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Upon encountering allergens, CD4" T cells differentiate into IL-4-producing Th2 cells
in lymph nodes, which later transform into polyfunctional Th2 cells producing IL-5
and IL-13 in inflamed tissues. However, the precise mechanism underlying their poly-
functionality remains elusive. In this study, we elucidate the pivotal role of NRF2 in
polyfunctional Th2 cells in murine models of allergic asthma and in human Th2 cells.
We found that an increase in reactive oxygen species (ROS) in immune cells infiltrating
the lungs is necessary for the development of eosinophilic asthma and polyfunctional
Th2 cells in vivo. Deletion of the ROS sensor NRF2 specifically in T cells, but not in
dendritic cells, significantly abolished eosinophilia and polyfunctional Th2 cells in the
airway. Mechanistically, NRF2 intrinsic to T cells is essential for inducing optimal
oxidative phosphorylation and glycolysis capacity, thereby driving Th2 cell polyfunction-
ality independently of IL-33, partially by inducing PPARYy. Treatment with an NRF2
inhibitor leads to a substantial decrease in polyfunctional Th2 cells and subsequent
eosinophilia in mice and a reduction in the production of Th2 cytokines from peripheral
blood mononuclear cells in asthmatic patients. These findings highlight the critical role
of Nrf2 as a spatial and temporal metabolic hub that is essential for polyfunctional Th2
cells, suggesting potential therapeutic implications for allergic diseases.
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Unnecessarily aggressive helper T cell immunity is a main cause of chronic immune disorders
such as autoimmune or allergic diseases (1, 2). In particular, polyfunctional T cells that can
perform multiple functions contribute to the pathogenesis of immune disorders by producing
multiple cytokines. For instance, polyfunctional Th17 cells producing high levels of IL-17,
IFNy, and TNFa have been found to contribute to joint inflammation and damage in
arthritis (3, 4). In cases of allergic diseases, polyfunctional Th2 cells producing a combination
of type 2 cytokines including IL-4, IL-5, and IL-13 are found in the inflamed tissues (5).
Polyfunctional T cells are typically generated in response to repeated exposure to antigens
in the nonlymphoid tissues, as opposed to initially differentiated effector T cells in the lymph
nodes, which typically have less polyfunctionality (6).

The mechanism by which initial effector T cells acquire polyfunctionality remains incom-
pletely understood. One possible mechanism is the cytokine gene cluster that contains several
genes encoding cytokines and chemokines. For instance, genes encoding IL-4, IL-5, and
IL-13 are clustered within a 150 kb region in the same chromosome, termed “Th2 cytokine
gene cluster” (7), suggesting that these type 2 cytokine genes might be regulated in a coor-
dinated manner. Notably, type 2 immune cells including Th2 cells and type 2 innate lym-
phoid cells (ILC2s) show divergent expression of these cytokines depending on the types of
cells and tissues during allergic responses. Th2 cells initially primed in the draining lymph
nodes express IL-4 with little IL-5 and IL-13, while Th2 cells in the allergic lungs and skins
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coexpress IL-5 and/or IL-13 in addition to IL-4 (8-10). Thus, Th2 cells need to receive cues
in the nonlymphoid tissues, such as lung and skin, to terminally differentiate into IL-5- and/
or IL-13-producing polyfunctional Th2 cells in allergic diseases (2, 11). Tissue-derived
alarmin cytokines such as IL-33 have been proposed to be responsible for the differentiation
of polyfunctional Th2 cells in the tissues (9). By contrast, several studies have reported that
ST2-deficiency failed to reduce, but rather enhance, the production of type 2 cytokines from
Th2 cells in animal models (12, 13), suggesting that IL-33 may not be involved in the dif-
ferentiation of polyfunctional Th2 cells. In this regard, it has been shown that ST2 expression
is selectively increased on memory Th2 cells, and thus IL-33 induces the production of IL-5
from memory Th2 cells, but not from effector Th2 cells (14). Considering these findings,
it is feasible to surmise that tissue-specific or cell-intrinsic factors other than alarmins
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contribute to the polyfunctional differentiation of Th2 cells during
allergic inflammation.

Inhalation of foreign matters such as xenobiotics often triggers
oxidative stress in the lung, and cells receiving oxidative stress
quickly activate an antioxidant program. The increase of oxidative
stress leads to dissociation of NRF2 from Keapl in the cytosol
and its translocation into nucleus where it initiates the transcrip-
tion of genes encoding antioxidant molecules. Similar to xenobi-
otics, allergens, such as those derived from fungal, pollen, and
house dust mite (HDM), have been shown to trigger oxidative
stress (15).

In the present study, we demonstrate that T cell-intrinsic NRF2
activation is essential for optimal oxidative phosphorylation
(OXPHOS) and glycolysis capacity in Th2 cells, leading to the
production of multiple type 2 cytokines in murine and human
Th2 cells. Thus, NRF2 serves as a spatiotemporal metabolic hub
that induces polyfunctionality in Th2 cells in vivo.

Results

Elevation of Intracellular ROS Is Required for the Induction of
Allergic Asthma. To investigate the mechanisms through which
initial Th2 cells acquire polyfunctionality in vivo, we employed
animal models of allergic asthma induced by intranasal challenges
with fungal protease from Aspergillus oryzae plus ovalbumin (PAO/
Ova) or HDM extract to induce Th2-mediated allergic asthma
(Fig. 14 and SI Appendix, Fig. S1A4) (16, 17). Allergen-primed
initial Th2 cells predominantly produce IL-4 in the draining
lymph nodes, but they additionally produce IL-5 and/or IL-13
after migrating to the lung (18). Our hypothesis was that if a cell-
intrinsic factor plays a critical role in the polyfunctional program
of Th2 cells, its levels would be significantly altered in the lung-
infiltrating Th2 cells compared to those in the draining lymph
nodes. In the mediastinal lymph nodes (medLNs), most types of
immune cells, with the exception of CD11b" cells CD44%CD8g*
T cells, exhibited comparable levels of intracellular ROS between
PAO/Ova-challenged and unchallenged mice, as indicated by
DCFDA staining (Fig. 1B and SI Appendix, Fig. S1 B and C).
In contrast, within the lungs of challenged mice, all types of
immune cells displayed significantly higher levels of intracellular
ROS compared to those in the lungs of unchallenged mice.
This increase in intracellular ROS was evident in both CD44"
and CD44" populations of CD4" T and CD8" T cells. The
levels of ROS were also elevated in CD45.2" cells within the
challenged lungs. Consequently, in the challenged mice, all
types of immune cells within the lungs exhibited significantly
higher intracellular ROS levels when compared to the medLNs
(Fig. 1C). We also used an HDM-induced asthma model and
observed a similar increase in the levels of intracellular ROS
in all types of immune cells tested in the lungs relative to the
medLNs (ST Appendix, Fig. S1 A, D, and E). Thus, intranasal
allergens trigger an increase in intracellular ROS in the immune
cells infiltrated in the lung, but not in the medLNs, regardless
of their activation status.

Given that signaling through the T cell receptor is known to
trigger ROS in activated T cells (19, 20), it was unexpected to
observe that CD44" T cells in the lungs of asthmatic mice had
similar levels of ROS to CD44" T cells. To determine whether
antigen-specific activation affects the induction of ROS in CD4"
T cells, we adoptively transferred naive OT-II T cells into congenic
mice prior to intranasal administration of PAO/Ova (Fig. 1D).
As depicted in Fig. 1E, regardless of the level of CD44 expression,
both recipient (polyclonal) and donor (monoclonal and antigen-
specific) CD4" T cells in the lungs had higher levels of intracellular

https://doi.org/10.1073/pnas.2319994121

ROS than those in the medLN. Moreover, there were little vari-
ations in ROS levels between recipient and donor CD4" T cells,
in both CD44" and CD44" populations, indicating that the
increase in ROS in the lung-infiltrated T cells is independent of
antigen-specific activation.

To investigate the impact of increased intracellular ROS on the
development of allergic asthma, we administered N-acetyl cysteine
(NAC) to deplete ROS during the induction of allergic asthma
(Fig. 1F). NAC is a potent antioxidant by itself as well as after
conversion into GSH (21-24). Treatment with NAC resulted in a
significant reduction in the number of inflammatory cells in the
bronchoalveolar lavage (BAL), primarily attributed to a decrease in
eosinophil count (Fig. 1 G and H). Furthermore, NAC treatment
led to a notable decrease in the absolute number of IL-5" and/or
IL-13" Th2 cells (Fig. 1/). These findings demonstrate that during
allergic asthma, there is a substantial induction of intracellular ROS
in lung-infiltrated immune cells regardless of their cell type or acti-
vation status. Moreover, the blockade of ROS significantly attenu-
ates eosinophilia and polyclonal Th2 cell responses in the airway.

T Cell-Intrinsic NRF2 Is Required for the Differentiation of
Polyfunctional Th2 Cells In Vivo. ROS activates NRF2 by releasing
it from Keap1, facilitating the translocation of NRF2 to the nucleus
where it induces the expression of various antioxidant enzymes and
cytoprotective proteins (25). We observed that transcript levels of
Nfe2[2, the gene encoding NRF2, as well as its target genes Ngo1,
HmoxI, Gele, and Gelm were higher in the lung compared to the
medLNs. Furthermore, these transcript levels were up-regulated
following intranasal allergen challenges (S7 Appendix, Fig. S1F). We
also found significantly higher levels of NQOI, GCLC, and GCLM
in the lungs of severe asthmatic patients compared to healthy
individuals (87 Appendix, Fig. S1G), suggesting the potential
involvement of NRF2 in allergic asthma in vivo. Therefore, we
hypothesized that allergenic challenges induce an increase in ROS
and activate NRF2 in immune cells that infiltrate the lungs during
allergic asthma. To test this hypothesis, we induced allergic asthma
in mice through intranasal PAO/Ova challenges and treated them
with either an NRF2 inhibitor (ML385) or DMSO as a vehicle
control (Fig. 1/). Similar to NAC treatment, NRF2 inhibitor
treatment led to a significant reduction in eosinophil frequency in
the BAL fluid, as well as a decrease in inflammatory cell infiltration
and the frequency of mucus-containing goblet cells (Fig. 1 K~M).
The levels of IL-5 and IL-13 in the BAL fluid, as well as the
frequency of IL-5- and IL-13-producers among CD4" T cells, were
remarkably reduced by ML385 treatment (Fig. 1 Vand O). In
addition to Th2 cells, ILC2s have been implicated in contributing
to type 2 inflammation in the lung (26, 27). To determine whether
NRE?2 also influences the induction and expansion of ILC2, we
intranasally challenged Ragl-deficient mice with papain together
with ML385 or vehicle (S/ Appendix, Fig. S1H). Unlike Th2 cells,
however, we observed little change in the frequency of IL-5"TL-13"
ILC2s and CD206" macrophages following ML385 treatment
(SI Appendix, Fig. S1 I and J).

To gain insights into the mechanism by which NRF2 contrib-
utes to polyfunctional Th2 cell, we first focused on dendritic cells
as they play a crucial role in the initial differentiation of helper T
cells. To study this, we generated mutant mice lacking Nfe2/2 in
CD11c" cells (referred to as CD11c*NR). Surprisingly, we observed
little differences in the numbers of eosinozphil and Th2 cell in the
BAL and the lung between CD11¢*™** and littermate control
(SI Appendix, Fig. S2 A and B), ruling out any involvement of
NREF2 in dendritic cells in the development of allergic asthma.

We next determined the role of NRF2 in CD4" T cells by
generating T cell-specific Nfe2/2 deficient mice (referred to as

pnas.org
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Fig. 1. Increase of ROS and subsequent activation of NRF2 in lung-infiltrating cells are required for polyfunctional Th2 cells and eosinophilia in allergic asthma. (A-C)
C57BL/6 mice were intranasally challenged with PAO/Ova to induce allergic asthma. Schematic representation (A) and the levels of ROS in the indicated cell types in
the medLN and the lung (B and C). (D and E) Recipient (CD45.1%*) of OT-II T cells (CD45.2") were challenged with intranasal PAO/Ova. Schematic representation (D),
and the levels of ROS in the indicated T cell population (). (F-/) C57BL/6 mice were subjected to PAO/Ova-induced allergic asthma and additionally given intranasal
NAC or vehicle. Schematic representation (F) and representative FACS plot of BAL fluid cells (G). Differential cell counts (H) and Absolute numbers of IL-5" (Left), IL-13"
(Middle), or IL-5IL-13" (Right) cells (/) in the BAL fluid. (/-O) C57BL/6 mice were subjected to PAO/Ova-induced allergic asthma and additionally given intraperitoneal
ML385 or vehicle. Schematic representation (/) and representative FSC/SSC FACS plots (K), differential cell counts (L), or the levels of IL-5 and IL-13 (M) in the BAL fluid.
Hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining of the lung (N) or representative contour plots and quantification of IL-5- and/or IL-13-expressing
cells in CD45.2°CD4" T cells in the BAL fluid (O). Data are representative of three independent experiments. Quantification plots show the means + SD (B, /, and O) or
+SEM (H, L, and M); *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis: unpaired Student's t test (B, H, and /), paired Student's t test (C and E).

CD4*NN?) (ST Appendix, Fig. S2 Cand D). CD4*™ mice dis-
played normal T cell development in the thymus, and
NREF2-deficient naive CD4" T cells showed intact proliferation
in response to plate-bound anti-CD3 (87 Appendix, Fig. S2 E and
P). IntrRiguingly, when challenged with intranasal allergens,
CD4*™™ mice had a significant reduction of granulocytes,

PNAS 2024 Vol.121 No.28 2319994121

mainly eosinophils, in the BAL fluid relative to littermate control
(Fig. 2 A and B). Moreover, we observed a significant reduction
in the inflammatory cells as well as mucus-containing goblet cells
in the lung in the former (Fig. 2C). Flow cytometric analyses
revealed a drastic reduction in the frequencies of IL-5- and

IL-13-producing CD4" T cells, while the frequencies of Thl,
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Fig. 2. T cell-intrinsic NRF2 is essential for the differentiation of polyfunctional Th2 cells in vivo. (A-H) T cell-specific NRF2-deficient mice (CD4*¥*?) and littermate
control mice wild-type (WT) were subjected to PAO/Ova-induced allergic asthma. Representative FSC/SSC FACS plot (A) and differential cell counts (B) of the cells
in BAL fluid. (C) H&E and PAS staining of the lung from indicated mice. (D) tSNE visualization of intracellular staining of CD4" T cells in the BAL fluid of indicated
mice. (F) Quantification of IFN-y-, IL-17-, or Foxp3-expressing cells in CD45.2°CD4" cells from the BAL fluid and the lungs. (F) Representative contour plots and
quantification of IL-5- and/or IL-13-expressing cells in CD45.2°CD4" cells from the BAL fluid. (G) Numbers of IL-5°CD4" T cells expressing additional cytokines. (H)
Numbers of Th2 cells expressing the indicated type 2 cytokines. (I-K) BM chimeric mice were generated by adoptive transfer of 1:1 mixture of WT and CD4*"*"
BM into irradiated Rag?™~ mice. After the reconstitution period, the chimeras were subjected to PAO/Ova-induced allergic asthma. Schematic representation of
mixed bone marrow chimera study (/) and representative plots and quantification of CD4" T cells producing indicated cytokines (/). Numbers of IL-5"CD4" T cells
expressing additional cytokines (K). Data are representative of three independent experiments. Quantification plots show the means + SEM (B, G, H, and K) or
+SD (E and F); *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis: unpaired Student's t test B and E-H), paired Student's t test (/ and K).
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Th17, and Tre§ cells remained relatively comparable in the BAL
fluid of CD4*™ mice (Fig. 2 D—F). In particular, the numbers
of polyfunctional Th2 cells, producing 2 or more type 2 cytokines,
were all significantly diminished (over 90 % reduction) in the BAL
fluid of the CD4*2 mice (Fig. 2 F-H). We also observed
decreased levels of Cxc/1, Cell1, Muc5ac, and Clea3 in the lungs
of CD4*M¥2 mjce compared with control mice (87 Appendix,
Fig. S2G). Consistently, we also observed a drastic reduction in
the numbers of eosinozphils and polyfunctional Th2 cells in the
BAL fluid of CD4*™ mice in the HDM-induced asthma model
(SI Appendix, Fig. S2 H and ). Since Cd4-cre system also deletes
loxp-flanked target genes in Foxp3™ Treg cells, we asked whether
the reduced polyfunctional Th2 cells in the CD4*™*** mice were
due to NRF2-deficiency in Treg cells by generating Treg-specific
NRF2-deficient (referred to as FoxpSANRFz) mice. Unlike
CD4*NR2 mice, however, the numbers of eosinophils, Th2 cells,
and Foxp3" Tre%\I cells in the BAL fluid were all comparable
between Foxp3®™"** mice and control littermates (Nfe2/2™)
(SI Appendix, Fig. S2 J and K), indicating little role of NRF2 in
Foxp3" Treg cells in regulating allergic lung inflammation.

The defective Th2 cell responses observed in CD4*™2 mice,
coupled with intact Th2 cell responses in CD11c*? and
FOXPBANRF2 mice, demonstrate that NRF2 expression in conven-
tional T cells is essential for the development of polyfunctional
Th2 cells and eosinophilic inflammation. To investigate whether
NREF2 mediates the differentiation of polyfunctional Th2 cells in
a cell-intrinsic manner, we generated mixed bone marrow chimeras
by transferring 1:1 bone marrow mixture of CD4*M¥2 and con-
genic WT mice into irradiated Rag! " mice (Fig. 21). We observed
an almost complete reduction of IL-5-producers among the
NREF2-deficient CD4" T cells compared to the CD45.1" WT
cells in the same mice (Fig. 2/). We also observed a trend toward
reduced Th1 cells in the NRF2-deficient CD4" T cell popula-
tion, while the frequencies of Th17 and Treg cells were increased,
in the BAL, but not in the lungs. Moreover, the number of Th2
cells producing multiple type 2 cytokines was also significantly
diminished in the former population (Fig. 2K). Collectively, these
results provide strong evidence for an indispensable role of
T cell-intrinsic NRF2 in the differentiation of polyfunctional
Th2 cells in vivo.

NRF2 Promotes the Differentiation of Polyfunctional Th2 Cells
in the Lung Independently of IL-33. To further interrogate the
mechanism by which NRF2 induces Th2 cell responses in vivo, we
determined whether NRF2 is necessary for the differentiation of
naive T cells into initial Th2 cell capable of producin}gplL-4 in the
medLNs during allergic asthma. We generated T4 CD4ANRE2
mice and 7/4°" Nfe2l2"mice by crossing IL-4-cGFP reporter
(4get) mice with CD4*™? mice or Nfe2i2™, respectively.

Upon challen}g:mg these mice with intranasal allergens, both
114°" CD4*™ mice and 114(’FPNﬁ2/2ﬂ/ﬂmice exhibited similar
frequencies of 1L-4-GFP* among CD4" T cells in the medLNs;
however, we observed a significant reduction in the frequency of
IL-4-GFP* among CD4" T cells in the lungs of 74" CD4*""*
mice (Fig. 3 A and B). We conducted an analysis on Tth cells since
Tth cells constitute a significant portion of IL-4" cells present in
the lymph nodes, in addition to Th2 cells (28). Among those IL-4"
cells in the medLNys, the frequencies of CXCR5'PD1" Tth cells
and Th2 cells appeared to be comparable between CD4*™* and
WT mice (S Appendix, Fig. S3 A and B). The frequencies of CD4"
T cells among total lymphocytes in the lungs and in the medLNs
were also comparable between the two groups (SI Appendix,
Fig. S3C). Thus, NRF2 does not likely regulate the generation of
IL-4-producing CD4" T cells in the medLNs nor the recruitment
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of CD4" T cells into the lung but is required for the terminal
differentiation of initially primed Th2 cells within the lung. To
directly address this point, we generated ERT2-crexNfe2[2" (cre-
ERT2M¥2) mice, in which Nfe2[2 can be deleted by tamoxifen
treatment. Naive CD4" T cells from cre-ERT2*™* mice
were differentiated into Th2 cells and then either treated with
4-hydroxytamoxifen (4-OHT) or left untreated. Subsequently,
the Th2 cells were restimulated with IL-33 in the presence of IL-
2 (Fig. 3C). Notably, deletion of Nfe2/2 in in vitro-differentiated
Th2 significantly impaired the production of IL-5 and IL-13 upon
restimulation (Fig. 3 D and E). Additionally, we employed M1385,
an NRF2 inhibitor, and found that it also inhibited the production
of these type 2 cytokines from Th2 cells after restimulation with
1L-25 or 1L-33 (SI Appendix, Fig. S4 A and B). Treatment with
ML385 minimally affected the differentiation of Th1, Th17, and
Treg cells from naive CD4" T cells in vitro (8] Appendix, Fig. S4 C
and D). These results highlight the essential role of NRF2 for the
differentiation of initial Th2 cells into polyfunctional Th2 cells.

Studies using 11337 or Il17/1”"~ mice revealed a role for IL-33
in amplifying type 2 inflammation in vivo by acting on ILC2 and
effector/memory Th2 cell (14, 29, 30), raising a possible involve-
ment of IL-33/ST2 in NRF2-mediated differentiation of poly-
functional Th2 cells. To further investigate whether NRF2
promotes differentiation of polyfunctional Th2 cells via IL-33/ST2
pathway, we examined the exgression of ST2 on IL-4-GFP*
T cells in the lung of 74°"* CD4*™*"* and 714" littermate controls.
While the levels of ST2 were similar on day 3, we found a modest
yet significant reduction in ST2 expression on IL-4-GFP* T cells
in the lung of 74" CD4*"""* mice compared to their littermate
controls on day 9 (Fig. 3F), suggesting a role for NRF2 in facili-
tating the optimal expression of ST2 on Th2 cells in the lung
during allergic asthma. Levels of epithelial alarmin cytokines TSLE,
IL-25, and IL-33 in the lung lysates were comparable between
CD4*M¥2 3nd littermate control mice (Fig. 3G). Notably, when
subjected to intranasal PAO/Ova challenge, CD4*™"* mice dis-
played more severe defects in the frequencies of IL-5", IL-13",
IL-5"TL-13" Th2 cells, as well as the levels of type 2 cytokines and
the number of cosinophils in the BAL fluid, compared to Z/1r/17"
mice (Fig. 3 H-/). Based on these findings, we formulated the
hypothesis that NRF2 induces the differentiation of polyfunc-
tional Th2 cell in an IL-33/ST2-independent manner. To test this
hypothesis, we differentiated naive CD4" T cells from WT or
1117117 mice into Th2 cells and restimulated them with IL-25 or
IL-33 (Fig. 3K). As expected, 1L-25 increased the frequency of
IL-13" cells, while IL-33 failed to do so in the Z/17/1” Th2 cells.
However, when we added ML385, we observed a significant
decrease in the frequency of IL-13" producers in /17117~ Th2 cells
under all restimulation conditions tested (Fig. 3 L and M).
Collectively, these results strongly suggest that cell-intrinsic acti-
vation of NRF2 promotes the differentiation of polyfunctional
Th2 cells in the lungs independently of the IL-33/ST2 pathway,
while having little impact on the generation of initial Th2 cell
commitment in the lymph node.

NRF2 Is Essential for Metabolic Fitness Required in Polyfunctional
Th2 Cells. To gain mechanistic insights into the role of NRF2 in
polyfunctional Th2 cells, we isolated CD4" T cells from the lungs
of allergen-challenged CD4*"" and littermate mice and subjected
them to single-cell RNAseq analysis (S Appendix, Fig. S5A). In total,
16,570 genes across 7,590 cells passed the quality control process
and were used for differentially expressed genes (DEG) analysis and
clustering. We used uniform manifold approximation projection
(UMAP) to group cells with similar transcriprome profiles into
clusters, which revealed ten transcriptionally distinct clusters such as
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Fig. 3. NRF2 facilitates the differentiation of polyfunctional Th2 cell in an IL-33-independent manner. (A and B) /14°"CD4*"* and 114°" mice were subjected to
PAO/Ova-induced allergic asthma. Representative contour plots and quantifications of IL-4eGFP-expressing cells in the medLN (A) and the lung (B) of the indicated
mice. (C-E) Schematic representation of Th2 cell restimulation study (C) and representative contour plots and quantification of IL-5- and/or IL-13-expressing
cells upon restimulation (D). Quantification of IL-4, IL-5, and IL-13 in the culture supernatant (E). (F and G) //[4°CD4*"* and 1/4°" mice were subjected to PAO/
Ova-induced allergic asthma. The frequency or mean fluorescence intensity of ST2 in IL-4eGFP-expressing CD4" T cells (F), and quantification of TSLP, IL-25,
and IL-33 in the lung tissue lysate (day 3) (G) from the indicated mice. The histogram shows representative plots in the lung. (H-/) Comparative analysis of WT
ST2 knockout (KO), and €D4*"* mice in a PAO/Ova-induced allergic asthma model. Differential cell counts (H), and the levels of IL-5 or IL-13 (/) in the BAL fluid.
Representative plots and quantification of IL-13- and/or IL-5-expressing cells (/). (K-M) Schematic representation (k) and production of type 2 cytokines from WT
(L) and ST2-deficient Th2 cells (M) stimulated under the indicated conditions. Data are representative of three independent experiments. Quantification plots
show the means + SD (A, B, D, J, L, and M) or £SEM (E-/); ns: Not significant, *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis: unpaired Student's t test.

Th17 (cluster 0; Rorc and 7/17a), Th2 (cluster 2; Gata3, I/4, 115, and
1113), Treg (cluster 3; Foxp3), Th1 (cluster 5; 76x21 and Ifng), central
memory-like (cluster 6; KIf2 and SIprl), and interferon-stimulated
gene expressing (cluster 7; Isgl5, and [fit]) (Fig. 44 and SI Appendix,
Fig. S5 B-D). Consistent with flow cytometric analyses and BAL fluid
cytokine data, CD4" T cells from CD4*™¥2 mice consisted of less
Th2 cells than littermates with a significant reduction in Th2-ness
score calculated from //4, 1[5, I/13, Gata3, Pparg, 171, and Areg
expression using Scanpy (Fig. 4 Band C) (31).

Hallmark pathway and subsequent gene set enrichment analyses
(GSEA) with cells in cluster 2 (Th2) predicted that NRF2-deficient

Th2 cells are relatively defective in multiple energy metabolism

https://doi.org/10.1073/pnas.2319994121

pathways including OXPHOS, glycolysis, fatty acid metabolism,
and lipid oxidation (Fig. 4 D and E). In particular, the transcript
levels of genes involved in OXPHOS and glycolysis were signifi-
cantly lower in NRF2-deficient Th2 cells compared to
NREF2-sufficient ones (S Appendix, Fig. S6 A and B). Bulk RNA-seq
analysis of in vitro-generated NRF2-deficient Th2 cells confirmed
a broad defect in the expression of genes related to OXPHOS and
glycolysis (Fig. 4F). To understand the mechanism underlying
NRF2-mediated regulation of these genes, we performed assay of
transposase-accessible chromatin with high-throughput sequencing
(ATAC-seq) on WT and NRF2-deficient Th2 cells. Our analysis
defined both decreased (n = 731) or increased (n = 294) peaks,
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indicating dynamic chromatin remodeling associated with
NRF2-deficiency in Th2 cells (Fig. 4G). Most down-regulated peaks
were found in potential enhancers including intron and intergenic
regions, while up-regulated peaks were primarily located at pro-
moter regions. As expected, the NRF2-binding motif site was sur-
rounded by reduced ATAC-seq signals in NRF2-deficient Th2 cells
(81 Appendix, Fig. S6C). Of note, our de novo motif analysis of
ATAC-seq revealed that NRF2 (NFE2L2) motifs were weakly
enriched in down-regulated regions in NRF2-deficient Th2 cells,
while activator protein-1 (AP-1) family motifs, such as Fos, Fral,

PNAS 2024 Vol.121 No.28 2319994121

Atf3, Fosl2, and JunB, were strongly enriched (Fig. 4H).
Furthermore, the down-regulated genes involved in OXPHOS and
glycolysis were found to have multiple AP-1 family motifs (Fig. 4/).
These results imply that NRF2 deficiency affects the binding of
AP-1 transcription factors to the gene loci involved in OXPHOS
and glycolysis, thereby altering the metabolic fitness of Th2 cells.
Consistent with their transcriptome features, NRF2-deficient
Th2 cells had a significantly decreased OXPHOS activity as meas-
ured by O, consumption rate (OCR). In particular, the basal
OCR in NRF2-deficient Th2 cells was remarkably diminished
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(Fig. 54). Additionally, NRF2-deficient Th2 cells displayed a
moderate but significant decrease in glycolysis and glycolytic
capacity (Fig. 5B), which correlated with a significant reduction
of glucose uptake (Fig. 5C). BODIFY FL C,, staining analysis
revealed that the uptake of fatty acids was not impaired in
NREF2-deficient Th2 cells as well as in ML385-treated Th2 cells
(Fig. 5D). Glucose and acetate serve as a substrate for cellular
glycolysis and the tricarboxylic acid (TCA) cycle, respectively
(32-35). The addition of acetate almost completely restored the
frequency of IL-13" cells among NRF2-deficient Th2 cells, while
high doses of glucose partially but significantly increased it (Fig. 5
Eand F). Similarly, the inclusion of acetate and glucose remark-
ably increased the frequency of IL-13" cells in Th2 cells differen-
tiated in the presence of ML385 (Fig. 5G). In WT CD4" T cells,
addition of acetate, but not high-dose glucose, increased the fre-
quency of IL-13" cells (S Appendix, Fig. S6D). Collectively, these
results strongly suggest that T cell-intrinsic NRF2 induces opti-
mal OXPHOS and glycolytic activity to drive the differentiation
of polyfunctional Th2 cells.

PPARY Is Involved in NRF2-Mediated Polyfunctionality of Th2 Cells.
Analysis of Th2-related transcription factors in cluster 2 revealed
that NRF2-deficient Th2 cells expressed normal levels of Gata3,
Irf4, and XbpI and an increased level of Bhlhe40 but exhibited a
significantly reduced level of Pparg (SI Appendix, Fig. S7A). In
allergen-challenged T4°Y mice, IL-4-GFP* CD4" T cells in the
lung expressed higher levels of Ga3 and Pparg than those in the
medLN (Fig. 64). Interestingly, while Nfe2/2 expression levels were
comparable between PPARY-deficient and PPARy-sufficient Th2
cells, NRF2-deficient Th2 cells expressed a lower level of Pparg than
NRE2-sufficient counterparts (Fig. 6B). During Th2 differentiation,
NRF2-deficient CD4" T cells exhibited intact expression of Pparg at
the early stage (by day 3) but failed to further increase its expression by
day 4, leading to normal IL-4, but significantly reduced levels of IL-5
and IL-13 (Fig. 6 C and D and SI Appendix, Fig. S7B). Expression
of Gara3 was comparable between NRF2-sufficient and -deficient
Th2 cells differentiated in vitro (Fig. 6C). These results collectively
suggest that NRF2 is required for optimal PPARY expression during
Th2 cell differentiation. Intriguingly, treatment with troglitazone, a
PPARYy agonist, dose-dependently increased the production of IL-5
and IL-13 in NRF2-deficient Th2 cells, comparable to the levels
observed in NRF2-sufficient Th2 cells (Fig. 6£). Troglitazone boosted
IL-5 and IL-13 production more profoundly in NRF2-deficient Th2
cells than in NRF2-sufficient ones (S Appendix, Fig. S7 Cand D).
Furthermore, we observed that troglitazone treatment significantly
elevated the basal respiration capacity and ATP production in NRF2-
deficient Th2 cells, although the levels remained lower than those
observed in NRF2-sufficient Th2 cells (Fig. 6F).

We further investigated whether treatment with a PPARy
agonist could also restore polyfunctional Th2 cell responses and
subsequent allergic inflammation in CD4* mice in vivo
(Fig. 6G). We observed that administration of troglitazone
resulted in a remarkable increase in the numbers of eosinophils
in the BAL fluid (Fig. 6 H and /) as well as the infiltration of
inﬂammatory cells and mucus-producing goblet cells in the lung
of CD4*NR mice (Fig. 6/). Importantly, troglitazone treatment
partially but significantly restored the frequencies of IL-5- and
IL-13-producing polyfunctional Th2 cells in these mice
(Fig. 6K). These findings suggest that PPARy is involved in
NRF2-mediated differentiation of polyfunctional Th2 cells,
potentially by contributing to OXPHOS activity. Nevertheless,
the observation that NRF2-deficient Th2 cells exhibited a more
pronounced reduction in IL-13 compared to PPARy-deficient
Th2 cells in vitro, and that troglitazone only partially restored
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Fig. 5. NRF2-driven metabolic fitness is essential for polyfunctional Th2
cell differentiation. (4-D) Naive CD4" T cells from CD4*"* and WT mice were
differentiated under Th2-skewing condition in the presence or absence of
ML385. The cells were subjected to extracellular flux analysis, and OCR (A) and
ECAR (B) results were shown. Histogram and gMFI of 2-NBDG (C) or BODIPY C16
(D) uptake by the cells were analyzed. (E-G) Naive CD4" T cells from CD4*"*"
and WT mice were differentiated under Th2-skewing condition in the presence
or absence of glucose or acetate. Experimental scheme (£), and the frequency
of IL-13-producing cells are shown (Fand G). Data are representative of three
independent experiments. Quantification plots show the means + SEM (A-D)
or £SD (F and G); *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis:
unpaired Student’s t test.

Th2 immunity in CD4*™*** mice in vivo, suggests the possibil-
ity of a PPARy-independent role of NRF2 in Th2 cells.

NRF2Is Crucial for IL-5 and IL-13 Production from Human Th2 Cells.
To elucidate the role of NRF2 in human Th2 cells, we stimulated
human naive CD4" T cells under Th2-skewing condition with or
without the NRF2 inhibitor ML385 (Fig. 7A). Consistent with our
findings in murine CD4" T cells, ML385 treatment significantly
reduced the frequencies of IL-5 and/or IL-13-producing cells, as
well as the levels of these cytokines in culture supernatant (Fig. 7 B
and C). Moreover, extracellular flux analysis showed that ML385
treatment led to a significant decrease in the basal and maximal
respiration capacity of human Th2 cells (Fig. 7D). Notably, ML385
treatment also resulted in a remarkable decrease in the glycolysis
and glycolytic capacity, which was more pronounced compared
to the moderate reduction observed in murine Th2 cells (Fig. 7E).
Furthermore, the expression of glycolysis-related genes, such as
ALDOA, PGKI, ENOI, and PKM2, was significantly inhibited
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Fig. 6. PPARy reinstates polyfunctionality of Th2 cells in the absence of NRF2. (4) //4°"" mice were intranasally challenged with PAO/Ova, and the levels of Gata3
and Pparg transcript in IL-4eGFP-expressing CD4" T cells in the medLN or the lungs were analyzed. (B-D) Naive CD4" T cells from the indicated mice were cultured
under a Th2-skewing condition for 4 d. Relative expression of Nfe2/2 or Pparg (B), the kinetics of Gata3 and Pparg expression (C), and the levels of IL-4, IL-5, and IL-13
in the supernatant (D). (E) Naive CD4" T cells from WT or CD4*M2 were cultured under a Th2-skewing condition with or without troglitazone (TGZ), and the levels

of IL-5 and IL-13 in the supernatant were analyzed. (F) Seahorse analysis to assess OCR in Th2 cells after differentiation with indicated conditions. (G-K) CD

4ANRF2

and WT were subjected to PAO/Ova-induced allergic asthma, and additionally given troglitazone or vehicle (i.p.). Schematic representation (G), and representative
FSC/SSC FACS plots (H) or differential cell counts (/) of the BAL fluid cells. H&E and PAS staining of the lung (/) or representative contour plots and quantification of
IL-5- and/or IL-13-expressing cells in CD45.2°CD4" T cells in BAL fluid (K). Data are representative of three independent experiments. Quantification plots show the
means + SEM (B-F, and /) or £SD (K); *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis: paired Student's t test (A), unpaired Student’s t test (B-F, /, and K).

in ML385-treated human Th2 cells (S7 Appendix, Fig. S8A). The
addition of either acetate or high doses glucose almost completely
restored IL-5 and IL-13 production in ML385-treated human
Th2 cells, indicating that the NRF2 inhibitor diminished cytokine
production by impairing OXPHOS and glycolytic capacity

PNAS 2024 Vol.121 No.28 2319994121

(Fig. 7F). Quantitative PCR analysis demonstrated that M1.385
treatment significantly reduced the expression of /L5, /L13, and to
alesser extent, PPARG in human Th2 cells (S/ Appendix, Fig. S8B).
The addition of troglitazone effectively restored the production of
IL-5 and IL-13, as well as the expression of GATA3, IL5, and IL13
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transcript, in ML385-treated human Th2 cells, corroborating our
findings in murine Th2 cells (Fig. 7G).

Finally, we investigated whether NRF2 played a role in the
production of IL-5 and IL-13 in allergen-specific Th2 cells derived
from asthmatic patients. Peripheral blood mononuclear cells
(PBMCs) isolated from Dermatophagoides farina-reactive asthma
patients were stimulated with D. farinae extract in the presence
of ML385 or vehicle (Fig. 7H). As anticipated, cells from asthma
patients secreted IL-5 and IL-13 in response to the stimulation,
unlike those from healthy individuals (S7 Appendix, Fig. S8C). As
depicted in Fig. 77, ML385 significantly reduced the production
of IL-5 and IL-13 in these allergen-specific human effector/mem-
ory Th2 cells. Overall, these findings highlight the crucial role of
NRF2 in promoting the differentiation and function of human
Th2 cells, while emphasizing the close association between NRF2
activity and the metabolic state of these cells.

Discussion

Using multiple murine and human allergic asthma models, we pro-
pose that NRF2 is a T cell-intrinsic factor that is essential for driving
polyfunctionality of Th2 cells in the lung based on our findings that
i) blockade of either ROS or NREF?2 significantly inhibited both eosin-
ophilia and polyfunctional Th2 cells in the lung, ii) mice lacking
NRF2 exclusively in T cells failed to develop polyfunctional Th2 cells
in the lung but had normal IL-4-producing T cells in the lymph
nodes, iii) T cell expression of NRF2 was required for optimal
OXPHOS and glycolysis capacity as well as PPARy expression to
drive IL-5 and IL-13 expression, iv) blockade of NRF2 reduced IL-5
and IL-13 production from HDM allergen-specific human Th2 cells
obtained from asthma patients. Thus, the present study demonstrates
that NRF2 acts as an essential spatiotemporal metabolic hub required
for inducing the differentiation of polyfunctional Th2 cells.

Upon TCR signaling, T cells are known to increase intracellular
ROS from mitochondria within a few minutes (36). While ROS
has been suggested to promote T cell signaling through ERK (19,
37), the exact role of intracellular ROS in T cells in in vivo settings
remains incompletely understood as most studies have exposed T
cells to exogenous oxidative stress in in vitro TCR-cross-linking
systems. The present study found that the level of intracellular
ROS in T cells was similarly elevated in the allergen-challenged
lung in both CD44" and CD44" subsets when compared with
that of the medLNs. Our findings demonstrate that ROS-NREF2
axis crucially contributes to type 2 inflammation in vivo, as
demonstrated by the profound amelioration of eosinophilia and
mucus production in the airway by NAC and ML385. While
NAC is known for its antioxidant properties, studies suggest it
can also boost NRF2 expression(38, 39). It’s unclear whether NAC
improves eosinophilic asthma by regulating NRF2 expression in
this study. Studies with various cell-type-specific NRF2-deficient
mice as well as mixed bone-marrow chimeras revealed the essential
T cell-intrinsic role of NRF2 in polyfunctional Th2 cells. This
role of NRF2 in driving polyfunctional Th2 cells is surprising
since NRF2-germline knockout mice have been reported to be
more susceptible to allergic asthma (40, 41).

How NRF2 drives polyfunctionality in Th2 cells? Through scRNA
transcriptome analysis, we found that invivo generated NRE2-
deficient Th2 cells have impaired expression of genes associated cel-
lular energy metabolism pathways, such as OXPHOS and glycolysis.
Supplementation with acetate or high-dose glucose significantly
restored the expression of IL-5 and IL-13 in NRF2-deficient Th2
cells, indicating that defective OXPHOS and glycolysis resulted in
defective polyfunctionality in the NRF2-deficient Th2 cells, as well
as in Th2 cells cultured in the presence of an NRF2 inhibitor. Among

https://doi.org/10.1073/pnas.2319994121

helper T cell subsets, Th2 cells are the most glycolytic subsets with
the highest expression of Glut1 and perturbation of glycolysis reduces
IL-13 production by Th2 cells (42). PPARy appeared to have a role
in NRF2-mediated OXPHOS in Th2 cells. NRF2 has been shown
to directly induce Pparg by binding on its -784 antioxidant response
elements (ARE) in lung epithelial cells (43). The modtif analysis of
ATAC peaks identified that a significant enrichment of the binding
motifs of various AP-1 family transcription factors in WT Th2 cells
was diminished in NRF2-deficient counterparts. AP-1 has been
shown to regulate the expression of the gene encoding hexokinase,
which catalyzes the first step of the glycolytic pathway and glucose
uptake inaT cell line (44). It is worth noting that the NRF2 binding
site (ARE) and the AP-1 binding site (TRE) often intersect, giving
rise to a composite NREF2/AP-1 site (45, 46). Thus, the present study
proposes that NRF2 induces the optimal OXPHOS and glycolytic
activity in Th2 cells by inducing genes involved in the bioenergetic
metabolic pathways through AP-1 family transcription factors.

Epithelial cytokines TSLB IL-25, and IL-33 play a crucial role in the
differentation and expansion of type 2 immune cells. IL-33, in par-
ticular, has been shown to exacerbate allergic lung inflammation by
promoting the expansion of ILC2s and inducing the expression of IL-5
and IL-13 in Th2 cells (1, 47, 48). Given that ST2 expression is selec-
tively increased on memory Th2 cells, IL-33 induces the production
of IL-5 from memory Th2 cells, but not from effector Th2 cells (14).
CD4*™ mice showed more significant reduction in eosinophilia and
polyfunctional Th2 cells in the airway compared to Z/I7/1”" mice.
NRE?2 blockade had little effect on the frequency of IL-5"TL-13" ILC2s
challenged with intranasal papain, which is known to depend on IL-33
(49). Moreover, blockade of NRF2 efficiently inhibited the expression
of IL-5 and IL-13 in 27717~ CD4" T cells. Therefore, we propose that
NRF2 and IL-33 differentially promote allergic inflammation in vivo;
NRE?2 is activated when initial Th2 cells migrate into the inflamed lung
and drive the polyfunctionality by facilitating OXPHOS and glycolysis,
while IL-33 acts on memory Th2 cells and ILC2 to induce the produc-
tion of type 2 cﬁokines. The level of ST2 on lung Th2 cells was dimin-
ished in CD4“NR2 mice compared to WT littermates at day 9. Thus,
optimal expression of ST2 on lung Th2 cells is partially dependent on
NRF2. This NRF2-mediated upregulation of ST2 is possibly through
the induction of PPARy (50, 51).

The identification of a direct connection between cellular
redox status and Th2 provides a unique T cell-intrinsic mecha-
nism that underlies spatiotemporal epigenetic and metabolic
reprogramming, resulting in the induction of polyfunctionality
of the cells. It will be intriguing to explore whether similar mech-
anisms are applicable to other allergic diseases or other subsets
of helper T cells. Targeting NRF2 and redox pathway by using
small molecules is an active area of research for developing anti-
cancer therapeutics (52, 53). Our findings suggest that targeting
ROS-NRF2-OXPHOS/glycolysis pathway may be effective in
the treatment of allergic diseases by inhibiting polyfunctional
potential of Th2 cells.

Materials and Methods
Afull description of the materials and methods is available in S/ Appendix.

Animals. C57BL/6 (CD45.2; CrlOri) mice were purchased from the Orient Bio.
Nfe212™ (C57BLI6-Nfe212™""Shis); 025433), 4get, Itgax-cre (B6.Cg-
Tg(ltgax-cre)1-1Reiz/J; 008068), B6.SJL (B6.SIL-Ptprd® Pepcb/BoyJ; 002014),and
Rag1~~ (B6.12957-Rag1™"™™°™/J; 002216) mice were purchased from Jackson
Laboratory. Cd4cre, Pparg™ and Foxp3'™"® mice were kindly provided by Dr.
Chen Dong (Tsinghua University, China), Dr. Je-Min Choi (Hanyang University,
Korea), and Dr. Jae-Hoon Chang (Yeungnam University, Korea), respectively.
ST2 knockout mice were kindly provided by Drs. Andrew N. Mckenzie (MRC
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Fig. 7. NRF2 inhibition hampers OXPHOS, glycolysis, and IL-5/IL-13 production in human Th2 cells. (A-£) Naive CD4" T cells from healthy donors were cultured
under a Th2-skewing condition with ML385 or vehicle. Schematic representation (A4) and representative contour plots of IL-5- or IL-13-expressing cells and
changes of cytokine-producing cells (B) or the levels of indicated cytokines in the supernatant (C) after ML385 treatment, and the OCR (D) and ECAR (E) analysis
are shown. (Fand G) Naive CD4" T cells from healthy donors were cultured under a Th2-skewing condition in the presence or absence of ML385, glucose, acetate,
and/or troglitazone, as indicated. The frequencies of IL-5 or IL-13 cells (F) or the changes of cytokine-producing cells (G) were analyzed. (H and /) PBMCs from
Der f1-reactive asthmatic patients were stimulated with Der f1 in the presence or absence of ML385. Schematic representation (H), and the changes of indicated
cytokines upon ML385 treatment (/). Data are representative of three independent experiments. Quantification plots show the means + SEM (D and E) or +SD

(F); *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis: paired Student’s t test (B, C, G, and /), unpaired Student's ¢ test (D-F).

Laboratory of Molecular Biology) and Sang-Jun Ha (Yonsei Umvermy Korea).
Cd4cre, Itgax-cre, Foxp3'™, and 4get mice were crossed to Nfe2/2"" mice to
construct NRF2 conditional knockout mice. All animal experiments were approved
by the Institutional Animal Care and Use Committee of Seoul National University
and conducted in accordance with the guidelines of Seoul National University for
the care and use of laboratory animals (IACUC No.: SNU-220930-3). For animal
experiments, age- and sex-matched 8- to 15-wk-old mice were used and all
mice were maintained in the Animal Center for Pharmaceutical Research of Seoul
National University under specific pathogen-free conditions.

Human Subjects. Collection of human blood samples from healthy volunteers
and subsequent experimental procedures were reviewed and approved by the
Seoul National University Institutional Review Board (IRB No.: 2205/001-006).
Allergic asthmatic patients (n = 6) enrolled in this study were provided with
written informed consent, and the study protocol was approved by the Seoul
National University Hospital Institutional Review Board (IRB No.: 1810-036-977).

PNAS 2024 Vol.121 No.28 2319994121

Allergen-Induced Lung Inflammation Models. Mice were anesthetized
with isoflurane and intranasally administrated with a mixture of 7 ug of PAO
and 20 ug of Ova every other day for 9 d (days 0, 2, 4, 6, and 8). In HDM-
induced lung inflammation experiments, mice were sensitized on day 0 by 1
ug of Derf 1 via intranasal route. After 1 wk, mice were intranasally adminis-
tered with 10 ug of Der f 1 every day for a total five times (days 7, 8,9, 10, and
11). Sixteen hours after the last administration, all mice were killed and BAL
fluid, lung, and mediastinal lymph node were obtained for further analysis.

For mixed bone marrow transplantation ex Penment donor bone marrow
cells from WT control (CD45.17"*) and CD42N* (CD45.2*"*) mice were mixed
at 1:1 ratio and adoptively transferred into irradiated recipient Rag7~~ mice.
After a 4-wk reconstitution period, the recipients were intranasally injected with
a mixture of PAO/Ova.

For histologic analysis, mice were exsanguinated and their lungs were incu-
bated in 10 % formalin solution (Sigma) for overnight at 4 °C for fixation then
embedded in paraffin. 5 um thick sections were cut from paraffin embedded lung
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with a microtome and stained with PAS or H&E staining kit, and the samples were
visualized by Aperio AT2 (Leica, Wetzlar, Germany). To collect BAL fluid from the
mouse, the airway lumen was rinsed twice using 0.8 mL of PBS after cannulating
the trachea. The obtained BALfluid underwent centrifugation to separate superna-
tantfrom cellsin the pellet, which were then resuspended in dPBS. Subsequently,
approximately 10,000 cells were attached to slide glass via cytospin and stained
with DiffQuik (Baxter Healthcare, Compton, UK) following the manufacturer's
instruction.

Data, Materials, and Software Availability. SCRNA-seq, bulk RNA-seq, and ATAC-
seq data have been deposited in NCBI GEO repository (GSE241355 and GSE241138)
(54,55).
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