UC San Diego
UC San Diego Previously Published Works

Title
Desperate Times, Desperate Measures: The Case for RRx-001 in the Treatment of COVID-19

Permalink
https://escholarship.org/uc/item/9818x40x

Journal
Seminars in Oncology, 47(5)

ISSN
0093-7754

Authors

Oronsky, Bryan
Knox, Susan
Cabrales, Pedro

Publication Date
2020-10-01

DOI
10.1053/j.seminoncol.2020.07.002

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9818x40x
https://escholarship.org/uc/item/9818x40x#author
https://escholarship.org
http://www.cdlib.org/

S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



JID: YSONC

[mUS5Gb;July 24, 2020;16:2]

Seminars in Oncology XXX (XXXX) XXX

journal homepage: www.elsevier.com/locate/seminoncol =

Contents lists available at ScienceDirect smsOncology

x

Seminars in Oncology

Desperate Times, Desperate Measures: The Case for RRx-001 in the

Treatment of COVID-19

Bryan. Oronsky, MD,PhD#* Susan. Knox, MD,PhDP", Pedro. Cabrales, PhD*,
Arnold. Oronsky, MD,PhD¢, Tony R. Reid, MD,PhD?

2 EpicentRx, Inc., La Jolla, CA, USA

b Stanford University, Stanford, CA, USA

¢ University of California San Diego, La Jolla, CA, USA
dInterWest Partners, Menlo Park, CA, USA

ARTICLE INFO

ABSTRACT

Article history:
Received 8 June 2020
Revised 23 June 2020
Accepted 1 July 2020
Available online xxx

Keywords:
COVID-19
SARS-CoV-2
RRx-001
Nitric oxide

This article summarizes the likely attenuation properties of RRx-001 in COVID-19 based on its mech-
anism of action and the putative pathogenesis of the disease, which appears to activate inflammatory,
oxidative, and immune cascades with the potential to culminate in acute respiratory distress syndrome,
cytokine storm and death. An ongoing pandemic, caused by severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2), COVID-19 appears to present with 3 major patterns of clinical symptomatology:
(1) mild upper respiratory tract infection, (2) non-life-threatening pneumonia, and (3) severe pneumonia
and acute respiratory distress syndrome that initially manifest as a mild prodrome lasting for 7-8 days
before rapid clinical and radiological deterioration requiring ICU transfer.

RRx-001 is a targeted nitric oxide donor. This small molecule, which has been evaluated in multi-
ple Phase 1-2 clinical trials for cancer as well as a Phase 3 clinical trial for the treatment of small cell
lung cancer called REPLATINUM (NCT03699956), is minimally toxic and demonstrates clear evidence of
antitumor activity. During the course of these clinical trials it was noted that the rate of chronic obstruc-
tive pulmonary disease exacerbation and pneumonia in actively smoking small cell lung cancer patients
treated with RRx-001 is less than 1%. Due to extensive history of tobacco use, 40%-70% of patients with
lung cancer have chronic obstructive pulmonary disease and the expected rate of pulmonary infection in
this population is 50%-70%, which was not observed in RRx-001 clinical trials. Moreover, in preclinical
studies of pulmonary hypertension, RRx-001 was found to be comparable with or more effective than
the FDA approved agent, Bosentan. The potential pulmonary protective effects of RRx-001 in patients
with recurrent lung infections coupled with preclinical models demonstrating RRx-001-mediated rever-
sal of pulmonary hypertension suggests RRx-001 may have therapeutic activity in patients with acute
respiratory symptoms due to COVID 19. Clinical trials have been initiated to confirm the hypothesis that
RRx-001 may be repurposed to treat SARS-CoV-2 infection.

© 2020 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

latory authorities to accelerate the pace of vaccine and treatment
trials.

In 2019, an enveloped positive-sense, single-stranded bat-borne
[1-3] highly pathogenic RNA virus, SARS-CoV-2 jumped to humans
(Fig. 1). The pandemicity of the virus [4] and the ensuing eco-
nomic, social, and political disruption from widespread morbidity
and mortality [5] has galvanized the clinical community and regu-
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RRx-001 (N-(bromoacetyl)-3,3-dinitroazetidine) (Fig. 2) is a tar-
geted, small-molecule nitric oxide (NO) donor with anticancer ac-
tivity. This agent is being studied in a Phase 3 clinical trial to
treat advanced small cell lung cancer (SCLC) [6]. Like chloroquine
[7] and hydroxychloroquine, RRx-001 is coupled to red blood cells
[8] (RBCs), which mostly mediate the normal tissue protective, an-
titumor and antipathogenic properties of RRx-001 (Fig. 3). In pre-
clinical testing, RRx-001 has demonstrated activity against malaria
[9], Ebola, tuberculosis, and leishmaniasis. Importantly, under hy-
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Natural host Disease outbreaks in humans
Fig. 1. Zoonotic origin of SARS-CoV-2. Severe acute respiratory syndrome (SARS-
CoV-2) was originally a bat virus that spread to humans.

O,N o)
X
O.N Br
RRx-001: N-(bromoacetyl)-3,3-dinitroazetidine

Chemical Formula: CsHgBrN;O4
Molecular Weight: 268.02

Fig. 2. Potential protective antioxidant and anti-inflammatory effects of RRx-001 on
SARS-CoV-2-induced lung injury. RRx-001 may provide support for patients with
ALI/ARDS and related complications. It is associated with Nrf2/antioxidant response
element signaling, which effectively reduces ROS levels, which are elevated in acute
lung injury (ALI), and inhibition of the proinflammatory NF-«B pathway. ARDS =
acute respiratory distress syndrome.

Red blood cells

Fig. 3. RRx-001 binding to hemoglobin. RRx-001 selectively, rapidly, and irre-
versibly binds glutathione (GSH) and a specific thiol on hemoglobin on Cys 93 With
permission from: Scicinski et al. Discovery and Development of RRx-001, a Novel
Nitric Oxide and ROS Mediated Epigenetic Modulator in Nitric Oxide and Cancer:
Pathogenesis and Therapy pp 259-277.

poxic conditions, RRx-001 is a NO donor, resulting in targeted NO
delivery to hypoxic tissues such as tumors. NO improves oxygena-
tion through pulmonary vasodilation [10]. Consequently, targeted
NO delivery to hypoxic lung tissue may lead to reversal of hy-
poxic pulmonary vasoconstriction caused by infection, inflamma-
tion, and edema and might treat or help prevent acute respira-
tory distress syndrome (ARDS) [11]. In preclinical models, RRx-
001 has been demonstrated to reduce pulmonary artery hyperten-
sion (PAH) (manuscript in preparation). We review the evidence
that RRx-001 potentially alleviates pulmonary pathology including
pneumonia, acute lung injury (ALI) and ARDS and the potential
for use of this agent to manage pulmonary symptoms caused by
COVID-19.

COVID-19 pathogenesis and the potential role for RRx-001 as
an acute treatment

Patients with COVID-19 due to SARS-CoV-2 infection present
with a spectrum of symptomatology ranging from mild (upper res-
piratory infection and non-life-threatening pneumonia) to critical
(hypoxemic pneumonia and ARDS); severity is related to advanced
age and/or medical comorbidities such as cardiovascular disease,
diabetes mellitus, morbid obesity, chronic lung disease, hyperten-

sion, and cancer [12]. Major complications of COVID-19 [13] in-
clude ALI/ARDS, sepsis, respiratory failure, heart failure, cardiomy-
opathies, sudden cardiac arrest, and cytokine storm, which is asso-
ciated with an overproduction of IL-18, IL-2, IL-6, IL-8, both IFN-
«/B, tumor necrosis factor (TNF), C-C motif chemokine 3 (CCL3),
CCL5, CCL2, and IP-10 [14].

A preexisting proinflammatory state, which is common to
old age, obesity, tobacco abuse, infections, malignancies, au-
toimmune, and cardiopulmonary disease, may be the com-
mon denominator that underlies susceptibility to cytokine storm
and adverse outcomes in COVID-19 [15] hence, the rationale
to treat with immune/cytokine modulators such as chloro-
quine/hydroxychloroquine +/— azithromycin [16], tocilizumab, an
IL-6 inhibitor [17], anakinra, an IL-18 antagonist, and certolizumab
pegol, an anti-TNF blocker. The preexisting proinflammatory re-
sponse is intensified at sites of SARS-CoV-2-tissue injury due to
the release of chemokines and growth factors, which initiate an in-
flux of neutrophils and monocytes that lead to more tissue injury
with endothelial cell damage, vascular permeability, edema gener-
ation, and increased inflammatory cell accumulation, constituting
a vicious circle [18].

The mechanisms by which RRx-001, which has been evaluated
extensively in both SCLC and non-small cell lung cancer may at-
tenuate the severity of SARS-Co-V-2 infection include NO release
under hypoxia, antioxidation through Nrf2 generation, and NFxB
inhibition.

RRx-001-induced release of NO under hypoxia

NO, a short-lived free radical gas, binds to soluble guany-
lyl cyclase, and increases the formation of guanosine 3’,5'-
monophosphate from guanosine triphosphate, an increase which
is responsible for a range of effects including blood vessel relax-
ation and increased blood flow, bronchodilation, and antiviral ac-
tivity including against SARS coronavirus [19,20]. Three distinct
isoforms of the enzyme nitric oxide synthase (NOS) generate ni-
tric oxide. These are neuronal nNOS (or NOS I), inducible iNOS
(or NOS II), and endothelial eNOS (or NOS III) [21]. All NOS iso-
forms depend on the presence of molecular oxygen to produce NO
from L-arginine [22]. In ischemic/hypoxic conditions, when the en-
dogenous NOS pathway is inactivated, the main source of NO is
from deoxyhemoglobin-mediated nitrite reduction. Therefore, red
blood cells improve perfusion and oxygen supply to hypoxic tis-
sues through NO generation [23].

RRx-001 binds to a ubiquitous residue on hemoglobin called
beta cysteine 93, which enhances the enzymatic conversion of ni-
trite to NO and leads to its overproduction and release only un-
der hypoxic conditions only [24,25]. (Fig. 3) Unlike approved NO
donors such as nitroglycerin, isosorbide dinitrate and nitroprusside,
where systemic-wide NO release occurs, RRx-001-mediated NO
production is selectively targeted to ischemic tissues. Consequently,
side effects such as methemoglobinemia, hypotension, dizziness,
or headache are not observed [26]. Clinical [27] and preclinical
data has shown that RRx-001 administration increases blood flow
to profoundly hypoxic tumors [28] in an NO dependent manner
[29]. Studies, have also demonstrated that RRx-001 improves tis-
sue blood flow in other ischemic disorders such as sickle cell dis-
ease, hypoxic pulmonary hypertension (manuscript in preparation),
doxorubicin-induced heart failure [30], cerebral malaria-induced
vasospasm [31], ischemia-reperfusion injury [32] and hemorrhagic
shock [33] while additional experiments are planned or ongoing in
peripheral artery disease, critical limb ischemia, and vasculitis.

Potentially beneficial characteristics of nitric oxide for the man-
agement of COVID-19 include:

e Treatment of pulmonary arterial hypertension in ARDS.
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Fig. 4. Potential protective antioxidant and anti-inflammatory effects of RRx-001 on SARS-CoV-2-induced lung injury. RRx-001 may provide support for patients with
ALI/ARDS and related complications. It is associated with Nrf2/antioxidant response element signaling, which effectively reduces ROS levels, which are elevated in acute
lung injury (ALI), and inhibition of the proinflammatory NF-«B pathway. ARDS = acute respiratory distress syndrome.

e Direct antiviral potential of NO since S-nitroso-N-
acetylpenicillamine, an NO donor, prevented SARS coronavirus
(SARS-CoV-1) viral replication in vitro [34].

PAH is a ubiquitous complication of ARDS [35]. The main conse-
quence of PAH is right heart failure with reduced systemic oxygen
delivery. RRx-001 was tested in an animal model of PAH against
the FDA approved endothelial receptor antagonist, Bosentan. The
results demonstrated that, similar to Bosentan, RRx-001 attenuated
pulmonary artery and right ventricular remodeling.

Inhaled NO has been shown to decrease V/Q mismatch and
shunt [36] and to improve arterial oxygenation in patients with
ARDS [37] since the vasodilatory effects are limited to well-
ventilated lung regions. However, with RRx-001, oxygenation is ex-
pected to improve due to improved cardiac output and reduced
pulmonary venous remodeling.

Nrf2 activation and NF«B inhibition

In the pathogenesis of ALI/ARDS, with occurs in COVID-19, ox-
idative stress and inflammation [38] are 2 key interrelated fac-
tors [39]. RRx-001 has previously been demonstrated to activate
Nrf2 [40] and inhibit NF-«B. Inflammation induces oxidative stress,
which, in turn, feeds forward and amplifies inflammation through
the activation of the proinflammatory mediator, nuclear factor
kappa B (NF-«B). In ALI/ARDS, excessive reactive oxygen species
mediates epithelial and endothelial injury, lung edema, and pro-
tein leakage. Nrf2, a master regulator of antioxidative responses,
induces genes that reduce overall reactive oxygen species lev-
els. Consequently, RRx-001 is expected to help protect pulmonary
parenchyma by induction of Nrf2.

At the other end of the spectrum, NF-«B, a p50/p65 het-
erodimer is one of the main transcription factors, which produce
proinflammatory cytokines and enzymes such as IL-18, TNF-«,
cyclooxygenase-2 (COX-2), and IL-6 and induce lung injury. Thus,
as a dual Nrf2 inducer and NF-«B inhibitor, RRx-001 may provide
antioxidant protection against COVID-19-induced lung injury, as il-
lustrated in Figs. 2, 3, 4.

Safety

RRx-001 has been evaluated and well tolerated in over 300
patients treated in clinical trials that have enrolled patients with
cancer (Table 1). The main RRx-001-related adverse event is lo-
calized pain or discomfort at the site of infusion, which is mit-
igated with corticosteroid premedication. No maximally tolerated
dose was ever reached with RRx-001 and no dose-limiting toxici-
ties have been reported to date either as monotherapy or in com-
bination with chemotherapy.

Conclusion

In the face of the dire global threat presented by the SARS-
CoV-2 virus, more than 20 medicines [41], including human im-
munoglobulin from convalescent sera, interferons, inhaled nitric
oxide, chloroquine, hydroxychloroquine, arbidol, remdesivir, favipi-
ravir, lopinavir, ritonavir, oseltamivir, methylprednisolone, beva-
cizumab, and traditional Chinese medicines have been therapeu-
tically repurposed or repositioned and used to treat patients with
COVID-19. Hopefully, like with the Ebola virus, a fully protective
vaccine candidate will emerge. [42] However, in the meantime,
new treatment strategies are urgently needed given the high mor-
tality rate and the economic and social upheaval, which has en-
sued.

Evidence in both animal models and cancer clinical trials has
demonstrated that RRx-001 is protective for the lungs against the
toxicities of chemotherapy and radiation potentially through Nrf2
activation and NF-«B inhibition. Furthermore, in animal models of
pulmonary hypertension, RRx-001 has been shown to blunt ad-
verse pulmonary vascular remodeling and reduce right ventricular
hypertrophy. In clinical studies involving RRx-001, the incidence of
chronic obstructive pulmonary disease exacerbations and pneumo-
nia in a heavily smoking SCLC population has been significantly
less than expected, suggesting protection of lung parenchyma.

On the basis of its targeted production of NO in hypoxic tissue,
RRx-001 has the potential to reduce the pulmonary toxicity asso-
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ciated with the COVID-19 infection. RRx-001 has demonstrated a
favorable safety profile in clinical studies of over 300 cancer pa-
tients and will be evaluated for safety and activity in clinical trials
for patients experiencing infection with COVID-19. As a red blood
cell based therapeutic, RRx-001 may serve as a less toxic alterna-
tive to chloroquine for the treatment of COVID-19. Finally, because
RRx-001 experimentally ameliorated ischemia-reperfusion injury, it
may also have the potential to reduce the morbidity of oxygen tox-
icity and ventilator-induced lung injury.

In summary, while protease inhibitors may decrease viral bur-
den, inhaled nitric oxide may reduce V/Q mismatch, anticytokine
therapy may treat cytokine storm or prevent its progression, and
immunomodulators like chloroquine/hydroxychloroquine may in-
hibit viral replication, RRx-001 may serve as an all-in-one therapy,
which improves cardiopulmonary function, decreases viral burden
and reduces the systemic inflammatory response. Results from
pending clinical trials of RRx-001 in COVID-19 disease are eagerly
awaited.

Declaration of Competing Interest
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