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Abstract: NRF2 activation protects epithelial cells from malignancy, but cancer cells can upregulate
the pathway to promote survival. NRF2 activators including CDDO-Methyl ester (CDDO-Me) inhibit
cancer in preclinical models, suggesting NRF2 activation in other cell types may promote anti-tumor
activity. However, the immunomodulatory effects of NRF2 activation remain poorly understood in
the context of cancer. To test CDDO-Me in a murine model of established lung cancer, tumor-bearing
wildtype (WT) and Nrf2 knockout (KO) mice were treated with 50-100 mg CDDO-Me/kg diet,
alone or combined with carboplatin/paclitaxel (C/P) for 8-12 weeks. CDDO-Me decreased tumor
burden in an Nrf2-dependent manner. The combination of CDDO-Me plus C/P was significantly
(p < 0.05) more effective than either drug alone, reducing tumor burden by 84% in WT mice. CDDO-
Me reduced the histopathological grade of WT tumors, with a significantly (p < 0.05) higher proportion
of low-grade tumors and a lower proportion of high-grade tumors. These changes were augmented by
combination with C/P. CDDO-Me also protected WT mice from C/P-induced toxicity and improved
macrophage and T cell phenotypes in WT mice, reducing the expression of CD206 and PD-L1 on
macrophages, decreasing immunosuppressive FoxP3+ CD4+ T cells, and increasing activation of
CD8+ T cells in a Nrf2-dependent manner.

Keywords: CDDO-Methyl ester; triterpenoid; lung cancer; tumor microenvironment; immunomodulation;
chemotherapy; carboplatin; paclitaxel

1. Introduction

Lung cancer remains the leading cause of cancer-related deaths in the United States
and the most frequently diagnosed cancer in both men and women [1]. For many patients,
the paradigm of first-line therapy for advanced disease has shifted towards immune
checkpoint blockade, alone or in combination with chemotherapy [2], and this change has
transformed the clinical management of non-small cell lung cancer. Patients who respond
to immunotherapy have profound, durable improvements which lead to reduced mortality
in patients [3]. However, less than 30% of patients respond to immunotherapies, and the
identification of predictive biomarkers of patient response remains a challenge [4]. Targeted
therapies often have limited efficacy and multiple adverse effects, and the predicament of
drug resistance has severely restricted the long-term survival advantage for novel agents
including KRASC'?C inhibitors [5]. Therefore, the identification of novel therapeutic agents
and elucidation of mechanisms driving disease pathogenesis are critical to improving
clinical outcomes for lung cancer.

The success of immune checkpoint inhibitors in responsive patients illustrates the
anti-tumor potential of the immune microenvironment in the lung. In many established

Antioxidants 2024, 13, 621. https://doi.org/10.3390/antiox13060621

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox13060621
https://doi.org/10.3390/antiox13060621
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0003-3317-3437
https://doi.org/10.3390/antiox13060621
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13060621?type=check_update&version=1

Antioxidants 2024, 13, 621

2 of 25

untreated lung cancers, the immune compartment suppresses an anti-tumor response and
promotes pro-tumor immune activity [6,7]. Anti-tumor immune responses produce a harsh,
inflammatory environment characterized by hypoxia and abundant oxidative stress [8-10].
While tumor cells exploit endogenous mechanisms to tolerate the high levels of stress in the
lung tumor microenvironment, immune cells have lower antioxidant capacity and are more
sensitive to oxidative damage, resulting in cellular dysfunction and death [11-13]. The
nuclear factor erythroid 2-related factor 2 (NRF2)-KEAP1-ARE signaling axis is a master
regulator of antioxidant defenses [14,15]. Up to 26% of human lung adenocarcinomas
acquire mutations resulting in constitutive NRF2 activation, which promotes tumor cell
survival. However, constitutive activation of the NRF2 pathway is absent in the immune
compartment, and these cells remain vulnerable to oxidative stress [16]. In order to establish
and maintain a pro-inflammatory anti-tumor response, immune cells are dependent on
cytoprotective mechanisms including NRF2 activation [17].

The tumor suppressive effects of NRF2 activation in immune cells in lung cancer,
particularly in the myeloid lineage [18,19], were demonstrated. Macrophages make up a
significant portion of the immune microenvironment in lung tumors, and their dynamic
ability to fluctuate between anti-tumor and tumor-promoting phenotypes makes these
cells an attractive target for anti-cancer therapies [20]. However, most previous studies
evaluating NRF2 activation in macrophages within the lung tumor microenvironment
utilized models of early-stage lung cancer, and NRF2 plays differing roles throughout
carcinogenesis [21]. In non-transformed cells, NRF2 activation protects against malignant
transformation, but increased NRF2 activity in cancer cells promotes survival and tumor
progression [22]. The effects of pharmacological NRF2 activation on immune cells in the
microenvironment of established lung cancer have not been fully elucidated. Oleanane
triterpenoids activate the NRF2 pathway with potency and selectivity at nanomolar con-
centrations [23], and the anti-tumor effects of these drugs have been demonstrated in
murine models for both cancer prevention and treatment [19,24-26]. However, the effects
of CDDO-Methyl ester (CDDO-Me or bardoxolone methyl) on immune cells in the lung
tumor microenvironment remain underexplored, particularly in the advanced stages of the
disease. Because most lung cancers are not diagnosed until they reach the later stages of
III/IV [1], it is critical to evaluate the effects of NRF2 activation on immune cells in models
of established lung cancer and not just for prevention.

Despite advancements in lung cancer treatment options, cytotoxic chemotherapy
remains a critical component of the clinical standard of care for this disease. However,
the adverse effects of these drugs induce widespread multiorgan toxicities including
decreased white blood cell count, hair loss, gastrointestinal effects, and weight loss [27].
These characteristics adversely affect patient quality of life and may worsen existing
underlying health challenges. While CDDO-Me enhances the anti-tumor efficacy of the
chemotherapeutic agents carboplatin and paclitaxel (C/P), demonstrated by a significantly
greater reduction in tumor burden with the combination of CDDO-Me + C/P than either
agent alone [24], how the combination of these drugs affects the immune microenvironment
is unknown. Additionally, the specific role of NRF2 in the anti-tumor response has not
been delineated. We hypothesized that CDDO-Me induces changes to the lung tumor
immune microenvironment and that the anti-tumor effects of CDDO-Me are dependent
on Nrf2. Because immune cells are particularly susceptible to both oxidative stress and
chemotherapy-induced toxicity, combining CDDO-Me and chemotherapy should favorably
modulate the activity of immune cells while simultaneously protecting them from toxicity,
facilitating anti-tumor immunity and augmenting the efficacy of chemotherapy.

To test our hypotheses, wildtype (WT) and Nrf2 knockout (KO) A/] mice with estab-
lished lung tumors were treated with the triterpenoid CDDO-Me, alone and in combination
with the cytotoxic chemotherapeutic drugs carboplatin and paclitaxel. These drugs are
commonly used clinically for lung cancer treatment because of their distinct mechanisms
and efficacy. Carboplatin crosslinks DNA, thereby disrupting DNA replication, while
paclitaxel prevents cell division by inhibiting microtubule depolymerization. Combin-
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ing paclitaxel with carboplatin significantly increases DNA adduct formation, making
this specific cocktail more effective in blocking tumor cell proliferation than either agent
alone [28].

A/] mice are sensitive to the carcinogen vinyl carbamate, a mutagenic metabolite
of urethane found in tobacco smoke [29]. Vinyl carbamate induces Kras mutations and
subsequent aggressive lung adenocarcinomas, making this an experimental model of high
clinical relevance as adenocarcinomas account for at least half of all human lung cancer
cases [1]. To characterize the immunomodulatory effects of CDDO-Me + C/P, lungs were
processed for flow cytometry using an optimized immunophenotyping panel [30]. To
determine the necessity of Nrf2 for the anti-tumor effects of CDDO-Me, Nrf2 KO A/] mice
were used in addition to WT A /] mice.

2. Materials and Methods

Treatment of lung adenocarcinomas in vivo

All mouse studies were performed in accordance with AAALAC-accredited Standards
for the Management of Laboratory Animals and an animal protocol (202100188) approved
by the Institutional Animal Care and Use Committee at Michigan State University. A/]
mice are widely used to model lung cancer and for carcinogen testing given their high
susceptibility to carcinogen-induced tumors. WT A /] mice were originally obtained from
Jackson Laboratories, and Nrf2 KO A /] mice were genetically engineered by CRISPR-
Cas9 editing of the Nrf2 locus ENSMUSG00000015839 (Accession # NM_010902.5) as
described [19]; mice of both genotypes were bred in-house.

Between 6 and 7 weeks of age, male and female WT and Nrf2 KO A/] mice were
injected i.p. with 0.32 mg vinyl carbamate (Toronto Research Chemicals #TRC-V375000;
PubChem CID: 27492) per mouse. Mice were injected with a second dose of vinyl carbamate
one week later. Beginning one week before initiation with vinyl carbamate, mice were fed
a well-characterized semi-synthetic AIN-93G rodent diet (BioServ, Flemington, NJ, USA)
plus 12.5 mL ethanol and 37.5 mL Neobee oil (Spectrum Chemical, New Brunswick, NJ,
USA) per kg diet. The control diet was continued for an additional 8 weeks to allow tumors
to develop, after which mice were randomized into treatment groups. The number of mice
per group was determined based on variability observed in previous studies evaluating
CDDO-Me in A /] mice [19].

Diets were prepared by dissolving CDDO-Me (treatment) into 12.5 mL ethanol and
37.5 mL Neobee oil (vehicle) and then mixing the liquids into one kg AIN-93G powder diet
for 20 min using a KitchenAid mixer. After allowing tumors to grow for 8 weeks, mice were
fed a treatment diet (50-100 mg CDDO-Me/kg AIN-93G, ~12.5-25 mg/kg body weight)
intermittently (one week on CDDO-Me diet, followed by one week on control diet) for an
additional 8 weeks (Study 1).

In Study 2, mice were initiated with vinyl carbamate as described and tumors allowed
to grow for 8 weeks before being treated with CDDO-Me (80 mg/kg or ~20 mg/kg body
weight), alone and in combination with carboplatin (50 mg/kg) (Sigma-Aldrich, St. Louis,
MO, USA) and paclitaxel (15 mg/kg) (Cayman Chemical, Ann Arbor, MI, USA) (C/P). Six
total doses of C/P were injected i.p. on the same day every other week over the longer
12-week treatment period. Mice not treated with C/P were injected i.p. with the vehicle for
these drugs (DMSO:cremophor:saline 1:1:8) on the same days as the mice receiving C/P as
an additional control.

After 8-12 weeks on the treatment diet, the blood and lungs were harvested. The
lungs were dissected and inflated with PBS for quantification of grossly visible tumors
on the surface of the lungs. The left lung was fixed in 10% neutral-buffered formalin for
48 h and then embedded in paraffin. The lung was step-sectioned: the first section from
200 microns deep in the embedded tissue and a second section after an additional
800 microns. Both sections were then stained with hematoxylin and eosin for grading.
Sample group identities were blinded and then slides were randomized. Tumors were
counted on each slide, measured, and graded for histopathological severity as previously
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described [19]. Samples were then unblinded and data were summarized for statistical anal-
ysis. Additional unstained sections were used for the immunohistochemistry of biomarkers.
The right lobes of the lung were divided and either analyzed using flow cytometry or
flash-frozen and stored at —80 °C for western blotting.

Western blotting

Flash-frozen lung tissues from the right lung were homogenized in EBC buffer con-
taining protease inhibitors (aprotinin, PMSF, and leupeptin) and 10% NP-40. Samples were
incubated on ice for 40 min with agitation and vortexing followed by sonication every
10 min. Protein concentrations were determined using the BCA assay (Sigma-Aldrich,
St. Louis, MO, USA) and concentrations were normalized in resolving SDS-PAGE buffer.
Samples were separated through 10% polyacrylamide gels at 100 V and proteins were
transferred onto a nitrocellulose membrane at 100 V for 2.5 h. Membranes were probed
with antibodies against NQO1 (1:1000, 5% BSA, Invitrogen #PA5-115666, Waltham, MA,
USA) and f3-actin (1:1000, 5% BSA, Sigma-Aldrich #A-5441), followed by rabbit and mouse
secondary fluorescent antibodies (1:1000, 5% BSA, LI-CORE #926-32213 and #926-32212,
respectively). Membranes were dried then visualized using the BioRad ChemiDoc imaging
system and quantified using FIJI 1.0 software.

Immunohistochemical or immunofluorescent staining

Sections of the left lobe from 1000 microns deep were obtained from formalin-fixed,
paraffin-embedded mouse lungs and mounted. Sections were immunostained for NQO1
(1:100, Invitrogen #PA5-115666), PCNA (1:100, Santa Cruz Biotechnology #SC-56, Dallas,
TX, USA), and p-ERK (1:200, Cell Signaling #4370, Danvers, MA, USA) and visualized
using HRP-conjugated secondary antibodies (xRat 1:1000, Vector Laboratories #BA-9400,
Newark, CA, USA and aRabbit 1:1000, Cell Signaling #8114S, respectively). Slides were
counterstained with hematoxylin and visualized at 40 x magnification by light microscopy.
For immunofluorescence, sections were TUNEL stained using a commercially available
kit (Invitrogen #C10618). Slides were counterstained with DAPI and imaged on an Invit-
rogen EVOS M5000 digital color fluorescence microscope equipped with DAPI and Texas
Red filters.

Flow cytometry

The same two lobes of the right lung were harvested from female A/] mice
(n = 4-10 mice/group) and incubated in digestion media containing collagenase
(300 U/mL, Sigma-Aldrich) and DNAse (2 U/mL, Calbiochem) in DMEM (Corning, Corn-
ing, NY, USA) for 30 min at 37 °C with stirring. Samples were then passed through a
40 pm cell strainer (ThermoFisher, Waltham, MA, USA) to break apart cell clumps, and red
blood cells were eliminated using lysis solution. Fc receptors were blocked using 5 pg/mL
anti-mouse CD16/CD32 for 10 min on ice. Single cells were resuspended in a 1:1 solution of
Brilliant Violet buffer (BD Bioscience, Franklin Lakes, NJ, USA):PBA and stained for 30 min
on ice using an optimized antibody panel [30] for immune cell targets including «CD45
(BioLegend, San Diego, CA, USA, BV510 #103138), xCD11b (BioLegend PE/Cyanine?
#101216), «CD11c (BioLegend PE/Cyanine5 #117316), xCD64 (BioLegend BV711 #139311),
aCD206 (BioLegend BV421 #141717), «PD-L1 (BioLegend PE-Dazzle594 #124324), xCD4
(Miltenyi Biotrc FITC, Gaithersburg, MD, USA, #130-120-819), xCDS8 (Invitrogen BUV805
#368-0081-82), xCD25 (BioLegend PE #101904), xCD24 (BioLegend BV605 #101827), and
aCD107a (BioLegend Alexa Fluor 647 #121610). Cells were stained for viability with
Live/Dead Fixable Blue Dead Cell Stain Kit (Invitrogen #L.23105). Cells were permeabilized
using the BD Biosciences Cytofix/Cytoperm Fixation/Permeabilization kit (#554714) and
stained for the intracellular target «FoxP3 (Invitrogen Alexa Fluor 700 #56-5773-80). Cell
samples were run on a Cytek Aurora spectral flow cytometer equipped with 5 lasers (UV
355 nm, violet 405 nm, blue 488 nm, yellow-green 561 nm, and red 640 nm). Data were
analyzed using Flow]o x.10.0.7r2 software using an optimized gating strategy [30].

Isolation of T cells from spleen

The 6-7-week-old female A /] mice (WT and Nrf2 KO) were euthanized according
to IACUC guidelines. The spleen was harvested, and individual cells were released
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by compressing between two frosted glass slides. CD4+ T cells were isolated using a
commercial magnetic column separation system (Miltenyi Biotec, Gaithersburg, MD, USA)
and activated with «CD28 (3 pg/mL), IL-2 (5 ng/mL), and TGF- (5 ng/mL) for 24 h.
Cells were treated with vehicle (DMSQO) or CDDO-Me (10 nM) for an additional 24 h and
analyzed by qPCR.

qPCR

RNA was isolated using TRIzol (Invitrogen). A total of 2 ug RNA was used to
synthesize cDNA utilizing the SuperScript III reverse transcriptase kit (Invitrogen) and the
following conditions: 10 min 25 °C, 2 h 37 °C, 5 min 85 °C, indefinite hold at 4 °C. Primer
(IDT) sequences were as follows: FoxP3 (F 5-CTCGTCTGAAGGCAGAGTCA-3' & R 5'-
TGGCAGAGAGGTATTGAGGG-3') and RPL-13a (F 5'-GTTGATGCCTTCACAGCGTA-3’
& R 5-AGATGGCGGAGGTGCAG-3'). An optimized qPCR protocol was run using a
QuantStudio 7 Flex Real-Time PCR machine: 2 min 50 °C; 10 min 95 °C; 15s 95 °C; 1 min
60 °C; repeat steps 3—4 40x; 155 95 °C; 1 min 60 °C. Fold change in target RNA expression
was quantified utilizing the AACT method.

Complete blood counts (CBCs)

Immediately after the euthanasia of mice, blood was collected via cardiac punc-
ture with a 25 g needle attached to a 1 mL syringe pre-filled with 50 uL. EDTA into
a K2 EDTA tube. Complete blood counts were obtained using an Idexx ProCyte Dx
hematology analyzer.

Statistics

A statistical analysis of data was completed using either GraphPad Prism 10 or Sig-
maStat 3.5 software. The following tests were used: two-way ANOVA followed by Tukey
HSD for multiple comparisons for in vitro mRNA transcripts in CD4+ splenocytes and for
in vivo comparisons of more than two groups, and a z-test for comparing proportions of
mouse mortality and tumor histopathology. All in vitro studies were repeated at least three
times, and representative results were shown. For all studies, an alpha value of « = 0.05
was used for statistical significance.

3. Results
3.1. Study 1: CDDO-Me Reduces Tumor Burden and Histopathological Severity of Established
Lung Tumors in a Dose- and Nrf2-Dependent Manner

Both wild-type (WT) and Nrf2 knockout (KO) mice on an A/J background were
challenged with vinyl carbamate to initiate lung cancer. Tumors were allowed to grow for
an additional eight weeks, which is sufficient to allow the detection of tumors within the
lung [24]. Mice were then randomized into treatment groups and fed a diet containing
either vehicle control or 50-100 mg of CDDO-Me/kg diet intermittently (one week on
CDDO-Me diet, one week on the control diet) for an additional eight weeks (Figure 1A).
These concentrations equate to ~12.5-25 mg/kg of total body weight, based on the average
amount of food consumed each day [25]. These concentrations were the same as previous
studies demonstrating the anti-tumor efficacy of CDDO-Me in WT A /] mice challenged
with vinyl carbamate in later-stage intervention studies [24]. The mice tolerated this
treatment well, as they continued to gain weight throughout the study at a rate equivalent
to mice receiving the vehicle diet, and no significant differences in weight were found in
any groups (Figure S1).

Upon gross observation of the lungs, the differences in surface tumor numbers between
groups were striking (Figure 1B). When these surface tumors were quantified, a significant
dose-response was observed in WT mice (Figure 1C). WT mice treated with 50 mg/kg
CDDO-Me had 34.4% fewer (p < 0.05) average surface tumors compared to WT mice on
vehicle diet, with averages of 16.5 & 1.3 tumors per mouse in the treated group compared
to 25.1 £ 1.3 tumors in the vehicle group. The 100 mg/kg dose of CDDO-Me was even
more effective, lowering (p < 0.0001) average surface tumor count from 22.4 + 1.3 in the
vehicle group to 6.9 & 1.0, a reduction of nearly 70% (Table 1A,B). The average surface
tumor count in Nrf2 KO mice was nearly 2.5-fold (p < 0.0001) higher compared to WT



Antioxidants 2024, 13, 621

6 of 25

mice with an average of 62.5 & 2.6 tumors per mouse (Table 1A,B and Figure 1C), and this
striking increase can be appreciated in the lung images displayed in Figure 1B. Importantly,
no differences in tumor count were observed in the Nrf2 KO mice, regardless of treatment,
suggesting the dose-dependent anti-tumor effects of CDDO-Me are Nrf2 dependent.

A Vinyl carbamate Vehicle diet Vehicle or CDDO-Me 50-100mg/kg of diet
' ' r I 1
Initiation | Tumor development I Treatment I Sac |
6-7 weeks old 8 weeks 8 weeks
B
WT Vehicle
WT Vehicle WT CDDO-Me 100mg/kg
WT CDDO-Me R
50mg/kg 35%*
46%
WT CDDO-Me
100mg/kg Total=84 Total =23
Nrf2 KO Vehicle Nrf2 KO CDDO-Me 100mg/kg
Nrf2 KO l A 10%,
Vehicle
\I
Nrf2 KO b
CDDO-Me
50mg/kg
Total =122 Total=94
mm Low
Nrf2 KO = e
CDDO-Me
100mg/kg
Tumor count
c E
Rk CDDO-Me CDDO-Me
A Vehicle 50mg/kg 100mg/kg
R ead
kK WT ) v NQO1
100 * K *okokk e - —————— B-actin
2
.g 80 ° Vehicle
5 32 ¢ copoesomghg CDDO-Me  CDDO-Me
3 60 g _é ¢ CDDO-Me 100mg/kg Vehicle 50mgl/kg 100mg/kg
H ¥ NQO1
@
5 2040 o Nrf2 KO .
#* ; T —— — G — ——— — B-actln

T
WT Nrf2 KO

Figure 1. CDDO-Methyl ester (CDDO-Me) reduces tumor burden and the severity of tumor
histopathology of established lung tumors in a dose- and Nrf2-dependent manner. (A) Schematic
detailing experimental design for Study 1. Mice were challenged with vinyl carbamate and fed a
vehicle (ethanol + Neobee oil) diet while lung tumors developed, after which mice were randomized
into groups fed either a vehicle diet or a diet containing 50-100 mg/kg CDDO-Me dissolved in the
vehicle. CDDO-Me was dosed intermittently (one week on the CDDO-Me diet followed by one week
on the vehicle diet). (B) Representative images (4 mice/group, 8 x magnification) of the left lung of
wildtype (WT) and Nrf2 knockout (KO) mice at endpoint. (C) Quantitation of surface tumors on
both right and left lungs of study mice (n = 12-18 mice/group). (D) Proportions of total lung tumors
on lung sections for each histopathological grade. (E) Western blot of NQO1 and (3-actin proteins
isolated from lung homogenates (n = 3 mice/treatment group). Statistics: Two-way ANOVA followed
by Tukey HSD (C); * p < 0.05 or *** p < 0.0001 as shown in the panel. Z test for proportions (D);
*p <0.05 vs. WT Vehicle.
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Table 1. CDDO-Me reduces lung tumor burden and severity of the tumor histopathology in a dose-
and Nrf2-dependent manner. Wildtype (WT) and Nrf2 knockout (KO) A /] mice were challenged
with vinyl carbamate to induce lung carcinogenesis as shown in Figure 1. After two separate cohorts
of WT and Nrf2 KO mice with established lung tumors were fed either a control diet or diet containing
(A) 50 mg/kg CDDO-Me or (B) 100 mg/kg CDDO-Me for 8 weeks, tumor number on both the surface
of the lungs and on tumor sections as well as tumor size, overall tumor burden, and histopathological
grades on tumor sections were quantified.

A

Nrf2 KO CDDO-Me

WT Control 50 mg/kg

WT CDDO-Me 50 mg/kg Nrf2 KO Control

Total surface tumors
Average # of tumors per
mouse (% WT Control)

352 231 812 856
25.14 4 1.3 (100%) 16.5 + 1.3 (65.6%) * 62.46 + 2.6 (248.4%) HH## 61.14 + 3.2 (243.2%) ####

# of mice per group
Average # tumors/slide
(% WT Control)
Average Tumor Size
(mm?)

(% WT Control)
Average Tumor Burden

14 14 13 14
2.18 £ 0.2 (100%) 1.57 4 0.3 (72.1%) 5.04 4 0.2 (231.3%) *#### 5.54 4 0.2 (254.1%) ####

0.26 £ 0.08 (100%) 0.12 £ 0.05 (45.2%) 0.35 £ 0.1 (133.1%) 0.33 + 0.1 (127.6%) *

0, 0, o/ \ # o/ #
(mm?) (% WT Control) 0.57 + 0.3 (100%) 0.19 + 0.3 (32.6%) 1.75 £+ 0.5 (307.7%) 1.85 £ 0.6 (324.11%)

Low Grade (% total) 115 13.6 7.6 9.0
Medium Grade (% total) 344 31.8 38.9 329
High Grade (% total) 54.1 54.6 53.5 58.1

B WT Control WT CDDO-Me 100 mg/kg Nrf2 KO Control Nrf2 KO CDDO-Me

100 mg/kg

Total surface tumors 403 125 799 650

Average # of tumors per
mouse (% WT Control)

22.4 4 1.3 (100%)

6.9 & 1.0 (31%) ****

53.3 + 2.6 (237.9%)

54.17 4 2.4 (241.9%) ####

# of mice per group
Average # tumors/slide
(% WT Control)
Average Tumor Size
(mm?)

(% WT Control)
Average Tumor Burden
(mm®) (% WT Control)

18
2.3 + 0.3 (100%)

0.17 £ 0.09 (100%)

0.4 + 0.09 (100%)

18
0.64 + 0.2 (27.4%) ***

0.07 + 0.02 (39.7%) *

0.04 £ 0.02 (10.9%) ***

15
4.07 £ 0.5 (174.3%) ###

0.29 & 0.02 (170.7%)

1.19 4 0.2 (297.5%) ####

12
3.92 + 0.4 (167.9%) ##

0.26 & 0.1 (151.47%) #*#

1.01 & 0.1 (151.5%) ####

Low Grade (% total)
Medium Grade (% total)
High Grade (% total)

14.3
46.4
39.3

34.8*
39.1
26.1*

9.7
42.3
48.0

9.6*
43.6
46.8%

Table 1 statistics: Two-way ANOVA followed by Tukey HSD (tumor number, size, and burden): * p < 0.05 vs. WT
Control; *** p < 0.001 vs. WT Control; **** p < 0.0001 vs. WT Control. # p < 0.05 Nrf2 KO vs. WT; #* p < 0.001 Nrf2
KO vs. WT; ### 1 < 0.0001 Nrf2 KO vs. WT. Z test for proportions (tumor histopathological grades): * p < 0.05 vs.
WT Vehicle; # p < 0.05 Nrf2 KO vs. WT.

When lung sections were evaluated using microscopy, treatment with 50 mg/kg
CDDO-Me reduced tumor size and burden in WT mice by 54.8% and 67.4%, respectively,
compared to WT mice on a vehicle diet. Tumors in the vehicle group averaged a size
of 0.26 4 0.08 mm? and a burden of 0.57 + 0.3 mm? compared to 0.12 & 0.05 mm? and
0.19 4 0.3 mm?3, respectively, in mice treated with 50 mg/kg CDDO-Me. CDDO-Me at
100 mg/kg was even more effective than the lower dose, as it reduced average tumor size
and burden (p < 0.001) by 60.3% and 89.1%, respectively (Table 1). This dose-dependent
change complemented the improvements in surface tumor counts. Additionally, CDDO-Me
at 100 mg/kg significantly (p < 0.05) reduced tumor grade by increasing the proportion
of the least aggressive low-grade tumors while simultaneously decreasing (p < 0.05) the
proportion of the more aggressive high-grade tumors (Figure 1D and Table 1B). While only
14.3% of all tumors in WT mice receiving vehicle diet were the least aggressive low-grade
phenotype, this proportion was 34.8% (p < 0.05) in the lungs of mice treated with 100 mg/kg
CDDO-Me. This change was complemented by a decrease (p < 0.05) in the proportion
of the aggressive, high-grade tumor phenotype from 39.3% in the vehicle group to 26.1%
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of all tumors in the group treated with 100 mg/kg of CDDO-Me. Importantly, the lower
dose of 50 mg/kg CDDO-Me did not alter tumor histopathology in WT mice, illustrating
a dose-dependent effect of CDDO-Me on tumor histopathology in which the lower dose
of 50 mg/kg was insufficient to improve tumor histopathological grade (Table 1A and
Figure S2). In contrast, Nrf2 KO mice fed CDDO-Me had no reduction in tumor size,
number, or overall burden, and there was no alteration of histopathological grade by
either dose, demonstrating Nrf2-dependent anti-tumor efficacy (Figure 1 and Table 1).
Activation of the Nrf2 pathway in the lungs of WT mice, but not Nrf2 KO mice, treated
with CDDO-Me was confirmed by western blot by an increase in NQO1, a downstream
target of Nrf2, expression in protein isolated from lung homogenates (Figure 1E). Because
Nrf2 is constitutively synthesized and degraded, changes in Nrf2 expression levels may
not correlate with activation of the pathway [31]. NQO1 is frequently used as a surrogate
marker of Nrf2 activation, as expression of this protein is regulated almost exclusively by
Nrf2 [32].

3.2. CDDO-Me Increases NQO1 Expression in the Lungs of WT but Not Nrf2 KO Mice and
Modulates Activity but Not Infiltration of Macrophages and T Cells

To further evaluate Nrf2 activation levels in the lungs of mice treated with CDDO-Me,
the Nrf2 target NQO1 was analyzed by immunohistochemistry. Importantly, CDDO-
Me increased NQOT staining in both the tumor and in the cells within the surrounding
microenvironment in WT mice (Figure 2A). In contrast, NQO1 was not expressed in
the lungs of Nrf2 KO mice on vehicle or CDDO-Me treatment. To detect changes in
immune cell populations within the lung tumor microenvironment, lungs were digested
for flow cytometry, and immune cells were evaluated using CD45 as a pan-immune cell
marker. The total number of macrophages and T cells in the lungs were unchanged
(Figure 2B,C). Importantly, expression of the tumor-promoting macrophage marker CD206
was decreased (p < 0.05) in the lungs of WT mice fed the high dose (100 mg/kg diet) of
CDDO-Me (Figure 2B). While a slight reduction in CD206 expression was observed in WT
mice treated with 50 mg/kg CDDO-Me, this trend did not reach statistical significance,
again demonstrating the dose-dependent effects of CDDO-Me (Figure 2B). CD206 is a
well-characterized marker of pro-tumor macrophages, and a higher proportion of this
macrophage subtype in the lungs of cancer patients correlates with poor prognosis and
reduced overall survival [33]. The immunosuppressive marker PD-L1 also was lower
(p < 0.05) on infiltrating macrophages at the same dose of CDDO-Me in WT mice but
was significantly higher (p < 0.01) in Nrf2 KO mice compared to WT mice, regardless of
treatment (Figure 2B).

PD-L1 regulates the anti-tumor T cell response [34] and indeed, CDDO-Me favorably
altered both CD4+ and CD8+ T cell populations in the lungs of WT mice. Clinically, PD-L1
expression is mostly evaluated in tumor cells, but increased expression on macrophages
within the tumor microenvironment has the same immunosuppressive effect on T cells [35].
FoxP3, a marker of immunosuppressive regulatory T cells that also correlates with poor pa-
tient prognosis [36], was decreased in WT mice treated with CDDO-Me in a dose-dependent
manner (Figure 2C). Additionally, expression of the degranulation marker CD107a on
CD25+ CD8+ T cells, a biomarker of activated cytotoxic anti-tumor CD8+ T cells [37], was
higher in WT mice treated with 100 mg/kg CDDO-Me (Figure 2C). Importantly, CDDO-Me
did not alter the expression of CD206, PD-L1, FoxP3, or CD107a in the Nrf2 KO mice,
intriguingly showcasing the necessity of Nrf2 for these immunomodulatory effects.

The favorable decrease in FoxP3 expression on CD4+ T cells was also observed in vitro.
Splenocytes isolated from WT A /] mice and activated by a cocktail of «CD28, IL-2, and
TGF- expressed lower (p < 0.001) FoxP3 mRNA transcripts when treated with 10 nM
CDDO-Me (Figure 2D). Importantly, no changes in immune phenotypes, analyzed either
by flow cytometry in vivo or by qPCR in vitro, were observed in Nrf2 KO mice treated
with CDDO-Me, strongly suggesting a dependence on Nrf2 for these phenotypic changes.
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Figure 2. CDDO-Me increases NQOT1 staining in the lungs of WT mice and modulates the pheno-
type but not infiltration of macrophages and T cells. (A) Inmunohistochemical staining of NQO1 in
the lungs of WT and Nrf2 KO mice treated with 50-100 mg/kg CDDO-Me. Scale bar = 60 microns.
(B,C) Flow cytometry analysis of CD45* cells in the lungs of WT and Nrf2 KO mice at the study
endpoint as described in Figure 1A. Flow cytometry analysis of infiltrating macrophages (CD45*
CD11c CD11bM CD64™* cells, % CD64%) and mean fluorescence intensity of CD206 and PD-L1
on infiltrating macrophages (B) or total T cells (% CD45"), FoxP3* CD4" T cells (% CD4*), and
mean fluorescence intensity (MFI) of CD107a on CD45" CD25" CD8* cells (C) in the lung. (D) Fold
expression change of FoxP3 mRNA in CD4+ splenocytes isolated from WT and Nrf2 KO mice and
activated with «CD28, IL-2, and TGF-f3 and then treated with vehicle or 10 nM CDDO-Me for 24 h.
Statistics: Two-way ANOVA followed by Tukey HSD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.3. Study 2: CDDO-Me, Alone and in Combination with Carboplatin and Paclitaxel, Reduces
Lung Tumor Burden and the Severity of Tumor Histopathology in a Nrf2-Specific Manner
Triterpenoids can enhance efficacy and decrease toxicity induced by cytotoxic agents [24],
but the necessity of Nrf2 activation and the effects on immune cells by this combination
treatment was not known. To evaluate changes in the immune microenvironment with the
combination of CDDO-Me and chemotherapy, lung tumors in WT and Nrf2 KO A /] mice
challenged with vinyl carbamate were allowed to grow for 8 weeks. In this second study
(Table 2), mice were randomized and treated with either a vehicle control diet or a diet
containing 80 mg/kg CDDO-Me (20 mg/kg of body weight, intermittent with control diet)
with or without chemotherapy. Six doses of carboplatin and paclitaxel (C/P) were injected
intraperitoneally every other week at 50 mg/kg and 15 mg/kg, respectively, over 12 weeks
of treatment (Figure 3A), 4 weeks longer than Study 1 (Figure 1, Table 1). The differences in
the number of surface tumors between groups are remarkably evident in the images shown
in Figure 3B,C. Not only were CDDO-Me and C/P effective at reducing tumor burden as
single agents in the WT mice, but surface tumors were almost entirely absent in WT mice
that received the combination treatment (Figure 3D). Quantification of the lungs revealed
the impressive efficacy of the treatments both as single agents and in combination. C/P and
CDDO-Me reduced the average number of surface tumors from 39.9 £ 2.0 in the vehicle
group to 18.9 & 1.9 and 21 £ 1.2, respectively, and the combination further reduced the
average surface tumor count to 5.8 &= 1.1 tumors per mouse, a reduction of 85.5% (Figure 3D
and Table 2). While the average surface tumor count was more than two-fold higher
(p < 0.0001) in Nrf2 KO than WT mice, C/P reduced (p < 0.0001) surface tumor counts
in Nrf2 KO mice by 57.8%, from an average of 91.8 &+ 4.2 tumors per Nrf2 KO mouse in
the vehicle group to an average of 38.7 & 2.6 tumors per Nrf2 KO mouse treated with
C/P. Interestingly, treatment with CDDO-Me alone in the Nrf2 KO mice decreased surface
tumor count by 19.6%, suggesting an Nrf2-independent effect. Because the mechanism of
CDDO-Me involves interaction with a cysteine residue on Keap1, the negative regulator of
Nrf2, Nrf2 is not the lone target of CDDO-Me and these effects are likely due to a secondary
target of the drug [23]. Notably, interaction with cysteine residues is a common mechanism
of protein modification and is not unique to Keapl. However, the effects of CDDO-Me in
the WT mice were strikingly more substantial than the comparatively small differences
observed in the Nrf2 KO mice, suggesting that the Nrf2-dependent effect of CDDO-Me is
distinct from the Nrf2-independent effects. Additionally, anti-tumor mechanisms of C/P
are Nrf2-independent, as these drugs were effective in the Nrf2 KO mice (Figure 3B,C).

Table 2. CDDO-Me, alone and in combination with carboplatin and paclitaxel (C/P), reduces
lung tumor burden and severity of tumor histopathology. Wildtype (WT) and Nrf2 knockout (KO)
A /] mice were challenged with vinyl carbamate to induce lung carcinogenesis as shown in Figure 3.
Quantification of tumor number, tumor size, overall tumor burden, and tumor histopathological

grades.
Wr WT WT Nrf2 Nrf2 I;I(r(f)z Nrf2 KO
Control WT C/P CDDO-Me CDDO-Me + KO KO CDDO.Me CDDO-Me +
80 mg/kg C/P Control C/P C/P
80 mg/kg
Total surface 639 227 231 75 826 271 664 296
tumors
Average permouse 399 £ 2.0 189 +1.9 2112 58+1.1 91.8+42 387 £26 738+ 62 37 £39
(% WT Control) (100%) (47.4) ** (52.6%) **** (14.5%) **** ! (229.8%) *### (96.9%) * 9958 (184.7%) (92.6%) Hi 5555
# of mice per group 16 12 10 13 9 7 9 8
mfn‘vo i’;agzr#sﬁfje 2.59 +0.28 1.67 +0.17 225 +0.32 1.38 4 0.24 7.39 +0.78 3 '(5123[79/‘? 6.67 + 0.51 4805;2%4
. 0 .. o
(% WT Control) (100%) (64.3%) * (86.8%) (53.38%) * (284.9%) ¥ A (257%) #### i 5598
séze(igﬁ%ﬁ;) 042+£0.16  0.12+0.04 0.17 £ 0.05 0.05 & 0.02 0.97 & 0.45 0.19 £ 0.09 0.85 4+ 0.33 023 £0.12
0, AR 0/.\ % AN s o/ \ ## 0/} * $$$% o/ ) H#iH 0/} # $$$$
(% WT Control) (100%) (29.1%) (39.7%) (12.4%) (232%) (44.9%) (203.8%) (55.8%)
%ﬁrg‘egrf (Tmug%r 1.09 & 0.25 0.20 + 0.06 0.37 + 0.07 0.07 + 0.02 717 £12 0.67 +0.18 5.68 + 0.86 0.93 + 0.24
(100%) (18.7%) **** (34.4%) *** (6.6%) ***+ ! (660.9%) (61.8%) #9555 (523.8%) S #i# (86%) it

(% WT Control)
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Table 2. Cont.
WI WT WT Nrf2 Nrf2 I\II(‘(f)Z Nrf2 KO
Control WT C/P CDDO-Me CDDO-Me + KO KO CDDO.Me CDDO-Me +
80 mg/kg c/p Control C/P c/p
80 mg/kg
LE"/” Str:l‘;‘e 24 175+ 6.7 417+ 15 208 0.8* 21.9%8
Mec(lo‘/ff;ti;ade 229 40* 31.1% 38.9 165 469 20.0 406%
High Grade 747 025+ 622+ 19.4%! 82 345 79.2 375#5

(% total)

Table 2 statistics: Two-way ANOVA followed by Tukey HSD (tumor number, size, and burden): * p < 0.05 vs.
WT Vehicle; ** p < 0.01 vs. WT Vehicle; *** p < 0.001 vs. WT Vehicle; **** p < 0.0001 vs. WT Vehicle; # p <0.05
Nrf2 KO vs. WT; # p <0.01 Nrf2 KO vs. WT; L p < 0.001 Nrf2 KO vs. WT; ittt p < 0.0001 Nrf2 KO vs. WT;
'p <0.05vs. WT C/p and WT CDDO-Me 80 mg/kg; %% p < 0.0001 vs. Nrf2 KO Control. Z test for proportions
(tumor histopathological grades): * p < 0.05 vs. WT Vehicle; ' p < 0.05 vs. WT C/P and WT CDDO-Me 80 mg/kg;
#p < 0.05 Nrf2 KO vs. WT; ® p < 0.05 vs. Nrf2 KO Control.

Similar to the changes in surface lesions, CDDO-Me and C/P reduced (p < 0.0001)
tumor size and burden as single agents as evident in sectioned lungs of WT mice. The combi-
nation was significantly more effective at reducing tumor burden compared to either agent
alone, decreasing the average tumor burden by 93.4% compared to WT mice on the vehicle.
Tumor size and burden in WT mice on the vehicle treatment averaged 0.42 & 0.16 mm?3
and 1.09 + 0.25 mm?, respectively, while the size and burden of tumors present in WT mice
receiving CDDO-Me plus C/P averaged 0.05 + 0.02 mm? and 0.07 + 0.2 mm?, respectively
(Table 2). Nrf2 KO mice on the vehicle treatment had a nearly 7-fold higher (p < 0.0001)
average tumor burden compared to WT mice (7.17 + 1.2 mm? vs. 1.09 4 0.25 mm?), and
treatment with C/P reduced average tumor size and burden in Nrf2 KO mice by 80.4%
(0.19 £ 0.09 mm?3) and 90.7% (0.67 + 0.18 mm?), respectively (Table 2), compared to the
Nrf2 KO controls. Consistent with changes observed with CDDO-Me alone on surface
tumor counts, a 20.8% reduction in tumor burden was also observed in Nrf2 KO mice
treated with CDDO-Me (Table 2) compared to the Nrf2 vehicle group, again suggesting
secondary anti-tumor mechanisms of CDDO-Me, which are independent of Nrf2.

Distinct differences in tumor histopathological grades were also observed. The pro-
portion of the less aggressive low- and medium-grade tumors was significantly (p < 0.05)
higher in both WT and Nrf2 KO mice treated with C/P (Figure 3E and Table 2). As a single
agent, treatment with CDDO-Me alone decreased the proportion of high-grade tumors and
increased the proportion of medium-grade tumors in WT mice (Figure 3E and Table 2).
Strikingly, the proportion of the least aggressive low-grade tumors was 41.7% (p < 0.05)
in mice treated with the combination of CDDO-Me and C/P compared to only 2.4% of
tumors in WT mice on vehicle diet. The proportion of high-grade tumors was also lower in
the WT combination treatment group than in the control group, 19% vs. 75%, respectively.
This decreased histopathological severity was significantly (p < 0.05) better in WT mice
on the combination treatment compared to either CDDO-Me or C/P alone (Figure 3E and
Table 2). In contrast to its striking efficacy in WT mice, CDDO-Me had no effect on tumor
histopathological grades in the Nrf2 KO mice, consistent with an Nrf2-dependent effect.
NQOI1 protein was detected in lung homogenates from WT but not Nrf2 KO mice fed
CDDO-Me, confirming Nrf2 pathway activation in vivo (Figure 3F).

Additionally, C/P, CDDO-Me, and the combination treatment markedly reduced
PCNA expression in the tumors of WT mice (Figure 4A). A slight reduction in PCNA
expression was also observed in Nrf2 KO mice treated with C/P, but not in Nrf2 KO mice
treated with CDDO-Me alone. A small increase in TUNEL staining was observed in WT
mice on combination treatment, but only a few cells per tumor were TUNELpositive (Figure
53). Phospho-ERK (p-ERK) staining was higher in WT mice treated with C/P. While CDDO-
Me alone did not alter p-ERK expression, the combination of CDDO-Me and C/P decreased
expression in lung sections from WT mice. No changes in p-ERK expression were observed
in Nrf2 KO mice, regardless of treatment. In addition, there was a marked increase in
p-ERK in Nrf2 KO mice in all treatment groups compared to WT mice (Figure 4A). These



Antioxidants 2024, 13, 621 12 of 25

observations highlight the dependency on Nrf2 for the anti-tumor effects of CDDO-Me,
and the increased p-ERK expression in Nrf2 KO mice showcases the enhanced Nrf2 activity
in tumors with Ras activation.

Vehicle or CDDO-Me 80mg/kg of diet

A Vinyl carbamate Vehicle diet Carboplatin & Paclitaxel
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Figure 3. CDDO-Me, alone and in combination with carboplatin and paclitaxel, reduces lung
tumor burden and severity of tumor histopathology of advanced lung tumors in a dose- and
Nrf2-dependent manner. (A) Schematic detailing experimental design for Study 2: WT and Nrf2
KO mice were challenged with vinyl carbamate and fed a vehicle (ethanol + Neobee oil) diet for
8 weeks while tumors developed in the lung, after which they were randomized into treatment
groups. Mice were fed either a vehicle diet or a diet containing 80 mg/kg CDDO-Me. The combi-
nation group was also injected with carboplatin and paclitaxel (C/P) at 50 mg/kg and 15 mg/kg
of body weight, respectively. C/P was dosed i.p. once every other week on the same day for
a total of 6 doses. Representative images (4 mice/group, 8x) of the left lung of wildtype mice
(B) or Nrf2 knockout mice (C) at endpoint. (D) Quantification of surface tumors on both right and
left lungs of mice (n = 7-16 mice/group). (E) Proportions of total lung tumors on lung sections for
each histopathological grade. (F) Western blot of proteins isolated from whole lung homogenate
(n = 3 animals/treatment group). Statistics: Two-way ANOVA followed by Tukey HSD (D): * p < 0.05
or **** p < 0.0001 as shown in the panel. Z test for proportions (E): * p < 0.05 vs. WT Vehicle; # p < 0.05
vs. WT C/P and WT CDDO-Me + C/P.
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Figure 4. CDDO-Me modulates macrophage and T cell phenotype in a Nrf2-dependent manner.
Immunohistochemical staining (A) of PCNA and p-ERK in lung sections from wildtype (WT) and
Nrf2 knockout (KO) mice treated with vehicle, carboplatin/paclitaxel (C/P), CDDO-Me 80 mg/kg,
or the combination as shown in Figure 3A; scale bar represents 60 um. Flow cytometry analysis
of infiltrating macrophages (CD45* CD11cl°e CD11bh CD64+ cells, % CD64%) and mean fluores-
cence intensity (MFI) of CD206 and PD-L1 on infiltrating macrophages (B) or of total T cells (%
CD45"%), FoxP3* CD4* T cells (%CD4%), and MFI of CD107a on CD45" CD25* CD8* T cells (C) in
the lung. Statistics: Two-way ANOVA followed by Tukey HSD. * p < 0.05; ** p < 0.01; ** p < 0.001;
**#% p <0.0001.

3.4. CDDO-Me and Chemotherapy Alter Immune Cell Phenotype

To evaluate changes in the lung tumor immune microenvironment, lungs were an-
alyzed by flow cytometry using an optimized antibody panel [30]. While the number of
infiltrating (Figure 4B) and alveolar (Figure S4) macrophage numbers did not change, ex-
pression of the immunosuppressive marker PD-L1 and the tumor-promoting macrophage
marker CD206 was significantly (p < 0.05) lower on infiltrating macrophages in the lungs
of WT mice treated with CDDO-Me, C/P, or the combination (Figure 4B). Additionally, all
3 treatments decreased PD-L1 expression in alveolar macrophages in WT mice (Figure 54).
No changes in PD-L1 or CD206 expression were observed in Nrf2 KO mice.

Excitingly, total T cell infiltration was higher in the lungs of WT mice treated with the
combination of CDDO-Me and C/P (Figure 4C). Treatment with CDDO-Me, C/P, or the
combination reduced the proportion of CD4+ T cells expressing the immunosuppressive
regulatory T cell marker FoxP3. Not only was this change absent in the Nrf2 KO mice
regardless of treatment, but a higher proportion of CD4+ T cells expressed FoxP3 in
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Nrf2 KO mice compared to WT mice (Figure 4C). Additionally, a greater proportion of
activated CD8+ T cells expressed the degranulation marker CD107a, which correlates
with an increased release of cytotoxic granules [37], in the lungs of WT mice treated with
either C/P alone or the combination of CDDO-Me and C/P (Figures 4C and S4). This
change was absent in the Nrf2 KO mice, again indicating a dependency on Nrf2. Increased
expression of CD107a was also observed in NK cells in the lungs of WT mice treated with
C/P,CDDO-Me, and the combination (Figure S4). Interestingly, all treatments decreased the
number of NK cells in the lungs of Nrf2 KO mice, and treatment with CDDO-Me reduced
CD107a expression on NK cells present in the Nrf2 KO mice (Figure S4). These changes
in various immune cell populations, coupled with the lack of difference in other immune
cell populations including dendritic cells (Figure S5), showcase the complex network of
immune cell communication that is affected by CDDO-Me treatment.

3.5. CDDO-Me Protects from Chemotherapy-Induced Toxicity and Mortality in WT but Not Nrf2
KO Mice

A significant limitation to the efficacy of cytotoxic chemotherapy is the adverse effects
caused by these drugs [38-40]. A/] mice are especially susceptible to many of these known
toxicities. Indeed, adverse effects were observed in the mice treated with chemotherapy
throughout the course of this study, and several animals either died or required euthanasia
prior to the study endpoint in accordance with IACUC guidelines. Retrospective anal-
ysis of these events revealed three notable differences (Figure 5A). First, a significantly
(p < 0.05) greater proportion of Nrf2 KO mice treated with C/P (44.4%) died throughout
the study compared to WT mice treated with C/P (20%). Second, no WT mice treated with
CDDO-Me or the combination of CDDO-Me plus C/P died, suggesting a protective effect
of CDDO-Me. Third, there was no significant difference in the proportion of Nrf2 KO mice
that died while receiving C/P alone (44.4%) compared to Nrf2 KO mice that were treated
with the combination of CDDO-Me and C/P (33.3%). Taken together, these results suggest
the protective effects against toxicity from carboplatin/paclitaxel chemotherapy observed
in the WT mice are Nrf2-dependent.

Furthermore, complete blood counts using whole blood collected from animals imme-
diately following euthanasia revealed a decreased white blood cell count in mice treated
with C/P, regardless of genotype. However, combination treatment with CDDO-Me and
C/P reversed this effect and rescued (p < 0.05) white blood cell counts in WT mice but
not Nrf2 KO mice (Figure 5B). CDDO-Me alone did not change white blood cell count.
Additionally, treatment with C/P decreased red blood cell counts, hemoglobin, and hemat-
ocrit and increased mean corpuscular volume/hemoglobin and red blood cell distribution
width (Figure S6). In contrast to chemotherapy, where these changes are frequently ob-
served [41-43], treatment with CDDO-Me alone did not change any of these blood count
measures (Figure S6). Mirroring these trends, mouse weights were similarly adversely
affected by C/P. Both WT and Nrf2 KO mice treated with C/P weighed significantly
(p < 0.0001) less than mice on either vehicle or CDDO-Me intermittent diet at the end of
the study. No significant difference was observed in the final weights of mice treated with
CDDO-Me in the WT or Nrf2 KO mice vs. the respective vehicle control group. Moreover,
the combination of CDDO-Me plus C/P partially rescued final mouse weights in WT but
not Nrf2 KO mice (Figure 5C). These trends in mouse weight became apparent soon after
the initiation of chemotherapy and endured throughout treatment (Figure 57).
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Figure 5. CDDO-Me protects from chemotherapy-induced toxicity and mortality. (A) Summary of
mortality in wildtype (WT) and Nrf2 knockout (KO) A/] mice treated with CDDO-Me, carboplatin
and paclitaxel (C/P), or the combination as described in Figure 3A; proportion of total enrolled in the
treatment group at study initiation; n = 9-16 mice per group. (B) White blood cell (WBC) counts in
whole blood measured at study endpoint. (C) Average mouse weights at beginning of treatment and
at the study endpoint. Statistics: (A): z test for proportions. * p < 0.05 vs. vehicle; * p < 0.05 vs. WT.
(B,C): Two-way ANOVA followed by Tukey HSD. * p < 0.05; ** p < 0.01; **** p < 0.0001.

3.6. Increased Tumor Burden and Histopathological Severity in Male vs. Female Mice

Our previous studies detected a trend towards sex differences in the lung tumor
burden of A/J mice challenged with vinyl carbamate [19], but these differences often did
not reach statistical significance. Interestingly, sex differences observed in WT vs. Nrf2
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KO mice in our current studies varied based on the length of treatment (8 vs. 12 weeks
of treatment). After 8 weeks of treatment, statistically significant (p < 0.05) differences
were observed in the histopathology of lung tumors in WT mice: a lower proportion
of low-grade tumors in male vs. female WT mice, and the ratio of high-grade aggres-
sive tumors was approximately 2-fold higher in males compared to females (Figure 6A,
Tables S1 and S2). At the later endpoint of 12 weeks of treatment, male Nrf2 KO mice
presented with a nearly two-fold increase (p < 0.0001) in overall tumor burden compared to
female Nrf2 KO mice (Figure 6B, Table S3).
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Figure 6. Increased tumor burden and histopathological severity in male vs. female mice.
(A). Quantification of overall tumor burden and proportions of tumor histopathological grade in
wildtype (WT) and Nrf2 knockout (KO) female and male mice treated with 50-100 mg/kg CDDO-Me
for 8 weeks (A) or with 80 mg/kg £ C/P for 12 weeks (B). Statistics: Two-way ANOVA followed by
Tukey HSD. *** p < 0.001; **** p < 0.0001. Z test for proportions. * p < 0.05.

4. Discussion

The consequences of pharmacological NRF2 activation in cancer remains a controver-
sial topic. Context plays an extremely important role in determining whether activation of
the pathway has pro- or anti-tumor effects. Although NRF2 activation in cancer cells can
promote drug resistance and tumor cell survival, NRF2 activation in the microenvironment
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can have the opposite effect [18,19,44-47]. As immune cells are particularly sensitive to the
high levels of oxidative stress in the tumor microenvironment [11-13,48-51], NRF2 activa-
tion in immune cells can increase their tolerance of the harsh environment and facilitate an
anti-tumor immune response.

With the transition of triterpenoids from bench to bedside with the FDA approval
of omaveloxolone [52], understanding the biology of this class of drugs in the context of
cancer is critical. CDDO-Me has been tested in clinical trials for many diseases, including
cancer, pulmonary arterial hypertension, and chronic kidney disease. It is safe and well-
tolerated in human patients, even at doses as high as 15 mg/d [53]. Although triterpenoids
such as CDDO-Me are potent activators of the NRF2 pathway with well-documented anti-
tumor activity in preclinical models of cancer [25,26,54-57], their effects on the immune
microenvironment and the necessity of NRF2 for efficacy in treating established lung
tumors were previously unknown.

Vinyl carbamate-challenged A/] mice are especially useful for studying lung car-
cinogenesis. Although urethane and the tobacco carcinogen 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) [58] are frequently used to induce lung cancer in these
genetically susceptible mice, they induce benign adenomas. In contrast, vinyl carbamate,
an isocyanate found in cigarette smoke [58] and a metabolite of urethane [59], initiates
the formation of aggressive adenocarcinomas in A /] mice, which increases the clinical
relevance of the model as a majority of human lung cancers are adenocarcinomas. Ad-
ditionally, vinyl carbamate induces a Kras mutation, which drives carcinogenesis in A/J
mice; KRAS mutations represent a major subset of particularly aggressive human lung
cancer cases [5]. The ability to evaluate Kras-driven disease progression and immune cell
infiltration and phenotypes across different stages of lung cancer is uniquely advantageous
as Kras mutations are known to alter the tumor immune microenvironment [60]. These
characteristics make the A /] mouse model especially relevant for studying pharmacological
Nrf2 activation in cancer. Additionally, the anti-tumor effects of CDDO-Me in A /] mice
have been replicated in multiple studies [19,24,25].

In our previous early-stage tumorigenesis studies, low-dose (12.5-50 mg/kg of diet)
CDDO-Me treatment was started three weeks post-initiation [19]. In our current studies,
tumors developed over 10 weeks (two weeks of initiation plus eight weeks of tumor growth)
before treatment. Because advanced tumors are harder to treat, higher doses of CDDO-Me
were used than for previous prevention studies, and CDDO-Me was combined with C/P
in study 2 in an attempt to regress established tumors. These differences in experimental
design were critical, as NRF2 has distinct effects throughout carcinogenesis [21]. Our new
results demonstrate that the anti-cancer efficacy of CDDO-Me is mostly dependent on
Nrf2, even for the treatment of advanced tumors, and these results are consistent with our
previous intervention studies with CDDO-Me in early-stage lung cancer.

CDDO-Me reduced tumor number, size, and burden in a dose-dependent manner
in both studies (Figures 1 and 3). The combination of CDDO-Me and C/P in study 2
was significantly more effective than either agent alone in WT mice, and the combination
effect on tumor histopathological grade was striking (Table 2). Decreased proliferation,
as determined by PCNA expression, in tumor cells (Figure 4A) but a lack of apoptosis
(Figure S3) observed with CDDO-Me treatment alone suggested growth inhibition or tumor
stasis but not tumor regression and thus warranted combination with the cytotoxic agents
C/P. While C/P and CDDO-Me alone decreased PCNA expression, the combination further
reduced proliferation in tumors and increased TUNEL staining. Importantly, the majority of
the anti-tumor effects of CDDO-Me were lost in the Nrf2 KO mice in both studies, indicating
that this mechanism is mostly dependent on Nrf2 (Tables 1 and 2). Conversely, C/P was
effective in both WT mice and Nrf2 KO mice in study 2, demonstrating an anti-tumor
effect independent of Nrf2. Treatment with C/P alone increased p-ERK expression in WT
tumors (Figure 4A), and paclitaxel is known to induce p-ERK [61]. However, there was a
marked decrease in p-ERK expression in WT tumors of mice treated with the combination
of CDDO-Me plus C/P. The distinction between the Nrf2-dependent mechanism with
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CDDO-Me and the Nrf2-independent mechanism with chemotherapy likely enhances
the anti-tumor effect observed with the combination, as the different drug classes work
independently to reduce tumor burden.

The slight decrease in the tumor burden of Nrf2 KO mice treated with CDDO-Me
in study 2 (Table 2) was of particular interest. As the complete functional knockout of
Nrf2 has been confirmed in these mice [19], these results suggest additional anti-tumor
mechanisms of CDDO-Me independent of Nrf2. Interestingly, however, when combined
with C/P, CDDO-Me did not enhance the reduction of tumor burden in Nrf2 KO mice.
Different pharmacological Nrf2 activators can have different biological effects, likely a
result of additional targets independent of Nrf2 [23,24,62-64]. Because the mechanism of
triterpenoids such as CDDO-Me and many other natural products involves interaction
with cysteine residues, a common mechanism of intracellular signal transduction, Nrf2 is
not the lone target of this drug [23]. Transcriptomic sequencing is planned to help elucidate
the effects of this drug on alternative targets. Interestingly, no Nrf2-independent effect
of CDDO-Me was observed in study 1 even at the higher dose of 100 mg/kg, suggesting
a temporal effect as the endpoint for study 1 was four weeks earlier than that of study
2. Notably, while slight reductions in tumor number and burden were observed in Nrf2
KO mice treated with CDDO-Me alone in study 2, no changes in immune cell profiles
were observed in this group, suggesting that while CDDO-Me has secondary anti-tumor
mechanisms, the immunomodulatory effects are dependent on Nrf2.

Distinct changes in immune cell populations were observed in this late-stage interven-
tion model compared to the previously completed studies in the early-stage intervention,
or prevention, model [19]. While the primary immunophenotypic changes were increased
macrophage infiltration but decreased CD206 expression in the lungs of mice when treat-
ment with CDDO-Me started 3 weeks after initiation [19], no change in macrophage infil-
tration was observed in our current late-stage intervention studies. Macrophage trafficking
and activity promote early-stage lung tumorigenesis [65], but other immune cells such as T
cells become more important in later stages. Tellingly, in this later-stage intervention model,
a reduction in CD206 expression in macrophages was accompanied by a reduction in PD-L1
expression in the macrophages (Figures 2A and 4B). CD206 is a marker of tumor-promoting
macrophages which has been linked to worse patient prognosis in patients with solid
cancers [33]. PD-L1 expression on tumor-infiltrating macrophages has suppressive effects
on anti-tumor T cells within the lung tumor microenvironment and correlates with disease
progression [35]. Reactive oxygen species (ROS), which increase in the tumor microenvi-
ronment as tumors progress, upregulate PD-L1 expression in macrophages [66], and Nrf2
activation in these cells can block the accumulation of ROS [67,68].

The reduction in PD-L1 expression on macrophages is consistent with an important
role for T cells in established tumors. Veritably, the decrease in FoxP3-expressing CD4+ reg-
ulatory T cells coupled with increased expression of the degranulation marker CD107a on
activated CD8+ T cells in WT mice treated with CDDO-Me and/or C/P (Figures 2B and 4C)
marked a favorable shift in T cell activity within the tumor microenvironment towards a
more cytotoxic, anti-tumor phenotype. FoxP3+ regulatory T cells are immunosuppressive
and correlate with worse patient prognosis [6,36], and the decrease in this population with
CDDO-Me treatment favorably complements the increase in degranulation markers on
cytotoxic T cells. Additionally, treatment with the combination of CDDO-Me plus C/P
increased total T cell infiltration in the lungs of WT mice. In contrast, no changes in T
cells, cell number, or phenotypic markers were observed in the early-stage intervention
studies [19].

This time- and progression-dependent involvement of T cells is consistent with recent
studies describing differing effects of Nrf2 activation in early- vs. late-phase T cell activa-
tion [69-72]. Clinical implications of these findings include the possibility of combining a
triterpenoid with an immune checkpoint inhibitor in human lung cancer, as most human
lung cancers are not diagnosed until they have reached late stages [1]. In study 2, increased
expression of CD107a in NK cells in the lungs of mice treated with either CDDO-Me or
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the combination of CDDO-Me plus C/P (Figure S4) also illustrates the importance of
temporally studying anti-tumor intervention with Nrf2 activators, as this change was
only observed in WT mice with the longest treatment duration. Future directions include
investigating the direct effects of CDDO-Me on NK cells, which are particularly sensitive to
ROS in their environment. Overexposure to ROS without proper antioxidant mechanisms
can lead to cell dysfunction and reduction in tumor-killing ability [54,73-75].

Our results suggest that the beneficial effects of pharmacological Nrf2 activation in
the immune microenvironment may outweigh the survival advantage of Nrf2 activation
for tumor cells, thereby slowing disease progression and leading to an overall reduction
in tumor burden. In study 1, immunohistochemical staining of the Nrf2 target NQO1 in
the lungs of WT mice illustrates that CDDO-Me (100 mg/kg) activated Nrf2 in both the
tumor cells and the surrounding microenvironment (Figure 2A), yet the cytoprotective
benefits of Nrf2 activation in the tumor were not sufficient to increase survival of these cells
as tumor number, size, burden, and histopathological grade were significantly reduced in
this treatment group (Figure 1 and Table 1).

The specific mechanism of how CDDO-Me alters phenotypes in macrophages and T
cells within the lung tumor microenvironment, however, remains poorly understood. Our
studies have shown that these effects on immune cells are Nrf2-dependent. In a non-cancer
context, Nrf2 activation in macrophages and T cells has anti-inflammatory effects, as Nrf2
binds to DNA elements in the nucleus and blocks the translation of pro-inflammatory
genes [76]. Additionally, an inverse relationship between the Nrf2 and NF-«B pathways
mediates many pro-inflammatory pathways under the transcriptional control of NF-«B [77].
This regulation helps protect against the development of autoimmune disorders, and
appropriate redox activity within immune cells, particularly T cells, is critical to prevent
the development of systemic lupus erythematosus [78]. However, a highly oxidative and
stressful environment such as that of the lung tumor microenvironment has suppressive
effects on immune cells, as immune cells do not have a high capacity for tolerating oxidative
stress [11-13,48-51]. Indeed, Nrf2 activation selectively in myeloid populations results
in decreased tumors in the lung, demonstrating the complexity of this mechanism [18].
Additionally, selective activation of Nrf2 in FoxP3-expressing regulatory T cells results in
enhanced effector T cell function and increased immune cell infiltrates in the lung [79]. We
therefore hypothesize that the immune stimulatory effects observed in this model are not
a direct result of Nrf2 binding response elements in the nucleus or directly modulating
pro-inflammatory pathways, but rather a more complicated effect in which Nrf2 activation
enables immune cells to better tolerate the stressful tumor microenvironment and therefore
mount and maintain an appropriate anti-tumor response. Future studies are planned to
test selective inhibition of Nrf2 in immune cells to answer these important questions.

Of additional interest was the detection of sex differences in tumor burden and
histopathological grade in the mice (Figure 6). Interestingly, these changes were more
apparent in WT or Nrf2 KO mice depending on study duration. While trends of higher
tumor burden in male vs. female mice were found in both WT and Nrf2 KO mice, more
statistically significant differences were found in WT mice in study 1. The endpoint of this
study was only 8 weeks after the start of the treatment diet (a total of 18 weeks post-tumor
initiation). Conversely, more significant differences in tumor burden and histopatholog-
ical grade were observed in Nrf2 KO mice at the endpoint of study 2, after 12 weeks
on the treatment diet (22 total weeks post-tumor initiation). In both WT and Nrf2 KO
mice, male mice had a lower proportion of the least aggressive low-grade tumors and a
higher proportion of high-grade tumors compared to female mice. These trends model
epidemiological data in human lung cancer, in which males have a higher lifetime risk of
developing lung cancer, present with more aggressive disease, and have a higher overall
mortality compared to females [80-82]. However, little is known about how Nrf2 status
affects tumorigenesis in males vs. females. Recent studies have suggested that males are
more susceptible to oxidative stress [83-86], which could be exacerbated by more advanced
lung cancer. Additionally, male mice in our studies were less responsive to chemotherapy



Antioxidants 2024, 13, 621

20 of 25

compared to females. Although this trend did not reach statistical significance, it too fol-
lows human epidemiological data in which female patients tend to have a higher response
rate to chemotherapy and better long-term clinical outcomes compared to males [87-89].

Regardless of sex, most lung cancer patients still receive chemotherapy, and carbo-
platin/paclitaxel remains one of the more commonly used cocktails [2]. While these drugs
are effective at reducing tumor size, their systemic adverse effects are a significant limitation
for their prolonged clinical use. Triterpenoids can help alleviate these adverse symptoms
without having any detrimental effect on their anti-tumor efficacy [24,90]. Indeed, CDDO-
Me protected mice from mortality, weight loss, and decreased white blood cell counts
(Figure 5). The lack of protection in Nrf2 KO mice strongly suggests that the protective
effects of CDDO-Me in chemotherapy-induced toxicities are dependent on Nrf2.

While the results of these studies are promising, certain limitations remain. Full-body
Nrf2 KO does not allow investigation into the necessity of Nrf2 activation in specific cell
types (e.g., tumor cells vs. immune cells) for the anti-tumor effects of CDDO-Me. Planned
experiments with orthotopic models of Nrf2-active and Nrf2-null lung cancer cells will
elucidate the effects of pharmacological Nrf2 activation in the microenvironment vs. genetic
Nrf2 activation in tumor cells, a model that more accurately reflects human lung cancers
with Nrf2-activating mutations. Additionally, while no detectable resistance to treatment
(neither CDDO-Me nor C/P) was observed, chemoresistance remains a significant challenge
in clinical cancer management. A/J mice are not suitable for studying chemoresistance, as
these tumors are slow-growing and difficult to evaluate longitudinally. Therefore, we will
utilize a faster-growing orthotopic lung model to elucidate these mechanisms.

The results of these studies suggest testing CDDO-Me in combination with other anti-
cancer therapies currently used to treat patients with lung cancer, particularly cytotoxic
chemotherapy and immune checkpoint blockade. The value of including CDDO-Me in
combination treatment regimens includes reduction of toxicity and enhanced anti-tumor
activity through the addition of different pharmacological mechanisms of action. Clinical
trials have demonstrated that CDDO-Me is safe in human patients at high doses both
during treatment and after long-term follow-up. However, the differences between murine
and human biology in disease pathology and response to different treatment combinations
resulting from species differences including pharmacokinetics, treatment duration, and
overall tumor size remain a challenge. The increased diversity in human lung cancers
compared to murine models requires careful consideration of which patient populations
would benefit from treatment with CDDO-Me or a related triterpenoid.

5. Conclusions

The current studies suggest that pharmacological Nrf2 activation in an advanced lung
cancer model decreases tumor burden through several mechanisms including favorable
immunomodulation in the tumor microenvironment, reduced tumor cell proliferation, and
reduced activity of the RAS pathway. While most studies evaluating Nrf2 in cancer focus on
genetic Nrf2 activation in tumor cells, we used pharmacological Nrf2 activation and studied
effects in the tumor microenvironment. Importantly, CDDO-Me adds to the anti-tumor
efficacy of conventional cytotoxic chemotherapy drugs while simultaneously protecting
mice from toxicity. The combination effects of CDDO-Me with chemotherapy demonstrate
the potential advantages of combining triterpenoids with other anti-cancer treatments.
Particularly, the immunomodulatory effects of CDDO-Me on T cells suggest that combining
a triterpenoid with an immune checkpoint inhibitor may be even more effective for treating
advanced lung cancer. Additionally, the observed p-ERK inhibition suggests that the
combination of CDDO-Me with a KRAS inhibitor may have complementary effects [91].
Future studies are planned to test these hypotheses.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox13060621/s1, Figure S1: Weights of wildtype (WT) and
Nrf2 knockout (KO) mice treated with vehicle or 50-100 mg/kg CDDO-Me for 8 weeks; Figure S2:
Histopathological grades of lung tumors in WT and Nrf2 KO mice treated with vehicle and 50 mg/kg
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vehicle, 80 mg/kg CDDO-Me, carboplatin and paclitaxel, or the combination for 12 weeks; Figure S4:
Flow cytometric analysis of alveolar macrophages, CD8+ T cells, and NK cells in WT and Nrf2 KO
mice treated with vehicle, 80 mg/kg CDDO-Me, carboplatin and paclitaxel, or the combination for
12 weeks; Figure S5: Dendritic cells in the lungs of mice; Figure S6: Complete blood counts in WT
and Nrf2 KO mice treated with vehicle, 80 mg/kg CDDO-Me, carboplatin and paclitaxel, or the
combination for 12 weeks; Figure S7: Weights measured once per week throughout the duration
of the study of WT and Nrf2 KO mice treated with vehicle, 80 mg/kg CDDO-Me, carboplatin and
paclitaxel, or the combination for 12 weeks; Table S1: Number, size, and histopathology of lung
tumors in female and male WT and Nrf2 KO mice treated with vehicle and 50 mg/kg CDDO-Me
for 8 weeks; Table S2: Number, size, and histopathology of lung tumors in female and male WT and
Nrf2 KO mice treated with vehicle and 100 mg/kg CDDO-Me for 8 weeks; Table S3: Number, size,
and histopathology of lung tumors in female and male WT and Nrf2 KO mice treated with vehicle,
80 mg/kg CDDO-Me, carboplatin and paclitaxel, or the combination for 12 weeks.
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