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Abstract

The Keapl-Nrf2 system is the master regulator of the cellular response against oxidative and
xenobiotic stresses. Constitutive activation of Nrf2 is frequently observed in various types of
cancers. Nrf2 hyperactivation induces metabolic reprogramming in cancer cells, which supports
the increased energy demand required for rapid proliferation and confers high-level resistance
against anticancer radio/chemotherapy. Hence, Nrf2 inhibition has emerged as an attractive
therapeutic strategy to counter such acquired resistance in Nrf2-activated tumors. My laboratory
previously identified Halofuginone (HF) as a promising Nrf2 inhibitor. In this study, | pursued
preclinical characterization of HF and found that while HF markedly reduced the viability of
cancer cells, it also caused severe hematopoietic and immune cell suppression in a dose-dependent
manner. Hence, to overcome this toxicity, | decided to employ a nanomedicine approach to HF.
We found that encapsulation of HF into a polymeric micelle (HF micelle; HFm) largely relieved
the systemic toxicity exhibited by free HF while maintaining the tumor-suppressive properties of
HF. LC-MS/MS analysis revealed that the reduction in the magnitude of adverse effects was the
result of the ability to release HF from the HFm core in a slow and sustained manner. These results
thus support the contention that HFm will potentially counteract Nrf2-activated cancers in the

clinical settings.



1. Introduction

The Kelch-like ECH-associated protein 1 (Keapl)-NF-E2-related factor 2 (Nrf2) system is
acknowledged to be one of the major contributors to cellular defense against oxidative and
xenobiotic stresses triggered by either endogenous or exogenous insults (1). Keapl is a cysteine
thiol-enriched adaptor protein that acts as a stress sensor for the transcription factor Nrf2 by
connecting Nrf2 and Cullin-3 (Cul3), forming a ubiquitin E3 ligase complex (2). In the cytoplasm
under quiescent conditions, Nrf2 is polyubiquitinated by the Keapl-Cul3 ubiquitin E3 ligase
complex, leading to its rapid proteasome-dependent degradation. In contrast, cellular insults, such
as exposure to electrophilic stress, inactivate the E3 ligase function of Keapl, permitting Nrf2 to
escape proteasomal degradation (Fig 1). In the nucleus, Nrf2 forms a heterodimer with one of the
small MAF proteins (SMAFs) and binds to the antioxidant-responsive element (ARE) or CNC-
SMAF binding elements (CsMBEs) motif (3-6) or resulting in robust activation of a battery of
cytoprotective genes. The canonical Nrf2 target genes include NADPH:quinone oxidoreductase 1
(encoded by Ngo1l), the glutamate cysteine ligase catalytic and modifier subunits (Gclc and Gelm),
and reactive oxygen species (ROS)-eliminating antioxidant enzymes, including heme oxygenase
1 (Hmox1) and peroxiredoxin 1 (Prdx1) (3,7,8).

The Cancer Genome Atlas (TCGA), which includes data generated using the latest
sequencing analysis methods, has helped to identify a multitude of pan cancer somatic variants
that exploit various signaling pathways to drive and sustain tumorigenesis (9,10). The KEAP1-
NRF2 pathway is one such pathway that is frequently activated in cancer cells (10). Somatic
mutations in the KEAP1 and NRF2 (NFE2L2) genes are frequently observed in different kinds of

cancers. Activating mutations in the KEAP1-NRF2 axis are found in approximately 30% of



esophageal carcinomas, 34% of squamous cell lung carcinomas and 19% of hepatocellular
carcinomas (11-13).

Such mutations lead to aberrant NRF2 production in tumors. Although NRF2 activation in host
cells helps mitigate a plethora of chemical stresses by coordinately activating various genes
encoding antioxidative stress response enzymes/proteins and phase Il metabolic enzymes,
constitutive NRF2 accumulation in cancer cells confers chemo/radiotherapy resistance and
supports malignant growth (11,14). This constitutive NRF2 accumulation has been shown to be
induced via mutually exclusive mutations in various regions of NRF2, KEAP1 or CUL3. In NRF2,
the DLG and ETGE motifs of the Neh2 domain exclusively bear these somatic mutations. The
Neh2 domain is in the N-terminal region of NRF2 gene and contains seven lysine residues in a
centralized a-helix region, and these lysine residues are targets of ubiquitinase. The peptide motifs
(DLG and ETGE) on both sides of the a-helix region of Neh2 region interact with KEAP1. Since
the Neh2 domain plays an important role in binding to KEAP1 protein it invariably harbors all the
somatic mutations as mentioned above as it results in stabilization and subsequent hyperactivation
of NRF2.

The DLG and ETGE regions are pivotal for the KEAP1-NRF2 interaction. In the case of
KEAP1 and CUL3, loss-of-function mutations are found throughout the coding region (15). Indeed,
patients with these mutations have a poor prognosis and increased mortality. For example, the
mean overall survival of non-small cell lung carcinoma (NSCLC) patients with aberrant NRF2
production is as low as 11.2 months, while that of those lacking this alteration is 36.8 months.
NRF2-activating mutations are more pertinent in the context of lung tumors, as 30% of all NSCLCs

have mutations in KEAP1, and 20% of all KRAS-driven lung adenocarcinomas (LUADS) have



KEAP1 or NRF2 co-mutations. Hence, | used the Keap1™/F8::Kras®*?P lung adenocarcinoma
model system in the current study, as it has high clinical relevance.

Furthermore, because of the lack of approved therapies for NRF2-activated cancers, there
is an important unmet clinical need to find a viable therapy to treat patients with such tumors.
Given the above findings and reports, it was hypothesized that using NRF2 inhibitors would be a
reasonable approach to tackle such NRF2-addicted/activated cancers. To this end, using a
luciferase (Luc) assay-based high-throughput screening of the Tohoku University School of
Pharmaceutical science chemical library, my laboratory identified halofuginone (HF;) as a potent
NRF2 inhibitor (16) and provided preclinical proof-of-concept evidence of its role as an anticancer
chemosensitizer using xenograft murine models of NRF2-activated cancer. The decrease in NRF2
accumulation induced by HF was mediated through an amino acid starvation response. HF inhibits
prolyl-tRNA synthetase (PRS), which results in the accumulation of uncharged tRNAs in cells
(16). This leads to an amino acid starvation response and global suppression of protein translation
via the GCN2-elF2 pathway. HF use successfully regressed NRF2-activated tumors in our earlier
experiments, but my laboratory also observed toxicity in mice when HF was used in combination
with cisplatin, as the mice exhibited a significant decrease in body weight (16). Since these
experiments were carried out in nude mice bearing a KYSE70 (Nrf2 addicted esophageal
squamous carcinoma cells) xenograft, which lack T-cell immunity, | decided to use a much more
sophisticated model system for our current project. Hence, | decided to use the
Keap1 ®FB::Kras®?® murine model, which resembles Kras-driven Nrf2-activated lung
adenocarcinoma, in my current study.

Moreover, my laboratories’ earlier studies suggest that although Nrf2 inhibition in tumors

seems to be a plausible approach to treat Nrf2-activated cancers, Nrf2 activation in host immune



cells has also been shown to suppress tumor progression and metastasis (17-20). Hence, tumor-
specific inhibition of Nrf2 would result in better tumor suppression. To achieve tumor specificity
and induce a therapeutic response devoid of any adverse effects, | hypothesized delivering HF as
a nanomedicine to passively target Nrf2-activated cancers. The development of the nanomedicine
reduced HF accumulation in healthy organs in my experiments, decreasing the chances of side
effects and consequently increasing the therapeutic window of HF (Fig 2). Recently, polymeric
micelles have received considerable attention as a potent nanomedicine for the specific targeting
of tumor cells (21,22). These nanomedicines work on the widely accepted principle of the
enhanced permeability and retention (EPR) effect (21,23) of solid tumor models, which is
characterized by hyperpermeability of the microvasculature to circulating macromolecules and
compromised lymphatic drainage (23,24). Because of the aberrant growth of the tumor cells, the
endothelial linings of the adjoining blood vessels develop gaps, this makes any drug to easily
access the tumor tissue. Once a drug enters the tumor, because of the decline in the lymphatic
activity in the tumor area it becomes difficult for the drug to exit it. This forms the basis of the
EPR effect.

Using a polymeric micelle system ensures prolonged circulation of the polymer-drug complex in
the bloodstream (25). Since the drug is released slowly from the core of the complex in the blood
vessel, it has more time to accumulate in the tumor tissue avoiding normal healthy organs due to
aforementioned EPR effect. It is important to mention here that some polymeric micelles
incorporating drugs are already in clinical use (26).

In the current study, my collaborators developed a novel polymeric micelle incorporating
HF via an ester bond between HF and poly(ethylene glycol)-poly(aspartic acid) [PEG-PAsp] block

copolymers (HFm) and I evaluated its efficacy in eliminating Nrf2-activated lung adenocarcinoma



in a murine model. I found that while both HF and HFm (Fig 3A and B) significantly regressed
Nrf2-activated lung tumors in mice, HFm treatment completely rescued the acute systemic toxicity
caused by free HF administration. These results unequivocally demonstrate that HFm is a potent
Nrf2 inhibitor without any apparent toxicity and can potentially play a significant role in clinical

settings in the future.



2. Materials and Methods

2.1. Reagents

Halofuginone hydrobromide (HF, CAS 64924-67-0) was purchased from Carbosynth Limited
(code no. FH23731, Berkshire, UK). An HF stock was prepared using dimethyl sulfoxide (DMSO)
at a concentration of 10 mg/mL. The stock solution was further diluted with saline. a-Methoxy-o-
aminopropyl poly(ethylene glycol) (PEG-NH2) with a molecular weight of 12 kDa was purchased
from NOF CORPORATION (Tokyo, Japan). 3-Benzyl-L-aspartate N-carboxy-anhydride (BLA-

NCA) was purchased from Chuo Kaseihin Co., Inc. (Tokyo, Japan).

2.2. Synthesis of HF-modified PEG-PAsp (PEG-PAsp(HF))

Poly(ethylene glycol)-poly(B-benzyl-L-aspartate) (PEG-PBLA) was synthesized by ring-opening
polymerization of BLA-NCA using PEG-NH. (NOF Corporation, Tokyo) as a macroinitiator, as
previously reported (27). For this study, 500 mg of PEG-NH2 and 456 mg of BLA-NCA (Chuo
Kaseihin Co., Inc., Tokyo) were used for PEG-PBLA polymerization. The degree of
polymerization of PBLA segment in PEG-PBLA was determined to be 40 from *H nuclear
magnetic resonance (NMR) spectra (solvent: DMSO-d6, temperature: 80°C) (JNM-ECS 400,
JEOL Ltd., Tokyo). PEG-PBLA was dissolved in 0.5 M NaOH agq. (5 equivalents to BLA) for 1
hour at room temperature for deprotection. The reaction mixture was then poured into a dialysis
membrane (MWCO: 12-14 kDa) and dialyzed against 0.01 M HCI ag. for a half day and deionized
water for a half day, followed by lyophilization. The obtained PEG-PAsp was dissolved in N,N-
dimethylformamide (10 mg/mL). 2-Methyl-6-nitrobenzoic anhydride (1.2 equivalents to Asp) and
2,2-dimethoxypropane (1.5 equivalents to Asp) were mixed with the PEG-PAsp solution and

stirred for 20 min at 25°C. HF was separately dissolved in DMF (1.0 equivalent to Asp, 6 mg/mL)



and added to the PEG-PAsp solution. The mixture was stirred for 1 day protected from light. The
mixture was poured into a dialysis membrane (MWCO: 6-8 kDa) and dialyzed against deionized
water for 2 days for micelle formation protected from light. The dialyzed solution was passed
through a 0.45-um syringe filter and concentrated by ultrafiltration (MWCO: 30000), followed by
further filtration with a 0.22-um membrane for sterilization.

The diameter and size distribution (polydispersity index) of the obtained PEG-PAsp(HF)
micelles were determined to be 38 nm and 0.12, respectively, by dynamic light scattering using a
Zetasizer Nano equipped with a He—Ne laser (Malvern Instruments, Worcestershire, UK). One
milliliter of micelle solution was sampled and lyophilized to adjust the micelle concentration and
calculate the amount of loaded HF. The weight of the dried powder was measured, and then the
powder was dissolved in DMSO-d6 with 2% D20 and 0.05% TMS, followed by H NMR
measurement (temperature: 80°C). The amount of loaded HF was determined to be 14.4 per
polymer from the peak intensity ratio of PEG protons (1090 H) to the benzyl protons of HF (43.2
H). The PEG-PAsp(HF) micelle solution was stored at —-80°C until use.

PEG-PAsp(HF) was synthesized by my supervisor’s collaborators Prof. Kanjiro Miyata
and Dr. Mitsuru Naito of University of Tokyo. | am grateful to them for their constant support

throughout the course of this study.

2.3. Cell culture
WT-GFP and Keapl-mCherry Hepal cells were prepared as described previously (28). These cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)

fetal bovine serum and antibiotics (penicillin—streptomycin) at 37 °C with 5% CO.. | would like
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to thank Dr. Liam Baird for providing me the WT-GFP and Keapl-mCherry Hepal cell lines for

the current project.

2.4. Cell fluorescence analysis

For cell viability analysis, 4 x 10* WT-GFP cells and 2 x 10* Keap1 mCherry Heap1 cells were
cultured separately on day —1 in black 96-well plates (Corning; number 3904). On day 0, HF or
saline was introduced at different concentrations, and the plates were then returned to the 37°C
incubator until day 2. Cell viability was determined by measuring the fluorescence intensities of

the cells using a PHERAstar FS microplate reader (BMG Labtech, Ortenberg, Germany).

2.5. Immunoblotting

For analyses of cultured cells, 1 x 108 WT-GFP and Keapl-mCherry Hepal cells were seeded
separately on day —1 and treated with 50 nM HF the following day (day 0). Whole-cell lysates
were prepared by lysing the cells in SDS buffer (0.25 M Tris-HCI (pH 6.8), 8% (w/v) SDS and
20% glycerol) and collected at 0, 3-, 6-, 12- and 18-hours following HF treatment. An anti-Nrf2
antibody (Cell Signaling Technology, #12721, 1:500 dilution) and anti-a-tubulin antibody (Sigma,

T9026, 1:1000 dilution) were used.

2.6. Mice

The generation of Keap1F®/FB::Kras®'?® mice was performed as described previously (20,29,30).
The Keap1 ™™ mice here refers to the Keap1-knock down mice with deletion of 3,4 and 5 exons
of the Keap1 gene (this deletion is mediated by the Cre-Lox recombination. Kras®*?P is a widely

used cancer model mice with activation of Kras oncogene (with G12D mutation; Glycine replaced
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by Aspartic acid at 12 position). All mice used in this study were on the C57BL/6J background.
Saline, HF and HFm were administered intravenously to the mice in this study because polymeric
micelles are known to more stable when injected into the blood stream directly.

All in vivo experiments were approved by the “The Institutional Animal Care and Use Committee”

of the “Tohoku University Environmental & Safety Committee”.

2.7. Intranasal administration of an adenovirus expressing Cre recombinase (Adeno-Cre)

Adeno-Cre was purchased from VectorBioLabs (Ad-Cre-GFP, catalog no. 1700). Intranasal
Adeno-Cre administration was performed as described previously (31). Briefly, 1 x 107 plaque-
forming units of Adeno-Cre were mixed with Eagle’s minimum essential medium (MEM) and
calcium chloride. The mixture was incubated for 20 min on ice and used for intranasal instillation
within 1 hour of preparation. Droplets containing the Adeno-Cre mixture were administered to the
nostrils of anesthetized mice (8-12 weeks old) with a pipette. The mice were allowed to gradually

inhale the droplets.

2.8. Flow cytometry

Mononuclear cells were isolated from the bone marrow, spleen and thymus using Ficoll-Paque
PREMIUM 1.084 (Cytiva 17-5446-02). The mononuclear cells were stained with
allophycocyanin-eFluor 780-conjugated anti-c-Kit (Invitrogen; Clone 2B8), Brilliant Violet 510-
conjugated anti-B220 (Biolegend; Clone RA2-6B2), phycoerythrin-conjugated anti-F4/80
(Biolegend; Clone BMB8), fluorescein isothiocyanate-conjugated anti-Ly6G (Biolegend; Clone
1A8), Brilliant Violet 421-conjugated anti-CD11b (Biolegend; Clone M1/70), fluorescein

isothiocyanate-conjugated anti-CD71 (eBiosciences; Clone R17217), phycoerythrin-conjugated
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anti-Ter119 (eBiosciences; Clone TER-119), PE-Cyanine7-conjugated anti-CD4 (Invitrogen;
Clone GK1.5) and allophycocyanin-conjugated anti-CD8 (Biolegend; Clone S3-6.7). Propidium
iodide staining was used to remove dead cells. Analyses were performed using a FACSVerse (BD

Biosciences). Data were analyzed using FlowJo software (BD Biosciences).

2.9. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis

HF was quantified following the method published by Matus et al. (32) with slight modification.
Briefly, approximately 30 mg of frozen tissue was placed in a 2-mL plastic tube, and 600 pL of
acetonitrile/2-isopropanol (3:2, v/v), 15 mg of anhydrous sodium acetate, and 10 mg of anhydrous
magnesium sulfate were added. For the internal standard, HF-13C6 HBr (Honeywell/Fluka,
Germany) was used. Samples were vigorously mixed for 50 sec, homogenized in an ultrasonic
bath for 10 min and then shaken for 30 min. The mixtures were centrifuged at 16000 x g for 10
min. The supernatants were diluted with an equal volume of water and centrifuged at 16000 x g
for 10 min. Thirty microliters of supernatant was injected into an ultrahigh performance liquid
chromatography (UHPLC)-MS/MS system.

UHPLC-MS/MS analysis was performed on an Acquity Ultra Performance LC I-class
system equipped with a binary solvent manager, a sample manager, and a column heater (\Waters)
interfaced with a Waters Xevo TQ-S MS/MS system equipped with electrospray ionization
operated in the positive-ion mode. MS/MS was performed using the multiple reaction monitoring
mode. The capillary voltage was 3.5 kV, and the cone voltage was 120 V. The source offset and
temperature were set at 50 V and 150°C, respectively, with a cone gas flow rate of 150 L/h. The
desolvation temperature was set to 500°C, and the desolvation gas flow, collision gas flow and

nebulization gas flow were set to 1000 L/h, 0.15 ml/min and 7.00 x 10° Pa, respectively. Both the
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cone and nebulization gases were nitrogen. LC separation was performed using a reversed-phase
column (Acquity UPLC BEH C18; 100 mm by 2.1 mm [inner diameter], 1.7-um particle size;
Waters Corp.) with gradient elution of solvent A (0.1% formic acid/water, v/v) and solvent B
(100% acetonitrile) at 0.5 ml/min. The initial condition was set to 5% solvent B and maintained
for 1 min. Solvent B was increased linearly to 95% over 4 min, and this condition was maintained
for 2 min. Finally, the mobile phase was returned to the initial conditions, which were maintained
for 2 min until the end of the run. The column oven temperature was 50°C. Data were collected
using MassLynx v4.1 software (Waters) and analyzed using Traverse MS v1.2.7 software
(Reifycs).

All the LC-MS/MS experiments were carried out by Mrs. Ritsumi Saito of the Medical
Biochemistry department. | would like to acknowledge the help provided by her for conducting

these experiments which were pivotal to this study.

2.10. Hematological analysis

Hematological indices were measured using an automatic blood cell analyzer (Nihon Kohden).

2.11. Histology

Lung tissues were fixed with 10% formalin (Mildform 10N; FUJIFILM Wako, Osaka) and
embedded in paraffin. Sections were stained with hematoxylin-eosin (HE) or Elastica-Masson
(EM). To measure the tumor area, 5 sections were cut at regular intervals and stained with HE.

The tumor area was measured using ImageJ software (NIH).

2.12 RNA extraction and reverse transcription polymerase chain reaction
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Total RNA was extracted with Sepazol RNA | Super G reagent (Nacalai Tesque) and reverse-
transcribed with a ReverTra Ace gPCR RT Kit (Toyobo) according to the manufacturer's
instructions. The resulting cDNA was used as a template for quantitative reverse transcription
polymerase chain reaction (RT-qPCR) using TagMan with a QuantStudio 6 Real-Time PCR
Analyser (Thermo Fisher Scientific). The abundance of mRNA levels was normalized to rRNA

abundance.
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3. Results

3.1. HF targets Nrf2-activated cancer cells by suppressing Nrf2 accumulation in vitro

HF has been reported to suppress Nrf2 accumulation within cells (16). To investigate the tumor-
suppressive role played by HF in Nrf2-activated tumor cells, | treated wild-type (WT) Hepal cells
expressing enhanced green fluorescent protein (EGFP) (WT-GFP) and Keapl knockout cells
expressing mCherry (Keapl KO-mCherry) with HF. Both isogenic cell lines were established
previously in my laboratory (28). Keapl is the negative regulator of Nrf2 and knocking out Keapl
causes constitutive activation of Nrf2. As shown in Figure 4A, fluorescence intensity (relative to
saline treated cells) was measured 48 hours after the cells were exposed HF. The relative
fluorescence intensity has been shown to correlate with cell viability in our previous publication
(28). I found that treatment of Keapl KO-mCherry cells with various doses of HF up to 50 nM
markedly reduced the number of mCherry-positive Keapl KO cells in a concentration-dependent
manner, while the number of GFP-positive WT cells did not decrease substantially with the
incremental increases in the HF concentration (Fig 4B). Figure 4C shows representative images
of mCherry-positive Keapl KO cells and GFP-positive WT cells treated with 50 nM HF; the
images reproducibly show that HF treatment reduced the number of mCherry-positive Keapl KO
cells, while the number of GFP-positive cells did not decrease substantially. These results clearly
indicate that HF affects the viability of Nrf2-activated Keapl KO Hepal cells more severely than
that of GFP-positive WT cells. The earlier publication (16) from my laboratory had similar
experiments using various Nrf2-addicted (KYSE70 esophageal squamous carcinoma cells and
A549 lung carcinoma epithelial cells ) and Nrf2-normal (BEAS-2B lung carcinoma epithelial cells
and NCC16-P11 uterine cervical epithelial cells) cancer cell lines showing similar results. The

advantage of using the current system over these is that the two cell lines used in this project are
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genetically identical except the mutation in Keapl allele, so I could exclusively check the effect
of HF on the Nrf2 mutation in cancer cells.

To examine whether the selective decrease in Keapl KO cells is elicited by the suppression of
Nrf2 accumulation, I carried out immunoblot analysis of the Nrf2 protein at various time points
after exposing the isogenic Hepal cells to HF. Notably, HF challenge led to rapid depletion of the
Nrf2 protein in Keapl KO-mCherry cells (Fig 5A). On the other hand, the Nrf2 protein was
undetectable in WT-GFP Hepal cells at all time points. | repeated this experiment and carried out
densitometric measurements of the multiple immunoblots (Fig 5B). These results demonstrate that
HF severely suppresses the viability of Nrf2-activated cancer cells through the rapid depletion of

the Nrf2 protein.

3.2. Dose-dependent in vivo toxicity assessment of HF
To determine the maximal tolerated dose (MTD) of HF, preclinical animal studies were carried
out. Earlier experiments with a patient-derived xenograft mouse model were carried out with an
HF dose of 0.25 mg/kg of body weight (kg bw), and this dose of HF did not show any signs of
acute side effects in the mice (16). In this study, therefore, | treated WT C57BL/6 mice (aged 8-
12 weeks, both sexes) with incremental doses of HF ranging from 0.25 mg/kg to 1 mg/kg (Fig 6A).
| administered HF every other day for a total of 4 times through intravenous tail injections.

| found that all eight mice treated with 1 mg/kg HF exhibited signs of acute distress and were
moribund after 2 injections. Furthermore, these mice displayed a significant decrease in body
weight (-13.4%). Since one mouse in this dose group died after the second dose, the rest of the
mice in this group were euthanized before the end of the experimental protocol on day 4 (Fig 6B).

These mice were excluded from subsequent analyses.
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After four intravenous injections of HF, | examined blood cell markers in the peripheral blood.
We found a dose-dependent decrease in the white blood cell count after HF administration, while
both the red blood cell and platelet counts remained comparable among all the groups (Fig 7). To
determine whether HF had any immunosuppressive effects on different cell subpopulations, we
also conducted flow cytometric analysis of spleen, thymus and bone marrow samples and found
that HF caused significant dose-dependent exhaustion of different hematopoietic and immune cells.
HF injection produced substantial dose-dependent declines in total splenocytes and erythroblasts
(Terl19+CD71+) in the spleen (Fig 8). The decrease in erythroblasts was quite significant, and
most erythroblasts disappeared after the administration of 0.75 mg/kg HF. Spleen weights were
also decreased incrementally as the HF dose increased.

In the bone marrow, the numbers of total cells and progenitor cells (c-Kit+) did not change
substantially, but the number of B cells (B220+) was decreased with 0.75 mg/kg HF administration
(Fig 9). The administration of HF gave rise to a significant dose-dependent decrease in thymus
weight (Fig 10). In the thymus, total thymic cells and CD4 single-positive (CD4+CD8-) cells were
decreased, and CD8 single-positive (CD4—-CD8+) cells also showed a decreasing tendency.

Interestingly, these decreases in immune and hematopoietic cell populations occurred

concomitantly with the significant reductions in the tissue size of the spleen and thymus.

3.3. Pharmacokinetics and biodistribution of HF-loaded polymeric micelle (HFm)

The results thus far suggested that HF caused severe systemic toxicity in WT in vivo models.
Therefore, | hypothesized that delivering HF as a nanomedicine to passively target tumors would
be a plausible approach to address this limitation by uncoupling the side effects from the

therapeutic response. Therefore, I along with my collaborators developed a new class of polymeric
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micelles incorporating HF via the ester bond between HF and PEG-PAsp (HFm) (Fig 11). In *H
NMR spectrum, a peak corresponding to HF was detected, which revealed that 14.4 HF molecules
were encapsulated by each polymer molecule (Fig 12A, peak a). Peak “b” in the spectrum
corresponds to the polymer protons (Fig 12B). The hydrodynamic diameter and size distribution
(polydispersity index) of HFm was determined to be 38 nm and 0.12, respectively, by dynamic
light scattering (Fig 12B).  The role of size of polymeric micelle has been well described in the
literature (33). It has been proven that micelles with a smaller size of around 30 nm easily
penetrates the tumor compared to larger 100 nm micelles. Hence, 38 nm diameter of the newly
developed HFm is the perfect size for treating Nrf2 activated cancers because it will be able to

accumulate in tumors relatively easily.

To determine the pharmacokinetic properties of HFm, LC-MS/MS studies were carried out
using WT C57BL/6 mice. Eight- to twelve-week-old WT mice were administered saline, HF (0.75
mg/kg bw) or HFm (0.75 mg/kg bw) once. The amount of HFm was the net weight of HF excluding
the micelle weight. | followed these mice up to 144 hours after administration, and spleen, liver
and lung samples were collected at different time points (Fig 12C). The determination of HF levels
through LC-MS/MS analysis revealed that the levels of accumulated HF in the three tissues were
lower after HFm administration than after HF administration (Fig 12D). However, by the end of
the study (144 hours), the HF accumulation in both the HF and HFm groups became similar,
suggesting that encapsulation of HF into a polymeric micelle leads to the slow and sustained
release of HF from HFm. But it is quite possible that even after 144 hours, HF was still left in the

HFm core yet to be released. Because of the limitation of the experiment, it was not possible to
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determine the HF still intact in HFm. | surmised that since HF accumulates quickly in large
volumes when free HF is administered, HF administration leads to high systemic toxicity.

In fact, earlier publication in the literature has shown that even at earlier time points like 3 hours
very high accumulations of HF was observed in various tissues CD2F1 mice and Fischer 344 rats
(34). This makes our case stronger that using HF with a drug delivery system is highly beneficial

given how quickly it accumulates in different tissues leading to high toxicity.

3.4. HF/HFm administration inhibits the progression of Nrf2-activated tumors

To determine whether HF or HFm treatment can inhibit the progression of Nrf2-activated
Adenocarcinomas, we utilized a murine model of Kras-driven lung adenocarcinoma (29). Mice
with the loxP-Stop-loxP Kras®'?P knock-in allele (Kras mice) were crossed with mice harboring
the Keap1-flox allele with the loxP sites encompassing the 3rd and 4th exons (Keap1™) (30) to
obtain Keap1™/F8::Kras®*?P compound mice (20). Upon Cre recombination mediated by intranasal
infection with Adeno-Cre, | achieved simultaneous Kras oncogene activation and Keapl exon
deletion. | successfully mimicked Nrf2-activated lung adenocarcinoma in mice through this
manipulation.

Tumors were then allowed to grow for 17 weeks before starting HF or HFm treatment. | then
intravenously administered HF or HFm every other day for a total of four inoculations. Since the
MTD of HF was determined to be 0.75 mg/kg bw in our earlier WT mouse experiments (Fig 6),
we decided to use 0.75 mg/kg bw HF or HFm in our tumor-bearing mouse experiments as well.
On the eighth day, the mice were sacrificed, and various characteristics of lung tumors were

analyzed to evaluate the efficacy of HF and HFm in altering the tumor burden (Fig 13A).
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| first measured lung weights. The lung weights of both HF- and HFm-treated mice were
significantly lower than those of their saline-treated counterparts (Fig 13B). Lung samples were
then sectioned and stained with HE (Fig 14A, upper panels). Darkly stained areas in the HE-stained
sections corresponded to tumors, and the tumor areas were markedly reduced in the lungs of mice
treated with HF or HFm compared with those of saline-treated mice. Similarly, the sizes of
individual tumors were reduced by HF or HFm treatment (Fig 14A, middle panels). | measured
the purple/blue areas using imaging software, which revealed that the tumor area was reduced by
almost half (21% in the saline-treated group to 10% in the HF-treated group) or one-third (21% to
6% in the HFm-treated group) by HF or HFm treatment, respectively (Fig 14B).

I next examined the influences of HF and HFm on tumor malignancy through EM staining of
lung sections (14A, lower panels). Using images of these sections, | evaluated lung lesions
following the guidelines of the 2015 World Health Organization lung cancer classification system
(35). Briefly, lung tumors consist of two types of lesions: lepidic and papillary pattern lesions.
Lepidic pattern lesions display in situ growth of cells along the alveolar wall (orange arrowheads),
whereas papillary pattern lesions exhibit growth away from the alveolar wall (green arrowheads).
Tumors with a high prevalence of papillary lesions are labeled as grade Il tumors, and patients
with predominantly papillary tumors show a poorer prognosis than patients with predominantly
lepidic tumors (grade ). When the major tumor components are composed of solid sheets and lack
recognizable lepidic or papillary patterns, the tumor is classified as a solid tumor (grade 1l1).

| counted the numbers of lepidic and papillary pattern tumors in sections of the lungs of
Keap1FB/FB::Kras®'?P compound mice treated with saline, HF or HFm. | found that all three groups
of mice exhibited comparable numbers of lepidic (grade 1) and papillary (grade I1) pattern tumors

(Fig 14C). The tumor model mice treated with either HF or HFm showed a lower frequency of
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papillary pattern tumors than the saline-treated controls. In contrast, grade Il solid
adenocarcinomas were completely absent after HF or HFm treatment. These results unequivocally
demonstrate that both HF and HFm can prevent the progression of Nrf2-activated lung cancers
into higher grade solid tumors.

Earlier publication from my lab (18) showed that by 17 weeks, the Keap1™/F8::Kras®!?P
mice develop considerable amount of tumor in the lung. Since, in the current protocol the treatment
of these tumor bearing mice started at 17 weeks, it seems HF/HFm treatment in fact actively
induced cell death of the cancer cells. | speculate that co-mutation of Keapl and Kras leads to high
dependence of the cancer cells on Nrf2, and its inhibition through HF/HFm treatment leads to rapid

cell death. HF also activates few Nrf2 independent pathways which is talked in detail in the

discussion section.

3.5. HFm reduces systemic immunosuppressive side effects

| found that HF treatment damaged healthy tissues by not only promoting severe side effects but
also causing considerable cell death and systemic immunosuppression. Since the experiments in
the previous section revealed that HFm produced similar or even better efficacy in lung
adenocarcinoma than HF, | next assessed the capability of HFm to overcome the systemic adverse
effects of HF in tumor-bearing mice. Since the encapsulation of HF in the polymeric micelle led
to the slow and sustained release of HF from HFm, | hypothesized that HFm would act as a much
safer drug than HF. Therefore, | examined various adverse effect markers in tumor-bearing model
mice treated with 0.75 mg/kg bw HFm and compared them with those in mice treated with the

same dose of HF, as 0.75 mg/kg bw is the MTD of HF.
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| first measured peripheral blood indices. While mice treated with HF showed a significant
decrease in the white blood cell count, HFm-treated mice did not show such a decrease, and the
white blood cell count of HFm-treated mice was similar to that of saline-treated mice (Fig 15).
While the mice in the HF cohort showed signs of anemia, with decreases in red blood cell and
hematocrit levels, such decreases were not observed in the mice treated with HFm (Fig 15). I next
examined spleen weight and found that HF administration induced a significant reduction in spleen
weight but that this reduction was not observed in the HFm-treated mice (Fig 16). When |
dissociated the spleen, the number of spleen cells was decreased significantly by HF treatment but
not by HFm treatment, demonstrating that the reduction in spleen weight observed in the HF-
treated mice was caused by the significant decrease in the absolute number of spleen cells.
Similarly, HFm did not produce an apparent decrease in erythroblasts (Terl19+CD71+) in the
spleen, while this cell population was significantly decreased by HF treatment. The latter is in
good agreement with the earlier experiments performed with WT mice. These results thus
demonstrate that HFm significantly relieves the serious adverse effects of HF on hematopoietic
lineages.

| also found that the mice treated with HF showed severe signs of thymic atrophy and that the
total cell number was markedly decreased (Fig 17). This thymic atrophy was completely absent in
the context of HFm administration, and the total cell number in the thymus in the HFm-treated
mice was comparable to that in the mice treated with saline. To address the underlying basis for
the severe reductions in thymic tissue weight and cell number, | determined the major cell types
within the thymus using flow cytometry. | examined double-negative cells (CD4-CD8-), double-
positive cells (CD4+CD8+), CD4 single-positive cells (CD4+CD8-), and CD8 single-positive

cells (CD4-CD8+). Tumor-bearing mice treated with HF showed lower numbers of the double-
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negative (CD4-CD8-), double-positive (CD4+CD8+), and CD4 single-positive (CD4+CD8-)
subpopulations of immune cells. In contrast, HFm treatment did not cause such decreases in the
thymus, and the cell numbers were similar to those in the mice treated with saline. CD8 single-
positive cells (CD4+CD8-) also showed a tendency toward a lower frequency in the mice treated
mice HF compared with the mice treated with saline or HFm. Interestingly, the reductions in cell
numbers were more profound for immature cells (i.e., CD4-CD8- and CD4+CD8+ cells) than for
differentiated CD8 and C4 single-positive cells (Fig 17).

The numbers of total bone marrow cells were also markedly reduced by free HF administration,
but this reduction was not seen following the administration of HFm (Fig 18). Through flow
cytometric analysis, | found that the numbers of progenitor cells (c-Kit+), B cells (B220+),
macrophages (CD11b+F4/80+) and neutrophils (CD11b+Ly6G+) were severely reduced in the
HF-treated mouse bone marrow compared to the HFm- or saline-treated mouse bone marrow (Fig
18). These results demonstrate that HFm is well tolerated and induces none of the systemic adverse
effects that are present after HF treatment, particularly the observed severe thymic atrophy,
reductions in spleen size and splenic cell number, and decrease in the peripheral white blood cell

number, which are hallmarks of systemic immunosuppression.

3.6. HFm administration leads to lower HF accumulation in nontumorous tissues

To address the reason why HFm showed reduced toxicity compared with HF, | again performed
LC-MS/MS analysis and determined the HF levels in tissues. To this end, | employed the tumor-
bearing model mice that were utilized in the previous subsection. Three tissues, i.e., the lungs,

spleen, and liver, were obtained from mice treated with either HF, HFm or saline four times and
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sacrificed on day 8 (Fig 19A). The tissues were homogenized en bloc, and the presence of HF was
examined by LC-MS/MS.

| found that the HF level in tumor-bearing lungs was considerably lower in mice treated with
HFm than in mice treated with free HF (Fig 19B). By the end of the 7-day treatment protocol, the
lung tumors in both HF- and HFm-treated mice were considerably smaller than those in mice
evaluated before treatment with these drugs. Because of the EPR effect displayed by polymeric
micelles, HFm could not be incorporated efficiently into normal lung tissue (40.5 ng/g of tissue
weight). In contrast, free HF in the blood circulation could be incorporated efficiently and highly
accumulated in normal lung tissue (598.4 ng/g of tissue weight). These results clearly demonstrate
the preferential accumulation of HFm in tumors.

The administration of HFm reproducibly resulted in lower accumulation of HF in the spleen
and liver than the administration of free HF (Fig 19B). This significantly lower accumulation of
HF in normal tissues following HFm administration must be the reason underlying the lower
systemic toxicity of HFm. I also found that HFm administration gave rise to markedly higher levels
of HF accumulation in spleen and liver than in the lungs. The reason for these differences is
currently unclear. One plausible explanation is that the EPR effect displayed in case of polymeric
micelles is strictly operating in the lung tissue, which seems to be an advantage of the use of HFm
against lung cancers.

3.7. Low-dose HF/HFm therapy suppresses Nrf2-activated tumors but not as effectively as
high-dose treatment

The results thus far demonstrate that HFm treatment has better efficacy in lung cancer with
much lower adverse effects than free HF treatment at the MTD. To ascertain whether these results

are reproducible with doses of HF lower than the MTD in lung cancer and to verify whether HFm
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produces efficacy similar to that of HF even at the basal effective dose (BED), | next examined
HF and HFm treatments in lung cancer-bearing mice administered at the BED, i.e., 0.25 mg/kg
bw.

| employed the same protocol as used in the previous subsection in which KRAS-driven
lung adenocarcinoma was allowed to grow for 17 weeks after which mice were treated with saline,
HF (0.25 mg/kg) or HFm (0.25 mg/kg) every other day for four times in total (Fig 20A). As was
the case with high-dose (0.75 mg/kg) treatment, HF and HFm at the BED also effectively reduced
lung weight (Fig 20B). I stained lung sections with HE (Fig 21A) and found that the tumor area
was significantly reduced by both HF treatment and HFm treatment (Fig 21B), even at the BED,
although tumor suppression appeared to be much weaker at a lower dose or the BED than that at
a higher dose or the MTD. At the higher dose, tumor areas were decreased by 9.95% (saline versus
HF) and 15.77% (saline versus HFm), whereas at the low dose, tumor areas were decreased by
only 7.42% (saline versus HF) and 9.49% (saline versus HFm). Similarly, at the higher dose, lung
weight was decreased by 37.6% and 49.6% in HF- and HFm-treated mice, respectively, while the
decreases were 25.7% (saline versus HF) and 22.8% (saline versus HFm) with the low-dose
regimen (Figs 13B and 20B).
Even with 0.25 mg/kg bw treatment, the number of papillary lesions was much lower with HF or
HFm treatment than with saline treatment (Fig 21A; lower panel and Fig 21C). The number of
solid tumors was significantly lower after 0.25 mg/kg bw HF or HFm administration than after
vehicle treatment (Fig 21C). However, in contrast to the changes observed with the high-dose
therapy (Fig 14C), solid tumors were not completely absent with the low-dose therapy, and
efficacy was comparable between the HF and HFm treatments. While the body weight changes in

all mouse cohorts remained comparable upon treatment (Fig 22A), low-dose treatment with HF
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significantly reduced the white blood cell marker. HF treatment at 0.25 mg/kg bw did not affect
the red blood cell level. Of note, this adverse effect was rescued by the use of HFm (Fig 22B).
These results indicate that HF treatment at the BED still causes severe toxicity to the white blood
cell count. An important observation here is that HFm treatment at this lower dose shows
therapeutic efficacy comparable to that achieved with the same dose of HF. Thus, these results
demonstrate that HFm acts as a safer and stronger therapeutic agent than HF and that HFm can be

available for use in higher dose regimens.
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4. Discussion

Aberrant NRF2 activation is frequently observed in various types of cancers, leading to
coordinated expression of various cytoprotective genes. Such NRF2 hyperactivation confers
resistance to chemo/radiotherapy to cancer cells and results in malignancy (11,14). Because of the
lack of approved therapies to treat these NRF2-activated cancers, there is an important unmet
clinical need to find a viable therapy to treat patients with such tumors. My laboratory previously
identified HF as a potent NRF2 inhibitor (16) and provided preclinical proof-of-concept evidence
of its role as an anticancer chemosensitizer. In this study, however, | also found that high-dose
HF administration to WT mice caused severe dose-dependent toxicity, including significant
decreases in hematopoietic and immune cells in the spleen, thymus, and bone marrow. Therefore,
to overcome these adverse effects, my collaborators designed HFm, in which HF is encapsulated
into micelles to reduce the systemic toxicity of HF while maintaining its tumor-suppressive
properties. | examined the efficacy and adverse effects of HFm employing Keap1™/F8::Kras®*?P
tumor-bearing model mice and found that HFm decreased the tumor burden without causing
immune suppression or reductions in hematopoietic cells. I also confirmed through LC-MS/MS
experiments that this reduction in adverse effects was caused by the ability of HFm to release HF
from the core in a slow and sustained manner. These results support the notion that the application
of an elaborate nanomedicine makes HFm a suitable drug for treating NRF2-activated cancers.

In this study, | found that the administration of HF caused significant decreases in immune
and hematopoietic cell populations. While there are several papers that describe HF toxicity at
high doses, to the best of our knowledge, there is no description of the immunosuppression and
hemopoietic cell suppression mediated by HF. | surmised that there might be two pathways leading

to this toxicity: the Nrf2-dependent pathway and the Nrf2-independent pathway. | speculated that
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the Nrf2-independent pathway may be linked to immunosuppression facilitated by the GCN2-elF2
axis. The asparaginase-induced amino acid starvation response has been reported to cause decrease
in thymus and spleen sizes and depletion of B cells, CD4+ T cells and CD8+ T cells by inducing
enhanced elF2 phosphorylation in a GCN2-dependent manner (36). Since the HF-mediated
suppression of Nrf2 is driven by elF2 phosphorylation via GCN2 (16,37), it seems plausible that
the decreases in immune and hematopoietic cell populations might be caused through the same
pathway.

Nrf2 deficiency causes a decrease in hematopoietic stem cells (38,39). | also found a
moderate decrease in progenitor cells (c-Kit+) in the bone marrow. Therefore, | speculated that the
reduction occurs in an Nrf2-dependent manner. Notably, while most of the cell populations
investigated in this study are immune cells, modest decreases in red blood cells, hematocrit levels
and erythroblasts were also observed, indicating that HF-induced cell death may occur widely,
implying pan cellular HF toxicity. The HF-induced toxicity to lymphoid cells, including CD4
single-positive cells, CD8 single-positive cells, and B cells, was more pronounced than that to
myeloid-derived macrophages and neutrophils. However, the mechanisms underlying this
observation remain to be clarified. Of note, in accordance with our earlier hypothesis, Nrf2
inhibition using an elaborate tumor-oriented nanomedicine appears to be an excellent approach to
treat Nrf2-activated cancers and achieve a maximal effect of chemotherapy.

The pharmacodynamics and pharmacokinetics studies conducted using LC-MS/MS
analysis in Spleen, Liver and lung in this study clearly showed that free HF accumulates in these
organs rather quickly in large amounts leading to toxicity. Whereas in case of HFm because of
slow and sustained release of HF such side effects are absent. Checking HF levels in plasma and

urine would have helped in better understanding of HFm metabolism. | assume in case of HFm,
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higher HF plasma concentration (compared to free HF) would have been observed given its ability
to circulate in the bloodstream for a longer time. On the other hand, urine would have lower HF
levels in case of HFm (compared to free HF) because of lower non tumor tissue accumulation.

Further experiments are warranted to check this claim.

The initial experiments (Fig. 7 to Fig. 10) done in this study to determine the maximal
tolerable dose (MTD) of HF were performed on the WT mice. These mice interestingly showed
lower levels of different white blood cell and hematopoietic cell markers compared to the tumor
bearing mice models. | speculate this increase in case of Keap1™/F8::Kras®*?® mice cell number
might be because of presence of tumor. Nevertheless, a question might arise if HFm administration
would cause toxicity in WT mice or would it be absent like in the case of tumor bearing models
(Keap1™B/FB::Kras®?P). | had performed some preliminary study wherein | had treated WT mice
with 0.8mg/kg of HFm (not 0.75 mg/kg used in the whole study). In these set of experiments WT
mice treated with 0.8 mg/kg HFm did not show any apparent difference in white blood cell, red
blood cell or hemoglobin values. On the other hand, consistent with previous data in this thesis,
WT mice treated with 0.8mg/kg HF did have significant lower levels of all these parameters (Fig
23). These data clearly shows that HFm is well tolerated without any adverse toxicity in WT mice

and this phenomenon is not only limited to tumor bearing models.

High-dose HF and HFm completely eradicated grade |11l solid tumors in
Keap1FB/FB::Kras®'?P tumor-bearing model mice. Assuming that a multitude of tumors arise in the
lungs of these model mice, | speculated that Nrf2 inhibition mostly eradicated Nrf2-activated

cancers and that most of the remaining tumors harbored only Kras®'?® mutations. Kras-mutant
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tumors without Nrf2 activation are known to be less invasive (40), so the lung sections of mice
treated with HF or HFm had no solid tumors. An alternative explanation is the involvement of the
metalloproteinase-2 (MMP-2) pathway, as HF has been shown to suppress the expression of
MMP-2 (40). Since MMP-2 is responsible for the membrane invasion and metastasis of tumors, |
speculated that HF may act to decrease MMP-2 levels, resulting in the elimination of solid tumors.
Notably, HF is widely used as an antibiotic for animals in veterinary medicine (41,42) and has also
been shown to possess anticancer and antimetastatic properties in various in vivo studies. HF has
been reported to inhibit the TGF-p signaling pathway, to limit the progression of melanoma bone
metastases (43) and to suppress the metastasis of bladder carcinoma by suppressing MMP-2
expression (40). HF has also gone through various phase Il human trials as a therapy for AIDS-
related Kaposi’s sarcoma and fibrotic diseases (44-48). Based on the present study, | propose that
HFm may have better efficacy and fewer adverse effects than other therapies, in addition to
targeting currently untreatable NRF2-activated tumors.

Here it is important to note that since HF has been shown to suppress tumor activity by
Nrf2-independent pathways (36,39), it is quite possible that in my model decrease in tumor burden
was caused by both Nrf2-dependent and Nrf2-independent mechanisms. In fact, my preliminary
Ngol Immunohistochemistry staining data shows that both Ngol-positive (cancer cells with both
Keapl and Kras mutations) and Nqgol negative (cancer cells with only Kras mutations) tumors
showed decreasing trend on HF/HFm treatment (Fig 24). It has been previously reported in the
literature (49) that co-treatment of Kras tumors with a AKT inhibitor-MK2206 (which blocks
downstream Nrf2 expression) and ASN depletion through L-asparaginase together downregulates
ATF4 production (which is dependent on GCN2-elF2a axis for its translation) leading to

suppression of Kras tumor growth by asparagine starvation. Since HF impedes Nrf2 transcription
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and is also responsible for downregulation of GCN2- elF2a axis, | speculate that suppression of
Ngo1-negative tumors in my experiments in the HF/HFm treated Keap1™/™8::Kras®!?° model mice
was mediated by ATF4 transcription inhibition.

However, since Nrf2 mutated tumors have been shown to be resistant to known
chemotherapeutic agents (14), tumor suppression wouldn't have been possible without decrease in
Nrf2 protein levels in Ngol-positive tumors. Additionally, when mRNA levels of downstream
Nrf2 gene (Ngol) in tumor bearing mice lung was measured upon Saline/HF (0.25mg/kg) or HFm
(0.25mg/kg) treatment , a decreasing trend was observed in the case of HF and HFm groups (Fig
25). This clearly indicates Nrf2 downregulation plays a major role in tumor reduction in these mice.
Hence, | feel while the decrease in Ngol-positive tumors by HF/HFm treatment in my model was
Nrf2 dependent, Ngol-negative tumors decreased due to a Nrf2 independent pathway (possibly
through ATF4 transcription inhibition). Further examinations are required to prove this claim.

Additionally, a question might arise if Kras®!?P tumor bearing model mice would also
exhibit lower tumor burden on HF/HFm treatment as well. Since my preliminary experiments
show decrease in Ngol- negative tumors, | would speculate HF/HFm would indeed decrease

Kras®?P tumors by decreasing ATF4 levels.

In summary, | showed in this study that HFm efficaciously eradicated NRF2-activated

tumors in the lungs without any apparent systemic toxicity. These promising results support the

translation of HFm into human studies, given the high clinical need for NRF2 inhibitors.
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Fig. 1. Structural and functional basis of the KEAP1-NRF2 system. The transcription factor
NRF2 is a master regulator of the response to oxidative and electrophilic stresses in the human
body. Under quiescent conditions, NRF2 is targeted for ubiquitination by the principal negative
regulator KEAP1 (left). KEAP1 is a cysteine-thiol-enriched molecule that is the stress sensor and
ubiquitin ligase of NRF2. Reactive oxygen species (ROS) and electrophiles induce modification
of the cysteine-thiol moieties on KEAP1, facilitating the escape of NRF2 from ubiquitination.
NRF2 thus accumulates in the cytoplasm, leading to its translocation into the nucleus. NRF2 forms
a heterodimer with the SMAF molecule and binds to a CNC—sMaf binding elements (CsMBE) or
antioxidant-responsive element (ARE) motif, resulting in the transcription of a battery of
antioxidant, cytoprotective, metabolizing and anti-inflammatory enzymes (right).
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Fig. 2. Therapeutic strategies to control NRF2-addicted cancers. In the tumor, NRF2 inhibitors
help suppress tumor growth and metastasis by decreasing NRF2 protein levels. However, problems
posed by systemic NRF2 inhibition can be prevented by using NRF2 inhibitors in an elaborate
drug delivery system designed to achieve high cancer tissue specificity through the enhanced
permeability and retention (EPR) effect.
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Fig. 3. Chemical structure of (A) Halofuginone (HF) and (B) Halofuginone micelle (HFm).
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Fig. 4. HF targets Nrf2 activated cancer cells in vitro (A) Schematic representation of the
HF/saline treatment protocol of Keapl KO mCherry and WT GFP Hepal cells. (B) The cell
viability of the Keapl KO mCherry and WT GFP cells was determined using fluorescence
intensity 48 hours after the introduction of HF at different concentrations. The fluorescence levels
were normalized to saline treated control fluorescence levels (n=3). Student t-test, *P<0.05,
**P<0.01, ***P<0.001. (C) Representative images of cells 48 hours after saline or HF (50 nM)
treatment. Scale- 200um.

40



Nrf2 protein

1.5
0

Time(hours)y 0 3 6 12 18 0 3 6 12 18 31.0
wiz (e B

O-tubULin " s s s o s i s e S 05

: - — 2 *k
Keap1 KO WT ® >

&

0.0

0 3 6 12 18 0 3 6 12 18

Keap1 KO WT

Fig. 5. HF suppresses Nrf2 accumulation in Nrf2 activated Hepal cells. (A) Nrf2 protein levels
in Keapl KO mCherry and WT GFP cells after HF treatment (50 nM), for the indicated time
periods. (B) Quantification of Nrf2 protein levels in whole-cell lysates of Keapl KO mCherry and
WT GFP cells exposed to 50 nM HF for the indicated periods (n=3). Each time point is compared
to control (0 hour) of the same group (Keapl KO or WT). Non-parametric Kruskal-Wallis test,
**P<0.05, **P<0.01, ***P<0.001. Nrf2 protein were normalized to the a-tubulin levels. Graphed
data are presented as means=SD.
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Fig. 6. Dose dependent in-vivo toxicity assessment of HF. (A) Experimental strategy to
determine the maximum tolerable dose (MTD) of HF. (B) Body weight changes after intravenous
HF injections (n=7). Mice treated with 1 mg/kg HF (blue line) were moribund and were euthanized
before the end of the experiment; Student t-test, *P<0.05, **P<0.01, ***P<0.001, Day 1 vs. Day
4, 1 1 of the 8 mice died at 1mg/kg.
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Fig. 7. HF administration causes dose-dependent decrease in the white blood cell count.
White blood cell, red blood cell and platelet counts in the peripheral blood of the mice treated with
varied dose of HF; Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001, ns=not

significant.
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Fig. 8. HF injection produced substantial dose-dependent declines in total splenocytes and
erythroblasts (Terl119+CD71+) in the spleen. Spleen weight, total splenic cell count and
erythroblasts (Ter119+CD71+) after HF treatment at incremental dosage. Cells were isolated from

the spleen of the mice; Non-parametric Kruskal-Wallis test, *P<0.05,**P<0.01,***P<0.001
ns=not significant.
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Fig. 9. HF administration causes Bone marrow suppression in dose-dependent manner. Total,
Progenitors (c-Kit+) and B (B220+) cells from bone marrow of mice treated with different
concentrations of HF; Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001,
ns=not significant.
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Fig. 10. HF inoculation causes toxicity in thymus. Thymus weight, total thymic cell count, CD4
single positive (CD4+CD8-) and CD8 single positive (CD4-CD8+) cell number after the HF
treatment. Cells were isolated from the thymus; Non-parametric Kruskal-Wallis test, *P<0.05,
**P<0.01, ***P<0.001, ns=not significant. Graphed data are presented as means+SD.
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Fig. 11. Chemical synthesis of Halofuginone micelle (HFm). PEG-PAsp(HF) [HFm] is obtained
by a reaction involving 2-Methyl-6-nitrobenzoic anhydride (MNBA,; 1.2 equivalents to Asp) and
2,2-dimethoxypropane (DMAP;1.5 equivalents to Asp) along with the PEG-PAsp solution (PEG-
PAsp dissolved in N,N-dimethylformamide). 40 mentioned in the HFm chemical structure
represents the degree of polymerization of polyaspartic acid (PAsp). 14.4 are the number of HF
molecules introduced in each polymer. 273 is the atomic weight of the polymer. “a” and “b”
corresponds to benzylic protons of HF and the polymer protons respectively (the peaks of which
are observed in the *H NMR spectrum described in the next figure). The blue cartoon alongside
the HFm chemical structure represents the aggregate this polymer forms; HF is situated at the

center of this complex surrounded by the polymer forming a micelle.
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Fig. 12. Pharmacokinetics and biodistribution of HF-loaded polymeric micelle (HFm). (A)
H NMR spectrum of PEG-PAsp(HF). a represents the HF signal. “a” and “b” corresponds to
benzylic protons of HF and the polymer protons, respectively. (B) Size distribution histogram of
HFm determined by dynamic light scattering. (C) Experimental design for the LC-MS/MS analysis
of WT mice (8-12 weeks old) treated with one shot of saline, HF or HFm (both 0.75 mg/kg).
Spleen, liver, and lung was collected at 0, 24, 48, 96 and 144 hours after intravenous injection. (D)
HF accumulation in spleen, liver, and lung tissues after HF and HFm (0.75 mg/kg) treatment at
different time points. *P<0.05, ns=not significant (Non-parametric Mann-Whitney test).
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Fig. 13. HF/HFm administration suppressed Nrf2-activated tumor. (A) Experimental strategy
to determine the tumor inhibitory effects of HF and HFm. Keap1F®/8::Kras®!?P mice (8-12 weeks
old) were administered with Adeno-Cre virus intranasally to generated Nrf2 activated lung
adenocarcinoma. Tumors were allowed to grow for 17 weeks, before treatment of the mice with
saline, HF or HFm every alternate day 4 times in total. (B) Lung weight of mice after saline, HF
or HFm treatment; Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001, ns=not
significant.
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Fig. 14. HF/HFm administration inhibits progression of Nrf2-activated tumor. (A)
Representative lung sections stained with hematoxylin and eosin (HE) (upper and middle panels)
and Elastica-Masson (lower panels) of saline, HF or HFm treated tumor bearing mice. Scale- 5mm
(upper panel), 50 um (middle and lower panel). (B) Tumor area in the saline, HF or HFm treated
mice was measured using the HE stained lung cross-sections. The dark stained areas in the HE
stained lung cross-sections represent the tumors; Non-parametric Kruskal-Wallis test, *P<0.05,
**P<0.01, ***P<0.001, ns=not significant. (C) The grade of the tumor was determined on the basis
of Elastica-Masson stained lung cross-sections. Tumors in the lung consists of two types of lesions:
lepidic-pattern lesions and papillary pattern lesions. If elastin is visible in the cross-section (orange
arrowheads), the tumor is classified as lepidic pattern tumor (Grade 1), which are assumed to be
an in-situ growth. If such pattern is absent, and the elastin is visible as dots (green arrowheads) it
is labelled as papillary patter tumor (Grade II). If the tumor is mostly composed of solid sheet and
cannot be differentiated into either lepidic or papillary. it is called solid tumor (Grade I11). Note
that the solid tumors (Grade I11) were completely absent in HF/HFm treated mice Non-parametric
Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001, ns=not significant. Graphed data are
presented as means+SD.
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Fig. 15. HFm administration relieves leukopenia and mild anemia caused in case of HF use.
White blood cell count, red blood cell count and hematocrit levels in the peripheral blood of the
tumor bearing mice (Keap1™/™::Kras®'?P) treated with saline, HF (0.75 mg/kg) or HFm (0.75
mg/kg); Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001, ns=not significant.
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Fig. 16. HFm administration alleviates splenic atrophy and cell death of splenocytes caused
in case of HF use. Spleen weight, total splenic cell count and erythroblasts (Ter119+CD71+) after
saline, HF and HFm treatment. Cells were isolated from the spleen of the mice; (one-way ANOVA
with Tukey’s multiple comparisons test for spleen weight, Non-parametric Kruskal-Wallis test for
total splenic cell count and erythroblasts)., *P<0.05, **P<0.01, ***P<0.001 ns=not significant.
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Fig. 17. HFm reduces systemic immunosuppressive side effects. Thymus weight, total thymic
cells, double negative cells (CD4-CD8-), double positive cells (CD4+CD8+), CD4 single positive
(CD4+CD8-) and CD8 single positive (CD4-CD8+) cells after the saline, HF and HFm treatment.
Cells were isolated from the thymus; (one-way ANOVA with Tukey’s multiple comparisons test
for thymus weight, *P<0.05, **P<0.01, ***P<0.001, ns=not significant.
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Fig. 18. HFm reduces systemic immunosuppressive side effects. Total cells, progenitor cells
(c-Kit+), B cells (B220+), macrophages (CD11b+ F4/80+) and neutrophils (CD11b+ Ly6G+)
isolated from saline, HF or HFm treated tumor bearing mice (Keap1™/F8::Kras®'?P). HF treatment
resulted in severe depletion of hematopoietic and immune cells. This cell death was rescued in
case of HFm use. Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001,ns=not
significant. Graphed data are presented as means£SD.
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Fig. 19. HFm administration leads to lower HF accumulation in non-tumorous tissues. (A)
Schematic diagram of the protocol followed for the LC-MS/MS analysis of different organs of
tumor bearing mice (Keap1™/F8::Kras®'?P). The tumor bearing mice were treated with saline, HF
(0.75 mg/kg) or HFm (0.75 mg/kg) every alternate day for a total of four inoculations. The samples
were collected on the 8" day. (B) HF levels in lung, spleen and liver samples of the tumor bearing
mice after treatment with saline, HF (0.75 mg/kg) or HFm (0.75 mg/kg). The HF accumulation in
case of HFm administration was significantly less than free HF treatment. Non-parametric
Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001, ns=not significant. Graphed data are
presented as means+SD.
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Fig. 20. HF and HFm therapies with low dose suppress Nrf2 activated tumor. (A) The
treatment protocol followed during the experiment. The Keap1™/F8::Kras®*?P mice (8-12 weeks
old) were treated with Adeno-Cre virus intranasally after which the tumor was allowed to grow
for 17weeks. The mice were then treated with saline, HF (0.25 mg/kg) or HFm (0.25 mg/kg) every
alternate day for a total of 4 times. (B) Lung weight of mice after saline, HF or HFm treatment;
Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001, ns=not significant.
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Fig. 21. HF and HFm therapies with low dose eradicates Nrf2 activated tumor. (A)
Representative lung sections stained with hematoxylin and eosin (HE) (upper and middle panels)
and Elastica-Masson (lower panels) of saline, HF or HFm treated tumor bearing mice. Scale- 5mm
(upper panel), 50 um (middle and lower panel) (B) Tumor area in the saline, HF or HFm treated
mice was measured from the HE stained lung cross-sections. The dark stained areas in the HE
stained lung cross-sections represent the tumors; Non-parametric Kruskal-Wallis test, *P<0.05,
**P<0.01, ***P<0.001, ns=not significant. (C) The grade of the tumor was determined on the basis
of Elastica-Masson stained lung cross-sections. The HF and HFm treated mice show significantly
lower number of lepidic pattern tumor (Grade I) and solid tumors (Grade 111) compared to the mice
in the saline-treated group; Non-parametric Kruskal-Wallis test, *P<0.05, **P<0.01, ***P<0.001,
ns=not significant. The solid tumors did not disappear completely as is the case for high dose HF
or HFm treatment.
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Fig. 22. HFm inoculation ameliorates leukopenia caused in the case of HF use. (A) The body
weight was observed every alternate day and remained comparable in all three groups. (B) The
white blood cell and red blood cells in the peripheral blood of the saline, HF or HFm treated mice.
Note that HF treated mice show severe leukopenia, but the adverse effect is not seen in the case of
HFm inoculations; Non-parametric Kruskal-Wallis test, *P<0.05, ***P<(0.001 ns=not significant.
Graphed data are presented as meansSD.
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Fig. 23. High dose (0.8mg/kg) HFm treatment did not cause any adverse effect in WT mice.
There was no apparent change in white blood cell, red blood cell and hematocrit levels on 0.8mg/kg
HFm treatment in WT mice. HF at this dose (0.8mg/kg) on the other hand caused significant
decrease in all these parameters.; Non-parametric Kruskal-Wallis test, ¥*P<0.05, ***P<0.001
ns=not significant. Graphed data are presented as meansSD.
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Fig. 24. HF/HFm (0.25mg/kg) treated tumor bearing mice showed decreasing trend of both
Ngol-positive and Nqol-negative tumors. (A) Representative images of Ngol
immunohistochemistry lung cross sections of Saline, HF and HFm treated mice showing Ngol-
positive (green arrowheads) and Ngol-negative (red arrowheads) cancer cells. Interestingly
HF/HFm treatment led to decrease in both Ngol1+ and Ngol- tumors. (B) Graphical representation
of Ngol+ and Ngol- tumors (%) in Saline, HF and HFm treated mice.; Non-parametric Kruskal-
Wallis test, *P<0.05, ***P<0.001 ns=not significant. Graphed data are presented as means£SD.
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Fig. 25. Decreasing trend of Ngo1l mRNA levels were observed in the lungs of HF and HFm
(0.25mg/kg) treated mice. mMRNA level of Ngo1 showed a decreasing trend on HF/HFm treatment
in tumor bearing mice.; Non-parametric Kruskal-Wallis test, *P<0.05, ***P<0.001 ns=not
significant. Graphed data are presented as means£SD.
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Table 1. FACS antibodies used in the current research.

Epitope Conjugate Clone Company
c-Kit APC-eFluor 780 | 2B8 Invitrogen
B220 Bv421 RA2-6B2 Biolegend
F4/80 PE BM8 Biolegend
Ly6G FITC 1A8 Biolegend
CD11b BV510 M1/70 Biolegend
CD71 FITC R17217 eBiosciences
Terll9 PE TER-119 | eBiosciences
CD4 PE-Cy7 GK1.5 Invitrogen
CD8 APC S3-6.7 Biolegend
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Table 2. Genotyping primers used in the current research.

PRIMERS for genotyping

KEAP1

KEAP1 Neo 13R

GAG TCACCG TAAGCCTGG TC

KEAP1 Neo ex 3F

CTC CGC AGAATGTTACTATCCA

KRAS

KRASS
UNIVERSAL

CCT TTA CAA GCG CAC GCAGAC TGT AGA

KRAS MUTANT

AGC TAG CCACAATGG CTT GAGTAAGTCTGCA

KRAS WILDTYPE

GTC GAC AAG CTC ATG CGG GTG
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Table 3. Primers and Probes for RT-qPCR.

Forward Primer Reverse Primer Probe
Primers and probes for RT-PCR using Tagman probe

CGGCTACCACATCC | GCTGGAATTACC | TGCTGGCACCAGACTT
rRNA AAGGAA GCGGCT GCCCTC

AGCTGGAAGCTGCA | CCTTTCAGAATG | ATTTCAGTTCCCATTGC
Ngol GACCTG GCTGGCA AGTGGTTTGGG
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