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Abstract

Pulmonary arterial hypertension (PAH) and novel coronavirus (SARS-CoV-2) disease COVID-19 are characterized by extensive
endothelial dysfunction and inflammation leading to vascular remodeling and severe microthrombi and microvascular obliterative
disease. It is hypothesized that those patients with underlying lung disease, like PAH, represent a high-risk cohort in this pandemic.
However, reports of COVID-19 in this cohort of patient have been scaring and an observational survey showed that the disease
was relatively well tolerated. We postulate that specific PAH vasodilator may offer some protection and/or advantage in the case of
concomitant COVID-19. Here we review the literature describing mechanisms of action for each of the broad categories of PAH

therapy, and offer potential hypothesis about why this therapy may impact outcomes in COVID-I9.
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Pulmonary arterial hypertension (PAH) is characterized by
extensive vascular remodeling and endothelial dysfunction
leading to characteristic changes in the neointimal, medial,
and adventitial layers of the pulmonary arterioles culminat-
ing into an expansive microvascular obliterative phenotype.
This translates clinically to high pulmonary vascular resist-
ance (PVR), progressive right heart failure, and eventual
death." Patients with PAH are prescribed specialized medi-
cations that have anti-inflammatory properties in addition
to the better known vascular modifying effects. These medi-
cations include: nitric oxide (NO) donors (phosphodiester-
ase inhibitors and soluble guanylate cyclase stimulators),
endothelin receptor antagonists and prostacyclin analogs,
as well as a host of novel medications with potential PAH
benefits such as,™* vasoactive intestinal peptide (VIP),
10-nitrooctadec-9(E)-enoic acid (CXA-10), and tocilizumab
(monoclonal antibody against 1L-6).

A novel coronavirus (SARS-CoV-2) was identified in
Wuhan, China in December 2019 and rapidly spread
throughout the world leading to a global pandemic, impact-
ing now more than 2 million individuals.>'® The
SARS-CoV-2 virus leads to clinical disease (COVID-19)
which predominantly affects the respiratory system. In its
most severe form, COVID-19 produces severe acute respira-
tory distress syndrome (ARDS), and frequently involves a
viral sepsis picture, which may ultimately result in multi-
organ dysfunction.”® Widespread multisystem organ failure
is hypothesized to result from immune-mediated cytokine
release from rapid replication of the virus upon entry into
the alveolar epithelial cells.® Patients with COVID-19 have
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demonstrated pulmonary vascular microthrombi, diffuse
pulmonary interstitial fibrosis, alveolar hemorrhage, and
inflammatory infiltrates at autopsy.”'® These findings
likely contribute to severe hypoxemia driven in part, by
ventilation-perfusion (VQ) mismatch.

Interestingly, there is overlap of some of the pathologic
and physiologic findings in PAH and COVID-19, including
microvascular thrombi, endothelial dysfunction and severe
inflammatory response.'*'""!? Although patients with PAH
may theoretically represent a high-risk category if infected
with COVID-19, given early reports that underlying cardio-
pulmonary disease increase morbidity and mortality,® '
case reports for COVID-19 infection in this group are
rare. In fact, the only publication evaluating PAH during
the pandemic came from the Pulmonary Hypertension
Association, where 13 PAH patients infected with
COVID-19 were described. Interestingly, despite the afore-
mentioned risks, only three were intubated and one death
was reported.’® In light of this intriguing preliminary evi-
dence, we postulate that medications targeting PAH may
offer some protection and/or advantage in the case of con-
comitant COVID-19. Here we review the literature describ-
ing mechanisms of action for each of the broad categories of
PAH therapy, and offer potential hypothesis about why this
therapy may impact outcomes in COVID-19.

Nitric oxide donors

To best understand the impact of NO donors on those
afflicted by COVID-19, we must first understand the patho-
physiology of ARDS. Patients with COVID-19 pneumonia
may not have the typical ARDS phenotype despite meeting
Berlin criteria for the syndrome. Anecdotal observations
describe dissociation between their relatively well preserved
lung mechanics/compliance and the severity of hypoxemia,'
suggesting the source for the acute and rapidly progressive
hypoxemia is in the capillaries (profound endothelial dys-
function) and not in the alveoli.'> Thus, NO may serve as a
more suitable treatment in the COVID-19 induced respira-
tory failure compared to ‘““traditional” ARDS.

Classically, ARDS presents clinically with acute respira-
tory failure with non-cardiogenic pulmonary edema, mild
pulmonary hypertension, and progressive systemic hypox-
emia (PaO,/FiO, ration of <200mmHg).'"® In ARDS,
there is hypoxia-induced pulmonary vasoconstriction,
which is perhaps intensified by thromboxane A2 and platelet
activating factors. These together limit pulmonary blood
flow to poorly oxygenated segments of the lungs and further
worsen VQ mismatch, thereby contributing to alveolar dead
space and hypoxemia.'” ' The collective result of these
changes triggers elevations in PVR, ultimately leading to
pulmonary hypertension and right ventricular (RV) dys-
function. In the setting of COVID-19, pathophysiologic
changes triggered by ARDS may be intensified by the use
of non-selective arterial vasoconstrictors required for
hemodynamic support and by the deleterious effects of

mechanical ventilation including: ventilator associated lung
injury, bio-trauma, and elevated positive-end-expiratory
pressure.

There are three potential benefits to NO in the patient
with COVID-19 as discussed here: (1) direct treatment of
endothelial dysfunction and VQ mismatch, (2) improvement
in cardiac reserve, and (3) potential direct anti-viral proper-
ties. Treatment strategies to combat and reverse the effects
of pulmonary vasoconstriction are supportive efforts dir-
ected at managing ARDS in general, but additional direct
therapies may be more pertinent to the COVID patient due
to aforementioned unique vascular manifestations in the
affected lungs. NO and NO synthetase isoforms play an
important supportive role in pulmonary vascular physi-
ology.”® The beneficial effects of NO involve specific mech-
anisms, which enhance endothelial and smooth muscle
relaxation, inhibit platelet aggregation as well as direct
effects on the immune system.”' > Inhaled NO (iNO)
improves oxygenation and VQ mismatch in ARDS patients
selectively without systemic vasodilation.** Selective vaso-
dilation within the pulmonary vascular bed is due to its
binding rapidly to hemoglobin hence inactivating it before
it reaches the systemic circulation.>> Subsequent studies in
ARDS; however, were not uniformly positive. While there is
a transient improvement in oxygenation, the effects are not
long lasting.”*?® According to a random-effects meta-ana-
lysis, iNO did not reduce mortality in patients with severe
(risk ratio (RR), 1.01; 95% CI, 0.78-1.32; p=0.93, n=329
patients, 6 trials) or mild to moderate hypoxemia (RR, 1.12;
95% CI, 0.89-1.42; p=0.33, n= 740 patients, 7 trials).>’

From a cardiac standpoint, it has been demonstrated that
COVID-19 may cause direct myocardial injury resulting in
cardiogenic shock.®>* In the patient who may have cardiac
toxicity as a result of SARS-CoV-2, iNO may potentially be
beneficial, as it has been shown to improve RV systolic func-
tion in patients with severe ARDS, independent of change in
pulmonary pressure.*® This improvement in cardiac activity
is noted for other disease processes as well, including those
with acute RV myocardial infarction and cardiogenic
shock.’ iNO is already recommended for treatment of
severe RV failure per the AHA guidelines.** iNO’s cardiac
benefits likely stem from both a reduction in PVR and
improved gas exchange and oxygenation, resulting in
enhanced right and left ventricular function, respect-
ively.*"*3 Thus, NO donors could mitigate some of the
hemodynamic abnormalities in severe COVID-19 infection.

From a direct immune perspective, it is known that NO is
a part of the acute immune and inflammatory response
system, and is necessary for healing via macrophage-induced
NO upregulation.** In vitro studies have shown that the NO
donor S-nitroso-N-acetylpenicillamine significantly inhibits
the replication cycle of SARS-CoV in a concentration-
dependent manner.*>=® In a clinical study of SARS patients
in 2004, iNO resulted in improved arterial oxygenation,
reduction in supplemental oxygen and need for ventilatory
support.>” The same patients experienced shorter duration



Pulmonary Circulation Volume 10 Number 4 | 3

of hospitalization, and improvements in radiographic evi-
dence of the disease. Based on the genomic similarities
between the two coronavirae, the data in SARS-CoV sug-
gest there may also be a potential benefit in using iNO in the
setting of COVID-19.

Endothelial receptor antagonists (ERA)

To appreciate the potential theoretic role for ERA therapy
in the patient with PAH and COVID-19, one must first
appreciate the evolving landscape of pathophysiologic
mechanisms presumed at play in COVID-19. The disease
itself is characterized by respiratory failure secondary to
acute lung injury evolving to ARDS.>%* However, in add-
ition to the direct pathologic effects at the level of the pul-
monary system, SARS-CoV-2 has been shown to induce a
system-wide coagulopathy.® Pathologic specimens have
shown microthrombi in the pulmonary vascular system
and throughout the body, consistent with the hypercoagul-
able state SARS-CoV-2 appears to induce.''** It is generally
felt that SARS-CoV-2 produces system-wide inflammation
and activation of deleterious cytokines, proposed respon-
sible for both direct viral, and immune-mediated pathologic
changes, particularly evident in the pulmonary system and
vasculature.

Endothelin-1 (ET-1) is a vasoconstricting polypeptide. In
PAH, there is an imbalance between NO and ET-1, thereby
leading to increased vascular tone and vascular remodel-
ing.*! mRNA ET-1 expression is increased in the presence
of growth factors, cytokines, and other vasoactive sub-
stances.*** It has been proposed that the ET-1-induced
necroptotic pathways may be exacerbated by SARS-CoV-
2 via RIP-3 activation and ORF-3a.** ET-1 pathway also
regulates other factors that may be associated with lung
injury and ARDS in SARS, such as urokinase pathway-
mediated defective extracellular matrix remodeling,*
enhanced epidermal growth factor signaling,*® and comple-
ment activation.*’ It is therefore suggested that ERAs may
be a reasonable therapeutic consideration in COVID-19.

Besides, ET-1 causes significant downregulation of angio-
tensin converting enzyme 2 (ACE2), similar to effects seen
with angiotensin II and reduces myocyte ACE2 mRNA.*
ACE is a critical enzyme of the renin-angiotensin system
(RAAS) that is present in various tissues important in the
regulation of cardiovascular function. This association may
be crucial as SARS-CoV-2 enters lung cells by binding to
ACE2 receptors.* Yet, there is much uncertainty regard-
ing whether ACE2 expression may potentiate SARS-CoV-2
infectivity or be protective of severe infection. SARS-CoV-2
appears not only to gain initial entry through ACE2 but also
to subsequently down-regulate ACE2 expression such that
the enzyme is unable to exert protective effects in organs.*’
It has been postulated but unproven that unabated angio-
tensin II activity may be in part responsible for organ injury
in COVID-19. After the initial engagement of SARS-CoV-2
spike protein, there is subsequent downregulation of ACE2

abundance on cell surfaces. Downregulation of ACE2 activ-
ity in the lungs facilitates the initial neutrophil infiltration in
response to endotoxins. In experimental mouse models,
exposure to SARS-CoV-1 spike protein induced acute lung
injury, which is limited by RAAS blockade.*® These hypoth-
eses have prompted trials to test whether RAAS blockers
can be used as treatment for COVID-19. Treatment with
ERAs could have direct effect in ACE2 expression and the-
oretically be beneficial for the treatment in this disease
as well.

Patients with severe ARDS can develop pulmonary fibro-
sis, leading to extensive and irreversible deterioration of pul-
monary function that requires lung transplantation.”’ ET-1
signaling emerged as a potential target for pharmacological
intervention in the treatment of fibrosis.’>>* ET-1 promotes
fibroblast differentiation to a myofibroblastic cell type, indu-
cing the expression of proteins that contribute to a contract-
ile phenotype including a smooth muscle actin. Moreover,
ET-1 has been shown to initiate alveolar epithelial cell
transition into fibroblast-like cells, a process termed epithe-
lial-mesenchymal transition, and thereby contribute to pul-
monary fibrosis. Nevertheless, the results of a number of
clinical trials examining the efficacy of ERAs in the context
of these diseases did not achieve the primary objectives, a
reduction in morbidity/mortality, although they showed a
tendency towards those goals. The ARTEMIS-IPF trial>*
was designed to evaluate if ambrisentan reduces the rate
of idiopathic pulmonary fibrosis progression, however was
terminated early because an interim analysis indicated a low
likelihood of showing efficacy for the primary endpoint.
Ambrisentan treated patients had more disease progression
(»=0.01) and respiratory hospitalizations (p=0.007).
Complex nature of the fibrotic disease, involving multiple
factors, or alternative plausible explanations, such as the
establishment of no-return points in the onset of fibrosis
beyond which the pharmacological intervention offers little
or no beneficial effects, might also contribute to the lack of
positive results. ERAs, if initiated early in the process of
acute lung injury, may have a potential effect preventive
advanced disease and hypoxemia.

Prostacyclin analogs

Prostacyclins resemble endogenous prostacyclin (PGI,) and
are most commonly used for treatment of PAH.? Therapy
is available in oral, inhaled, and intravenous forms.
Prostacyclin is produced predominantly by endothelial
cells and induces potent vasodilation of all vascular
beds.>® Prostacyclin binds to its receptor (a G-protein
coupled receptor) found on the surface of vascular smooth
muscle and platelets, activates cyclic adenosine monopho-
sphate (cAMP), and results in the most potent endogenous
inhibitor of platelet aggregation, vascular smooth muscle
relaxation and vasodilation of the pulmonary arteries. It
also appears to have both cytoprotective and antiprolifera-
tive properties.
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The rationale for prostacyclin use in COVID-19 asso-
ciated ARDS is three-fold. First, inhaled prostacyclin ther-
apy has been used in the treatment of ARDS and has been
shown to improve oxygenation and VQ mismatch.’®>’
While it has not been associated with improved patient out-
comes and is not routinely recommended, it may be used in
severe, life-threatening hypoxemia refractory to conven-
tional ARDS management, such as has been seen in
COVID-19. Much regarding the pathophysiology of severe
COVID-19 respiratory failure remains unknown, but a pro-
found out-of-proportion to lung mechanics hypoxemia is
observed,'* which is believed to be related to vascular
injury and microthrombi. Similarly to NO, prostacyclins’
potent endothelial effects such as prevention of vasocon-
striction and platelet aggregation may be particularly
important in this viral-induced ARDS. It has the additional
advantage over iNO in that it does not require special equip-
ment and may be directly administered through a standard
ventilator (close circuit).

The second potential benefit of prostacyclin therapy in
the management of COVID-19 is to mitigate direct SARS-
CoV-2-associated coagulopathy. Microvascular thrombosis
and large vessel thromboembolism have been described
anecdotally and in case reports*>**->® and abnormal coagu-
lation parameters are associated with increased mortal-
ity.>> Prostacyclin exerts an overall control of platelet
aggregability. It inhibits platelet adhesion to exposed vascu-
lar subendocardium, but at much higher concentration than
those required to prevent platelet aggregation. Therefore,
they allow platelet to adhere to damaged vascular tissue
and participate in the repair process, while at the same
time, preventing or limiting thrombus formation.
Prostacyclin therapy combats prothrombotic effects of
endothelin and may mitigate thrombosis in situ seen in
PAH itself, and potentially in patients with COVID-19-asso-
ciated respiratory illness.®*®!

Finally, prostacyclins enhance NO production, whose
beneficial effects are described earlier in the manuscript.
The downstream effect of prostacyclins and NO leads to
the respective activation of cAMP and cyclic guanyl mono-
phosphate in a synergistic pattern in endothelial cells.
Interestingly, these mediators intertwine the activities of
prostacyclins and NO in a synergistic manner.>> The bond
between prostacyclins and NO is not expected to be different
for COVID-19 compared to other pulmonary infections, but
their interaction is important in inflammatory processes and
endotoxemic stress conditions, where there is significant
increase in IFNy and/or LPS concentrations in activated
cells, especially monocytes/macrophages.®> The NO antith-
rombotic effect in platelets aggregation is potentiated by
prostacyclins, and their vasodilatory effect in vessels is addi-
tive.>>% This concerted relationship between NO and pros-
tacyclin is also evident clinically,®® as treatment with
epoprostenol restores vasodilatory responses to NO in the
pulmonary vasculature. In seven PAH patients who were
primary nonresponders to iNO, intravenous long-term

administration of epoprostenol for a mean of 18 months,
abolished the lack of responsiveness to NO, causing signifi-
cant improvement in pulmonary hemodynamics and
improvement in oxygenation. The underlying mechanism
for desensitization of pulmonary arterial tissue to NO 1is
yet unknown, it is conceivable that changes in the contract-
ility mechanisms, such as intracellular calcium concentra-
tion, play a role. The synergistic relationship between
prostacyclins and NO described above on vascular function
would likely benefit those afflicted by COVID-19 given the
known endothelial dysfunction seen in this disease, which
results both form direct viral endotheliitis and the
indirect effect of circulating cytokines. Lastly and specula-
tively, prostacyclins and NO have important anti-
inflammatory effects, especially on monocytes/macrophage
function that may be beneficial in the COVID-infected
patient®* (Fig. 1).

New class of PAH therapy under evaluation:
vasoactive intestinal peptide

It is emerging as a critical regulator of tone and structural
remodeling in the pulmonary circulation.®® VIP is being
developed as adjunctive therapy for PAH given its vasodila-
tory, inotropic, and lusitropic properties. Mice lacking the
gene for VIP exhibit moderate to severe PAH characteristics
and administration of VIP to these animals attenuated vas-
cular remodelin and RV hypertrophy. It also inhibits pro-
liferation of pulmonary vascular smooth muscle cells in
patients with idiopathic PAH. VIP’s immunomodulatory
effects over TNF alpha, IL-1 B, IL-10, and IL-6, which
are believed to contribute to cytokine-mediated acute lung
injury and ARDS,* could provide significant benefit for
COVID-19 patients.

Future COVID-19 research

The medical emergency created by this viral pandemic has
unified global actions to produce therapies that improve
survival. Current and ongoing treatment paradigms are
aimed at mitigating severe COVID-19 disease utilizing
several key targets: (1) ARDS prevention and treatment;
(2) mitigating post-ARDS lung fibrosis; (3) reversing or pre-
venting coagulopathy and microthrombi; (4) enhancing
anti-viral effects. PAH-specific therapeutics offer potential
solutions to many of these aforementioned key targets. In
fact, there are now more than 10 clinical trials utilizing vari-
ous PAH specific therapeutics (iNO, inhaled epoprostenol,
and VIP) in patients with severe respiratory failure (c/inical-
trials.gov) associated with COVID 19, as well as a proposed
scientific registry looking at the effects of COVID-19 on
PAH patients. The designs of some of these innovative
trials are highlighted below.

A double-blind, placebo-controlled study is being
launched to assess the efficacy and safety of inhaled epo-
prostenol delivered via dedicated delivery system



Pulmonary Circulation Volume 10 Number4 | 5

ANTITHROMBOTIC
NO Donors —

=

— PpCs —

- Platelet
Aggregation

ANTIVIRAL
NO Donors

A, Viral Replication
{'Jl RNA and
Protein Synthesis

A

5

Hyperinflammation
Fibrosis
Thrombosis

VASODILATOR + ANTIPROLIFERATIVE

i +— NODonors JASRAERASR

\ﬁ\{.%& ‘ﬁ’ ERAs Endothelial Cells

smooth Muscle — PCs — .Sgy b
Cells F

Floroblasts

*

ANTI-INFLAMMATORY

— PCs
/'. 3 ERAs

-
Leucocytes . {']l
mMRNA-ET-1 Expression
Burst (PMNs) —
TNF, 1L, 1L-2 (T Cells)
TN, IL-1, IL-10
[Monacytes)

Fig. |. Beneficial properties of PAH vasodilators in COVID-19 infection.

(VentaProst from Aerogen Pharma) in subjects with
COVID-19 requiring mechanical ventilation. Patients will
receive continuous, inhaled epoprostenol via mechanical
ventilator ~3.5-30.5ng/kg/min for 10 days. The primary
endpoint will be efficacy and safety, with particular attention
to reduction in the need for ECMO, time on ventilator, time
in the intensive care unit, and prevention of hemodynamic
collapse.

An open label study to assess the efficacy and safety of
pulsed iNO was designed for subjects with COVID-19
requiring supplemental oxygen. It will evaluate if iNO
~20 ppm, utilized for 5-14 days, prevents progression of
respiratory disease and the requirement of mechanical ven-
tilation (Bellerophon). The proprietary INOpulse® technol-
ogy utilizes high concentration pulses to ensure a precise and
constant dose regardless of a patient’s respiratory rate or
inspiratory volume. The pulsatile technology enables dose
titration and allows much higher doses/concentrations than
currently available in hospital-based systems, as well as
reduces the overall size of the therapeutic device. The poten-
tial benefits of prostacyclins and iNO in COVID-19 have
been extensively discussed in this manuscript and are pro-
mising therapeutics in this disease.

Lastly, the efficacy of weekly VIP subcutaneous injections
in prevention of severe respiratory failure / ARDS will be
evaluated in a randomized, double-blind, parallel group,
phase 2 study in hospitalized subjects with COVID-19
requiring oxygen supplementation (PB1046 VANGARD
COVID-19 study). The medication will be given for a max-
imum of four weeks and could be administered to outpatient
as well.
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