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Nuclear factor erythroid 2-related factor 2 (Nrf2) mediates
the cellular antioxidant response, allowing adaptation
and survival under conditions of oxidative, electrophilic
and inflammatory stress, and has a role in metabolism,
inflammation and immunity. Activation of Nrf2 provides
broad and long-lasting cytoprotection, and is often hijacked
by cancer cells, allowing their survival under unfavorable
conditions. Moreover, Nrf2 activation in established human
tumors is associated with resistance to chemo-, radio-, and
immunotherapies. In addition to cancer cells, Nrf2 activation
can also occur in tumor-associated macrophages (TAMs) and
facilitate an anti-inflammatory, immunosuppressive tumor
immune microenvironment (TIME), Several cancer cell-derived
metabolites, such as itaconate, L-kynurenine, lactic acid and
hyaluronic acid, play an important role in modulating the TIME
and tumor-TAMs crosstalk, and have been shown to activate
Nrf2, The effects of Nrf2 in TIME are context-depended, and
involve multiple mechanisms, including suppression of pro-
inflammatory cytokines, increased expression of programmed
cell death ligand 1 (PD-L1), macrophage colony-stimulating
factor (M-CSF) and kynureninase, accelerated catabolism of
cytotoxic labile heme, and facilitating the metabolic adaptation
of TAMs, This understanding presents both challenges and
opportunities for strategic targeting of Nrf2 in cancer.
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Nrf2 AND ITS REGULATION

Identified in 1994 (Moi et al., 1994) and shown to mediate
the transcriptional upregulation of phase 2 drug detoxifica-
tion enzymes (Itoh et al., 1997), nuclear factor erythroid 2-re-
lated factor 2 (Nrf2) is the principal regulator of the cellular
antioxidant response, providing adaptation to disturbances in
cellular redox homeostasis and protection against oxidative,
electrophilic and inflammatory stress. As redox signaling is
essential for most physiological processes (Sies and Jones,
2020; Sies et al., 2022), it is not surprising that, in addition
to drug metabolism, Nrf2 is involved in regulating numer-
ous cellular processes, including intermediary metabolism,
mitochondrial bioenergetics, proliferation and autophagy
(Cuadrado et al., 2019; Hayes and Dinkova-Kostova, 2014;
Yamamoto et al., 2018).

Nrf2 is a modular protein composed of seven Nrf2-ECH ho-
mology domains (Neh1-7) (Fig. 1A), which is regulated by a
complex cellular machinery. For post-translational regulation,
Nrf2 binds to Keap1 (Kelch-like ECH-associated protein 1), a
substrate adaptor of the Keap1-Cul3-Rbx1 protein complex
(Fig. 1B), p-transducin repeats-containing protein (B-TrCP),
a substrate adaptor of the p-TrCP-Skp1-Cul1-Rbx1 complex
(Fig. 1C), and/or hydroxymethyl glutaryl-coenzyme A reduc-
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Fig. 1. Domain structure of Nrf2 and its main negative regulators. (A) Nrf2 consists of seven Nrf2-ECH homology (Neh) domains. Neh1 is
a CNC-bZIP domain that interacts with sMafs proteins and binds DNA antioxidant/electrophile response element (ARE) sequences in DNA.
The amino acid motifs DLG and ETGE in Neh2 are responsible for the negative regulation of Nrf2 by Keap1. The amino acid motifs DSGIS and
DSAPGS in Neh6 are responsible for the negative regulation of Nrf2 by g-TrCP; the DSGIS motif requires prior phosphorylation by GSK3. Hrd1
interacts with both Neh4 and Neh5 for Nrf2 ubiquitination. Neh3 is a transactivation domain that contains a conserved VFLVPK motif, which
is necessary for binding to the chromodomain helicase DNA-binding protein 6 (CHD6). Neh4 and 5 are transactivation domains that interact
with the histone-modifying enzyme CBP/p300. The retinoid X receptor o (RXRa) binds Neh7, repressing both basal and inducible expression
of Nrf2-target genes. (B) Keap1 contains four domains: Broad complex, Tramtrack and Bric-a-Brac (BTB), intervening region (IVR), double
glycine repeat (DGR)/Kelch, and C-terminal region (CTR). The BTB domain mediates homodimer formation and recruitment of Cullin-3. The
Kelch-repeat domain and the C-terminal domain (CTR) together form a six-bladed p-propeller structure and bind to the ETGE and DLG motifs
in the Neh2 domain of Nrf2, exposing lysine residues in between the motifs for ubiquitination (McMahon et al., 2006; Tong et al., 2007).
The cysteine residues (Cys-) indicated in the figure function as sensors for electrophiles and/or oxidants. Keap1 has several critical cysteine
residues, including Cys-151 in the BTB domain and Cys-273 and Cys-288, within the IVR domain involved in electrophilic stress sensing,
essential in regulating Nrf2 stability and activity (Dayalan Naidu and Dinkova-Kostova, 2020; Dinkova-Kostova et al., 2002; Levonen et al.,
2004; McMahon et al., 2010; Zhang and Hannink, 2003). (C) In g-TrCP, the D-domain is responsible for dimerization, forming homo- and
heterodimers between g-TrCP1 and B-TrCP2. The F-box region is involved in the recruitment of S-Phase Kinase-Associated Protein 1 (Skp1).
The WDA40 repeat domain binds to DSGIS and DSAPGS motifs in Neh6 of Nrf2 (Chowdhry et al., 2013; Rada et al., 2011). Notably, the g-TrCP-
mediated degradation of Nrf2 requires phosphorylation of the DSGIS motif by glycogen synthase kinase-3 (GSK3) (Chowdhry et al., 2013).
GSK3 is a kinase that is constitutively active, but requires prior phosphorylation of its substrates (Robertson et al., 2018), but the identity of this
priming kinase(s) that phosphorylates Nrf2 allowing subsequent recognition and phosphorylation by GSK3 is currently unknown. (D) Hrd1 is
comprised of a signal peptide, six consecutive transmembrane segments (TMs), a RING-finger region, and a proline-rich cluster (Karamali et
al., 2022). Hrd1 interact with the Neh4-5 domains of Nrf2 with its C-terminal domain (Wu et al., 2014).

Proline-rich domain (-
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tase degradation protein 1 (Hrd1), an ER (endoplasmic re-
ticulum)-associated E3 ubiquitin ligase (Fig. 1D), all of which
target Nrf2 for ubiquitylation and proteasomal degradation.
Inhibition of these ubiquitin ligase complexes by oxidants,
electrophiles or protein-protein interaction (PPI) inhibitors
(Cuadrado et al., 2019), or the processes involved in ubiquiti-
nation, such as neddylation (Soucy et al., 2009), leads to Nrf2
accumulation, its nuclear translocation and transcriptional
upregulation of Nrf2-target genes, which encode a network
of cytoprotective proteins. Indeed, pharmacological Nrf2 ac-
tivation has protective effects in numerous animal models of
human disease (Liby and Sporn, 2012), and Nrf2 activators
are currently in various stages of drug development (Cuadra-
doetal., 2019).

THE DARK SIDE’ OF Nrf2

Although overwhelming evidence clearly shows that Nrf2
is cytoprotective and in the early stages of carcinogenesis
suppresses disease progression, the pro-tumorigenic effects
of its constitutive activation in cancer are now well recog-
nized (Rojo de la Vega et al., 2018). This dichotomy is not
surprising considering that Nrf2 is the master regulator of the
cellular redox homeostasis and that, depending on concen-
tration, reactive oxygen species (ROS) affect cancer evolution
in multiple ways, including initiating and facilitating the car-
cinogenesis process, supporting cancer cell proliferation, or
causing senescence and/or cancer cell death (Hayes et al.,
2020). However, Nrf2 activation in cancer also creates meta-
bolic and redox vulnerabilities and enhances the bioactivation
of certain prodrugs (Baird et al., 2022; Sayin et al., 2017,
Torrente and DeNicola, 2022). This sets forth both challenges
and opportunities for targeting Nrf2.

THE HETEROGENEOUS TUMOR MICROENVIRONMENT
(TME)

Tumors exhibit complex characteristics in multiple dimensions
which results in inter- and intra-tumoral heterogeneity. Fac-
tors such as the extracellular matrix, cytokines, chemokines,
neurotrophic factors, morphogenic factors, specific nutrient
and metabolic conditions, and expression of non-coding
RNAs, add to the complexities of the TME. The immune land-
scape within tumors is diverse and complex (Fig. 2). The var-
jous cell types within the tumor immune microenvironment
(TIME) range from cells derived in the periphery to specialised
organ-resident cells, each contributing to cancer formation,
progression and treatment responses (Quail and Joyce,
2017). Cancer cells recruit immune cells, such as resident and
infiltrating monocyte-derived macrophages (MDMs), den-
dritic cells, myeloid-derived suppressor cells (MDSCs), CD4" T
cells, and regulatory T cells (T,.,) into the tumor by secreting
chemokines, cytokines and growth factors.

A large portion (up to 30%-50%) of the tumor mass can
be comprised of tumor-associated macrophages (TAMs),
which include resident and infiltrating MDMs. Macrophages
are multifunctional cells that exhibit considerable plasticity
in response to extracellular cues and are influenced by both
innate and adaptive immune signals (Mosser and Edwards,
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2008; Okabe and Medzhitov, 2016). Based on in vitro po-
larization studies, macrophages are broadly classified into
two types: the ‘classically activated M1’ ‘Fight’ type that pref-
erentially produces nitric oxide and initiates a Th1 immune
response; the ‘alternatively activated M2’ ‘Fix’ type, which pro-
duces ornithine, promoting proliferation and repair through
polyamines and collagen (Mills, 2012). During inflammation,
macrophages adopt M1-like phenotype, exhibiting increased
capacity to migrate, phagocytose, secrete cytotoxic factors
and express MHC class Il and co-stimulatory molecules for T
cell activation. By contrast, TAMSs polarize towards an M2-like
phenotype, exhibiting immunosuppressive and tumor-pro-
moting characteristics (Wurdinger et al., 2014), and accumu-
late with higher tumor grade (Komohara et al., 2008). How-
ever, in vivo this M1/M2 classification is not absolute as many
TAMs express both M1 and M2 phenotypic markers, suggest-
ing that the phenotype of macrophages is context-specific
(Ginhoux et al., 2016; Muller et al., 2017).

THE ANTIHINFLAMMATORY ROLE OF Nrf2

Shortly after its recognition as the main transcription factor
mediating the cellular antioxidant response, it was noted that
Nrf2 plays a role in adaptation to oxidative stress in macro-
phages. Experiments using thioglycolate-elicited peritoneal
macrophages isolated from Nrf2-knockout mice revealed that
their response to electrophilic and ROS-producing agents was
impaired (Ishii et al., 2000). It was subsequently shown that
the electrophilic 15-deoxy-A'*"*-prostaglandin J, (15d-PGJ,),
which accumulates in macrophages from pleural lavage,
activates Nrf2 by forming adducts with Keap1 (Itoh et al.,
2004; Kim et al., 2017), whereas the non-electrophilic analog
9,10-dihydro-15d-PGJ, had no effect (Kim et al., 2017). Fur-
thermore, the upregulation of the Nrf2 transcriptional targets
cluster of differentiation 36 (CD36) (Maruyama et al., 2008)
and heme oxygenase 1 (HO-1) (Prestera et al., 1995) was es-
sential for the anti-inflammatory activity of 15d-PGJ, (Kim et
al., 2017). In addition to CD36, a scavenger receptor for oxi-
dized low-density lipoproteins, Nrf2 activates the transcription
of other genes important for macrophage function, such as
macrophage receptor with collagenous structure (MARCO),
a receptor required for bacterial phagocytosis (Harvey et
al., 2011) and interleukin-17D (IL-17D), a virus- and tumor
cell-surveillance mediator (Saddawi-Konefka et al., 2016).
Conversely, Nrf2 is often dysregulated in inflammation, in-
cluding in lungs from patients with COVID-19 (Olagnier et al.,
2020).

Dependence on Nrf2 and the Keap1 sensor cysteine Cys-
151 for the ability to suppress pro-inflammatory responses
in peritoneal murine macrophages has been shown for a
range of cyclic cyanoenones, the most potent Nrf2 activators
known to date (Dayalan Naidu et al., 2018). Pre-treatment
with CDDO-Im, an imidazole derivative of 2-cyano-3,12-di-
oxooleana-1,9(11)-dien-28-oic acid, attenuated lipopolysac-
charide (LPS)-induced cytokine expression in human periph-
eral blood mononuclear cells (PBMCs) (Thimmulappa et al.,
2007). Mechanistically, Nrf2 inhibits LPS-induced expression
of some proinflammatory cytokines (e.g., IL-6 and IL-1b) in
macrophages by disrupting recruitment of RNA polymerase
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Fig. 2. The immunosuppressive properties of tumor-associated macrophages (TAMs) in the tumor immune microenvironment
(TIME). Numerous tumor-derived factors, some of which have been shown to activate Nrf2, induce the development of the TAMs into
‘alternatively activated M2’ phenotype, exhibiting immunosuppressive and pro-invasive characteristics. These M2-like TAMs promote
immune suppression in various ways, including induction of regulatory T (T,,) cells (through secretion of IL-10 and TGF-B), inhibition of
T-cell activation and proliferation, reduction of the activity of natural killer (NK) cells and CD8" T cells, and promoting T-cell apoptosis.
Increased levels of the MHC class | antigens HLA-G, HLA-E and prostaglandin E, (PGE,) in TAMs may affect the activity of lymphokine-
activated killer (LAK) cells, NK cells and cytotoxic T cells (CTLs), and inhibit the proliferation of T cells further. Increased levels of IL-6 and
IL-10 and decreased levels of the MHC class Il cell surface receptor HLA-DR, co-stimulatory factors, such as CD40, CD80, CD86, and
pro-inflammatory cytokines, as well as diminished phagocytic activity of TAMs also contribute to T-cell inhibition. Reduced expression
of CD40, CD80 and CD86 promotes T cell anergy and apoptosis. Additionally, TAMs induce differentiation of MDSCs into M2-like
macrophages and increase recruitment of cancer-associated fibroblasts (CAFs). MDSC, myeloid-derived suppressor cell; IL-10, interleukin

10; TGF-p, transforming growth factor g; MHCII, MHC class Il. Adapted from Wurdinger et al. (2014).

II, in a ROS- and antioxidant/electrophile response element
(ARE)-independent manner (Kobayashi et al., 2016), as well
as by ARE-dependent induction of activating transcription
factor 3 (ATF3), a negative regulator of IL-6 transcription
(Hoetzenecker et al., 2012).

Two structure-activity studies in murine cells identified sup-
pression of inflammation as a consistent property of Nrf2 ac-
tivators, suggesting it as a central aspect of the cytoprotective
actions of these compounds (Dinkova-Kostova et al., 2005;
Liu et al., 2008). Correlation between the ability to activate
Nrf2-dependent transcription and inhibit markers of inflam-
mation was also observed in PBMCs isolated from blood of
human subjects following oral administration of preparations
delivering the classical Nrf2 activator sulforaphane (Liu et al.,
2020).

Compared to wild-type mice, Nrf2-knockout mice are more

sensitive (Thimmulappa et al., 2006), whereas mice with
Keap1 deletion in myeloid leukocyte cells are more resistant
to endotoxin- and cecal ligation and puncture-induced septic
shock (Kong et al., 2011). Under conditions of Nrf2 deficien-
cy, NADPH oxidase-dependent ROS amplify Toll-like receptor
4 (TLR4) signaling and sepsis-induced mortality (Kong et
al., 2010). Additionally, Nrf2 negatively regulates the type |
interferon response (Gunderstofte et al., 2019; Olagnier et
al., 2017; 2018). A recent high-resolution proteomics study
confirmed that Nrf2 suppresses the type | interferon response
and reprograms macrophage intermediary metabolism, and
further revealed that, upon LPS stimulation, Nrf2 activation
enhances the metabolic switch from oxidative phosphory-
lation to glycolysis whilst promoting mitochondrial fusion
(Baker et al., 2022; Ryan et al., 2022). Overall, it is now rec-
ognized that Nrf2 is not only a regulator of the cellular redox
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homeostasis, but also has a role in regulating inflammation
and immunity (van der Horst et al., 2022).

Nrf2 IN THE TUMOR IMMUNE MICROENVIRONMENT
(TIME)

Human KEAPT-mutant tumors have high levels of Nrf2,
low infiltration of T cells, and unfavorable immunotherapy
responses (Baird et al., 2022). Single-cell RNA sequencing
(scRNA-seq) analysis of ten human lung adenocarcinomas
and ten normal control tissues has confirmed that KEAPT-mu-
tant tumors display high levels of TAMs and exhausted CD8"
T cells and associate with poor patient prognosis (Bischoff et
al., 2021). An immunosuppressive microenvironment was
documented in a lung cancer model in mice with lung-specif-
ic reduced expression of Keap1 and phosphatase and tensin
homolog deleted on chromosome 10 (Pten) and partly at-
tributed to Nrf2 activation (Best et al., 2018), suggesting that
Nrf2 has a role in TIME immunosuppression.

Lung tumors with high Nrf2 levels display high PD-L1
positivity (Best et al., 2018; Fahrmann et al., 2022) and lim-
ited responses to anti-PD-L1 treatment (Singh et al., 2021),
whereas immune checkpoint inhibition leads to a decrease
in lung tumor burden and an increase in infiltrating lymphoid
cells (Best et al., 2018). Additionally, Nrf2 has been implicat-
ed in the LKB1/AMPK-mediated increase of PD-L1 expression
in lung cancer cells (Shen et al., 2020) and in the UVB radi-
ation-induced PD-L1 expression in primary human keratino-
cytes and melanocytes (Zhu et al., 2018). Conversely, PD-L1
expression is lower in distal colon tissues of Nrf2-knockout
in comparison with wild-type female mice following azoxy-
methane/dextran sodium sulfate treatment (Kang et al.,
2021). In models of melanoma, Nrf2 depletion suppresses
PD-L1 expression, increases tumor-infiltrating T cell activation
and inhibits tumor growth (Zhu et al., 2018). Together, these
studies implicate induction of PD-L1 as one mechanism by
which Nrf2 contributes to immunosuppression in cancer.

Another way by which Nrf2 activation enhances immu-
nosuppression in TIME could be through increased HO-1
expression (and consequently, accelerated catabolism of
cytotoxic labile heme) in subsets of TAMs recruited to the
invasive tumor margin. Indeed, interfering with recruitment
of such TAMs, or pharmacologic inhibition or myeloid-spe-
cific deletion of HO-1 increased the antitumor immunity and
the efficacy of anti-PD-L1 immunotherapy (Consonni et al.,
2021). In this context, it is noteworthy that macrophage col-
ony-stimulating factor (M-CSF), which plays a role in the ex-
pansion of TAMs, is a transcriptional target of Nrf2 (Liu et al.,
2022). Interestingly, a role for Nrf2 in the reduced responses
to anti-cytotoxic T-lymphocytes-associated protein 4 therapy
was also recently described (Ahmed et al., 2022).

However, not all experimental models have led to identical
conclusions. In contrast with the immunosuppressive effects
of the lung-specific simultaneous knockdown of Keap1 and
Pten described above, Nrf2 activation in global Keap1-knock-
down mice attenuated the activity of MDSCs and decreased
lung cancer metastasis; this correlated with lower ROS levels
in Keap1-knockdown MDSCs of tumor-bearing mice (Satoh
et al., 2010), although by lowering ROS, Nrf2 sustains MD-
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SCs survival (Ostrand-Rosenberg et al., 2020). In a model of
urethane-induced lung cancer, the adenomas that formed
in Keap1-knockdown mice were smaller compared to those
in wild-type animals; however, they grew faster when trans-
planted into immunodeficient mice (Satoh et al., 2016). The
use of the Kras-induced lung adenocarcinoma mouse model
confirmed that Keap1 knockdown in cells of the hemato-
poietic lineage suppressed development of Keap1-mutant
tumors (Hayashi et al., 2020). Although the effect of Nrf2
activation on natural killer (NK) cells was not examined in this
study, one way by which TAMs may contribute to the immu-
nosuppressive TIME is through inhibition of the activation of
NK cells and lowering their cytotoxicity against tumor cells
(Krneta et al., 2017). In this context, it has been shown that
pharmacologic Nrf2 activation (with RTA-408) in NK cells
within TIME restores anti-tumor activity (Poznanski et al.,
2021).

Lung carcinogenesis is exacerbated in Nrf2-deficient mice
treated with vinyl carbamate, which induces invasive adeno-
carcinomas, and tumor multiplicity and size were increased
in comparison with wild-type mice (Zhang et al., 2018).
Consistent with higher tumor burden, there were more TAMs
in lungs of Nrf2-deficient mice, and the MDSCs were also
elevated in the spleens of these animals, whereas the CD8"
cytotoxic T cells and CD4" helper T cells in the lung, were
reduced. RNA sequencing revealed that numerous cytokines
and chemokines, such as Cxcl1, Csf1, Ccl9, Cxcl12, as well
as major histocompatibility complex antigens that promote
tumor growth, were upregulated in tumors from Nrf2-knock-
out mice. Notably, the expression of CXCL10 increases upon
knockdown of Nrf2 in human macrophages (THP1) and de-
creases following pharmacologic Nrf2 activation (Ryan et al.,
2022).

It is not possible to directly compare the various models
summarized here due to differences in genetic background
of the experimental animals, types of carcinogens, treat-
ment protocols and timepoints during tumor development.
Nonetheless, the results show that the role of Nrf2 in TIME is
complex and context-dependent, and requires further inves-
tigation.

ENDOGENOUS Nrf2 ACTIVATORS IN THE TUMOR
IMMUNE MICROENVIRONMENT

Recent experimental evidence suggests that several metab-
olites can activate Nrf2 in the TIME. These include the TCA
cycle-derived immunometabolite itaconate, the tryptophan
metabolite L-kynurenine (and its downstream electrophilic
metabolites), lactate and hyaluronic acid (Table 1).

ltaconate

[taconate is a Krebs cycle-derived anti-inflammatory immu-
nometabolite with diverse roles in inflammation and immuni-
ty, including inhibition of succinate dehydrogenase, glycolysis,
the NLRP3 inflammasome, and activation of Nrf2 and ATF3
(Bambouskova et al., 2018; Mills et al., 2018; Peace and
O'Neill, 2022). Itaconate accumulates during the metabolic
reprogramming in activated macrophages due to upregu-
lation of immune-responsive gene 1 (IRG1). Thus, gene ex-
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Table 1. Endogenous Nrf2 activators in the tumor immune microenvironment

Metabolite Chemical structure Nrf2 activation in: Reference
[taconate HO\H)L/?J\ human keratinocytes (HaCaT) (Chenetal., 2022)
OH
o)
L-Kynurenine NHz human cervical cancer cells (HeLa) (Fiore et al., 2022)
\‘)J\OH human macrophage cells (U937) (Lietal., 2022)
O NH,
Lactic acid ] human macrophage cells (THP1 and peripheral blood-derived)  (Feng et al., 2018)

Hyaluronic acid

“Hon
OH
H
OHO
0]
OH

human neuroblastoma cells (SH-SY5Y)
Caenorhabditis elegans

bovine chondrocytes
o 0 % frostbite-wounded skin tissues of Wistar rats
oé& o] doxorubicin-resistant human breast cancer cells (MCF7)
HO o
o~
n

(Tauffenberger et al., 2019)

(Onodera et al., 2015)
(Joshietal., 2021)
(Choietal., 2022)

pression profiling of inflammatory murine macrophages has
shown that Irg 1 is one of the most upregulated genes (Basler
et al., 2006; Thomas et al., 2006). IRG1 catalyzes the pro-
duction of itaconate from cis-aconitate, connecting cellular
metabolism to immunity (Michelucci et al., 2013). Moreover,
itaconate is important in macrophage-mediated immune
responses (Strelko et al., 2011). Consistent with IRG1 upreg-
ulation, markedly increased levels of itaconate (reaching a
concentration of 5 mM) were detected in human and murine
macrophages activated by LPS (Mills et al., 2018). A zebraf-
ish (Danio rerio) line expressing an Irg1-EGFP fusion protein
has been developed as a reporter of macrophage activation
(Sanderson et al., 2015).

[taconate contains an electrophilic a,p-unsaturated car-
boxylic acid, and can alkylate protein cysteines by Michael
addition. As a cysteine-based sensor for electrophiles, Keap1
is one such candidate (Dayalan Naidu and Dinkova-Kostova,
2020), and alkylation of its cysteine sensors leads to Nrf2
accumulation, its nuclear translocation and activation of an-
tioxidant and anti-inflammatory responses. Indeed, 4-octyl
itaconate (4-0l), a cell-permeable analog of itaconate, cova-
lently binds to cysteines of Keap1 and robustly activates Nrf2
(Mills et al., 2018). In turn, Nrf2 mediates some, although
not all, of the anti-inflammatory activities of 4-OlI (Liao et al.,
2019; Mills et al., 2018; Ryan et al., 2022; Sun et al., 2020).
Nrf2 activation by itaconate was recently observed in human
keratinocytes (HaCaT) (Chen et al., 2022). In a model of he-
patic fibrosis, the levels of Nrf2 and its downstream targets
are lower in CCl,~treated Irg1-deficient mice in comparison
with their wild-type counterparts and restored by 4-OI (Fan et
al., 2022).

In addition to its function in inflammation and immunity,
a role for IRG1 in cancer and anti-tumor immunity has also
been described. Thus, exposure of RAW264.7 cells to tu-
mor-conditioned medium increases the levels of IRG1 and
itaconate secretion (Zhao et al., 2022), and xenografted hu-
man cancer cells activate the Irg1-EGFP reporter in zebrafish
(Sanderson et al., 2015). Furthermore, itaconate is secreted
from tumor-associated MDSCs and suppresses the prolifera-
tion, cytotoxic activity and immune effector functions of CD8*

T-cells, whereas loss of IRG1 (and the corresponding de-
crease in itaconate levels) enhances their anti-tumor activity
and increases the sensitivity to anti-PD-1 immune checkpoint
blockade in mice (Zhao et al., 2022). The levels of IRG1 are
increased in monocytes isolated from ascites fluid of ovarian
carcinoma patients (Weiss et al., 2018) and in glioma tumors,
where this increase is associated with disease progression
and poor prognosis (Pan et al., 2014). Knockdown of IRG1,
on the other hand, leads to a decrease in migration and inva-
sion (Pan et al., 2014) and reduced tumor growth (Weiss et
al., 2018). In agreement, the survival of metastatic melanoma
patients treated with anti-PD-1 immune checkpoint blockade
is longer if they express low levels of IRG1 compared to those
where IRG1 expression is high (Zhao et al., 2022). Addition-
ally, the levels of microRNA-378, which targets IRG1, are de-
creased in glioma (Shi et al., 2018). This suggests IRG1 plays
a role in the progression of at least some tumors. Considering
that, as discussed above, itaconate, activates Nrf2, it is possi-
ble that at least some of the tumor-promoting effects of IRG1
are mediated by Nrf2. Such possibility is likely as compared to
wild-type, the levels of IRG1 are higher in bone-marrow de-
rived macrophages from Keap1-knockdown mice and lower
in Nrf2-deficient cell (Ryan et al., 2022), suggesting that the
expression of IRG1 could be in part regulated by Nrf2 and/or
its transcriptional target(s). In this context, it has been shown
that HO-1 induction upregulates IRG1 expression and inhibits
inflammation (Jamal Uddin et al., 2016).

Kynurenine

Another endogenous metabolite associated with tumor im-
munosuppression is the tryptophan metabolite L-kynurenine.
The metabolic reprogramming in cancer cells leads to an
increase in L-kynurenine biosynthesis and secretion due to
increased oxidation of tryptophan to N-formyl L-kynurenine,
the rate limiting step in the kynurenine pathway. The immu-
nosuppressive effects of L-kynurenine in the TME, many of
which have been attributed to activation of the aryl hydro-
carbon receptor (AhR), include suppression of T cells and NK
cells, as well as activation of MDSCs and T, cells (Prender-
gast et al., 2014). Although the precise mechanism(s) has
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not been established, L-kynurenine and/or its metabolites
upregulate Nrf2 in several cell types (Carreno et al., 2022;
Fiore et al., 2022; Pae et al., 2006), including macrophages
(Li et al., 2022 and our unpublished observations), and in
mice (Carreno et al., 2022). A recent study suggests that one
potential mechanism for Nrf2 activation by L-kynurenine is
through activation of the AhR, which in turn binds to the
promoter of NFE2L2 and transcriptionally upregulates Nrf2 (Li
et al., 2022). Proteomic analysis of 47 lung adenocarcinoma
cell lines (11 with and 36 without mutations in KEAPT) has
revealed kynureninase, the enzyme that catalyzes the hydroly-
sis of L-kynurenine, as the most highly overexpressed protein
associated with Nrf2 activation (Fahrmann et al., 2022). Nrf2
activation by genetic and pharmacologic means confirmed
the dependence of kynureninase expression on Nrf2. High
levels of kynureninase are associated with suppressed antitu-
mor immunity, including increases in PD-L1 positivity and T,
cells. Notably, Nrf2 and its transcriptional target, the cystine/
glutamate antiporter solute carrier SLC7A11 are important
determinants of T, cell proliferation in response to pseu-
do-starvation (Procaccini et al., 2021). Moreover, it has been
shown that T, cells co-cultured with ovarian cancer ascites
undergo apoptosis due to low levels of Nrf2 and antioxidant
defences, whereas the pharmacologic Nrf2 activator sulfora-
phane reduced tumor T, cells apoptosis, increased effector T
cell cytokine expression and inhibited tumor growth (Maj et
al., 2017).

Lactate

Cancer cells produce high levels of lactate, which is secreted
into the extracellular space and contributes to the immuno-
suppressive TME and cancer progression (Certo et al., 2021).
Exposure to lactate increased the intracellular ROS and ac-
tivated Nrf2 in neuroblastoma cells (SH-SY5Y) and Caenor-
habditis elegans (Tauffenberger et al., 2019). Interestingly,
the same study showed that lactate also caused activation of
PI3K/AKT, but the possible involvement of AKT in the mech-
anism of Nrf2 activation by lactate has not been investigated.
In co-culture experiments, cancer cell-derived lactate activates
Nrf2 in macrophages, and polarizes them towards anti-in-
flammatory phenotype (Feng et al., 2018).

Hyaluronic acid

Hyaluronic acid (HA) is a negatively charged polysaccharide,
which is present inside the cell, at the cell surface, and in the
extracellular matrix (ECM), where it functions as a microen-
vironmental cue in the co-regulation of cell behaviour during
embryogenesis, inflammation, healing and tumor growth
and development (Toole, 2004). It is generally accepted that
high molecular-weight HA in the ECM has anti-inflammatory
and wound-healing roles, whereas low-molecular-weight HA
promotes tumor growth and metastasis, and supports the
development of immunosuppressive PD-L1" macrophages
in the TIME (Donelan et al., 2022). However, it was recently
shown that ovarian cancer cell-derived high molecular-weight
HA drives cholesterol efflux and depletion of lipid rafts from
macrophages, which in turn drives IL-4 signaling and inhibi-
tion of IFNy-induced gene expression (Goossens et al., 2019).
Treatment with HA activates Nrf2 and induces Nrf2-target
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genes in bovine chondrocytes and human breast cancer
cells, with increased phosphorylation of AKT or higher lev-
els of p62, which competes with Nrf2 for binding to Keap1
(Komatsu et al., 2010), correlating with Nrf2 activation (Choi
et al.,, 2022; Onodera et al., 2015; Ryoo et al., 2018). In ad-
dition, a hydrogel formulation of HA increased the levels of
Nrf2 in frostbite-wounded skin tissues of Wistar rats (Joshi et
al., 2021). To our knowledge, the possibility that Nrf2 activa-
tion may also occur in macrophages exposed to HA has not
been explored.

CONCLUDING REMARKS

With the high rate of immune cell infiltration into the tumor,
understanding of the TIME could shed light on new thera-
peutic targets and strategies. There are extensive interactions
between TAMs and tumor cells within the TIME, culminating
in an immunosuppressive environment that promotes tumor
growth and invasion. Emerging evidence suggests that Nrf2
activation triggered by cancer cell-derived metabolites, such
as itaconate, L-kynurenine, lactic acid and hyaluronic acid,
and/or other secreted factors, plays an important role in mod-
ulating the TIME and tumor-TAMs crosstalk. The results from
the models summarized here show that Nrf2 has a complex
role in the TIME, which is not fully understood and merits fur-
ther investigation. This is particularly important considering
that several Nrf2 activators are currently in clinical trials for a
number of disease indications.
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