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ARTICLE INFO ABSTRACT

Keywords: We have recently witnessed that considerable progresses have been made in the rapid detection and appropriate
SARS-CoV-2 treatments of COVID-19, but still this virus remains one of the main targets of world research. Based on the
Peg;les knowledge of the complex mechanism of viral infection we designed peptide-dendrimer inhibitors of SARS-CoV-
In ibitors 2with the aim to block cell infection through interfering with the host-pathogen interactions. We used two
Antiviral . . . . . . . . .

Dendrimers different strategies: i) the first one aims at hindering the virus anchorage to the human cell; ii) the second

—strategy points to interfere with the mechanism of virus-cell membrane fusion.

We propose the use of different nanosized carriers, formed by several carbosilane dendritic wedges to deliver
two different peptides designed to inhibit host interaction or virus entry. The antiviral activity of the peptide-
dendrimers, as well as of free peptides and free dendrimers was evaluated through the use of SARS-CoV-2
pseudotyped lentivirus. The results obtained show that peptides designed to block host-pathogen interaction

represent a valuable strategy for viral inhibition.

1. Introduction

Viruses represent one of the leading causes of disease and death
worldwide. Many viral infections have not only a significant health-
related impact on the global community but also on the global econ-
omy and the field of antiviral compound discovery is critical to combat
viral diseases. Indeed, new antiviral agents are continuously required in
the battle against invading viruses. Global pandemic of 2020 was caused
by SARS-CoV-2, the causative agent of COVID-19; the COVID-19
pandemic, highlighted the threat posed by viruses and evidenced how
strategies for viral infection prevention and control primarily rely on
vaccination and antiviral drugs. While vaccination is the preferred
intervention and vaccines for COVID-19 are available, this virus con-
tinues to spread. Furthermore, immunocompromised people, old people

and small children are likely not mounting a robust immune response
after vaccination. Thus, novel antiviral therapy should be developed
(https://www.state.gov/covid-19-recovery/).

In this context, FDA has approved four antiviral drugs. Veklury
(remdesivir) for adults and certain paediatric patients, immune modu-
lators Olumiant (baricitinib) and Actemra (tocilizumab) for certain
hospitalized adults and in addition, the oral antiviral pill Paxlovid
(nirmatrelvir tablets and ritonavir tablets, co-packaged for oral use) to
treat COVID-19 in certain adults (https://www.fda.gov/drugs/emerge
ncy-preparedness-drugs/coronavirus-covid-19-drugs). Nonetheless, the
development of an even broader class of antiviral agents is crucial.

In SARS-CoV-2 infection, the first step requires the fusion between
the viral envelope and host cell membrane, a process mediated by the
viral envelope spike (S) glycoprotein (Fig. 1A). All the mechanistic and
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Fig. 1. Coronavirus structure showing the distribution of Spike protein and the
zoom of Furin’s cut between S1 and S2 subunits (panel A). Primary sequence of
Spike protein, highlighting the functional domains for viral infection (panel B).
In detail, NTD indicates amino-terminal domain, RBD indicates receptor-
binding domain, RBM indicates receptor-binding motif, FP indicates fusion
peptide, HR1 and HR2 indicate heptad repeat 1 and 2, respectively and CT
indicates carboxy-terminal domain. Schematic representation of Spike glyco-
protein S of SARS-CoV-2: 1273 aa Uniprot code PODTC2 (panel C).

structural aspects of the entry of CoV-2 into human cells are reported in
the review by Cody B. Jackson et al. (Jackson et al., 2022). The S protein
is a type I fusion protein formed by three monomers, similarly to other
enveloped viruses such as human immunodeficiency virus (HIV) (Eckert
et al., 1999). Each monomer consists of two subunits, S1 and S2, which
further contain several domains (Fig. 1B-C). S2 is anchored to the viral
particle through the transmembrane trait (TM), while S1 is outer pro-
jected. In brief, cell infection starts with the binding of the receptor-
binding domain (RBD) localized onS1 to the angiotensin-converting
enzyme 2 (ACE2) present on the host cell. ACE2 was first identified in
2003 as the receptor for SARS- CoV-2 (Shang et al., 2020), and two early
crystal structures of the SARS- CoV-2 RBD-ACE2 complex showed how
the S protein interacts with its receptor (Lan et al., 2020; Walls et al.,
2020).

RBD contains the receptor-binding motif (RBM), a crucial functional
segment contributing directly to the attachment to ACE2; its physi-
ochemical properties also affect the binding affinity (Li et al., 2005). The
RBM motif consists of amino acids in the $438:Q506 range in SARS-CoV-
2, and the x-ray structure of the complex (PDB code 6LZG) (Wang et al.,
2020) demonstrates that it approaches the ACE receptor at a distance of
4 A

After the virus-cell binding, a complex process of conformational
rearrangements leads to the formation of a compact six-helix bundle
(6HB) structure, in which each S2 monomer participates with its own
heptad repeat units, namely HR1 and HR2. The formation of the 6HB
together with a series of other events leads to the close apposition of the
TM trait and the fusion peptide (FP), both belonging to the S2 domain,
causing the fusion of the viral envelope and the cell membrane. The
fusion will allow the transfer of the viral genome into the target cell,
transcription, and assembly of new copies of the virus that will be
released from the host (Jackson et al., 2022; Shang et al., 2020).

The goal of this paper is the design of new antiviral peptides able to

International Journal of Pharmaceutics 661 (2024) 124389

block viral entry filling the important role of preventing initial infection
and spread through two different strategies. The first one aims at
hampering the initial infection step by blocking the host-pathogen
interaction, interfering with the binding between the RBD domain and
the ACE2 receptor. For this aim we have selected and synthesized the
peptide RBMyg4.508 located within the highly conserved RBD region
(Murdocca et al., 2021), which is expected to antagonize the binding
between the virus RBD domain and the ACE receptor. The second
strategy is based on the design of a peptide, namely HR1924.949, poten-
tially able to interfere with the formation of the 6HB necessary for the
internalization of the virus.

Both the strategies make recourse to peptide sequences that typically
may have short half-life and low oral bioavailability due to the rapid
degradation by proteases. These problems can be overcome by coupling
the peptide of interest to a delivery tool potentially able to slow down
the proteases activity and in certain cases also possess their own anti-
viral activity (Barra et al., 2022; Del Genio et al., 2022a). Dendritic
systems are one of the most studied drug delivery tools, being highly
branched systems of nanoscopic size and ideally monodispersed. Their
specific structure, size, surface charge, functional groups or topologies
can significantly influence the interactions with biological systems (Asl
et al., 2023; Cata et al., 2023). Among the different types of dendritic
systems, carbosilane skeletones provide flexibility and hydrophobicity,
essential for interaction with biological membranes (de la Mata et al.,
2023). Furthermore, dendritic wedges (dendrons) allow to obtain, in a
controlled way, hetero-functionalized systems in which the focal point
and the surface groups might have different properties and therefore
play a different role or therapeutic action. Here, we used nanosized
carriers based on carbosilane dendritic wedges, linked to peptides that
inhibit protein-protein interactions. The carbosilane dendrimers are
known for their ability to promote solubility in aqueous media thanks to
the ionic groups present on their surface and at the same time they also
possess antiviral properties by itself (Hernando-Gozalo et al., 2023).

The aim of this work is to analyse the development and therapeutic
action of nanoconjugates formed by carbosilane dendritic systems and
selected peptides to inhibit the SARS-CoV-2 Spike Protein-Pseudotyped
Lentivirus to infect ACE2-expressing HEK293 cells. Our results may
come useful for the development of new therapeutic strategies targeting
coronavirus infections, and, due to the peculiar structural properties, for
potential applications in the field of nanomedicine.

2. Materials and methods
2.1. Materials

All N* —Fmoc-protected conventional amino acids, N,N-
diisopropylethylamine (DIEA), piperidine, trifluoroacetic acid (TFA),
resins were purchased from Iris Biotech GmbH (Adalbert-Zoellner-Str. 1
D-95615 Marktredwitz). Coupling reagents such as diisopropyl carbo-
diimide (DIC), (1-[bis(dimethylamino)methyl-ene]-1H-1,2,3-triazolo
[4,5-b] pyridinium 3-oxide hexafluoro-phosphate) (HATU), were
commercially obtained from GL Biochem Ltd (Shanghai, China).

2.2. Peptide synthesis

We designed two peptide sequences namely: HR1g24.949 (1) and
RBMyg4.508 (2). The first one corresponds to the central domain A924-
Q949 (HR1g24.949) of HR1 located in S2. The other peptide reproduces
the segment E484-Y508 of S1 corresponding to the conserved ACE2
binding motif (RBM4g4.508). A cysteine and Pra (propargylglycine) res-
idues were added at the C-terminus of each peptide for dendrimer
conjugation.

The peptides were synthetized with the Fmoc-solid-phase-method
(Bellavita et al., 2020). Briefly, all amino acids were protected at their
amino terminus with the Fmoc (9-fluorenylmethoxycarbonyl) group and
added to the growing chain after the carboxylic acid group activation



R. Bellavita et al.

(Yousif et al., 2018). Consecutive cycles of amino deprotection in pres-
ence of basic solution (20 % piperidine in dimethylformamide, for 10
min, twice) and coupling (four equivalents (equiv) of amino acid and
four equiv DIC (Diisopropyl carbodiimide) for the first coupling for 30
min; while four equiv amino acid, four equiv HATU (O-(7-azabenzo-
triazol-1-y1)-1,1,3,3-tetramethyluroniumhexafluorophosphate) and
eight equiv DIPEA (diisopropylethylamine) for the second. The rink
amide resin MBHA (4-methyl) benzhydrylamine-resin was used, 0.78
mmol/g. Side chain deprotection and cleavage of the peptides from the
resin were achieved using an acid solution of trifluoroacetic acid and
scavengers (Falanga et al., 2022). The peptides were precipitated in cold
ethylic ether and the crude peptide were analyzed by HPLC-MS using a
gradient of acetonitrile (0.1 % TFA) in water (0.1 % TFA) from 20 to 80
% in 20 min. The purified peptides were obtained with a good yield
(approximatively 60 %) and their identity were confirmed through
Electrospray Ionisation Mass Spectrometry (ESI-MS) (ESI Fig. S1-S4).

2.3. Circular dichroism

Circular dichroism (CD) spectra were recorded at room temperature
using a Jasco J-810 spectropolarimeter using the quartz cells (1 and 0.1
cm of path length) from 250 to 195 nm, at room temperature, the spectra
are an average of three consecutive scans (Del Genio et al., 2022b).
Solution of peptides (100 pM and 8 uM) were collected in buffer and in
presence of trifluoroethanol (TFE) at 30 %. Spectra were recorded and
corrected for the blank. Mean ellipticities were calculated using the
equation Obsd/lc, where Obsd is the ellipticities measured in millide-
grees; | is the length of the cell in centimetres; c is the peptide concen-
tration in mol/Liter.

2.4. NMR spectroscopy

RBM4g4.508-C and HR1924.949-C were NMR analysed in water and
TFE/water mixture as well. The samples were prepared by dissolving
amounts of peptide in 0.600 mL of H,0/D50 (90/10 v:v) or TFE-d3/H,0
(30/70 v:v) to obtain peptide concentrations in the range 0.5 =+ 0.8 mM
(Bellavita et al., 2023). Furthermore, dendrimers functionalized with
maleimide or azide moieties and cationic peptide-dendrimer conjugated
were analysed in water (HoO/D20O 90/10 v:v). NMR spectra were
recorded on a Bruker 700 MHz Spectrometer, located at the Department
of Pharmacy — University “Federico II” of Naples, and equipped with a z-
gradient 5 mm triple-resonance cryoprobe. One-dimensional proton
(1D) and two-dimensional homonuclear (2D) NMR spectra were recor-
ded at a temperature of 298 K. The spectra were calibrated relative to
TSP (0.00 ppm) as an internal standard. TOCSY (70 ms of mixing time,
tm) and NOESY (tm values 100 = 300 ms) spectra were recorded in
States phase-sensitive mode, using 4096 and 512 data points in t2 and t1
dimension, respectively. The water resonance was suppressed by use of
gradients. NMR spectra were analysed by CARA program. (https://cara.
nmr.ch/doku.php/home) Proton assignments (ESI Tables S1-S5) were
obtained by classical methodology (Wiithrich, 1986).

2.5. Structure determination

The structures adopted by RBMyg4.508-C and HR1924.949-C in the two
different solvent media were obtained starting from integration of
NOESY spectra acquired with 300 ms as tm. The NOE cross-peaks were
integrated with CARA software and converted into distance upper limits,
via CALIBA (Giintert et al., 1991), adopting the geminal protons of
selected residues fixed at 2.2 A as distance reference. Structure calcu-
lations were performed by CYANA 100 randomized conformers were
generated and submitted to simulated annealing schedule with 20,000
torsion angle dynamics steps per conformer. The calculus converged at
conformers showing a fairly agreement with experimental constraints
with no distance violations. The CYANA structures with the best
agreement with experimental data, i.e., those with lowest target
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function (TF) values (statistical analyses of the structures are reported in
ESI Table S4,), were chosen to represent the peptide molecular struc-
tures in solution. MolMol (Koradi et al., 1996) software was used to
analyse the structures and Chimera (Pettersen et al., 2004) to clustering
them by similarity. Chosen 3D models were visualized by PyMOL soft-
ware (DeLano, 2002).

2.6. Synthesis of carbosilane dendrons and nanoconjugates carbosilane
dendron-peptide

The dendritic wedges of second generation with maleimide, MalGy(S
(CH3),NMeoHCl4 (5) or azide moieties at focal point Ns(S
(CH3)3SO3Na)4 (8) selected for this work are described in the literature
(Fernandez et al., 2019). The molecular structures of dendrons are
shown in Fig. 7. Solvents were dried and freshly collected from a puri-
fication system of MBraun-SPS.

2.6.1. Cationic nanoconjugates

To obtain the compounds HR1g24.949-C-G2(S(CH3)2NMeoHCL) 4 (3)
and RBMjyg4.508C-G2(S(CH2)oNMeoHCD)4 (4), thiol-maleimide addition
coupling reaction were employed (Ravasco et al., 2019) for nano-
conjugate 3, a water solution, previously deoxygenated with argon, of
dendron MalG,y (S(CH3)oNMeoHCl)4 (1.14 mg, 1.098*10° mol) was
added drop by drop over the peptide HR1924.949- cdissolved in 2 mL of
water (3.3 mg,1.098*10'6m01). The mixture was stirred at room tem-
perature for 48 h. After that, solvent was evaporated and the conjugate
HR1-Cg24.949-C-G5(S(CH3)oNMeoHCl)4 (3) was obtained as a white-
yellowish solid (4.7 mg). The same protocol was carried out for nano-
conjugate RBM4g4.508- C-G2(S(CH2)2NMeyHCl)4 (4) starting to 1.41 mg
(1.36*10°° mol) of MalG, (S(CH2)2NMeoHCl)4 and 3.8 mg (1,36*10°
%mol) of the peptide RBMyg4.508-C. The nanoconjugate RBM4gy.508-C
—G2(S(CH2)2NMeoHCD)4 (4), was obtained as a white-yellowish solid
(5.2 mg)

2.6.2. Anionic nanoconjugates

To obtain the compounds HR1924.949-PRA cK-G2(S(CH32)3SO3Na)4 (6)
and RBMyg4.508-PRA cK-G2(S(CH32)3SO3Na)4 (7) the azide-alkyne Huis-
gen cycloaddition (“Click chemistry”) strategy were used (Breugst and
Reissig, 2020) for  nanoconjugate HR1924.949-PRA-cK-G2(S
(CH2)3S0O3Na)4 (6) a solution of dendric wedge N3(S(CH2)3SO3Na)4 1,4
mg (1,18)(10"6 mol) and peptide HR1924.949-PRA (3.3 mg; 1.18*10°
mol) in water, were deoxygenated with argon, was stirred at room
temperature for 48 h in presence of EtsN (1 drop) and Cul as catalyst (5
% mol/ by the propyl moieties). After that, the compound was dialyzed
using a 100-500 da membrane in distilled water under stirring for 3 days
to remove the Cul. Finally, solvent was evaporated and the conjugate
HR1924.949-PRA _cK-G5(S(CH,)3SO3Na)4 (6), was obtained as a white
solid (4,68 mg) and characterized

The same protocol was carried out for nanoconjugate RBM4g4.50s-
PRA -N3(S(CH)3SOsNa)s (7) starting to compound N3Go(S
(CH2)3303N3)4 (1.27 mg (1.07*1()»6 IIlOl), peptide RBM484_508-PRA (3.2
mg, 1.07*10°° mol), EtsN (1 drop) and Cul as catalyst (5 % mol/ by the
propyl moieties) to obtain the nanoconjugate RBMugs.508-PRA —N3(S
(CH3)3SO3Na)4 (7) as a white solid (4.46 mg).

2.7. Cytotoxicity

Cell viability was measured using the MTT assay. Briefly, cells were
grown in 96-well plates and treated with for 48 h with different con-
centration of the dendrimers and peptide-dendrimer conjugates. The
untreated cells were used as controls. The culture medium was then
removed and replaced with fresh medium (without FBS) containing 0.5
g ml~! tetrazolium salt (MTT, 5 mg/ml, Sigma Alrich, M5665). After
48 h of treatment the cells were incubated for 3 h at 37 °C in 5 % COo,
protected from light, and the precipitated formazan was solubilized with
DMSO (Sigma Aldrich, D8418). The absorbance was measured at 540
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nm using a microplate reader. Four replicates were measured for each
sample.

2.8. Lentiviral production and cells transduction

To test the ability of synthetized peptides to prevent the SARS-CoV-2
infection we generated a SARS-CoV-2 Spike Protein-Pseudotyped
Lentivirus to infect ACE2-expressing HEK293 Cells. Lentiviral particles
pseudotyped with the SARS-CoV-2B.1.1.529 (Omicron) variant were
packaged in HEK293T cells using third-generation packaging plasmids
provided by Cellecta plus (CA), a homemade genome lentiviral plasmid
containing a luciferase expression cassette, according to the
manufacturing protocol (Passariello et al., 2023). The Cells (4 x 106)
were plated in 10-cm plates with 10 ml of media for 24 h prior to
transfection and then the Packaging Plasmid Mix (0.5 pg/pl) and plas-
mids carrying a reporter expressing luciferase were co-trasfected in cells
by lipofectamine 2000 transfection reagent (ThermoFisher, Italy). 5 h
post-transfection, medium containing complexes was replaced with 10
ml of fresh D-MEM medium and the virus-containing medium was
collected after 24-, 48- and 72-h from each plate and centrifuged at
1200 rpm to remove debris and floating packaging cells. Then the titer of
harvested SARS-CoV-2 Spike Protein-Pseudotyped Lentivirus particles
was quantified by Droplet Digital PCR.

2.9. RNA extraction and quantization of viral particles by Droplet digital
PCR (ddPCR)

To quantify the pseudovirus titer, 100 pl of supernatant containing
lentiviral particles was mixed to an equal volume of Quick extract RNA
solution (Lucigen) to extract RNA, and incubated at 95 °C for 5 min.
Then 15ul of extracted RNA was used for retrotranscription reaction to
generate cDNA, consequently assembled in a Digital Droplet PCR reac-
tion with EvaGreen Mastermix (Biorad, Italy), using the following
primers for luciferase gene detection: Forward AAGAGGC-
GAACTGTGTGTGAGA and reverse ATGTAGCCATCCATCCTTGTCA.
After the PCR step of previously generated droplets, the positive droplets
were detected using a QX200 Droplet Reader (BioRad, Feldkirchen,
Germany) and the number of viral particles was calculated using
QuantaSoft Software version 1.7.4. Droplet Digital PCR thermal cycling
conditions used for the assay are reported in Table 1.

2.10. Anti-viral activity evaluation

HEK293-hACE2 cells seeded in 96 multiwell plate, at 70 % of
confluence were infected for 48 hrs with pseudovirus expressing the
luciferase as reporter gene (1x106 particles) together with one of the
eight different compounds (see Fig. 9): HR1924.949 (1), RBM4g4.508 (2),
dendrons MalGo(S(CH5)>NMe;HCl)4 (5) and N3(S(CH3)3SO3Na)4 (8);
nanoconjugates HR1-Cgz4.949-C-G2(S(CH2)2NMeoHCL) 4 (3), RBMyg4.508-
C—Gz(S(CHz)gNMezHCD4 (4), HR1924_949-PRA CK-GQ(S(CH2)3SO;;N3)4
(6) and RBMyg4.508-PRA — cK-G2(S(CH3)3SO3Na)4 (7). The eight com-
pounds were tested in three different assay combinations: A (neutrali-
zation assay), B (preventive treatment) and C (therapeutic treatment) at
25 uM of each compound.

Table 1
Droplet digital reaction Program.

Droplet digital reaction Program

Step Temperature Time Ramp Rate cycles
Initial denaturation 95°C 10 min 2,5°C/sec 1
Denaturation 95°C 30s 40
Annealing 55°C 30s

Extension 72°C 15s

Signal stabilization 98°C 10’ 1
Hold (optional) 12°C infinite
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For all experimental settings, cells were lysed after 48 h post-
infection with 40 pl of Passive lysis buffer (PLB) (Promega, Italy) and
stored at —80 °C overnight. Then, the plate was shifted at RT for 20 min
and then at —80 °C for further 20 min. To analyze luciferase activity, 10
L of lysate were loaded into a black flat bottom Costar 96-well plate and
35 pl of Luciferase Assay Reagent II (LAR II) were dispensed to each well
to generate a luminescent signal. The expression of a luciferase reporter
was quantified as the luminescence produced above background level by
PHERAStar FSX reader, BMG LABTECH, Germany. After biolumines-
cence analyses, the percentage of infectivity was measured. Non-
infected cells or cells treated with only pseudoviruses were used as
negative and positive control respectively. All the data are reported as
means =+ SD. Statistical significance was defined by unpaired two-tailed
Student’s t-tests and represented as follows: * p < 0.05, ** p < 0.001.

3. Results and discussions
3.1. Peptide design

We designed two peptide sequences belonging to Spike protein: i) the
first one involved in ACE2 recognition and corresponding to E484-Y508
belonging to RBM (438-506 residues) of S1, namely RBMygs.508 (Sun
et al., 2020). ii) the second one namely HR1g24.949, corresponding to the
fragment A924-Q949 of HR1, which is involved in the interaction with
HR2 in the 6HB assembly. The choice of these sequences was based on
the knowledge of the molecular structures and dynamics dictating the
mechanism of the virus entry into the host cell. PDB data bank contains
numerous structures of protein S fragments, integer monomer, trimers in
different states (inactive, active), and complexes that describe pre-steps
of the fusion process. Based on these structures, an infection mechanism
like that typical of class I fusion proteins can be traced (Jackson et al.,
2022). Each S monomer in the trimer is formed by two non-covalently
linked subunits (protein S is cleaved into the two subunits inside the
host). The S trimer is spatially oriented with three S1 domains outward-
exposed and the backward-oriented S2 domains that anchor the whole
complex to the virus through TM segments. By dynamic motions, S
trimer may expose the RBD from one or more of its monomers (Zhang
et al., 2020). The binding of RBD by ACE2 cell receptor produces the
virus-cell anchorage. This event causes exposition of the 630 loop and
FP-PR (Fusion Peptide Proximal Region) site. The 630 loop dislocation
destabilizes the un-covalently bound S1/S2 complex with leaving of S1
from S2. FP-PR site also dislocates, causing the exposition of the S2 site
whose cleavage makes the FP free. HR1 rearrangement pushes the FPs
into the cell membrane (Fan et al., 2020) while, the three HR2 segments
fold back forming 6HB with HR1. This bundle drags TM close to FP
making possible the fusion.

Our aim was to select the shortest sequences able to block the pro-
tein- protein interactions that take place during virus attachment, with
two different strategies. RBMyg4.503 was designed to compete (antago-
nize) with viral RBD for the ACE2 binding, while HR1924-949 to pre-
vent the assembly of the coiled coil super-structure 6HB and thus the
process of virus-host membrane fusion (Lan et al., 2020).

3.2. NMR characterization of RBMyg4.50s-C peptide

The structure of RBM4g4.508-C was analysed via NMR in water and in
TFE/water mixture. In water the peptide is poorly organized. The
diagnosis comes from the comparison between the chemical shift data
(Table S1, ESI Fig. S5) and the pattern of NOE effects (ESI Fig. S6). The
chemical shift deviations from random coil values (Wishart et al., 1992)
of aCH protons, AdaCH, of RBMjyg4.508 in water are positive and occa-
sionally close to zero (ESI Fig. S5, blue bars), thus indicating a mixture of
disordered structures including short traits in extended conformation
localized where the deviations exceed + 0.1 ppm. No structure changes
are observed moving the peptide from plain water to alcoholic/H,0O
mixture, as indicated by chemical shift (Table S2 and ESI Fig. S5, fuchsia
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bars) and NOE data (ESI Fig. S6). The molecular models were computed
by CYANA program (Giintert, 2004) using NOE derived distances (ESI
Fig. S6) as upper limit (upl) of interproton distances for RBM4g4.50g in
water and TFE/H»0. The best CYANA structures in terms of agreement
with experimental data, i.e., with lowest target function (TF) values (ESI
Table S5), were clustered by similarity and the first clusters were chosen
as representative of the conformational space covered by the peptide in
each environment (Fig. 2).

Overall, the NMR analysis reveals a flexible and disordered structure
for RBMyg4.508 peptide, even in the presence of “structuring” TFE. This
result well agrees with the flexible and poorly ordered structure of the
RBM in the native Spike glycoprotein. In fact, RBM is a loop and for that
hasthose conformational adaptation properties necessary to bind the
ACE2 receptor (Fig. 3).

3.3. NMR characterization of HR1924.949 peptide

Differently from RBMug4.508, the NMR structure of HR1924.949 de-
pends on the solvent medium in which it is dissolved. In water the
peptide is poorly organized even though not completely random.
Indeed, the chemical shift deviations from random coil values of «CH
protons (Wishart et al., 1992), AdaCH, of HR1924.949 in water are posi-
tive and occasionally close to zero (ESI Fig. S7, green bars, Table S3), so
indicating of the occurrence of disordered structures, whilst the NOE
pattern (ESI Fig. S8a) shows the presence of medium range NOE effects
which testifies the HR1924.949 propensity to adopt a helical structure
even in plain water. Globally, chemical shift and NOE data in water
indicate that HR1924.949 interconverts among different structural ele-
ments including extended and helix traits.

In a less hydrophilic environment as TFE/H,0, the propensity of
HR1924.949 to adopt a helical structure is confirmed by both the chemical
shift deviations, which are mainly negative (ESI Fig. S7, violet bars and
Table S4), and by the number and intensity of the NOE effects (ESI
Fig. S8b). The molecular models were computed by CYANA program
using NOE derived distances (ESI Fig. S8) as upper limit (upl) of inter-
proton distances for HR1924.949 in water and TFE/H50. The best CYANA
structures in terms of agreement with experimental data, i.e., with
lowest target function (TF) values, were clustered by similarity and the
first clusters were chosen as representative of the conformational space
covered by the peptide in each environment (Fig. 4). Globally, the NMR
analysis indicates a helical structure of HR1924.949 in the alcoholic me-
dium mimicking the biological environment. Once more, this result
fairly agrees with the ordered helix structure of the HR1 moiety in the
native Spike glycoprotein.

111898063731600HR1924.949 corresponds to the HR1 region in hy-
drophobic contact with HR2 in the super-coiled structure. The super-
position of the representative NMR/CYANA structure of HR1924.949 in
TFE 30 % (purple) to the sequence 924-949 of 6m1lv X-ray structure,
gives RMSD values of 5.41 A and 2.36 A, respectively (Fig. 5). A com-
parison with the other X-ray structures gives back similar RMSD values.

It’s worth noticing that the HR1924.949 peptide well reproduces the

RBM,4 505 H,O/D,0

A) Y508
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B) ©)

E484

oW
E484 4

Y508

Fig. 3. X-Ray structure of SPIKE- SARS-CoV-2 (orange) in complex with human
receptor ACE2 (green 6LZG) from Wang et al. Cell 2020 (Wang et al., 2020)
(panel A) Superposition of the representative NMR structures of RBMygy.50g in
water (cyan) (panel B) and in TFE 30% (purple) (panel C) with the native RBM
sequence E4g4. Ys0g (orange) of 6LZG X-ray complex. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

HR1934.949 H,O/D,0
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Fig. 4. NMR structures of HR1924-949 A) in H20/D20 90/10 and B) in TFE/
H20 30/70, clustered by CHIMERA and visualized by PYMOL. For each cluster,
all structures are shown as lines and the representative structure as cartoon,

pattern of hydrophobic as well as hydrophilic interactions of the 6HB in
the X-ray structures (Fig. 5).

3.4. Circular dichroism

The structure of RBMyg4.508 and HR1924.949 were also analysed via
circular dichroism in phosphate buffer and in TFE/water mixture. In
buffer, the peptide RBM4g4.508 is unfolded (Fig. 6, panel A) while when
decreasing the environmental polarity using aqueous mixtures of TFE
(Fig. 6, panel C) the peptide shows a slight tendence to adopt an alpha

RBM 45, 503 TFE/H,0

B) Y508

E484

Fig. 2. NMR structures of RBMyg4.50s-C in H,O/D>0 90/10 (panel A) and in TFE/H,0 30/70 (panel B), clustered by CHIMERA and visualized by PYMOL. For each
cluster, all structures are shown as lines and the representative structure as cartoon.
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Hydrophobic
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Hydrophiliic
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Fig. 5. The superposition of the representative NMR/CYANA structure of
HR1gp4.949 in TFE 30% (purple) to the sequence 924-949 of 6mlv X-
ray structure.
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Fig. 6. Secondary structure of RBMyg4.50s in water (panel A) and in a solution
of TFE and water (30/70 v/v) (panel C); secondary structure of HR1g24.929 in
water (panel B) and in a solution of TFE and water (30/70 v/v) (panel D).

helix conformation. Furthermore, the peptide HR1gz4.949 shows an
aggregated helical structure in water (Fig. 6, panel B). In the presence of
TFE the CD profile shows two minima at 208 and 222 nm with the one at
222 nm more pronounced typical of aggregated a-helical structure..
Indeed, the presence of TFE reduces the hydrophobic interactions
among helical domains and favours helical monomeric structures, as
evidenced by the more pronounced minimum at 208 nm. (Fig. 6, panel
D) (Maroun et al., 1999).

3.5. Peptide- dendrimers characterization

We analysed the formation of peptide-dendrimer nanoconjugates
where the two moieties were coupled by covalent bonds. The selected
peptides, HR1924.949 and RBMyg4.508, were derivatized with a cysteine or
propargyl group (Table 2). To allow the formation of the conjugates by
thiol-maleimide and azide-alkyne Huisgen cycloaddition to dendrons
with maleimide or azide at the focal point, respectively (Fig. 7). The
successful formation of the thiol-maleimide conjugates was verified by
NMR measurements. The comparison of proton NMR spectra of the
positively charged dendrimer free (5) and loaded with peptide RBM4g4.
508-C is shown in ESI Fig. S10. The disappearance of maleimide alkene
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Table 2
Sequences of synthetized peptides RBMyg4.508 and HR1g24.949modified to bear a
C-terminal Cys (C) or propargylglycine (PRA).

Compound Sequence

rbmygs.s08-C
rbmygg.50s-pra
hrlgzq.049-C
hrlgas.949-pra

Ac-E*®*GFNSYFPLQSYGFQPTNGVGYQPY®® —C-CONH,
Ac-EGFNSYFPLQSYGFQPTNGVGYQPY-Pra-CONH,
Ac-ANQFNSAIGKIQDSLSSTASALGKLQ-C-CONH,
Ac-ANQFNSAIGKIQDSLSSTASALGKLQ-Pra-CONH,

protons at 6.66 ppm and the presence of protons of succinimide ring at
3.7 ppm indicate that the peptide-dendrimer conjugation was success-
fully achieved.

However, it is worth noting that the NMR analyses cannot exclude
the further occurrence of non-covalent interactions between the charges
present on the peptide and the ionic groups on the surface of the den-
dritic wedge. The conjugates appear very stable over the time as verified
by NMR spectra acquired over a period of months (Fig. ESI S10).

3.6. Anti-Viral activity evaluation

The antiviral activity of free peptides, free dendrimers and peptide-
dendrimer was evaluated through the use of SARS-CoV-2 pseudotyped
lentivirus. As shown in Fig. 8, after the production of the virus,we
infected ACE2-expressing HEK293 cells for 48 h with pseudovirus
expressing the luciferase together with or without the peptides/den-
drimers/peptide-dendrimers.

We tested a series of eight compounds that include the two free
peptides HR1924.949 (1) and RBMyg4.508 (2), the two peptides bound to
each dendrimer: HR1-924.949-C-G2(S(CH3)2NMeoHCl)4 (3), RBM-484.508-
C-Gz(S(CHz)zNMEZHC1)4 (4), HR1924_949-PRA 7CK-G2(S(CH2)3SO3N3)4
(6) and RBMyg4.508-PRA — cK-G5(S(CH5)3SO3Na)4 (7), and the den-
drimers alone MalGy(S(CH3)oNMe,HCD)4 (5) and N3(S(CH2)3SO3Na),
(8).

To determine the optimal compound concentration for the experi-
ments, we conducted preliminary experiments using three different
concentrations: 12.5 pM, 25 pM, and 50 pM. It was observed that many
compounds exhibited toxicity at the 50 pM concentration, whereas at
the lower concentration of 12.5 pM, several compounds showed inac-
tivity (Data not shown). Consequently, the intermediate concentration
of 25 uM was selected for subsequent experiments.

All compounds were tested in three different experimental setups: A
as neutralization assay, in which virus was incubated with the com-
pounds for 30 min before to be used to infect the cells; B as preventive
treatment, in which cells were incubated with the compounds for 30 min
before to be infected by the virus; C as therapeutic treatment, in which
cells were infected by the virus and after 30 min treated with the com-
pounds. We obtained different antiviral activity depending on both
compound and setup used. As concerns the neutralization assay (setup
A), the best antiviral activity is observed for free peptide RBMyg4.508
(about 50 %) and for RBM4g4.508 bound to the positively charged MalG2
(S(CH2)2NMe2HCI1)4 dendrimer (about 70 %), compounds 2 and 4 in
Fig. 9. This result can be explained by considering that when the pool
virus + compound encounters the cells, the RBM site of viral Spike
protein and the RBMyg4.50g peptide compete for the binding to the ACE2
cell receptor. Moreover, the better activity of RBMug4.508 peptide bound
to the positively charged dendrimer MalG2(S(CH2)2NMe2HC1)4 is due
to a better exposure of the compound to the cell surface. Furthermore, it
is known that positively charged particles interact more with cell
membranes compared to neutral or negatively charged ones (Forest and
Pourchez, 2017). Regarding the HR1g24.929 peptide, we found it to be
ineffective in both the free and conjugated forms. We believe that in the
isolated virus the HR sequence is not yet exposed on the surface of the
virus and therefore, when the virus is pre-treated with HR1g24.929 and its
conjugates, HR1924.929 peptide cannot play a functional role.

Regarding cell preventive treatment with our compounds (setup B),
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Fig. 7. Schematic representations of peptide-dendrimer nanoconjugates. Left: negatively charged dendrimer functionalized with azide (top) and covalently linked to
peptides RBMyg4.508 and HR1g24 949 functionalized with proargylglycine group (bottom). Right: positively charged dendrimer functionalized with maleimide (top)
and covalently linked to peptides RBM4g4.50s and HR1g24.949 functionalized with cysteine (bottom).
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Fig. 9. Antiviral activity of peptide-dendrimers on Omicron BA.1-derived pseudoviruses in cell cultures. Pseudoviruses expressing Omicron Spike variant protein
were pre-incubated with 25 pM of peptides or dendrimers o complexes of both, for 1 h at 37 °C. (1 = HR1g24.949, 2 = RBMuga.508, 3 = HR1924.949-C-G2(S
(CHz)zNMe2HC1)4, 4 = RBM484-508-C 7G2(S(CH2)2NM82HCD4, 5= Male(S(CHz)zNMEZHCD‘g, 6= HR1924_949-PRA 7CK-G2(S(CH2)3503N3)4, 7= RBM434_508-PRA
—cK-G2(S(CH2)3SO3Na),, 8 = N3(S(CH2)3SO3Na)4). Then, HEK293-ACE2 cells were infected with the mixtures for 48 h and the levels of infectivity expressed as
percentage of luminescence with respect to untreated infected cells used as a positive control. Error bars shown are means + SD and were obtained by at least three
independent experiments. p-value: * p < 0.05, ** p < 0.001 by unpaired two-tailed Student’s t-tests.

we found that the results of antiviral activities improve in the order:

HR1924.949-C-G2(S(CH2)2NMeoHCl) 4 3), RBM4g4.508C-G2(S
(CH2)2NMeoHCl)4 (4), RBMygq.508-PRA- cK-G2(S(CH2)3S03Na)4 (7),
RBMuyg4.508 (2), (Fig. 9). We note here that both RBM4g4.508 alone and
bound to the negatively charged dendrimer N3(S(CH3)3SO3Na)4 show a
comparable anti-viral activity, while when bound to the positively
charged dendrimer MalGy(S(CH3)2NMeoHCl)4 shows a very high anti-
viral activity reducing infectivity by 90 %. Indeed, RBMyg4.503 was
designed to bind the ACE2 cell receptor and seems to do it very well
when it is bound to the positively charged dendrimer MalGy(S
(CH3)2NMeyHCl)4 (4). Therefore, when the virus is added to the pre-
treated cells with our compounds (setup B), it finds few ACE2 cell re-
ceptors available for binding to, and consequently, few chances to be
infective. The same significant antiviral activity is shown by HR1924.929
bound to the positively charged dendrimer MalGy(S(CHz2)2NMeyHCl)4.
HR1 sequence, as already said, was designed to disturb the assembling of
6HB. The formation of 6HB is a late event in the fusion mechanism. We
believe that the peptide bound to the dendrimer can dock on the cell
surface. Therefore, when the virus is added, the presence of HR1924.929
may disturb proper 6HB formation and the fusion and infection. Another
possible interpretation of the result is that HR1g924.929 internalized in the
cell thanks to the dendrimer can interfere in the correct folding of the
Spike protein. It is possible that one or the other of the processes occurs
or that both are active at the same time.

Finally, in the protocol C, the activities of the different compounds
are evaluated on cells pre-infected by the virus (therapeutic treatment).
We find that just HR1gp4.949 when linked to the positively charged
MalG2(S(CH2)2NMe,HCl)4 shows some antiviral activity. One possible
interpretation of this result is that HR1g34.949 acts only on that per-
centage of cells not yet infected by the virus and that are still in course of
fusion. At this stage HR1924.949 influences the correct assembly of 6HB.
Moreover, as said above, HR1g24.949 bound to the dendrimer, may
internalize in the cells already infected, and interfere with Spike protein
correct folding.

4. Discussion and conclusion
Here we have designed and synthetized a series of peptides, den-

drimers and peptide-dendrimers as tools to inhibit SARS-CoV-2 viral
infections. As concerns the peptide moieties, we choose two sequences:

RBMuys4.508 and HR1924.949, potentially able to interfere with the binding
to human ACE2 receptor and with the virus cell membrane fusion,
respectively. Dendrimers themselves present antifungal, antibacterial
and antiviral activities (Falanga et al., 2021; Sherje et al., 2018).
Moreover, their structural versatility and the easy to control their
chemical-physical features give them special properties and make them
ideal carriers for many active molecules. Indeed, to improve peptides
stability and antiviral activities, we used dendrimers as peptide carriers.
Furthermore, negative carbosilane dendrimers have been shown to be
potent antivirals against HIV or syncytial virus due to their ability to
block specific proteins of viral capsids used to anchor to host cells or
receptors in the host cells. 3 For this reason, the presence of negative
charges in dendritic wedge N3(S(CH32)3SOsNa)s (8) could establish
possible collaborative or synergistic effects derived from the antiviral
activity that both systems, dendron and peptide, present separately.

Free peptides (RBMyg4.503 and HR1g24.949), free dendrimers (nega-
tively and positively charged), and the four combinations of peptide-
dendrimers (Fig. 7) were structurally characterized and tested for their
anti-viral activities.

CD and NMR analyses of RBMyg4.50s and HR1g24.949 indicate that
they well reproduce the structure they adopt in the native Spike glyco-
protein. Indeed, RBMyg4.50s is unstructured, as expected for a fragment
belonging to a flexible loop of Spike glycoprotein deputed to recognize
ACE2 cell receptor. On the other hand, HR1924.949, presents an ordered
helical structure, the same that it adopts in the Spike glycoprotein. These
peptides, both alone or conjugated to positively and negatively charged
dendrimers, were tested for their antiviral activities. The antiviral ac-
tivities were evaluated, as described above, through three different
experimental setups: A) virus pre-incubated with each compound before
to cell infection (neutralization assay); B) cells pre-incubated with each
compound before virus infection (preventive treatment); C) cells infec-
ted by virus followed by compound addition (therapeutic treatment).
overall, the best antiviral activities were found when cells were pre-
treated with our compounds before virus infection (setup B). As con-
cerns the free peptides, the best antiviral activity is observed for RBMyg4.
508 in preventive treatment B, i.e. when it is pre-incubated with cells
before virus addition. This result can be explained by considering that
RBMu4g4.508 binds to ACE2 cell receptor, depriving the Spike protein of
availability of all contact sites. By considering the same experimental
preventive setup, RBMyg4.508 antiviral performance is even better when
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it is bound to dendrimers, and in particular when bound to the positively
charged dendrimer. These findings confirm the role of dendrimers in
favoring the close approach of the peptide to the cell membrane and also
prove that positively charged particles better interact with cell mem-
branes than negatively charged ones (Forest and Pourchez, 2017).

The same good antiviral activity is shown by HR1g924.929 bound to the
positively charged dendrimer when pre-incubated with cells (preventive
treatment, setup B). HR1 sequencewas designed to disturb the assem-
bling of 6HB, which is a late event in the fusion mechanism. We can
imagine that the peptide bound to the dendrimer is docked on the cell
surface. Thus, when the virus is added, the presence of HR1924.929 can
disturb the proper formation of 6HB and thus fusion and infection.
Another possible interpretation of the result is that HR1924.929, inter-
nalized in the cell thanks to the dendrimer, can interfere with the correct
folding of the Spike protein. It is possible that one or the other of the
processes occurs or that both are active at the same time. The results
obtained show that peptides designed to bind the receptor ACE2 or to
interfere with the cell-virus membrane fusion, both key steps for the
virus infection, when functionalized with positively charged den-
drimers, protect cells to some extent from viral infection. The most
successful aspects of our experimental approach may prove useful in the
design of peptide-dendrimers to combat other coronaviruses.
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