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Abstract

Objective.—Pristane-induced lupus is associated with nonresolving inflammation and deficiency
of proresolving macrophages. Proresolving non-classical macrophages (NCM) are less responsive
to type | interferon than classical (proinflammatory) macrophages (CM) reflecting their relative
expression levels of the type I interferon receptor (IFNAR). This study focused on the regulation
of IFNAR expression in macrophages.

Methods.—We carried out gene expression profiling of purified CM and NCM from mice treated
with pristane (develop lupus) or mineral oil (MO, non-lupus control). Macrophage differentiation
and IFNAR expression were examined in mice treated with Nrf2 activators and inhibitors and in
Nrf2-deficient mice. Nrf2 activity also was assessed in blood cells from SLE patients.

Results.—RNA-sequencing analysis revealed increased expression of genes regulated by the
transcription factor Nrf2 in NCM from MO- vs. pristane-treated mice and in NCM vs. CM. The
Nrf2 activator CDDO-imidazole (CDDO-Im) decreased CM (P < 0.0001) and promoted the
development of proresolving NCM (p=0.08) (Student t-test), whereas the Nrf2 inhibitor brusatol
increased CM (P < 0.05) and decreased NCM (P < 0.001) (Student t-test). CDDO-Im decreased
Ifnar1(P < 0.001 by Student t-test). and interferon-stimulated gene (ISG) expression in
macrophages and alleviated oxidative stress (P < 0.05 by Student t-test) , whereas brusatol had the
opposite effect(P < 0.01 by Student t-test). Moreover, /fnar and 1SG expression was higher in
NrfZ-knockout mice than controls (P < 0.05 by Student t-test). As seen in lupus mice, SLE patients
showed evidence of low Nrf2 activity.

Conclusion.—We conclude that Nrf2 activation favors the resolution of chronic inflammation in
lupus. Since autoantibody production and lupus nephritis depend on IFNAR signaling, the ability
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of Nrf2 activators to repolarize macrophages and reduce the interferon signature suggests that
these agents may warrant consideration for treating lupus.

Introduction

Methods

Mice.

Patients.

Peripheral blood mononuclear cells (PBMCs) in most lupus patients express high levels of
gene transcripts regulated by type | interferons (IFN-1) (1). In both humans (2, 3) and mice
(4, 5), the “interferon signature” is related to the pathogenesis of organ involvement (e.g.
nephritis) and the serological abnormalities (e.g. anti-Sm/RNP, dsDNA autoantibodies) of
lupus. Consistent with that possibility, patients with interferonopathies often develop lupus-
like disease (6) and mice deficient in the Ifnarl subunit of the type I interferon receptor
(IFNAR) (7), are resistant to the induction of lupus nephritis and autoantibodies by pristane

(8).

Abnormal monocyte and macrophage (M¢) function also contributes to the pathogenesis of
lupus due to impaired clearance of apoptotic cells and over-production of proinflammatory
cytokines (9-11). Activated monocytes/M¢ infiltrate the kidneys of patients with lupus
nephritis and monocyte/M¢ depletion protects pristane-treated mice from diffuse alveolar
hemorrhage (DAH) and pulmonary vasculitis (12, 13). An unusual non-classical M¢ (NCM)
subset bearing the cell surface marker CD138 is associated with resolution of sterile
peritoneal inflammation and protection from lupus in mineral oil (MO)-treated mice and is
deficient in mice with nonresolving inflammation due to pristane (10). In contrast, peritoneal
exudate cells (PEC) from pristane-treated mice consist primarily of proinflammatory Ly6Chi
classical monocytes/M¢ (CM).

CM are more responsive to IFN-I than NCM (14). The ability of monocyte/M¢ to respond to
IFN-1 signaling correlates with IFNAR expression, but the mechanism(s) regulating IFNAR
expression are unclear. We report that the transcription factor Nrf2, a key regulator of the
cellular response to oxidative stress, also regulates IFNAR mRNA/protein expression.

C57BL/6 (B6), B6.129X1-Nfe2l2 M1Ywk/j (B6 Nrf2 KO), and B6.129S2-Ifnar1tmiAgy
Mmijax (B6 IFNARKO) mice (Jackson Laboratory) maintained under specific pathogen free
conditions were injected i.p. with 0.5 ml of pristane or MO as described (14). There were
5-15 mice per group unless otherwise noted. Experiments were repeated at least twice. PEC
were collected by lavage 3-14 days later (15). DAH was assessed as described (13). This
study followed the recommendations of the Animal Welfare Act and US Government
Principles for the Utilization and Care of Vertebrate Animals and was approved by the UF
IACUC.

Peripheral blood was collected in PAXgene tubes (BD Biosciences) from 14 patients with
SLE and 10 healthy controls and RNA was isolated as described (15). These studies were
approved by the University of Florida IRB.
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Flow cytometry, cell sorting, and RNA isolation.

Flow cytometry was performed using anti-mouse CD16/32 (Fc Block; BD Biosciences)
before staining with primary antibody or isotype controls. Cells were surface-stained, then
fixed/permeabilized (Fix-Perm buffer, eBioscience) before intracellular staining for HSP70
and IRF7. Monoclonal antibodies are listed in Table S1. For flow-sorting, PEC were
incubated with anti-CD11b-BV421, CD138-APC, Ly6C-Alexa Fluor 488, and Ly6G-APC-
Cy7 antibodies (15). NCM (CD11b*CD138*Ly6C~Ly6G~) and CM (CD11b
*CD138"Ly6CNILy6G™) (10) were flow-sorted using a FACSAvia cell sorter (3 mice/group,
30,000 cells/mouse). Cell purity was verified and RNA was isolated (RNeasy Microkit,

Qiagen).

Gene expression profiling.

RNA sequencing (RNA-seq) was performed at Broad Institute using the Smart-Seq2
platform as described (14). Gene set enrichment analysis (GSEA) was performed using the
Broad Institute GSEA Desktop v2.2.4 software and hallmark gene sets from the Molecular
Signature Database (MSigDB v.6.2) (14). The RNA-seq data discussed in this publication
are available from the corresponding author upon request.

Quantitative PCR (gqPCR).

gPCR was performed as described (14) using RNA isolated from 108 mouse PEC or from
human blood collected in PAXgene tubes. Gene expression was normalized to 18S RNA and
expression was calculated using the 272ACt method. Primer sequences are in Table S2.

Nrf2 binding to target sequence.

Nrf2 interacts with antioxidant response elements (ARES) of target genes (16, 17). To
measure ARE binding activity, B6 mice were treated with pristane or MO and PEC were
collected 7-d later. Nuclear extracts were purified using a Nuclear Extraction Kit (Cayman
Chemical). DNA binding activity was determined using the Cayman Nrf2 Transcription
Factor Assay Kit.

Mitochondrial superoxide and membrane potential.

Superoxide anion is the predominant reactive oxygen species (ROS) in mitochondria (18).
To assess mitochondrial superoxide, PEC obtained 14-d after pristane- or MO- treatment
were stained with the cell-permeant mitochondrial superoxide-specific indicator dye
MitoSOX Red (ThermoFisher). MitoSOX staining was quantified as mean fluorescence
intensity (MFI). Mitochondrial membrane potential (A¥m), a measure of mitochondrial and
cell health, was assessed by staining with tetramethylrhodamine methyl ester (TMRM,
ThermoFisher). After staining with MitoSOX or TMRM, cells were co-stained anti-CD11b,
-Ly6C and -CD138 antibodies.

In vivo Nrf2 activator and inhibitor treatment.

The synthetic oleanane triterpenoid 1-[2-cyano-3, 12-dioxooleana-1,9(11)-dien-28-
oyl]imidazole (CDDO-Im) (Tocris) modifies Cys151 of Keapl and potently inhibits binding
of Cul3 to Keapl, stabilizing Nrf2 (19, 20). The methyl ester (CDDO-Me, Bardoloxone
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methyl) also was tested. B6 mice were treated with pristane and received either CDDO-Im
(2.5 mg/kg in DMSO-PBS i.p. every other day), CDDO-Me (2.5 mg/kg body weight in
DMSO-PBS, i.p. daily), or vehicle. PEC were assessed at 14-d by flow cytometry and
gPCR. Expression of IFN-I regulated proteins (CD169, PDCA-1, Ly6C, IRF7) was
evaluated by flow cytometry. Expression of IFN-I stimulated genes (ISGs) Mx1, /sg15, and
/rf7was measured by qPCR. DAH was assessed at 14-d.

Brusatol (11B,12a,15p)-13,20-Epoxy-3,11,12-trihydroxy-15-[(3-methyl-1-oxo-2-buten-1-
yl)oxy]-2,16-dioxo-picras-3-en-21-oic acid methyl ester) is a plant-derived quassinoid that
inhibits ARE-driven gene expression by promoting the ubiquitination and degradation of
Nrf2 (21). B6 mice were treated with pristane and received either brusatol (Sigma, 2.0
mg/kg in DMSO-PBS, i.p. every other day) or vehicle. PEC were assessed at 9-d by flow
cytometry. DAH was assessed at 9-d.

In vivo treatment with MitoTEMPO.

To assess the role of mitochondrial superoxide on peritoneal M¢, pristane-treated mice were
given MitoTEMPO, an antioxidant that accumulates in the mitochondria and scavenges
mitochondrial superoxide (22). Mice were injected with pristane plus MitoTEMPO (1.5
mg/kg in PBS i.p. daily) or vehicle for 9 or 14-d. PEC were assessed by flow cytometry.
DAH was determined at 9 and 14-d.

IFNAR expression.

Pristane-treated B6 mice received either CDDO-Im or vehicle. At 3 or 6-d, PEC stained with
anti-CD11b, Ly6C, CD138, and Ifnarl for flow cytometry or lysed in TRIzol for gPCR.
Ifnarl and /fnar2 mRNA levels were normalized to 18S RNA. Surface expression of the
IFN-I regulated proteins PDCA-1 (CD317, BST2), CD169 (Siglec-1), and Ly6C on CD11b
*CD138* cells was determined by flow cytometry 6-d after pristane treatment in B6 mice,
B6 mice treated with CDDO-Im, or B6 IFNARKO mice.

IFNa-stimulated Statl phosphorylation.

Pristane-treated B6 mice received either CDDO-Im or vehicle every other day. At 8-d, PEC
were cultured for 15-min in AIM-V medium in the presence/absence of IFNa15 (200 ng/ml,
Biolegend). Cells were fixed, permeabilized, and stained with anti-CD11b-BV-421, Ly6G-
APC-Cy7, and anti-phospho-Stat1-PE antibodies. The MFI of phospho-Statl staining in
CD11b*Ly6G" cells was determined.

Treatment of M¢ cell line with Nrf2 activators and inhibitors.

RAW?264.7 cells (ATCC) were cultured with or without 100 nM brusatol. After 1-h, CDDO-
Im (0.5 uM) or dimethyl fumarate (DMF, 10 uM, Sigma) was added. After culturing an
additional 6-h, Gcle, Gpx4, Ngol, and Soa?2 expression was measured (QPCR). In other
experiments, RAW264.7 cells were cultured with CDDO-Im (0.1, 1.0, or 2.0 uM) or vehicle
(DMSOQ). After 1-h, IFNa4 (100 U/ml in PBS, R&D Systems) or PBS alone, was added and
the cells were cultured an additional 6-h (gene expression) or 24-h (flow cytometry). ISG
expression (/sg15, Irf7, MxI) relative to 18S RNA was determined by gPCR. Nrf2-regulated
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gene expression (NVgol) relative to 18S RNA also was determined by qPCR. For flow
cytometry, cells were stained with anti-CD169-APC and anti-PDCA1-PE.

Statistical analysis.

Results

Statistical analyses were performed using Prism 6.0 (GraphPad Software). Differences
between groups were analyzed by two-sided unpaired Student #test unless otherwise
indicated. Data were expressed as mean + SD. p < 0.05 was considered significant.
Experiments were repeated at least twice.

Both IFN-I production and IFNAR expression on monocytes/M¢ influence the interferon
signature in SLE (14). The high IFN-I responsiveness of CM vs. anti-inflammatory NCM
reflects their relative IFNAR expression. However, the mechanism(s) controlling differential
IFNAR expression has not been determined. We explored the regulation of IFNAR
expression.

NCM from MO-treated mice express Nrf2-regulated genes.

NCM from MO-treated mice exhibit an anti-inflammatory phenotype promoting the
resolution of inflammation whereas NCM from pristane-treated mice are more
proinflammatory (15). In addition to higher ISG expression (14), GSEA suggested that
genes involved in the response to ROS (23, 24) were up-regulated in NCM from 14-d MO-
vs. pristane-treated mice (Fig. 1A). In contrast, expression of these genes was not
significantly different in CM (not shown). Gc/c (glutamate-cysteine ligase, catalytic subunit,
the rate-limiting enzyme for intracellular glutathione synthesis), was the top ROS pathway
transcript over-expressed in NCM from MO-treated mice (Fig. 1A). As this key
mitochondrial anti-oxidant enzyme is regulated by Nrf2 (16), we asked whether other Nrf2-
regulated transcripts were up-regulated. Seven of the 19 enriched genes in the GSEA (Gclc,
Ngol, Sod2, Gsr, Gpx4, Srxn, and Prdx) were Nrf2-regulated (Fig. 1A). By gPCR,
expression of Nfe2/2 (encoding Nrf2), was substantially higher in flow-sorted NCM and CM
from MO- vs. pristane-treated mice (Fig. 1B). In MO-treated mice, Nfe2/2 expression was
higher in NCM vs. CM. Consistent with Nfe2/2 levels, expression of two representative
Nrf2-regulated genes (Gpx4 and Prdx) was higher in NCM vs. CM from MO-treated mice
(Fig. 1C). Although Gpx4 and PraxI expression was lower in pristane-treated mice, Nrf2-
regulated gene expression generally was higher in NCM vs. CM from pristane-treated mice.
Intracellular staining of the Nrf2-regulated protein HSP70 (25) exhibited a similar pattern:
higher in NCM from MO- vs. pristane-treated mice and lower in CM vs. NCM (Fig. 1D).
The Nrf2-regulated proteins Marco and CD36 also are over-expressed in NCM (14). Finally,
Nrf2 protein binding to its target sequence was higher in PEC nuclear extracts from MO- vs.
pristane-treated mice (Fig. 1E). Together, these data indicate that 1) Nrf2 activity is higher in
NCM vs. CM and 2) NCM from MO-treated mice exhibit higher activity than NCM from
pristane-treated mice. Similarly, expression of a subset of Nrf2-regulated genes, exemplified
by SOD2Z, was lower in leukocytes from lupus patients vs. healthy controls (Fig. 1F). As
expected, SOD2and NEFZLZ2 expression correlated positively.
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Effect of Nrf2 on myeloid subsets.

Pristane-injected mice were treated with Nrf2 activators (CDDO-Im, CDDO-Me). After 14-
d peritoneal myeloid cell subsets were identified by flow cytometry (Fig. 2A, |€ft).
Neutrophils were defined as CD11b*Ly6G™ cells (R1). The CD11b*Ly6G™ population was
sub-divided into Ly6CNCD138~ CM (R2) and Ly6C'o"edCD138* NCM (R3) subsets.
CDDO-Im treatment did not significantly affect the total PEC count or absolute numbers of
CM or NCM, whereas neutrophils increased (Fig. 2B). Surface IFNAR staining of PEC from
pristane-treated mice exhibited marked differences over time (Fig. 2C). In CM, staining was
highest 3-6 days after pristane treatment and decreased by 14-d. In contrast, IFNAR staining
initially was low on NCM, but increased by 14-d. CDDO-Im treatment reduced IFNAR
staining in both CM and NCM (Fig. 2C).

As shown in Fig. 2D, CM (R2) as a % of CD11b*Ly6G™ cells decreased in B6 mice
receiving CDDO-Im. This was not apparent in BALB/c mice treated with CDDO-Im, but
was seen in BALB/c mice treated with a more potent activator (CDDO-Me, Fig. 2D, far
left). The percentage of CM also correlated negatively with Nrf2 activity in wild-type B6 vs.
B6 Nfe2/2-/- (Nrf2-deficient) mice (Fig. 2D, far right). CDDO-Im and CDDO-Me had little
effect on NCM (R3) as a % of CD11b*Ly6G™ cells, although there was a trend toward
increased numbers in CDDO-Im treated B6 mice (Fig. 2E). Wild-type mice had a higher
percentage of NCM than Nrf2-deficient mice (Fig. 2E, far right). Neutrophils (R1) expressed
as % of CD11b™* cells were not consistently affected by Nrf2 activity (not shown).

Mitochondrial dysfunction in pristane-treated mice.

Nrf2 is a master regulator of genes involved in cellular defense against oxidative and
electrophilic stress (16, 26). Expression of the Nrf2-regulated genes glutathione peroxidase 4
(Gpx4), which protects against oxidative stress (16), peroxiredoxin-1 (PraxI), and
superoxide dismutase 2 (Sod2), which encode mitochondrial matrix proteins (16, 26), was
higher in peritoneal M¢ from MO vs. pristane treated mice (Fig. 1C; data not shown). We
looked for evidence of mitochondrial dysfunction by examining mitochondrial superoxide
(MitoSox Red) and mitochondrial membrane potential (TMRM). In both NCM (left) and
CM (right), MitoSox Red staining was higher in pristane- vs. MO-treated B6 mice, whereas
TMRM staining was lower in pristane-treated mice (Fig. 3A).

As in primary M¢, CDDO-Im treatment of RAW 264.7 cells enhanced Gpx4, SodZ, and
Gclc expression (Fig. 3B). The Nrf2 inhibitor brusatol reduced CDDO-enhanced
transcription of Gpx4, SodZ, and Gclcto baseline. A weaker Nrf2 activator, DMF, did not
stimulate Gpx4 or Sod2 transcription, but did activate Gc/c (Fig. 3B).

To examine whether mitochondrial dysfunction was associated with altered Nrf2 activity, we
measured mitochondrial superoxide and membrane potential in PEC from mice treated with
CDDO-Im, brusatol, or MitoTEMPO. In pristane-treated mice, Mito-Sox Red staining in
both NCM (Fig. 3C) and CM (Fig. 3D) was lower in mice receiving CDDO-Im vs. controls,
whereas TMRM staining was unaffected, suggesting that Nrf2-regulated gene expression
down-regulates mitochondrial superoxide. Conversely, brusatol treatment /n vivo increased
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MitoSox Red staining in both NCM and CM (Fig. 3C, D). MitoTEMPO paradoxically
increased mitochondrial superoxide (MitoSox staining).

Nrf2 alters the phenotype of NCM.

IFNAR signaling induces the interferon signature, which is strongly associated with lupus in
humans (1, 27) and pristane-treated mice (5). Although CDDO-Im reduced IFNAR staining
in CM (Fig. 2C), it had only modest effects on the IFN-regulated proteins Ly6C, PDCA-1,
and CD169 (Fig. 4A). In contrast, CDDO-Im reduced surface expression of Ly6C, PDCA-1,
and CD169 on NCM, while increasing CD138. Similarly, Ly6C and PCDA-1 staining was
lower and CD138 was higher in wild-type vs. Nrf2-deficient mice (Fig. 4B). However,
CD169 surface staining was comparable. As expected, NCM from brusatol-treated mice had
higher Ly6C and lower CD138 staining than controls (Fig. 4C). Brusatol-treated mice also
had more peritoneal CM and fewer NCM than controls.

Nrf2 activity influences Ifnar expression.

CM have higher Ifnar expression than NCM and respond more robustly to IFN-1 (14). Nrf2
activation with CDDO-Im decreased /fnarl (but not /fnar2) gene expression in pristane-
treated mice (Fig. 5A). Flow cytometry confirmed that Ifnarl surface staining was lower on
NCM vs. CM 6-d after pristane treatment (Fig. 5B, “Con”). CDDO-Im reduced Ifnarl
staining on both CM and NCM (Fig. 5B), but expression was still lower on NCM vs. CM.
There was little Ifnarl staining of Ly6G™* neutrophils or “Other” cells (primarily
lymphocytes) and CDDO-Im treatment had no effect. Although CDDO-Im reduced Ifnarl
staining on NCM 8-d after pristane treatment, it was higher than on NCM from pristane-
treated Ifnarl-deficient (IFNARKO) mice (Fig. 5C). The residual Ifnar protein is likely to be
functional, as surface staining of the IFN-I regulated proteins PDCA-1 (Fig. 5C) and Ly6C
(not shown) on NCM was above the background in IFNARKO mice. In the CM subset,
CDDO-Im had only a modest effect on Ifnarl and PDCA-1 staining. However, brusatol
enhanced Ifnarl staining in both NCM and CM (Fig. 5D). Consistent with the low levels of
ISGs/proteins in M¢ from CDDO-Im treated mice, CD11b*Ly6G~ PEC from mice treated
with pristane+CDDO-Im for 8-d did not increase phospho-Statl staining following 15-min
culture with IFNa4 (Fig. 5E).

Nrf2 activation inhibits ISG expression.

Surface staining for the IFNAR and interferon-regulated proteins (Ly6C, PDCA-1, CD169)
decreased in NCM from mice treated with CDDO-Im + pristane (14-d) vs. pristane-treated
controls (Figs. 4-5). mRNA transcripts for the ubiquitously expressed 1SGs Mx1, /sg15, and
Irf7 also were expressed at lower levels in 14-d PEC from CDDO-Im treated B6 mice vs.
controls (Fig. 6A). Expression of the IFN-I regulated proteins PDCA-1 and IRF7 following
pristane injection was decreased in both CM and NCM from CDDO-Im-treated mice vs.
untreated controls (Fig. 6B). Consistent with the results in CDDO-Im treated mice, MxZ,
1sg15, and /rf7 expression was higher in PEC from Nrf2-deficient mice vs. controls, whereas
Nfe2l2 expression was absent as expected (Fig. 6C).

Nrf2 activation had similar effects on RAW?264.7 cells. When cultured for 24-h with IFNa4
(100 U/ml), CD169 staining increased (Fig. 7A). CDDO-Im reduced IFNa4-stimulated
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CD169 staining in a dose-dependent manner, which was near maximal at 1 uM. A similar
result was obtained with a second IFN-I regulated protein, PDCA-1, the expression of which
was even more strongly inhibited by CDDO-Im, also with a maximal inhibition at about 1
UM (Fig. 7B). As expected, expression of the Nrf-2 regulated gene NMgoZ was stimulated by
0.5 uM CDDO-Im treatment in both IFNa and PBS treated RAW264.7 cells (Fig. 7C). In
contrast, IFNa4-stimulated /sg15, Irf7, and Mx1 expression was inhibited by CDDO-Im.
CDDO-Im (0.5 uM) (Fig. 7D). also inhibited /fnar1 expression in RAW264.7 cells (not
shown).

Autoantibody production and renal disease in pristane-induced lupus require IFNAR
signaling, whereas DAH is IFNAR-independent (8, 13). Consistent with the interferon-
independence of DAH, neither CDDO-Im treatment nor Nrf2 deficiency affected the
induction of DAH in B6 mice (Fig. 7E, left). However, brusatol unexpectedly induced the
rapid onset of severe DAH requiring termination of the experiment at d-9 (Fig. 7E, right).
Pristane-treated mice that received MitoTEMPO did not develop DAH by d-9, but it
developed at d-14 (Fig. 7E, left).

Discussion

Chronic peritoneal inflammation induced by pristane is associated with a high interferon
signature, persistence of Ly6CN (inflammatory) CM, and lupus (5). The initial peritoneal
inflammatory response to MO is similar, but the interferon signature is absent, pro-resolving
CD138" NCM replace the CM after ~2 weeks, and lupus does not develop (10). The
induction of lupus autoantibodies and nephritis by pristane is greatly impaired in mice
lacking the IFNAR (5) and SLE patients with a high interferon signature have an increased
frequency of lupus autoantibodies and nepbhritis (2, 3). In pristane-treated mice, CM exhibit a
stronger interferon signature than NCM exposed to same concentration of IFN-1 reflecting
their relative IFNAR expression (14). We show that activation of Nrf2 shifts M¢ toward an
M2-like phenotype and down-regulates IFNAR expression on CM and NCM.

Nrf2 activity regulates the phenotype of NCM.

GSEA revealed that Nrf2-regulated genes were upregulated in NCM (but not CM) from
MO- vs. pristane- treated mice (Fig. 1). Expression of Nfe2/2and Nrf2-regulated gene and
protein expression also was higher in MO- vs. pristane-treated mice. CM expressed only low
levels of Nfe2/2and Nrf2-regulated genes. But although Nrf2-regulated gene expression was
low in pristane-treated mice, it was higher in NCM vs. CM.

Nrf2 regulates the cellular response to oxidative stress by forming a cytoplasmic complex
with Keap1, a thiol-rich electrophile sensor, and the ubiquitin ligase Cullin3 (Cul3) (17, 26).
Under unstressed conditions, Keapl promotes ubiquitin-mediated degradation of Nrf2 (16,
26). Modification of the reactive cysteine residues of Keapl by electrophiles reduces the
ubiquitin ligase activity of Keap1/Cul3, resulting in Nrf2 stabilization, translocation to the
nucleus, dimerization with small musculoaponeurotic fibrosarcoma (SMAF) proteins, and
binding to ARESs of target genes (16, 17). Nrf2 regulates over 100 genes involved in cellular
defense against oxidative and electrophilic stress, of which about a third are involved in
cellular redox homeostasis or stress responses (26, 28). Interestingly, some Nrf2-dependent
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genes do not contain AREs (28). Notably, Nrf2-regulated downregulation of the
transcription of several proinflammatory cytokines is independent of AREs and ROS (29).

PECs from pristane- and MO- treated mice contain pro- and anti-inflammatory M¢ subsets
(10). Proinflammatory CM predominate in pristane-treated mice, whereas anti-
inflammatory/proresolving NCM predominate in MO-treated mice. Pristane-treated Nrf2-
deficient mice had more CM and fewer NCM than wild-type controls (Fig. 2D,E). Similarly,
Nrf2 activators decreased CM in pristane-treated wild-type mice, although the effect on
NCM was small. Conversely, brusatol increased CM and decreased NCM (Fig. 4C). These
data suggest that Nrf2 inhibits M1-like and promotes M2-like M¢ polarization. Altered M¢
recruitment to the peritoneum is an alternative explanation, but we feel it is less likely
because Ly6CN monocyte recruitment is CCR2-dependent and subsequently these cells
develop into both Ly6CN CM and Ly6C'%~ NCM (30).

Consistent with this model, Nrf2 activation promotes M2 polarization and the resolution of
acute respiratory distress syndrome (ARDS) (31). However, in contrast to its beneficial
effect in ARDS, Nrf2 activation did not improve DAH in pristane-induced lupus (Fig. 7E).
Nrf2 also promotes the development of Mox M¢, a proinflammatory subset distinct from
M1 and M2 M¢ that is weakly phagocytic, expresses high levels of heme oxygenase I,
Nr4AZ2 (Nurrl) and other Nrf2-regulated anti-oxidative genes, and may be involved in
atherogenesis (32). Although CD138* NCM have increased Nrf2-regulated gene expression,
they are strongly phagocytic with an M2-like phenotype (10), suggesting that they are
distinct from Mox Mé.

Nrf2 downregulates Ifnar expression.

In view of the importance of IFNAR signaling in lupus, Nrf2 regulation of Ifnarl expression
may influence disease pathogenesis. I1fharl expression varied with time after pristane
exposure (Fig. 2C). Acutely, Ifnarl staining was higher in CM than NCM. However, at 14-d,
staining decreased in CM but increased in NCM. Nrf2 activation reduced Ifnarl protein and
MRNA levels in both subsets and reduced ISG expression (Figs. 2, 4-6). The opposite was
seen in mice treated with a Nrf2 inhibitor. Consistent with the inhibition by Nrf2 activators,
ISG expression was higher in Nrf2-deficient mice vs. controls. However, although CDDO
decreased Ifnarl and ISG expression, it was higher than in Ifnarl-deficient mice (Fig. 5),
suggesting that basal Ifharl expression is Nrf2-independent.

Regulation of IFNAR expression by Nrf2 has not been reported previously. Although CDDO
potently activates Nrf2/Keapl-regulated genes, there also are Keap-1 independent effects. At
high doses, CDDO inhibits IKKp, blocking NFxB activation (33, 34), raising the possibility
that it might alter Ifnarl expression via an IKKB/NFxB-dependent mechanism. In ARDS,
Nrf2 blocks M1 polarization by interfering with the NFxB pathway (31). But several lines of
evidence suggest that decreased IFNAR expression in CDDO-treated mice is a direct effect
of Nrf2. Three Nrf2 activators, CDDO-Im, CDDO-Me, and DMF, all reduced Ifnarl
expression (Figs. 2-3) and brusatol, which enhances the degradation of Nrf2 (21), increased
it (Fig. 5). In addition, Nrf2-deficient mice have higher IFNAR expression than wild-type
mice (SH unpublished data). Nrf2-deficient mice are more susceptible than controls to
endotoxic shock and produce more TNFa, IL-1a, and IL-6 due to ROS-mediated
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upregulation of NFxB (35). However, neither the mitochondria-targeted antioxidant Mito-
TEMPO (Fig. 5D) nor the NFxB inhibitor JSG-23 (SH, unpublished) down-regulated Ifnarl
expression.

Nrf2 binds near promoter regions of the /L6, /L1a, and /L1bgenes in M1 M¢ (29). Although
Nrf2-dependent, inhibition of LPS-driven transcriptional upregulation of these cytokines is
independent of ARE motifs and ROS. Like the /L1aand /L1bgenes (36), the /fnarl gene is
not known to have a functional ARE. Thus, negative regulation of /fnarZ by Nrf2 may be
another example of ARE-independent negative transcriptional regulation, analogous to //1a,
/116, and //6 (29). Further studies are necessary to define the mechanisms.

Exacerbation of DAH by brusatol.

Brusatol depletes Nrf2 via a Keapl-independent post-transcriptional mechanism, sensitizing
cells to oxidative stress (37). As expected, the effects of brusatol generally were opposite
those of CDDO-Im. However, Nrf2 deficiency had little effect on DAH, whereas brusatol
unexpectedly exacerbated it (Fig. 7E). We suspect that this is due to brusatol’s Nrf2-
independent effects on protein synthesis (38).

CDDO-Im alleviates oxidative stress in pristane-treated mice.

Pristane causes oxidative stress in M¢, as suggested by increased lipid peroxidation and
decreased serum superoxide dismutase, glutathione, and catalase activity (39). The increased
mitochondrial superoxide and decreased mitochondrial membrane potential in pristane-
treated mice (Fig. 3) further support the idea that pristane induces mitochondrial oxidative
stress. Consistent with the downregulation of mitochondrial ROS (40), Nrf2 activation
decreased mitochondrial oxidative stress in pristane-treated mice (Fig. 3C-D), which may
promote the resolution of inflammation.

Clinical significance.

Autoantibody production and nephritis are less severe in lupus mice lacking the IFNAR (8,
41). Similarly, the interferon signature is associated with autoantibodies and nephritis in
SLE patients (2, 3). Consistent with the possibility that Nrf2-regulated changes in IFN-I
responsiveness are pathogenic, Nrf2-deficient mice have greater renal damage than controls
following pristane treatment and develop spontaneous lupus-like disease with aging (42, 43).
Moreover, DMF reduces autoantibody production and renal disease in pristane-induced
lupus (44) and CDDO-Me decreases proteinuria, BUN, anti-dsDNA autoantibodies, and
renal pathology in B6.Slel.Sle3 and MRL//prmice (45). The suppression of IFNAR
responsiveness by Nrf2 provides a plausible explanation for the beneficial effect of Nrf2
activators in lupus.

A recent phase Il clinical trial suggests that anti-IFNAR monoclonal antibody treatment
improves disease in SLE patients with high interferon signatures (46). Small molecule Nrf2
activators may be an alternative approach to block interferon signaling. DMF is approved for
multiple sclerosis (47). CDDO-Im and CDDO-Me are 100-fold more potent than DMF and
target somewhat different sets of genes and signaling pathways (33, 48). Our preliminary
studies suggest that, as in murine lupus, Nrf2 activity is low in leukocytes from SLE patients
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vs. healthy controls (Fig. 1F). Based on their relative safety, efficacy in preclinical lupus
models, and ability to attenuate IFNAR signaling, Nrf2 activators may warrant further study
for treating human SLE.
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Figure 1. Transcriptional profiling of M¢.
A, NCM and CM from pristane and mineral oil (MO)-treated mice (d-14, 3 mice/group)

were flow-sorted and analyzed by RNA-Seq. GSEA of RNA from NCM, MO vs. pristane
treated mice, is shown on /eft. Nrf2-regulated genes are indicated by a red dot. Right, GSEA
enrichment plot, hallmark reactive oxygen species pathway. B, Expression of Nfe2/2 relative
to 18S rRNA by gPCR in flow-sorted NCM and CM from pristane (Pris) and MO-treated
mice (4/group). C, Expression of Nrf2-regulated genes Gpx4 (left) and PraxZ (right) relative
to 18S rRNA in flow-sorted NCM and CM from pristane- and MO- treated mice. D,
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Intracellular staining (flow cytometry) for the Nrf2-regulated protein HSP70 (heat shock
protein 70) in NCM and CM 14-days after pristane or MO treatment (MFI, mean
fluorescence intensity). E, Nrf2 binding ARE-motif binding activity in 7-day pristane- vs.
MO-treated B6 mice (Cayman Nrf2 transcription factor assay). F, Expression of SODZ2and
NFEZL 2in the whole blood of SLE patients and healthy donors (HD, by gPCR). Left SOD2
expression relative to 18S rRNA. Right, bivariate analysis of SOD2vs. NFEZL 2 expression.
*P < 0.05 **P<0.01; ***P< 0.001 vs. control (Student t-test).
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Figure 2. Nrf2 activation decreases CM and increasesNCM.
Mice were injected with pristane plus either CDDO-Im (2.5 mg/kg in

PBS i.p. every other

day), CDDO-Me (2.5 mg/kg in PBS i.p. daily) or vehicle (Control). Day-14 PEC were

analyzed by flow cytometry. A, Gating strategy for CD11b*Ly6G* ne

utrophils (R1), CD11b

*Ly6G~Ly6CNi9" (CM) (R2) and CD11b*Ly6G~CD138* (NCM) (R3). B, Total peritoneal
(PEC), CM, NCM and neutrophil (Neut) cell numbers (5/group). C, Ifnarl surface staining
(mean fluorescence intensity, MFI) of CM (left) and NCM (right) in pristane-treated B6

mice that received CDDO-IM or vehicle 3, 6, or 14 days. D, Left two
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CM (R2) in pristane-treated BALB/c mice that received CDDO-Me, CDDO-Im, or vehicle.
Third panel, percentage of CM in pristane-treated wild-type B6 mice with or without
CDDO-Im treatment. Far right panel, CM in pristane-treated B6 Nrf2—/— mice. E,
Percentage of NCM (R3) in pristane-treated BALB/c that received CDDO-Me, CDDO-Im,
or vehicle. Third panel, percentage of NCM in pristane-treated wild-type B6 mice with or
without CDDO-Im treatment. Far right panel, NCM in pristane-treated B6 Nrf2—/- mice. *
P <0.05, ** P <0.01, **** P < 0.0001 (Student t-test); n.s., not significant.
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Figure 3. Nrf2 activation opposes mitochondrial dysfunction.
A, PEC from 14-d pristane or MO treated mice were analyzed by flow cytometry.

Mitochondrial superoxide (MitoSox Red staining) and mitochondrial membrane potential
(¥, tetramethylrhodamine, TMRM, staining) in NCM (left two panels) or CM (right two
panels) from pristane and MO mice. B, RAW 264.7 cells were pretreated with/without
brusatol (0.1 uM) for 1-h, followed by CDDO-Im (0.5 pM) or DMF (10 pM) for 6-h.
Expression of Gpx4, Sod2, and Gclc were quantified by gPCR (4/group). C and D, Mice
were treated with pristane plus either CDDO-Im or vehicle for 14-d. Right panel, mice were
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treated with pristane plus brusatol (2 mg/kg in PBS i.p. every other day), MitoTEMPO (1.5
mg/kg in PBS i.p.), or vehicle (Control) for 9-d. PEC were analyzed for mitochondrial
superoxide (MitoSox Red staining) and mitochondrial membrane potential (TMRM,
staining) by flow cytometry. C, PEC were gated on NCM; D, PEC were gated on CM. * P <
0.05, *** P < 0.001, **** P < 0.0001 (Student t-test). n.s., not significant.
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Figure 4. Nrf2 activation changes the phenotype of NCM.
A, Mice were injected with pristane plus CDDO-Im as in figure 2, or vehicle (Control) for

14-d. Surface staining (flow cytometry) of PEC for Ly6C, PDCA-1 and CD169 on CM and
NCM and for CD138 on NCM. B, Wild-type B6 (WT) and B6 Nrf2—/— mice were injected
with pristane and 14-d later PEC were analyzed by flow cytometry. Surface staining for
Ly6C, PDCA-1 and CD169 on CM and NCM and CD138 expression level on NCM. C,
Mice (4-5/group) were injected with pristane plus brusatol as in figure 3 or vehicle (Control)
for 9-d. Lefft, surface staining of PEC for Ly6C and CD138 on NCM (left). Right,
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percentages of CM and NCM in CD11b*Ly6G™ cells (right). * P < 0.05, ** P < 0.01, *** P
< 0.001 (Student t-test).
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Figure 5. High Nrf2 activity is associated with low |fnar 1 expression.
Pristane-treated B6 mice received either CDDO-Im or vehicle (Control) as in Fig. 2. PEC

were analyzed at 6-d. A, Expression of /fnarl and /fnar2 mRNA relative to 18S RNA in total
PEC (gqPCR). B, Flow cytometry of Ifnarl expression in PEC gated on CD11b*Ly6G
~CD138* cells (NCM), CD11b*Ly6G Ly6CMi cells (CM), CD11b*Ly6G*CD138~
neutrophils (Neut), and CD11b"Ly6G~CD138~ (Other) cells, mainly lymphocytes. C, wild-
type B6 (WT) and B6-1fhar knockout (IFNARKQ) mice injected with pristane received
CDDO-Im or vehicle (Control, Con) as above. PEC gated on NCM (top) and CM (bottom)
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were analyzed by flow cytometry at 8-d for IFNAR1 (left) and the IFN-regulated protein
PDCA-1 (right). D, Pristane-treated B6 mice received brusatol, MitoTEMPO, or vehicle
(Control) as in Fig. 3 for 9-d. IFNAR1 surface staining of peritoneal NCM (Top) and CM
(Bottom) was determined. E, pristane-treated B6 mice received CDDO-Im or PBS for 8-d.
PEC were treated /in vitrowith IFNa15 (200 ng/ml) or PBS for 15-min and phosphorylated
Statl (pStatl) was measured in CD11b*Ly6G™ cells by flow cytometry (5/group). Right.
representative histograms of IFNAR surface staining in mice treated with IFNa.15 vs. PBS
from mice treated with pristane + CDDO-Im or pristane alone. * P < 0.05, ** P < 0.01, ***
P <0.001, **** P < 0.0001 (Student t-test). n.s., not significant. (MFI, mean fluorescence
intensity).
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Figure 6. High Nrf2 isassociated with low interferon-stimulated gene (I SG) expression.
Pristane-treated B6 mice received either CDDO-Im or vehicle (Control) as in Fig. 2. B6

wild-type (WT) mice and Nrf2—/- mice were treated with pristane. PEC were analyzed at
14-d. A, I1SG expression (Mx1, Isg15, Irf7) relative to 18S RNA (gPCR) in total PEC from
CDDO-IM and control mice. B, Flow cytometry of IFN-inducible proteins (PDCA-1 and

IRF7) in CD11b*Ly6CNCD138~ conventional macrophages (CM) and CD11b
+CD138*Ly6C™ non-conventional macrophages (NCM) from CDDO-IM treated vs. control
mice. C, Mx1, Isg15, Irf7, and Nfe2l2 expression in Nrf2—/- and WT mice. * P < 0.05, ** P
<0.01, *** P < 0.001 (Student t-test).
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Figure 7. CDDO-Im inhibitsinterferon stimulated gene expression in RAW264.7 cells
A, RAW264.7 cells were pretreated with CDDO-Im (0.1, 1.0, or 2.0 uM in DMSO) or
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vehicle alone for 1-h, and then challenged with IFNa4 (100 U/ml) for 24-h. Surface staining
of the IFN-I regulated protein CD169 (MFI) was analyzed by flow cytometry. Left,
representative histograms of CD169 surface staining; right, quantification. B, Quantification
of surface staining (flow cytometry) for a second IFN-inducible protein (PDCA-1) showing
a pattern similar to CD169. C-D, RAW264.7 cells were pretreated with CDDO-Im (0.5 uM)
or PBC and then challenged with IFNa4 (100 U/ml in PBS) or PBS alone for 6-h. C, Nrf2-
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regulated gene expression (NVgol) relative to 18S RNA (gPCR) was determined (QPCR). D,
ISG expression (/sg15, Irf7, MxI) relative to 18S RNA (qPCR) was determined (QPCR). E,
Mice were injected with pristane plus CDDO-Im (2.5 mg/kg in PBS i.p. every other day),
brusatol (2 mg/kg in PBS i.p. every other day), MitoTEMPO (1.5 mg/kg in PBS i.p.), or
vehicle. Left, DAH was assessed at 14-d in B6 mice receiving CDDO-Im, MitoTEMPO, or
vehicle (Control) and in B6 Nrf2—/— mice. Right, DAH was assessed at 9-d in B6 mice
receiving brusatol, MitoTEMPO, or vehicle. * P < 0.05, ** P < 0.01, *** P < 0.001 (Student
t-test).
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