2 to the enhancer region of
in ApoE = mice fed a high fat diet is reduced when mice arethe HO-1 gene without a ecting nuclear translocation of Nrf2
TonEBP haplo-de cient; this reduction is dependent on TonEBPThe TonEBP depletion-mediated increase in HO-1 expression
depletion from macrophages$®). In a mouse model of diabetic attenuates polarization of macrophages toward the pro-
nephropathy (DN), TonEBP haplo-de ciency is associated withn ammatory M1 phenotype while enhancing M2 polarization
reduced activation of macrophages by hyperglycemia, witefew (Figure 6C). Identi cation of HO-1 as a downstream target
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Supplementary Figure 1| TonEBP suppresses expression of HO-1 in
macrophages. (A) PM and BMDM obtained from TonEBF=C or TonEBF~=1 mice
were cultured in normal glucose (5.5 mM) and treated for 6 h W vehicle (Con) or
LPS (100 ng/ml). Quantitative RT-PCR was performed for mMRNAf TonEBP and
HO-1. (B) RAW264.7 cells were transfected with scrambled siRNA or siRA
targeting TonEBP. The transfected cells were cultured in mmal glucose (5.5 mM),
high glucose (25 mM), or 5.5 mM glucoseC19.5 mM mannitol (osmotic control for
high glucose) for 24 h and then treated with LPS (100 ng/ml) fd h. Quantitative
RT-PCR was performed to measure expression of mRNA encodinonEBP and
HO-1. (C) RAW264.7 cells were infected with an empty control virus (A€V) or an
adenovirus carrying the human TonEBP gene (Ad-TonEBP) at &0l of 20, 50,
100 or 200 for 24 h. Control cells were mock-infected with PBS Cytotoxicity was
assessed by release of LDH into the culture media after 24 h aifection. (D)
Differentiated THP-1 cells were transfected with scrambt&[Scr (-)] or two siRNAs
(hTon #1 or hTon #2) targeting different regions of human T&BP mRNA for 24 h.
Immunoblotting to detect TonEBP, HO-1 and Hsc70 was performd. Data are
representative of three independent experiments(A—C) Two-way ANOVA with
Tukey's post-hoc test was used for multiple comparisons. Different lettersidicate
statistical differences atP < 0.05. Data (meanC SD) were from three independent
experiments (1 D 3) each with more than three replicates. AU, arbitrary units

Supplementary Figure 2| The expression of TonEBP and HO-1 by
gene-targeting siRNAs or modulators of HO-1 in THP-1 and RAR64.7 cells.
(A-D) Differentiated THP-1(A) and RAW264.7 (B-D) cells were transfected with
scrambled [Scr (-)], TonEBP-targeting, and HO-targetingiRNA for 24 h in the
combinations indicated at the bottom of the panels. The conentration of total
siRNA was equalized by adjusting the concentration of Scr)siRNA.(A,B)
Transfected cells were then treated with LPS (100 ng/ml) for 8. Expression of
TonEBP and HO-1 mRNA was measured by quantitative RT-PCRC,D)
RAW?264.7 cells transfected with Scr (-) or TonEBP-targetnsiRNA were treated
for 3h with LPS in the presence of ZnPP (2énM), CoPP (5mM), or vehicle (-).
Expression of MRNA was measured by quantitative RT-PCRE) RAW264.7 cells
transfected with scrambled [Scr (-)] or TonEBP-targetingiRNA (Ton) for 24 h were
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