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Abstract

The success of an antiviral drug depends on its potency to neutralize the virus in vitro and its ability after administration in vivo to reach the
anatomic compartments that fuel viral dissemination in the body. For instance, remdesivir, a potent SARS-CoV-2 antiviral drug based on studies
in vitro, if administered orally would be poorly effective because low drug levels would reach the lungs due to its high first pass destruction in
the liver. This is the reason remdesivir can only be administered intravenously, a requirement that clearly limits its use as a prophylactic agent
for COVID-19, although novel formulations for its easier administration are under development. Whether an antiviral prophylaxis could further
control or even stop the COVID-19 epidemic in synergy with other non-pharmacological based mitigation strategies is today unknown. Since the
mid-1960s, pharmacologists have investigated the use of lipid-based nanoparticles for efficient delivery of antivirals to tissues, for example by
transforming the route of administration from intravenous to oral, subcutaneous or aerosol administrations. These novel encapsulation strategies
have also the potential to maintain high levels of the antiviral drugs in tissues, with reduced dose frequency compared to the non-encapsulated
drug. Several lipid-based nanoparticles are today approved by the US Food and Drug Administration or being tested in clinical studies with
favorable toxicity profiles.

Nonhuman primate models of coronavirus infection offer unique platforms to accelerate the search for SARS-CoV-2 antiviral prophylaxis.
Paradigms, to corroborate this claim, are borrowed from nonhuman primate research studies, some of which had a profound impact on global
public health in the specific setting of the AIDS pandemic. Sharing information from nonhuman primate research programs, invoking principles
of scientific transparency and bioethics similar to those universally agreed for human studies, would also likely significantly help our collective
fight (as the human species) against this public health emergency.
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The success of an antiviral drug in fighting a virus depends,
however, not only on how potent the drug is in inhibiting the virus
in vitro but also on how well the drug penetrates the anatomic
compartments in which the virus mostly replicates in vivo; the lungs
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mid-1960s, pharmacologists have investigated the use of lipid-based
nanoparticles for efficient delivery of antivirals and other drugs, for
example by transforming the route of administration from intravenous
to oral, subcutaneous or aerosol administrations [7,8], with potentially
useful ramifications in the pharmacoeconomics of developing
countries [9]. These novel encapsulation strategies are capable of
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maintaining high levels of the antiviral drugs in tissues, with reduced
dose frequency. For instance, Kaletra in its oral formulation requires
daily administration due to its rapid clearance, but data produced
from nonhuman primates have demonstrated that the equivalent
mass of one pill of Kaletra formulated as a lipid-nanoparticle for
subcutaneous administration achieves approximately 10-fold higher
concentrations in lymph nodes for about one week [10]. Similarly, the
lipid-nanoparticle encapsulation of tenofovir, a nucleotide analogue
used to treat HIV and hepatitis B infection that has some structural
and functional similarities with remdesivir, has also been shown to
enhance tissue concentrations and prolong retention of its active
phosphorylated moieties in nonhuman primate studies [11]. The
opportunity offered by nanoparticle technologies, not only to simplify
the administration of a candidate antiviral drug, but also to enhance
its concentrations in tissues, is relevant in the search for SARS-CoV-2
antiviral prophylaxes, especially given the limited data we have today
for the penetration in the lungs or in the upper airways of most anti-
SARS-CoV-2 repurposed antivirals [12], including lopinavir/ritonavir
[13] and nelfinavir (another HIV-1 protease-inhibitor with a favorable
EC50 against coronaviruses [14]). It is well known that lipophilic drugs
preferentially penetrate the lungs and, in fact, this formed the rationale
for encapsulating certain hydrophilic drugs in liposomes to promote
delivery to the pulmonary compartment [15,16]. One example is
amphotericin, an antifungal drug encapsulated in nanocochleates
(soy-bean organic-based lipid particles) which can be formulated as
an oral drink. Pharmacodynamic animal studies have advanced to
phase-II clinical trials, in which patients are being administered the
oral nanocochleate antifungal formulation, which appears to offer an
overall effective oral formulation associated with low toxicity after
prolonged (more than one year) continuous treatment [17]. Several
lipid-based nanoparticles are today approved by the US Food and
Drug Administration or being tested in clinical studies with favorable
toxicity profiles [18]. Indeed these nanocarriers, by affecting the
biodistribution in the body of the encapsulated antiviral compound,
can substantially modify toxicological properties of the formulated
drug. Of note, subcutaneous and aerosol formulations of remdesivir
are now under development [19].

Consistent with the ranking by in vitro potency (the EC50),
clinical trials in which these drugs have been administered to
COVID-19 patients have thus far shown clear evidence of therapeutic
potential only for remdesivir (intravenous formulation) [5,6].
Pharmacodynamic correlates of poor clinical responses could guide
efforts in the search for an optimal prophylaxis. For instance, the
antiviral drug Kaletra (available in pills) has been administered to
COVID-19 patients with the same dose used to treat HIV-1 infected
patients; however, its potency in vitro against SARS-CoV-2 is known
to be significantly weaker than against HIV-1 [20].

Lessons Learned from the History of HIV-Prophylaxis
Research

A successful antiviral prevention strategy is Truvada-PrEP for
HIV, a combination of two nucleo(t)side analogues, that is lighter than
the combination therapies (Highly Active Anti-Retroviral Therapy,
HAART) used to treat HIV-1 infected patients, with important
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toxicological implications. Of note, dosing and administration
strategies to conceive Truvada-PrEP (tenofovir+emtricitabine) were
generated primarily from two monkey studies that produced, through
invasive experimental designs not implementable in humans, precious
data on the minimal drug levels needed in tissues to achieve protection
from viral challenges [21,22]. These molecules attack the polymerase
of HIV (or of lentiviruses that possess replication capacity in monkeys
similar to HIV in humans, e.g. the simian-human immunodeficiency
virus, SIV/SHIV) with a mechanism similar to the one adopted
by remdesivir to attack the polymerase of several coronaviruses
(including SARS-CoV-2), i.e. as chain terminators by mimicking the
structure of a natural nucleoside [23].

Those studies demonstrated that the administration of two pills
of Truvada (two hours prior to viral exposure) followed by two
consecutive pills at 24 and 48 hours post-exposure provided sufficient
drug levels in the rectal mucosa tissue to cut most viral transmissions.
That prophylactic regimen (later called “On-Demand”) achieved in
monkeys a protection similar to that achieved through daily drug
administrations. This data prompted randomized clinical trials of
“On-Demand-PrEP” prophylaxis, which confirmed an efficacy similar
to the one estimated with the heavier “Daily-PrEP” regimen [24] and
which later received endorsement in revised HIV treatment and
prevention recommendations issued by the International Antiviral
Society-USA [25]. Hence the former are two examples of nonhuman
primate studies that have had a profound impact on public health
worldwide.

Similarly, two  decades earlier, the simian-human
immunodeficiency virus (SIV/SHIV)-monkey model had been used
to generate the HIV Post-Exposure Prophylaxis (PEP) guidelines we
are using today for both occupational and non-occupational exposure
to HIV, by demonstrating the effectiveness of a cocktail of HIV drugs
(a combination of antiretrovirals similar to the one administered to
HIV-1 infected patients, for four consecutive weeks), in preventing
viral transmission if administered within 72 hours (but the sooner
the better) from viral exposure [26,27]. The length of this window of
opportunity for HIV PEP was identified, again, through nonhuman
primate studies, in which lentiviruses replicate with dissemination
capacity and antiviral drugs distribute in tissues with kinetics, much
more similar to humans than any other animal model in our hands.
In general, although animal models (including nonhuman primates)
are known to be poor predictors (for obvious reasons) of the efficacy
of specific HIV vaccines in humans [28], the monkey models proved
to be valuable resources, during the past decades, in predicting the
efficacy of antiviral HIV strategies not only as prophylaxis but also in
the therapeutic arena.

The lessons learned from HIV and Truvada-PrEP studies include
the following: 1) an antiviral may show a weak therapeutic effect,
especially if administered late in the course of the viral induced
disease, yet can effectively cut most viral transmissions if administered
prophylactically. This observation holds true also for COVID-19. For
instance, a recent study in a coronavirus rodent model showed that
another nucleoside analogue with in vitro inhibitory activity similar to
remdesivir can efficiently reduce viral replication in the lungs yet may
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fail to prevent disease progression if administered too late [29]; and
2) the higher the drug concentration in the anatomic compartments
that fuel viral dissemination in the body, the higher the efficacy of the
pharmacologic prevention strategy aimed at promptly eradicating the
virus from the body [30]. The latter observation built the rationale
for encapsulating HIV drugs in lipid-nanoparticles in research
programs developed in the past decades [31], with the dual objective
of simplifying (by reducing dosing frequency) and optimizing (by
enhancing drug tissue levels) the delivery of antiretroviral drugs for
both HIV-1 prevention and treatment, through proof-of-concept
studies in nonhuman primate models of AIDS; an important
experimental step for its effective translation into human studies.

The same experimental designs can be efficiently conceived to
develop medical countermeasures to COVID-19 through the SARS-
CoV-2rhesus macaque model [32], which induces a respiratory disease
milder than in COVID-19 patients, but that replicates at similar levels
in the lungs [33,34]. In general, although non-invasive in vivo imaging
technologies have also been used to study the biodistribution of
antiviral drugs (including in the upper and lower respiratory tracts of
humans [35,36]), our understanding of how an antiviral prophylaxis
strategy succeeds or fails in protecting people from SARS-CoV-2
infection would inherently advance (as it did for HIV prophylaxis), by
designing viral challenge experiments and producing measurements
directly in tissues using these animal models. Sharing information
from nonhuman primate research programs on what antiviral
strategies are being tested on these animal models for COVID-19
throughout the world, invoking principles of scientific transparency
and bioethics similar to those universally agreed for human studies
(e.g. by registering studies in public databases) [37], would also likely
significantly help our collective fight (as the human species) against
this public health emergency [38].

These studies could also, in principle, be efficiently designed using
other nonhuman-primate coronavirus animal models [39], especially
if the antiviral target is the polymerase gene, given its high level of
sequence conservation through evolution [29]. To date, remdesivir is
the only antiviral drug tested in nonhuman primate models of SARS-
CoV-2 with published observations [39,40]. Macaques infected with
either the MERS-CoV [39] or the SARS-CoV-2 [40] rapidly cleared the
virus following intravenous administration of remdesivir compared to
untreated controls, consistent with the successful therapeutic effect
of remdesivir observed in COVID-19 patients [6]. Data from both
monkey studies also predict that remdesivir could prevent SARS-
CoV-2 infection in humans, if used prophylactically. Prophylactic
remdesivir (intravenous) treatment had been also successfully tested
in nonhuman primates models of Ebola virus [41] and Nipah virus
infection [42], two RNA viruses with an RNA-dependent RNA
polymerase also highly sensitive to its inhibitory activity [43]. Indeed,
both the cynomolgus [44] and the rhesus macaque models [45] of
SARS-CoV-2 infection are being interrogated in these weeks to test
the prophylactic efficacy of hydroxychloroquine.

These studies have been run in laboratories with the highest levels
of biological safety (biosafety level-3 [39,40,44,45] and biosafety level-4
[41,42]) due to the high risk these pathogens pose to research personnel,
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which are very expensive to build and maintain, hence not readily
available in most countries [46]. The modification of an antiviral, e.g.
through lipid nanoparticle technology, as anticipated above, requires
preliminary testing in vitro as well as in animal models. Specifically,
there is need to demonstrate that the lipid structure does not impair the
inhibitory activity of the encapsulated antiviral (e.g. does not increase
its EC50 against the challenge virus). In healthy uninfected animals,
biodistribution studies are subsequently needed to demonstrate that
the encapsulated antiviral is capable of reaching the tissues in which
the virus is expected to mostly replicate in vivo, and, in the case of a
nucleoside analogue (like remdesivir), that its active phosphorylated
moieties are produced at sufficient concentrations in those tissues. These
preliminary pharmacokinetic studies will inform on the optimal dose of
the encapsulated antiviral under scrutiny and on how frequently it will
need to be administered in the pharmacodynamic studies. The latter
studies can demonstrate the feasibility of the modified antiviral drug to
exert its inhibitory activity in an infected host, hence an important step
for the translation of the nanoparticle approach to human studies.

While alternative animal models could possibly serve the
pharmacodynamic study objectives, the nonhuman primate model
is likely the best model to accelerate this area of research. To my
knowledge, coronaviruses less pathogenic to humans [47] but still
sensitive to the inhibitory activity of remdesivir [48] (and possibly
to other antiviral drugs [29]) have not been tested in nonhuman
primates, although serologic studies suggest that these viruses
may be able to replicate well in these hosts [49]. Indeed, a 229E
coronavirus experimental infection study in normal volunteers failed
to demonstrate efficacy of a nucleoside analogue for prophylaxis, as
previously shown in rodent models, possibly due to the differential
tissue pharmacokinetics of the specific drug under scrutiny in the two
evolutionarily distant hosts [50].

In other words, “non-perfect” nonhuman primate models (i.e.
those in which the SARS-CoV-2 or an older cousin does not cause
disease yet replicates in tissues at levels similar to humans) can
still generate useful data to screen prophylactic antiviral strategies,
including, for instance, lipid nanoparticle formulations of “non-
perfect” antiviral drugs (i.e. a putative antiviral drug failing to
demonstrate a robust therapeutic effect in patients with advanced
COVID-19 or if suboptimal drug levels in the lungs are confirmed
from preclinical or post-mortem studies). Had we not discovered
the rhesus-macaque model of HIV infection (in which the simian
immunodeficiency virus [SIV] causes a disease similar to AIDS), we
likely still would have generated pharmacodynamic data using the
natural hosts of SIV infection (in which SIV does not cause disease,
but still replicates in the body at levels similar to HIV in humans or
SIV in the non-natural nonhuman-primate hosts [51]) equally useful
for their inference to HIV-(post- and pre-exposure) prophylaxis (PEP
and PrEP, respectively) in humans.

Had We the Equivalent of Truvada-Prep for SARS-
CoV-2, How Would We Use it to Mitigate COVID-19?

Pharmacologic-based mitigation strategies to curb epidemics
have been postulated [52], but their efficacy in synergy with social
distancing and face mask wearing mitigation strategies (with or
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without digital contact-tracing technology [53]) for an epidemic with
a doubling-time and dynamic features similar to COVID-19 [54,55] is
today unknown. Consensus is growing among modelers, however, that
mitigation strategies interventions (which primarily act on reducing
the same variable of the viral transmission dynamic models adopted
in their studies, i.e. the infectivity rate) work best in keeping the
number of new cases at bay (or could even stop the epidemic [53]), if
administered when the pool of infected people is small, i.e. during the
early steps of a viral outbreak or when the R-naught (average number
of people that one infected person will pass the virus to) has been
sufficiently reduced, for instance following a period of effective lock-
down [53,55]. The larger the initial pool of infected people, the more
aggressive the interventions aimed to promptly control an epidemic
may need to be (including voluntary centralized quarantine) [56].

Efforts in this area of mathematical modeling research are
critically needed to serve this and any future viral outbreak. For
bioethical reasons, similarly to what happened for PEP studies in
the 1990s, once the effectiveness of the first available COVID-19
prophylaxes is demonstrated, it will be difficult to estimate the relative
contribution of each mitigation strategy to the curve of new cases in
a given region. Epidemiological models of COVID-19 for instance
predict that a 50% reduction in within-population contact rates can
already have a dramatic effect in slowing the course of the epidemic
[54]. Massive data sharing among countries, which will likely adopt
different combinations of those strategies at different times, will be of
utmost importance to produce that knowledge.

The role of an antiviral prophylaxis goes beyond its ability to
substantially impact the curve of cases. The high likelihood of SARS-
CoV-2 transmission among individuals living in households with
infected people [57] offers an important context in which a safe
antiviral drug is highly desired to protect, first of all, those at high risk
of severe disease, such as the elderly with chronic health conditions, as
well as those at high risk of contracting the virus through occupational
exposure. This would enhance the quality of life not only for uninfected
adults living in the same household but also for the COVID-19
patients who could go through the quarantine period with less fear of
infecting those who gravitate around their lives; a peace of mind that
carries priceless benefits to patient welfare, somewhat similar (within
the limitations of the proposed parallelism) to those experienced by
HIV serodiscordant couples with the advent of Truvada-PrEP.
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