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Abstract

We previously demonstrated that activation of the transcription factor, nuclear factor erythroid 2-
related factor 2 (Nrf2) promotes CD4+ Th2 differentiation. In the current study, we assessed the
role of Nrf2 in early events following T cell activation. The Nrf2 activators, tBHQ (fert
butylhydrogquinone) and CDDO-Im (the imidazolide derivative of the triterpenoid CDDO), were
used in conjunction with splenocytes derived from wild-type and Nrf2-null mice to distinguish
between Nrf2-specific and off-target effects. CDDO-Im inhibited early IFNy and TNFa
production in a largely Nrf2-dependent manner. In contrast, tBHQ and CDDO-Im had little effect
on expression of CD25 or CD69. Furthermore, tBHQ inhibited GM-CSF and IL-2 production in
both wild-type and Nrf2-null T cells, suggesting this effect is Nrf2-independent. Conversely,
CDDO-Im caused a concentration-dependent increase in IL-2 secretion in wild-type, but not Nrf2-
null, splenocytes, suggesting that Nrf2 promotes IL-2 production. Interestingly, both compounds
inhibit NFxB DNA binding, where the suppression by tBHQ is Nrf2-independent and CDDO-Im
is Nrf2-dependent. Surprisingly, as compared to wild-type splenocytes, Nrf2-null splenocytes
showed lower nuclear accumulation of c-Jun, a member of the AP-1 family of transcription
factors, which have been shown to drive multiple immune genes, including IL-2. Both Nrf2
activators caused a Nrf2-dependent trend towards increased nuclear accumulation of c-Jun. These
data suggest that modulation of cytokine secretion by tBHQ likely involves multiple pathways,
including AP-1, NFxB, and Nrf2. Overall, the data suggest that Nrf2 activation inhibits secretion
of the Th1 cytokine IFNy, and increases early production of IL-2, which has been shown to
promote Th2 differentiation, and may support the later occurrence of Th2 polarization.
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1 INTRODUCTION

Nrf2 (Nuclear factor erythroid 2-related factor 2) is a transcription factor that is activated by
various types of cellular stress, including oxidative stress and electrophilic insult [1,2]. In the
absence of cell stress, Nrf2 is bound to its repressor protein, Keapl (Kelch-like ECH-
associated protein 1), in the cytosol and is subsequently ubiquitinated and degraded by the
proteasome [3,4]. Upon introduction of cell stress, Nrf2 is no longer degraded and
translocates to the nucleus where it induces transcription of its target genes [5]. Nrf2
regulates a battery of target genes that perform a variety of functions, including
detoxification and metabolism of reactive compounds, transport of xenobiotics, antioxidant
functions, and upregulation of the proteasomal subunits [6,7].

Nrf2 is activated by numerous compounds, including heavy metals, phenols, reactive oxygen
species, and many others [7]. In addition, there are numerous activators that are commonly
used experimentally to activate Nrf2, which include 1[2-Cyano-3,12-dioxooleana-1,9(11)-
dien-28-oyl]imidazole (CDDO-Im), fert-butylhydroquinone (tBHQ), butylated
hydroxyanisole and sulforaphane. CDDO-Im is one of the most potent known activators of
Nrf2, active at nanomolar concentrations, but it also activates other pathways at micromolar
concentrations [8,9]. Although both compounds activate Nrf2 by modification of key
cysteine residues on Keapl, there are distinct potency differences, as 0.1-1 uM tBHQ was
used vs. 0.001-0.1 uM CDDO-Im in our experiments. The regulation of the Nrf2 pathway
by CDDO-Im is also dependent on cell type, as is likely true for tBHQ as well [8]. At the
concentrations of CDDO-Im used in the current study (nM range), no decrease in viability
was observed. In addition to CDDO-Im, tBHQ was also used in these studies as we have
determined previously that it is a potent activator of Nrf2 in T cells and does not cause
cytotoxicity at the concentrations used in our studies [10]. Interestingly, tBHQ is also a
commonly used food preservative found in a variety of foods, including cereals, crackers,
and fast food items, among others [11].

In addition to its functions in detoxification and the antioxidant response, Nrf2 also has anti-
inflammatory activity, which has been reported in numerous inflammatory models. For
instance, Nrf2 appears to play a protective role in experimental autoimmune encephalitis,
experimental sepsis from cecal ligation and puncture or lipopolysaccharide administration
[12], traumatic brain injury [13], endotoxemia-induced vascular inflammation [14] and
experimental autoimmune hepatitis [15]. In addition, Nrf2 seems to be particularly important
in lung inflammation. Nrf2-null mice have increased susceptibility to ovalbumin-induced
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asthma [16], hyperoxia-induced acute lung injury [17], pulmonary fibrosis [18], allergic
airway inflammation [19] and Staphylococcus aureus pneumonia [20]. It is also notable that
aged female Nrf2-null mice develop an autoimmune disease that resembles systemic lupus
erythematosus in humans, which suggests an endogenous role for Nrf2 in immune regulation
[21,22,23].

T cell activation occurs upon ligation of the T cell receptor and a costimulatory receptor by
their respective agonists. Experimentally, T cells can be activated by treatment with
monoclonal antibodies directed against the T cell receptor (CD3) and a costimulatory
receptor, such as CD28. Activation of T cells by anti-CD3/anti-CD28 triggers a signaling
cascade that ultimately results in a number of cellular events, such as activation of NFxB
and AP-1, as well as other transcription factors, and induction of early cytokines, such as
IL-2,GM-CSF, TNFa, and IFNy [24]. In addition, a number of cell surface proteins are also
induced, including CD25, which is the high-affinity IL-2 receptor, and CD69, which is a C-
type lectin receptor. Although the exact function of CD69 is not fully known, both CD25
and CD69 are highly expressed after T cell stimulation and serve as markers of activation.

Our previous studies have demonstrated that activation of Nrf2 skews CD4* T cells toward
Th2 differentiation, whereas absence of Nrf2 skews CD4" T cells toward Th1 differentiation
[10]. However, little is known about the role of Nrf2 in the early events following T cell
activation, which can influence polarization. Whereas our previous studies necessarily
focused on events occurring 4 to 6 days after T cell activation (which is the time needed for
CD4™* T cell differentiation), the purpose of the present studies is to investigate a potential
role for Nrf2 in T cell activation within 24 h after CD3/CD28 ligation. It has been previously
reported that the early events, such as cytokine release, post T cell stimulation are integral in
determination of CD4* T cell effector function and polarization.

2 MATERIALS AND METHODS

Materials

CDDO-Im was synthesized as previously described at >95% purity [25,26]. tBHQ, and all
other reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise noted.

Nrf2-null mice

Nrf2-null mice on a mixed C57BL/6 and AKR background were generated as described
previously and received from Dr. Jefferson Chan [1]. The mice were subsequently back-
crossed 8 generations onto the C57BL/6 background and are 99% congenic (analysis
performed by Jackson Laboratories, Bar Harbor, ME). Female mice were used for the
current studies. Age-matched wild-type female C57BL/6 mice were purchased from Charles
River Laboratories (Wilmington, MA). Mice were given food and water ad /ibitum. All
animal studies were conducted in accordance with the Guide for the Care and Use of
Animals as adopted by the National Institutes of Health, and were approved by the
Institutional Animal Care and Use Committee (IACUC) at Michigan State University.
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Splenocyte isolation: Single-cell suspensions from spleens were washed, filtered, counted
and cell density adjusted to 5 x 106 ¢/ml, unless otherwise noted. Cells were cultured in
DMEM (with L-glutamine, sodium bicarbonate and D-glucose) supplemented with 100 units
penicillin/ml, 100 units streptomycin/ml, 50 UM 2-mercaptoethanol, and 10% fetal bovine
serum (FBS). For most studies, cells were treated with vehicle, tBHQ, or CDDO-Im at the
indicated concentrations for 30 min prior to T cell activation. 24 h post T cell receptor/
coreceptor ligation, supernatants and cells were harvested and analyzed as noted in the
figure legends. T cells were activated with purified hamster anti-mouse CD3e (500A2, 1.5
pg/ml), purified hamster anti-mouse CD28 (37.51, 1.5 pg/ml), and an F(ab’), fragment
specific for anti-Syrian hamster IgG that was used to cross-link CD3 and CD28 to enhance
activation. Anti-CD3 and anti-CD28 were purchased from E-Biosciences (San Diego, CA),
and the F(ab”), cross-linker was purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA).

Cytokine protein quantification: ELISA

IFN~y, IL-2, GM-CSF, and TNFa protein was quantified by sandwich ELISAs using
commercially-available kits following the manufacturer’s protocol (For GM-CSF, TNFa.,
and IFN-y: Biolegend, San Diego, CA, for IL-2: E-Bioscience, San Diego, CA).

Measurement of CD25 and CD69 expression by flow cytometry

Freshly-isolated splenocytes were washed and resuspended in FACS buffer (PBS, 1% FBS).
The cells were then incubated with anti-CD4/FITC, anti-CD25/APC, and/or anti-CD69/PE-
Cy7 for 30 min at 4° C, after which the cells were washed and resuspended in FACS buffer.
The fluorescence was then detected and quantified with a BD Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA). The data were analyzed using CFlow software (BD Accuri, San
Jose, CA). The CD4 antibody was purchased from E-Bioscience (San Diego, CA) and the
CD25 and CD69 antibodies were purchased from Biolegend, (San Diego, CA).

ELISA-based DNA binding assay

Four hours after activation by anti-CD3/anti-CD28, nuclear protein was extracted from
1x107 wild-type and Nrf2-null splenocytes, using a commercially available kit (Active
Motif, Carlsbad, CA). After extraction, nuclear protein was quantified via Bradford assay
(Bio-Rad, Hercules, CA). Five micrograms of nuclear protein was used to quantify NFxB
DNA binding using a commercially available ELISA-based DNA binding assay (Active
Motif). Assays were performed per the manufacturer’s protocol.

Nuclear protein isolation—Wild-type and Nrf2-null mouse splenocytes were collected
and resuspended at 5x106 c/mL. 3 h after activation by anti-CD3/anti-CD28, cells were
lysed using a solution containing 10mM HEPES, 100mM KCI, 1.5mM MgCl,, 0.1 mM
EGTA, 0.5mM DTT, 0.5% NP-40 substitute, and 1x Halt protease inhibitor cocktail
(Thermo Scientific, Waltham, MA). Cell lysates were then pelleted by centrifugation. The
resulting nuclear pellets were then resuspended in nuclear extraction buffer containing
10mM HEPES, 420mM NacCl, 1.5 mM MgCly, 0.1mM EGTA, 0.5mM DTT, 5% glycerol,
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and 1x Halt protease inhibitor cocktail. Samples were incubated on ice for 1 h, vortexing
every 10 min. After 1 h samples were spun down and nuclear protein was quantified.
Nuclear protein was quantified via Bradford assay (Bio-Rad, Hercules, CA).

Western analysis—After protein quantification, samples were diluted in Laemmli Sample
Buffer (Bio-Rad) containing 2.5% 2-mercaptoethanol. Samples were subjected to SDS-
PAGE and subsequently transferred to a PVDF membrane using 10ug of each sample.
Membranes were blocked with 5% BSA (Bovine Serum Albumin) or NFDM (nonfat dry
milk) in PBS containing 0.05% Tween 20 (PBST). Histone H3 (7074S) and c-Jun (Cell
Signaling) primary antibodies were diluted 1:1000 in PBST containing 5% NFDM and 5%
BSA, respectively. The H3 primary antibody was purchased from Cell Signaling (Danvers,
MA\). c-Jun antibodies were purchased from Santa-Cruz Biotechnology (Santa Cruz, CA)
and Cell signaling. Anti-rabbit IgG HRP-linked secondary antibody and was diluted 1:2000
in 0.05% PBST containing 2% of the blocking protein and was purchased form Cell
Signaling (Danvers, MA). All blots were developed via Pierce ECL Western Blotting
Substrate (Thermo Scientific, Rockford, IL) per the manufacturer’s protocol. The bands
were visualized by the LI-COR Odyssey FC infrared imaging system (Lincoln, NE).

Statistical Analysis

The mean = standard error was determined for each treatment group in the individual
experiments. Homogeneous data were evaluated by two-way parametric analysis of
variance. When significant differences were observed, the Holm-Sidak post-hoc test was
used to compare treatment groups to the vehicle (VEH) control using SigmaPlot 12.3
software (Systat Software, Inc., Chicago, IL).

3 RESULTS
3.1 Activation of Nrf2 by CDDO-Im inhibits early IFNy production by activated T cells

We previously demonstrated that activation of Nrf2 by tBHQ skews CD4* T cells toward
Th2 differentiation, whereas absence of Nrf2 results in Thl-skewing [10]. CD4* T cell
differentiation is a process that generally occurs several days after T cell activation and little
is known about the role of Nrf2 on early T cell activation. Thus, the purpose of the present
studies was to determine the role of Nrf2 in early events following T cell activation. The
current studies demonstrate that CDDO-Im markedly inhibits IFN+y secretion in anti-CD3/
anti-CD28-activated T cells from wild-type mice (Fig. 1), similar to the effects of tBHQ on
IFNy reported in our previous studies [10]. Also similar to previous observations, activated
T cells derived from Nrf2-null mice produced significantly more IFN+y than those derived
from wild-type mice at early time-points. The highest concentration of CDDO-Im caused a
modest, though statistically significant, inhibition of IFN-y secretion. Collectively, the
current studies suggest that activation of Nrf2 inhibits early IFN+y production following T
cell stimulation.
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3.2 The synthetic food preservative tBHQ inhibits IL-2 secretion independently of Nrf2
while the triterpenoid CDDO-Im promotes IL-2 secretion in a Nrf2-dependent manner

Because activation of Nrf2 by tBHQ and CDDO-Im inhibited early IFN-y production by
activated T cells, we investigated the effects of both Nrf2 activators on IL-2, which is also
produced at early time-points after T cell activation. Similar to IFN-y, tBHQ significantly
inhibited IL-2 secretion by wild-type anti-CD3/anti-CD28-activated T cells (Fig. 2a). The
decrease in IL-2 production by tBHQ was also observed in Nrf2-null T cells however,
suggesting that the effect is independent of Nrf2. In contrast, wild-type, but not Nrf2-null, T
cells treated with CDDO-Im showed a concentration-dependent increase in IL-2 secretion at
24 h (Fig. 2b). Overall, the data demonstrate that activation of Nrf2 promotes I1L-2
production.

3.3 tBHQ inhibits and CDDO-Im promotes GM-CSF secretion in a Nrf2-independent manner

Although not known for driving the polarization of CD4 T cells toward a Th2 phenotype, the
early cytokine GM-CSF has been shown to be highly proinflammatory. Therefore, we
investigated the effect of the Nrf2-activators CDDO-Im and tBHQ in the regulation of GM-
CSF, as Nrf2 has been shown to be important in regulating inflammation. Treatment of wild-
type and Nrf2-null splenocytes with tBHQ resulted in a Nrf2-independent suppression of
GM-CSF, as both genotypes appear to be equally suppressed (Fig. 3a). Conversely, treatment
of splenocytes with the synthetic triterpenoid CDDO-Im, resulted in a modest Nrf2-
independent increase in the secretion of GM-CSF (Fig. 3b). These data further demonstrate
the differential effects of tBHQ and CDDO-Im on immune endpoints.

3.4 CDDO-Im induces TNFa secretion independently of Nrf2, whereas tBHQ inhibits TNFa
secretion in a Nrf2-dependent manner

To further characterize the role of Nrf2 in early cytokine production, we assessed the effects
of tBHQ and CDDO-Im on TNFa induction. Similar to the effects upon GM-CSF, tBHQ
and CDDO-Im had differential effects on TNFa production. Treatment of wild-type and
Nrf2-null splenocytes with CDDO-Im resulted in a modest Nrf2-independent induction of
TNFa secretion (Fig. 4b). In contrast, treatment of splenocytes with tBHQ resulted in a
Nrf2-dependent suppression of TNFa secretion (Fig. 4a). Furthermore, wild-type
splenocytes produced significantly more TNFa than Nrf2-null cells, which is consistent with
what has been previously reported [27]. Overall, these studies demonstrate that Nrf2 inhibits
TNFa secretion.

3.5 The Nrf2 activators tBHQ and CDDO-Im have little effect on the induction of CD25 and
CD69 in activated mouse splenocytes

The differential effects of Nrf2 on early cytokine production by activated T cells led us to
investigate the role of Nrf2 in other early events associated with T cell activation. In addition
to increased cytokine production, T cells rapidly upregulate expression of the cell surface
proteins CD25 and CD69 upon activation. In contrast to cytokine production, tBHQ and
CDDO-Im had no effect on expression of CD25 or CD69 (Figs. 5-6). Collectively, the data
demonstrate that Nrf2 plays a negligible role in the regulation of expression of the early T
cell activation markers CD25 and CD69.
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3.6 Inhibition of NFxB DNA binding by CDDO-Im and tBHQ is Nrf2-dependent and -
independent, respectively

Previous studies have shown cross-talk between the Nrf2 and the NFxB signaling pathways,
whereby activation of NF«xB is inhibited by Nrf2 through suppression of its activating
kinase, inhibitor of kappa B kinase. In Jurkat T cells, we have previously shown that the
Nrf2 activator tBHQ suppresses NFxB luciferase activity. Accordingly, we assessed the
effects of Nrf2 activation by tBHQ and CDDO-Im in the DNA binding activity of p65, a
major component of the NFxB signaling complex. tBHQ inhibited NFxB p65 DNA binding
activity in both wild-type and Nrf2-null primary splenocytes, suggesting the effect is Nrf2-
independent (Fig. 7a). The Nrf2-independent suppression of NFxB by tBHQ was consistent
with its effect on IL-2 and GM-CSF secretion. In contrast, CDDO-Im inhibited p65 DNA
binding in wild-type, but not Nrf2-null, splenocytes, suggesting that the effect of CDDO-Im
is Nrf2-dependent. Taken together, these data suggest that although both compounds are
Nrf2 activators, they are likely exerting their effects by different mechanisms (Fig 7b).

3.7 The Nrf2 activators tBHQ and CDDO-Im increase c-jun nuclear accumulation in a Nrf2-
dependent manner

It has been previously shown that Nrf2 can partner with and potentiate AP-1 signaling in
some models, which has potential implications in immune endpoints, as AP-1 is known to
drive many immune functions, including the transcription of IL-2 [28,29]. We, therefore,
analyzed the nuclear accumulation of c-jun, an AP-1 family member, in splenocytes that
were treated with either tBHQ or CDDO-Im by PAGE and Western blot analysis. The
resulting blots showed that activated splenocytes derived from Nrf2-null mice had markedly
less nuclear accumulation of c-jun as compared to wild-type (Fig. 8, Fig. 9). Furthermore,
treatment of splenocytes with tBHQ resulted in a trend towards a Nrf2-dependent increase in
c-jun nuclear accumulation (Fig. 8). Similarly, treatment of wild-type and Nrf2-null
splenocytes with CDDO-Im also resulted in a trend towards a Nrf2-dependent increase in
nuclear accumulation of c-jun (Fig. 9). Taken together, these data suggest that Nrf2 activity
promotes c-jun nuclear accumulation in activated T cells, as loss of Nrf2 reduces nuclear c-
jun accumulation and activation of Nrf2 results in a trend towards increased nuclear c-jun.

4 DISCUSSION

Our previous studies demonstrated that activation of Nrf2 results in skewing of CD4* T cells
toward Th2 differentiation [10]. However, these studies did not address the role of Nrf2 in
early T cell activation. Thus, the purpose of the present studies was to determine the role of
Nrf2 in early events following T cell activation. The data demonstrate that Nrf2 inhibits
early IFN+y production, but has no effect on activation-induced CD25 or CD69 expression.
Treatment of wild-type and Nrf2-null splenocytes with tBHQ decreased IL-2 production in
both genotypes, suggesting the effect of the synthetic food preservative tBHQ on IL-2
secretion is independent of Nrf2. Interestingly, the triterpenoid, CDDO-Im, caused a
concentration-dependent increase in IL-2 secretion in wild-type, but not Nrf2-null,
splenocytes. Thus, the differential effects of CDDO-Im and tBHQ upon the secretion of 1L-2
reflect differences in mechanism of action. Indeed, tBHQ and CDDO-Im had differential
effects on the induction of all the early cytokines we analyzed, with the exception of IFN-y,
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which was decreased by both Nrf2 activators. The differential effects of tBHQ and CDDO-
Im on cytokine production underscores the capacity of these Nrf2 activators for off-target
effects in activated T cells. In general, tBHQ decreased early cytokine production, whereas
CDDO-Im tended to increase cytokine production with the exception of IFN+y, which was
decreased.

Overall, the data suggest that rather than simply turning T cell activation on or off, Nrf2
plays a more complex role in modulating T cell function. Nrf2 has no effect on the
expression of CD25 or CD69, inhibits secretion of the Th1 cytokines, IFNy and TNFa., and
promotes early production of IL-2, which has been shown to promote Th2 differentiation
[30,31]. In addition, other studies have implicated Nrf2 in the promotion of Th2
differentiation in both mouse and human models [10,32]. For example, the Nrf2 activator
dimethyl fumarate, which is used to treat multiple sclerosis, has been shown to promote Th2
cytokine production [33,34]. Taken together, the findings of the current study suggest that
the effect of Nrf2 activation on the early events following T cell activation support the later
occurrence of Th2 polarization.

The transcription factor AP-1 plays a critical role in driving transcription of many immune
endpoints, including the proinflammatory cytokines IFN-y, TNFa, and GM-CSF.
Interestingly, nuclear accumulation of c-jun was decreased in Nrf2-null splenocytes as
compared to wild-type splenocytes, and treatment of with both tBHQ and CDDO-Im
resulted in a Nrf2-dependent trend towards an increase in the nuclear accumulation of c-jun,
a key member of the AP-1 family of proteins. Although it seems logical that an increase in
c-Jun nuclear accumulation should result in a subsequent increase in AP-1 signaling, this
may not be the case. It has been previously shown that some AP-1 family members, such as
Fra-1, can partner with activated Nrf2 and serve to inhibit Nrf2 signaling through the ARE,
after being bound by Nrf2 [5]. Knowing this, it is plausible that a similar mechanism may be
functioning on AP-1 binding sites, resulting in the suppression of target gene transcription.

Similar to AP-1, NF«xB is a transcription factor that drives gene transcription through the
IL-2 promoter. Previous studies have shown cross-talk between the Nrf2 and NFxB
signaling pathways, which results in a Nrf2-dependent suppression of NFxB activation, by
inhibition of inhibitor of kappa B kinase [10]. Therefore, the present studies investigated the
effects of the Nrf2 activators CDDO-Im and tBHQ upon NFxB DNA binding. The results
demonstrate a Nrf2-independent suppression of NFxB DNA binding by tBHQ. This finding
was unexpected, as the literature has shown activation of Nrf2 to suppress NFxB function.
Given the electrophilic properties of tBHQ, it likely has a complex mechanism of action. In
addition to activating Nrf2, it is possible that tBHQ directly interacts with NFxB and thereby
suppresses it, as has been shown with a similar antioxidant, BHA [35]. In contrast to tBHQ,
CDDO-Im-induced suppression of NFxB is Nrf2-dependent. These findings coupled with
the Nrf2-dependent increase in the secretion of IL-2 are interesting, as NFxB is an important
positive regulator of the IL-2 promoter. According to sequence analysis by the ECR Browser
(www.ecrbrowser.dcode.org), the promoter region of the mouse IL-2 gene contains at least
one Nrf2 binding site. It is possible that the increase in IL-2 secretion may be due to Nrf2
directly binding to the IL-2 promoter. The partial inhibition of NFKB by CDDO-Im may not
be a robust enough suppression to negatively impact IL-2 induction. Taken together, the data
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show that the mechanism of action of CDDO-Im and tBHQ is complex and operates through
multiple signaling pathways, including NFxB, c-jun, and Nrf2.

The increase in IL-2 production by Nrf2 may appear to conflict with the notion that Nrf2
plays a protective inhibitory role within the immune system, preventing inappropriate
induction of pro-inflammatory immune responses. However, unlike IFN-y and I1L-17, IL-2
does not necessarily play a pro-inflammatory role in most immune responses. Whereas
IFNy, for example, is most notably associated with Th1 responses, which are often pro-
inflammatory, IL-2 plays a complex role in T cell activity. IL-2 isa T cell growth factor that
contributes to T cell proliferation following activation and is key to the induction of an
effective T cell response [36]. However, I1L-2 is also vital for the differentiation and function
of Treg cells. Treg cells are CD4™ T cells that function to control and/or suppress the
proliferation and function of effector T cells, which are responsible for launching and
maintaining immune responses. Treg cells, therefore, play a protective regulatory role within
the immune system to maintain peripheral tolerance and prevent the development of
autoimmunity. Thus, promaotion of IL-2 production by Nrf2 is consistent with a protective,
anti-inflammatory role. Furthermore, the literature shows that an early increase in IL-2
production promotes the development of Th2 cells. Taken together, the effects of Nrf2 on
early cytokine production further support a role for Nrf2 in Th2 polarization [30,37].

Overall, this study shows Nrf2 has differential effects on the early events of T cell activation.
Whereas Nrf2 inhibits early TNFa and IFN-y production, it promotes IL-2 production, and
has no effect on induction of CD25 or CD69. Importantly, this is the first paper to report that
activation of Nrf2 increases early IL-2 production by activated T cells. Furthermore, the
Nrf2-mediated inhibition of the Th1 cytokine, IFNy (which suppresses Th2 differentiation),
coupled with enhanced early production of IL-2, which is known to promote Th2
differentiation, suggest that the effects of Nrf2 on Th2 differentiation may occur earlier
during polarization than previously thought. Collectively, these studies suggest an important
and novel role for Nrf2 in regulating T cell activation, differentiation and cytokine
production.
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ABBREVIATIONS
IFNy interferon y
IL-2 interleukin-2
Keapl Kelch ECH associating protein 1
NFAT nuclear factor of activated T cells
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Nrf2 nuclear factor erythroid 2-related factor 2
NFxB nuclear factor kappa-light-chain-enhancer of activated B cells
tBHQ tert-butylhydroquinone

CDDO-Im 1[2-Cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole
TCR T cell receptor

Treg regulatory T cell

DMSO Dimethylsulfoxide

GM-CSF  Granulocyte-macrophage colony-stimulating factor

TNFa Tumor necrosis factor-alpha
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Fig. 1.

The Nrf2 activator, CDDO-Im, inhibits IFN-y secretion in activated mouse T cells.
Splenocytes from Nrf2-null and wild-type mice were isolated from whole spleens and were
either left untreated (BKG) or pretreated with either vehicle (VEH, 0.01% DMSO) or
CDDO-Im for 30 min prior to activation with the T cell activator, anti-CD3/anti-CD28. After
24 h, the cell supernatants were collected and IFNvy production was quantified by sandwich
ELISA. a = p<0.05 versus wild-type VEH, b = p<0.05 versus Nrf2-null VEH, ¢ = p<0.05
between the wild-type and Nrf2-null genotypes.
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Fig. 2.
The Nrf2 activators, CDDO-Im and tBHQ have differential effects on IL-2 secretion. Freshly

isolated splenocytes from Nrf2-null and wild-type mice were either left untreated (BKG) or
were pretreated with vehicle (VEH, 0.01% ethanol for tBHQ or 0.01% DMSO for CDDO-
Im), tBHQ, or CDDO-Im for 30 min prior to activation with anti-CD3/anti-CD28. After 24
h, the cell supernatants from A.) tBHQ treated splenocytes or B.) CDDO-Im treated
splenocytes was collected and 1L-2 was quantified by sandwich ELISA a = p<0.05 versus
wild-type VEH, b = p<0.05 versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type and
Nrf2-null genotypes.
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The Nrf2 activators, CDDO-Im and tBHQ have differential effects on GM-CSF secretion.

Freshly isolated splenocytes from Nrf2-null and wild-type mice were either left untreated

(BKG) or were pretreated with vehicle (VEH, 0.01% ethanol for tBHQ or 0.01% DMSO for
CDDO-Im), tBHQ, or CDDO-Im for 30 min prior to activation with anti-CD3/anti-CD28.
After 24 h, the cell supernatants from A.) tBHQ-treated splenocytes or B.) CDDO-Im treated

splenocytes were collected and GM-CSF was quantified by sandwich ELISA. a = p<0.05

versus wild-type VEH, b = p<0.05 versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type

and Nrf2-null genotypes.
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The Nrf2 activators, CDDO-Im and tBHQ have differential effects on TNFa. secretion.
Freshly isolated splenocytes from Nrf2-null and wild-type mice were either left untreated
(BKG) or were pretreated with vehicle (VEH, 0.01% ethanol for tBHQ or 0.01% DMSO for
CDDO-Im), tBHQ, or CDDO-Im for 30 min prior to activation with anti-CD3/anti-CD28.
After 24 h, the cell supernatants from A.) tBHQ-treated splenocytes or B.) CDDO-Im treated
splenocytes were collected and TNFa was quantified by sandwich ELISA. a = p<0.05
versus wild-type VEH, b = p<0.05 versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type

and Nrf2-null genotypes.
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The Nrf2 activator tBHQ has little effect on CD25/CD69 expression in activated T cells.
Freshly isolated splenocytes from wild-type or Nrf2-null mice were left untreated (BKG) or
pretreated with either vehicle (VEH, 0.01% ethanol) or tBHQ (0.1-1pM) for 30 min prior to
activation with anti-CD3/anti-CD28. A.) 24 h after activation, cells were collected, labeled
with anti-CD4/FITC, anti-CD69/PECy7 and anti-CD25/APC and analyzed by flow
cytometry. CD25/CD69 fluorescence was quantified in the gated CD4* T cell population.
Six representative dot plots are shown. B.) Graphical representation of CD25 expression. C.)
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Graphical representation of CD69 expression. a = p<0.05 versus wild-type VEH, b = p<0.05
versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type and Nrf2-null genotypes.
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The Nrf2 activator CDDO-Im has little effect on CD25/CD69 expression in activated T cells.
Freshly isolated splenocytes from wild-type or Nrf2-null mice were left untreated (BKG) or
pretreated with either vehicle (VEH, 0.01% DMSO) or CDDO-Im (0.001-0.1 uM) for 30
min prior to activation with anti-CD3/anti-CD28. A.) 24 h after activation, cells were
collected, labeled with anti-CD4/FITC, anti-CD69/PECy7 and anti-CD25/APC and analyzed
by flow cytometry. CD25/CD69 fluorescence was quantified in the gated CD4* T cell
population. Six representative dot plots are shown. B.) Graphical representation of CD25
expression by flow cytometry. C.) Graphical representation of CD69 expression by flow
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cytometry. a = p<0.05 versus wild-type VEH, b = p<0.05 versus Nrf2-null VEH, ¢ = p<0.05
between the wild-type and Nrf2-null genotypes.
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Fig 7.

Suppression of p65 DNA binding by tBHQ is Nrf2-independent whereas suppression by
CDDO-Im is Nrf2-dependent. Freshly isolated splenocytes isolated from wild-type and
Nrf2-null mice were either left untreated (BKG) or were pretreated with vehicle (VEH,
0.01% ethanol for tBHQ or 0.01% DMSO for CDDO-Im), tBHQ, or CDDO-Im for 30 min

prior to activation with anti-CD3/anti-CD28. After 4 h, nuclear proteins were extracted from

either A.) tBHQ-treated splenocytes or B.) CDDO-Im treated splenocytes and p65 DNA
binding was quantified by a commercially-available kit. a = p<0.05 versus wild-type VEH,

b

= p<0.05 versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type and Nrf2-null genotypes.
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Fig. 8.
tBHQ increases nuclear accumulation of c-jun in wild-type, but not Nrf2-null, primary

mouse splenocytes. Wild-type and Nrf2-null mouse splenocytes were left untreated (BKG)
or were pretreated with vehicle (VEH, 0.01% ethanol) or tBHQ (1uM) for 30 min prior to
activation with anti-CD3/anti-CD28. After 4 h nuclear protein was then isolated and
expression of c-jun and the housekeeper histone H3 was probed by western analysis. (A)
Representative western blot. Wild-type and Nrf2-null samples are from the same blot, and
have been separated for clarity. (B) Densitometry of the resulting western blots was
calculated as a ratio of the c-jun band to the H3 band, and then normalized for each replicate
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as a percent of the wild-type vehicle value. Results are depicted as averages of the
normalized values from four experiments. a = p<0.05 versus wild-type VEH, b = p<0.05
versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type and Nrf2-null genotypes.
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Fig. 9.
CDDO-Im increases nuclear accumulation of c-jun in wild-type, but not Nrf2-null, primary

mouse splenocytes. Wild-type and Nrf2-null mouse splenocytes were left untreated (BKG)
or were pretreated with vehicle (VEH, 0.01% DMSO) or CDDO-Im (0.1uM) for 30 min
prior to activation with anti-CD3/anti-CD28. After 4 h nuclear protein was then isolated and
expression of c-jun and the housekeeper histone H3 was probed by western analysis. (A)
Representative western blot. Wild-type and Nrf2-null samples are from the same blot, and
have been separated for clarity. (B) Densitometry of the resulting western blots was
calculated as a ratio of the c-jun band to the H3 band, and then normalized for each replicate
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as a percent of the wild-type vehicle value. Results are depicted as averages of the
normalized values from four experiments. a = p<0.05 versus wild-type VEH, b = p<0.05
versus Nrf2-null VEH, ¢ = p<0.05 between the wild-type and Nrf2-null genotypes.
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