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Ubiquitously expressed in mammalian cells, the Kelch-like ECH-associated protein 1 (Keapl)—NF erythroid 2—-related factor 2 (Nrf2)
complex forms the evolutionarily conserved antioxidation system to tackle oxidative stress caused by reactive oxygen species. Reactive
oxygen species, generated as byproducts of cellular metabolism, were identified as essential second messengers for T cell signaling,

activation, and effector responses. Apart from its traditional role as an antioxidant, a growing body of evidence indicates that Nrf2, tightly
regulated by Keapl, modulates immune responses and regulates cellular metabolism. Newer functions of Keapl and Nrf2 in immune cell
activation and function, as well as their role in inflammatory diseases such as sepsis, inflammatory bowel disease, and multiple sclerosis, are
emerging. In this review, we highlight recent findings about the influence of Keapl and Nrf2 in the development and effector functions of
adaptive immune cells, that is, T cells and B cells, and discuss the knowledge gaps in our understanding. We also summarize the research

potential and targetability of Nrf2 for treating immune pathologies. ImmunoHorizons, 2023, 7: 288-298.

INTRODUCTION

Mammalian cells have evolved to respond to various kinds of
stress caused by adverse conditions, including oxidative stress
due to the increased levels of free radicals. Cellular metabolism
during the normal physiological state or pathological conditions
results in the production of highly reactive free radicals such as
superoxide radicals, hydrogen peroxide, hydroxyl radicals, and
singlet oxygen as byproducts collectively called reactive oxygen
species (ROS) (1). Traditionally thought to be detrimental to
cell health, research from the last few decades has established
ROS as important intermediates in maintaining immune cell
signaling and activation (2). Whereas high levels of ROS lead to
cellular damage and apoptosis, low ROS levels cause decreased
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cellular proliferation and impaired host defenses (3). Thus, it is
not surprising that immune cells have mechanisms in place to
strike a perfect redox balance and to modulate the levels of ROS
differentially during their naive, activated, and effector stages for
tailored immune responses (4).

The ubiquitously expressed trimeric complex composed
of Kelch-like ECH-associated protein 1 (Keapl), NF erythroid
2-related factor 2 (Nrf2), and cullin 3 (Cul3) proteins consti-
tute the antioxidation system to maintain redox homeostasis
in mammalian cells (Fig. 1). An imbalance in this system leads
to susceptibility to drug-induced toxicity and oxidative stress-—
induced diseases such as acute lung injury, chronic obstructive
pulmonary disease, diabetic nephropathy, heart failure, and can-
cer (5-9). Apart from the conventional antioxidation role, other
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FIGURE 1. Overview of the Keapl—-Nrf2
pathway.

Under homeostatic conditions, Nrf2, bound
to a trimeric complex with Keapl and Cullin3,
is ubiquitinated and thence degraded by the
26S proteasome. During oxidative stress, the

Nrf2 is degraded by
the proteasome

reactive cysteine residues in Keapl bind to
ROS or electrophilic toxins, causing a con-
formational change that impairs its ability to
bind Nrf2. Nrf2 accumulates in the cyto-
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functions of Keapl and Nrf2, particularly in cancer cells, are well
established. Additionally, several studies have reported newer
functions of Keapl and Nrf2 in the activation and functions of
immune cells and how antioxidation contributes to inflammatory
diseases such as sepsis and multiple sclerosis (MS) (10-13).
Several studies, mostly in tumor cells, recognized that the
Keapl-Nrf2 complex regulates cellular metabolism (14-16).
In this review, we outline some of the newer developments
about the roles of Keapl and Nrf2 in the development and
effector functions of cells of the adaptive immune system, that is,
T lymphocytes and B lymphocytes. We also discuss the therapeu-
tic potential of these proteins and identify the current knowledge
gaps and possible new research directions.

The Keapl-Nrf2 complex

Keapl serves as an intracellular sensor of stress. In conjunction
with Cul3, Keapl forms an E3 ubiquitin ligase complex (adaptor
protein of Cul3) to control the stability and accumulation of
Nrf2 (17, 18). Keapl is a highly conserved protein abundantly
expressed in different cell types and tissues (19, 20). During ho-
meostatic conditions, in the absence of stress, Nrf2 gets ubiquiti-
nated by the Keapl-Cul3-E3 ubiquitin ligase and gets degraded
rapidly by the proteasome pathway such that the cellular activity
of Nrf2 is suppressed (Fig. 1). Human Keapl contains 27 cysteine
residues that can be modified by alkylation or oxidoreduction re-
actions in the presence of electrophilic compounds during Nrf2
activation (20). During oxidative stress, the cysteine residues of
Keapl bind to the ROS or electrophilic toxins, causing confor-
mational changes that lead to a poor binding affinity for Nrf2.
Dislodged from the trimeric complex, Nrf2 is no longer ubiqui-
tinated or degraded, leading to its accumulation in the cytosol
(21) and then translocation into the nucleus where it activates
the transcription of cytoprotective genes (22).
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Nrf2 is the master transcription factor for controlling envi-
ronmental stress responses. It is encoded by the gene NFE2L2
(NF, erythroid 2, like 2) and belongs to the cap’n’collar subfamily
of basic leucine zipper transcription factors (23, 24). In vertebrates,
these transcription factors are NFE2 (NF erythroid-derived 2)
and the NFE2-related factors Nrfl, Nrf2, and Nrf3 (25). During
oxidative and electrophilic stress, Nrf2 forms a dimer with small
musculoaponeurotic fibrosarcoma (sMaf) proteins to form the
sMaf-Nrf2 heterodimer, which recognizes the ARE (antioxidant
response element) domain located in the promoter region of
detoxification genes. This binding triggers the transcription
of an array of genes including the cytoprotective genes (26-28),
such as Nqol (NAD(P)H quinone oxidoreductase 1), HO-1 (heme
oxygenase-1), SOD2 (superoxide dismutase 2), GCLC (glutamate-
cysteine ligase catalytic subunit), and GSTP1 (GST pi 1) (21, 24).

Dysregulation of the antioxidation pathway causes or con-
tributes to the development of multiple pathologies, including
cancers and inflammatory diseases (24, 29). Mutations in Nrf2
and Keapl genes are frequently found in various cancer types
(30). Keapl was shown to play a role in autophagy, apoptosis,
NF-kB signaling, cell proliferation, and inflammation (31). In
immune cells, Keapl and Nrf2 play important roles in regulating
the expression of genes involved in antioxidant defense, detoxi-
fication, as well as immune responses (28).

It is well known that innate immune cells provide a critical
framework for mounting of the adaptive immune responses
(32-36). Substantial research has established that Nrf2 is involved
in regulating the numbers and function of innate immune cells
such as dendritic cells (37, 38), neutrophils (13, 39), macrophages
(13, 40), NK cells (41), and myeloid-derived suppressor cells (42).
These findings have been covered extensively in previously pub-
lished reviews (43, 44). More recent research has shed light on
the contributions of the antioxidant pathway proteins in the de-
velopment and immune functions of adaptive immune cells as
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well. In this review, we summarize the recent findings on the
roles of Keapl and Nrf2 in the development, immune functions,
and metabolism of T cells and B cells, and highlight their poten-
tial as therapeutic targets for immune pathologies.

Keapl and Nrf2 in lymphocyte development

Cells of the lymphoid lineage (T, B, and NK cells) and myeloid
lineage (macrophages, granulocytes, dendritic cells, and myeloid-
derived suppressor cells) are generated from self-renewing pro-
genitors, that is, the hematopoietic stem cell (HSCs) in the bone
marrow. One study reported that Nrf2 activation in HSCs skews
hematopoietic differentiation toward the myeloid lineage at the
cost of the lymphoid lineage cells (45). Using two different trans-
genic mouse strains, this study showed that the Keapl-Nrf2 sys-
tem is highly functional in HSCs, and that Nrf2 activation in
these cells causes reduced commitment of T cells and B cells
while supporting the production of granulocytes and monocytes,
particularly under stressed conditions, such as inflammation.

Early lymphoid progenitors develop into either T cells in
the thymus or into B cells in the bone marrow and spleen. Al-
though the role of Keapl and Nrf2 in early T cell development is
as yet undetermined, studies suggest that they do not participate
in late T cell development, leading to the generation of single-
positive CD4 and CD8 T cells. We and others observed that in
mice, T cell-specific deletion of Keapl or Nrf2 under the CD4
promoter (leading to deletion at the double-positive stage of thy-
mocyte development) did not affect the CD4" or CD8" T cell
compartments (11, 31). In the same mice, however, we observed
reduced numbers of invariant NKT cells in the thymus and the
peripheral organs. NKT cells, which express both TCR and sur-
face receptors of NK cells (46, 47), are innate-like T cells that
develop in the thymus after branching out at the double-positive
stage. NKT cells have the characteristics of both adaptive immu-
nity and innate immunity, and they harbor high levels of ROS
(48). Interestingly, Keapl-deficient NKT cells with high Nrf2
activity show increased proliferation and a higher apoptotic
rate in addition to low ROS levels (31). These developmental
defects in Keapl-deficient NKT cells were rescued by depleting
Nrf2. This study highlighted the importance of maintaining low
Nrf2 activity and high ROS during NKT cell development. Pro-
myelocytic leukemia zinc finger (PLZF) is the master transcrip-
tion factor that is instrumental for NKT cell development (49).
It is still unknown whether the Keapl-Nrf2 complex modulates
PLZF levels and whether these antioxidation proteins also regulate
the fate of other innate T cells such as yd T cells and mucosal-
associated invariant T cells.

Although there is evidence that Nrf2 and Keapl participate
in activation-driven B cell responses such as plasma cell differen-
tiation and Ab generation (discussed in the next section), there
are no direct studies that investigated the role of the antioxida-
tion system in B cell development.
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Keapl and Nrf2 in lymphocyte functions

T cell activation. A newer role of the Nrf2-Keapl-Cul3 tri-
meric complex in T cell-mediated immunity is emerging (Fig.
2). Naive T cells, upon recognition of cognate Ag, receive TCR
signaling and upregulate the expression of various activation
markers and proliferative cytokine IL-2 as the first step of effec-
tor responses. Two different studies from the same group
showed that the chemical induction of Nrf2 using tert-butylhy-
droquinone (tBHQ) in primary human CD4 T lymphocytes and
Jurkat cells decreased the expression of the early activation
markers such as CD25 and CD69, and consequently lowered the
expression of IL-2 (50, 51). This decrease in the expression of ac-
tivation markers with high Nrf2 correlated with impaired NF-«B
transcriptional activity, which is critical for T cell activation (50,
51). Notably, two different chemical activators of Nrf2, tBHQ
and 2-cyano-3,12 dioxooleana-1,9 diene-28-imidazolide (CDDO-
Im), had differential effects on early T cell activation and IL-2
production, with some effects being Nrf2-independent (52).
Thus, cell-specific conditional deletion or activation of Nrf2
might be a better tool for investigating cell-intrinsic biological
functions of Nrf2 in T cells to rule out off-target effects.

Th cells and regulatory T cells. Activated CD4" T cells undergo
clonal expansion and differentiate into one of the Th cell sub-
sets (e.g., Thl, Th2, Thl7) to perform specialized functions (53).
The chemical activation of Nrf2 using tBHQ and butylated
hydroxyanisole (BHA) during in vitro T cell activation led to
decreased production of Thl cytokine IFN-y and increased
production of Th2 cytokines IL-4, IL-5, and IL-13, which cor-
related with suppressed DNA binding of T-bet and increased
binding of GATA-binding protein 3 (GATA3), respectively (10).
Further investigation with Thl and Th2 differentiation assays
or T cell inflammatory mouse models is needed to identify the
role of Nrf2 in the skewing of the Thl/Th2 balance. However,
in contrast to the murine cells, activation of Nrf2 by these com-
pounds in the human T cells that were obtained from buffy
coats of healthy donors did not alter the expression of proinflam-
matory or anti-inflammatory cytokines (54). Studies indicate the
role of Nrf2 in the differentiation of inflammatory IL-17-producing
Th17 cells. Noel et al. (11) reported that in mice with T cell-
specific augmentation of Nrf2 activity by Keapl deletion, the
frequency of IFN-y* and IL-17" CD4 T cells decreased in the
kidneys. As expected, these mice were significantly less suscep-
tible to acute kidney injury, and adoptive transfer of Nrf2-high
T cells protected the wild-type (WT) mice and improved their
survival.

Several studies thus far have indicated a protective role of
Nrf2 in inflammation-driven pathology. Whereas high Nrf2 attenu-
ates inflammation and in turn disease pathology, the absence
of Nrf2 exacerbates inflammation. Evidence suggests that this
is mainly mediated by modulation of Th differentiation by
Nrf2 (55-59). Nrf2 activators such as triterpenoids and sulfo-
raphane were shown to suppress experimental autoimmune
encephalitis by inhibiting Thl and Thl7 responses (55, 56).
Similarly, a protective role of Nrf2 was reported in a mixed
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FIGURE 2. Nrf2 levels influence proinflammatory and anti-inflammatory responses by adaptive immune cells.

The protein levels of Nrf2, negatively regulated by Keapl, play a deciding factor in T cell-mediated inflammatory responses. Nrf2 activation sup-
ports the differentiation of the Th2 subset, regulatory T cells (Tregs), and the NKT2 subset while inhibiting the differentiation of Thl, Thl17, NKT1,
and NKT17 subsets. Conversely, the absence of or low Nrf2 results in enhanced proinflammatory responses, characterized by the differentiation of

Thl, Th17, NKT1, and NKT17 subsets, whereas subdued generation of Th2, Treg, and NKT2 subsets. Nrf2 activation levels also influence the genera-

tion of humoral responses. Whereas low Nrf2 levels favor T cell-dependent production of IgG and IgM Abs by activated B cells, high Nrf2 sup-

presses B cell responses such as the differentiation of germinal center B cells and plasma cells. Thus, Nrf2 negatively regulates T—cell mediated

inflammatory responses and T-dependent B cell responses. This figure was made in BioRender.com.

granulocytic mouse model of asthma (57). The administration
of sulforaphane reduced inflammation, upregulated antioxi-
dants, and downregulated Th17 responses in the airways (57).
Nrf2 activation using sodium butyrate led to the differentia-
tion of regulatory T cells (Tregs) over Thl7 cells, causing at-
tenuation of autoimmune uveitis in an experimental mouse
model (58). Consistently, deficiency of Nrf2 heightened Th17
responses and promoted lupus nephritis in mouse models.
Furthermore, increased Thl7 differentiation and increased
phosphorylation of STAT3 were noted in Nrf2-depleted CD4
T cells in in vitro Th17 differentiation assays (59). In all, these
studies indicate a role of Nrf2 in suppressing the differentia-
tion of the inflammatory Th cell subsets (Fig. 2). In line with
this, in scurfy mice that lack Tregs (and die due to multiorgan
inflammation), systemic activation of Nrf2 by Keapl deletion
attenuated inflammation and improved survival mediated by
decreased T cell activation and cytokine responses (60).
Contrary to the widely reported anti-inflammatory role of
Nrf2 (10, 11, 52, 59), a handful of studies showed a proinflam-
matory function of Nrf2 in mouse models. One study reported
that Nrf2 activation resulted in severe inflammation in the lungs
and liver, loss of immune tolerance, and accumulation of IFN-y—
producing effector T cells, leading to death of the study mice
(6D). This discrepancy was probably due to the differences in the
method used for modulating Nrf2 gene expression. Whereas the
other studies either used chemical activators of Nrf2 (10, 52) or
used CD4 T cell-specific knockout of Keapl to activate Nrf2 (11),
this study employed Foxp3-driven deletion of Keapl (61). These
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mice depicted high neonatal fatality because apart from Tregs,
Foxp3 is expressed by the epithelial cells (62). A study examin-
ing graft-versus-host disease during allogeneic hematopoietic
cell transplantation in an experimental mouse model showed
that Nrf2 knockout donor CD4 T cells induced an increase in
Foxp3 expression and Treg abundance and less graft-versus-host
mortality and morbidity compared with allogeneic hematopoietic
cell transplantation from Nrf2 WT mice (63). One study reported
that activation of Nrf2 using CDDO-Im induces an IL-22 re-
sponse in murine CD4" T cells by binding to the ARE motif of
the aryl hydrocarbon receptor (64). Importantly, they also found
that CDDO-Im acts differently in murine- and human-derived
CD4"% T cells to modulate IL-17A responses such that Nrf2
activation inhibits the IL-17A response in MS patient-derived
PBMCs. Although these findings undoubtedly add to the in-
creasing body of important research in the realm of Nrf2 in
immunobiology, they also point to the fact that Nrf2 can ex-
ert both proinflammatory and anti-inflammatory functions
depending on the experimental system and the mode of Nrf2
activation, warranting further critical studies.

The direct role of Nrf2 in the generation of natural or induced
Tregs is not very clear. Of importance, a comparison of Nrf2 ex-
pression between different T cell subsets generated by in vitro
differentiation revealed that Foxp3® Tregs have the highest
levels of Nrf2 activity compared with Tho, Thi, Th2, and Th17
subsets. Thus, higher Nrf2 levels may promote Treg generation
and favor regulatory responses. In mice with T cell-specific
Keapl deletion, the frequency of CD25"Foxp3™ Tregs was
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found to be increased, in conjunction with decreased inflam-
mation and ischemic acute kidney injury (11). A recent study
also documented an important role of CD4 T cell-specific
Nrf2 in hepatic ischemia-reperfusion injury in orthotopic liver
transplantation wherein adoptive transfer of Nrf2-knockout
CD4 T cells worsened orthotopic liver transplantation injury
in RAG2-knockout mice (65). Furthermore, CD4 T cell-specific
Nrf2 signaling suppressed the proinflammatory Thl/Th17 cyto-
kines and promoted Treg generation in vitro. These findings
highlight the anti-inflammatory functions of Nrf2.

NKT cells. NKT cells are T cells of innate lineage, which recog-
nize glycolipids through their invariant TCR and produce copious
amounts of various cytokines in response. During development in
the thymus, NKT cells are believed to develop into NKT1, NKT2,
and NKT17, which are functionally similar to Thi, Th2, and Th17
cells, respectively (66). We previously reported that NKT cells
harbor significantly higher levels of ROS even at a steady state
compared with conventional T cells, particularly in NKT1 and
NKT17 subsets, and that these high levels of ROS are important
for the inflammatory functions of NKT cells (48). As expected,
we noted that constitutively high Nrf2 activity in T cells in
mice led to low ROS and a decreased frequency of NKT1 sub-
sets, whereas NKT2 cells increased, which correlated with
low IFN-y" NKT cells and higher IL-4" NKT cells in these
mice (31). Whether Nrf2 plays a similar role in the inflamma-
tory functions of other innate T cells remains to be studied.

B lymphocytes. B cells are Ab-producing adaptive immune cells
that provide humoral immunity. Upon recognition of an Ag, B
cells undergo clonal expansion and differentiate into Ab-secreting
plasma cells in a T cell-dependent or -independent manner
(67). The more common T cell-dependent B cell responses are
activated by complex Ags, resulting in the production of different
Ab isotypes and long-term protection, whereas T cell-independent
responses are activated by highly repetitive Ags and produce only
IgM Abs, providing short-term protection (68). Research using
genetic ablation of Nrf2 and its activators has revealed a possi-
ble impact of Nrf2 on B cell responses (Fig. 2).

Bertolotti et al. (69) first demonstrated that elevated oxidative
stress and Nrf2 activation are important for T cell-independent
terminal differentiation but not for the proliferation of activated
B cells. LPS-activated B cells isolated from Nrf2-knockout mice
had delayed plasma cell differentiation and IgM secretion, com-
pared with the WT mice. Using the Nrf2 activator tBHQ, Bursley
and Rockwell (70) reported similar results while investigating the
effect of Nrf2 on T cell-independent B cell responses by activat-
ing B cells with LPS. Although neither tBHQ treatment nor
genetic ablation of Nrf2 (Nrf2-null) affected the percentage
of B cells in the spleen, the production of IgM increased in
an Nrf2-dependent manner. However, tBHQ inhibited the
differentiation and activation of B cells in an Nrf2-independent
manner. Thus, Nrf2-independent mechanisms cannot be ruled
out when using chemical activators of Nrf2.
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In normal and malignant human B cells, oxidative stress in-
ducer 15-deoxy-A""*-PGJ, (15d-PGJ,) upregulated the expres-
sion of HO-1, a cytoprotective enzyme, via Nrf2 activation (71).
Interestingly, malignant B cells showed higher induction of
HO-1 than did normal B cells. IgM and IgG levels in the plasma
of Nrf2-null mice increased 3- to 4-fold, suggesting a role for
HO-1 and/or Nrf2 in Ab production. However, isolated B cells
from these mice only produced slightly more IgG and similar
amounts of IgM upon stimulation compared with control mice,
indicating that global disruption of Nrf2 might be affecting mul-
tiple cell types involved in Ab production. Interestingly, Nrf2-
deficient mice exhibited increased expression of cyclooxygenase-2
(Cox-2) protein even without stimulation, which is critical for op-
timal Ab synthesis (72). Thus, elevated Ab levels in the absence
of Nrf2 may be due to increased Cox-2 levels in B cells. Nrf2 was
found to support the survival of human B lymphoblast cells
(WiL2-NS) in vitro upon treatment with the chemical bisphenol
A (BPA), but the mechanism is uncharacterized (73).

In contrast to the previous studies using LPS for B cell acti-
vation, in the collagen-induced arthritis mouse models, treat-
ment with Nrf2 activator sulforaphane led to the suppression of
CD138" plasma cell differentiation and germinal center B cells
associated with reduced expression of inflammatory cytokines
(74). In line with this, in patients treated with dimethyl fuma-
rate (DMF), a U.S. Food and Drug Administration-approved
drug for the treatment of relapsing MS, decreased mature and
memory B cells, as well as plasmablasts, and increased imma-
ture, transitional B cells were noted, indicating a shift from
pathogenic to nonpathogenic B cell types (75). These findings
indicate a regulatory role of Nrf2 in B cell responses (Fig. 2).
Consistently, during chronic lung inflammation in mice exposed
to nontypeable Haemophilus influenzae, Nrf2-null mice exhibited
increased B cell responses such as plasma cell infiltration, Ag-
specific Ab titers in serum, and expression of B cell activation/
survival markers compared with WT mice (76). The variations
in the functions and differentiation of B cells in these studies
may be due to the discrepancies in the model systems employed
and the method used for manipulating Nrf2. It is possible that
chemical activators of Nrf2 could potentially affect the results
through Nrf2-independent mechanisms. In contrast, alterations
in the functioning of innate immune cells and T cells can occur
and directly affect B cell responses when using in vivo mouse
models. Therefore, to solidify the role of Keapl-Nrf2 pathway
proteins in B cell effector functions, genetic ablation of Keapl or
Nrf2 in mice preferentially in a B cell-specific manner may pro-
vide more convincing and clear answers in the future.

Nrf2 in T cell and B cell metabolism

Similar to cancer cells, activated T cells turn metabolically active
to meet the bioenergetic demands of rapid clonal expansion and
subsequent effector responses (77). Metabolic processes often
produce ROS as a byproduct, and high metabolic turnover leads
to oxidative stress, which in turn upregulates the antioxidation
pathway by Nrf2 activation (3). The Keapl-Nrf2 system is well
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known to modulate cell metabolism in cancer cells (reviewed in
Refs. 15, 16). Studies focusing on its metabolic function in im-
mune cells, however, are more recent (40, 78). In a first study
about the role of the Keapl-Nrf2 system in T cell metabolism,
we reported that Nrf2 regulates the development and homeosta-
sis of NKT cells by altering glucose metabolism and mitochon-
drial biogenesis (31). In mice with T cell-specific deletion of
Keapl, NKT cells with high Nrf2 displayed increased mitochon-
drial function, glucose uptake, and the expression of glucose
transporter glucose transporter protein type 1 (GLUTL)) to-
gether with increased proliferation as well as increased apopto-
sis. Concurrent deletion of both Nrf2 and Keapl reversed these
metabolic changes, indicating that these defects were Nrf2 me-
diated (31). In line with our findings in NKT cells, another study
found that Nrf2 activation in Tregs enhanced their glucose
uptake and upregulated their mammalian target of rapamycin
(mTOR) activity (61), indicating that Nrf2 partakes in metabolic
modulation of T cells. More recently, a study showed that Nrf2
activation via 4-octyl itaconate in CD4 T cells isolated from sy-
novial fluid resulted in a modest decrease in mitochondrial
mass, mitochondrial ROS, and fatty acid but not the uptake of
glucose (79). Given that Nrf2 is a well-known regulator of glu-
cose and glutamine metabolism (14, 80), and T cell subsets rely
heavily on these nutrients for their effector functions, further
studies are necessary to examine whether and how Nrf2 modu-
lates nutrient metabolism in these immune cell subsets.

Although there is still much to be learned about the metabo-
lism of both T cells and B cells, we know more about T cell
metabolism than B cell metabolism. ROS levels are upregulated
in B cells upon activation by BCR engagement via multiple
mechanisms, including mitochondrial ROS generation, NADPH
oxidase enzymes (NOXes), and oxidative protein folding (81-84).
This upregulation of ROS is important for BCR signaling and
proliferation, and in determining B cell fate after activation
(82, 83). A recent study showed that in patients of systemic lu-
pus erythematosus, B cells harbor heightened levels of cytosolic
ROS and increased expression of Nrf2 (85). At the pre-B devel-
opmental stage, upon expression of pre-BCR, these cells also
undergo rapid proliferation with high uptake of glucose and en-
hanced mitochondrial ROS generation (86). During the L chain
rearrangement, B cells also enter a metabolically quiescent stage
that then changes upon their transition to immature B cells (86).
The metabolic mechanism behind transition of immature B cells
to mature naive B cells is uncharacterized. Metabolically qui-
escent naive B cells upon Ag stimulation undergo induction of
both glycolysis and oxidative phosphorylation (87). However,
whether Nrf2 modulates B cell metabolism during their develop-
ment and/or differentiation remains to be deciphered.

Targeting Keapl-Nrf2 in T cells for therapeutic interventions
As discussed so far, Keapl-Nrf2 proteins clearly participate in
regulating various aspects of the T and B cell immune cell func-
tions. Thus, targeting this pathway seems to be a viable therapeu-
tic option against T and B cell-associated malignancies (Table I).
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The approval of the Nrf2 activator DMF by the U.S. Food and
Drug Administration in 2013 for the treatment of remitting or
relapsing MS has invigorated further studies in the field. In-
creased oxidative stress and excessive inflammation mediated
by CD4 T cells are linked to MS, a debilitating autoimmune dis-
ease of the CNS (88). Because the Keapl-Nrf2 system is a major
regulator of ROS and also inflammatory responses, several natu-
ral and synthetic compounds that activate Nrf2 are being ac-
tively studied to develop therapies against MS, and several Nrf2
inducers are currently in clinical trials for the treatment of MS
(reviewed in Ref. 12).

Mechanistically, in MS patients, DMF is shown to have an
immunosuppressive role with differential effects on the number
and percentages of different subsets of immune cells (89)
(reviewed Ref. (90). Studies show that DMF treatment de-
creases the total number of leukocytes and lymphocytes, which
may induce lymphopenia in patients (41, 90-94). DMF selec-
tively reduced the population of cytotoxic T cells (high CD4"/
CD8™ T cell ratio), although there was an overall decrease in
the number of both CD4" and CD8" T cells (95-98). DMF
was also shown to reduce memory T cells and shift the balance
from proinflammatory Th1/Thl7 to an anti-inflammatory Th2
phenotype in MS patients (99). Additionally, DMF alters the
metabolic profile of human T cells and restricts their antioxidative
capacities by decreasing intracellular levels of glutathione (100).
DMTF is also shown to cause a shift toward an anti-inflammatory
B cell phenotype with a decrease in mature, memory B cells as
well as plasmablasts and an increase in immature, transitional
B cells (75, 101-103).

A recent study showed that a potent and specific activator
of Nrf2, named A-1396076, inhibits inflammation across several
rodent models of autoimmunity by dampening Ag-dependent
T cell activation (104). Studies have established a key role of
Keapl-Nrf2 signaling in the dampening of acute and chronic
inflammation in diseases such as rheumatoid arthritis, asthma,
and atherosclerosis by maintaining mitochondrial function, re-
storing redox homeostasis, and suppressing inflammatory cyto-
kine production (105). T cell-specific activation of Nrf2 provides
significant protection against ischemia/reperfusion-induced acute
kidney injury in mice, resulting in their improved survival. Simi-
larly, the adoptive transfer of Nrf2-activated T cells to WT mice
improved outcomes from acute kidney injury (11). Nrf2 is viewed
as a potent therapeutic option for treating T cell-mediated in-
flammatory diseases such as inflammatory bowel disease/colitis.
In fact, Nrf2 activation through different compounds has been
shown to be beneficial in exerting a protective effect against coli-
tis in experimental animal models (106-110), paving the way for
the development of an effective therapeutic target against inflam-
matory bowel disease. Increasing numbers of clinical trials using
Nrf2 activators are underway for treating an array of human dis-
eases (reviewed in Refs. (111, 112).

Although there is plenty of research dedicated to the devel-
opment of Nrf2 activators, the use of pharmacological inhibitors
of Nrf2 in modulating T cell function is severely lacking. Some
studies, albeit in cancer cells, showed the anticancer effect of



294 ANTIOXIDATION AND ADAPTIVE IMMUNITY

»
q . ImmunoHorizons

TABLE I. Summary of major Nrf2-activating drugs targeting T cell and B cell responses in various pathological conditions

Compound Cell Type Mechanism of Action Conditions References
BHA Thi, Th2 Electrophilic modification of Keapl Th1/Th2 balance in mice (10, 114)
through Cys?®, Cys'®, Cys??%, and Cys*6®
DMF Thi, Th2, Electrophilic modification of Keap1-Cys'*! Multiple sclerosis (41, 75, 89-95,
Th17, B cells 97-103, 111)
NaB Tregs Uncharacterized (potentially modifying Autoimmune uveitis (58)
Keapl through Cys residues)
Sulforaphane Thi, Thil7, Electrophilic modification of Keapl-Cys®  Mixed granulocytic mouse model (55-57,
B cells of asthma 74, 111)
Collagen-induced arthritis mouse
model
tBHQ Thi, Th2, Electrophilic modification of Keapl Th1/Th2 balance in mice (10, 50, 51,
B cells through Cys?3, Cys'®, Cys®’3, Cys2®8, IgM production by B cells 70, 114)
Cys?2, and Cys®®®
Triterpenoids: CDDO-Im, Thl, Th17 Electrophilic modification of Keapl Experimental autoimmune (52, 56, 64,
CDDO-Me, CDDO-EA, through Cys®®’, Cys?®8, Cys*®°, Cys® and encephalomyelitis (CDDO-Me, 115, 116)
CDDO-TFEA Cys®%3 and Tyr®® CDDO-EA, and CDO-TFEA)
Multiple Sclerosis (CDDO-Im)
4-Octyl itaconate ThO Alkylation of Keapl cysteine residues 151, Juvenile idiopathic arthritis (56, 117)
257, 288, 273, and 297
A-1396076 ThO Uncharacterized (selective binding to Rat adjuvant-induced arthritis (104)

Keapl)

IFN-a accelerated lupus nephritis
Rat MOG experimental
autoimmune
Encephalomyelitis
Rat collagen-induced arthritis
Mouse GPI-induced arthritis
Collagen Ab-induced arthritis
Mouse OVA lung inflammation

BHA, butylated hydroxyanisole; CDDO, 1-(2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl); CDDO-EA, CDDO-ethyl amide; CDDO-Me, CDDO-methyl ester;
CDDO-TFEA, CDDO-trifluoethylamide; MOG, myelin oligodendrocyte glycoprotein NaB, sodium butyrate.

Nrf2 inhibition (111). However, either the effect of this inhibition
is unspecific or the underlying mechanism of the function of the
inhibitors is unknown, highlighting the research gap that needs
to be addressed before using these inhibitors to treat immune-
mediated pathologies. Because of the pleiotropic functions of
the Keapl-Nrf2 system, there may be potential off-target effects
of these chemicals, making it challenging for drug development.
With more studies and a better understanding of the mecha-
nism of Nrf2 activation and its function, superior drugs with im-
proved pharmacodynamic profiles could be developed to target
specific diseases.

On the horizon

Although the broad immunomodulatory role of the antioxidation
pathway or its proteins is now understood, its impact on specific
immune cells is still ambiguous. A limitation of some of the ex-
isting studies is the usage of chemical activators that may have
broad nonspecific targets. Although these studies certainly pro-
vide essential insight into the overall impact of Nrf2-modulating
drugs in preclinical models for therapeutic potential, using them
to identify cellular processes modulated by Nrf2 is not ideal. An-
other limitation of some of the existing studies is the usage of
Nrf2-null animals to answer immunological questions. Because
Keapl and Nrf2 are ubiquitously expressed in all mammalian
cells, dissecting their cell-intrinsic mechanisms in immune cells
and how they contribute to disease outcome is a challenge. Using

animal models with conditional T cell- or B cell-specific gene
ablation or activation of Nrf2, Keapl, or both would be a much
cleaner system for identifying cell-specific roles.

Studies investigating the role of antioxidation in B cell de-
velopment are still awaited. Although much needs to be done
to identify the impact of Keapl-Nrf2 on B cell development
and B cell responses, their role in T cell development and func-
tions is also not yet fully understood. Having identified that
ROS levels are critical for innate-like NKT cell immune func-
tions and that Keapl and Nrf2 partake in their development, it
will be interesting to see whether the same is true for other innate
T cells, namely y8 T cells and MALT cells. Increasing evidence
indicates a key role of Nrf2 in favoring the differentiation of CD4
T cells to Th2 and Treg subsets, while suppressing the Thl and
Thl7 generation. However, the role of Nrf2 in the differentiation
of CD4 T cells to Th9, Th22, or T follicular helper T cell subsets is
undeciphered. Also undetermined is how the Keapl-Nrf2
complex contributes to CD8 T cell activation and/or cytotoxic
functions. It is possible that this pathway modulates CD8 T cell
responses in a manner similar to CD4 T cells when it is a T cell-
specific mechanism.

Most of the studies identifying the immunomodulatory role of
Keapl-Nrf2 are phenotypic. Mechanistically, much remains to be
deciphered about how they manipulate immune cell functions. It
would be interesting to see whether the Keapl-Nrf2 pathway
cross-talks with the TCR-signaling pathway in activated T cells.
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Studies have shown that the decreased activation of T cells in
Nrf2 activator-treated cells is because of decreased binding of
NF-kB to the DNA. Further studies focusing on the crosstalk
with other signaling cascades such as JAK-STAT pathways are
warranted. Also, note that Nqgol and other Nrf2 target genes also
have NF-kB binding sites (113). Recent studies have established
that metabolism is central to immune cell functions. Although
Nrf2 is a well-known modulator of tumor cell metabolism, stud-
ies focusing on the role of Nrf2 in T cell or B cell metabolism are
very rare. Thus, detailed studies are required to elucidate the
molecular mechanisms involved at the frontier of Nrf2 and T
cell biology. Some exciting prospects for the future would be to
try to identify specific metabolites that can initiate this signaling
pathway or that are regulated by this pathway to manipulate
cellular functions. Further exploration and thorough characteri-
zation of the immunomodulatory effects of Nrf2 in a cell type-
and experimental model-specific manner are essential before
developing Nrf2 modulators as therapeutic interventions against
various diseases.

Finally, although Nrf2 expression is known to be governed
by Keapl, it is possible that some of the functions of Nrf2 could
be independent of Keapl and that Nrf2 may be regulated by
Keapl-independent mechanisms in immune cells. In either case,
more studies are needed to identify any such possibilities.
By modulating various cellular processes ranging from antioxi-
dation to metabolism, the Keapl-Nrf2 system has emerged as a
key player in several cellular processes. Findings deciphering
the contributions of Keapl-Nrf2 in immune cell functions only
add to the importance of this complex in the maintenance of
overall health and disease. In all, future studies deciphering the
role of Nrf2 in immune cells will not only further our under-
standing of the fundamentals of T cell activation, but also provide
novel considerations when designing therapies against T cell-
mediated pathologies. There are numerous ongoing clinical trials
using Nrf2-targeting drugs, which indicate that the Keapl-Nrf2
system is a promising pharmacological target.
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