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Abstract

The Joint Program Executive Office for Chemical, Biological, Radiological, and Nuclear
Defense (JPEO-CBRND) began development of a broad-spectrum antiviral countermea-
sure against deliberate use of high-consequence viral hemorrhagic fevers (VHFs) in 2016.
The effort featured comprehensive preclinical research, including laboratory testing and
rapid advancement of lead molecules into nonhuman primate (NHP) models of Ebola virus
disease (EVD). Remdesivir (GS-5734, Veklury, Gilead Sciences) was the first small mole-
cule therapeutic to successfully emerge from this effort. Remdesivir is an inhibitor of RNA-
dependent RNA polymerase, a viral enzyme that is essential for viral replication. Its robust
potency and broad-spectrum antiviral activity against certain RNA viruses including Ebola
virus and Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) led to its clini-
cal evaluation in randomized, controlled trials (RCTs) in human patients during the 2018
EVD outbreak in the Democratic Republic of the Congo (DRC) and the ongoing Coronavirus
Disease 2019 (COVID-19) pandemic today. Remdesivir was recently approved by the US
Food and Drug Administration (FDA) for the treatment of COVID-19 requiring hospitaliza-
tion. Substantial gaps remain in improving the outcomes of acute viral infections for patients
afflicted with both EVD and COVID-19, including how to increase therapeutic breadth and
strategies for the prevention and treatment of severe disease. Combination therapy that
joins therapeutics with complimentary mechanisms of action appear promising, both precli-
nically and in RCTs. Importantly, significant programmatic challenges endure pertaining to a
clear drug and biological product development pathway for therapeutics targeting biode-
fense and emerging pathogens when human efficacy studies are not ethical or feasible. For
example, remdesivir’s clinical development was facilitated by outbreaks of Ebola and
SARS-CoV-2; as such, the development pathway employed for remdesivir is likely to be the
exception rather than the rule.
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The current regulatory licensure pathway for therapeutics targeting rare, weaponizable
VHF agents is likely to require use of FDA’s established Animal Rule (21 CFR 314.600-650
for drugs; 21 CFR 601.90-95 for biologics). The FDA may grant marketing approval based
on adequate and well-controlled animal efficacy studies when the results of those studies
establish that the drug is safe and likely to produce clinical benefit in humans. In practical
terms, this is anticipated to include a series of rigorous, well-documented, animal challenge
studies, to include aerosol challenge, combined with human safety data. While small clinical
studies against naturally occurring, high-consequence pathogens are typically performed
where possible, approval for the therapeutics currently under development against biode-
fense pathogens will likely require the Animal Rule pathway utilizing studies in NHPs. We
review the development of remdesivir as illustrative of the effort that will be needed to field
future therapeutics against highly lethal, infectious agents.

Author summary

Development of medical countermeasures (MCMs) to treat and prevent viral infections
with highly lethal filoviruses, such as Ebola virus (EBOV) and Marburg virus (MARYV) is
very difficult. Recently, US Food and Drug Administration (FDA)-approved vaccines and
therapeutics for disease caused by EBOV and Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) infections were obtained using the standard regulatory frame-
work to address the new products’ safety and efficacy profile with randomized clinical
trials. Clinical trials were feasible as sufficient numbers of patients were available due to
the large scale outbreaks with both Ebola and SARS-CoV-2. However, the opportunity to
conduct human studies against emerging viral pathogens is relatively rare, and effectively
impossible for high-consequence pathogens likely to be used in biowarfare and bioterror-
ism, such as the filoviruses. The alternative regulatory pathway for development of new
drugs targeting biodefense pathogens that cannot be conducted when human efficacy
studies are not ethical and field trials are not feasible is through the FDA’s Animal Rule.
In this review, we highlight how remdesivir’s preclinical development path, based upon
the Animal Rule for an EVD indication, was leveraged to support its ultimate regulatory
approval as an antiviral agent for the treatment of Coronavirus Disease 2019 (COVID-
19). The preclinical and clinical development of remdesivir for both SARS-CoV-2 and
filovirus treatment including evidence from Animal Rule and clinical studies is also
reviewed. The challenges associated with employing the Animal Rule for development of
multiple biodefense therapeutics against numerous and distinct viral biothreats within
Biosafety Level 4 are discussed. The issues of developing pharmaceuticals for weaponized
viruses are also examined, along with a proposed pathway for drug study and approval to
meet FDA requirements.

Introduction

Human filovirus infections are characterized by high morbidity and mortality in patients and
exhibit case fatality rates ranging from 25% to 90%. The majority of infections have been asso-
ciated with outbreaks of Ebola Zaire (ZEBOV), and minor outbreaks with other species of
Ebola or the closely related Marburg virus (MARV) have also been noted [1]. While ZEBOV
has been the most severe form observed clinically, the severity of the “lesser” filoviral
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hemorrhagic fevers (VHFs) in a deliberate aerosol attack may well exceed that of natural trans-
mission. The probability for widespread panic and unrest underscore the potentially destabi-
lizing influence of such an attack beyond its immediate medical impact [2,3]. While 2 new
vaccines have been created for post- and preexposure prophylaxis to ZEBOV (VZV-ZEBOV,
Merck; Ad26.ZEBOV/MVA-BN-Filo, Janssen Pharmaceuticals, Bavarian Nordic), no vaccine
exists to prevent highly lethal infection by the other members of the EBOV family to include
MARYV. The most recent EBOV outbreak, which began in 2018 in the Democratic Republic of
the Congo (DRC), led to 3,452 cases and 2,262 deaths, and the previous large outbreak in 2014
in Western Africa led to 28,600 cases and 11,325 deaths. Though typically smaller in size, past
outbreaks of other filoviruses were also highly lethal; for example, MARV outbreaks have
occurred with case fatality rates of up to 88% [1].

Filovirus infections are validated threats to the warfighter, and the development of medical
countermeasures (MCMs) for prevention and treatment is a priority requirement [4]. The chal-
lenges of countering naturally occurring disease are compounded by those associated with delib-
erate use of VHF agents. Filoviruses from infected animals form stable aerosols that have been
shown to infect other nonhuman primates (NHPs) in containment laboratory captivity [5,6].
While most remain theoretical in the absence of a confirmed deliberate attack, preliminary NHP
studies of the natural history of aerosolized MARV and EBOV reveal devastating consequences.
Multiple NHP models have demonstrated that aerosolized filovirus is not only uniformly infec-
tious, but also comparably lethal to parenteral routes of infection [6-15]. Aerosolized Ebola has
been shown to cause a rapidly progressive fatal disease within 4 to 5 days of exposure [1]. This is
true not only for Ebola, but also for clinically milder VHF, such as Lassa fever [16].

We review the development of the antiviral remdesivir (Veklury) here to illustrate the chal-
lenges of fielding broad-spectrum biowarfare countermeasures, particularly those associated
with development under the US Food and Drug Administration’s (FDA) Animal Rule [17].
Remdesivir is an antiviral drug invented and manufactured by Gilead Sciences, a US pharma-
ceutical company with expertise in antiviral drug development. Originally developed by Gilead
as a candidate to treat viral hepatitis and respiratory syncytial virus infection, remdesivir was
later studied for antiviral activity against multiple virus families, including filoviruses and coro-
naviruses [18]. The US military supported remdesivir development initially as a broad-spectrum
antiviral countermeasure against Ebola infection. Remdesivir development interests also
include treatment of MARYV infections and aerosolized filovirus. While remdesivir did meet the
Department of Defense’s (DOD) requirements for clinical efficacy, it did not outperform 2
monoclonal antibodies (mAbs) targeted specifically for Ebola in the four-arm comparator trial,
which was conducted in the midst of a ZEBOV outbreak in the DRC in 2019 [19].

Remdesivir is active against a host of other viral threats, most notably Severe Acute Respira-
tory Syndrome Coronavirus 2 (SARS-CoV-2), where it recently obtained FDA licensure after
demonstrated reduction in time to recovery in hospitalized Coronavirus Disease 2019
(COVID-19) patients [20]. While the Ebola epidemic and COVID-19 pandemic enabled clini-
cal evaluation of remdesivir against 2 high-consequence viral pathogens in short order, the
availability of patients infected with rare, emerging viral pathogens is expected to be the excep-
tion rather than the rule for therapeutics with biodefense-related indications. Biodefense coun-
termeasures will need to continue to rely on the FDA’s Animal Rule for future development.
The implications of this are discussed.

Methods

The Joint Project Manager for Chemical, Biological, Radiological, and Nuclear Medical (JPM
CBRN Medical), a subordinate element of the Joint Program Executive Office for Chemical,
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Biological, Radiological, and Nuclear Defense (JPEO-CBRND), funded preclinical research of
a broad-spectrum antiviral therapeutic, remdesivir (GS-5734), with Gilead Sciences (Gilead).
JPM CBRN Medical agreed to provide funding to support remdesivir preclinical development
to assess its antiviral activity, which included laboratory tests to define its activity spectrum
against biodefense viral pathogens of interest, including EBOV and MARYV filoviruses. Later
studies also included animal testing, conducted under Biosafety Level 4 conditions to evaluate
remdesivir safety and efficacy and demonstrate positive proof-of-concept against filovirus
infections. A significant portion of the preclinical testing was carried out at the US Army Med-
ical Research Institute of Infectious Diseases (USAMRIID) in collaboration with Gilead.
USAMRIID research demonstrated remdesivir’ s activity against Ebola in primates and gener-
ated data that could support further investigation of remdesivir as an Ebola treatment for
humans [18]. The outcomes of these studies were originally intended to support development
of the prototype product, remdesivir, initially for ZEBOV treatment via the FDA Animal Rule.
This viewpoint article was based upon peer-reviewed manuscripts, US government (USG)
reports and websites, scientific conference participation, and first-hand knowledge of the
remdesivir development program by DOD personnel. No proprietary information is disclosed,
nor is this review intended to convey the intent of the USG.

Results

a) Remdesivir pharmacology illustrates desired attributes for broad-
spectrum antivirals

Remdesivir is an antiviral drug invented and manufactured by Gilead Sciences, a US pharma-
ceutical company with expertise in antiviral drug development. Remdesivir is a nucleotide pro-
drug inhibitor of viral RNA-dependent RNA polymerase (RdRp), a viral enzyme that is
essential for viral replication. The chemical name for remdesivir is 2-ethylbutyl N-{(S)-[2-C-
(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-2,5-anhydro-d-altrononitril-6-O-yl] phenoxypho-
sphoryl}-L-alaninate [21]. Gilead’s preclinical research interest in addressing EBOV infections
began as research collaborations with the Centers for Disease Control and Prevention (CDC)
in 2013 and with the DOD’s USAMRIID in 2014 [18]. Gilead scientists selected compounds
for testing against emerging viruses based on their proprietary knowledge about the com-
pounds’ antiviral profiles. CDC and USAMRIID scientists investigated collections of Gilead’s
small molecule inhibitors in a blinded fashion for antiviral activity against Ebola and other
pathogens. These collaborations took place at the time of several outbreaks of Ebola virus dis-
ease (EVD) affecting multiple countries during the beginning of the 2014 West Africa EBOV
outbreak. The CDC and USAMRIID were important collaborators as most of the research
took place at these agencies’ Biosafety Level 4 facilities. The USAMRIID’s collaboration with
Gilead involved the screening of more than 1,000 Gilead-owned compounds, tested in live
cells to NHP evaluation with live, authentic ZEBOV for antiviral activity against multiple
viruses. As the research progressed, the USAMRIID collaborated closely with Gilead scientists
to advance multiple promising compounds, including remdesivir, from in vitro testing to non-
clinical animal testing in NHPs.

Remdesivir is an adenosine analog nucleotide prodrug designed with a phosphoramidate
(P-N) modification that facilitates passive prodrug diffusion into target cells. Delivery of the
monophosphate nucleoside moiety thereby bypasses the initial rate-limiting phosphorylation
step in nucleotide metabolism. Remdesivir distributes into cells where it is metabolized to the
nucleoside monophosphate intermediate catalyzed by carboxyesterase 1 and/or cathepsin A,
depending upon the cell type, and a phosphoramidase. Nucleoside analogs require further
phosphorylation by intracellular nucleotide and nucleoside diphosphate kinases to create the
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Table 1. Potency of remdesivir against a variety of viral targets.

Virus EC50 (uM)
ZEBOV (Makona) [24] (primary macrophages) .086
ZEBOV (Mayinga-GFP reporter virus) [30] .066
MARYV (bat 371 reporter virus) [30] (Huh?7 cells) .019
SARS-CoV-2 [21] (human airway epithelial cells) .010

MARYV, Marburg virus; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; ZEBOV, Ebola Zaire.

https://doi.org/10.1371/journal.pntd.0010220.t001

triphosphate active form of the drug. Remdesivir triphosphate acts as an analog of adenosine
triphosphate (ATP) and competes against the endogenous natural ATP pool with high selectiv-
ity (3.65-fold) over the natural ATP substrate for incorporation into nascent RNA chains [21].
The prodrug strategy produces an antiviral inhibitor with radically increased potency from the
micromolar (for GS-441524, nucleoside) to the nanomolar range (for remdesivir triphosphate
(GS-443902) against several filoviruses [24-27]. Subsequent in vitro testing of GS-5734 (remde-
sivir) revealed activity in the nanomolar range against other filoviruses (other species of Ebola
such as Tai Forest, Bundibugyo, Sudan) and MARYV [21]. In addition, potent activity was
found against other virus families including paramyxoviruses such as measles virus (MV),
parainfluenza type 3 virus (PIV3), Nipah virus (NiV), Hendra virus (HeV), and against respi-
ratory syncytial virus (RSV) [28-30] (see Table 1).

Nucleoside/nucleotide analogs (NAs) have different mechanisms of action on viral DNA-
dependent and RNA-dependent RNA polymerases by inducing chain termination, directly
inhibiting the viral polymerase, or by acting as mutagens in the viral genome [25]. There are 2
mechanisms of action for the active metabolite of remdesivir (the triphosphate form of GS-
443902); the first mechanism is a delayed chain termination at either position i + 5 for respira-
tory syncytial and EBOVs RdRps [28] or i + 3 for the highly pathogenic coronaviruses (SARS-
CoV, SARS-CoV-2, and MERS-CoV) [28,31]. A second mechanism of action has been shown
for remdesivir involving template inhibition of the SARS-CoV-2 RdRP [32]. Delayed or
“leaky” chain termination was also reported for NiV (paramyxovirus family) [33]. Incorpo-
ration is highly efficient and nearly equal to its ATP cellular counterpart [28,31]. To date, both
in vitro and in vivo studies with remdesivir have not reported development of antiviral resis-
tance with the exception of 2 amino acid substitutions (F476L and V553L) in a conserved fin-
ger domain of the nsp12 RdRp gene of murine hepatitis virus (MHV), another coronavirus
[34]. Engineered amino acid substitutions at conserved sites in the SARS-CoV nsp12 conferred
resistance in vitro, but as with MHYV, the variants resulted in an attenuated virus in vivo [34].

b) Preclinical characterization of remdesivir

Exploratory animal studies were initiated with remdesivir at the USAMRIID to determine an
effective dose against EBOV infection and to establish the treatment window against EBOV
using rhesus macaques. A recent natural history study of EVD in rhesus monkeys demon-
strates how intramuscular (IM) exposure to 1,000 plaque-forming units (PFUs) of EBOV man-
ifests consistently across infected animals and culminates with mortality events occurring 7 to
10 days after exposure [35]. Therapeutic efficacy studies were conducted in which rhesus
macaques were experimentally infected by parenteral administration of EBOV and subse-
quently treated with remdesivir using a loading dose of 10 mg/kg followed by once-daily treat-
ment at 3 mg/kg for up to 12 days [24]. Treatment on day 3 postinfection was associated with
100% survival of Ebola-infected animals treated with remdesivir versus none of the Ebola-
infected, untreated animals [24]. Additional studies have refined and broadened the treatment
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Table 2. Efficacy of remdesivir in NHPs challenged with ZEBOV and MARV.

Animal Model Route of Administration Challenge Virus Challenge Day Outcome
Rhesus macaques [24] IM 1,000 PFU Ebola Kikwit strain Day 3 postinfection 100% efficacy
Rhesus macaques [39] Aerosol 100 PFU Ebola Kikwit strain Day 4 postinfection 67% efficacy

Cynomolgus macaques [36] IM 1,000 PFU MARV Angola strain Day 4 postinfection 83% efficacy
Rhesus macaques [37] IM 1,000 PFU MARV Angola strain Day 4 postinfection 80% efficacy

IM, intramuscular; MARV, Marburg virus; NHP, nonhuman primate; PFU, plaque-forming unit; ZEBOV, Ebola Zaire.

https://doi.org/10.1371/journal.pntd.0010220.t002

window by extending the time of remdesivir administration to longer intervals after infection
using different filovirus and NHP species. A recent report describes administration of remde-
sivir beginning 4 or 5 days after MARYV infection in cynomolgus macaques. Remdesivir
administered once daily with a 10-mg/kg loading dose followed by a 5-mg/kg maintenance
dose for 12 days provided an 83% survival outcome [36]. An additional study reported by a dif-
ferent research group found that remdesivir administration using the same 10/5 mg/kg for 12
days initiated 5 days postinfection provided 80% survival using a MARV challenge model
using rhesus macaques [37].

Transmission of EBOV by small-particle aerosols has been documented in experimental
settings using NHPs [38]. Rhesus monkeys exposed to aerosol doses of up to 1,590 PFUs of
EBOV die 7 to 10 days postexposure. Viral RNA is detected in the lungs and tracheobronchial
lymph nodes by day 3 postexposure, and serum viral RNA levels of >10° PFU equivalents are
detected on days 4 to 6 postexposure. The characteristics of EVD in aerosol exposure (AE)
studies in NHPs are nearly identical to those in IM exposure studies with regard to survival,
time to death, viremia peak, and infectious virus profile [39]. A rhesus macaque EBOV chal-
lenge study comparing remdesivir to vehicle alone was recently conducted using aerosol chal-
lenge. In this study, remdesivir treatment initiated 4 days after aerosolized EBOV exposure
was associated with survival benefit, significant reduction in serum viral titer, and improve-
ments in clinical pathology biomarker levels and lung histology compared to vehicle treatment
(see Table 2). Importantly, these results showed similar outcomes to challenge studies con-
ducted with IM inoculation [39]. Significantly greater EBOV replication was found in the
lungs in the inhalational route compared with prior published studies using the IM route at
the same lab [35]. This feature is of particular importance when considering MCM develop-
ment against weaponized filoviruses delivered by aerosol.

The findings in the aerosolized Ebola model raise important questions regarding the opti-
mal route of administration based on desired sites of therapeutic effect in the body. Vigorous
humoral and cellular responses in lung tissue in particular are likely to be a critical first line of
defense. Intranasal IgA mAbs may have advantages over conventional IgG monoclonals
administered intravenously. The same may hold true for vaccines. In the case of thereutics,
strategies to target small molecules to the lung should be considered. In a similar vein, the
study raises important questions regarding the comparability of parenteral routes of inocula-
tion to aerosolization of agents in animal models. While Ebola behaved similarly between IM
and inhalational routes in the NHP model, other biowarfare agents cannot be expected a priori
to do the same.

¢) Human safety studies

The safety and pharmacokinetics of remdesivir were studied in 131 subjects in 4 healthy volun-
teer studies [21]. In general, remdesivir has been found to be safe and well tolerated. Half-life
is approximately 1 hour following IV dosing, with maximum concentration reached at 40
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minutes with roughly 90% of the drug protein bound. It is metabolized by CES1, Cathepsin A,
and cytochrome P450 3A enzymes. While formal interaction studies have yet to be reported,
an antiretroviral interaction study (NCT04385719) is currently underway in Uganda [40].
Adverse reactions occurred in 13% to 19% of healthy volunteers leading to treatment discon-
tinuation in 2%, with both 5- and 10-day courses of therapy. Mild increases in alanine amino-
transferase (ALT) occurred in nearly half of healthy volunteers in one small Phase I trial, but
resolved after therapy was completed. Findings in humans differed to some degree from pre-
clinical safety studies, which found evidence of renal injury in rat and NHP models. Remdesi-
vir is not recommended in patients with a glomerular filtration rate below 30 mg/dL based on
serum creatinine levels. Testing for both renal and hepatic dysfunction is reccommended, the
latter based largely on human safety studies. Subsequent safety studies in man have shown that
the risk of administering remdesivir to patients with acute kidney disease is far less than origi-
nally thought [41,42]. Filoviral studies have included randomized active comparator trials for
treatment of acute ZEBOV (Ituri strain) disease in the DRC. In addition, there have been vari-
ous World Health Organization (WHO)-sponsored monitored emergency use of unregistered
interventions (MEURIs) compassionate use protocols for treatment of Ebola-infected patients
[19]. At the time of this publication, thousands have been dosed with remdesivir for EBOV
and SARS-CoV-2, and remdesivir has been approved for the latter indication [21]. The dose
studied for treatment of acute Ebola infection is a loading dose of 200 mg IV on day 1 with
maintenance treatment at a dose of 100 mg IV for up to 14 days [19]. There were no significant
serious adverse events (SAEs) observed in a small placebo-controlled study in 38 healthy male
EVD survivors in Liberia and Guinea given a 5-day course of 100 mg IV remdesivir daily to
eradicate the carrier state [43].

Remdesivir has been administered to tens of thousands of patients as treatment for
COVID-19, at hundreds of sites in regulated clinical trials or compassionate use administra-
tion. Diarrhea, hepatic and renal abnormalities, rash, and hypotension, the latter as a precursor
to SAEs including septic shock and multiorgan failure, have been the most common reported
outcomes. In uncontrolled compassionate use settings, 23% had SAEs, many likely related to
the underlying disease, with 8% discontinuing therapy due to side effects [44]. Adverse events
for the most part do not seem to have been elevated over control groups treated with various
standards of care (SOCs). Relatedness to remdesivir, however, has proven to be challenging to
ascertain with greater than 60% of patients in both arms reporting adverse events in at least
one study [45]. However, a larger percentage taking remdesivir suffered treatment-limiting
adverse events compared to controls.

d) Efficacy against Ebola virus—The PALM study

The Pamoja Tulinde Maisha (“Together Saving Lives”, PALM) study was a randomized con-
trolled trial (RCT) in the DRC comparing 4 EBOV therapeutics to include the ZMapp mAb
cocktail, the mAb mAb114 (Ebanga), the Regeneron mAb cocktail REGN-EB3 (Inmazeb), and
remdesivir [19]. The results of the PALM study in the early diagnosis cohort (cycle threshold
over 22) showed efficacy of 89% for mAb114, 91% for REGN-EB3, 69% for remdesivir, and
75% for ZMapp. The results for patients in the late diagnosis cohort (cycle threshold under 22)
were as follows: 31% for mAB114, 36% for REGN-EB3, 14% for remdesivir, and 15% for
ZMapp [19]. The overall survival rates were as follows: 65% for mAb114, 66% for REGN-EB3,
47% for remdesivir, and 50% for ZMapp; the overall survival rate for patients who received
supportive care was 32%.

The 2 antibody therapeutics, REGN-EB3 and mAb114, were found to provide a statistically
significant mortality benefit against acute EVD compared to ZMapp and remdesivir. The
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difference in the results for the early and late diagnosis cohorts supports the argument that
treatment with any antiviral therapy for filovirus disease must start early to have the highest
probability of success. While this remains to be proven clinically, poor outcomes in late pre-
senting patients in PALM support the limitations of delayed antiviral monotherapy later in the
disease course as immunologic dysfunction begins to predominate [46]. Combination therapy
of an antibody-based therapy combined with an antiviral therapy may improve efficacy for
both early and late stage patients as well as possibly prevent persistent infection.

Remdesivir inhibits viral replication by the virus’ RdRp. Remdesivir likely reduces viral
load but not before or within enough time to prevent clinical decline in treated individuals in
the PALM study. The study outcomes in the PALM trial raise several questions regarding
direct-acting antiviral (DAA) treatment, including the need to understand the relationship
between the required proportional drop in infectious virus to realize a sustained response with
clinical improvement. Madelain and colleagues modeled viral kinetics in NHPs during therapy
with DAAs and indicated that current DAAs do not achieve the viral load reduction required
at day 5 (mimicking severe disease in humans) to provide 100% survival [23]. Madelain and
colleagues stated that, in order to achieve effectiveness, a DAA needs to be administered at
least 2 days prior to peak viremia and cytokine storm in NHPs and extrapolated to human
infections. Ideally, obtaining viral kinetic data from patients with intensive sampling would be
vitally important in understanding clinical benefit of remdesivir and the window of therapeu-
tic efficacy.

The difference in the results for the early and late diagnosis cohorts supports the argument
that early treatment with any antiviral therapy for filovirus disease must start early to have the
highest probability of success. Combining an antibody-based therapy with an antiviral is likely
to be additive for improving efficacy for both early and late stage disease. Only remdesivir has
broad-spectrum activity against other filoviruses in animal models. Additionally, the ability to
enter key immune sanctuary sites such as the brain and testes may have benefit against disease
sequelae in survivors. A small placebo-controlled study of EBOV eradication from the semen
among 38 survivors in Liberia and Guinea was recently published. Remdesivir was shown to
significantly reduce persistent EBOV infection in the Partnership for Research on Ebola Virus
in Liberia (PREVAIL) IV study indicating bioavailability in the testes [43]. A recent publica-
tion in the New England Journal of Medicine documented a transmission chain from a survivor
of Ebola infection treated with mAb114. The patient suffered a recrudescent infection 149
days after initial discharge, transmitted his infection to his spouse (likely through sexual con-
tact), and ultimately, this chain of transmission led to the infections of 91 cases in 6 health
zones over a period of 4 months [47]. Treatment with a directly acting antiviral drug such as
remdesivir during this patient’s hospitalization might have prevented the recrudescence of dis-
ease and subsequent transmission to others.

Furthermore, combination or sequential therapy may prevent post-EVD sequelae and
development of poorly understood persistent infections by eradicating EBOV localized in
immunologically privileged sites. A combination therapy study in patients has not been con-
ducted to date, and the Ebola outbreak has since subsided, suggesting that an NHP bridging
study might be useful. Interestingly, Cross and colleagues recently reported that combination
therapy consisting of remdesivir and a human antibody targeting MARV achieved 80% protec-
tion against advanced disease in a MARV challenge model using rhesus macaques while
remdesivir only or mAb only treatment yielded no survivors [37]. While two of the antibody
therapies in the PALM trial showed the greatest clinical benefit for treatment of ZEBOV infec-
tions, both are specific for ZEBOV with no activity against other filoviruses.

Other considerations for use of remdesivir as a filovirus DAA include the following: (1)
detection and treatment for the warfighter likely will be initiated earlier and result in greater
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efficacy; (2) EBOV mAb treatments still have an overall mortality rate of 30% at the affected
population level (which may be decreased for warfighters promptly diagnosed and treated); (3)
EBOV mADb monotherapy likely will not prevent all sequelae, including persistence; (4) remde-
sivir treatment may benefit EBOV survivors with persistent virus replication; and (5) combina-
tion or sequential therapy may be additive and improve overall outcomes including
preventing persistent infection.

e) Preclinical and clinical studies of remdesivir against SARS-CoV-2

Specific studies against coronavirus infections in vitro demonstrated activity against coronavi-
ruses isolated from bats and circulating human coronaviruses in primary lung cells. In vivo
rodent studies of SARS-CoV-2 pathogenesis have shown prophylactic and early therapeutic
administration of remdesivir significantly reduced lung viral load, improved clinical signs, and
enhanced respiratory function [48]. Subsequent in vitro studies have shown that remdesivir is
active against a broad array of contemporary human coronaviruses and also against porcine
deltacoronaviruses [49]. In rhesus monkeys, once-daily IV administration of remdesivir initi-
ated 1 day prior to Middle Eastern Respiratory Syndrome Coronavirus (MERS-CoV) infection
reduced lung viral load, improved clinical disease signs, and reduced lung pathology [50]. A
recent publication demonstrated the efficacy of remdesivir for both prophylactic and treat-
ment indications against MERS-CoV in rhesus macaques [51]. Prophylactic treatment initi-
ated 24 hours prior to inoculation prevented MERS-CoV disease, and treatment with
remdesivir 12 hours postinoculation provided a clear clinical benefit with reduction in symp-
toms, decreased viral replication, and decreased lung lesions [51]. A publication in Nature Cell
Research has shown that both remdesivir and chloroquine effectively inhibit the SARS-CoV-2
virus in vitro (subsequent clinical studies did not show efficacy against COVID-19 in man)
[45]. Taking all of these data together, remdesivir has shown in vitro and in vivo efficacy
against a wide range of coronaviruses, including rapidly emerging zoonotic viruses (SARS and
MERS-CoVs), which have shown pandemic potential.

A number of clinical studies of remdesivir against COVID-19 have been conducted at vari-
ous sites around the world using remdesivir alone or in combination with other drugs. One of
the largest studies completed thus far is the Adaptive COVID-19 Treatment Trial (ACTT-1)
study sponsored by the National Institutes for Allergy and Infectious Disease (NIAID). ACTT-
1 compared remdesivir treatment to placebo in hospitalized COVID-19 patients with lower
respiratory tract involvement. There were 1,063 patients randomized (541 remdesivir versus
522 placebo), with a median recovery time of 11 days for remdesivir versus 15 days with pla-
cebo. Kaplan-Meier estimates of mortality by 14 days were 7.1% with remdesivir and 11.9%
with placebo [20]. Gilead conducted 2 additional trials (the SIMPLE studies), which showed
similar clinical benefit associated with 5 days of remdesivir treatment and 10 days of remdesi-
vir treatment in severe COVID-19 patients [52,53]. The data from these 3 studies supported
FDA approval for COVID-19 treatment in the US [54]. One additional study conducted by
WHO, Solidarity, did not demonstrate similar efficacy for remdesivir in hospitalized patients.
While randomized, the Solidarity study covered a large number of sites with significant vari-
ability in SOCs. The basis for observed differences in outcomes between the 2 trials is not
clear; one possibility is the critical factor of time to initiate treatment after hospitalization.

f) Combination therapy

Antiviral drugs require early treatment initiation for maximum efficacy [48]. DAA treatment
earlier during the infection or prior to peak viral loads likely improves efficacy and patient out-
comes. The possibility that there is substantial available replication space (uninfected cells),
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even at the time of death in COVID-19 patients, suggests that pathophysiology results from
more than simply viral replication [55,56]. Antivirals may be less effective at the pulmonary
stage of infection—typically between 5 to 10 days after onset of symptoms, but more effective
earlier in the course of disease. Optimal treatment at later stages will likely require additional
host-directed therapies. Gaps in understanding of COVID disease etiology include under-
standing the relative contributions of viral load, target cell depletion, and immunologic
response affect pulmonary function degradation over time. The relative effectiveness of antivi-
rals at the pulmonary stage of infection remains of questionable value given that pathophysiol-
ogy has transitioned from viral replication to immunologic dysfunction. Delayed presentation
of disease in clinical trials of Ebola has supported the notion that antiviral treatment must be
initiated as early as possible before dysfunctional immune responses predominate [19,22].

Combined therapy of remdesivir with Janus kinase (JAK) inhibitor baricitinib (ACTIV)
recently reported a reduction in average hospital stay from 8 to 7 days for the combination,
and 18 to 10 days for those on high-flow oxygen or receiving noninvasive ventilation [57].
Remdesivir has been studied in combination with the IL-6 inhibitor tocilizumab (Remdacta);
however, the primary endpoint was not met [58]. Toculizumab has been found to be of signifi-
cant benefit over placebo when used alone in a randomized study, though not in a retrospec-
tive study [59,60].

g) mADb therapy not recommended for hospitalized patients with
SARS-CoV-2 infection

The results of the ACTIV-3 trial investigating treatment of COVID patients with mAbs have
found that SARS-CoV-2 mAb products in development may be harmful in more advanced
disease and use is not recommended in hospitalized patients by the NIH or Infectious Disease
Society of America [61-63]. Bamlanivimab, in combination with etesivimab, was granted an
Emergency Use Authorization (EUA) for treatment of mild and moderate COVID-19 disease
only because of poorer outcomes seen in patients with more severe disease [64,65]. This high-
lights potential limitations of antibody-based therapies, particularly in a deliberate aerosol
attack, and underscores the need for ongoing complementary broad-spectrum antiviral devel-
opment [22]. Direct-acting agents may also have limitations in timing of administration, and
questions of benefit as time from disease onset increases are critically important for high-con-
sequence pathogens.

h) Antibody-dependent enhancement during filovirus infection

Antibody-dependent enhancement (ADE) of filovirus infection has been demonstrated in
mADbs derived from human survivors of Ebola infection [66]. All of the filovirus Ab therapeu-
tics to include neutralizing mAbs and convalescent plasma target the filovirus glycoprotein
(gP). It has unique properties among virus gPs in that it has multiple functions for the virus
life cycle in the host. EBOV gP is heavily and unusually glycosylated with half of the molecular
weight of the monomer attributed to N- and O-linked carbohydrates [67]. Furthermore,
EBOV gP is C-mannosylated, and a truncated variant of gP, shown to cause immunopathol-
ogy, is secreted during infection [68-70]. EBOV gP may even activate complement via the lec-
tin pathway demonstrating that ADE (with convalescent plasma and mAbs) targeting multiple
filoviruses is possible and independent of Ab subclass, neutralizing capability, or even epitope
specificity [66].

In contrast to these published reports, Bournazos and colleagues suggested that the
observed ADE published by others is an in vitro phenomenon not replicated in vivo [71]. The
route of challenge and organ-specific responses may play a significant role in the development
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of immunopathology. Whether this occurs in humans is difficult to study, and, indeed, there
are few recorded autopsies on filovirus-infected patients. This potentially serious, adverse
event with therapeutic mAbs should be examined in detail to determine safety once Ab con-
centrations fall below neutralizing levels. Likewise, the potential for immunopathology extends
to vaccines and also should be examined in detail using multiple routes of exposure given the
biowarfare threat component of filoviruses. ADE with Ebola has not been well documented
yet and remains a theoretical possibility at this time. It is likely to depend on factors including
persistence of administered mAbs, the patients own immune response combining to provide
an effective neutralization response.

The PALM trial underscored the need for very early recognition and initiation of specific
therapy as mortality increased with time following onset of therapy [19]. In addition to rapid
onset of fatal disease, the possibility for ADE with severe lung pathology must be considered.
While there was no overt evidence of clinical ADE of disease in PALM based on results pub-
lished to date, this principal has been demonstrated ex vivo in samples obtained from survivors
of ZEBOV, MARYV, and Bundibugyo virus [66,72].

i) Comparison of human and nonhuman pathophysiology resulting from
EBOYV and MARY infection

EBOV- and MARV-induced diseases, in both humans and NHPs, are similar in presentation,
pathology, and mortality (Fig 1) adapted from Shifflett and colleagues [73]. However, disease
course in NHPs is accelerated relative to the human clinical course. Furthermore, the course of
disease, and primary and secondary endpoints following EBOV and MARYV infection of NHP,
overlap regardless of challenge route, challenge dose, and NHP model. Disease onset is rapid,
and 83% to 100% of the control animals die within 6 to 8 days postchallenge. The majority of
data have been obtained from studies involving the IM route of challenge, which, in turn, has
provided the most mature filovirus NHP models to date and reproducibly induces critical, uni-
form endpoints of disease in both EBOV and MARV studies [10,11,14,35,64,73-79].

« IM inoculation produces consistent infection in NHPs.

o IM injection allows for delivery of a consistent quantity of virus among animals and between
studies.

Mortality

Lymphopenia
Oagulation
NHP [ Rash |
EBOV

NHP L resh ]
H Coagulation ]
MARV b of TS YA

Liver / lﬁdney

Abnormalities |

Mortality

Fig 1. Comparison of EBOV and MARYV pathophysiology over time. EBOV, Ebola virus; MARV, Marburg virus;
NHP, nonhuman primate.

https://doi.org/10.1371/journal.pntd.0010220.g001
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o IM inoculation produces key disease manifestations that closely resemble those occurring in
fatal human cases.

o The FDA has indicated a preference for IM studies in the critical pathway for licensure of
filovirus MCMs because of the above considerations.

« To date, no Good Laboratory Practice (GLP) studies utilizing an inhalational aerosol chal-
lenge have been conducted in a Biosafety Level 4 setting.

Consequently, the IM model may be an acceptable route of exposure for determination of
filovirus MCM efficacy supporting the Animal Rule licensure pathway by the FDA. It is impor-
tant to note that this may not be the case with other biothreat agents and aerosol challenge rep-
resent a more physiologically relevant challenge route for biodefense-related product
development.

Although not required for expensive, complex, and regulated pivotal studies under the Ani-
mal Rule, we argue here that products being developed for a biodefense indication should
include one or more aerosol challenge studies as part of the development package. An aerosol
study will help elucidate lung or potentially other respiratory-related differences in pathogene-
sis. Studies should be conducted preferably in NHPs likely to have the greatest similarly to
human response based on prior studies [80]. The anti-filovirus efficacy of remdesivir has been
assessed in multiple NHP nonclinical studies, including an aerosol EBOV challenge study.
Treatment of EBOV-infected NHPs with remdesivir results in a substantial improvement in
clinical signs and symptoms and 80% to 100% survival regardless of the route of exposure [24].
Challenge viruses used in these studies included EBOV-Kikwit and MARV-Angola. Similar
survival results were obtained with MARV-infected NHPs treated with remdesivir at the same
dosing regimen as that used for EBOV NHP studies [36].

j) The advantages of the Animal Rule for Marburg product development

Advantages of the Animal Rule include optimal modeling of target exposure including dose,
route (aerosol), and timing of interventions over the course of one or more regulated GLP
studies. Naive, lab-reared animals lacking comorbidities also help to reduce confounding vari-
ables that complicate study interpretation. Study of AE is generally not possible during natural
outbreaks. Less virulent filovirus outbreaks tend to be short-lived and relatively easily to con-
tain when local healthcare teams are trained and equipped to respond. A prepositioned or rap-
idly deployable clinical team may be needed in the outbreak area to be able to conduct
regulated trials serendipitously in most cases. Disadvantages of Animal Rule studies include
the current shortage and increased cost of NHPs for research use due to export limitations in
China and competing primate studies for COVID-19, relevance to naturally occurring disease
where patients may often present later in the course of illness, rendering countermeasures
requiring immediate application ineffective. Treatment windows may vary between patients
and NHPs, and the large number of animals required in some cases may increase costs to the
level of clinical trials. Viral kinetic modeling may address some of these limitations. Animal
Rule studies also represent an opportunity to study disease processes in much greater depth
with the use of routine necropsy in contrast to rare autopsies performed in VHF patients due
to infection control considerations. They may help to inform the appropriate timing and/or
trigger for intervention with the complementary combination therapies such as
immunomodulators.

The advantages of developing a product with an existing commercial indication include a
less expensive developmental pathway, a large safety database, existing GMP drug
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manufacturing, and supply chain for the existing commercial indication, which results in drug
availability. Products developed solely for a biowarfare indication are developed for a small
population and are thus likely to be expensive, may be in limited supply, and may require the
USG to assume lead responsibility for bench-to-bedside product development in some cases.
The massive increase in human safety and efficacy data and clinical experience with remdesivir
coupled with greater manufacturing capacity will positively impact further development of
remdesivir for filovirus infection. This will ensure broad availability of remdesivir for supple-
mental indications such as treatment MARYV infection and may expedite the pathway to
licensure.

Discussion

Development of MCM:s for biowarfare and rare disease indications are more expensive, time
consuming, and riskier than starting development with a product already approved for a com-
mercial indication. Developing an MCM without a commercial indication is a more difficult
path than repurposing a drug that already has or will soon have an approved indication. With
static or declining development budgets for biowarfare or rare disease indications in DOD,
repurposing drugs with a commercial indication is an attractive method of delivering safe,
approved MCMs for the warfighter. To fortify the emerging arsenal of therapeutic agents that
might be employed in a deliberate bioterrorism attack, a broader range of viral threats could
be evaluated and developed in NHPs under the Animal Rule. High-priority viral pathogens
currently in need of safe and efficacious therapeutics include Marburg, Sudan-strain Ebola,
Crimean-Congo, Lassa, Hanta, and other hemorrhagic fever viruses.

Animal models should be standardized where possible for comparability, allowing mean-
ingful direct comparison of experimental outcomes. Investigators should drive for improved
translational relevance by refining and benchmarking future studies with respect to previously
published work. While limited studies—carefully planned and prepositioned—may be possible
in outbreak settings, use of the animal rule is far more likely to be required given the epidemi-
ology and relative rarity of sustained outbreaks of these diseases. These studies should also be
planned with a view to establishing comparability and expanding on known clinical data to
date.

Given the outcome of the PALM study, the clinical benefit of remdesivir relative to other
therapeutics (mAB114, Regeneron EB3) was not sufficient to warrant continued development
for treatment of EVD as monotherapy. The use of remdesivir in combination with mAb-based
treatments has not yet been assessed in a clinical study, and combination therapy may well
offer a clinical benefit particularly for patients who are diagnosed late in the course of their dis-
ease. Given poor efficacy in the late stage treatment cohort with mAB114 and REGN-EB3,
there is clearly room for improvement to provide the best possible benefit for these patients.

Due to their high specificity, these recently developed monoclonal ZEBOV therapeutics are
capable of being used to treat other Ebola species to include Sudan, Tai Forrest, and Bundibu-
gyo. Of the remaining filoviruses without a clinical treatment, MARYV is a logical choice for
continued development given the severity of disease encountered in nature. MARV infections
in nature have been shown to be highly lethal with case fatality rates up to 90%, and there are
no MCMs available for treatment [2]. Monotherapy of a given antiviral drug alone may not be
sufficient. Combination therapy consisting of 2 DAA drugs featuring complimentary mecha-
nisms of action or different modalities (for example, small molecule and mAb) may be effec-
tive at extending the therapeutic window and/or treating advanced and severe disease.

Combination therapy between these agents (and remdesivir) had already been demon-
strated in NHPs. A recent study in primates assessed the efficacy of a combination of
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remdesivir and a candidate Marburg mAb, and the combination of the two was more effica-
cious in treating late stage disease than either drug alone [37]. The benefits of such therapy
should be explored for Ebola patients in the future. Clinical trials of mAbs, in combination
with antiviral small molecules as adjunctive therapy, could be considered both for therapy of
infected individuals and postexposure prophylaxis (PEP) in high-risk healthcare workers and
other close contacts with infection exposure risk. As naturally occurring outbreaks of MARV
are infrequent and difficult to predict, the product development pathway needed for a MARV
treatment to obtain approval by the FDA will likely be through the Animal Rule.

The FDA created the Animal Rule as a pathway to develop medical countermeasures for
indications that cannot ethically or reasonably be studied in humans. The intent of the Animal
Rule is to provide a means to develop drugs and biological products to reduce or prevent life-
threatening conditions caused by exposure to lethal diseases. Product efficacy under the Ani-
mal Rule is established based on adequate and well-controlled studies in animal models of the
human disease, and safety is evaluated under the preexisting requirements for drugs and bio-
logical products [17]. The FDA will rely on evidence from animal studies when (1) there is a
reasonably well-understood pathophysiological mechanism of the toxicity of the substance
and its prevention or substantial reduction by the product; (2) effect demonstrated in more
than one animal species with responses predictive for humans, unless there is an exceptionally
well-characterized animal model; (3) the animal study endpoint is relevant to human disease;
and (4) an effective human dose can be calculated based on available pharmacokinetic (PK)
data.

Required studies under the Animal Rule include the following: (1) a Natural History study
demonstrating pathology closely mimicking human disease; (2) PK studies to estimate the
human-equivalent dose (HED); (3) a dose ranging study estimating the efficacious HED in
animals; (4) at least 2 pivotal GLP animal studies at the estimated HED; and (5) often one or
more postmarketing studies. To date, only 2 antiviral agents have been developed and
approved under the Animal Rule—TPOXX and TEMBEXA—both for the treatment of small-
pox. Both of these products used multiple animal species in well-developed models of poxvirus
disease to demonstrate efficacy [81,82].

A number of outstanding questions remain moving forward in the development of anti-
filoviral countermeasures. The recent development efforts related to remdesivir are illustrative.
Timing is key, and it appears that earlier remdesivir administration leads to better outcomes.
Patients enrolled in the PALM trial were treated an average of 6 days after the onset of symp-
toms, compared with 4 days after known experimental infection in the NHP models [22].

Finally, combination therapies should be considered in patients with moderate-severe
Ebola and COVID-19. It is clear that remdesivir as monotherapy provided modest improve-
ments. However, in patients with either disease in the advanced state, viral replication rapidly
transitions to immune dysregulation. In that regard, late antiviral therapy in moderate-severe
patients is likely to have less impact. Combination therapies with other therapeutic classes
should also be considered to include both monoclonal therapies primarily targeting viral repli-
cation and immunomodulating agents. In the latter case, the recent ACTT-2 trial comparing
remdesivir with and without baricitinib, a JAK1/2 immunomodulator, have shown modest
additional reductions in mortality in hospitalized patients with severe COVID-19 not yet on
mechanical ventilation [57]. However, this effect was less pronounced earlier in the course of
illness when patients only required supplemental oxygen. The differences in outcomes based
on timing of the interventions should also be explored in series and in parallel for severe
disease.

Given a significant mortality reduction with mAbs in the PALM trial against Ebola, a com-
bination trial with remdesivir should be considered. The advantages may include further
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mortality reduction, but perhaps more importantly, reduction in sequelae often observed in
survivors. Viral persistence in immunologically privileged sites is thought to account for these
phenomena. These can include persistent neurologic symptoms of headache, cognitive
impairment, and fatigue, as well as persistence in semen with possible ongoing sexual trans-
mission. The PREVAIL IV trial (NCT02818582) conducted in Guinea and Liberia was the first
placebo-controlled study to evaluate clearance from immune-privileged sites with an antiviral.
This relatively small study demonstrated reductions in the carrier state among male Ebola sur-
vivors [43]. Future studies should evaluate Ebola survivors for treatment of post-Ebola
sequelae to include headache, fatigue, myalgia and arthralgia, memory loss and uveitis, and
possible eradication of persistent virus in the central nervous system (CNS), eye, and elsewhere
[83]. Moving forward, remdesivir therapeutic studies should evaluate earlier use against a
broader spectrum of filoviruses, to include PEP in suspected contacts, such as healthcare work-
ers. This approach is likely to improve survival rates for filovirus victims and improve out-
comes in survivors.

Key Learning Points

o The antiviral remdesivir is illustrative of the challenges and potential to develop broad-spec-
trum biowarfare countermeasures.

» Remdesivir was originally developed as an antiviral countermeasure against filovirus infec-
tion (Ebola). Remdesivir compared to monoclonal antibodies met the DOD’s requirement
for efficacy but did not outperform 2 monoclonal antibody therapeutics in a recent head-to-
head trial during a ZEBOV outbreak in the DRC.

o The US military has supported animal studies demonstrating the efficacy of remdesivir to
treat MARV (a distinct filovirus species) infection and aerosolized EBOV infection.

» Remdesivir has since been found to have potential application against a host of other viral
threats, most notably COVID-19, where it was recently licensed after demonstrated reduc-
tions in mortality and duration of hospitalization.

o While both the Ebola epidemic and COVID-19 pandemic allowed clinical testing of remde-
sivir, this is expected to be the exception, rather than the rule, for obtaining new product reg-
ulatory approval. Biodefense countermeasures will need to continue to rely on the FDA’s
Animal Rule for future development. The Animal Rule is often the only path forward for
FDA approval of medical countermeasures for biothreat agents where clinical trials cannot
be conducted. Supportive clinical data should be sought where possible, considering ex vivo
methods. Examples include in vitro antimicrobial inhibitory activity of human-dosed plasma
or passive transfer of vaccine antibodies.

Top Five Papers

1. US. Food and Drug Administration. FDA label for remdesivir. 2020. Available from:
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/2147870rig1s0001bl.pdf

2. Mulangu S, Dodd L, Davey R Jr, Tshiani Mbaya O, Proschan M., Mukadi D, and the PALM
Consortium Study Team. A Randomized, Controlled Trial of Ebola Virus Disease Thera-
peutics. N Engl ] Med. 2019 Dec 12;381(24):2293-2303. doi: 10.1056/NEJM0al910993.
Epub 2019 Nov 27. PMID: 31774950.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 15/21


https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/214787Orig1s000lbl.pdf
https://doi.org/10.1056/NEJMoa1910993
http://www.ncbi.nlm.nih.gov/pubmed/31774950
https://doi.org/10.1371/journal.pntd.0010220

PLOS NEGLECTED TROPICAL DISEASES

3. Iversen P, Kane C, Zeng X, Panchal R, Warren T, Radoshitzky S, et al. Recent successes in
therapeutics for Ebola virus disease: no time for complacency. Lancet Infect Dis. 2020
Sep;20(9):e231-€237. doi: 10.1016/51473-3099(20)30282-6. Epub 2020 Jun 18. PMID:
32563280; PMCID: PMC7302789.

4. Madelain V, Baize S, Jacquot F, Reynard S, Fizet A, Barron S, et al. Ebola viral dynamics in
nonhuman primates provides insights into virus immuno-pathogenesis and antiviral strate-
gies. Nat Commun. 2018 Oct 1;9(1):4013. doi: 10.1038/s41467-018-06215-z PubMed
PMID: 30275474; PubMed Central PMCID: PMC6167368.

5. Warren T, Jordan R, Lo M, Ray A, Mackman R, Soloveva V, et al. Therapeutic efficacy of
the small molecule GS-5734 against Ebola virus in rhesus monkeys. Nature. 2016 Mar
17;531(7594):381-5. doi: 10.1038/nature17180. Epub 2016 Mar 2. Erratum in: ACS Chem
Biol. 2016 May 20;11(5):1463. PMID: 26934220; PMCID: PMC5551389.

Acknowledgments

The authors would like to thank the Filovirus Animal Nonclinical Group (FANG) for their
long-term leadership efforts in filovirus medical countermeasure development. The authors
would also like to acknowledge the efforts of additional USG partners including the Biomedi-
cal Advanced Research and Development Authority (BARDA) and the National Institute of
Allergy and Infectious Diseases (NIAID), and the collaborative efforts between Gilead Sciences
and the USG for the development of remdesivir.

Disclaimer

The content of this publication are the opinions of the authors and do not necessarily reflect
the views or policies of the US Department of Defense, the Uniformed Services University, the
US Department of the Army, or the institutions and companies affiliated with the authors, nor
does the mention of trade names, commercial products, or organizations imply endorsement

by the USG.

References

1.  KuhnJH, Adachi T, Adhikari NKJ, Arribas JR, Bah IE, et al. New filovirus disease classification and
nomenclature. Nat Rev Microbiol. 2019 May; 17(5):261-263. https://doi.org/10.1038/s41579-019-0187-
4 PMID: 30926957; PMCID: PMC6637750.

2. Teckman AM. The bioterrorist threat of Ebola in East Africa and implications for global health and secu-
rity. Global Policy Essay. 2013.

3. Gunaratne ND. The Ebola virus and the threat of bioterrorism. Fletcher F World Aff. 2015; 39:63.
Christopher G. A Test of Medical Readiness. Army AL&T Magazine; October-December 2017.

Leffel EK, Reed DS. Marburg and Ebola viruses as aerosol threats. Biosecur Bioterror. 2004 Jul 1; 2
(3):186—91. https://doi.org/10.1089/bsp.2004.2.186 PMID: 15588056

6. Jaax N, Jahrling P, Geisbert T, Geisbert J, Steele K, McKee K, et al. Transmission of Ebola virus (Zaire
strain) to uninfected control monkeys in a biocontainment laboratory. Lancet. 1995 Dec 23-30; 346
(8991-8992):1669-71. https://doi.org/10.1016/s0140-6736(95)92841-3 PMID: 8551825.

7. Bazhutin NB, Belanov EF, Spiridonov VA, Voitenko AV, Krivenchuk NA, Krotov SA, et al. Vliianie spo-
sobov éksperimental’nogo zarazheniia virusom Marburg na osobennosti protekaniia bolezni u zelenykh
martyshek [The effect of the methods for producing an experimental Marburg virus infection on the char-
acteristics of the course of the disease in green monkeys]. Vopr Virusol. 1992 May-Jun; 37(3):153-6.
Russian. PMID: 1441442,

8. Dalgard DW, Hardy RJ, Pearson SL, Pucak GJ, Quander RV, Zack PM, et al. Combined simian hemor-
rhagic fever and Ebola virus infection in cynomolgus monkeys. Lab Anim Sci. 1992 Apr; 42(2):152-7.
PMID: 1318446.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 16/21


https://doi.org/10.1016/S1473-3099(20)30282-6
http://www.ncbi.nlm.nih.gov/pubmed/7302789
https://doi.org/10.1038/s41467-018-06215-z
http://www.ncbi.nlm.nih.gov/pubmed/6167368
https://doi.org/10.1038/nature17180
http://www.ncbi.nlm.nih.gov/pubmed/26934220
http://www.ncbi.nlm.nih.gov/pubmed/5551389
https://doi.org/10.1038/s41579-019-0187-4
https://doi.org/10.1038/s41579-019-0187-4
http://www.ncbi.nlm.nih.gov/pubmed/30926957
https://doi.org/10.1089/bsp.2004.2.186
http://www.ncbi.nlm.nih.gov/pubmed/15588056
https://doi.org/10.1016/s0140-6736%2895%2992841-3
http://www.ncbi.nlm.nih.gov/pubmed/8551825
http://www.ncbi.nlm.nih.gov/pubmed/1441442
http://www.ncbi.nlm.nih.gov/pubmed/1318446
https://doi.org/10.1371/journal.pntd.0010220

PLOS NEGLECTED TROPICAL DISEASES

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Jaax NK, Davis KJ, Geisbert TJ, Vogel P, Jaax GP, Topper M, et al. Lethal experimental infection of rhe-
sus monkeys with Ebola-Zaire (Mayinga) virus by the oral and conjunctival route of exposure. Arch
Pathol Lab Med. 1996 Feb; 120(2):140-55. PMID: 8712894.

Reed DS, Lackemeyer MG, Garza NL, Sullivan LJ, Nichols DK. Aerosol exposure to Zaire ebolavirus in
three nonhuman primate species: differences in disease course and clinical pathology. Microbes Infect.
2011 Oct; 13(11):930-6. https://doi.org/10.1016/j.micinf.2011.05.002 Epub 2011 May 25. PMID:
21651988.

Twenhafel NA, Mattix ME, Johnson JC, Robinson CG, Pratt WD, Cashman KA, et al. Pathology of
experimental aerosol Zaire ebolavirus infection in rhesus macaques. Vet Pathol. 2013 May; 50(3):514—
29. hitps://doi.org/10.1177/0300985812469636 Epub 2012 Dec 23. PMID: 23262834.

Smither SJ, Nelson M, Eastaugh L, Nunez A, Salguero FJ, Lever MS. Experimental Respiratory Infec-
tion of Marmosets (Callithrix jacchus) With Ebola Virus Kikwit. J Infect Dis. 2015 Oct. 1; 212(Suppl 2):
S336—45. https://doi.org/10.1093/infdis/jiv371 Epub 2015 Jul 23. PMID: 26209682.

Mekibib B, Arién KK. Aerosol Transmission of Filoviruses. Viruses. 2016; 8(5):148. Published 2016
May 23. https://doi.org/10.3390/v8050148 PMID: 27223296

Johnson E, Jaax N, White J, Jahrling P. Lethal experimental infections of rhesus monkeys by aerosol-
ized Ebola virus. Int J Exp Pathol. 1995 Aug; 76(4):227-36. PMID: 7547435; PubMed Central PMCID:
PMC1997182.

Zumbrun EE, Bloomfield HA, Dye JM, et al. A characterization of aerosolized Sudan virus infection in
African green monkeys, cynomolgus macaques, and rhesus macaques. Viruses. 2012; 4(10):2115—
2136. Published 2012 Oct 15. https://doi.org/10.3390/v4102115 PMID: 23202456

Downs IL, Shaia Cl, Zeng X, Johnson JC, Hensley L, Saunders DL et al. Natural History of Aerosol
Induced Lassa Fever in Non-Human Primates. Viruses. 2020 May 29; 12(6):593. https://doi.org/10.
3390/v12060593 PMID: 32485952; PMCID: PMC7354473.

Food and Drug Administration (February 2021) Animal Rule Approvals. Available from: https://www.
fda.gov/drugs/nda-and-bla-approvals/animal-rule-approvals

BIOMEDICAL RESEARCH, Information of Federal Contributions to remdesivir, United States Govern-
ment Accountability Office, Report to Congressional Addressees, GAO-21-272; March 2021. Available
from: https://www.gao.gov/products/gao-21-272

Mulangu S, Dodd LE, Davey RT Jr, Tshiani Mbaya O, Proschan M, Mukadi D, and the PALM Consor-
tium Study Team. A Randomized, Controlled Trial of Ebola Virus Disease Therapeutics. N Engl J Med.
2019 Dec 12; 381(24):2293-2303. https://doi.org/10.1056/NEJMoa1910993 Epub 2019 Nov 27. PMID:
31774950.

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, ACTT-1 Study Group Members.
Remdesivir for the Treatment of Covid-19—Final Report. N Engl J Med. 2020 Nov 5; 383(19):1813—
1826. https://doi.org/10.1056/NEJM0a2007764 Epub 2020 Oct 8. PMID: 32445440; PMCID:
PMC7262788.

Food and Drug Administration. FDA Label for remdesivir. 2020. Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2020/2147870rig1s000Ibl.pdf

Iversen PL, Kane CD, Zeng X, Panchal RG, Warren TK, Radoshitzky SR, et al. Recent successes in
therapeutics for Ebola virus disease: no time for complacency. Lancet Infect Dis. 2020 Sep; 20(9):
€231-e237. https://doi.org/10.1016/S1473-3099(20)30282-6 Epub 2020 Jun 18. PMID: 32563280;
PMCID: PMC7302789.

Madelain V, Baize S, Jacquot F, Reynard S, Fizet A, Barron S, et al. Ebola viral dynamics in nonhuman
primates provides insights into virus immuno-pathogenesis and antiviral strategies. Nat Commun. 2018
Oct 1; 9(1):4013. https://doi.org/10.1038/s41467-018-06215-z PMID: 30275474; PubMed Central
PMCID: PMC6167368.

Warren TK, Jordan R, Lo MK, Ray AS, Mackman RL, Soloveva V, et al. Therapeutic efficacy of the
small molecule GS-5734 against Ebola virus in rhesus monkeys. Nature. 2016 Mar 17; 531(7594):381—
5. https://doi.org/10.1038/nature 17180 Epub 2016 Mar 2. Erratum in: ACS Chem Biol. 2016 May 20;11
(5):1463. PMID: 26934220; PMCID: PMC5551389.

Slusarczyk M, Serpi M, Pertusati F. Phosphoramidates and phosphonamidates (ProTides) with antiviral
activity. Antivir Chem Chemother. 2018 Jan-Dec; 26:2040206618775243. https://doi.org/10.1177/
2040206618775243 PMID: 2979207 1; PubMed Central PMCID: PMC5971382.

Eastman RT, Roth JS, Brimacombe KR, Simeonov A, Shen M, Patnaik S, Hall MD. Remdesivir: A
Review of Its Discovery and Development Leading to Emergency Use Authorization for Treatment of
COVID-19. ACS Cent Sci. 2020 May 27; 6(5):672—683. https://doi.org/10.1021/acscentsci.0c00489
Epub 2020 May 4. Erratum in: ACS Cent Sci. 2020 Jun 24;6(6):1009. PMID: 32483554; PMCID:
PMC7202249.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 17/21


http://www.ncbi.nlm.nih.gov/pubmed/8712894
https://doi.org/10.1016/j.micinf.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21651988
https://doi.org/10.1177/0300985812469636
http://www.ncbi.nlm.nih.gov/pubmed/23262834
https://doi.org/10.1093/infdis/jiv371
http://www.ncbi.nlm.nih.gov/pubmed/26209682
https://doi.org/10.3390/v8050148
http://www.ncbi.nlm.nih.gov/pubmed/27223296
http://www.ncbi.nlm.nih.gov/pubmed/7547435
https://doi.org/10.3390/v4102115
http://www.ncbi.nlm.nih.gov/pubmed/23202456
https://doi.org/10.3390/v12060593
https://doi.org/10.3390/v12060593
http://www.ncbi.nlm.nih.gov/pubmed/32485952
https://www.fda.gov/drugs/nda-and-bla-approvals/animal-rule-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/animal-rule-approvals
https://www.gao.gov/products/gao-21-272
https://doi.org/10.1056/NEJMoa1910993
http://www.ncbi.nlm.nih.gov/pubmed/31774950
https://doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/214787Orig1s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/214787Orig1s000lbl.pdf
https://doi.org/10.1016/S1473-3099%2820%2930282-6
http://www.ncbi.nlm.nih.gov/pubmed/32563280
https://doi.org/10.1038/s41467-018-06215-z
http://www.ncbi.nlm.nih.gov/pubmed/30275474
https://doi.org/10.1038/nature17180
http://www.ncbi.nlm.nih.gov/pubmed/26934220
https://doi.org/10.1177/2040206618775243
https://doi.org/10.1177/2040206618775243
http://www.ncbi.nlm.nih.gov/pubmed/29792071
https://doi.org/10.1021/acscentsci.0c00489
http://www.ncbi.nlm.nih.gov/pubmed/32483554
https://doi.org/10.1371/journal.pntd.0010220

PLOS NEGLECTED TROPICAL DISEASES

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
4,

42,

43.

44,

Siegel D, Hui HC, Doerffler E, Clarke MO, Chun K, Zhang L, Neville S, et al. Discovery and Synthesis of
a Phosphoramidate Prodrug of a Pyrrolo[2,1-f][triazin-4-amino] Adenine C-Nucleoside (GS-5734) for
the Treatment of Ebola and Emerging Viruses. J Med Chem. 2017 Mar 9; 60(5):1648-1661. https://doi.
org/10.1021/acs.jmedchem.6b01594 Epub 2017 Feb 14. PMID: 28124907; PMCID: PMC7202039.

Tchesnokov EP, Feng JY, Porter DP, Gétte M. Mechanism of Inhibition of Ebola Virus RNA-Dependent
RNA Polymerase by remdesivir. Viruses. 2019 Apr 4; 11(4):326. https://doi.org/10.3390/v11040326
PMID: 30987343; PMCID: PMC6520719.

Lo MK, Feldmann F, Gary JM, Jordan R, Bannister R, Cronin J, et al. Remdesivir (GS-5734) protects
African green monkeys from Nipah virus challenge. Sci Transl Med. 2019 May 29; 11:494:eaau9242.
https://doi.org/10.1126/scitransimed.aau9242 PMID: 31142680; PubMed Central PMCID:
PMC6732787.

Lo MK, Jordan R, Arvey A, Sudhamsu J, Shrivastava-Ranjan P, Hotard AL, et al. GS-5734 and its par-
ent nucleoside analog inhibit Filo-, Pneumo-, and Paramyxoviruses. Sci Rep. 2017 Mar 6; 7:43395.
https://doi.org/10.1038/srep43395 PMID: 28262699; PMCID: PMC5338263.

Gordon CJ, Tchesnokov EP, Woolner E, Perry JK, Feng JY, Porter DP, et al. Remdesivir is a direct-act-
ing antiviral that inhibits RNA-dependent RNA polymerase from severe acute respiratory syndrome
coronavirus 2 with high potency. J Biol Chem. 2020 May 15; 295(20):6785-6797. https://doi.org/10.
1074/jbc.RA120.013679 Epub 2020 Apr 13. PMID: 32284326; PMCID: PMC7242698.

Tchesnokov EP, Gordon CJ, Woolner E, Kocinkova D, Perry JK, Feng JY, et al. Template-dependent
inhibition of coronavirus RNA-dependent RNA polymerase by remdesivir reveals a second mechanism
of action. J Biol Chem. 2020 Nov 20; 295(47):16156—16165. https://doi.org/10.1074/jbc.AC120.015720
Epub 2020 Sep 23. PMID: 32967965; PMCID: PMC7681019.

Jordan PC, Liu C, Raynaud P, Lo MK, Spiropoulou CF, Symons JA, et al. Initiation, extension, and ter-
mination of RNA synthesis by a paramyxovirus polymerase. PLoS Pathog. 2018 Feb 9; 14(2):
€1006889. https://doi.org/10.1371/journal.ppat.1006889 PMID: 29425244; PMCID: PMC5823471.

Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X, et al. Coronavirus Susceptibility to
the Antiviral remdesivir (GS-5734) |s Mediated by the Viral Polymerase and the Proofreading Exoribo-
nuclease. mBio. 2018 Mar 6; 9(2):e00221-18. https://doi.org/10.1128/mBio.00221-18 PMID:
29511076; PubMed Central PMCID: PMC5844999.

Warren T, Zumbrun E, Weidner JM, Gomba L, Rossi F, Bannister R, et al. Characterization of Ebola
Virus Disease (EVD) in Rhesus Monkeys for Development of EVD Therapeutics. Viruses. 2020 Jan 13;
12(1):92. https://doi.org/10.3390/v12010092 PMID: 31941095; PMCID: PMC7019527.

Porter DP, Weidner JM, Gomba L, Bannister R, Blair C, Jordan R, et al. Remdesivir (GS-5734) Is Effica-
cious in Cynomolgus Macaques Infected With Marburg Virus. J Infect Dis. 2020 Nov 9; 222(11):1894—
1901. https://doi.org/10.1093/infdis/jiaa290 PMID: 32479636.

Cross RW, Bornholdt ZA, Prasad AN, Borisevich V, Agans KN, Deer DJ, et al. Combination therapy pro-
tects macaques against advanced Marburg virus disease. Nat Commun. 2021 Mar 25; 12(1):1891.
https://doi.org/10.1038/s41467-021-22132-0 PMID: 33767178.

Jaax NK, Davis KJ, Geisbert TJ, Vogel P, Jaax GP, Topper M, Jahrling PB. Lethal experimental infec-
tion of rhesus monkeys with Ebola-Zaire (Mayinga) virus by the oral and conjunctival route of exposure.
Arch Pathol Lab Med. 1996 Feb; 120(2):140-55. PMID: 8712894.

Warren TK, Kane CD, Wells J, Stuthman KS, Van Tongeren SA, Garza NL, et al. Remdesivir is effica-
cious in rhesus monkeys exposed to aerosolized Ebola virus. Sci Rep. 2021 Sep 30; 11(1):1-2. https://
doi.org/10.1038/s41598-020-79139-8 PMID: 33414495

Clinical Trials Registry https://clinicaltrials.gov/ct2/show/NCT04385719.

Thakare S, Gandhi C, Modi T, Bose S, Deb S, Saxena N, et al. Safety of Remdesivir in Patients With
Acute Kidney Injury or CKD. Kidney Int Rep. 2021 Jan; 6(1):206-210. https://doi.org/10.1016/j.ekir.
2020.10.005 Epub 2020 Oct 10. PMID: 33073066; PMCID: PMC7547837.

Ackley TW, McManus D, Topal JE, Cicali B, Shah S. A Valid Warning or Clinical Lore: an Evaluation of
Safety Outcomes of Remdesivir in Patients with Impaired Renal Function from a Multicenter Matched
Cohort. Antimicrob Agents Chemother. 2021 Jan 20; 65(2):e02290—20. https://doi.org/10.1128/AAC.
02290-20 Erratum in: Antimicrob Agents Chemother. 2021 Jun 17;65(7):e0094321. PMID: 33229428;
PMCID: PMC7849020.

Higgs ES, Gayedyu-Dennis D, Fisher W, Nason M, Reilly C, Beavogui AH, Aboulhab J,et al. PREVAIL
IV: A Randomized, Double-Blind, Two-Phase, Phase 2 Trial of remdesivir versus Placebo for Reduction
of Ebola Virus RNA in the Semen of Male Survivors. Clin Infect Dis. 2021 Mar 12:ciab215. https://doi.
org/10.1093/cid/ciab215 Epub ahead of print. PMID: 33709142.

Grein J, Ohmagari N, Shin D, Diaz G, Asperges E, Castagna A,et al. Compassionate Use of remdesivir
for Patients with Severe Covid-19. N Engl J Med. 2020 Jun 11; 382(24):2327-2336. https://doi.org/10.
1056/NEJMo0a2007016 Epub 2020 Apr 10. PMID: 32275812; PMCID: PMC7169476.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 18/21


https://doi.org/10.1021/acs.jmedchem.6b01594
https://doi.org/10.1021/acs.jmedchem.6b01594
http://www.ncbi.nlm.nih.gov/pubmed/28124907
https://doi.org/10.3390/v11040326
http://www.ncbi.nlm.nih.gov/pubmed/30987343
https://doi.org/10.1126/scitranslmed.aau9242
http://www.ncbi.nlm.nih.gov/pubmed/31142680
https://doi.org/10.1038/srep43395
http://www.ncbi.nlm.nih.gov/pubmed/28262699
https://doi.org/10.1074/jbc.RA120.013679
https://doi.org/10.1074/jbc.RA120.013679
http://www.ncbi.nlm.nih.gov/pubmed/32284326
https://doi.org/10.1074/jbc.AC120.015720
http://www.ncbi.nlm.nih.gov/pubmed/32967965
https://doi.org/10.1371/journal.ppat.1006889
http://www.ncbi.nlm.nih.gov/pubmed/29425244
https://doi.org/10.1128/mBio.00221-18
http://www.ncbi.nlm.nih.gov/pubmed/29511076
https://doi.org/10.3390/v12010092
http://www.ncbi.nlm.nih.gov/pubmed/31941095
https://doi.org/10.1093/infdis/jiaa290
http://www.ncbi.nlm.nih.gov/pubmed/32479636
https://doi.org/10.1038/s41467-021-22132-0
http://www.ncbi.nlm.nih.gov/pubmed/33767178
http://www.ncbi.nlm.nih.gov/pubmed/8712894
https://doi.org/10.1038/s41598-020-79139-8
https://doi.org/10.1038/s41598-020-79139-8
http://www.ncbi.nlm.nih.gov/pubmed/33414495
https://clinicaltrials.gov/ct2/show/NCT04385719
https://doi.org/10.1016/j.ekir.2020.10.005
https://doi.org/10.1016/j.ekir.2020.10.005
http://www.ncbi.nlm.nih.gov/pubmed/33073066
https://doi.org/10.1128/AAC.02290-20
https://doi.org/10.1128/AAC.02290-20
http://www.ncbi.nlm.nih.gov/pubmed/33229428
https://doi.org/10.1093/cid/ciab215
https://doi.org/10.1093/cid/ciab215
http://www.ncbi.nlm.nih.gov/pubmed/33709142
https://doi.org/10.1056/NEJMoa2007016
https://doi.org/10.1056/NEJMoa2007016
http://www.ncbi.nlm.nih.gov/pubmed/32275812
https://doi.org/10.1371/journal.pntd.0010220

PLOS NEGLECTED TROPICAL DISEASES

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, et al. Remdesivir and chloroquine effectively inhibit the
recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020 Mar; 30(3):269-271. https://
doi.org/10.1038/s41422-020-0282-0 Epub 2020 Feb 4. PMID: 32020029; PMCID: PMC7054408.

Agrati C, Castilletti C, Casetti R, Sacchi A, Falasca L, Turchi F, et al. Longitudinal characterization of
dysfunctional T cell-activation during human acute Ebola infection. Cell Death Dis. 2016 Mar 31; 7(3):
e2164. https://doi.org/10.1038/cddis.2016.55 PMID: 27031961; PMCID: PMC4823956.

Mbala-Kingebeni P, Pratt C, Mutafali-Ruffin M, Pauthner MG, Bile F, Nkuba-Ndaye A, et al. Ebola Virus
Transmission Initiated by Relapse of Systemic Ebola Virus Disease. N Engl J Med. 2021 Apr 1; 384
(13):1240-1247. https://doi.org/10.1056/NEJMoa2024670 PMID: 33789012; PMCID: PMC7888312.

Sheahan TP, Sims AC, Graham RL, Menachery VD, Gralinski LE, Case JB, et al., Broad-spectrum anti-
viral GS-5734 inhibits both epidemic and zoonotic coronaviruses. Sci Transl Med. 2017 Jun 28; 9(396):
eaal3653. https://doi.org/10.1126/scitransimed.aal3653 PMID: 28659436; PubMed Central PMCID:
PMC5567817.

Brown AJ, Won JJ, Graham RL, Dinnon KH 3rd, Sims AC, Feng JY, et al. Broad spectrum antiviral
remdesivir inhibits human endemic and zoonotic deltacoronaviruses with a highly divergent RNA
dependent RNA polymerase. Antiviral Res. 2019 Sep; 169:104541. hitps://doi.org/10.1016/j.antiviral.
2019.104541 Epub 2019 Jun 21. PMID: 31233808; PMCID: PMC6699884.

Jordan R, Hogg A, Warren T, De Wit E, Sheahan T, Lo M, et al. Broad-spectrum Investigational Agent
GS-5734 for the Treatment of Ebola, MERS Coronavirus and Other Pathogenic Viral Infections with
High Outbreak Potential. Open Forum Infect Dis. 2017 Oct 4; 4(Suppl 1):S737. https://doi.org/10.1093/
ofid/ofx180.008 PMCID: PMC5630887.

de Wit E, Feldmann F, Cronin J, Jordan R, Okumura A, Thomas T, et al. Prophylactic and therapeutic
remdesivir (GS-5734) treatment in the rhesus macaque model of MERS-CoV infection. Proc Natl Acad
SciU S A. 2020 Mar 24; 117(12):6771-6776. https://doi.org/10.1073/pnas.1922083117 Epub 2020 Feb
13. PMID: 32054787; PMCID: PMC7104368.

Goldman JD, Lye DCB, Hui DS, Marks KM, Bruno R, Montejano R, et al. GS-US-540-5773 Investiga-
tors. Remdesivir for 5 or 10 Days in Patients with Severe Covid-19. N Engl J Med. 2020 Nov 5; 383
(19):1827-1837. https://doi.org/10.1056/NEJMoa2015301 Epub 2020 May 27. PMID: 32459919;
PMCID: PMC7377062.

Spinner CD, Gottlieb RL, Criner GJ, Arribas Lopez JR, Cattelan AM, Soriano Viladomiu A. GS-US-540-
5774 Investigators et al. Effect of remdesivir vs Standard Care on Clinical Status at 11 Days in Patients
With Moderate COVID-19: A Randomized Clinical Trial. JAMA. 2020 Sep 15; 324(11):1048-57. https://
doi.org/10.1001/jama.2020.16349 PMID: 32821939; PubMed Central PMCID: PMC7442954.

Food and Drug Administration Emergency Use Authorization. October 2020. Available from: https:/
www.fda.gov/media/137564/download

Schaefer IM, Padera RF, Solomon IH, Kanjilal S, Hammer MM, Hornick JL, et al. In situ detection of
SARS-CoV-2 in lungs and airways of patients with COVID-19. Mod Pathol. 2020 Nov; 33(11):2104—
2114, https://doi.org/10.1038/s41379-020-0595-z Epub 2020 Jun 19. PMID: 32561849; PMCID:
PMC7304376.

Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S, Harp J, et al. Complement associated microvascu-
lar injury and thrombosis in the pathogenesis of severe COVID-19 infection: A report of five cases.
Transl Res. 2020 Jun; 220:1-13. https://doi.org/10.1016/j.trs.2020.04.007 Epub 2020 Apr 15. PMID:
32299776; PMCID: PMC7158248.

Kalil AC, Patterson TF, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan V, the ACTT-2 Study Group
Members. Baricitinib plus remdesivir for Hospitalized Adults with Covid-19. N Engl J Med. 2021 Mar 4;
384(9):795-807. https://doi.org/10.1056/NEJM0a2031994 Epub 2020 Dec 11. PMID: 33306283;
PMCID: PMC7745180.

Clinical Trials Registry. https://clinicaltrials.gov/ct2/show/NCT04409262

Salama C, Han J, Yau L, Reiss WG, Kramer B, Neidhart JD, et al. Tocilizumab in Patients Hospitalized
with Cod-19 Pneumonia. N Engl J Med. 2021 Jan 7; 384(1):20-30. https://doi.org/10.1056/
NEJMo0a2030340 Epub 2020 Dec 17. PMID: 33332779; PMCID: PMC7781101.

Hill JA, Menon MP, Dhanireddy S, Wurfel MM, Green M, Jain R, et al. Tocilizumab in hospitalized
patients with COVID-19: Clinical outcomes, inflammatory marker kinetics, and safety. J Med Virol. 2021
Apr; 93(4):2270-2280. https://doi.org/10.1002/jmv.26674 Epub 2020 Nov 22. PMID: 33200828;
PMCID: PMC7753799.

National Institutes of Health [NIH]. Coronavirus disease 2019 [COVID-19] treatment guidelines. Avail-
able from: https://covid19treatmentguidelines.nih.gov/. [cited 2020 Dec 2].

Bhimraj A, Morgan RL, Shumaker AH, Lavergne V, Baden L, Cheng VC, et al. Infectious Diseases Soci-
ety of America Guidelines on the Treatment and Management of Patients with COVID-19. Clin Infect

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 19/21


https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1038/s41422-020-0282-0
http://www.ncbi.nlm.nih.gov/pubmed/32020029
https://doi.org/10.1038/cddis.2016.55
http://www.ncbi.nlm.nih.gov/pubmed/27031961
https://doi.org/10.1056/NEJMoa2024670
http://www.ncbi.nlm.nih.gov/pubmed/33789012
https://doi.org/10.1126/scitranslmed.aal3653
http://www.ncbi.nlm.nih.gov/pubmed/28659436
https://doi.org/10.1016/j.antiviral.2019.104541
https://doi.org/10.1016/j.antiviral.2019.104541
http://www.ncbi.nlm.nih.gov/pubmed/31233808
https://doi.org/10.1093/ofid/ofx180.008
https://doi.org/10.1093/ofid/ofx180.008
https://doi.org/10.1073/pnas.1922083117
http://www.ncbi.nlm.nih.gov/pubmed/32054787
https://doi.org/10.1056/NEJMoa2015301
http://www.ncbi.nlm.nih.gov/pubmed/32459919
https://doi.org/10.1001/jama.2020.16349
https://doi.org/10.1001/jama.2020.16349
http://www.ncbi.nlm.nih.gov/pubmed/32821939
https://www.fda.gov/media/137564/download
https://www.fda.gov/media/137564/download
https://doi.org/10.1038/s41379-020-0595-z
http://www.ncbi.nlm.nih.gov/pubmed/32561849
https://doi.org/10.1016/j.trsl.2020.04.007
http://www.ncbi.nlm.nih.gov/pubmed/32299776
https://doi.org/10.1056/NEJMoa2031994
http://www.ncbi.nlm.nih.gov/pubmed/33306283
https://clinicaltrials.gov/ct2/show/NCT04409262
https://doi.org/10.1056/NEJMoa2030340
https://doi.org/10.1056/NEJMoa2030340
http://www.ncbi.nlm.nih.gov/pubmed/33332779
https://doi.org/10.1002/jmv.26674
http://www.ncbi.nlm.nih.gov/pubmed/33200828
https://covid19treatmentguidelines.nih.gov/
https://doi.org/10.1371/journal.pntd.0010220

PLOS NEGLECTED TROPICAL DISEASES

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Dis. 2020 Apr 27:ciaa478. https://doi.org/10.1093/cid/ciaa478 Epub ahead of print. PMID: 32338708;
PMCID: PMC7197612.

ACTIV-3/TICO LY-CoV555 Study Group, Lundgren JD, Grund B, Barkauskas CE, Holland TL, Gottlieb
RL, et al. A Neutralizing Monoclonal Antibody for Hospitalized Patients with Covid-19. N Engl J Med.
2021 Mar 11; 384(10):905-914. https://doi.org/10.1056/NEJM0a2033130 Epub 2020 Dec 22. PMID:
33356051; PMCID: PMC7781100.

FDA Emergency Use Authorization for Bamlanavimab. Available from: https://www.fda.gov/media/
143603/download

Gottlieb RL, Nirul A, Chen P, Boscia J, Heller B, Morris J, Huhn G, et al. Effect of Bamlanivimab as
Monotherapy or in Combination With Etesevimab on Viral Load in Patients With Mild to Moderate
COVID-19: A Randomized Clinical Trial. JAMA. 2021 Feb 16; 325(7):632—644. https://doi.org/10.1001/
jama.2021.0202 PMID: 33475701; PMCID: PMC7821080.

Kuzmina NA, Younan P, Gilchuk P, Santos R, Flyak Al, llinykh PA, et al. Antibody-Dependent
Enhancement of Ebola Virus Infection by Human Antibodies Isolated from Survivors. Cell Rep. 2018
Aug 14; 24(7):1802—-1815.€5. https://doi.org/10.1016/j.celrep.2018.07.035 PMID: 30110637; PMCID:
PMC6697154.

Dowling W, Thompson E, Badger C, Mellquist JL, Garrison AR, Smith JM, et al. Influences of glycosyla-
tion on antigenicity, immunogenicity, and protective efficacy of ebola virus GP DNA vaccines. J Virol.
2007 Feb; 81(4):1821-37. https://doi.org/10.1128/JV1.02098-06 Epub 2006 Dec 6. PMID: 17151111;
PMCID: PMC1797596.

Falzarano D, Krokhin O, Van Domselaar G, Wolf K, Seebach J, Schnittler HJ, et al. Ebola sGP—the
first viral glycoprotein shown to be C-mannosylated. Virology. 2007 Nov 10; 368(1):83—-90. https://doi.
org/10.1016/j.virol.2007.06.015 Epub 2007 Jul 20. PMID: 17659315; PMCID: PMC7103365.

de La Vega MA, Caleo G, Audet J, Qiu X, Kozak RA, Brooks JI, et al. Ebola viral load at diagnosis asso-
ciates with patient outcome and outbreak evolution. J Clin Invest. 2015 Dec; 125(12):4421-8. https:/
doi.org/10.1172/JCI83162 Epub 2015 Nov 9. PMID: 26551677; PMCID: PMC4665775.

Xu S, Jiao C, Jin H, LiW, Li E, Cao Z, et al. A Novel Bacterium-Like Particle-Based Vaccine Displaying
the SUDV Glycoprotein Induces Potent Humoral and Cellular Immune Responses in Mice. Viruses.
2019 Dec 11; 11(12):1149. https://doi.org/10.3390/v11121149 PMID: 31835785; PMCID:
PMC6950126.

Bournazos S, Gupta A, Ravetch JV. The role of IgG Fc receptors in antibody-dependent enhancement.
Nat Rev Immunol. 2020 Oct; 20(10):633—643. https://doi.org/10.1038/s41577-020-00410-0 Epub 2020
Aug 11. PMID: 32782358; PMCID: PMC7418887.

Takada A, Kawaoka Y. Antibody-dependent enhancement of viral infection: molecular mechanisms
and in vivo implications. Rev Med Virol. 2003 Nov-Dec; 13(6):387-98. https://doi.org/10.1002/rmv.405
PMID: 14625886.

Shifflett K, Marzi A. Marburg virus pathogenesis—differences and similarities in humans and animal
models. Virol J. 2019 Dec 30; 16(1):165. https://doi.org/10.1186/s12985-019-1272-z PMID: 31888676;
PMCID: PMC6937685.

Beeching NJ, Fenech M, Houlihan CF. Ebola virus disease. BMJ. 2014 Dec; 10; 349:g7348. https://doi.
org/10.1136/bmj.g7348 PMID: 25497512; PMCID: PMC4707720.

Brainard J, Pond K, Hooper L, Edmunds K, Hunter P. Presence and Persistence of Ebola or Marburg
Virus in Patients and Survivors: A Rapid Systematic Review. PLoS Negl Trop Dis. 2016 Feb 29; 10(2):
e€0004475. https://doi.org/10.1371/journal.pntd.0004475 PMID: 26927697; PMCID: PMC4771830.

Daddario-DiCaprio KM, Geisbert TW, Stréher U, Geisbert JB, Grolla A, Fritz EA, et al. Postexposure
protection against Marburg haemorrhagic fever with recombinant vesicular stomatitis virus vectors in
non-human primates: an efficacy assessment. Lancet. 2006 Apr 29; 367(9520):1399-404. https://doi.
org/10.1016/S0140-6736(06)68546-2 PMID: 16650649.

Geisbert TW, Hensley LE, Larsen T, Young HA, Reed DS, Geisbert JB, et al. Pathogenesis of Ebola
hemorrhagic fever in cynomolgus macaques: evidence that dendritic cells are early and sustained tar-
gets of infection. Am J Pathol. 2003 Dec; 163(6):2347-70. https://doi.org/10.1016/S0002-9440(10)
63591-2 PMID: 14633608; PMCID: PMC1892369.

Geisbert TW, Daddario-DiCaprio KM, Geisbert JB, Young HA, Formenty P, et al. Marburg virus Angola
infection of rhesus macaques: pathogenesis and treatment with recombinant nematode anticoagulant
protein c2. J Infect Dis. 2007 Nov 15; 196(Suppl2):S372-81. https://doi.org/10.1086/520608 PMID:
17940973; PubMed Central PMCID: PMC7110112.

Geisbert TW, Hensley LE, Geisbert JB, Leung A, Johnson JC, Grolla A, et al. Postexposure treatment
of Marburg virus infection. Emerg Infect Dis. 2010 Jul; 16(7):1119-22. https://doi.org/10.3201/eid1607.
100159 PMID: 20587184; PMCID: PMC3321919.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 20/21


https://doi.org/10.1093/cid/ciaa478
http://www.ncbi.nlm.nih.gov/pubmed/32338708
https://doi.org/10.1056/NEJMoa2033130
http://www.ncbi.nlm.nih.gov/pubmed/33356051
https://www.fda.gov/media/143603/download
https://www.fda.gov/media/143603/download
https://doi.org/10.1001/jama.2021.0202
https://doi.org/10.1001/jama.2021.0202
http://www.ncbi.nlm.nih.gov/pubmed/33475701
https://doi.org/10.1016/j.celrep.2018.07.035
http://www.ncbi.nlm.nih.gov/pubmed/30110637
https://doi.org/10.1128/JVI.02098-06
http://www.ncbi.nlm.nih.gov/pubmed/17151111
https://doi.org/10.1016/j.virol.2007.06.015
https://doi.org/10.1016/j.virol.2007.06.015
http://www.ncbi.nlm.nih.gov/pubmed/17659315
https://doi.org/10.1172/JCI83162
https://doi.org/10.1172/JCI83162
http://www.ncbi.nlm.nih.gov/pubmed/26551677
https://doi.org/10.3390/v11121149
http://www.ncbi.nlm.nih.gov/pubmed/31835785
https://doi.org/10.1038/s41577-020-00410-0
http://www.ncbi.nlm.nih.gov/pubmed/32782358
https://doi.org/10.1002/rmv.405
http://www.ncbi.nlm.nih.gov/pubmed/14625886
https://doi.org/10.1186/s12985-019-1272-z
http://www.ncbi.nlm.nih.gov/pubmed/31888676
https://doi.org/10.1136/bmj.g7348
https://doi.org/10.1136/bmj.g7348
http://www.ncbi.nlm.nih.gov/pubmed/25497512
https://doi.org/10.1371/journal.pntd.0004475
http://www.ncbi.nlm.nih.gov/pubmed/26927697
https://doi.org/10.1016/S0140-6736%2806%2968546-2
https://doi.org/10.1016/S0140-6736%2806%2968546-2
http://www.ncbi.nlm.nih.gov/pubmed/16650649
https://doi.org/10.1016/S0002-9440%2810%2963591-2
https://doi.org/10.1016/S0002-9440%2810%2963591-2
http://www.ncbi.nlm.nih.gov/pubmed/14633608
https://doi.org/10.1086/520608
http://www.ncbi.nlm.nih.gov/pubmed/17940973
https://doi.org/10.3201/eid1607.100159
https://doi.org/10.3201/eid1607.100159
http://www.ncbi.nlm.nih.gov/pubmed/20587184
https://doi.org/10.1371/journal.pntd.0010220

PLOS NEGLECTED TROPICAL DISEASES

80.

81.

82.

83.

Glaze ER, Roy MJ, Dalrymple LW, Lanning LL. A Comparison of the Pathogenesis of Marburg Virus
Disease in Humans and Nonhuman Primates and Evaluation of the Suitability of These Animal Models
for Predicting Clinical Efficacy under the ’Animal Rule’. Comp Med. 2015 Jun; 65 (3):241-59. PMID:
26141449; PubMed Central PMCID: PMC4485633.

Merchlinsky M, Albright A, Olson V, Schiltz H, Merkeley T, Hughes C, Petersen B, Challberg M. The
development and approval of tecoviromat (TPOXX()), the first antiviral against smallpox. Antiviral Res.
2019 Aug; 168:168—-174. https://doi.org/10.1016/j.antiviral.2019.06.005 Epub 2019 Jun 7.PMID:
31181284

Delaune D, Iseni F. Drug Development against Smallpox: Present and Future. Antimicrob Agents Che-
mother. 2020 Mar 24; 64(4):e01683—19. https://doi.org/10.1128/AAC.01683-19 Print 2020 Mar 24.
PMID: 31932370

Etard JF, Sow MS, Leroy S, Touré A, Taverne B, Keita AK, and the Postebogui Study Group. Multidisci-
plinary assessment of post-Ebola sequelae in Guinea (Postebogui): an observational cohort study. Lan-
cet Infect Dis. 2017 May; 17(5):545-552. https://doi.org/10.1016/S1473-3099(16)30516-3 Epub 2017
Jan 14. PMID: 28094208.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010220 March 8, 2022 21/21


http://www.ncbi.nlm.nih.gov/pubmed/26141449
https://doi.org/10.1016/j.antiviral.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31181284
https://doi.org/10.1128/AAC.01683-19
http://www.ncbi.nlm.nih.gov/pubmed/31932370
https://doi.org/10.1016/S1473-3099%2816%2930516-3
http://www.ncbi.nlm.nih.gov/pubmed/28094208
https://doi.org/10.1371/journal.pntd.0010220

