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ABSTRACT The transcription factor NRF2 (nuclear factor [erythroid-derived 2]-like 2)
plays crucial roles in the defense mechanisms against oxidative stress and mediates
anti-inflammatory actions under various pathological conditions. Recent studies
showed that the dysfunction of regulatory T cells (Tregs) is directly linked to the ini-
tiation and progression of various autoimmune diseases. To determine the Treg-
independent impact of NRF2 activation on autoimmune inflammation, we examined
scurfy (Sf) mice, which are deficient in Tregs and succumb to severe multiorgan in-
flammation by 4 weeks of age. We found that systemic activation of NRF2 by Keap1
(Kelch-like ECH-associated protein 1) knockdown ameliorated tissue inflammation
and lethality in Sf mice. Activated T cells and their cytokine production were accord-
ingly decreased by Keap1 knockdown. In contrast, NRF2 activation through cell
lineage-specific Keap1 disruption (i.e., in T cells, myeloid cells, and dendritic cells)
achieved only partial or no improvement in the inflammatory status of Sf mice. Our
results indicate that systemic activation of NRF2 suppresses effector T cell activities
independently of Tregs and that NRF2 activation in multiple cell lineages appears to
be required for sufficient anti-inflammatory effects. This study emphasizes the possi-
ble therapeutic application of NRF2 inducers in autoimmune diseases that are ac-
companied by Treg dysfunction.
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The Kelch-like ECH-associated protein 1–nuclear factor (erythroid-derived 2)-like 2
(KEAP1-NRF2) system plays important roles in the antioxidant response and con-

tributes to cytoprotection from various redox disturbances (1, 2). Under normal con-
ditions, the transcription factor NRF2 is negatively regulated by KEAP1 via polyubiq-
uitination and subsequent degradation. When cells are exposed to oxidative stress,
NRF2 escapes from KEAP1-mediated degradation, translocates into the nucleus, and
enhances the expression of various genes encoding antioxidant proteins and detoxi-
fying enzymes.

In addition to this antioxidant function, we recently showed that NRF2 exerts
anti-inflammatory effects by decreasing the mRNA levels of proinflammatory cytokine
genes, including Il6 and Il1b (3). Indeed, the critical contributions of NRF2 to reduced
inflammation have been demonstrated in mouse models of various pathological
conditions, such as elastase-induced emphysema (4), cecal ligation and puncture-
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induced sepsis (5), dextran sulfate sodium-induced colitis (6), allergen-driven airway
inflammation (7), and dystrophin-deficient muscular dystrophy (8).

NRF2 has also been shown to mitigate autoimmune-mediated inflammation. NRF2
deficiency exacerbates rheumatoid arthritis (RA) (9) and systemic lupus erythematosus
(SLE) (10, 11), while NRF2 activation ameliorates experimental autoimmune encepha-
lomyelitis (3). These studies exploited experimentally induced autoimmunity in mice,
which does not completely mimic the pathogenesis of autoimmune diseases in hu-
mans. At present, decreased numbers and/or functional impairments of regulatory T
cells (Tregs), which enable the aberrant activation of autoreactive T cells (12–15), have
been shown to contribute to autoimmune conditions in human patients, such as those
with RA, SLE, primary Sjögren’s syndrome, and multiple sclerosis (MS) (16–18). Under
autoimmune-mediated inflammatory conditions, Tregs are suppressed due to the high
levels of proinflammatory cytokines that are produced by other immune cells and/or
tissue cells. To correct autoimmunity by reactivating Tregs and subsequently restoring
self-tolerance, the activities of the cells that produce proinflammatory cytokines need
to be controlled (17–19). Thus, in addition to the direct modulation of Tregs to increase
their beneficial activities, appropriate control of inflammatory cells other than Tregs is
important for the improvement of autoimmune diseases.

A recent study demonstrated that T cell-specific activation of NRF2 increases the
number of Tregs (20), which suggests that NRF2 inhibits the inflammatory response by
potentiating Treg-mediated immune suppression. However, it remains unknown
whether NRF2 has any inhibitory effects on autoimmune-mediated inflammation in a
Treg-independent manner.

To determine whether NRF2 activation exerts Treg-independent suppression of
autoimmune-mediated inflammation, we used scurfy (Sf) mice, which possess a mis-
sense mutation in the Foxp3 gene on the X chromosome (21). Because the develop-
ment and maintenance of Tregs largely depend on the transcription factor FOXP3 (22,
23), Sf mice are almost completely deficient in functional Tregs and thereby develop
severe multiorgan inflammation with hyperactivation of autoreactive effector T cells,
which results in lethality by 4 weeks of age (24). Thus, we used Sf mice to investigate
the Treg-independent suppressive effects of NRF2 on the activation status of inflam-
matory cells, especially effector T cells.

We found that systemic activation of NRF2 induced by Keap1 knockdown mitigated
tissue inflammation and improved the survival of Sf mice. NRF2 also suppressed the
activation of effector T cells and reduced their cytokine production. Almost comparable
but modest outcomes were observed following the pharmacological activation of NRF2
in Sf mice by administration of an NRF2 inducer, CDDO-Im {oleanolic triterpenoid
1-[2-cyano-3,12-dioxooleane-1,9(11)-dien-28-oyl] imidazole}. In contrast, NRF2 activa-
tion by Keap1 disruption in a cell lineage-specific manner, including disruptions in T
cells, myeloid cells, and dendritic cells, induced only partial or no improvement in the
inflammatory status of Sf mice. These results indicate that systemic activation of NRF2
suppresses the autoimmune response in a Treg-independent manner and suggest
that coordination of multiple cell lineages is essential for the NRF2-mediated anti-
inflammatory effects in autoimmune diseases with Treg dysfunction.

RESULTS
Systemic NRF2 activation by Keap1 knockdown alleviates multiple-organ in-

flammation and improves the survival rate of Sf mice. To investigate the effects of
NRF2 activation on the inflammatory milieu resulting from autoimmunity, we geneti-
cally activated NRF2 by reducing Keap1 expression in Sf (Foxp3sf/Y) mice. Foxp3sf/X

female mice were crossed with male mice possessing knockout (Keap1�) (25) and knock-
down-floxed (Keap1FA) (26, 27) alleles of Keap1 to generate Sf::Keap1FA/� (Foxp3sf/Y::
Keap1FA/�) mice. We confirmed the decreased expression of Keap1 in representative
tissues of mice with the Keap1FA/� background, which was accompanied by increased
expression of Nqo1, one of the typical NRF2 target genes, and elevated accumulation
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of NRF2 protein (Fig. 1). These results indicated successful activation of NRF2 in
Sf::Keap1FA/� mice.

We first compared the severities of systemic inflammation in Sf::Keap1FA/� mice and
Sf mice at the age of 15 to 19 days, which is generally before Sf mice succumb to the
disease. The anemia and thrombocytopenia typically found in Sf mice were almost
completely improved in Sf::Keap1FA/� mice (Table 1), and the inflammatory skin lesions
found on the pinnae and tails of Sf mice were also improved in Sf::Keap1FA/� mice (Fig.
2A). Histological analysis further showed that the infiltration of immune cells was
decreased in the skin, liver, and lungs in Sf::Keap1FA/� mice (Fig. 2B). Accordingly,
Sf::Keap1FA/� mice exhibited an improved survival rate compared to that of Sf mice

FIG 1 NRF2 activation in representative tissues of Sf mice in the Keap1 knockdown background. (A) Gene
expression of Keap1 and an NRF2 target gene, Nqo1, in WT (n � 4), Keap1FA/� (n � 4), Sf (n � 4), and Sf::Keap1FA/�

(n � 4) mice. The expression levels were normalized to Gapdh expression, and the expression level in WT mice was
set to 1. The values represent the means and SD. (B) Immunoblot analysis of the NRF2 protein in WT, Keap1FA/�,
Sf, and Sf::Keap1FA/� mice. �-Tubulin was used as a loading control. *, P � 0.05; **, P � 0.005; ***, P � 0.0005.

TABLE 1 Peripheral blood analysis of Sf::Keap1FA/� micea

Parameter

Valueb for: P value

WT mice Sf mice
Sf::Keap1FA/�

mice
WT vs Sf
mice

Sf vs Sf::Keap1FA/�

mice

WBC count (102/�l) 60 � 18 61 � 25 48 � 16 NS NS
RBC count (104/�l) 513 � 117 374 � 60 495 � 102 �0.005 �0.005
Hb concn (g/dl) 7.2 � 1.5 5.4 � 1.0 7.0 � 1.3 �0.006 �0.007
Hct (%) 24.2 � 5.9 18.7 � 2.8 26.3 � 5.8 �0.05 �0.007
MCV (fl) 47.1 � 2.4 50.2 � 1.1 50.4 � 1.5 �0.02 NS
MCH level (pg) 14.2 � 1.3 14.5 � 1.5 14.3 � 0.8 NS NS
MCHC (g/dl) 30.1 � 2.1 28.9 � 2.6 28.3 � 1.7 NS NS
PLT count (104/�l) 108 � 31 82 � 17 143 � 42 �0.04 �0.004
aWBC, white blood cell; RBC, red blood cell; Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; PLT,
platelet; NS, not significant.

bValues are presented as the means � SD for WT (n � 7), Sf (n � 11), and Sf::Keap1FA/� (n � 8) mice.
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(Fig. 2C). However, approximately half of the Sf::Keap1FA/� mice died by 25 days of age,
which is very similar to the rate for Sf mice, despite the apparent inhibition of the
inflammatory response. This early-phase lethality in Sf::Keap1FA/� mice was likely
caused by feeding difficulties due to hyperkeratotic lesions within the upper digestive
tract, which is an issue inherent to Keap1FA/� mice (27). A recent report suggested that
severe KEAP1 insufficiency causes other complex abnormalities (28), which might have
led to the early lethality of Sf::Keap1FA/� mice. Sf::Keap1FA/� mice were consistently
smaller than wild-type (WT) and Sf mice at the same age (Fig. 2D and E). It should be
noted that all Sf::Keap1FA/� mice that avoided the early onset of lethality survived
thereafter.

To further confirm the anti-inflammatory effect of NRF2 in Sf mice, we used
additional Keap1 knockdown mice, i.e., Keap1FA/� and Keap1FA/FA mice, which have
higher Keap1 expression than that of Keap1FA/� mice (Fig. 3A and B) and do not suffer
from feeding difficulties or other abnormalities. All Sf::Keap1FA/� and Sf::Keap1FA/FA

FIG 2 Systemic NRF2 activation by Keap1 knockdown alleviates tissue inflammation in Sf mice. (A) Macroscopic
observation of the pinnae and tails of WT, Sf, and Sf::Keap1FA/� mice. (B) HE staining of the skin (pinnae), livers, and
lungs of WT, Sf, and Sf::Keap1FA/� mice. Arrows indicate leukocyte infiltration. (C) Survival curves for WT (n � 30),
Sf (n � 26), and Sf::Keap1FA/� (n � 17) mice. (D) Macroscopic observation of WT, Sf, and Sf::Keap1FA/� mice. (E) Body
weight measurements of WT (n � 10), Sf (n � 10), and Sf::Keap1FA/� (n � 10) mice at 14 days of age. The values
represent the means and SD. *, P � 0.05; ***, P � 0.0005.
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mice exhibited increased survival rates compared to that for the Sf mice (Fig. 3C).
Importantly, Sf, Sf::Keap1FA/�, and Sf::Keap1FA/FA mice showed a decreasing order of
Keap1 expression and an increasing order of NRF2 protein and Nqo1 mRNA levels (Fig.
3A and B). In good agreement with the graded NRF2 activity, Sf, Sf::Keap1FA/�, and
Sf::Keap1FA/FA mice tended to show an increasing order of survival, implying a corre-
lation between NRF2 activation and improved survival, although the difference be-
tween Sf::Keap1FA/� and Sf::Keap1FA/FA mice did not reach statistical significance (Fig.
3C). Collectively, these results suggest that systemic activation of NRF2 by Keap1
knockdown effectively alleviates the chronic inflammation caused by autoimmunity in
Sf mice.

FIG 3 Graded expression of Keap1 and NRF2 activation in Sf, Sf::Keap1FA/�, Sf::Keap1FA/FA, and Sf::Keap1FA/� mice.
The mice were analyzed 17 to 20 days after birth. (A) Gene expression of Keap1 and Nqo1 in Sf (n � 3), Sf::Keap1FA/�

(n � 3), Sf::Keap1FA/FA (n � 3), and Sf::Keap1FA/� (n � 3) mice. The expression levels were normalized to Gapdh
expression, and the expression level in Sf mice was set to 1. The values represent the means and SD. (B)
Immunoblot analysis of KEAP1 and NRF2 in Sf, Sf::Keap1FA/�, Sf::Keap1FA/FA, and Sf::Keap1FA/� mice. �-Tubulin was
used as a loading control. (C) Survival curves for Sf::Keap1FA/� (n � 22) and Sf::Keap1FA/FA (n � 26) mice. The data
presented in Fig. 2C (survival of WT, Sf, and Sf::Keap1FA/� mice) are shown for comparison. *, P � 0.05; **, P � 0.005;
***, P � 0.0005.

NRF2 Alleviates Inflammation in Scurfy Mice Molecular and Cellular Biology

August 2017 Volume 37 Issue 15 e00063-17 mcb.asm.org 5

http://mcb.asm.org


Systemic NRF2 activation by Keap1 knockdown suppresses the activation of
effector T cells and their cytokine production. Abnormal activation and proliferation
of CD4� effector T cells have been shown to be major pathogenic factors in Sf mice
(29). We next examined the effect of NRF2 activation on the status of effector T cells and
their cytokine expression levels. As an initial analysis, the spleen/body weight and
lymph node (LN)/body weight ratios were calculated to evaluate the proliferation of
leukocytes (Fig. 4A and B). The spleen/body weight and LN/body weight ratios were
markedly elevated for Sf mice compared to those for the WT mice. Although the
spleen/body weight ratios were not different between the groups, the LN/body weight
ratio was significantly lower for Sf::Keap1FA/� mice than for Sf mice, implying that NRF2
activation is effective at suppressing lymphocyte proliferation in LNs.

We then examined the activation status of CD4� CD8� and CD4� CD8� T cells (here
referred to as CD4� and CD8� T cells, respectively) in LNs. The frequencies of CD4� and
CD8� T cells were not different between Sf and Sf::Keap1FA/� mice (Fig. 4C, left panel).
Among CD4� T cells, activated populations of CD25�, CD44�, and CD69� cells were
markedly increased in Sf mice compared to those in the WT mice, which is consistent
with previous findings (29, 30). Moreover, this aberrant increase was mitigated in

FIG 4 Systemic NRF2 activation inhibits the activation of T cells in Sf mice. (A) Ratios of the weights of the spleens and LNs
(bilateral axillary, brachial, and inguinal LNs) to the whole-body weights of WT (n � 10), Sf (n � 10), and Sf::Keap1FA/� (n �
10) mice at 17 days of age. The values represent the means and SD. (B) Macroscopic observation of the spleens and LNs
of WT, Sf, and Sf::Keap1FA/� mice. (C) Frequencies of T cell populations in the LNs of WT (n � 5), Sf (n � 4), and Sf::Keap1F/�

(n � 8) mice. Percentages of CD4 and CD8 single-positive cells in LN cells (left) and percentages of CD25�, CD44�, and
CD69� cells in CD4 single-positive cells (right) are shown. The values indicate the means and SD. (D) Representative
histogram data for CD4 single-positive LN cells from WT, Sf, and Sf::Keap1FA/� mice at 15 to 19 days of age, with
percentages of CD25�, CD44�, and CD69� cells. NS, not significant; *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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Sf::Keap1FA/� mice (Fig. 4C, right panel, and D), suggesting that NRF2 activation inhibits
the activation of CD4� T cells.

This observation was verified by assessing the number of cytokine-positive CD4�

effector T cells, which differentiate from naive CD4� T cells when they are activated by
T cell receptor stimulation. Consistent with the results of a previous study (31), Sf mice
exhibited dramatic increases in Th1-, Th2-, and Th17-type effector CD4� T cells, which
are marked by the production of interferon gamma (IFN-�), interleukin-4 (IL-4), and
IL-17A, respectively (Fig. 5). This increase in cytokine-producing T cells was mitigated
in Sf::Keap1FA/� mice. In particular, Sf::Keap1FA/� mice exhibited a dramatic de-
crease in the frequency of IFN-�� CD4� T cells, by more than 80%, compared to that
in Sf mice, and IFN-�� CD8� T cells were also similarly decreased in Sf::Keap1FA/�

mice. These results suggest that systemic NRF2 activation suppresses the activation
of effector T cells and their cytokine production in autoimmune diseases induced by
Treg deficiency.

Previous studies showed that there are Foxp3-independent T cell populations, such
as type 1 regulatory T (Tr1) cells, which suppress autoimmunity through secretion of
high levels of IL-10 and transforming growth factor beta (TGF-�) (32, 33). Because
IL-10-producing T cells do not rely on Foxp3 expression for their differentiation and
function (34, 35), these cells may contribute to the NRF2-mediated suppression of
autoimmune responses in Sf mice, which are deficient in Foxp3. To examine this
possibility, we measured the frequency of IL-10� CD4� T cells. However, it was not
increased but rather decreased in Sf::Keap1FA/� mice compared to that in Sf mice

FIG 5 Systemic NRF2 activation inhibits cytokine production of T cells in Sf mice. (A) Frequencies of effector
T cell subsets in the LNs of WT (for IL-10� cells, n � 4; for others, n � 7), Sf (for IL-10� cells, n � 3; for others,
n � 6), and Sf::Keap1F/� (for IL-10� cells, n � 4; for others, n � 8) mice. Percentages of the IFN-��, IL-4�,
IL-17A�, and IL-10� fractions of CD4 single-positive cells and the percentage of the IFN-�� fraction of CD8
single-positive cells are shown. The values represent the means and SD. (B) Representative contour plot
data for the IFN-��, IL-4�, IL-17A�, and IL-10� fractions of CD4 single-positive LN cells and the IFN-��

fraction of CD8 single-positive LN cells, with the percentages of cytokine-positive fractions shown. *, P �
0.05; **, P � 0.005; ***, P � 0.0005.
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(Fig. 5). Thus, the anti-inflammatory effect of NRF2 activation in Sf mice is not due to
the expansion of IL-10-producing suppressive T cells but to the inhibition of effector T
cells, particularly those producing IFN-�.

IFN-� production is dramatically suppressed by systemic NRF2 activation. The
inflammatory symptoms in Sf mice are highly dependent on the types of cytokines
secreted into the serum; for instance, IFN-� is abundantly secreted in Sf mice, and its
suppression results in prolonged survival and delayed inflammation in the pinnae, skin,
lungs, and liver (36). To investigate the effects of NRF2 activation on systemic cytokine
production, we assessed serum cytokine levels. In Sf mice, the serum concentrations of
proinflammatory cytokines, such as IFN-�, tumor necrosis factor alpha (TNF-�), and IL-6,
were elevated, while the levels of IFN-� and TNF-� were decreased to nearly basal levels
in Sf::Keap1FA/� mice (Fig. 6A). However, there were no significant changes in the serum
concentrations of IL-4 and IL-17A between Sf and Sf::Keap1FA/� mice. We also at-
tempted to measure the concentration of IL-10, but it was not detectable (data not
shown). These results suggest that the reductions of the serum levels of IFN-� and
TNF-� are closely related to the suppression of autoimmune inflammation by NRF2.

Because most of the serum IFN-� is thought to be derived from T cells and natural
killer cells (37), we quantified the mRNA levels of Ifng in lymphoid tissues, i.e., the LNs
and spleen, to determine whether the reduced production of IFN-� in Sf::Keap1FA/�

mice was caused by a decrease in its mRNA. The Ifng mRNA level was significantly
higher in Sf mice than in WT mice, whereas Sf::Keap1FA/� mice showed an Ifng mRNA
level almost comparable to that in WT mice, suggesting that NRF2 activation decreases
Ifng mRNA in the LNs and spleen (Fig. 6B).

T cell-specific loss of Keap1 attenuates IFN-� production in T cells and
partially improves inflammation. To determine whether NRF2 activation exerts
anti-inflammatory effects in a T cell-autonomous manner, we conducted T cell-
specific Keap1 disruption in an Sf background (Sf::Keap1FB/FB::Lck-Cre [Sf::Keap1-TKO])
and compared the resulting animals to Sf::Control mice (Sf::Keap1FB/FB) by utilizing
another Keap1 floxed allele, Keap1FB, that expresses the Keap1 gene in an amount
comparable to that of the wild-type allele (38). We confirmed that the Keap1 gene was
deleted in approximately 70% of T cells, judging from the reduction of Keap1 expres-

FIG 6 Production of IFN-� is dramatically reduced in Sf mice in the Keap1 knockdown background. (A)
Serum cytokine levels in WT (n � 10), Keap1FA/� (n � 9), Sf (n � 10), and Sf::Keap1FA/� (n � 10) mice. The
horizontal bars represent the means. (B) Gene expression of Ifng in the LNs and spleens of WT (n � 4),
Keap1FA/� (n � 4), Sf (n � 4), and Sf::Keap1FA/� (n � 4) mice. The expression levels were normalized to
Gapdh expression, and the expression level in WT mice was set to 1. The values represent the means and
SD. NS, not significant; *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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sion, while the NRF2 target gene Nqo1 was upregulated in the T cells of Sf::Keap1-TKO
mice (Fig. 7A). From macroscopic observations, the skin inflammation in the pinnae and
tails of Sf::Keap1-TKO mice appeared to be ameliorated (Fig. 7B). Indeed, histological
analysis of pinna skin sections showed that the thickening and cellular infiltration
observed in Sf::Control mice were reduced in Sf::Keap1-TKO mice (Fig. 7C). However, the
heavy infiltration of inflammatory cells in the liver and lungs, as well as anemia and
thrombocytopenia, was not improved in Sf::Keap1-TKO mice (Fig. 7C; see Table S1 in the
supplemental material).

Analysis of LN cells showed that the frequencies of CD4� and CD8� T cells were
decreased in the Sf::Keap1-TKO mice compared to those in the Sf::Control mice (Fig. 8A,
left panel). The frequencies of CD4� T cells expressing activation markers were not
different between Sf::Control and Sf::Keap1-TKO mice, although the frequency of CD25�

CD4� cells was marginally decreased in the latter group (Fig. 8A, right panel, and B),
suggesting that the activation of CD4� T cells is not suppressed by T cell-specific Keap1
deficiency.

Despite the similar phenotypic activation of CD4� T cells between Sf::Control and
Sf::Keap1-TKO mice, the frequencies of CD4� and CD8� T cells positive for IFN-� were
significantly decreased in Sf::Keap1-TKO mice, while those of CD4� T cells positive for
IL-4 or IL-17A were unaffected (Fig. 9). These results confirm that the reduction of IFN-�
by NRF2 activation in T cells is a cell-autonomous effect, although the extent of this
reduction is not sufficient for the suppression of effector T cell activities, which may
explain the limited improvement in inflammation in Sf::Keap1-TKO mice. Thus, NRF2
activation in cell lineages other than T cells is required to recapitulate the anti-
inflammatory effects observed in the Keap1 knockdown background.

Because NRF2 has been well described as an anti-inflammatory factor in macro-
phages and dendritic cells (3, 5, 39, 40), we next examined the contribution of NRF2
activation in these antigen-presenting cells to the suppression of autoimmune inflam-

FIG 7 T cell-specific Keap1 deletion alleviates skin inflammation. (A) Gene expression of Keap1 and Nqo1 in
T cells (CD3e�) and the rest of the cells (CD3e�) from the spleens of control (n � 3) and Sf::Keap1-TKO (n �
3) mice. The expression levels were normalized to Gapdh expression, and the expression level in control
mice was set to 1. The values represent the means and SD. (B) Macroscopic observation of the pinnae and
tails of control, Sf::Control, and Sf::Keap1-TKO mice. (C) HE staining of the skin (pinnae), livers, and lungs of
control, Sf::Control, and Sf::Keap1-TKO mice. Arrows indicate leukocyte infiltration. NS, not significant; *, P �
0.05.
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mation. To this end, we conducted myeloid cell-specific and dendritic cell-specific
Keap1 disruption in the Sf background and generated Sf::Keap1FB/FB::LysM-Cre (Sf::
Keap1-MKO) and Sf::Keap1FB/FB::CD11c-Cre (Sf::Keap1-DKO) mice, respectively. Contrary
to our expectations, neither of these Sf mouse strains exhibited any attenuation of
inflammation (Fig. 10; Tables S2 and S3). These results indicate that NRF2 activation in
macrophages or dendritic cells alone is not sufficient to suppress the autoimmune
response in Sf mice. Collectively, NRF2 activation in multiple cell lineages and the
coordination of NRF2-driven cellular functions appear to be required for the sufficient
anti-inflammatory effects in autoimmune diseases caused by Treg deficiency.

The NRF2 inducer CDDO-Im reduces inflammation in Sf mice. Finally, to deter-

mine whether pharmacological activation of NRF2 suppresses the autoimmune re-
sponse in Sf mice, we treated WT and Sf mice with four intraperitoneal injections of
CDDO-Im (5 �mol/kg of body weight) or vehicle on alternating days starting 7 or 8 days
after birth. We examined these mice one day after the final injection (Fig. 11A).
CDDO-Im treatment increased the NRF2 protein levels and upregulated the expression
of Nqo1 in the spleen, skin, liver, and lungs (Fig. 11B and C). Although the decreases in
red blood cell and platelet counts were not significantly different between vehicle-
treated and CDDO-Im-treated Sf mice (Table S4), histological analysis revealed that
inflammatory cell infiltration in the skin and liver, but not in the lungs, was decreased
by CDDO-Im treatment (Fig. 11D). CDDO-Im treatment tended to improve the survival
rate of Sf mice, although the effect did not reach statistical significance (Fig. 11E).

The analysis of LN cells showed that CDDO-Im treatment did not change the
ratios of CD4� and CD8� T cells but decreased the frequencies of activated CD4�

T cells in Sf mice (Fig. 12). CDDO-Im treatment also decreased the frequencies of
IFN-�� CD4� and IFN-�� CD8� T cells, whereas it did not affect other cytokine-
producing cells (Fig. 13A and B). Furthermore, CDDO-Im treatment tended to
reduce Ifng mRNA expression in the spleen (Fig. 13C), consistent with the results for
Sf::Keap1FA/� mice (Fig. 6B). Collectively, these results indicate that the NRF2
inducer CDDO-Im alleviates inflammation by suppressing autoimmune responses in
the context of Treg deficiency.

FIG 8 T cell-specific Keap1 deletion does not alter phenotypic activation of T cells in Sf mice. (A)
Frequencies of T cell populations in the LNs of control (n � 4), Sf::Control (n � 6), and Sf::Keap1-TKO (n �
3) mice. Percentages of CD4 and CD8 single-positive cells in LN cells (left) and percentages of CD25�,
CD44�, and CD69� cells in CD4 single-positive cells (right) are shown. The values indicate the means and
SD. (B) Representative histogram data for CD4 single-positive LN cells from control, Sf::Control, and
Sf::Keap1-TKO mice, with percentages of CD25�, CD44�, and CD69� cells. NS, not significant; *, P � 0.05;
***, P � 0.0005.
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DISCUSSION

In this study, we found that systemic activation of NRF2 improves the inflammatory
milieu in the context of Treg-deficient autoimmunity in Sf mice. Activation of effector
T cells in Sf mice was suppressed in the Keap1 knockdown background, indicating that
NRF2 mitigates the autoimmune response in a Treg-independent manner. Considering
that the first step to correct autoimmunity by restoring self-tolerance has been pro-
posed to be the suppression of the secretion of proinflammatory cytokines that often
inhibit Treg activity (17–19), NRF2, which exhibits Treg-independent anti-inflammatory
effects, may serve as a beneficial therapeutic target for initial intervention. Although we
attempted to identify a cell lineage responsible for the NRF2-mediated suppression of
the autoimmune response, none of the cell lineage-specific NRF2 activation results
showed sufficient anti-inflammatory effects comparable to those achieved by the
systemic activation of NRF2. Thus, we propose that NRF2-mediated anti-inflammatory
effects in the context of autoimmunity, in which Treg activities are suppressed, require
the integrity of NRF2-mediated functional modulations of multiple tissues and cell
lineages.

It should be noted that CDDO-Im treatment of Sf mice only partially improved
autoimmune inflammation compared to that with the genetically induced NRF2 acti-
vation in Sf::Keap1FA/� mice. This result may be due to the delayed activation of NRF2
by CDDO-Im treatment. NRF2 was already fully activated at the time of birth in
Sf::Keap1FA/� mice, whereas CDDO-Im administration was initiated on day 7 after birth
in this study due to technical difficulties in treating pups before 7 days of age. Thus, an

FIG 9 T cell-specific Keap1 deletion decreases production of IFN-� in T cells of Sf mice. (A) Frequencies of
effector T cell subsets in the LNs of control (n � 5), Sf::Control (n � 8), and Sf::Keap1-TKO (n � 5) mice. The
percentages of the IFN-��, IL-4�, and IL-17A� fractions of CD4 single-positive cells and the percentage of
the IFN-�� fraction of CD8 single-positive cells are shown. The values represent the means and SD. (B)
Representative contour plot data for the IFN-��, IL-4�, and IL-17A� fractions of CD4 single-positive LN cells
and the IFN-�� fraction of CD8 single-positive LN cells, with the percentages of cytokine-positive fractions
shown. NS, not significant; *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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earlier initiation of CDDO-Im treatment might have improved its anti-inflammatory
effects.

Among the various parameters of the autoimmune response, decreased production
of IFN-� by T cells and its consequent decrease in the serum were the clearest effects
of NRF2 activation in Sf mice. IFN-� production by T cells was reduced by the systemic
activation of NRF2 (both genetic and pharmacological) and by T cell-specific activation
of NRF2, indicating that NRF2 inhibits IFN-� production in T cells in a cell-autonomous
manner. This result is consistent with a previous report revealing that NRF2 activation
in T cells shifts the Th1/Th2 balance toward Th2-skewed immunity (41). Because IFN-�
has been reported to enhance the autoimmune response through increasing the

FIG 10 Dendritic cell- or myeloid cell-specific Keap1 deletion does not ameliorate the autoimmune response in Sf mice. (A and
C) Macroscopic observations of Sf::Keap1-MKO (A) and Sf::Keap1-DKO (C) mice compared to control and Sf::Control mice. (B and
D) Frequencies of T cell populations in the LNs of Sf::Keap1-MKO (n � 5) (B) and Sf::Keap1-DKO (n � 4) (D) mice compared to
control (n � 6 for panel B; n � 4 for panel D) and Sf::Control (n � 7 for panel B; n � 4 for panel D) mice. Percentages of CD4
and CD8 single-positive cells in LN cells (left) and percentages of CD25�, CD44�, and CD69� cells in CD4 single-positive cells
(right) are shown. The values indicate the means and SD. NS, not significant; *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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numbers of activated effector T and B cells and the production of autoantibodies (42,
43), a reduction of IFN-� contributes, at least partially, to the attenuation of the
autoimmune response by NRF2. Consistent with this idea, a previous study showed that
deletion of the Ifng gene prolongs the life span of Sf mice to 6 to 7 weeks and alleviates
inflammation in the skin, lungs, and liver (36). Considering that T cell-specific and

FIG 11 CDDO-Im treatment partially alleviates inflammation in Sf mice. (A) Regimen of CDDO-Im treatment. WT and Sf mice
were injected intraperitoneally with vehicle or CDDO-Im every other day starting 7 or 8 days after birth. Mice were analyzed
one day after the final treatment. (B) Immunoblot analysis of the NRF2 protein in representative tissues of WT and Sf mice
treated with vehicle or CDDO-Im. �-Tubulin was used as a loading control. (C) Gene expression of Nqo1 in representative
organs of vehicle-treated WT (n � 4; white bars), CDDO-Im-treated WT (n � 4; light gray bars), vehicle-treated Sf (n � 4; dark
gray bars), and CDDO-Im-treated Sf (n � 4; black bars) mice. The expression levels were normalized to Gapdh expression, and
the expression level in vehicle-treated WT mice was set to 1. The values represent the means and SD. *, P � 0.05. (D) HE
staining of the skin (pinnae), livers, and lungs of vehicle or CDDO-Im-treated Sf mice. Arrows indicate leukocyte infiltration. (E)
Survival curves for Sf mice treated with vehicle (n � 5) or CDDO-Im (n � 5). Treatment was continued throughout the
observation period.
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pharmacological NRF2 activation did not exert sufficient anti-inflammatory effects in Sf
mice despite the reduced production of IFN-� by T cells, we surmise that additional
factors are required that indirectly lead to the decreased production of IL-4 and IL-17A
in T cells.

Previous reports showed that NRF2 in macrophages and dendritic cells modulates
their proinflammatory cytokine production and antigen-presenting activity (3, 5, 39,
40). However, in our experimental setting, NRF2 activation in macrophages or dendritic
cells alone did not attenuate the inflammatory response. Because it was recently
reported that depletion of B cells ameliorates multiorgan inflammation in Sf mice (44),
it is worthwhile to study the significance of NRF2’s contribution in B cells.

Another possible mechanism for the NRF2-mediated anti-inflammatory effects may
be a decrease in the release of damage-associated molecular patterns (DAMPs) from
tissue cells that are attacked by autoreactive immune cells. DAMPs recruit inflammatory
cells and induce further inflammatory reactions (45). DAMPs are known to be involved
in the pathogenesis of systemic autoinflammatory diseases, and the secretion of DAMPs
is associated with oxidative stress (46, 47). Considering the enhancement of cell survival
and cellular antioxidant capacity by NRF2, NRF2 is likely to inhibit the secretion of
DAMPs by reducing cell damage from the autoimmune response and to contribute to
the alleviation of systemic inflammation. Further investigation is required to elucidate
the molecular mechanisms responsible for NRF2-dependent suppression of the auto-
immune response.

Because NRF2 activation is effective for prevention and treatment of various path-
ological conditions caused by excessive oxidative and electrophilic stresses, clinical
applications of NRF2 inducers to adjust the redox balance are in progress. Our current
results showing the NRF2-mediated inhibition of effector T cell activities suggest that
precautions are necessary in applying NRF2 inducers, especially for immunocompro-

FIG 12 CDDO-Im treatment partially inhibits activation of T cells in Sf mice. (A) Frequencies of T cell
populations in the LNs of vehicle-treated WT (n � 5), CDDO-Im-treated WT (n � 4), vehicle-treated Sf (n �
7), and CDDO-Im-treated Sf (n � 7) mice. Percentages of CD4 and CD8 single-positive cells in LN cells
(left) and percentages of CD25�, CD44�, and CD69� cells in CD4 single-positive cells (right) are shown.
The values indicate the means and SD. (B) Representative histogram data for CD4 single-positive LN cells
from WT and Sf mice treated with vehicle or CDDO-Im, along with percentages of CD25�, CD44�, and
CD69� cells. *, P � 0.05; ***, P � 0.0005.
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mised patients. We have to be aware of their possible immunosuppressive effects and
to pay careful attention to infectious complications of treatment with NRF2 inducers.

Foxp3 mutations have been found in human populations and identified as major
genetic alterations causing IPEX (immunodysregulation, polyendocrinopathy, enterop-
athy, X-linked) syndrome, which is characterized by the development of multiple
autoimmune disorders and consequent fatal inflammation (48, 49). Because Sf mice are
regarded as a mouse model of IPEX syndrome, our results strongly suggest that NRF2
inducers are promising therapeutic agents for this intractable congenital disorder, in
addition to other, more common autoimmune diseases. Thus, NRF2 inducers expand
the therapeutic options for the control of inflammation caused by autoimmune dis-
eases.

MATERIALS AND METHODS
Mice. Scurfy (Foxp3sf/X) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Two

types of Keap1 conditional knockout mice were used in this study (50). Keap1FA is a knockdown allele in
which Keap1 expression is decreased (27), whereas Keap1FB produces normal amounts of the Keap1
transcript (38). To establish Keap1 knockdown mice, Keap1FA was used in combination with the Keap1-

FIG 13 CDDO-Im treatment reduces IFN-� production. (A) Frequencies of effector T cell subsets in the LNs of
vehicle-treated WT (n � 5), CDDO-Im-treated WT (n � 4), vehicle-treated Sf (n � 7), and CDDO-Im-treated Sf (n �
7) mice. The percentages of the IFN-��, IL-4�, IL-17A�, and IL-10� fractions of CD4 single-positive cells and of the
IFN-�� fraction of CD8 single-positive cells are shown. The values represent the means and SD. (B) Representative
contour plot data for the IFN-��, IL-4�, IL-17A�, and IL-10� fractions of CD4 single-positive LN cells and the IFN-��

fraction of CD8 single-positive LN cells, with the percentages of cytokine-positive fractions shown. (C) Ifng gene
expression in the spleens of vehicle-treated WT (n � 4), CDDO-Im-treated WT (n � 4), vehicle-treated Sf (n � 4),
and CDDO-Im-treated Sf (n � 4) mice. The expression levels were normalized to Gapdh expression, and the
expression level in vehicle-treated WT mice was set to 1. The values represent the means and SD. NS, not
significant; *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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null allele (Keap1�) (25). To conduct cell lineage-specific disruption of Keap1, Keap1FB was used. Male
Keap1FA/FA mice (26) and Keap1FA/� mice were mated with female Foxp3sf/X mice to generate Foxp3sf/Y::
Keap1FA/�(Sf::Keap1FA/�) mice. Keap1FB/FB mice (38) and Lck-Cre (51), CD11c-Cre (52), and LysM-Cre (53)
mice were mated to obtain Keap1 conditional knockout mice with Keap1 deletion in T cells (Keap1-TKO),
dendritic cells (Keap1-DKO), and myeloid cells (Keap1-MKO), respectively. Lck-Cre mice were kindly
provided by Junji Takeda. CD11c-Cre mice and LysM-Cre mice were purchased from the Jackson
Laboratory. All the mice used in this study were in the C57BL/6 background. The mice were used for
analyses 15 to 19 days after birth, unless otherwise indicated. All genotypes were determined using tail
genomic DNA. Peripheral blood was collected from the superficial temporal vein and analyzed by use of
a hemocytometer (Nihon Kohden Co., Tokyo, Japan).

All animals were housed under specific-pathogen-free conditions according to the regulations of the
standards for human care and use of laboratory animals of Tohoku University and the guidelines for
proper conduct of animal experiments of the Ministry of Education, Culture, Sports, Science, and
Technology of Japan.

Multiplex assays. Collected blood was allowed to clot for 30 min at room temperature, and the
serum was separated by centrifugation at 1,200 � g for 20 min and stored at �80°C until further use.
For quantification of serum cytokines, a LEGENDplex kit (BioLegend, San Diego, CA) was used according
to the manufacturer’s instructions. The data were analyzed using LEGENDplex data analysis software
(BioLegend). All samples were assayed in duplicate, and all presented values are the means of duplicate
measurements.

Flow cytometry. Bilateral axillary, brachial, and inguinal LNs were collected and homogenized in
phosphate-buffered saline (PBS) supplemented with 3% heat-inactivated fetal bovine serum. The LN cells
were stained with monoclonal antibodies against CD4 (GK1.5), CD8a (53-6.7), CD25 (PC61), CD44 (IM7),
and CD69 (H1.2F3) (BioLegend or eBiosciences, San Diego, CA). The cells were then stained with
propidium iodide for the exclusion of dead cells. For intracellular cytokine staining, LN cells (5 � 106

cells/ml) were stimulated in vitro with phorbol 12-myristate 13-acetate (50 ng/ml) and ionomycin (1
�g/ml) in the presence of monensin (3 �M) for 3 h in 24-well plates. The stimulated cells were stained
with antibodies against surface antigens as described above, followed by fixation and permeabilization
with fixation buffer (BioLegend) and intracellular staining permeabilization wash buffer (BioLegend),
respectively. The fixed and permeabilized cells were further incubated with antibodies against IFN-�
(XMG1.2), IL-4 (11B11), IL-17A (TC11-18H10.1), and IL-10 (JES5-16E3) (BioLegend). The stained cells were
analyzed with a FACSAria II or LSR Fortessa flow cytometer (BD Biosciences).

Quantitative real-time PCR analysis. Tissues were homogenized in Isogen (Nippon Gene, Tokyo,
Japan) to purify total RNAs, and cDNAs were synthesized with ReverTra Ace qPCR RT master mix with
gDNA Remover (Toyobo, Osaka, Japan) according to the manufacturer’s instructions. RNAs from the
sorted cells were isolated using a ReliaPrep RNA cell miniprep system (Promega, Madison, WI), and cDNAs
were synthesized with SuperScript III reverse transcriptase (Invitrogen, Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s instructions. Quantitative PCR was performed on an Applied
Biosystems 7300 sequence detector system, using Thunderbird SYBR qPCR mix (Toyobo) for the SYBR
green system and Thunderbird probe qPCR mix (Toyobo) for the TaqMan probe system. The primer
sequences are shown in Table S5 in the supplemental material.

Immunoblot analysis. Tissues were lysed and sonicated in SDS sample buffer (25 mM Tris-HCl, pH
6.8, 5% glycerol, 1% SDS, 0.05% bromophenol blue, 20% 2-mercaptoethanol), and the lysates were
heated at 95°C for 5 min. The samples were then subjected to immunoblot analysis using an anti-NRF2
antibody (clone 103; 1:500) (54), an anti-KEAP1 antibody (clone 111; 1:200) (55), and an anti-�-tubulin
antibody (clone DM1A; 1:10,000) (Sigma-Aldrich).

Histological analysis. The skin, liver, and lungs were fixed with Mildform 10 N (Wako) and
embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (HE).

CDDO-Im treatment of Sf mice. WT and Sf mice were injected intraperitoneally with 5 �mol/kg
CDDO-Im (the total volume was set to 20 �l/g [for body weights of �12.5 g] or 10 �l/g [for body weights
of �12.5 g]) or the same volume of vehicle (PBS with 10% dimethyl sulfoxide and 10% Cremophor-EL)
every other day starting 7 or 8 days after birth. Mice were analyzed one day after the fourth adminis-
tration. For survival analysis, treatment was continued throughout the observation period.

Statistical analysis. Quantitative data are presented as means � standard deviations (SD) and were
analyzed using Student’s t tests. P values of �0.05 were considered statistically significant. Survival rates
were analyzed using the log rank test with the Bonferroni correction for multiple comparisons.
Bonferroni-adopted P values of �0.05 were considered statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/MCB
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