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CD4" memory T cells are central to long-lasting protective immunity and are involved in
shaping the pathophysiology of chronic inflammation. While metabolic reprogramming
is critical for the generation of memory T cells, the mechanisms controlling the redox
metabolism in memory T cell formation remain unclear. We found that reactive oxygen
species (ROS) metabolism changed dramatically in T helper-2 (Th2) cells during the
contraction phase in the process of memory T cell formation. Thioredoxin-interacting
protein (Txnip), a regulator of oxidoreductase, regulated apoptosis by scavenging ROS
via the nuclear factor erythroid 2-related factor 2 (Nrf2)-biliverdin reductase B (Blvrb)
pathway. Txnip regulated the pathology of chronic airway inflammation in the lung
by controlling the generation of allergen-specific pathogenic memory Th2 cells in vivo.
Thus, the Txnip—Nrf2-Blvrb axis directs ROS metabolic reprogramming in Th2 cells
and is a potential therapeutic target for intractable chronic inflammatory diseases.

thioredoxin-interacting protein (Txnip) | reactive oxygen species (ROS) | nuclear factor-erythroid
factor 2-related factor 2 (Nrf2) | biliverdin reductase B (Blvrb) | memory Th2 cells

CD4" memory T cells are central to adaptive immunity and play a critical role in the host
defense against microorganisms (1). CD4" memory T cells are also involved in shaping
the pathology of chronic inflammation (2). Upon antigen recognition by T cell receptor
(TCR), naive CD4" T cells proliferate and differentiate into effector T cells. After elimi-
nation of antigens, most of the effector T cells die by apoptosis in the contraction phase
(3), but some survive and become long-lived memory T cells. The population size of the
antigen-specific memory T cells is important for ensuring quality adaptive immune
responses (4, 5). Metabolic reprogramming, including the upregulation of adenosine
monophosphate-activated protein kinase signaling and downregulation of mechanistic
target of rapamycin signaling in T cells, is crucial for the formation of antigen-specific
memory T cells (6, 7). However, metabolic reprogramming in other pathways, such as
reactive oxygen species (ROS) metabolism, which regulates the formation of memory
T cells, remains unclear.

Metabolic reprogramming is also known to be essential for the proper activation of
naive T cells and their differentiation into effector T cells (8—10). Antigen stimulation via
TCR causes a dramatic increase in aerobic glycolysis, which induces the generation of
ROS in effector T cells (11, 12). ROS are also produced in mitochondria during the
metabolic process of oxidative phosphorylation or by NADPH oxidase expressed in effector
T cells (13-15). ROS are necessary for the transmission of TCR signaling and subsequent
proliferation of effector T cells during the expansion phase (14). However, they also induce
activation-induced apoptotic cell death of effector T cells via DNA damage and the outflow
of cytochrome C via depolarization of the mitochondrial membrane (16, 17). Thus, the
appropriate regulation of cellular ROS metabolism is required to ensure proper differen-
tiation of effector T cells. However, the role of ROS metabolism in the formation of
memory T cells remains unclear.

In the present study, we investigated the changes in ROS metabolism and its regulation
of the formation of CD4" memory T cells. We found that ROS metabolism dramatically
shifts from the production to the scavenging of effector T cells during the contraction
phase. The thioredoxin-binding protein Txnip was gradually up-regulated in effector T
cells during the contraction phase. It scavenged cellular ROS by activating the Nrf2-Blvrb
pathway but not by activating thioredoxin in effector T cells. Furthermore, we found that
Txnip regulated the pathology of allergic airway inflammation in the lung by controlling
the number of antigen-specific memory T helper-2 (Th2) cells in vivo. Thus, metabolic
shift from ROS production to ROS scavenging via the Txnip—Nrf2-Blvrb pathway is
essential for the formation of the memory-type pathogenic Th2 cells that shape the pathol-
ogy of allergic inflammation.
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Significance

Metabolic reprogramming is
crucial for the generation of
memory T cells; however, the
mechanisms that control the
redox metabolism in allergen-
specific memory T cell formation
still remain unclear. In this study,
we found that thioredoxin-
interacting protein (Txnip), a
regulator of oxidoreductase,
controlled reactive oxygen
species (ROS) metabolism via the
nuclear factor erythroid 2-related
factor 2 (Nrf2)-biliverdin
reductase B (Blvrb) pathway,
which made memory Th2 cell
generation possible and shaped
the pathology of allergic airway
inflammation. This study will
contribute to the development of
therapeutic strategies for
intractable inflammatory
diseases by focusing on the
redox metabolism and the
formation of CD4" memory

T cells.
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Results

The Metabolic Pathways for Scavenging Oxidative Stress Were
Up-Regulated in CD4" T Cells during the Contraction Phase
In Vivo. To determine the dynamics of cellular ROS in CD4" T
cells, we first examined the intensity of CellROX, an oxidative
stress reagent that is nonfluorescent in a reduced state and exhibits
intense fluorogenic signal upon oxidation, in naive, effector, and
memory CD4" T cells (S] Appendix, Fig. S1 A and B). Effector Th2
cells showed a higher fluorescence intensity of CellROX signals
than that in naive CD4" T or memory Th2 cells (Fig. 1 Aand B). A
fluorescence-activated cell sorting analysis confirmed the increase
in the mean fluorescence intensity (MFI) of CellROX in effector
Th2 cells (Fig. 1 Cand D and S7 Appendix, Fig. S1 Cand D).

To assess the dynamics of cellular ROS in more detail, we per-
formed an in vivo experiment, in which OVA-specific naive CD4"
T cells were adoptively transferred to syngeneic BALB/c mice that
had been administered ovalbumin (OVA) and Alum intraperito-
neally on days 1 and 6 (SI Appendix, Fig. S1E). The cell number
and MFI of CellROX in antigen-specific CD4" T cells started to
decrease between 7 and 11 d after the initial antigen administration,
followed by a gradual decrease up to 2 mo in vivo (SI Appendix,
Fig. S1E and Fig. 1E). These results indicate that antigen-reactive
CD4" T cells on days 7 and 11 were in the effector and contraction
phases, respectively. In another experimental model in which in vit-
ro-differentiated effector CD4" T cells were adoptively transferred,
a significant decrease in the MFI of CellROX was also observed at
48 h after cell transfer (SI Appendix, Fig. S1 Fand G).

We next performed single-cell RNA sequencing (scRNA-Seq)
using cells at 7 and 11 d after the initial antigen administration
(Fig. 1F). A single-sample Gene set variation analysis (ssGSVA)
revealed that the metabolic pathways related to the scavenging
oxidative stress, including the “oxidation—reduction process” and
“oxidoreductase activity” pathways, were enriched in cells ac 11 d
compared to those at 7 d after the initial antigen administration
(Fig. 1 Gand H); furthermore, these pathways were also enriched
in transferred Th2 cells that had been collected 48 h after adoptive
transfer (SI Appendix, Fig. S1 H-J). Thus, the levels of cellular
ROS in CD4" T cells in the contraction phase were dramatically
decreased, accompanied by an increased expression of genes
involved in scavenging oxidative stress.

The Thioredoxin-Interacting Protein Txnip Is Up-Regulated in
the Contraction Phase. A pseudo-time trajectory analysis revealed
the differentiation trajectories of individual CD4" T cells recovered
from mice 7 and 11 d after the initial antigen administration
(Fig. 2A4). Based on the differentiation trajectories determined
by the pseudo-time, the genes were categorized into three major
groups using Pearson’s correlation coefficient (Fig. 2B). Group 1
genes, including Myc and Rec4, showed an apparent decrease in
expression during the contraction phase (Fig. 2C, top rows [blue]).
In sharp contrast, Group 3 genes, such as 7xnip and Foxpl,
showed an apparent increase in expression during the contraction
phase (Fig. 2C, bottom rows [red]). Group 2 genes showed a
gradual decrease in expression (Fig. 2C, middle rows [orange]).
The uniform manifold approximation and projection (UMAP)
analysis also revealed a similar expression pattern of representative
genes among Groups 1, 2, and 3 (Fig. 2D).

Most of the 102 oxidative stress-related genes involved in the
“oxidation—reduction process” or “oxidoreductase activity” path-
ways shown in Fig. 1G were up-regulated in antigen-reactive
CD4" T cells 11 d after the initial antigen administration (Fig. 2E
orange color dots). Txnip, which encodes thioredoxin-interacting
protein, showed the highest fold expression among the
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up-regulated oxidative stress-related genes in antigen-reactive
CD4" T cells 11 d after the initial antigen administration (Fig. 2E
and S7 Appendix, Fig. S2A). Txnip also showed the highest fold
change in expression between transferred Th2 cells that were recov-
ered from mice 48 h after adoptive transfer and effector Th2 cells
among all the up-regulated oxidative stress-related genes
(SI Appendix, Fig. S2 B—H). Thus, the majority of the oxidative
stress-related genes, including 7xnip, were up-regulated in the
CD4" T cells during the contraction phase in vivo.

Txnip Deficiency Resulted in Enhanced Apoptosis Accompanied
by an Increased MFI of CellROX in Transferred Th2 Cells. We next
investigated the role of Txnip in CD4" T cells using genetically
modified mice. CD4-specific Txnip-deficient mice (referred Txnip
KO mice from now on) at 6 to 12 wk old showed a comparable
proportion of CD4" T cells in the thymus and spleen to control
wild-type mice, consistent with a previous report (18) (S/ Appendix,
Fig. $3 A-D). Txnip-deficient effector T cells, including Th1, Th2,
and ThO cells, produced a similar amount of effector cytokines to
wild-type effector T cells (S Appendix, Fig. S3E).

At 48 h after adoptive transfer (SI Appendix, Fig. S3F), Txnip-
deficient transferred Th2 cells showed a higher MFI of CellROX
than wild-type Th2 cells (Fig. 3 A, Right), although Txnip-deficient
effector Th2 cells showed a comparable MFI of CellROX to wild-
type effector Th2 cells (Fig. 3 A, Lef). In whole cells, Txnip defi-
ciency in transferred Th2 cells resulted in an increased percentage
of annexin V-positive cells and a decreased number of cells com-
pared with wild-type cells (Fig. 3 B and C and SI Appendix, Fig.
S3 G-J). The administration of MitoTEMPO and Trolox, ROS
scavenger reagents that have been reported to quench ROS and
oxidative damage in vivo (19, 20), inhibited the elevation of the
MFI of CellROX in Txnip-deficient transferred Th2 cells (Fig. 3
D and E, Lef?). The administration of these ROS scavenger rea-
gents also inhibited the elevation of annexin V-positive cells in
Txnip-deficient transferred Th2 cells (Fig. 3 D and E, Middle and
Right). Preloading with methyl-GSH, another ROS scavenger
reagent (21), resulted in decreased ROS levels in both 7xnip-
deficient effector and transferred Th2 cells (SI Appendix, Fig. S3
Kand L, Leff). However, the preloading of methyl-GSH showed
relatively little effect on apoptosis in 7xnip-deficient transferred
Th2 cells (SI Appendix, Fig. S3 L, Middle and Right). Thus, Txnip
deficiency resulted in an increased MFI of CellROX and increased
apoptosis in transferred Th2 cells.

Thioredoxin, a ROS scavenging oxidoreductase, is a binding
partner of Txnip (22). Txnip restrains the oxidoreductive function
of thioredoxin through its binding (23). Unexpectedly, 7xnip-
deficient transferred Th2 cells showed no marked difference in the
protein expression of thioredoxin (S Appendix, Fig. S3 M and N)
or thioredoxin activity (SI Appendix, Fig. S30) from wild-type
effector or transferred Th2 cells. To explore the molecular mech-
anisms underlying the ROS scavenging by 7xnip in transferred
Th2 cells, we performed scRNA-Seq analyses using wild-type or
Txnip-deficient Th2 cells recovered 48 h after cell transfer.
Characteristic clusters of 7xnip-deficient Th2 cells were detected
among transferred Th2 cells but not among effector Th2 cells
(Fig. 3F and SI Appendix, Fig. S3P). Nuclear factor-erythroid fac-
tor 2-related factor 2 (Nrf2) is a transcription factor that regulates
scavenging oxidative stress (24). The ssGSVA analysis showed that
the Nrf2-downstream  pathways, including “Nrf2-ARE
PATHWAY” and “Nrf2-ARE REGULATION,” were enriched
in wild-type compared with Txnip-deficient transferred Th2 cells
(Fig. 3G). In both pathways, the GSVA score was decreased in
Txnip-deficient transferred Th2 cells compared with wild-type
transferred Th2 cells (Fig. 3H). Consistent with these results, the
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Fig. 1. Pathways for scavenging oxidative stress are activated in CD4" T cells during the contraction phase in vivo. (A) Representative confocal micrograph
images of naive CD4" T cells, effector Th2 cells, and memory Th2 cells stained with DAPI (blue), CellROX (red), Mitotracker (green), and anti-CD4 (white). The
white bar in the image is a 1-pm scale bar. Representative findings of two independent experiments are shown. (B) Fluorescence intensities of CellROX in each
cell are shown (naive CD4" and memory Th2, n=15; effector Th2, n=22). (C and D) A representative histogram plot (C) and the MFI (D) of CellROX from two
independent experiments are shown (n=5). (£) The number (Left) and MFI of CellROX (Right) of transferred T cells at each time point after cell transfer (days 1,
5,and 17, n=3; day 7, n=10; day 11, n=11; 1 mo, n=6; 2 mo, n=8) from four independent experiments are shown. (F) A UMAP projection of transferred T cells at
days 7 (blue) and 11 (orange) after cell transfer is depicted. (G) A ranking plot of ssGSVA scores is depicted. Red dots indicate the top 10% pathways. (H) sSGSVA
scores of oxidation-reduction process (left column) and oxidoreductase activity (right column) are projected on UMAPs (upper row) and ridgeline plots (lower
row). (F-H) Cells from two mice were pooled for each group. Data are expressed as the mean + SD. P-values were calculated by a one-way ANOVA. **P < 0.01,
**%P < 0.001, ****P < 0.0001.
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Fig. 2. Thioredoxin-interacting protein, Txnip is up-regulated in transferred T cells. (A-£) Analyses of ScRNA-Seq data of transferred T cells at days 7 and 11 after
cell transfer. A UMAP projection of transferred T cells at days 7 and 11 with the pseudo-time trajectory analysis is depicted (A). The plotting symbol for each cell
is colored based on the pseudo-time. Cells that have infinite pseudo-time are shown in gray. The relative expression of genes (rows) across cells (columns) is
shown (B). The cells sorted by pseudo-time are determined in Fig. 2A. The genes are classified into three groups based on the temporal expression patterns. A
gene expression heat map of the top five characteristic genes in each group (Group 1, blue; Group 2, orange; and Group 3, red) is depicted (C). Density plots on
UMAPs colored by the density of each cell in the expression of top two characteristic genes in each group (Group 1, upper row; Group 2, middle row; and Group
3, lower row) are shown (D). A volcano plot that shows the differential gene expression between transferred T cells at days 7 and 11 is depicted (E). Orange dots
indicate the oxidative stress-related genes, which are included in the two pathways in Fig. 1H.

protein expression of Nrf2 was reduced in Txnip-deficient trans-
ferred Th2 cells (Fig. 3 and /, and ST Appendix, Fig. S3Q). These
results suggest that Txnip may activate Nrf2-downstream genes
and scavenge cellular ROS in transferred Th2 cells via regulation
of the protein expression of Nrf2.
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Txnip Regulates the Scavenging of Cellular ROS via the Nrf2-
Blvrb Pathway. We next performed conventional RNA-Seq
analyses using transferred Th2 cells from wild-type and Txnip
KO mice to determine the Nrf2-downstream genes. We noted
the decreased expression of Biliverdin reductase B (Blvrb), which
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are shown. (E) The MFI of CellROX (Left), percentages of annexin V* cells (Center), and the number of annexin V- cells (Right) in transferred Th2 cells with in vivo
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ssGSVA scores is depicted. Red dots indicate the top 10% pathways (G). ssGSVA scores of NRF2-ARE PATHWAY (left column) and Nrf2-ARE REGULATION (right
column) are projected on UMAPs (upper row) and ridgeline plots (lower row) (H). The dotted line with the red arrow indicates Txnip-deficient Th2 cell-specific cell
population. Cells from two mice were pooled for each group (F-H). (/ and /) An immunoblot analysis of the Nrf2 expression from two independent experiments.
A representative immunoblot is shown in /. p-actin was used as a loading control. Quantified intensities of Nrf2 are shown in/ (n=6 in all indicated groups). Data
are expressed as the mean + SD. P-values were calculated by the Mann-Whitney U test (A-C, and /) and a one-way ANOVA (D and E). *P < 0.05, **P < 0.01, ***p
< 0.001, ****P < 0.0001.
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is a reductase and a downstream gene of Nrf2, in 7xnip-deficient
transferred Th2 cells (Fig. 44 and SI Appendix, Fig. S44). A
decreased number of Blvrb-expressing Th2 cells among Txnip-
deficient cells was also detected in our scRNA-Seq data set
(Fig. 4B). An assay to detect transposase-accessible chromatin
using sequencing (ATAC-Seq) with transferred Th2 cells revealed
the Txnip-dependent chromatin regulation in the Blvrb gene locus
(Fig. 4C and SI Appendix, Fig. S4B). The protein expression of
Blvrb was also reduced in Txnip-deficient transferred Th2 cells
(Fig. 4 D and E, and SI Appendix, Fig. S4C). Consistent with
these results, the reductase activity of Blvrb was attenuated in
Txnip-deficient transferred Th2 cells (Fig. 4 F, Right) but not in
Txnip-deficient effector Th2 cells (Fig. 4 F, Lef?).

Blvrb mediates reduction of biliverdin to bilirubin and func-
tions as a potent antioxidant through scavenging ROS (S7
Appendix, Fig. S4D). The Blvrb-dependent reduction is driven by
the cofactor nicotinamide adenine dinucleotide phosphate
(NADPH) (25) (SI Appendix, Fig. S4D). We wondered whether
or not the decreased activity of Blvrb in 7xnip-deficient transferred
'Th2 cells was compensated by an increased production of NADPH.
We found that the amount of NADPH was decreased in Txnip-
deficient transferred Th2 cells (Fig. 4G and ST Appendix, Fig. S4E).
At the same time, Txnip deficiency showed little effect on the
uptake of glucose, fatty acids, or glutamine in transferred Th2 cells
(SI Appendix, Fig. S4 F-I). Finally, we found that the overexpres-
sion of the Nfe2/2 gene, which encodes Nrf2, restored the expres-
sion of Blvrb significantly in Txnip-deficient transferred Th2 cells
(Fig. 4H). Furthermore, the overexpression of Nfe2/2 resulted in
a decreased MFI of CellROX and decreased apoptosis in Txnip-
deficient transferred Th2 cells (Fig. 4 / and /). At the same time,
the overexpression of Blvrb also resulted in a decreased MFI of
CellROX and decreased apoptosis in Txnip-deficient transferred
Th2 cells (Fig. 4 Kand L and SI Appendix, Fig. S4/). These results
indicate that Txnip regulates the Nrf2-Blvrb pathway and controls
the levels of cellular ROS and apoptotic cell death in Th2 cells.

Txnip Deficiency Resulted in a Decreased Number of Memory
Th2 Cells Accompanied by an Increased MFI of CellROX. Next,
we explored whether or not Txnip was important for the proper
formation of memory T cells in vivo. The expression of Txnip in
Th2 cells after cell transfer increased over time (Fig. 5A4). Even at
4 wk after adoptive transfer, 7xnip-deficient cells showed a higher
MFI of CellROX than wild-type Th2 cells (Fig. 5B). Furthermore,
the numbers of Txnip-deficient transferred Th2 cells in vivo were
consistently lower than those in wild-type transferred Th2 cells
over 4 wk (Fig. 5 Cand D). The significant decrease in the number
of Txnip-deficient transferred helper T cells in vivo was observed
in not only Th2 cells but also Th1 and ThO cells (S Appendix, Fig.
S5A4). Moreover, 4 wk after adoptive transfer, an increased MFI of
CellROX and decreased number of Txnip-deficient memory Th2
cells were observed in the lung, peripheral blood mononuclear cell
(PBMC), bone marrow, and lymph nodes (Fig. 5 E'and Fand S/
Appendix, Fig. S5B). As expected, the overexpression of Txnip in
effector Th2 cells resulted in an increased number of Th2 cells for
at least 4 wk after cell transfer (Fig. 5 G and H). Neither Txnip
deficiency nor its overexpression showed any marked effect on the
production of Th2 cytokines by memory Th2 cells, indicating that
the Th2 cell function is not affected by the expression of 7xnip
(SI Appendix, Fig. S5 C and D). Thus, Txnip regulates the levels
of cellular ROS and the formation of memory Th2 cells in vivo
while leaving their function intact.

Txnip Regulates the Pathology of Allergic Airway Inflammation
In Vivo. Finally, we investigated the roles of Txnip in the
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formation of allergen-specific pathogenic memory Th2 cells that
induce allergic airway inflammation in vivo. Wild-type mice and
Txnip KO mice were administered OVA and HP-B-CD adjuvant
intranasally, and 5 wk later, they were challenged intranasally
with OVA on days 42 and 43. Assays were performed on day 44
(Fig. 6A). The number of CD4'CD44" memory T cells in the
lung was significantly lower in OVA-challenged 7xnip KO mice
than those in OVA-challenged wild-type mice (Fig. 6B8). Memory
responses, such as infiltration of eosinophils in bronchoalveolar
lavage fluid (BALF), were significantly decreased in 7xnip KO
mice along with decreased levels of Th2 cytokines, such as IL-4,
IL-5, and IL-13 (Fig. 6 C and D). Infiltration of inflammatory
cells in the lung parenchyma was also decreased in 7xnip KO
mice (Fig. 6E). When Txnip-overexpressing OVA-specific (KJ1%)
memory Th2 cells were transferred into recipient mice followed
by challenge with OVA, the number of OVA-specific memory
Th2 cells in the lung was significantly higher than those in
control mice that had received mock-control Th2 cells (Fig. 6 F
and G). Txnip overexpression in memory Th2 cells resulted in
enhanced memory responses, including increased infiltration of
eosinophils (Fig. 6H), increased production of Th2 cytokines
in BALF (Fig. 6]), and increased infiltration of inflammatory
cells into the lung parenchyma (Fig. 6/). Thus, the pathology
of allergic airway inflammation induced by allergen-specific
memory Th2 cells was controlled by the expression of 7xnip in

CD4" T cells.

Discussion

We identified Txnip as a key molecule in the regulation of ROS
metabolism during the formation of allergen-specific memory
Th2 cells that induce allergic airway inflammation in vivo. We
found that cellular ROS metabolism dramatically shifted from
the production process to the scavenging process in the contrac-
tion phase of Th2 cells. Txnip, as a ROS metabolism checkpoint
molecule, scavenged cellular ROS via the activation of the Nrf2—
Blvrb pathway. The genetic deletion of 7xnip attenuated allergic
airway inflammation as a result of the decreased formation of
allergen-specific memory Th2 cells in vivo. In contrast, the over-
expression of Txnip in Th2 cells exacerbated the pathology of
airway inflammation due to the increased formation of aller-
gen-specific memory Th2 cells. Thus, this study highlights unique
molecular mechanisms in redox metabolism in Th2 cells that are
crucial for the induction of allergen-specific memory responses
in vivo.

Metabolic reprogramming during the activation of T cell is
essential for inducing proper immune responses (9, 15). The ROS
metabolism in CD4" T cells shifts to the production process to
meet the energy requirements of activated CD4" T cells after TCR
stimulation (14). ROS is required in order for activated CD4" T
cells to produce IL-2 (26). The amount of cellular ROS is dramat-
ically increased in effector T cells (17). We investigated the dynam-
ics of cellular ROS once T cell activation had ceased and found a
rapid decrease in cellular ROS in CD4" T cells during the con-
traction phase. This rapid decrease was probably induced by the
enhanced scavenging pathways of cellular ROS. In CD8" T cells,
CD28 signaling is reported to be critical for the downregulation
of Txnip, which regulates mitochondrial fatty acid oxidation (27).
Another group showed that TCR stimulation—rather than CD28
costimulation—was crucial for the downregulation of 7xnip (18).
In the current study, we found that 7xnip was rapidly up-regulated
once T cell activation ceased in CD4" T cells and that the upreg-
ulation of Txnip was critical for the formation of allergen-specific
memory Th2 cells that induce allergic airway inflammation.
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Fig. 4. Txnip regulates scavenging cellular ROS via the Nrf2-Blrvb pathway. (A) A MA plot for DESeq from the results of bulk RNA-Seq of wild-type and Txnip-
deficient transferred Th2 cells is depicted. Colored dots indicate the genes that show fold changes >2 (red) or <1/2 (blue) accompanied by P values < 0.01. Three
mice per group were analyzed. (B) Violin plots of Blvrb expression in wild-type and Txnip-deficient transferred Th2 cells are shown. (C) Gene track views of ATAC-Seq
signals in wild-type transferred Th2 cells and Txnip-deficient transferred Th2 cells across the Blvrb gene locus and the Actb gene locus are shown. Two mice per
group were analyzed. (D and E) An immunoblot analysis of the Blvrb expression from two independent experiments. A representative immunoblot is shown in
D. p-actin was used as a loading control. Quantified intensities of Blvrb are shown in £ (n=6 in all indicated groups). (F) The Blvrb activity in effector Th2 cells (Left
panel; n=4 in both wild-type and Txnip-deficient effector Th2 cells) and transferred Th2 cells (Right panel; n=9 in both wild-type and Txnip-deficient transferred
Th2 cells) from two independent experiments is shown. (G) Ratios of the amount of NADPH to the amount of NADP" in transferred Th2 cells (wild-type: n=8,
Txnip-deficient: n=10) from three independent experiments are shown. (H) The relative expression of Blvrb in transferred Th2 cells (mock-controlled wild-type:
n=6, Nfe2/2 overexpressing wild-type: n=10, mock-controlled Txnip-deficient: n=8, Nfe2/2 overexpressing Txnip-deficient: n=8) from four independent experiments
is shown. (/ and J) The MFI of CellROX (/) and percentages of annexin V* cells (J) in transferred Th2 cells (mock-controlled wild-type: n=10, Nfe2/2 overexpressing
wild-type: n=9, mock-controlled Txnip-deficient: n=12, Nfe2/2 overexpressing Txnip-deficient: n=13) from six independent experiments are shown. (K and L) The
MFI of CellROX (K) and percentages of annexin V' cells (L) in transferred Th2 cells (mock-controlled or Blvrb-overexpressing wild-type: n=4, mock-controlled or
Blvrb-overexpressing Txnip-deficient: n=8) from two independent experiments are shown. Data are expressed as the mean + SD. P-values were calculated by
Mann-Whitney U test (E-G, K, and L), or a one-way ANOVA (H-/). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Deletion of Txnip causes a decrease in the number of memory Th2 cells accompanied by an increased amount of ROS. (A) The relative expression of
Txnip in the Th2 cells at each time point (effector Th2: n=6, 48 h: n=6, 1 wk: n=4, 2 wk: n=4, 3 wk: n=6, 4 wk: n=5) from three independent experiments is shown.
(B and C) The relative MFI of CellROX, compared with naive CD4" T cells (wild-type Th2 cells: n=6 in the indicated time point, Txnip-deficient Th2 cells; 1 wk: n=6,
2 wk: n=4, 3 wk: n=4, 4 wk: n=6) (B), and the number of transferred Th2 cells (wild-type Th2 cells; 1 wk: n=7, 2 wk: n=5, 3 wk: n=7, 4 wk: n=5, Txnip-deficient
Th2 cells; 1 wk: n=11, 2 wk: n=6, 3 wk: n=5, 4 wk: n=5) (C) at each time point after cell transfer from more than three independent experiments are shown.
(D) Representative plots of anti-CD4- and anti-OVA-specific TCR (KJ1) staining in spleen at 4 wk after cell transfer are shown. Three independent experiments
were performed, with similar results. (£ and F) MFI of CellROX of transferred Th2 cells (n=4 in each group) (£) and percentages of KJ1" cells in CD4" T cells (n=4 in
each group) (F) recovered from each tissue at 4 wk after cell transfer from two independent experiments are shown. (G) The numbers of mock-control or Txnip
overexpressing Th2 cells in spleens (mock; 1 wk: n=9, 2 wk: n=6, 3 wk: n=6, 4 wk: n=7, Txnip overexpression; 1 wk: n=9, 2 wk: n=5, 3 wk: n=5, 4 wk: n=5) from four
independent experiments are shown. (H) Representative plots of cell surface staining of anti-CD4- and anti-OVA-specific TCR in transferred Th2 cells are shown.
Three independent experiments were performed, with similar results. Data are expressed as the mean + SD. P-values were calculated by a one-way ANOVA
(A), two-tailed unpaired t test (B), or Mann-Whitney U test (C, E, F, and G). *P < 0.05, **P < 0.01, ***P < 0.001.
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of the lungs stained with hematoxylin and eosin are shown. More than three mice per group were analyzed. Two independent experiments were performed,

with similar results. Data are expressed as the mean + SD. P-values were calculated by a one-way ANOVA (B and D), two-way ANOVA (C and H), or Mann-Whitney
Utest (G and /). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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‘The thioredoxin system, which is composed of NADPH, thi-
oredoxin, and thioredoxin reductase, is important for the main-
tenance of cellular redox metabolism (28). The thioredoxin
system scavenges cellular ROS through its disulfide reductase
activity. Txnip binds to reduced thioredoxin and restrains the
thioredoxin function (23). Importantly, however, we found that
the thioredoxin activity was not changed in 7xnip-deficient trans-
ferred Th2 cells. Instead, our single-cell RNA sequencing analysis
revealed that a loss of Txnip resulted in the decreased activity of
the Nrf2 pathway in transferred Th2 cells. Consistent with this
result, Txnip deficiency resulted in the decreased protein expres-
sion of Nrf2. Nrf2, a basic leucine zipper (bZip) transcription
factor, controls the cellular antioxidant responses (29). The
expression of Blvrb, an Nrf2 target gene, as well as the protein
level and activity of Blvrb, was down-regulated in Txnip-deficient
transferred Th2 cells. Our ATAC-Seq results suggest that Txnip
regulates the expression of Blvrb epigenetically. Thus, our results
indicate that Txnip regulates cellular redox metabolism via the
epigenetic control of the expression of Blvrb.

In our experimental model of allergic airway inflammation, the
expression of Txnip in allergen-specific memory Th2 cells regulated
the pathology of allergic airway inflammation. Both Txnip-deficient
and Txnip-overexpressing memory Th2 cells showed similar levels of
cytokine production to control memory Th2 cells. Furthermore, the
loss of Txnip showed little effect on the production of effector
cytokines, such as IL-4, IL-5, and IL-13, by effector Th2 cells.
However, Txnip deficiency resulted in an increased amount of cellular
ROS and decreased formation of memory Th2 cells in vivo. Thus,
ROS metabolic reprogramming by Txnip may regulate the quan-
tity—not the quality—of memory Th2 cells. In any event, targeting
redox metabolism in allergen-specific Th2 cells may be a novel ther-
apeutic target for allergen-specific airway inflammation.

In summary, we identified a unique metabolic mechanism that
controls the formation of allergen-specific memory Th2 cells. We
elucidated the critical role of the Txnip—Nrf2-Blvrb axis in the
redox metabolism of CD4" T cells for the formation of aller-
gen-specific memory T cells, which induce the pathology of aller-
gic airway inflammation. Understanding the metabolic
mechanisms that govern the formation of CD4" memory T cells
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will be crucial for the development of new therapeutic strategies
for intractable inflammatory diseases.

Materials and Methods

Detailed descriptions of all materials and methods are provided in S/ Appendix,
Materials and Methods. In brief, splenic naive CD4* T cells (CD44"CD62LM) from
DO11.10 OVA-specific TCR transgenic mice were transferred intravenously into
BALB/c recipient mice. The mice that were transferred naive CD4™ T cells were
immunized with 100 pg OVA (Sigma-Aldrich) and 4 mg Alum (Thermo Fisher
Scientific) administered intraperitoneally on 1 and 6 d after cell transfer. Before
the firstimmunization, KJ1*CD62L" T cells in the spleen were purified as naive
CD4* Teells. And, 5,7, 11,17, 30, and 60 d after cell transfer, KJ17CD44" T cells
in the spleen were purified as antigen-recognized T cells. These purified T cells
were used to investigate the gene expression and the amount of oxidative stress.

Data, Materials, and Software Availability. SCRNA-Seq, bulk RNA-Seq and
ATAC-Seq datasets data have been deposited in [Genome Expression Omnibus
(GEO)] [Accession Number GSE221291 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE221291)](30).
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