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Abstract: Nuclear factor erythroid 2-related factor 1 (NFE2L1, NRF1) and nuclear factor erythroid
2-related factor 2 (NFE2L2, NRF2) are distinct oxidative stress response transcription factors, both
of which have been shown to perform cytoprotective functions, modulating cell stress response and
homeostasis. NAD(P)H:quinone oxidoreductase (NQO1) is a mutual downstream antioxidant gene
target that catalyzes the two-electron reduction of an array of substrates, protecting against reactive
oxygen species (ROS) generation. NQOL is upregulated in non-small cell lung cancer (NSCLC) and
is proposed as a predictive biomarker and therapeutic target. Antioxidant protein expression of im-
mune cells within the NSCLC tumor microenvironment (TME) remains undetermined and may af-
fect immune cell effector functions and survival outcomes. Multiplex immunofluorescence was per-
formed to examine the co-localization of NQO1, NRF1 and NRF2 within the tumor and TME of 162
chemotherapy-naive, early-stage NSCLC patients treated by primary surgical resection. This study
demonstrates that NQO1 protein expression is high in normal, tumor-adjacent tissue and that
NQOT1 expression varies depending on the cell type. Inter and intra-patient heterogenous NQO1
expression was observed in lung cancer. Co-expression analysis showed NQOL is independent of
NRF1 and NRE2 in tumors. Density-based co-expression analysis demonstrated NRF1 and NRF2
double-positive expression in cancer cells is associated with improved overall survival.

Keywords: reactive oxygen species; non-small cell lung cancer; tumor microenvironment

1. Introduction

Lung cancer is the leading cause of tumor-related mortality worldwide, accounting
for approximately 20% of all cancer-related deaths [1]. It can be divided into two broad
types, small cell lung cancer (~15%) and non-small cell lung cancer (NSCLC, ~85%).
NSCLC is classified within three broad subtypes: adenocarcinoma, squamous carcinoma
and large-cell carcinoma, according to its proposed cell type of origin within the lung [2].
NSCLC has a poor five-year survival, presenting with a SEER (surveillance, epidemiol-
ogy, and end result) stage combined five-year relative survival rate of 26%, primarily re-
lating to late-stage diagnosis [3,4]. Lung adenocarcinoma has been reported to account for
over 38.5% of total lung cancer cases [5]. Lung adenocarcinoma constitutes a group of
molecularly and histologically heterogeneous diseases within the same histological sub-
type, displaying significant differences between key cancer hallmarks such as immune
checkpoint modulation, DNA repair mechanisms and redox status [6,7]. The tumor mi-
croenvironment (TME), comprised of various cell types, including disseminated aggres-
sive and proliferating tumor cells from the mass, tumor stroma, blood vessels and tumor-
infiltrating immune cells (TILs), contribute to cancer progression [8]. Advanced NSCLC
patients have been demonstrated to display heterogeneity in tumor cells’ cellular compo-
sition, intracellular signaling networks and TME cells’ interaction network, such as
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tumor-associated neutrophils and macrophages [9]. These patterns of heterogeneity
within the tumor and the tumor microenvironment have recently re-conceptualized the
hallmarks of cancer, particularly the relationship of redox with cancer [10].

An altered redox state and dysfunctional antioxidant capacity are often observed in
lung cancer owing to concomitant cellular processes, such as metabolic changes observed
during pathogenesis [8,11]. Oxidative stress results from an imbalance of reactive oxygen
species (ROS) and a cell’s antioxidant capacity. Management of ROS is required for many
physiological processes; however, dysregulation of ROS has been implicated in lung can-
cer pathogenesis, causing damage to proteins, nucleic acids and other molecules via oxi-
dation, affecting their homeostatic function [12]. Within the TME, excessive ROS can con-
tribute to immunosuppressive mechanisms utilized by suppressive cells against immune
effectors such as CD8* cytotoxic T-cells, which facilitate the anticancer response and are
the cornerstone of modern successful cancer immunotherapies [13]. ROS molecules and
peroxynitrite derived from myeloid-derived suppressor cells (MDSCs) have been demon-
strated to result in nitration of T-cell receptors and CD8 molecules, causing conforma-
tional changes in these molecules, thereby decreasing CD8* cytotoxic T-cell ability to bind
phosphorylated major histocompatibility complex (MHC) and allow for antigen-specific
tolerance of peripheral CD8* T cells [14].

The nuclear factor erythroid 2-related factor 1 (NFE2L1) and nuclear factor erythroid
2-related factor 2 (NFE2L2), also referred to as NRF1 and NRF2 respectively, are two dis-
tinct oxidative stress response transcription factors belonging to the cap’n’collar
(CNCQ)/basic-region leucine zipper (bZIP) protein family which affect cellular stress re-
sponse survival, homeostasis and development [15,16]. NRF1- and NRF2-signaling path-
ways protect against oxidative damage and other stress instituted by increased ROS levels
by upregulating antioxidant genes through antioxidant response element (ARE) binding,
including glutamate-cysteine ligase catalytic (GCLC), heme oxygenase 1 (HO-1) and
NAD(P)H: quinone oxidoreductase 1 (NQO1). NRF3 (NFE2L3) is a less-described CNC-
basic leucine zipper transcription factor with functions not yet fully characterized due to
the lack of robust commercial antibodies to progress research further. Known functions
of this protein include the induction of 20S proteasome assembly genes and modulation
of cell cycle progression via cyclin-dependent kinase 1, thereby driving colon cancer cell
proliferation [17]. NRF3 is upregulated in a variety of cancer tissues when compared to
normal tissue, including head and neck squamous cell carcinoma and colon cancer [17,18].

Current literature suggests that NRF1 regulates basal forms of oxidative stress and
regulates proteasome subunit expression, while the ‘master regulator of the antioxidant
response’ NRF2 is primarily responsive towards inducible oxidative stress. In the
CNC/bZIP protein family, NRF1 and NRF2 are the best-described transcription factors,
both expressed ubiquitously in vertebrate tissues and demonstrated overlapping and
competitive functions in cell and mouse models [19]. One mutual downstream NRF1 and
NRF2 antioxidant gene target in mice is nqol [20]. NQOL1 is a detoxification enzyme that
catalyzes the two-electron reduction of an array of substrates, protecting against the gen-
eration of ROS [21]. It has been reported that NQO1 has high expression in adipocytes,
epithelium and solid tumors. Recent studies report that NQO1 is upregulated in NSCLC
in contrast to adjacent non-tumor tissue and is proposed to be a poor prognostic bi-
omarker in stage I-II lung cancer and a potential therapeutic target for NSCLC patients
[22]. Conversely, the NQOL1 expression in stage III-IV patient samples from the same co-
hort did not correlate with the patients’ overall survival rate. However, Siegel and col-
leagues previously described high levels of NQO1 expression in the respiratory epithe-
lium, including bronchus and capillaries, hypothesizing that NQO1 could exert a protec-
tive effect upon the epithelium [23].

NRE2 has been reported to protect cells and nucleic acids from oxidative stress dur-
ing the early stages of tumorigenesis; however, in later stages, NRF2 contributes to chemo-
resistance, promoting carcinogenesis and metastasis [24,25]. Additionally, a high fre-
quency of somatic loss-of-function mutation of Kelch Like ECH Associated Protein 1
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(KEAP1), a negative regulator of NRF2, has been reported in NSCLC [26]. Importantly,
NREF2 has previously been shown to inhibit the immunosuppressive actions of MDSCs in
mouse models by eliminating ROS and allowing for tumor immunity by protecting regu-
latory T-cells, which are vulnerable to oxidative stress [27,28]. In a mixed NSCLC subtype
cohort, Tong and colleagues reported that NQO1 and NRE2 are not individual prognostic
factors [29]. However, stage III and IV dual-negative NQO1 and NREF2 patients displayed
better overall survival, with no significant differences seen in earlier stages (I and II).

Increased proteasomal activity has been reported in cancer cells, potentially due to
the increased proteotoxic stress and protein homeostasis burden linked to cancer trans-
formation [30]. NRF1 has been demonstrated to regulate proteasome subunit transcrip-
tion. This is shown by proteasomal inhibition, in which a “bounceback” response has been
evidenced via NRF1 nuclear translocation and proteasomal target gene expression [31].

NRF1 is a potential therapeutic target, displaying differential expression in prostate
cancer tumor tissue versus adjacent non-tumor tissue [32]. High NRF1 expression is a
good prognostic factor in renal and endometrial cancer; however, NRF1 remains to be
investigated in a NSCLC cohort (Human Protein Atlas). NRF1- and NRF2-mediated nqol
transcriptional upregulation dictates that co-localization of these three key antioxidant
proteins requires further examination within cancer cells and the tumor microenviron-
ment to determine whether NRF1, NRF2 and NQO1 co-expression is important in NSCLC
pathogenesis and to investigate the potential patient outcome value of such co-expression
[20]. Previous NSCLC NQOT1 studies utilized mixed subtype cohorts and performed IHC
and immunofluorescence with single antibodies targets, demonstrating differences in an-
tioxidant function and prognostic outcome, which is dependent on the cancer stage
[22,29]. Therefore, we aimed to address the findings of NQO1 expression across the TME
and normal tissue, co-registered with NRF1 and NRF2 in lung adenocarcinoma to expand
NRF1 and NREF2 research in NSCLC.

2. Materials and Methods
2.1. Patients

Samples for this study were collected from patients with early-stage non-small cell
lung cancer treated by primary surgical resection at the Royal Infirmary of Edinburgh
with NHS Research Scotland Lothian Bioresource approval (Lothian 10/51402/33). This
cohort has previously been described [33]. Inclusion criteria were: (1) patients with
NSCLC of adenocarcinoma histology of stage I-1la disease, who, in accordance with the
Seventh Edition International Association for the Study of Lung Cancer (IASLC) guide-
lines, (2) underwent complete resection of the primary treatment, having received no ra-
diotherapy or chemotherapy before surgery and no adjuvant treatment with radiation or
chemotherapy within 12 weeks of surgery and during the one-month follow-up period.
Patients previously diagnosed with lung cancer or synchronous lung cancers were ex-
cluded. The primary outcome, a measure of death from lung cancer, was determined by
clinical records and the secondary outcome measure, overall survival, was also reviewed.
A total of 162 samples were utilized for this study based on tissue block availability and
sample quantity remaining. All samples were deidentified to researchers to keep labora-
tory analysis and assays blinded to clinical and pathological data, with survival at five
years taken as the cut-off point.

2.2. Multiplexed Immunofluorescence (mIF) and Image Acquisition

Formalin-fixed paraffin-embedded (FFPE) blocks were sectioned at 2.5 um and dried
at 65 °C. Tissue sections were deparaffinized in xylene and rehydrated using an ethanol
concentration gradient -100%, 100%, 80%, and 50%-and running tap water. The epitopes
in cells were unmasked using pH 6 sodium citrate buffer for 5 min in a pressure cooker.
Sections were washed in Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST)
buffer, and endogenous peroxidase activity and non-specific background stain were
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blocked by 3% hydrogen peroxide (Sigma, #H1009, Kawasaki, Japan) and serum-free pro-
tein blocking buffer (Agilent, #X090930-2, Santa Clara, CA, USA), respectively. The first
primary antibody, NRF1 (Human Protein Atlas, #HPA065424, 1:1500), was incubated for
1 h at room temperature, followed by the secondary antibody, anti-rabbit HRP (Agilent,
#K400311-2), for 1 h. NRF1 was visualized by TSA Cyanine 3 (Akoya Bioscience,
#NEL744001KT, 1:50, Marlborough, MA, USA). Then, the sections were treated with pH6
sodium citrate buffer having boiled for 17 min in a microwave to remove any redundant
antibodies.

The second and third primary antibodies, (NQO1 (Human protein atlas,
#HPA007308, 1:800) and NRF2 (ProteinTech, #16396-1-AP, 1:2000, Rosemont, IL, USA),
visualized with by TSA fluorescein (Akoya Bioscience, #NEL741001KT, 1:50) and TSA Cy-
anine 5 (Akoya Bioscience, #NEL745001KT, 1:50), respectively. Lastly, to visualize epithe-
lial cells, pan-cytokeratin AE1/AE3 (Agilent, #M351501-1, 1:100) was incubated and visu-
alized by avidin-biotin reaction using an anti-mouse biotinylated secondary antibody
(ThermoFisher, #31800, 1:25, Greenville, NC, USA), followed by streptavidin-conjugated
Alexa Fluor 750 (ThermoFisher, #521384). Upon completion of mIF assays, sections were
counterstained with Hoechst 33342 (ThermoFisher, #3570, 1:100) and mounted with pro-
longed gold anti-fade medium (ThermoFisher, #P10144).

Automated multiplex immunofluorescence was performed using a Leica Bond RX 11T
Autostainer (Leica Biosystems, Wetzlar, Germany) to label for various clusters of differ-
entiation (CD) markers together with NQO1, NRF1 and NRF2, visualized with TSA Cya-
nine 3, TSA Cyanine 5, TSA fluorescein and streptavidin-conjugated Alexa Fluor 750 re-
spectively, similarly applied as in [10]. CD markers included CD3 (Agilent, #A0428), CD4
(Human protein atlas, #HPA004252), CD8 (Agilent, ¥M7103), CD20 (Agilent, #M0795),
CD25 (Human protein atlas, #HPA054622), CD56 (Cell signaling technology, #35765),
CD68 (Abcam, #Ab213363, Cambridge, UK), and CD163 (Abcam, # Ab182422).

The Zeiss Axio Scan Z1 slide scanner was used to acquire fluorescence whole slide
images. A uniform scanning profile was used to scan across the patients and control sec-
tions. A uniform scanning profile was created using five different fluorescent channels,
including DAPI, Fluorescein, Cy3, Cy5, and Alexa Fluor 750.

2.3. Bioimage Analysis

Fluorescence whole slide images were analyzed using Indica HALO® and HALO AI
TM image analysis platforms (v. 3.4.2986.209). Firstly, HALO Al TM (https://www.in-
dicalab.com/halo-ai) accessed on 8 September 2022, which has advanced built-in deep-
learning neural network algorithms, was enabled to classify tumor regions out of tumor
microenvironment areas (TME) in whole slide images by training with examples of pan-
cytokeratin-positive areas under the Alexa Fluor 750 channel only. Secondly, HALO Al
TM was used to develop a customized nuclear segmentation classifier, which was useful
to negate falsely segmented nuclei and is often misclassified by autofluorescence in FFPE
tissue sections.

Thirdly, High Plex FL (v4.1.3) module in HALO® was utilized to classify the cells by
the status of co-localizing NQO1, NRF1 and NRF2 by intensity thresholds of Fluorescein
(cytoplasm = 5500), Cy3 (nucleus and cytoplasm = 4000), and Cy5 channel (nucleus and
cytoplasm = 6000), respectively, which was similarly applied as in [34]. In total, eleven
different phenotypes were classified: NQOI*NRF1*NRF2*, NQOI1*NRF1-NRF2,
NQOI*NRF1I'NRF2f, NQO1NRFI*NRF2:, NQOI'NRF1I'NRF2¢, NQO1-NRF1*NRF2,
NQOI*NRF1*"NRF2;, NQO1'NRF1-NRF2;, NQO1*, NRF1*, and NRF2* and their densities
were measured not only in tumor regions but also in TME (stromal and immune) regions
together with the average of each dye intensity.

2.4. Statistical Analysis

Populations of tumor and immune cells that were single, double, or triple positive
for NQO1, NRF1 or NRF2 were exported from HALO. Each cell metric, e.g., the
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NQO1*NRF1*NREF2- tumor cell population, was then normalized to individual patient
samples by dividing by the total population of tumor cells from each patient. X-Tiles bi-
omarker assessment software was then applied to generate outcome-based cut-point op-
timization from the individual cell metrics, dividing populations into NQO1 high/low,
NRF1 high/low and NRF2high/low for immune and stromal, and tumor cell readouts [35].
Kaplan-Meier survival analysis, Wilcoxon matched-pairs signed rank test, Spearman cor-
relations and the Mantel-Cox test were generated using GraphPad software (Prism 9).

3. Results
3.1. NQO1, NRF1 and NRF2 Expression in Normal Lung, Immune, Stromal and Cancer Cells

A total of 162 stage I and II adenocarcinoma NSCLC samples meeting the criteria
were included in this study. Immunohistochemistry (IHC) was performed to quantify
NQOI1 expression in the cytoplasmic compartment of the cells after deciding the optimal
dilution of the NQO1, NRF1 and NRF2 antibodies by assessing specificity, consistency,
and signal-to-noise ratio [36]. Individual IHC staining of NQO1, NRF1 and NRF2 enabled
the observation of protein expression by DAB chromogen brown color intensity within
normal cell types, such as bronchial epithelial cells, alveoli, mucosal glands, lymphoid
cells, nerve cells, endothelial cells, fibroblasts, muscle cells and arteries (Figure 1), and
cancer cells. Immunostaining showed that NQO1 was positive in bronchial epithelial cells
and endothelial cells, demonstrating increased NQO1 expression in ciliated surfaces when
compared to the cytoplasm of columnar epithelial cells and basal cells (Figure 1A). NRF1
expression in bronchial epithelia was negative; however, NRF2 showed moderate cyto-
plasmic expression in columnar epithelial cells, cilia, and negative basal cells. In endothe-
lial cells, NQO1 was strongly expressed; however, in mucous glands, lymphoid, neural,
muscle and fibroblast cells, NQO1 was lowly expressed. Contrastingly, NRF2 protein was
positive in lymphoid cells, and NRF1 was detected in some lymphoid cell subtypes, as
shown in Figure 1. NRF1 was detected in endothelial cells; however, negative across fi-
broblasts, muscle, arteries and arterioles, neural cells, and mucous glands. NRF2 was pre-
sent in alveolar, neural, endothelial and mucosal cells, with negative reactivity in fibro-
blasts.

IHC is, at best, a semi-quantitative technique and is limiting for protein co-localiza-
tion analysis. Therefore, multiplexed immunofluorescence (mIF) was performed to visu-
alize NQO1, NRF1, NRF2, and pan-cytokeratin simultaneously. Pan-cytokeratin was uti-
lized to classify tumors and TME regions by a deep learning neural network algorithm,
DenseNet Al using Indica Labs’ HALO platform. mIF enabled the quantitative assessment
of NQO1 expression within tumor and TME regions [34]. Furthermore, to distinguish sev-
eral different immune cell types and to measure NQO1, NRF1 and NRF2 expression, mIF
was performed again by labeling NQO1, NRF1, NRF2 together with a cluster of differen-
tiation (CD) markers; CD3—pan T-cell receptor, CD4-helper T-cell, CD8-cytotoxic T-cell
and CD25-activated T-cell, CD20- B cells, CD56- natural killer cell, CD68-pan-macrophage
and CD163-dendritic cells. NQO1 protein expression was negative across all lymphoid
cell subtypes (Figure 1C,D). NRF1 expression was observed in CD8* and CD25* T-cells,
CD20* B cells, CD68* macrophages and CD163* dendritic cells, and negative in CD4* and
CD56* cells (Figure 1C). NRF2 expression was observed in CD20+, CD25*, CD68* and
CD163* cells. However, NRF2 was low in CD3* cells and negative in CD4+, CD8*, CD56*
cells (Figure 1C,D). Colocalized expression of NRF1 and NRF2 was observed in CD68*
cells.

Immunohistochemistry has helped to reveal that NQO1 is highly expressed in nor-
mal bronchial epithelium and endothelial cells, not in immune or stromal cells (Figure
1A,E). Multiplexed immunofluorescence, moreover, enabled us to measure NQO1 protein
expression quantitatively on a single cell level of bronchial epithelial cells and cancer cells
within each sample and across the cohort (Figure 1F). Notably, NQO1 protein expression
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was significantly higher in normal bronchial epithelial cells than in tumor cells across
paired samples.

\
(A,‘ Bronchial epithelial cells Alveoli Mucous gland Lymphoid cells

NQO1

NRF1

NG
e R

1

J
'y

NRF2




Biomolecules 2022, 12, 1652 7 of 16

Nerve cells Endothelial cell Fibroblast Muscle and Artery

& ; e RN

LY < L 3

: A N
~ . ol
i 3
Y ¢ L ‘»i"
30t L] \
20im &~ 1
¥ e T
/ a5
3 I
> X ? i o
N - - -
i .
w 3 .?
o - 3 o - .-
2 3 i
]
-~ -
. A 3
o ety g o
= e . . :
i ¥ rl 2
- \ a : ) Y xR %
\ \ L P oy
i ~ i »
v »
' & 2 -
o~ \ f o ¥ & a
[ - \ N 3 i
o 4 ] 3
X % A {% .
Z . } & iy
N y ]
. . v @
—< - ' =
. ] |- imgy . )

Hoechst CD marker NRF1 NQo1 NRF2 Composite




Biomolecules 2022, 12, 1652 8 of 16

| Df Hoechst cD marker NRF1 NQO1 NRF2 Composite

- R
o > Qa‘:i.n‘l,“ q

CD25

CD56

D68

CD163

E DAPI NQO1 PCK _ Composite




Biomolecules 2022, 12, 1652 9 of 16

20,000 dekdede

15,000

10,000

NQO1 average cell intensity

5,000 -

T 1
NQO1 normal bronchial epithelium NQO1 Tumour cells

Figure 1. NQO1 protein abundance in normal lung tissue. (A) NQO1, NRF1 and NRF2 immuno-
histochemical staining demonstrated normal bronchial epithelium, alveolar epithelium, mucosal
gland, and lymphoid cells. (B) NQO1, NRF1 and NRF2 expression in nerve cells, endothelial cells,
fibroblast cells and muscle (M) with the adjacent artery (A). (C,D) Multiplex immunofluorescence
of lymphoid cell types adjacent to tumor tissue using DAPI (blue nuclear stain), cluster of differen-
tiation markers (yellow), NRF1 (green), NQO1 (red) and NRF2 (purple). Composite images display
DAPI, CD markers, NRF1, NQO1 and NRF2 overlay. (E) NQO1 (green stain) and pan-cytokeratin
(pink cell structure stain highlighting bronchial epithelium and cancer cells). Composite images dis-
play DAPI, NQO1 and pan-cytokeratin overlay. N denotes normal bronchial epithelial cells, and C
denotes cancer cells. (F) NQOL1 intensity-based analysis displaying paired average NQO1 cell inten-
sity as a surrogate for NQO1 protein expression in normal bronchial epithelial cells and tumor cells
within each patient sample. Data points designate patient samples out with 10th and 90th percen-
tiles. Statistical significance was assessed using the Wilcoxon matched-pairs signed rank test (p ****
<0.001).

3.2. NQO1 Expression Is Heterogenous in Cancer

NQO1 protein expression in tumor cells labelled with pan-cytokeratin was quantita-
tively measured across this early-stage naive lung adenocarcinoma cohort (I and II) and
demonstrated varying levels of NQO1 on an individual cell level (Figure 2). As seen in
Figure 2, pan-cytokeratin-positive tumor cells in the first row showed over 9000 signal
intensity of the FITC channel, which was used to visualize NQO1, while the tumor cells
in the second row had less than 1000 signal intensity. The tumor cells in the third row
highlighted the heterogeneity of NQO1 abundance, demonstrating mixed FITC signal in-
tensity values ranging between 1000 and 9000. The quantitative measurement of FITC
channel intensity was divided into three categories, NQO1 high (>9222), moderate (1145<
and <9222), and low (<1145). The signal intensity of the FITC channel in Figure 2 repre-
sents intra- and inter-heterogeneity of NQO1 expression in tumor cells.
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DAPI

NQO1 PCK ) Composite

Figure 2. NQO1 heterogeneity in lung adenocarcinoma. The expression of NQO1 in cancer cells was
examined across the NSCLC cohort using DAPI (blue nuclear stain), NQO1 (green) and pan-cy-
tokeratin (pink cell structure stain highlighting bronchial epithelium and cancer cells). Composite
images display DAPI, NQO1 and pan-cytokeratin overlay. C denotes cancer cells.

3.3. NQOI1 Protein Expression Is Independent of NRF1 and NRF2

Multiplexed immunofluorescence staining performed showed the heterogeneity of
NQO1, NRF1 and NRF2 proteins within the same representative patient sample under
low and high resolution, respectively (Figure 3A—C). Figure 3B shows the tissue region
displaying high NQO1 expression in pan-cytokeratin-positive cancer cells, with negative
NQOI1 expression observed in stromal cells and immune cells. Conversely, NRF1 and
NREF2 expression in these same cancer cells were lower than the expression of NRF1 and
NRF2 in lymphoid cells, which are high, as seen in Figure 3B).



Biomolecules 2022, 12, 1652

11 of 16

DAPI

15,000

10,000

5,000

NRF1 flucrescent cell intensity

NQO1 NRF1 NRF2 PCK Composite

5mm Smm

S
100um [100um et

—— 100um

15,0007
r=0.002 r=-0.161
.
2
£ 10,000
E
g
L [ . . £
g L]
* L] * ... : :.. é * ‘. ‘ L] * 2 [ * ..
. & 5000 PP A ) 4 2= o
Y .c.o.': .'..-... - * : o ?..'. “}..,?.‘".‘\%5 ‘:)" ’o-. .
. o
y ::'o.: .::-:.,::‘.::_- . ARE A T 4 .
KIS A P TR

T 1 T T 1
10,000 15,000 o 5,000 10,000 15,000

NQO1 fluorescent cell intansity NQO1 fluorescent cell intensity

Figure 3. NQO1, NRF1 and NRF2 expression in NSCLC. Five fluorescent channels illustrating the
expression of DAPI (blue), NQO1 (green), NRF1 (yellow), NRF2 (red), and pan-cytokeratin (pink),
individually. (A) Whole slide image (WSI) of a case showing heterogeneous NQO1 expression.
Composite images display all channels” overlay. (B) NQO1 highly expressed region in WSI (A).
(C) NQOT1 lowly expressed region in WSI (A) (D) Spearman correlation between NRF1 fluorescent
cell intensity and NQOI1 fluorescent cell intensity in cancer cells (r = 0.002). (E) Spearman correla-
tion between NRF2 fluorescent cell intensity and NQOT1 fluorescent cell intensity in cancer cells (r
=-0.161).

Figure 3C represents an NQO1 low region within the same patient sample, display-
ing low NQOT1 expression in both tumor and stromal cells, but contrasting high NRF1 and
NREF2 expression within tumor cells.

High NQOI1 protein expression in tumor cells was associated across NRF1lew and
NRF2lv regions, whereas low NQOI1 expression is demonstrated in tumor cells detailing
NRF1hish and NRF2high expression.
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The correlations between NQO1 and NRF1 or NRF2 were evaluated as previously
shown in mouse model research, suggesting a positive correlation between NRF2 and
NQOT1 expression [20]. Averaged fluorescent signal intensities of NQO1, NRF1 and NRF2
from the whole cohort were plotted using Spearman’s correlation coefficient (Figure
3D,E), which demonstrated no correlative relationship between NQO1 and NRF1 (r =
0.002) or NQO1 and NRF2 (r =-0.161) expression in cancer cells.

3.4. Co-Localization of NRF1 and NRF2 in Cancer Cells Is Associated with Higher Patient
Probability of Survival

NRF1, NRF2 and NQO1 expression in immune cells within the human NSCLC TME
remain undetermined, and ROS may affect immune cell effector functions as described in
MDSC mouse literature [14]. Therefore, multiplex immunofluorescence was performed to
examine the co-localization of NQO1, NRF1 and NRF2 within the tumor and TME. The
subsequent bioimage analysis allowed for the classification of eleven different phenotypes
and density analyses of single positive cells and co-localizing cells by phenotype, e.g.,
NQOT'NRF1*NRF2;, NQO1*NRF1*NRF2;, and NQO1*NRF1*NRF2*.

The density of co-localized cell phenotypes was calculated in two separate regions—
tumor and tumor microenvironment (TME) and prognostic values were assessed by over-
all survival metrics over five years following tumor resection. A density-based co-expres-
sion analysis was performed, which demonstrated a significant positive association be-
tween survival probability and NRF1 and NRF2 protein co-expression in cancer cells.

Samples with high populations of NRF1*NRF2* tumor cells displayed a significantly
higher probability of survival than samples with low populations of NRF1*NRF2* tumor
cells (Figure 4, HR, 1.655; 95% CI, 1.043-2.624, * p = 0.03). Individual protein analysis for
NQO1, NRF1 and NRF2 and triple-negative phenotyping (NQO1-NRF1-NRF2) failed to
generate clinically-relevant high and low cut-offs, showing no significance in tumor cells.
Individual NQO1 expression in cancer cells did not show associations with the patient
probability of survival. NRF1*NQO1-NRF2- cancer cell populations were not indicative of
improved patient survival probability (p = 0.15).

_1 High NRF1+NRF2+
Tumour cells

_L Low NRF1+NRF2+
Tumour cells

50

Probability of Survival

Hazard ratio (95 % Cl)
1.655 (1.043 - 2.624)
P=0.03

Time (months)

Figure 4. Kaplan—-Meier survival analysis of the density of NRF1 and NRF2 co-expressed cancer
cells. Population-based Kaplan-Meier five-year survival analysis demonstrates the association be-
tween NRF1*NRF2* co-expressing tumor cells and the probability of survival. Statistical significance
was assessed using the log-rank test (Mantel-Cox). (p * < 0.05).
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4. Discussion

NQOL1 is highly expressed in breast and lung cancer tissue and has been described as
a potential therapeutic target for NSCLC patients [37]. Siegel and colleagues previously
described high levels of NQOL1 expression in the respiratory epithelium [23]. The NRF1
and NRF2 transcription factors perform multifaceted roles in cell homeostasis and func-
tion as key regulators of ROS through the upregulation of antioxidant genes through the
ARE, including nqol, in mice and human keratinocytes [19,35-37]. Recent NSCLC studies
demonstrate NQO1 and NRF2 negativity in normal tissue and NQO1 and NRF2 upregu-
lation in tumor tissue, proposing single-negative NQO1 expression and dual-negative ex-
pression of NRF2 and NQOT1 are predictive of improved outcomes in NSCLC patients
[22,29].

In this study, NQO1, NRF1 and NRF2 were established in normal lung tissue, de-
scribing protein expression in bronchial epithelial cells, alveolar cells, mucous glands,
lymphoid cells, neural cells, endothelial cells, fibroblasts, muscle cells and adjacent arteri-
oles. This study has shown high expression of NQOL1 in the respiratory epithelium in a
closely-related adenocarcinoma cohort. High levels of NQOL1 in cilia and decreased ex-
pression in basal cells indicate the protective role of NQO1 against environmental stress-
ors, such as cigarette smoke, as previously described by Siegel and colleagues [23]. Similar
NRF2 immunostaining of bronchial epithelium was observed at the apical surface just
below cilia, affirming previously described NRF2-mediated regulation of primary cilio-
genesis and potential Hedgehog signaling in mice [38].

Within the TME, excessive ROS are utilized by immunosuppressive cells, such as
MDSCs and tumor-associated macrophages, against immune effector cells [14]. Highlight-
ing insufficient research information addressing the ROS coping mechanisms of immune
cells and other cells found within the NSCLC TME. Therefore, IHC and mIF were applied
to investigate the expression of NQO1, NRF1 and NRF2 in immune cells and other cell
types within the NSCLC TME. Immunostaining demonstrated no NQO1 in lymphoid
cells, further confirmed by mlF staining of several lymphocyte subtypes. NRF1 and NRF2
immunostaining was observed in several immune cell subtypes. mIF demonstrated NRF1
and NRF2 expression in dendritic cells and macrophages, with most NRF1 expression
identified in activated T-cells and the highest NRF2 expression shown in B cells. NRF1 has
been reported to regulate the genetic exhaustion program during CAR T-cell therapy and
increased NRF1 co-expression with NRF3 is a characteristic of exhausted T-cells (express-
ing PD-L1, CTLA4 and LAGS3), suggesting that NRF1*activated T-cells could be experi-
encing excessive ROS and may utilize NRF1 as potential ROS-coping mechanisms against
exhaustion [39].

NREF2 has previously been shown to regulate chronic lung inflammation through the
maturation of dendritic cells and by producing proinflammatory cytokines for priming B
cell response to non-typeable H. influenzae (NTHI)-induced airway inflammation in mice
[40]. Furthermore, increased NRF2 expression in alveolar macrophages and type II pneu-
mocytes has been correlated with better incidence-of-recurrence primary spontaneous
pneumothorax [41]. These findings indicate that NRF2 may be exerting a protective effect
in normal respiratory epithelium and lung cancer, particularly in this early-stage cohort.
NRF2 has been purported to induce IL-17D to recruit natural killer cells, mediating tumor
regression in a murine melanoma model [42]. However, few CD56* natural killer cells
were observed in this human cohort following mIF, highlighting variance between NRF2
model systems.

In cancer cells, NQO1 expression is heterogenous, displaying low, moderate and high
expression within individual cases and, importantly, between analyses, potentially due to
the patient genetic background or ubiquitous ROS sources within the tumor [43]. There-
fore, it highlights the difficulties of assessing NQO1 using tissue homogenization tech-
niques and the complexities of utilizing NQO1 as a therapeutic target, owing to the dif-
ferential expression of this protein within the same tumor. Examining ROS within the
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tumor presents further complexities, owing to the short cellular half-life associated with
ROS sources and targets, such as hydrogen peroxide (H202, half-life <1 ms) [44].

NQOT1 expression was not correlated to paired NRF1 or NRF2 expression in cancer,
immune or stroma cells, contrary to studies proposing NRF1- or NRF2-directed adaptive
response upon NQOT1 transcription in mice and human keratinocytes. This suggests alter-
native transcriptional regulation of NQO1, potentially through other ARE-binding pro-
teins such as NRF3 [15]. In cancer cells, NRF3 has also been shown to suppress NRF1
translation through the cytoplasmic polyadenylation element binding protein 3 (CPEB3)
[30]. NRF1 repression redirects ubiquitin-dependent protein degradation from the NRF1-
265 proteasome regulation axis towards the proteasome maturation protein (POMP)-205
proteasomal axis. Thereby facilitating retinoblastoma and p53 protein degradation and
subsequent cancer growth [30]. The intrafamilial regulation between NRF1, NRF2 and
NRF3 remains to be elucidated, and many NRF3 transcriptional targets remain uncharac-
terized. Due to a lack of robust commercially available NRF3 antibodies, assessing NRF3
protein expression within this cohort was out of the scope of this paper, thereby limiting
the characterization of ROS-coping mechanisms of immune cells. Furthermore, the signif-
icantly shorter respective half-life of NRF1 and NRF2 (0.5 h and 0.25-0.5 h, respectively)
when contrasted to the half-life of NQO1 (18 h) highlights the limitations of protein ex-
pression association in two-dimensional tissue sections and cells [45-47].

Individual NRF1, NRF2 and NQO1 expression within all cancer, immune and stro-
mal cells are heterogenous in this closely-related cohort. However, increased double-pos-
itive NRF1 and NRF2 expression in cancer cells are associated with an improved proba-
bility of survival over five years. This association may align with mouse model findings
describing the anti-inflammatory effects of NRF2 activation, which antagonizes tumor-
promoting inflammation and suppresses cancer malignancy [24,48]. To establish the po-
tential prognostic value of NRF1 and NRF2 in the NSCLC TME, the expression of NRF3
requires quantification and further functional assessment. Additional investigation into
ROS-coping mechanisms would require population and spatial-based analysis, paired
with an antioxidant protein mIF panel targeting immune and immunosuppressive cell
subtypes within the TME.

This study demonstrates that NQOI1 protein expression is high in normal, tumor-
adjacent tissue and that NQO1 expression varies depending on the cell type. Inter and
intra-patient heterogenous NQO1 expression was observed in lung cancer, displaying
NQOI1 expression are independent of NRF1 and NRF2 in tumors. NRF1 and NRF2 dou-
ble-positive expression in cancer cells was associated with the improved patient probabil-
ity of survival.

Author Contributions: B.K.: Conceptualization, formal analysis, investigation, writing—original
draft, writing—review and editing. . H.U.: Conceptualization, validation, methodology, investiga-
tion, data curation, formal analysis, investigation, writing—original draft. M.E.: Conceptualization,
validation, investigation, writing-review and editing. O.].R.: Formal analysis, writing—review and
editing. D.J.H.: Conceptualization, resources, supervision, funding acquisition, writing—review
and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded in part by NuCana plc, Lothian NHS and the Industrial Centre for
Al Research in Digital Diagnostics (iCAIRD), which is funded by Innovate UK on behalf of UK Re-
search and Innovation (UKRI) [project number: 104690].

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Institutional Review Board of NHS Research Scotland Lothian
Bioresource (protocol code 10/51402/33 and date of approval 15-Jul-2014).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Biomolecules 2022, 12, 1652 15 of 16

Acknowledgments: We are grateful to the Lothian NHS Biorepository team for the provision of
lung cancer cases and to John O’Connor for technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

N o 01

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394-424.
https://doi.org/10.3322/caac.21492.

Oser, M.G.; Niederst, M.].; Sequist, L.V.; Engelman, J.A. Transformation from non-small-cell lung cancer to small-cell lung
cancer: molecular drivers and cells of origin. Lancet Oncol. 2015, 16, e165—e172. https://doi.org/10.1016/s1470-2045(14)71180-5.
American Cancer Society. Lung Cancer Survival Rates|5-Year Survival Rates for Lung Cancer; American Cancer Society: Atlanta,
GA, USA, 2019. Available online: https://www.cancer.org/cancer/lung-cancer/detection-diagnosis-staging/survival-rates.html
(accessed on 31 August 2022).

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2015. CA Cancer J. Clin. 2015, 65, 5-29.

Cruz, C.S.D,; Tanoue, L.T.; Matthay, R.A. Lung Cancer: Epidemiology, Etiology, and Prevention. Clin. Chest Med. 2011, 32, 605-644.
Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31-46. https://doi.org/10.1158/2159-8290.cd-21-1059.
Inamura, K. Lung cancer: Understanding its molecular pathology and the 2015 WHO classification. Front. Oncol. 2017, 7, 193.
https://doi.org/10.3389/fonc.2017.00193.

Franco, P.LR.; Rodrigues, A.P.; de Menezes, L.B.; Miguel, M.P. Tumor microenvironment components: Allies of cancer progres-
sion. Pathol. Res. Pract. 2020, 216, 1.

Wu, F.; Fan, J.; He, Y.; Xiong, A.; Yu, ].; Li, Y.; Zhang, Y.; Zhao, W.; Zhou, F.; Li, W.; et al. Single-cell profiling of tumor hetero-
geneity and the microenvironment in advanced non-small cell lung cancer. Nat. Commun. 2021, 12, 2540.
https://doi.org/10.1038/s41467-021-22801-0.

Surace, M.; Rognoni, L.; Rodriguez-Canales, J.; Steele, K.E. Characterization of the immune microenvironment of NSCLC by
multispectral ~ analysis of multiplex immunofluorescence images. Methods Enzymol. 2020, 635, 33-50.
https://doi.org/10.1016/bs.mie.2019.07.039.

Valavanidis, A.; Vlachogianni, T.; Fiotakis, K.; Loridas, S. Pulmonary Oxidative Stress, Inflammation and Cancer: Respirable
Particulate Matter, Fibrous Dusts and Ozone as Major Causes of Lung Carcinogenesis through Reactive Oxygen Species Mech-
anisms. Int. . Environ. Res. Public Health 2013, 10, 3886-3907. https://doi.org/10.3390/ijerph10093886.

Satoh, H.; Moriguchi, T.; Taguchi, K.; Takai, J.; Maher, ].M.; Suzuki, T., Jr.; Raman, V.; Ebina, M.; Nukiwa, T. Nrf2-deficiency
creates a responsive microenvironment for metastasis to the lung. Carcinogenesis 2010, 31, 1833-1843. https://doi.org/10.1093/car-
cin/bgq105.

Raskov, H.; Orhan, A.; Christensen, J.P.; Gogenur, I. Cytotoxic CD8+ T cells in cancer and cancer immunotherapy. Br. |. Cancer
2020, 124, 359-367. https://doi.org/10.1038/s41416-020-01048-4.

Nagaraj, S.; Youn, J.-I; Gabrilovich, D.I. Reciprocal Relationship between Myeloid-Derived Suppressor Cells and T Cells. J.
Immunol. 2013, 191, 17-23. https://doi.org/10.4049/jimmunol.1300654.

Kim, HM.; Han, J.W.; Chan, J.Y. Nuclear Factor Erythroid-2 Like 1 (NFE2L1): Structure, function and regulation. Gene 2016,
584, 17-25.

Mitsuishi, Y.; Taguchi, K.; Kawatani, Y.; Shibata, T.; Nukiwa, T.; Aburatani, H.; Yamamoto, M.; Motohashi, H. Nrf2 Redirects
Glucose and Glutamine into Anabolic Pathways in Metabolic Reprogramming. Cancer Cell 2012, 22, 66-79.
https://doi.org/10.1016/j.ccr.2012.05.016.

Bury, M,; Le Calve, B.; Lessard, F.; Del Maso, T.; Saliba, J.; Michiels, C.; Ferbeyre, G.; Blnak, V. FE2L3 Controls Colon Cancer
Cell Growth through Regulation of DUX4, a CDK1 Inhibitor. Cell Rep. 2019, 29, 1469-1481.e9.

Tang, Z.; Li, C,; Kang, B.; Gao, G,; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and
interactive analyses. Nucleic Acids Res. 2017, 45, W98-W102. https://doi.org/10.1093/nar/gkx247.

Zhang, Y.; Xiang, Y. Molecular and cellular basis for the unique functioning of Nrfl, an indispensable transcription factor for
maintaining cell homoeostasis and organ integrity. Biochem. ]. 2016, 473, 961-1000. https://doi.org/10.1042/bj20151182.

PNioi; McMahon, M.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Identification of a novel NRF2-regulated antioxidant response ele-
ment (ARE) in the mouse NAD(P)H:quinone oxidoreductase 1 gene: Reassessment of the ARE consensus se-quence. Biochem. |.
2003, 374, 337-348.

Ross, D.; Siegel, D. Functions of NQO1 in Cellular Protection and CoQ10 Metabolism and its Potential Role as a Redox Sensitive
Molecular Switch. Front. Physiol. 2017, 8, 595. https://doi.org/10.3389/fphys.2017.00595.

Li, Z.; Zhang, Y.; Jin, T.; Men, J.; Lin, Z.; Qj, P.; Piao, Y.; Yan, G. NQOI1 protein expression predicts poor prognosis of non-small
cell lung cancers. BMC Cancer 2015, 15, 1-9. https://doi.org/10.1186/s12885-015-1227-8.

Siegel, D.; Franklin, W.A.; Ross, D. Immunohistochemical detection of NAD(P)H:quinone oxidoreductase in human lung and
lung tumors. Clin. Cancer Res. 1998, 4, 2065-2070.

De La Vega, M.R,; Chapman, E.; Zhang, D.D. NRF2 and the Hallmarks of Cancer. Cancer Cell 2018, 34, 21-43.
https://doi.org/10.1016/j.ccell.2018.03.022.



Biomolecules 2022, 12, 1652 16 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sanchez-Ortega, M., Carrera, A., Garridob A. Role of NRF2 in Lung Cancer. Cells 2021, 10, 1879.
https://doi.org/10.3390/cells10081879.

Scalera, S.; Mazzotta, M.; Cortile, C.; Krasniqi, E.; De Maria, R.; Cappuzzo, F.; Ciliberto, G.; Maugeri-Sacca, M. KEAP1-Mutant
NSCLC: The Catastrophic Failure of a Cell-Protecting Hub. J. Thorac. Oncol. 2022, 17, 751-757.
https://doi.org/10.1016/j.jtho.2022.03.011.

Hiramoto, K.; Satoh, H.; Suzuki, T.; Moriguchi, T.; Pi, J.; Shimosegawa, T.; Yamamoto, M. Myeloid Lineage-Specific Deletion of
Antioxidant System Enhances Tumor Metastasis. Carncer Prev. Res. 2014, 7, 835-844. https://doi.org/10.1158/1940-6207.capr-14-0094.
Maj, T.; Wang, W.; Crespo, J.; Zhang, H.; Wang, W.; Wei, S.; Zhao, L.; Vatan, L.; Shao, I; Szeliga, W.; et al. Oxidative stress
controls regulatory T cell apoptosis and suppressor activity and PD-L1-blockade resistance in tumor. Nat. Immunol. 2017, 18,
1332-1341.

Tong, Y.-H.; Zhang, B.; Yan, Y.-Y.; Fan, Y.; Yu, ].-W.; Kong, S.-S.; Zhang, D.; Fang, L.; Su, D.; Lin, N.-M. Dual-negative expression
of Nrf2 and NQO1 predicts superior outcomes in patients with non-small cell lung cancer. Oncotarget 2017, 8, 45750—-45758.
https://doi.org/10.18632/oncotarget.17403.

Tsvetkov, P.; Adler, J.; Myers, N.; Biran, A.; Reuven, N.; Shaul, Y. Oncogenic addiction to high 26S proteasome level. Cell Death
Dis. 2018, 9, 1-14. https://doi.org/10.1038/s41419-018-0806-4.

Koizumi, S.; Hamazaki, J.; Murata, S. Transcriptional regulation of the 26S proteasome by Nrfl. Proc. Jpn. Acad. Ser. B 2018, 94,
325-336. https://doi.org/10.2183/pjab.94.021.

Nikitina, A.S.; Sharova, E.; Danilenko, S.A.; Butusova, T.B.; Vasiliev, A.O.; Govorov, A.V; Prilepskaya, E.A.; Pushkar, D.Y.;
Kostryukova, E.S. Novel RNA biomarkers of prostate cancer revealed by RNA-seq analysis of formalin-fixed samples obtained
from Russian patients. Oncotarget 2017, 8, 32990-33001. https://doi.org/10.18632/oncotarget.16518.

Bueno, R.; Hughes, E.; Wagner, S.; Gutin, A.S.; Lanchbury, ].S.; Zheng, Y.; Archer, M.A.; Gustafson, C.; Jones, J.T.; Rushton, K;
et al. Validation of a Molecular and Pathological Model for Five-Year Mortality Risk in Patients with Early Stage Lung Adeno-
carcinoma. J. Thorac. Oncol. 2015, 10, 67-73. https://doi.org/10.1097/jt0.0000000000000365.

Nearchou, I.P.; Gwyther, B.M.; Georgiakakis, E.C.T.; Gavriel, C.G,; Lillard, K.; Kajiwara, Y.; Ueno, H.; Harrison, D.; Caie, P.
Spatial immune profiling of the colorectal tumor microenvironment predicts good outcome in stage II patients. npj Digit. Med.
2020, 3, 1-10. https://doi.org/10.1038/541746-020-0275-x.

Camp, R.L.; Dolled-Filhart, M.; Rimm, D.L. X-tile: A new bio-informatics tool for biomarker assessment and outcome-based
cut-point optimization. Clin. Cancer Res. 2004, 10, 7252-7259.

Bordeaux, J.; Welsh, A.W.; Agarwal, S.; Kiliam, E.; Baquero, M.T.; Hanna, J.A.; Anagnostou, V.K.; Rimm, D.L. Antibody valida-
tion. Biotechniques 2010, 48, 197.

Yang, Y.; Zhang, Y.; Wu, Q.; Cui, X,; Lin, Z; Liu, S.; Chen, L. Clinical implications of high NQO1 expression in breast cancers.
J. Exp. Clin. Cancer Res. 2014, 33, 14. https://doi.org/10.1186/1756-9966-33-14.

Liu, P.; Dodson, M.; Fang, D.; Chapman, E.; Zhang, D.D. NRF2 negatively regulates primary ciliogenesis and hedgehog signal-
ing. PLoS Biol. 2020, 18, €3000620. https://doi.org/10.1371/journal.pbio.3000620.

Gennert, D.G,; Lynn, R.C; Granja, ].M.; Weber, EEW.; Mumbach, M.R.; Zhao, Y.; Duren, Z.; Sotillo, E.; Greenleaf, W.].; Wong,
W.H.,; et al. Dynamic chromatin regulatory landscape of human CAR T cell exhaustion. Proc. Natl. Acad. Sci. USA 2021, 118.
https://doi.org/10.1073/pnas.2104758118.

Lugade, A.A.; Vethanayagam, R.R.; Nasirikenari, M.; Bogner, P.N.; Segal, B.H.; Thanavala, Y. Nrf2 Regulates Chronic Lung
Inflammation and B-Cell Responses to Nontypeable Haemophilus influenzae. Am. |. Respir. Cell Mol. Biol. 2011, 45, 557-565.
https://doi.org/10.1165/rcmb.2010-03210c.

Chiu, W.C,; Lee, Y.L.; Chou, S.H.; Lee, Y.C.; Su, Y.H.; Hou, Y.A,; Chiang, H.H.; Yin, H.L.; Hu, S.C.S.; Huang, M.Y.; Huang, C.J.;
Yuan, S.S.F. Expression of redox sensing factor Nrf2 in lung macrophages and type II pneumocytes as a prognostic factor in
pneumothorax recurrence. J. Thorac. Dis. 2017, 9, 2498-2509.

Saddawi-Konefka, R.; Seelige, R.; Gross, E.T.; Levy, E.; Searles, S.C.; Washington, A.; Santosa, E.K.; Liu, B.; O’Sullivan, T.E.;
Harismendy, O.; et al. Nrf2 Induces IL-17D to Mediate Tumor and Virus Surveillance. Cell Rep. 2016, 16, 2348-2358.
https://doi.org/10.1016/j.celrep.2016.07.075.

Malik, M.A; Zargar, S.A.; Mittal, B. Role of NQO1 609C>T and NQO2 -3423G>A gene polymorphisms in esophageal cancer
risk in Kashmir valley and meta analysis. Mol. Biol. Rep. 2012, 39, 9095-9104. https://doi.org/10.1007/s11033-012-1781-y.
Dickinson, B.C.; Chang, C.J. Chemistry and biology of reactive oxygen species in signaling or stress responses. Nat. Chem. Biol.
2011, 7, 504-511. https://doi.org/10.1038/nchembio.607.

Qiu, L.; Yang, Q.; Zhao, W.; Xing, Y.; Li, P.; Zhou, X,; Ning, H.; Shi, R.; Gou, S.; Chen, Y.; et al. Dysfunction of the energy sensor
NFE2L1 triggers uncontrollable AMPK signaling and glucose metabolism reprogramming. Cell Death Dis. 2022, 13, 1-11.
Nguyen, T.; Nioi, P.; Pickett, C.B. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative
Stress. J. Biol. Chem. 2009, 284, 13291-13295. https://doi.org/10.1074/jbc.r900010200.

Siegel, D.; Anwar, A.; Winski, S.L.; Kepa, J.K.; Zolman, K.L.; Ross, D. Rapid Polyubiquitination and Proteasomal Degradation
of a Mutant Form of NAD(P)H:quinone Oxidoreductase 1. Mol.  Pharmacol. 2001, 59, 263-268.
https://doi.org/10.1124/mol.59.2.263.

Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.;
Nakayama, K.; et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription.
Nat. Commun. 2016, 7, 11624. https://doi.org/10.1038/ncomms11624.



