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Broad-Spectrum Antiviral Agents Based on Multivalent

Inhibitors of Viral Infectivity

Alexander N. Zelikin* and Francesco Stellacci*

The ongoing pandemic of the coronavirus disease (Covid-19), caused by the
spread of the severe acute respiratory syndrome coronavirus 2 (SARS CoV-2),
highlights the need for broad-spectrum antiviral drugs. In this Essay, it is
argued that such agents already exist and are readily available while
highlighting the challenges that remain to translate them into the clinic.
Multivalent inhibitors of viral infectivity based on polymers or supramolecular
agents and nanoparticles are shown to be broadly acting against diverse
pathogens in vitro as well as in vivo. Furthermore, uniquely, such agents can
be virucidal. Polymers and nanoparticles are stable, do not require cold chain
of transportation and storage, and can be obtained on large scale. Specifically,
for the treatment of respiratory viruses and pulmonary diseases, these agents
can be administered via inhalation/nebulization, as is currently investigated in
clinical trials as a treatment against SARS CoV-2/Covid-19. It is believed that
with due optimization and clinical validation, multivalent inhibitors of viral
infectivity can claim their rightful position as broad-spectrum antiviral agents.

as an antiviral measure against diverse
viruses, from different virus families. Ide-
ally, broad spectrum antiviral drug would
be effective against nonenveloped and en-
veloped viruses, with dense glycoprotein
corona or sparse, with RNA and/or DNA
based genome, and diverse, dissimilar vi-
ral proteins. The aim of this Essay is to il-
lustrate that promising candidates for such
agents in fact are known and are ready to
start the translational path, namely multiva-
lent, macro- or supramolecular inhibitors of
virus cell entry.

Polymers represent a historically impor-
tant class of multivalent antiviral agents.
In fact, the history of polymers and an-
tiviral agents goes back by almost a cen-
tury, to the times almost as far back as

The current coronavirus (SARS-CoV-2/COVID-19) pandemic
has highlighted the world’s need for broad spectrum antiviral
agents. We need drugs to buy time for vaccine development or
to manage viral outbreaks when the development of a vaccine is
elusive. These drugs should be available at the start of the pan-
demic. Their role would be to stop or at least to slow down the
contagion by decreasing the average number of infected people
by a single sick patient. Medicinal chemistry of antiviral agents
has been a story of incredible success,!!! but each virus has been,
and is being treated individually, via the so-called “one bug-one
drug” approach.?l For a drug to be ready even before a new
virus emerges, it has to be a broad-spectrum one,!?] an antiviral
counterpart of penicillin (the first broad-spectrum antibiotic).]%!
“Broad spectrum” of activity means that one drug would be suited
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the origin of polymers as chemical enti-

ties: observation of antiviral effects for poly-

mers can be traced back at least to the
1930s.[41 Initial experiments were inspired by the observa-
tions that proteins can inhibit infectivity of tobacco mosaic
virus (plant virus) and later vaccinia virus (a classic “en-
veloped” virus). These proteins were of protamine family
and were positively charged. In parallel, in 1942, Cohenl®
reported isolation and crystallization of plant viruses by the neg-
atively charged polymers, namely heparin, hyaluronic acid, and
chondroitin sulfate. In those early days, it was known that hep-
arin can bind proteins and Cohen aimed to see if heparin can
replace the nucleic acid within the viral capsid. Instead, result
of this study was crystallization of several plant viruses and in-
fluenza, in the presence of polyanions. Subsequent development
of antiviral polymers was fairly rapid and productive, both for
polycations and polyanions, natural and synthetic by origin.[®-13]

In 1968, De Somer et al. presented what can be considered
the first attempted illustration that polyanions are in fact broad-
spectrum antiviral agents, in vitro.['* This study also provided an
early indication of antiviral effects of polymers being a fairly uni-
versal phenomenon, observed for many polymers rather than for
a select few. The same team and in the same year also presented
what is, to our knowledge, the first illustration of antiviral effects
elicited by polymers in vivo.["®! Subsequent decades of research
on inhibitors of virus cell entry were fruitful in finding many new
polymers with lower inhibitory concentrations and also in enlarg-
ing the chemical toolbox to other macromolecules.[*®]

With regards to the mechanism of antiviral activity of poly-
mers, in 1951 Stahmann co-workers made an observation that
inhibition of virus infectivity by poly-Lysine correlates with the
ionization of lysine amine (is pH dependent) and occurs very
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Figure 1. A) Interaction between a virus particle and a cell surface can be inhibited using B) small molecule drugs or—more effectively—by multivalent
inhibitors of virus cell entry such as C) nanoparticles, D) hyperbranched polymers, and E) linear polymers. Adapted with permission.['®] Copyright 2016,

American Chemical Society.

fast, but s also quickly reversed.['’! Independently, Vaheril*#] doc-
umented that antiviral effects of heparin are reversed by sim-
ple dilution of the culture medium. The hypothesis that was put
forward based on these results was that there is a direct con-
tact between the viral particles and the infectivity inhibitor, and
that the main driving force for this interaction is electrostatics
(ionic bonds). De Somer et al. postulated that in vivo, another
mechanism contributes to the overall antiviral activity of polyan-
ions, namely stimulation of production of interferon,!'! an ul-
trapotent cytokine that activates immunity. Nevertheless, it is
now accepted that multivalent inhibitors (polymers, dendrimers,
and nanoparticles) form direct contact with the viral particles
and in doing so neutralize infectivity (Figure 1) acting as en-
try inhibitors.['¢1%] Sulfated, sulfonated, and carboxyl-containing
agents are able to inhibit a large number of viruses, especially the
ones whose viral attachment ligands seeks heparan sulfate pro-
teoglycans (HSPG).[?*?2] Macromolecules containing sialic acids
mimics bind to and inhibit viruses whose viral attachment ligand
binds to sialic acids (e.g., influenza).[1?23%]

As was the case with small molecule antivirals, development of
macromolecular inhibitors was also spurred by the discovery of
the human Immunodefficiency virus (HIV) as a causative agent
of the acquired immunodeficiency syndrome (AIDS), and the re-
alization that polymers are potent and efficacious inhibitors of
infectivity of this virus. Regretfully, clinical trials have failed.[?¢]
One of the reasons of failure is that systemic antiviral effects re-
quire continuous and maintained presence of polymers at a rela-
tively high concentration, which can be toxic. The second reason
is that virus inhibition by polymers is a reversible process, which
means that the pathogen can escape from the inhibitor.[?] By far
and large, this led to the demise of interest in polymers as antivi-
rals.

There are two notable exceptions. First one is illustrated by
the nucleic acid polymers (phosphothioate backbone), negatively
charged macromolecules per se, that bind hepatitis B viral parti-
cle surface antigen.!?’] Hepatitis B virus (HBV) is rather unique in
that infected cells produce new viral particles but also produce a
tremendously higher number of empty pseudoparticles that carry
HBV surface antigen. The sheer amount of the latter distracts
and exhausts the natural immune response and the body fails to
clear the viral load. Administration of nucleic acid polymers effec-
tively neutralizes the HBV pseudoparticles and this effect is cur-
rently being investigated in clinical trials as a measure towards
curing HBV viremia as well as the coinfection with hepatitis B
and D viruses.?”] Second success of polymers as antiviral agents
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is that of the Starpharma product Vivagel. In this case, dendritic
polyanion polymers are used as ingredients in condom lubricants
such as to counter infectivity of HIV, the herpes simplex virus
(HSV), and possibly other sexually transmitted viruses.

Tonic, electrostatic interactions between polymers and viruses
are the common denominator in the observed antiviral activity of
the compounds described so far,['®! regardless of the virus parti-
cle isoelectric point.?®] However, electrostatic interactions alone
are insufficient to create a persistent binding. Indeed, electro-
static polymer-virus interaction is reversible, and so is the an-
tiviral effect. Game-changing opportunity was proposed through
the combined use of two weak interactions, namely electrostatics
and hydrophobic interactions. Typically, this combination leads
to lower inhibition concentrations and in a number of cases it
also leads to a damage to the viral envelop and an irreversible
antiviral effect.[?3% This is best-illustrated by the example of sul-
fated polysaccharides. While effect of sulfated polysaccharides is
reversed by dilution, modification of these molecules with hy-
drophobic groups (aliphatic or aromatic) affords unique, viruci-
dal materials.*>*°! Importance of combining electrostatics with
hydrophobic interactions to make broad spectrum antivirals was
also highlighted in our own recent work.[??! Specifically, Zelikin
lab analyzed a panel of polyanions as broad spectrum antiviral
agents and observed that lead candidates were united by com-
bining in their structure anionic charge and well-defined hy-
drophobicity of the backbone.??! Furthermore, importance of
hydrophobic-hydrophilic balance is also highlighted in the struc-
ture of the nucleic acid inhibitors in clinical trials;*! and the den-
drimer molecule in the Vivagel preparation is also a sulfonate
derivative of a hydrophobic aromatic group.

We strongly argue that reversibility in the interaction remains
the biggest challenge in the development of broad-spectrum
antivirals (as long as it is engineered in the molecules while
keeping the toxicity profile as low as possible). Stellacci lab
showed that multivalent, supramolecular inhibitors of viral
infectivity based on the round-shaped gold nanoparticles, which
act as an anchoring surface for a mixture of octanethiols and
mercapto-undecane sulfonic acids (MUS), were able to bind to
HSPG seeking viruses basically in the same way (and with very
similar inhibitory concentration) as heparin.®?! Yet, differently
than heparin, upon binding these particles were able to damage
the virus (see Figure 2), rendering the interaction irreversible
(i-e., virucidal mechanism). It was postulated that the key for
the change in mechanism from reversible binding (virustatic) to
irreversible inhibition (virucidal) is the addition of multivalent
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Figure 2. Schematic drawing of the working hypothesis for the mechanism proposed for the antiviral nanoparticles described in refs. [33] and [24]. Left)
A schematic of virustatic effect that is described in the literature for MES-coated nanoparticles (ref. [33]). Right) The proposed virucidal mechanism
(ref. [24]). Images present chemical schemes for the particles (top), molecular dynamics calculation results (middle), and cryo-transmission electron
microscopy (TEM) images of herpes simplex virus 2 interacting with the nanoparticles. The main difference between the two types of particles is that
while both attach to the virus only the virucidal are able to affect the structural integrity of the virus.

hydrophobic interactions to the established electrostatic ones.
Indeed, a direct comparison between MUS coated nanoparticles
with nanoparticles known in the literaturel**) coated with mer-
captoethane sulfonic acid (MES) was performed. The particles
differed only in the length of the hydrophobic linkers. The
inhibitory concentration found through standard assays was
very similar. Standard dilution assays were then performed (viru-
cidal assays). These tests led to results that were significantly
different. The more hydrophobic particles (MUS coated) showed
irreversible inhibition, while the less hydrophobic ones (and hep-
arin) showed an effect that could be easily reversed with dilution.
The interpretation of the experiments has been strengthened
recently because the MUS linker was used to chemically modify
the primary face of beta-cyclodextrins.** Similarly to previous
results, these modified cyclodextrins showed irreversible inhibi-
tion in virucidal assays. Furthermore, another assay showed that
when inhibiting HSV-2 these cyclodextrins elicited DNA release,
confirming a damage on the envelope as well as on the capsid of
the virus. Also for these MUS modified cyclodextrins a compar-
ison with similar sulfonated cyclodextrins, with shorter ligands,
showed that only the former lead to irreversible inhibition. The
key role of the hydrophobic linkers was further confirmed by
comparing undecanesulfonic acids with oligoethyleneglycol
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sulfonic acid moieties on cyclodextins. It was shown that chang-
ing from an aliphatic to an ethyleneglycol chain had minimal
effect on the inhibitory concentration but made the interaction
reversible. Importantly, ex vivo only the irreversible inhibitors
showed sustained protection from a viral infection.

It should be noted that Stellacci’s multivalent hydropho-
bic/sulfonated macromolecules do not solely damage the enve-
lope of viruses but they are capable of damaging the capsid also,
eventually eliciting the release of viral genetic materials. They
do so while having no evident effect on mammalian cell mem-
branes. It is not obvious that these molecules are the only ones to
have these effects on viruses. Unfortunately, the use of dilution
assays and of DNA/RNA release assays as a means of character-
izing the antiviral mechanism of multivalent inhibitors is scarce,
hence there are many open questions whether many of the pub-
lished materials are in fact virustatic or virucidal. We encourage
the field to add virucidal assays as standard characterization test,
given how important the result is to the translate in vitro into in
vivo effects.

In many aspects, we believe that synthetic multivalent syn-
thetic inhibitors of viral infectivity as broad spectrum antiviral
agents compare favorably to the biological neutralizing agents
(Table 1). Macromolecular/supramolecular inhibition relies on
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Table 1. Comparative analysis of synthetic mutltivalent inhibitors of virus
cell entry and neutralizing antibodies as perspective broad-spectrum an-

tiviral agents.
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Synthetic multivalent
inhibitors (polymers,

nanoparticles, dendrimers)

Antibodies

Interaction with
pathogens

Spectrum of activity
against pathogens

Mutation Resistance

Toxicity

Production scale

Stability in storage

Nonspecific

Broad, across the species
of viridae

Potentially very good

To be investigated case by
case

Large

High, even at room

Specific

Specific to the individual
pathogen

Limited
Often ideal

Limited

Requires cold chain
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nonspecific interactions and can therefore be optimized into
a truly broad-spectrum antiviral effect, whereas antibodies are
designed to be highly specific to each and every (re)emerging
pathogen. Polymers and nanoparticles can be manufactured on
large scale and are stable at room temperature—and thus can be
stockpiled, whereas antibodies are expensive, require cold chain
of transportation, and have limited shelf-life. The one aspect that
speaks not in favor of multivalent synthetic inhibitors is that
these are at the very beginning of the translational path.

There is also ample space for improvement for macro/
supramolecular inhibitors. Specifically, we need to improve the
potency of these agents and minimize toxicity and side effects.
Indeed, polyanions exhibit anticoagulant and anti-inflammatory
activity, and interact with serum albumin (causing albumin
aggregation).°! Together with the failure of polyanions as in-
jectable inhibitors of infectivity of HIV, this signifies that sys-
temic administration of polyanions is not a viable measure.

Instead, it may be more prudent to develop antiviral for-
mulations for inhalation. Drug repurposing, specifically for ad-
ministration via inhalation and localized activity in the respira-
tory tract, has proven to be highly successful and hold trans-
lational potential.*%%] Good case in point, there is an on-going
clinical trial for nebulized heparin as a treatment of Covid19
(NCT04397510), carried out in part due to direct antiviral ef-
fects of heparin.?!*®*] Another sulfated polysaccharide, iota-
carrageenan, also showed promise in clinical trials as an inhal-
able antiviral.[?”:8] We strongly believe that formulation of multi-
valent (polymer, nanoparticles) inhibitors of viral infectivity for
inhalation and/or pulmonary administration has a significant
promise to deliver the highly sought-after broad-spectrum antivi-
ral agents, specifically as a preventative measure against respira-
tory viral infections.
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