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Abstract

IL-17A and IL-22 derived from Th17 cells play a significant role in mucosal immunity and 

inflammation. TGF-β and IL-6 promote Th17 differentiation, however, these cytokines have 

multiple targets. The identification and screening of additional molecules that regulate IL-17A and 

IL-22 responses in certain inflammatory conditions is of great clinical significance. Here, we show 

that CDDO-Im, a specific Nrf2 activator, promotes IL-17A and IL-22 responses in murine Th17 

cells. In contrast, CDDO-Im inhibits IL-17A response in Multiple Sclerosis (MS) patient-derived 

PBMCs. However, Nrf2 specifically regulates IL-22 response in vivo. Nrf2 acts through the 

regulation of Antioxidant Response Element (ARE) binding motifs in target genes to induce or 

repress transcription. Promoter analysis revealed that Il17a, Rorc and Ahr genes have several ARE 

motifs. We showed that Nrf2 bind to ARE repressor (ARE-R2) of Rorc and inhibits Rorc-
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dependent IL-17A transactivation. The luciferase reporter assay data showed that CDDO-Im 

regulated Ahr promoter activity. ChIP-qPCR data showed that Nrf2 bind to ARE of AhR. Finally, 

we confirmed that the CDDO-Im-mediated induction of IL-22 production in CD4+ T cells was 

abrogated in CD4-specific Ahr knockout mice (AhrCD4). CH-223191, a specific AhR antagonist, 

inhibits CDDO-Im-induced IL-22 production in CD4+ T cells, which further confirmed the AhR-

dependent regulation. Collectively, our data showed that Nrf2 via AhR pathways regulated IL-22 

response in CD4+ T cells.

Introduction

IL-17A and IL-22 derived from Th17 (α,β CD4+ T cells producing IL-17A, IL-17F and 

IL-22) and Type 3 innate lymphoid cells (ILC3) have been shown to exert both protective 

and inflammatory functions. Exacerbated IL-17A response is associated with 

pathophysiology of many diseases including cystic fibrosis (CF), psoriasis, multiple 

sclerosis (MS), rheumatoid arthritis (RA) and allergic asthma (1–6). Neutralizing IL-17A or 

blocking Th17 cell differentiation has been shown to have a beneficial role in multiple 

mouse models of autoimmune inflammation and psoriasis (7–10). Additionally, preclinical 

neutralization of IL-17A in cystic fibrosis transmembrane receptor knockout (Cftr−/−) mice 

showed reduced neutrophil recruitment and airway inflammation (1). In contrast, IL-17A is 

critically important for mucosal immunity against Gram-negative bacteria and fungus (11–

13). We also reported that IL-17A signaling in intestine is important for the maintenance of 

the gut microbiota including segmented filamentous bacteria (SFB) colonization (14). IL-22, 

another Th17 and ILC3-derived cytokine, has been shown to be critical for promoting tissue 

protective and regenerative responses in various organs (15–20). Thus, identification and 

evaluation of molecules that selectively regulate IL-17A and IL-22 responses in certain 

inflammatory conditions is of great clinical significance.

Murine Th17 cell differentiation (in vivo and in vitro) is influenced by cytokines including 

IL-6, TGF-β, IL-23 and IL-1β (21). Furthermore, IL-6 is reported to induce Th17 

differentiation by upregulating the expression of RORγt, the master transcription factor of 

Th17 lineage, and IL-23R by inhibiting the expression of Foxp3 (22, 23). Additionally, Aryl 

hydrocarbon receptor (AhR) has been shown to regulate IL-22 and IL-17A expression in 

Th17 cells and ILC3 (24–27). However, Th17 cells can still differentiate in the absence of 

AhR (24). Moreover, targeting IL-17A or IL-23-mediated Th17 differentiation pathway is 

efficacious in several autoimmune diseases. However, blocking of IL-23 also has an impact 

on additional regulatory pathways mediated by IL-22. The inhibition of RORγt by small 

molecule inhibitors has been shown to be effective in limiting IL-17A responses in multiple 

inflammatory conditions (28–30). Thus, screening of additional molecules that regulate 

Th17 differentiation remains an attractive target for potential therapeutic intervention.

Drugs or Xenobiotics are metabolized by a series of metabolizing enzymes, categorized into 

phase I to III (31). AhR and Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) regulate 

activity of phase 1 (cytochrome 450 monoxygenase, CYP, etc.) and phase II (GCLC, HO-1, 

NQO1, SOD3, etc.) enzymes, respectively (31). Nrf2 is a key regulator of the cellular redox 

state in mammalian cells (31, 32). Nrf2-mediated expression of GCLC, HO-1, NQO1, SOD3 
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exert cytoprotective, antioxidant, and anti-inflammatory effects in target tissues (32, 33). 

Furthermore, Nrf2 acts through the regulation of Antioxidant Response Element (ARE) 

binding motifs in target genes. The bindings between Nrf2 and AREs are predicted to induce 

transcription or repress transcription (ARE-R) of downstream proteins. Several studies 

showed that Nrf2 play an important role in suppressing Th17 immune responses in vivo (34, 

35). Furthermore, T cell-specific Nrf2 activation protected mice from ischemia reperfusion-

induced acute kidney injury which was correlated with reduced intracellular levels of 

IL-17A, IFNγ and TNFα (36). Despite these promising results, it remains unclear how Nrf2 

suppresses Th17 cell-mediated inflammatory IL-17A responses. Furthermore, it is not 

known whether Nrf2 regulates IL-22 responses in Th17 cells. It is also possible that 

enhanced susceptibility of Nrf2−/− mice in multiple models of tissue inflammation/injury is 

due to dysregulation of Th17-dependent IL-17A and IL-22 responses.

We found that Nrf2 was highly expressed in Th17 cells. Il17a, Rorc and Ahr genes have 

several ARE motifs. Using Nrf2−/− and AhrCD4 knockout mice, we showed that Nrf2 

activation induced both IL-17A and IL-22 responses in CD4+ T cell polarized to Th17 cells. 

However, Nrf2 activation inhibits IL-17A responses in RRMS patient-derived PBMC. In 
vivo, IL-22 but not IL-17A response was regulated by Nrf2 signaling. Nrf2 respectively 

binds to ARE-R2 motif of Rorc and ARE motif of Ahr in CD4+ T cells. Furthermore, our 

data suggested that Nrf2-induced IL-22 production was dependent on AhR. In summary, we 

showed that Nrf2 activation impacted IL-17A and IL-22 responses in CD4+ T cells.

Materials and Methods

Mice:

WT, IL-17A-GFP and Nrf2−/− mice (The Jackson Laboratory) in C57BL/6 background were 

housed in specific pathogen-free conditions at Children’s Hospital of Pittsburgh, Pittsburgh, 

PA and Stony Brook University, Stony Brook, NY. Ahrfl/fl and CD4-cre mice were 

purchased from The Jackson Laboratory to generate CD4+ T cell-specific Ahr conditional 

knockout mice. Ahrfl/fl and AhrCD4 mice were housed in specific pathogen-free conditions 

at Washington University School of Medicine in St. Louis. Spleens from Ahrfl/fl and AhrCD4 

mice were shipped to Stony Brook University for Th17 differentiation assays. All of the 

animal studies were conducted with the approval of the University of Pittsburgh Institutional 

Animal Care and Use Committee and Stony Brook University Institutional Animal Care and 

Use Committee.

Ethics statement:

De-identified RRMS patient PBMCs were collected after obtaining informed consent and 

approved by an Institutional Review Board at Stony Brook University (IRB 1084248).

Animal treatments:

For Con A treatment, WT and Nrf2−/− mice were injected intravenously with Con A (Sigma 

Aldrich) at 10 μg/g body weight. Mice were euthanized at 2 hours after Con A 

administration. Splenocytes were isolated and processed for flow cytometry. Blood was 

harvested and centrifuged at 2000xg, 4 °C for 15 minutes. Then serum was used for ELISA.
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For the adoptive transfer model, splenic CD4+ T cells from WT (CD45.1) and Nrf2−/− 

(CD45.2) mice were isolated using STEMCELL Technologies CD4+ T cells isolation kit, 

mixed (1:1), and transferred (106 cells/mice) intravenously into Rag1−/− mice. 50 μg 

Ovalbumin (Sigma Aldrich) and low dose (50 ng) LPS (Sigma Aldrich) were given on days 

15, 21, 28 and 29 to isoflurane-anesthetized mice in sterile PBS (50 μl) by oropharyngeal 

aspiration-tongue pull technique as enumerated in Figure 3A. Lungs were harvested one day 

after last Ova+LPS administration and used for lymphocyte isolation and flow cytometry.

For Citrobacter rodentium (ATCC, 51459) infection, the bacteria were cultured overnight. 

Il17-GFP mice were fasted for 6 hours and orally administrated with 2.5x109 CFU of C. 

rodentium. At 24 h post infection, mice were injected with 5 μmol/kg body weight of 

CDDO-Im or DMSO intraperitoneally. After 4 days, distal colon was harvested for qPCR.

Cell Isolation:

Lung lymphocyte isolation is as described (15). For splenocyte and lymph node lymphocyte 

isolation, spleens were harvested and dissociated in 3 mL of 1xPBS through 70 μm strainer. 

Cells were pelleted at 500xg, 4 °C for 5 minutes. The pellet was resuspended in 1mL of 

1xPBS containing 2% FBS and processed for sorting with EasySep™ Mouse Naïve CD4+ T 

cell Isolation Kit (STEMCELL Technologies, cat#:19765).

ROS estimation:

Naïve CD4+ (CD4+CD62L+) T cells from WT and Nrf2−/− mice were isolated from spleens 

using EasySep™ Mouse Naïve CD4+ T cell Isolation Kit (STEMCELL Technologies, 

cat#:19765), and stimulated with anti-CD3 (2.5 μg/ml), anti-CD28 (2.0 μg/ml) in the 

presence or absence of IL-6 (20 ng/ml) + TGF-β (1 ng/ml) for 24 hours. Cellular ROS was 

quantified using a DCFDA kits (Abcam) as per manufactured instructions. Stained cells 

were analyzed for MFI using a Becton Dickinson (BD) LSR II flow cytometer. FACS data 

were analyzed with the BD FACSDiva software.

Th17 differentiation:

Naïve CD4+ (CD4+CD62L+) cells from WT, Nrf2−/−, Ahrfl/fl and AhrCD4 mice were 

isolated from spleens and lymph nodes using EasySep™ Mouse Naïve CD4+ T cell Isolation 

Kit (STEMCELL Technologies, cat#:19765), and polarized in culture medium (IMDM+10% 

FBS+100 U/mL penicillin+100 μg/mL streptomycin) with CellXVivo Mouse Th17 Cell 

Differentiation Kit (R&D system, cat#: CDK017) in presence of CDDO-Im (Tocris 

Bioscience), TEMPOL (Sigma Aldrich), CH-223191 (STEMCELL Technologies) or vehicle 

control (DMSO). Cell culture medium was harvested on day 1 or day 4 for ELISA.

Flow cytometry:

Lung lymphocytes, splenic lymphocytes or differentiated Th17 cells were re-stimulated with 

Leukocyte Activation Cocktail, with BD GolgiPlug™ (BD, cat#:550583, 1:500) for 4 hours. 

After stimulation, cells were stained with Live-dead (Invitrogen, cat#: L34957) and 

eBiosciences antibodies against CD45 (30-F11), CD3 (17A2), CD4 (RMA4–5) at 4 °C for 

20 minutes. Then cells were fixed with Foxp3/Transcription Factor Staining Buffer Set 

(eBiosciences, cat#: 00-5523-00) at 4 °C for 30 minutes and stained intracellularly with 
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eBiosciences antibodies against IL-17A (ebio17b7), IL-22 (IL22JOP), AhR (4MEJJ), 

RORγt (B2D) overnight. Stained lymphocytes were acquired using a BD LSR II flow 

cytometer. Flow cytometric data were analyzed with BD FACSDiva or FlowJo.

qPCR:

RNA was isolated using RNeasy Plus Micro Kit (Qiagen, cat#: 74034) per manufacturer’s 

instructions. Isolated RNA was reversely transcribed into cDNA using iScript™ Reverse 

Transcription Supermix (Bio-rad, cat#: 1708840). 5 μL of SsoAdvanced Universal Probes 

Supermix (Bio-rad, cat#: 1725284) or SsoAdvanced Universal SYBR Green Supermix (Bio-

rad, cat#: 1725274) was mixed with 0.5 μL of primers/probes and 4.5 μL of cDNA. Qiagen 

QuantiTech mouse primers Nrf2 (Mm_Nfe2I2_1_SG), Nrf1 (Mm_Nrf1_1_SG), Nrf3 
(Mm_Nfe2I3_1_SG) and Applied Biosystem mouse primer-probe for Il17a 
(Mm00439618_m1), Il22 (Mm00444241_m1), Hprt (Mm00446968_m1), Ahr 
(Mm0047893_m1), Sod1 (Mm01344232_g1), Sod2 (Mm00449726_m1), Sod3 
(Mm01213380_g1), Nqo1 (Mm001253561_m1), Cybb (Mm01287743), Il17f 
(Mm00521423), Il21 (Mm00517640), Csf2 (Mm01290062), human primer-probe for IL17A 
(Hs00174383), IDT mouse primer-probe for Gapdh (FP–

TCATCAACGGGAAGCCCATCAC and RP–AGACTCCACGACATACTCAGCACCG) or 

IDT human primer-probe for HPRT (Hs.PT.58v.45621572), NQO1 (Hs.PT.58.2697277) 

were used for qPCR. Gene expression was quantified and normalized to Hprt or Gapdh.

CHIP-qPCR:

There are 5 transcriptional variants of murine Rorc listed in the NCBI database. 3 of them 

were excluded because they are predicted sequences by computational models. The other 2 

including NM_001293734.1 and NM_011281.3 are sequenced and cited in many papers. 

NM_001293734.1 contains the sequence of NM_011281.3. So NM_001293734.1 was used 

for putative ARE analysis. 3 putative AREs and 3 putative ARE-Rs were predicted in 

NM_001293734.1 (Supplemental Figure 3A). Naïve CD4+ T cells were isolated with 

EasySep™ Mouse Naïve CD4+ T cell Isolation Kit (STEMCELL Technologies, cat#:19765) 

and polarized to Th17 cells with CellXVivo Mouse Th17 Cell Differentiation Kit (R&D 

system, cat#: CDK017). At 4 days post stimulation, cells were harvested and processed for 

CHIP with SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling Technology, cat#: 

9003S) as per manufacturer’s instructions. Anti-Nrf2 antibody (Cell Signaling Technology, 

cat#: 12721, 1:200) was used to pull down the Nrf2 binding DNA. Target DNA fragments 

were quantified by qPCR with primers listed in Supplemental Table 1.

ELISA:

Mouse serum and cell culture medium of mouse Th17 cells or human RRMS PBMCs were 

processed for IL-17A and IL-22 ELISA. ELISA was carried out with mouse or human 

IL-17A and IL-22 ELISA kit (Biolegend) as per manufacturer’s instructions.The optical 

density (OD) was read at 450 nm and 570 nm with the spectrometer.
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Ahr Luciferase assays:

C10 cells were stably transduced with a reporter vector containing three copies of the 

xenobiotic response element (XRE) and a firefly luciferase reporter (Promega, Madison WI). 

50,000 cells were seeded overnight at 37 °C in a 96 well white, clear bottom Corning Costar 

plates. Cells were treated for 8 hours with different concentrations of CDDO-Im (Dr. 

Thomas W. Kensler laboratory, University of Pittsburgh, PA). Cell lysis and luciferase 

activity were measured using the Luciferase Assay System (Promega) as per manufacturer’s 

instructions.

Transfections and IL-17A luciferase reporter assays:

Mycoplasma free HEK293T cells (ATCC, CRL-3216) were transiently transfected with 

IL-17 promoter construct tagged with firefly luciferase reporter (Addgene) and AAV-CMV-

Nrf2 (Addgene) using X-tremeGENE 9 DNA transfection reagent. Renilla luciferase 

reporter vector was co-transfected as an internal control. Luminescence was measured after 

48 hours of transfection by Dual-Glo Luciferase Assay system (Promega; E2940). Firefly 

luciferase activity was normalized with Renilla luciferase activity and the result was 

represented as relative light units (RLU).

RRMS patient-derived PBMC stimulation:

RRMS patient-derived PBMCs were thawed at 37 °C. Cells were added to 10 mL of Harvest 

Medium (IMDM+10% FBS+100 U/mL penicillin+100 μg/mL streptomycin) and 

centrifuged at 350xg for 5 min to pellet the cells. Cells were resuspended in Harvest 

Medium containing Dynabeads Human T-Activator CD3/CD28 (Gibco, cat#: 11161D) and 

cultured under CDDO-Im or vehicle control treatment for 5 days. On Day 5, culture medium 

was harvested and proceeded for ELISA analysis. Cells were harvested in RLT buffer 

(Qiagen) for further qPCR analysis.

Results

Nrf2-regulated antioxidant gene expression is suppressed during Th17 differentiation

We first confirmed Nrf2 expression in naïve CD4+ T cells and T helper cell subsets. Our 

data indicated that the expression of Nrf2 as compared to Nrf1 and Nrf3 was substantially 

enriched in naïve CD4+ T cells (Figure 1A). We further tested the expression of Nrf2 in Th1, 

Th2 and Th17 cells. Interestingly, Nrf2 expression was found to be the highest in 

differentiated Th17 cells in vitro in comparison to Th1 and Th2 cells (Figure 1B). We 

observed that Th17 condition medium inhibited antioxidant gene Nqo1 but induced Ahr 
expression compared to TCR-activated CD4+ T cells on day 1, suggesting that Nrf2 may be 

inhibited under Th17 differentiation condition (Figure 1C). In line with these observations 

cellular reactive oxygen species (ROS), the Nrf2-regulated molecules (37), were higher in 

IL-6 + TGF-β (Th17 condition medium) stimulated cells (Figure 1D). Furthermore, ROS 

levels were higher in Nrf2−/− mice at 1 day post TCR activation (Figure 1E). To further 

understand the role of Nrf2 in Th17 cell differentiation and functions, we used Nrf2−/− mice, 

and CDDO-Im, a potent activator of Nrf2 signaling (34, 38–41). Naïve CD4+ T cells were 

stimulated with plate bound anti-CD3 and anti-CD28 and treated with or without CDDO-Im 
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(0M and 10−8M) under Th17 polarization condition for 24 hours. Consistent with our 

observation that Nqo1 was inhibited during Th17 differentiation (Figure 1C), no difference 

in Nqo1 expression was observed between WT and Nrf2−/− CD4+ T cells (Figure 1F). 

Indeed, CDDO-Im stimulation led to the Nrf2-dependent increase of Nqo1 expression in 

CD4+ T cells compared to vehicle control (Figure 1F and supplemental Figure 1A). 

Collectively, our data suggest that Nrf2-mediated antioxidant regulatory pathway in CD4+ T 

cells was suppressed while Ahr expression was promoted under Th17 polarization condition.

Nrf2 activation induced IL-22 responses in CD4+ T cells in vitro

We next investigated whether Nrf2 or enhancing Nrf2 activity with CDDO-Im has an impact 

on in vitro polarized Th17 cells. We polarized WT and Nrf2−/− mice-derived naïve CD4+ 

cells into Th17 cells with or without the presence of CDDO-Im (0M and 10−8M). On Day 4, 

we evaluated the frequency of IL-17A and IL-22 producing CD4+ T cells. There was no 

difference in IL-17A and IL-22 producing CD4+ T cells between WT and Nrf2−/− mice 

(Figure 2A), suggesting that elevated ROS level in the knockout mice does not have an 

impact on polarized Th17 cells. Interestingly, our flow cytometry data show that CDDO-Im 

modestly promotes IL-17A responses in WT but not in Nrf2−/− mice (Figure 2A). Consistent 

with prior literatures (42, 43), our intracellular flow cytometry staining for IL-22 is weak. 

Therefore, we used ELISA to measure IL-22 as well as IL-17A production. Our data showed 

that CDDO-Im promoted both IL-22 and IL-17A productions in WT but not in Nrf2−/− mice 

(Figure 2B). Furthermore, we found that other Th17 related cytokines were also regulated by 

Nrf2. An increased expression of Il17f and Il21 but not Csf2 transcript was observed in 

CDDO-Im stimulated Th17 cells (Figure 2C). Collectively, our data showed that Nrf2 

activation enhanced IL-17A and IL-22 production in CD4+ T cells.

Nrf2 regulates IL-22 responses in vivo

We have shown that the activation of Nrf2 by CDDO-Im promotes both IL-17A and IL-22 

production in CD4+ T cells. Next, we evaluated whether Nrf2−/− mice had a defect in 

IL-17A and IL-22 response in vivo. We used Ovalbumin (Ova)+LPS and concanavalin A 

(Con A) mediated inflammation models (44, 45). Briefly, we adoptively transferred WT 

(CD45.1) and Nrf2−/− (CD45.2) CD4+ T cells (1:1) to Rag1−/− mice. OVA and LPS 

(oropharyngeal route) were administered on day 15, 21, 28 and 29 as shown in Figure 3A. 

CD4+ T cell frequency and IL-17A and IL-22 were analyzed one day after last Ova+LPS 

administration. Our data showed that CD4+ T cell percentage and IL-17A production in WT 

and Nrf2−/− mice were similar in the lungs of Rag1−/− mice (Figure 3B). Interestingly, CD4+ 

T cell-derived IL-22 response was significantly lower in Nrf2−/− mice (Figure 3B). We 

further validated our findings using a Con A-mediated immune cell activation model. We 

injected Con A into WT and Nrf2−/− mice. After 2 hours, CD4+ T cells were evaluated for 

IL-17A and IL-22 responses in the spleen (Figure 3C). We found a trend towards increased 

percentage of IL-17A producing CD4+ T cells. IL-22 intracellular staining in activated 

CD4+ T cell was weak; therefore, we performed ELISA to examine serum IL-22 

concentration. Indeed, serum IL-22 concentration was significantly reduced in Nrf2−/− mice 

compared to WT mice (Figure 3D). Serum IL-17A concentration was similar in both groups 

(Figure 3D). Finally, we used Citrobacter rodentium infection model in which IL-22 was 

required for bacterial clearance and host protection (17). We showed that CDDO-Im 
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administration induced around 1000-fold increase in Il22 transcript in the distal colon 

compared to DMSO treated group (Supplemental Figure 1B). These results suggest that 

Nrf2 activation regulates IL-22 but not IL-17A production in vivo.

Nrf2 activation inhibits IL-17A response in RRMS patient-derived PBMCs

Several studies have shown that Nrf2 plays an important role in suppressing IL-17A immune 

responses in vivo (34–36), which we have not seen in differentiated Th17 cells in vitro and 

two different in vivo models. CDDO-Im may act differently in murine and human derived 

CD4+ T cells to modulate IL-17A response. Nrf2-mediated immune regulation may be more 

important in autoimmune disorders where IL-17A plays a pathological role. It has been 

reported that multiple sclerosis (MS) patients have exacerbated IL-17A response (46). 

Therefore, we used Relapsing-Remitting Multiple Sclerosis (RRMS) patient-derived 

PBMCs to study IL-17A regulation by Nrf2 activation. We stimulated RRMS patient-

derived PBMCs with anti-CD3 + anti-CD28 in presence of CDDO-Im (10−7M and 10−8M) 

or vehicle control. Consistent with the mice results, human data also showed that CDDO-Im 

induced NQO1 expression to a much greater extent at 10−7M compared to 10−8M 

(Supplemental Figure 2A). Additionally, CDDO-Im (10−7M and 10−8M) inhibited IL-17A at 

both transcript and protein level (Supplemental Figure 2B). Collectively, our data showed 

that Nrf2 activation inhibited IL-17A response in RRMS patient-derived PBMCs.

Superoxide dismutase 1 (SOD1) induction in CD4+ T cells is Nrf2-dependent and SOD 
mimetics regulates Th17 differentiation

To understand how Nrf2 regulates IL-17A and IL-22 response in CD4+ T cells, we next 

examined the expression patterns of critical cellular redox genes. Nrf2 has been shown to 

regulate superoxide dismutase Sod1, Sod3, and Cybb (Nox2) expression in non-immune cell 

types (32), and it has been reported that Sod3−/− and Cybb−/− mice have exacerbated Th17 

responses (47–49). Therefore, we examined the expression level of these transcripts in Th17 

cells at 24 hours and 4 days post differentiation. The expression of Sod1 is significantly 

induced by CDDO-Im in WT Th17 cells, whereas Sod2, Sod3, and Cybb were unaltered in 

both groups (Figure 4A and Supplemental Figure 2C). To further confirm the role of SOD in 

regulating IL-17A and IL-22 responses in CD4+ T cells, we utilized SOD mimetics. 

Interestingly, TEMPOL, a SOD mimetic agent, reduced the frequency of both IL-17A+ and 

IL-22+ CD4+ T cells polarized to Th17 cells (Figure 4B), which is inconsistent with the 

induction of IL-22 with CDDO-Im treatment at 10−8 M (Figure 2B). Collectively, our data 

suggested that Nrf2 activation regulated Sod1 expression in CD4+ T cells, however Nrf2-

mediated IL-22 responses were independent of Nrf2-SOD1 axis.

Nrf2 activation regulates Rorc and Ahr in CD4+ T cells

High Il22 expression in Th17 cells positively correlated with increased expression of RORγt 

(Rorc) and AhR (50). RORγt is a transcription factor that regulates IL-17A and IL-22 

expression in Th17 cells (51). AhR is not a critical factor for Th17 differentiation. However, 

its activation is required for the production of IL-17A and IL-22 (24). Therefore, we firstly 

examined whether RORγt was involved in Nrf2-mediated regulation on Th17 cells. We 

analyzed the expression of RORγt by flow cytometry on day 4 of Th17 differentiation post 

CDDO-Im or vehicle stimulation. We found a reduced RORγt level in CDDO-Im treated 
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WT but not Nrf2−/− CD4+ T cells (Figure 5A and 5B). We also identified and analyzed 

several putative AREs and ARE-Rs in Rorc promoter (Supplemental Figure 3A). We 

evaluated Nrf2 bindings to Rorc gene in Th17 cells. Our ChIP-qPCR data suggested that 

Nrf2 protein directly bind to ARE-R2 but not to other ARE or ARE-R motifs of Rorc 
promoter in CD4+ T cells (Supplemental Figure 3B and data not shown).

The inhibition of RORγt by Nrf2 and the interaction between Nrf2 and Rorc surprisingly 

suggest a dual role of Nrf2 in regulating IL-17A responses in CD4+ T cells. It is possible 

that modest reduction in RORγt may not have an impact on IL-17A production. Using 

HEK293 cell line, we next investigated if Nrf2 inhibited or promoted Il17a transcription. 

HEK293T cells were transiently transfected with mouse Il17a promoter construct tagged 

with firefly luciferase reporter. Renilla luciferase reporter vector was co-transfected as an 

internal control. We found that Nrf2 inhibited RORγt-induced IL-17A activation 

(Supplemental Figure 3C).

To further study the role of AhR in Nrf2-regulated Th17 cells, we utilized an AhR reporter 

cell line which allowed the measurement of its transcriptional activity. Our data showed that 

CDDO-Im activated AhR in a dose dependent manner (Figure 5C). Consistent with the 

IL-17A and IL-22 induction by Nrf2, our results indicated a possible role of AhR in 

promoting Nrf2-mediated IL-17A and IL-22 responses in CD4+ T cells.

Nrf2-dependent regulation of IL-22 response in CD4+ T cells is dependent on AhR

AhR has been shown to be required for IL-22 generation in Th17 and ILC3 cells (24, 25). 

Therefore, we investigated if Nrf2 and AhR pathways were interconnected. We utilized 

CD4+ cell-specific Ahr knockout (AhrCD4) mice to investigate whether Nrf2-dependent 

regulation of IL-17A and IL-22 responses were modulated by AhR signaling. We firstly 

validated AhrCD4 mice by analyzing AhR expression in Ahrfl/fl and AhrCD4 mice with flow 

cytometry (Figure 6A). Naïve CD4+ T cells from Ahrfl/fl and AhrCD4 mice were oriented to 

Th17 cells in presence of CDDO-Im or vehicle control. On day 4, we analyzed the Th17 

cells by flow cytometry and ELISA. CDDO-Im stimulation modestly induced IL-17A 

response in CD4+ T cells from both Ahrfl/fl and AhrCD4 mice (Figure 6B and 6C). This 

suggested that Nrf2-mediated IL-17A response was independent of AhR. Our intracellular 

flow cytometry staining for IL-22 was weak, therefore we used ELISA to measure IL-22. 

The results showed that CDDO-Im did not induce IL-22 production in AhrCD4 mice (Figure 

6D), suggesting that Nrf2-regulated IL-22 response in CD4+ T cells is dependent on AhR. 

We further confirmed the results by using CH-223191, a cytosolic AhR antagonist. 

CH-223191 can abrogate the activation of AhR signaling by blocking the binding of AhR to 

its ligands (52). Our data showed that at the presence of CH-223191, CDDO-Im failed to 

induce IL-22 production in CD4+ T cells (Figure 6E). Collectively, the results suggested that 

Nrf2-induced IL-22 but not IL-17A production in CD4+ T cells were dependent on AhR.

Nrf2 binds to the ARE motif of Ahr promoter in CD4+ T cells.

In order to test how AhR regulated Nrf2-mediated IL-22 production in CD4+ T cells, we 

firstly examined the expression of Nqo1, the Nrf2 targeted gene, in AhrCD4 mice. 

Interestingly, Nqo1 expression was reduced in CDDO-Im stimulated AhrCD4 CD4+ T cells 
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compared to Ahrfl/fl CD4+ T cells, indicating that AhR may be a possible downstream target 

of Nrf2 signaling (Figure 7A). We next evaluated whether Nrf2 binds to Ahr promoter in 

Th17 cells. We analyzed mouse Ahr sequence and an ARE motif was found in mouse Ahr 
promoter (Figure 7B). Therefore, we perform CHIP-qPCR in differentiated Th17 cells by 

pulling down the Nrf2 binding sequences. As expected, our CHIP-qPCR data suggested that 

Nrf2 protein directly binded to the ARE motif of Ahr (Figure 7C). Collectively, our data 

showed that Nrf2 induces IL-22 production in CD4+ T cells by promoting AhR 

transcription.

Discussion

Th17 cell-derived IL-17A and IL-22 are critical for mounting both inflammatory and tissue 

protective responses. Differentiated or activated CD4+ T cells co-produce IL-17A and IL-22. 

It remains unclear whether these cytokine responses can be modified differently to achieve 

tissue-specific or targeted functional outcome. A therapeutic strategy by promoting IL-22-

dependent tissue protective or regenerative response is of great clinical significance. Our 

study provides evidence that modulating Nrf2 activity in CD4+ T cells specifically promotes 

IL-22 responses.

The importance of Nrf2 in inhibiting Tbet-dependent IFNγ and concurrently promoting 

GATA3-dependent Th2 responses has been reported (53). Additionally, the involvement of 

Nrf2 signaling in inhibiting murine and human IL-17A responses has been documented in 

several studies (34, 35, 38). However, how Nrf2 regulates IL-17A immune responses 

remains poorly studied. Additionally, the role of Nrf2 or Nrf2 activator in regulating IL-22 

responses has not been thoroughly characterized. TGF-β and IL-6 are key cytokines required 

for Th17 cell-derived IL-17A and IL-22 responses. Several other mediators such as high salt, 

cellular redox and lipid metabolites also influence Th17 differentiation and/or its pathogenic 

potential (54–57). We observed that Th17 conditioned medium induced ROS. The 

immunomodulatory role of ROS has been documented in many studies (58, 59). ROS 

signaling implicated in T cell activation, proliferation, effector function and apoptosis (58, 

59). It was obvious that Th17 condition medium inhibited Nrf2 regulated antioxidant 

machinery to become activated. Consistently, Nrf2−/− mice displayed an increased ROS 

levels suggesting an increased potential of knockout-derived CD4+ T cell to differentiate to 

Th17 cells. However, IL-17A and IL-22 responses were similar in Nrf2−/− mice and WT 

mice. Enhanced IL-17A and IL-22 responses in CD4+ T cells were only observed after Nrf2 

activation (with CDDO-Im) suggesting a ROS independent regulation of Th17 

differentiation. Indeed, TEMPOL inhibits both IL-17A and IL-22 response in CD4+ T cells. 

The impact of cellular ROS levels on Th17 differentiation is controversial. Studies have 

shown that ROS can inhibit or promote Th17 cell survival and induction (57, 60, 61). 

Additional work is required to understand the role of Nrf2-dependent ROS regulation in 

CD4+ T cells proliferation, maintenance and effector functions.

In contrast to in vitro observations, our in vivo murine results with Con A and OVA+LPS 

administration suggest that Nrf2 has modest or no impact on IL-17A induction but is 

important for the regulation of IL-22 response in CD4+ T cells. Interestingly, the in vivo 
IL-22 immune responses in Nrf2−/− mice are not fully reduced, suggesting the involvement 
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of other factors. It is possible that AhR reciprocally regulates Nrf2 expression as suggested 

by findings in murine fibroblast (62). Alternatively, it is possible that intact IL-23 signaling 

in Nrf2−/− mice may still regulate IL-22 responses as we did not find a role of CDDO-Im in 

regulating IL-23R expression (data not shown). We showed that CDDO-Im-dependent IL-22 

response was positively correlated with increased AhR activity and reduced RORγt 

expression. Furthermore, we showed that CDDO-Im regulated AhR activity and AhR-

dependent IL-22 responses. Nrf2-dependent regulation of AhR ARE in CD4+ T cells is in 

line with a previous study in murine fibroblast (62). In this study, authors showed that 

CDDO-Im induces AhR, Cypa1a and Cypb1b transcripts in WT mice but not in Nrf2−/− 

mice.

We also found that CDDO-Im reduced RORγt protein levels and this result was inversely 

correlated with increased IL-17A responses in CD4+ T cells. We showed that Nrf2 bind to 

ARE-R2 of Rorc further confirmed negative regulation of RORγt. It is possible that modest 

changes of RORγt do not significantly affect IL-17/IL-22 response in CD4+ T cells during 

Th17 differentiation. Moreover, we observed that CDDO-Im induced IL-17A in AhRCD4 

knockout mice. CDDO-Im is a potent inhibitor of ROS. The importance of ROS in 

regulating T cells proliferation and IL-2 generation has been well established. Additionally, 

a recent study showed that Nrf2 play an important role in modulating IL-2 responses in T 

cells (40). Thus, CDDO-Im-mediated early T cell activation during Th17 cell differentiation 

may have an impact on IL-17A responses independent of RORγt and AhR.

Th17 cells are plastic in nature capable of converting to other lineages in response to specific 

stimulation. It is possible that Nrf2 acts differently on differentiated/committed Th17 cells to 

inhibit inflammatory IL-17A response or skews them to Th2 or Th1 lineage that we have not 

investigated in present study. We showed that CDDO-Im act differently in murine and 

human-derived CD4+ T cells to modulate IL-17A response. This could be due to the 

presence of other cell types including antigen presenting cells in PBMCs. Additional work is 

required to determine the role of APC-dependent regulation of Th17 response in our model.

In conclusion, our work showed that Nrf2 through AhR promotes IL-22 production in CD4+ 

T cells. IL-17A regulation by Nrf2 needs further investigation. Finally, Nrf2 activator can be 

used in vivo to initiate IL-22-dependent tissue regenerative responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points:

1. Nrf2 regulates IL-22 response in CD4+ T cells.

2. Nrf2 activation inhibits IL-17A response in multiple sclerosis patient-derived 

PBMCs.
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Figure 1: Nrf2-dependent antioxidant genes expression is suppressed in Th17 cells
A and B) qPCR data (n=3) showed Nrf1, Nrf2 and Nrf3 expression in C57BL/6 mice-

derived naïve CD4+ T cell (A) and different T helper subsets (B).

C) Naïve CD4+ T cells were isolated from the spleens of C57BL/6 mice and stimulated by 

anti-CD3+anti-CD28 with or without Th17 differentiation medium. RNA was extracted at 

24 hours post stimulation and the transcripts (Nqo1 and Ahr) were analyzed by qPCR.

D) Mean Fluorescent Intensity (MFI) of cellular ROS in CD4+ T cells of C57BL/6 mice was 

quantified after 24-hours stimulation with indicated cytokines.

E) Fluorescence Intensity of cellular ROS in CD4+ T cells from WT and Nrf2−/− mice was 

measured at 24 hours post anti-CD3 and anti-CD28 stimulation.

F) Naïve CD4+ T cells were isolated from the spleens of C57BL/6 and Nrf2−/− mice and 

processed for Th17 differentiation. Cells were harvested at 24 hours post DMSO or CDDO-

Im stimulation and the expression of Nqo1 was examined by qPCR.

Figure 1D, 1E and 1F were generated from 2 independent experiments. Each symbol 

indicates experiments from a separate animal. Data presented as mean ± SEM on relevant 

graphs. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001 (Mann Whitney test and One-Way ANOVA).
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Figure 2: CDDO-Im regulates IL-17A and IL-22 responses in Th17 cells:
A and B) Naïve CD4+ T cells from C57BL/6 (WT) and Nrf2−/− mice were polarized to Th17 

cells in presence of CDDO-Im or vehicle control. After 4-day culture, cells were 

restimulated with BD leukocyte activation cocktail for 4 hours and stained with anti-CD45, 

anti-CD3, anti-CD4, anti-IL-17A and anti-IL-22 antibodies. CD4+ T cells (gated on 

CD45+CD3+CD4+) producing IL-17A or IL-22 were analyzed by flow cytometry. Data 

show representative image (left panel) and percentage (right panel) of CD4+ T cells 

producing IL-17A and IL-22 in response to CDDO-Im or control vehicle (DMSO) 

stimulation. The concentration of IL-17A and IL-22 in the culture medium on day 4 was 

quantified by ELISA (B).

C) qPCR data show Il17f, Il21 and Csf2 expression on CDDO-Im or vehicle stimulated 

Th17 cells from WT and Nrf2−/− mice at 96 hours post stimulation.

Figure 2A and 2B were generated from 2 independent experiments. Each symbol indicates 

experiments from a separate animal. Data presented as mean ± SEM on relevant graphs. *P 
≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001 (One-Way ANOVA).
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Figure 3: IL-17A and IL-22 responses in WT and Nrf2−/− mice in vivo:
A) Schematic diagram shows OVA+LPS experimental strategy.

B) One day after last OVA+LPS administration, lung-derived lymphocytes from WT and 

Nrf2−/− mice were isolated and restimulated with PMA+Ionomycin. IL-17A or IL-22 

producing CD4+ T cells were analyzed by flow cytometry. Data show the percentage of 

CD4+ T cells producing IL-17A or IL-22.

C and D) At 2 hours post ConA administration, WT and Nrf2−/− splenocytes were harvested 

and restimulated with BD leukocyte activation cocktail (1:200). Flow cytometry was utilized 

to examine the frequency of IL-17A or IL-22 producing CD4+ T cells (gated on CD3+CD4+) 

(C). Serum IL-17A and IL-22 concentrations were quantified by ELISA (D).

Figure 3C and 3D was generated from 2 independent experiments. Each symbol indicates 

experiments from a separate animal. Data presented as mean ± SEM on relevant graphs. *P 
≤ 0.05; **P ≤ 0.01 (Mann-Whitney test, Two-tailed).
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Figure 4: Sod1 is induced by Nrf2 activation but may not be involved in Nrf2-mediated IL-17A 
and IL-22 responses in Th17 cells:
A) C57BL/6 (WT) and Nrf2−/− naïve CD4+ T cells were polarized to Th17 cells in presence 

of CDDO-Im or vehicle control. Differentiated Th17 cells were harvested on day 4 and 

processed for qPCR on Sod1, Sod2, Sod3 and Cybb.

B) Naïve CD4+ T cells from C57BL/6 mice were polarized to Th17 cells in presence of 

TEMPOL or vehicle control. After 4 days of culture, cells were stimulated with PMA

+Ionomycin. CD4+ T cells (gated on CD3+CD4+) producing IL-17A and IL-22 were 

analyzed by flow cytometer. Data show the percentage of CD4+ T cells producing IL-17A 

and IL-22 in response to TEMPOL or control vehicle (DMSO) stimulation.

Figure 4B was generated from 2 independent experiments. Each symbol indicates 

experiments from a separate animal. Data presented as mean ± SEM on relevant graphs. *P 
≤ 0.05; **P ≤ 0.01 (Mann-Whitney test, Two-tailed and One-Way ANOVA).
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Figure 5: Nrf2 regulates RORγt expression as well as Ahr promoter activity:
A and B) Naïve CD4+ T cells from WT and Nrf2−/− mice were polarized to Th17 cells in 

presence of CDDO-Im or vehicle control. After 4 days, cells were harvested and 

restimulated with BD leukocyte activation cocktail (1:200) for 4 hours. Then cells were 

stained with anti-CD45, anti-CD3, anti-CD4 and anti-RORγt antibodies. CD4+ T cells 

(gated on CD45+CD3+CD4+) positive were examined for RORγt expression by flow 

cytometry. Data show representative flow image (A) and mean fluorescent intensity (MFI) 

(B) of CD4+ T cells.

C) C10 cells stably transfected with AhR luciferase reporter vector were cultured in 24 wells 

plate and treated with indicated concentrations of CDDO-Im for 8 hours. Luciferase activity 

in response to CDDO-Im stimulation was quantified with Promega Luciferase Assay 

System.

Figure 5A, 5B and 5C were generated from 2 independent experiments. Figure 5A and 5C 

were representative of two independent experiments. Each symbol indicates experiments 

from a separate animal. Data presented as mean ± SEM on relevant graphs. ***P ≤ 0.001; 

(One-Way ANOVA).
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Figure 6: Nrf2-mediated IL-22 induction in Th17 cells is dependent on AhR:
A-D) Naïve CD4+ T cells from AhRfl/fl and AhRCD4 mice were polarized to Th17 cells in 

presence of CDDO-Im or vehicle control for 4 days. Differentiated cells were restimulated 

with BD leukocyte cocktail (1:200). CD4+ T cells (gated on CD45+CD3+CD4+) were 

examined for AhR expression (A). IL-17A and IL-22 production were also analyzed by flow 

cytometry. Data show representative image (B) and percentage (C) of CD4+ T cells 

producing IL-17A and IL-22 in response to CDDO-Im or vehicle control (DMSO) 

stimulation. Culture medium on day 4 was harvested and analyzed for IL-17A and IL-22 

concentrations by ELISA (D).

E) Naïve CD4+ T cells from C57BL/6 mice were polarized to Th17 cells in presence of 

CDDO-Im, CH-223191 or vehicle control for 4 days. On day 4, the culture medium was 

analyzed for IL-22 concentrations by ELISA.

Figure 6A and 6B was a representative image of two independent experiments. Figure 6B 

and 6D were generated from 2 independent experiments. Each symbol indicates experiments 

from a separate animal. Data presented as mean ± SEM on relevant graphs. *P ≤ 0.05; ***P 
≤ 0.001; ****P ≤ 0.0001 (One-way ANOVA).
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Figure 7: Nrf2 binds to ARE of mouse Ahr:
A) Naïve CD4+ T cells from AhRfl/fl and AhRCD4 mice were polarized to Th17 cells in 

presence of CDDO-Im or vehicle control for 4 days. Cells were harvested for qPCR analysis 

on Nqo1 expression.

B) Schematic diagram shows the putative ARE binding motifs in mouse Ahr gene.

C) Naïve CD4+ T cells isolated from the spleens and lymph nodes of C57BL/6 mice were 

cultured under the Th17 differentiation condition for 4 days. Cells were harvested and 

processed for CHIP with anti-Nrf2 antibody. The Nrf2-binding DNA was utilized for qPCR 

analysis to examine the interaction between the ARE motif of Ahr gene and Nrf2.

Data presented as mean ± SEM on relevant graphs. **P ≤ 0.01; ****P ≤ 0.0001 (Paired 

student t test and One-way ANOVA).
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