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Abstract

Background RRx-001, a minimally toxic next-generation checkpoint inhibitor that targets myeloid suppressor cells in the
tumor microenvironment, has also been shown to protect normal tissues from the cytotoxic effects of chemotherapy and
radiation. The following experiments were carried out to determine whether the cytoprotective functions of RRx-001 in
normal cells were operative in tumor cells.

Design The effects of RRx-001 on normal cells, and ovarian cancer A2780 and UWBI cells were evaluated with a colony-
forming assay. Western blot densitometry was used to measure Nrf2 nuclear translocation in Caco?2 cells after exposure to
RRx-001. Following incubation with RRx-001, levels of the antioxidant, NQO1, were determined in Caco2 cells by measur-
ing absorbance over 300 min at 440 nm. RRx-001-mediated cytotoxicity in HCT-116 colorectal cancer cells was evaluated
with an MTT assay. In addition, the effect of RRx-001 incubation on the protein expression of Nrf2, PARP, cleaved PARP,
procaspases 3, 8, and 9, Bcl-2, and Bax in HCT-116 colorectal cells was determined by western blot analysis.

Results RRx-001 is demonstrated to induce Nrf2 in normal tissues, mediating protection, and to downregulate the Nrf2-
controlled antiapoptotic target gene, B-cell lymphoma 2 (Bcl-2) in tumors, mediating cytotoxicity.

Conclusion Through Nrf2 induction in normal cells and inhibition of Bcl-2 in tumor cells, RRx-001 selectively protects
normal cells against lethality in normal cells, but induces apoptosis in tumor cells.
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Introduction

The nuclear factor erythroid 2-related factor 2 (Nrf2)
is a master regulator of the cellular antioxidant response
(Vomund et al. 2017). Nrf2 activation has been proposed as
a mechanism for chemoprotection and radioprotection (Goel
and Aggarwal 2010; Rojo de la Vega et al. 2018). However,
the flip side or “dark side” (Grossman and Ram 2013) of
normal tissue protection is tumor protection, which Nrf2
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also mediates via the enhancement of tumor resistance to
oxidative stress, chemotherapy and radiotherapy (O’Connell
and Hayes 2015).

RRx-001 is a minimally toxic next-generation check-
point inhibitor in Phase 2 and Phase 3 clinical trials for the
treatment of multiple tumor types, co-infused over 15 min
with 10 mL of autologous blood that targets myeloid sup-
pressor cells in the tumor microenvironment (Oronsky
et al. 2017a) and protects normal tissues from the cytotoxic
effects of chemotherapy (Oronsky et al. 2017b), ischemia
reperfusion injury (Cabrales et al. 2017), and radiation
(Ning et al. 2012). Any mention of radio/chemoprotection
immediately flags RRx-001 as a potential tumor protectant,
like amifostine, the FDA-approved free radical scavenger
(Koukourakis 2003) that controversially attenuates damage
of cancer cells. Therefore, a clinically relevant considera-
tion is whether RRx-001 may similarly inhibit cytotoxic and
anti-tumor activities. The purpose of the present study was
to explore the in vitro protective potential of RRx-001, a
known Nrf2 activator (Ning et al. 2015), in non-malignant
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and malignant cells. The following experiments demonstrate
that RRx-001 induces Nrf2 in normal tissues, mediating pro-
tection, and downregulates the Nrf2-controlled antiapoptotic
target gene, B-cell lymphoma 2 (Bcl-2) in tumors, mediating
cytotoxicity.

Materials and methods
Reagents

RRx-001, provided by EpicentRx, Inc, was diluted in
dimethylsulfoxide (DMSO) to a 10 pM concentration. Cis-
platin was purchased from Sigma (St Louis, MO, USA). Cell
lines Caco-2 (colon) HCT-116 (colorectal), A2780 (ovarian
cancer), and UWB1 (BRCA1-null human ovarian cancer)
were obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA), and maintained according to
the ATCC’s instructions. All culture reagents were from Inv-
itrogen (Carlsbad, CA, USA). All media were supplemented
with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO),
100 U/mL penicillin, and 50 pg/mL streptomycin (Thermo
Fisher Scientific, Waltham, MA). Blood for mixing with
RRx-001 and DMSO was obtained from a healthy volunteer.

Colony-forming assay

Study groups included untreated cells and cells treated with
RRx-001 alone or RRx-001 + cisplatin. Cells were seeded
at 10° cells/100-mm sterile Petri dish (BD Biosciences,
Franklin Lakes, NJ) in 10 ml of growth medium, and RRx-
001 and cisplatin 5 mM were added 24 h later. Medium
was removed in both dishes and plates and cells were rinsed
with PBS. Fixation and staining of cells were done with a
mixture of 0.5% crystal violet in 50/50 methanol/water for
30 min. Dishes were rinsed with water and left for drying at
room temperature. Growth determination was determined
by visual comparison (“eyeball method”).

NQO1 activity assay kit

Endogenous NQO1 enzymatic activity was measured by a
colorimetric method using menadione as a substrate with an
NQOI1 Activity Assay Kit (Abcam, Cambridge MA) (Lind
et al. 1990). Data are presented as the change in absorbance
per minute per ng protein (A 44, nm/min/ng protein).

Western blot for protein expression
Whole-cell HCT116 lysates were separated by 10% SDS-
PAGE and proteins were analyzed by Western blotting for the

expression of Nrf2, PARP, cleaved PARP, Procaspases 3, 8
and 9, Bcl-2, and Bax. Actin was used as a loading control.

@ Springer

Whole-cell Caco-2 lysates were separated by 10% SDS-
PAGE and proteins were analyzed by Western blotting for
the expression of nuclear and cytoplasmic Nrf2. Western blot
densitometry quantification was performed using ImageJ.

MTT cell proliferation assay

The MTT test is based on the enzymatic reduction of the
tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazoliumbromide] in living but not dead cells.
HCT116 cells (2 x 10* cells/ml) were seeded in 96-well plates
and exposed to 5 pg/ml of RRx-001 and RRx-001 + blood for
a period of 24 h. After the treatment period, the cells were
allowed to react with MTT for 4 h in dark at 37 °C, result-
ing in the formation of dark purple formazan crystals. These
crystals were solubilized with an isopropanol and absorbance
at 595 nm was measured spectrophotometrically. The experi-
ment was repeated two times. No positive control was used.
To determine the cell viability, percent viability was calcu-
lated as follows =[(Optical density {OD} of treated cell - OD
of blank)/(OD of vehicle control — OD of blank) x 100].

Statistical analysis

Dose-vitality data were compared between groups using a
two-sided Kruskal-Wallis test at each dose value. The area
under the dose-vitality curve was also compared between
treatment groups using the Kruskal-Wallis test. Median
vitality was estimated and the least-square means, their cor-
responding standard errors and 95% confidence intervals
were estimated and presented by the treatment group via
a general linear model analysis of variance. Statistical sig-
nificance was declared when the statistical test resulted in
a probability value less than 0.05. A mixed model repeated
measures (MMRM) analysis was also attempted for com-
pleteness and its results are presented to accompany the
nonparametric test results.

A similar analysis method was employed in the analysis
of the absorbance as a function of time and treatment group.
Statistical analysis was not pursued for the colony-forming
assay and Western blot.

Results

RRx-001 selectively kills tumor cells but not normal
cells

The effect of RRx-001 and RRx-001 + cisplatin on tested
cell lines was studied using a colony-forming assay. The
results show that RRx-001 and RRx-001 + cisplatin highly
reduced colony-forming efficacy in all the cell lines com-
pared with the untreated group (see Fig. 1).
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Fig.1 RRx-001 selectively affects viability of tumor cells but not
normal cells

Exposure to RRx-001 induces nuclear translocation
of Nrf2 in Caco2 cells

Under normal conditions, Nrf2 is held in the cytoplasm as

an inactive complex bound to a repressor molecule known
as Kelch-like ECH-associated protein 1 (Keapl) (Itoh et al.

Control 4

2003). Nrf2 is liberated from Keapl by oxidants and elec-
trophiles, which results in its translocation to the nucleus.
Caco2 cells were incubated with 5 pg/ml of RRx-001 or
control for 4, 8, 16 and 24 h, then nuclear and cytoplasmic
extracts were isolated to analyze for Nrf2 protein level by
Western blotting. The results demonstrate that Nrf2 protein
was constitutively expressed in both cytoplasm and nucleus
and accumulated in the nucleus after RRx-001 treatment.
Laminin B and tubulin were used as internal loading controls
(see Fig. 2).

RRx-001 induces upregulation of Nrf2 downstream
detoxifying enzyme, NOQ1, in Caco2 cells

NQOL is a highly inducible detoxifying enzyme downstream
of Nrf2. After the exposure of Caco2 cells for 5 h to 5 pM
RRx-001 alone or mixed with blood, the activity of NQO1
was increased compared to the vehicle control (DMSO) as
shown in Fig. 3.

RRx-001 decreases viability of HCT-116 colorectal
cells after 24 h of treatment

To further determine the effect of RRx-001 on HCT-116 cell
growth, an MTT assay was performed with 0—10 pM RRx-
001 alone or RRx-001 +blood. As shown in Fig. 4, RRx-001
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Fig.2 RRx-001 induces Nrf2 nuclear translocation. Western blot densitometry quantification using Imagel
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dramatically inhibited the growth of the HCT-116 cells in a
dose-dependent fashion. The difference between RRx-001
and RRx-001 + blood was significant (P <0.05).

RRx-001 induces nuclear translocation of Nrf2
in Hct-116 cells, but upregulates pro-apoptotic
proteins and inhibits antiapoptotic Bcl-2

The protein expression of Nrf2, PARP, cleaved PARP,
procaspases 3, 8 and 9, Bcl-2 and Bax was determined by
Western blot analysis after incubation with 5 pM RRx-001
or 5 pM RRx-001 +blood for 24 h. B-actin was used as the
loading control. The results show that RRx-001 alone and
with blood markedly upregulated cleaved PARP, Bax and
procaspase-8 and downregulated Bcl-2. Thus, RRx-001
appears to regulate Bax/Bcl-2 ratio leading to cell death.
In addition, RRx-001 alone or mixed with blood increased
total Nrf2 and induced nuclear translocation of Nrf2 (Fig. 5).

RRx-001 increases apoptosis in HCT-116 tumors

HCT-116 tumors treated with RRx-001 showed an increase
in apoptosis and necrosis overtime (Fig. 6).

Discussion

One of the main issues with chemo/radioprotective agents is
the lack of proven discrimination between normal and tumor
cells. Therefore, an urgent unmet need exists to protect nor-
mal tissues from radiation and chemotherapy-induced dam-
age without decreasing oncological efficacy.
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Fig.5 Western Blot expression of poly (ADP-ribose) polymerase (PARP), procaspase-3, 8, 9, Nrf2 total and Nrf2 nuclear, Bcl-2, and Bax pro-

teins after RRx-001, RRx-001 +blood and vehicle control
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Fig.6 RRx-001 increases apoptosis in HCT-116 tumors

Previous studies have shown that RRx-001 induces cell
death in human cancer cells via caspase activation and a marked
upregulation of the Bax/Bcl-2 ratio (Das et al. 2016). Consist-
ent with these results, the present studies demonstrate that in
cancer cells, RRx-001 mediates (1) strong upregulation of the
apoptotic protein Bax and downregulation of the antiapoptotic
protein Bcl-2, thereby increasing the Bax/Bcl-2 ratio and (2)
activation of the apoptosis executioner procaspase 8 and the
proteolytic cleavage of PARP, culminating in cell death.

Induction of reactive oxygen species (ROS) has been
shown as one of the mechanisms by which RRx-001 medi-
ates caspase activation and apoptosis (Raghunand et al.
2017). ROS production concurrently activates the Nrf2
antioxidant response pathway, which induces antioxidant
enzymes that in turn neutralize ROS. Therefore, pharmaco-
logical activation of Nrf2 is potentially problematic, since
high Nrf2 levels may protect against ROS-induced apoptosis
in cancer cells.

However, while RRx-001 increases expression of Nrf2
in cancer cells, the Nrf2 controlled target antiapoptotic
gene, Bcl-2, is inhibited (Niture and Jaiswal 2012). The
mechanism(s) by which RRx-001 inhibits Bcl-2 was not
explored but one possibility is that RRx-001, as a broad-
spectrum epigenetic inhibitor (Zhao et al. 2015), epige-
netically represses Bcl-2. Another possibility is that p53,
which is induced by RRx-001 (Das et al. 2014), antagonizes
Bcl-2 (Hemann and Lowe 2006). Whatever the mechanisms
involved, the net result of Nrf2 activation and Bcl-2 inhibi-
tion in cancer cells is promotion of apoptosis. By contrast,
in non-malignant cells, RRx-001 strongly increases tran-
scription of Nrf2 and Nrf2-regulated antioxidant and anti-
inflammatory genes (e.g., NQO1), which protects them from
cytotoxicity.

In conclusion, these studies demonstrate the differen-
tial sensitivity of tumor cells and normal tissues to RRx-
001-induced cytotoxicity. To confirm these results and the

mechanism(s) of Bcl2 inhibition, additional in vitro and
in vivo studies should be planned.
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