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A straightforward and gram-scale synthesis method was developed
to engineer highly sulfated hyperbranched polyglycerol bearing
sulfated alkyl chains. The compounds with shorter alkyl chains
showed multivalent virustatic inhibition against herpes simplex
virus type 1 (HSV-1), similar to heparin. In contrast, the compound
with the longest alkyl chains irreversibly inhibited the virus.

Herpes simplex virus type 1 (HSV-1) infections are common and
affect approximately 70-90% of the adult population worldwide."
Although HSV-1 is a well-studied virus, it remains a major public
health concern because vaccines are unavailable and common
antiviral drugs such as acyclovir, the most commonly prescribed
medication, show limited efficacy.> HSV-1 entry into the host cell
is initiated by electrostatic interaction between negatively charged
heparan sulfates (HSs) located on the host cell surface, and
positively charged domains of the viral envelope glycoprotein B
(gB) and glycoprotein C (gC).* Protein-polyelectrolyte interactions
are dominated by counterion release, ie., the positively charged
patches become multivalent counterions of the polyelectrolyte,
resulting in counterions being released from the polyelectrolyte
(driving force), a process that increases entropy.* The finding that
heparin, which is a soluble derivative of HS, shows an inhibitory
effect for a variety of viruses by interacting with their surface,
has led to the development of numerous heparin-mimetic
compounds.®® Despite many trials, researchers have encountered
limitations that are inherent to these compounds, such as their
high anticoagulant activity, their complicated synthesis, and their
mechanism of virus inhibition, which is virustatic rather than
virucidal.'® The compounds reversibly bind to the virus, which
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prevents viral attachment and, consequently, entry into the host
cell. However, the dilution effect in vivo causes dissociation of the
binding complexes, reversing the binding and ultimately leading to
virus infection." Virucidal compounds, on the other hand, interact
with viruses and physically render them non-infectious, for exam-
ple by disrupting their envelope, thus preventing infection even
upon dilution in body fluids. Development of new antiviral com-
pounds that address these challenges is of major interest, and one
must strive to design antiviral materials that are biocompatible,
virucidal, and easily scalable. One way to develop a virucidal
compound is to combine electrostatic and hydrophobic interac-
tions while minimizing the potential toxicity that can be caused by
increasing hydrophobicity.’> By developing gold-based nano-
particles containing 11-mercapto-undecansulfonate moieties, Stel-
lacci et al.'® first developed the virucidal effect of hydrophobic
sulfonated gold nanoparticles. As part of our approach, we are
using polymeric cores to address issues concerning gold nanopar-
ticle health risks, synthetic challenges, and economic aspects.
Current antiviral therapies are less effective over time due
to virus mutations, which obviously calls for the development of
broad-spectrum antiviral alternatives."® Furthermore, due to
the difference in how viruses replicate, there is little hope of
developing broad-spectrum drugs with intracellular approaches.
Thus, extracellular antivirals — which usually come in the form of
entry inhibitors - are of importance. To inhibit viruses effectively,
virus-inhibitor interactions must be stronger than those between
viruses and cells."* Monovalent inhibitors are therefore ineffective
since they do not completely block receptor sites and are unable
to compete with viral proteins for binding. As a result, for
designing potent inhibitors, it is important to consider multi-
valent interactions. Utilizing polymers is then of great interest and
have been used in the development of antiviral compounds over
the past decades.”” Hyperbranched polyglycerol (hPG) offers a
multifunctional scaffold with high biocompatibility and hydro-
philicity that can be used in numerous biomedical applications,
ranging from drug delivery to pathogen inhibition.'® Having
found that sulfated hPG (hPGS) exhibits similar bioactivity to
heparin,"” our group developed various antiviral compounds with
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Scheme 1 One-pot synthesis route of hPGS-C,,.

different architectures.>*'® Although all of these compounds
exhibit impressive antiviral properties including inhibition of
HSV at picomolar concentrations,” none are virucidal.

Here, we rationally designed a novel class of virucidal
compounds based on a one-pot approach towards hPGS-
bearing alkyl chains. These compounds irreversibly inhibit
HSV-1 infection, and we highlight their ease of synthesis as
well as their robust activity. In a one-pot, four-step synthesis
approach, we used anionic ring-opening polymerization to
synthesize hPG, which we functionalized with a hydrophobic
alkyl chain and finally sulfated for the electrostatic interaction
with the virus (Scheme 1 and Scheme S2, ESIt). It has been
demonstrated that hPG is more effectively functionalized in a
one-pot reaction when a glycidol derivative is used.'® We,
therefore, synthesized, and characterized separately, glycidols
containing hydrophobic alkyl chains of different lengths
(Scheme S1, ESIY).

Briefly, the hydrophilic core of hPG was first synthesized
solvent-free from the trimethylolpropane (TMP) initiator via
anionic ring-opening polymerization of glycidol, following pre-
viously described procedures.”® Monomer-to-initiator ratios
were adjusted for all polymerizations to yield an hPG core of
approximately 5 kDa (Table S1 and Fig. S1, ESIt). However, no
quenching was performed after addition of the monomer, and
the reaction continued until all of the glycidol was consumed as
evidenced by the disappearance of the corresponding peaks at
2.6 ppm and 3.7 ppm in "H-NMR spectra (Fig. S2, ESIt). The hPG
cores were then functionalized by adding glycidol derivatives of
varying alkyl chain length to form hPG-C;, hPG-C¢, and hPG-Cq.
Using the integral peak ratio of alkyl chain protons in "H-NMR at
1.2-2.1 ppm to hPG backbone protons at 3.6-4.6 ppm, the degree

Table 1 Summary of the characteristics of the synthesized inhibitors
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of functionalization was calculated to be around 40% for all
compounds (Fig. S3 and eqn S2-S4, ESIf). Then, in the same
reactor, dimethylformamide was added, and a reaction with sulfur
trioxide pyridine complex was performed to convert the hydroxyl
groups to sulfate groups following a previously described
protocol.> In a previous study,* we had found that the degree
of sulfation (DS) affects inhibitory effects; therefore, the ratios
were adjusted in order to obtain highly sulfated compounds. The
final products were purified using tangential flow filtration (TFF)
followed by freeze-drying, resulting in hPGS-C;, hPGS-C4, and
hPGS-Cy with over 90% DS as calculated by elemental analysis
(Table S2 and eqn S5, S6, ESIt). As a control, a sulfated hPG
without an alkyl chain, namely hPGS-C,, with the same degree of
sulfation and molecular weight was synthesized according to
available protocols.>"* Table 1 provides a summatry of the results.

Using two human lung cell lines, A549 and 16HBE140-, as
well as a standard cell line for HSV-1 propagation, Vero E6, we
performed CCK-8 assays to determine the viability of the cells
after treatment with the sulfated polymers (Fig. 1 and Fig. S4,
ESIT). The half-maximal cytotoxic concentration (CCs,) for each
compound was calculated for each cell line (Table 1). At
concentrations of up to 1000 ug mL ™", none of the compounds
showed discernable cytotoxicity (Fig. 1 and Fig. S4, ESIt), with
the exception of 16HBE14o-cells. For this cell line, the com-
pound with the longest alkyl chain, hPGS-Cy, exerted an effect
on viability at a concentration of 1000 pg mL™'. At the
highest concentration tested (10000 pg mL ™), cell viability
was reduced in all cell lines for all tested compounds, with
hPGS-Cy impairing viability most. Taking the CCs, values
(Table 1) into account, alkyl chains have a small effect on the
toxic properties of the synthesized compounds, and, as

Degree of Degre of Zeta potential CCso [mg mL "]
M,* PDI functionalization M.’ M,° sulfation in 10 mM PB IC50 IC5, SI Inhibition
Compound [kDa] [—] [%] [kDa] [kDa] [%] buffer [mV]  A549 VeroE6 HBE [ug mL '] [nM] [—]* mechanism
hPGS-Cq 3.8 1.7 38 6.7 12.1 97 —35.5+2.3 3.90 4.76 1.49 0.189 + 0.054 15.6 25200 Virucidal
hPGS-Cq 3.9 1.8 39 6.6 11.5 93 —35.6 +1.2 12.68 23.93 20.19 0.256 + 0.089 22.2 93500 Virustatic
hPGS-C; 3.9 1.8 39 6.7 10.6 96 —33.1+2.1 2593 13.31 37.68 5.098 £+ 1.048 480.9 2600 Virustatic
hPGS-C, 4.6 1.7 0 — 11.3 91 —324+1.4 1393 6.97 10.47 2.297 £+ 0.695 203.3 3000 Virustatic

“ Molecular weight of polymeric core obtained by GPC. ” Molecular weight after functionalization obtained by GPC. ¢ Molecular weight after
sulfation calculated by elemental analysis and "H NMR. ¢ Selectivity index (SI = CCs,/IC50) calculated for VeroE6 cells.
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Fig. 1 Cytotoxicity profile of the synthesized inhibitors determined by a
CCK-8 assay using Vero E6 cells. The cell viability of compound treated
cells is normalized to the cell viability of non-treated cells that was set to
100% cell viability.

predicted, cells are more sensitive to compounds with longer
the alkyl chains.

Plaque reduction assays using Vero E6 cells were used to
determine the compounds’ antiviral activity against HSV-1.
Herein, virions were pre-incubated with the compounds at
different concentrations and then titrated on Vero cells to
determine the ratio of inhibited virions. The dose-response
curves obtained from the experiment are shown in Fig. 2a, and
the respective half-maximal inhibitory concentrations (ICs,) are
shown in Table 1. As expected, the synthesized heparan-
mimetic compounds exhibited considerable antiviral activity,
with ICs, values in the nanomolar range. We found that the
ICs, value decreases with increasing alkyl chain length. hPGS-
Co exhibited the strongest inhibitory effect (IC5, = 15.6 nM),
while hPGS-Cs, hPGS-C;, and hPGS-C, showed IC;, values of
22.2, 480.9, and 203.3 nM, respectively. Hydrophobicity there-
fore seems to play an important role in the inhibition of HSV-1.
The compounds were then evaluated for their inhibition
mechanism. For this purpose, we used a virucidal assay in

-e- hPGS-CO
-=- hPGS-C3
-+ hPGS-C6

Plaque reduction (%)

Concentration (ug/mL)

T

Virus titre (PFU/mL)

10°

A
ooo“ & & &S
~ o~ ~ ~
Fig. 2 (a) Concentration-dependent inhibition of HSV-1 infection on Vero
E6 cells. (b) Virucidal potency of the synthesized inhibitors against HSV-1.
Data are expressed as mean + SD (n = 4).
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which compounds with a concentration of 1 mg mL~" were pre-
incubated with virus (approx. 10° PFU). The solutions were then
diluted five times by a factor of 10 and each dilution was
titrated by plaque assay to determine the number of active
virions present. When the inhibition is remained even after
dilution below its ICsy, it is considered as virucidal inhibition,
implying that the virus was irreversibly inactivated.'® Other-
wise, it is considered as virustatic inhibition, which refers to
reversible inhibition of the virus. We found that the com-
pounds with shorter alkyl chains, hPGS-Cs and hPGS-C;, as
well as the one without an alkyl chain, hPGS-C,, are solely
virustatic, whereas hPGS-C; showed virucidal properties
(Fig. 2b). Therefore, an increase in alkyl chain length and
therefore in hydrophobicity induce a strong virucidal effect,
suggesting that sufficient alkyl chain length is causing rupture
of the viral envelope. It should be noted that longer alkyl chains
(>Cs), despite their possibly higher inhibitory activities, were
not considered in this study, due to reports indicating that
longer chains (>Cy,) exert a significantly toxic effect on eukar-
yotic cells, including Vero E6 cells.” Next, cellular infection
assays were performed to examine the inhibitory activity of viral
replication (Fig. 3). In a pre-infection assay, the cells were
treated with the compounds at different concentrations for
45 minutes and then infected for 48 hours with HSV-1 expres-
sing green fluorescent protein (GFP). To evaluate if the com-
pounds still have an effect when cells are already infected, a
post-infection assay was carried out. For the post-infection
assay, cells were first infected for 1h prior to addition of the
compounds. The total time of infection with GFP-tagged HSV-1
in this post-infection assay was 48 hours as well. The results of
the pre- and post-infection experiments indicate that all com-
pounds are highly effective as an inhibitor (Fig. S5b and c,
ESIt). Nevertheless, the pre-infection assays also revealed a
clear decrease in the number of infected cells for all com-
pounds with a concentration higher than 10 ug mL " (Fig. S5b,
ESIt), probably because the compounds are capable of inhibit-
ing the infection by progeny viruses, thereby reducing viral
transmission between the cells. This also explains why the
antiviral activity was lower in the post-infection when compared

Control

pre-infection

hPGS-Cq

post-infection

Fig. 3 Fluorescent microscopy images of HSV-1 infected cells treated
with hPGS-Cg (100 pg mL7Y). Images from cells treated with other
compounds are shown in Fig. S4 (ESIt). Scale bar: 20 pm. Cell nuclei are
marked in blue, and infected cells in green.

This journal is © The Royal Society of Chemistry 2021
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to the pre-infection assay: after the first cycle of infection, large
amounts of virions were produced, resulting in a higher viral
load compared to that in the pre-infection assay. Furthermore,
the selectivity index (SI) of each compound was calculated
by dividing the CCs, and ICs, values (Table 1). hPGS-C,, for
example, demonstrated a remarkable SI of 25 200, which made
it effective at blocking and destroying viruses without causing
serious damage to host cells. This means that it only ruptures
the membranes of the virus, not the cells. Observations regard-
ing the high SI value of the compound suggest that the surface
curvature of biosystems could account for its selective rapture
of the viral membrane rather than that of the cell. As HSV-1
viruses are about 200 nm in size, their curvature and strain are
higher than cells, which are about micrometres in size. More
importantly, unlike viruses that contain only genetic informa-
tion, cells have self-repairing mechanisms that can tolerate and
repair damaged membranes.** HS-mimetic compounds, such
as heparin and other sulfated polymers, have inherent antic-
oagulant properties. Due to their ability to activate antithrom-
bin and turn it into a blood-clotting proteinase inhibitor, these
compounds prolong blood clotting and are thus limited in
concentration as virus inhibitors in clinical use.>® We therefore
determined ex vivo clotting times by measuring the activated
partial thromboplastin time (APTT) of plasma treated with our
inhibitors at concentrations ranging from 0.5 to 1000 ug mL ™",

As a control we used commercially available heparin (Fig. S6,
ESIT). Comparing the APTT of untreated human plasma with a
mean of 31 seconds to the inhibitor-treated plasma, no changes
were observed up to a concentration of 5 ug mL ™. A similar
concentration of heparin, however, led to a significant increase
in the APTT of more than 500 seconds. At a concentration of
25 pug mL™ ', hPGS-Cy, hPGS-Cg, and hPGS-C; started to show
mild effects on the APTT, whereas hPGS-C,, increased the APTT
more than fivefold. Considering the results for the alkyl-chain-
functionalized polymers, hPGS-Co, hPGS-Cg, and hPGS-C;, one
can observe that the length of the alkyl chain interferes with
coagulation, as anticoagulant activity decreases with the length
of the alkyl chain. This effect can be explained by a less dense
distribution of sulfate groups in the longest-chained polymer,
hPGS-Cy, when compared to hPGS-C and hPGS-C; with their
shorter chains and to hPGS-C, that does not carry side chains
at all.

In conclusion, we have developed a method to synthesize
antiviral compounds in a one-pot reaction at gram scale. Our
approach was to rationally design the compounds in a synergistic
approach by using alkyl chains for hydrophobic interactions and
sulfate groups for electrostatic interactions. In studies against
HSV-1, compounds with shorter chain lengths showed virustatic
inhibition similar to that of heparin, while the compound with
the longest chain length, hPGS-C,, showed an irreversible viricidal
effect. These compounds may also be used against other heparan
sulfate-binding viruses. Furthermore, future studies into adapting
the same one-pot approach, but with other comonomers with
different functional groups, may allow this technique to produce
gram-scale hPG-based virucidal compounds that are effective
against other viruses as well.

This journal is © The Royal Society of Chemistry 2021
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