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ABSTRACT

Fullerene Cgq is known as a promising therapeutic agent due to its antioxidant, anti-inflammatory
and other properties, along with the lack of noticeable toxicity. In this article, we describe antiviral
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properties of aqueous fullerene Cgo dispersion (ndCeo) produced by biocompatible diafiltration

technology and Cgo amino derivatives against Herpes simplex virus type 1 (HSV-1) and Human
cytomegalovirus (HCMV) infections. Their activity in vitro was evaluated by a plaque reduction
assay using Vero and HF cells in pre- and post-treatment modes. Therapeutic efficacy of dnCeq
and Cgo derivatives was studied in DBA mice using cutaneous model of HSV-1 infection. Data
obtained indicated low cytotoxicity of all used compounds for both cell lines (CCso > 1 mg/ml).
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The antiviral activity of dnCeo in most tests exceeded the activity of both Cgo amino adducts and
acyclovir (ACV), and it demonstrated significant therapeutic effect against HSV-1 skin infection

in mice.

1. Introduction

Herpes simplex viruses type 1 (HSV-1) and type 2 (HSV-2)
and human cytomegalovirus (HCMV) are common patho-
gens in the human population. According to estimates of
the World Health Organization (WHO) in the world about
3,7 billion people with age to 50years (67% of the popula-
tion in this age bracket) are infected with HSV-1 while 417
million people with age from 15 to 49years (11% of the
population) - by HSV-2.!" The prevalence of HCMV infec-
tion varies significantly in different regions of the world
from 45% to 100%.! Among the population of Russia
about 20 million of new cases of herpesvirus infections are
registered annually. Primary infection and reactivation of
human herpesviruses (HHV) from latent state causes serious
illness including cases with lethal outcome. These infections
are especially hazardous for persons with decreased immun-
ity: newborns, pregnant women, HIV-infected patients and
patients after organ and tissue transplantations.

The main methods of treatment of herpesviruses diseases
are aimed to repress the viral reproduction in the body but
they are unable to suppress the virus being present in a
latent form. Well-known specific antiviral drugs acyclovir
(ACV), ganciclovir (GCV) and their analogs that are applied
for treatment of HHV infections have a number of draw-
backs. The most significant ones include toxicity and resist-
ance of viruses which increases with prolonged use and with

recurrent diseases.>™ In this regard, the urgent task is the
development of new drugs against HHV with different
mechanisms of action that would also be effective against
wild-type viruses and mutant drug-resistant strains of HSV-
1/2 and HCMV. In addition, an important issue is the
design of drugs that can prevent the penetration of the virus
into the body through the skin and mucous membranes.
Currently, a large interest of researchers has been focused
on fullerene Cgy and its water-soluble derivatives. Fullerene
Ceo in water-soluble forms (Cgp nanodispersion, dnCgp) pos-
sesses low toxicity and withal permeability through bio-
logical membranes.!” The dnCy, and some Cg, derivatives
(adducts) exhibit in vitro antioxidant and antiviral proper-
ties”’**! including activity against herpetic infection.!") The
development of fullerene-based drugs for the treatment of
various diseases, including HSV-1/2 etiology, is being
actively developed.!"”!"'*! However, the widespread use in
medicine of these compounds is significantly hampered by
the high cost of their synthesis and problems in their
purification; another problem is the uncertainty in their
toxicological properties. Therefore, a design of low-cost ful-
lerene-based drug against viral infections with low toxicity
and possibility to scale its production is a desirable task. In
principle, an aqueous dispersion of unmodified fullerene is
suitable substance for this role, since there are many publi-
cations on the chemical and biological properties of this
form"*2?) indicating its low toxicity. Recently, some of the
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authors of this publication have described!"®! a new method
for preparing an aqueous Cg dispersion using a biocompat-
ible diafiltration method, in contrast to the traditional tolu-
ene/ultrasonic method.'”>?* Studies have been shown that
dnCg is promise anti-inflammatory agent (atopic dermatitis
and other allergic diseases) in the absence of toxicity.!?>*"!
On the other hand, it is known that C4, have potential anti-
viral activity against enveloped viruses and what is more the
mechanisms for virus inactivation may Vary.[11’26’27]

The purpose of this work was to study the antiviral activ-
ity of dnCgy against HSV-1 and HCMV infections in cell
cultures, as well as in vivo upon cutaneous HSV-1 infection
in mice.

2. Materials and methods
2.1. dnCg, preparation

The dnCgy was produced by a diafiltration method as
described!"®! in a modified version using tangential ultrafil-
tration instead of dialysis. Briefly, 80 mg of pristine fullerene
Cso powder (NeoTec product, Russia 99.95%) was dissolved
in 100 ml of N-methyl-1-pyrrolidone (NMP, Sigma Aldrich,
99.5%) and obtained purple solution was then passed
through glass fiber filter (Sigma Aldrich, 2.6 pm) and 100 ml
of distilled water was added to the filtrate. An exchange
solution was deionized water (other variant is pluronic F-
128, 0.01% in water). Obtained solution was subjected to
tangential flow filtration (TFF) using peristaltic pump
(Spectrumlabs Krosflo ACR1-U20-01N) with performance
15-200ml/min  and  ultrafiltration modules Sartorius
Vivaflow 50 with 100kDa membrane (“regenerated
cellulose”). The process of removing NMP from
Ceo.containing retentate was monitored by spectrophotom-
etry by the quantification of NMP in permeate, and was
finalized after the practical disappearance of band at
190-210 nm which characteristic for free NMP absorption.
The final solution was filtered through 0.45 um pores result-
ing in a clear transparent brownish solution dnCg, stored at
4°C protected from light exposure. Elemental analysis of
vacuum-dried sample (%): C 78.62, H 1.11, N 2.28. The ful-
lerene content was quantified by spectrophotometry (Cary
100, Agilent Technologies, 10 mm cell) using a calibration
curve and measured value of its molar extinction coefficient
at 340nm (€ =50200). The concentration of fullerene in
dnCgp used in this work was approx. 1 mg/ml.

2.2, Cso-amine adducts

The water-soluble Cg, adducts with L-arginine (Cgo-Arg), L-
lysine (Cgo-Lys) and piperazine (Cgo-Pip) were synthesized
as described below.

2.2.1. Cgp-Lys

To a solution of 862mg (3.5mmol) of N-e-Boc-L-Lysine
(Merck) in 10ml of DMSO was added 2.57 ml of 20% tet-
raethylammonium hydroxide solution (Merck) and 30 min
after 50mg (0.069 mmol) of fullerene Cgo. The resulting

dispersion was stirred for 24 hours until homogeneous, TLC
(Kiesel gel 60/DMF: toluene (1: 1)) indicated the absence of
free fullerene. The color of the solution was greenish brown.
The solution was diluted with 50 ml dist. water and acidified
to pH 3, and after 15 min, the loose loose precipitate was fil-
tered (0.45pm) and dried in vacuum. Dry powder (188 mg)
was treated with a 50% (v/v) solution of trifluoroacetic acid
(TFA) in methylene chloride for 15min. Then the mixture
was evaporated in vacuo, the residue was washed four times
from TFA traces with dry diethyl ether (by decantation),
and the residue obtained was dried in vacuo. The resulting
brown powder (67 mg) shows good solubility in water, the
pH of the solution is close to neutral. Elemental analysis
(%): C 44.60, H 3.31, N 5.64; calculated nitrogen-based
molar ratio for Cgp/Lys was ~1/4-5. The acid-base titration
indicated the presence of approximately 5 basic groups/Cep.
FTIR spectra, major bands: 3300-3500 (broad), 2400-2300,
1680 (s), 1428, 1202 (s), 1138 (s) cm ™.

2.2.2. C60—Arg

8.8ml (36mmol) of N, O-Bis-(trimethylsilyl)-acetamide
(Merck) were added to a suspension of 1.74g (10 mmol) of
L-arginine in 20ml of NMP, and the mixture was stirred
until a yellowish solution was obtained (approximately
12 hrs). Then, 144 mg (0.2 mmol) of fullerene Cgy was intro-
duced into the reaction mixture and stirred for 18 hours at
room temperature. In the next step, 50ml of distilled water
was added to the mixture, followed by dialysis against water.
The aqueous phase was acidified to pH 3 (1N HCl) and
then the solution was evaporated under vacuum on a rotary
evaporator at 40°C to remove the hexamethyldisilane
formed. The remaining aqueous solution was passed through
a 0.22pum filter and further, the isolation procedure was
analogous to that described above. The yield of water-sol-
uble brown powder was 370 mg. Elemental analysis of vac-
uum-dried sample (%): C 51.69, H 3.71, N 12.96; calculated
molar ratio for Cgo/Arg was 1/4-5. FTIR spectra: 2400-2300,
1675, 1400, 1075 cm ™.

2.2.3. Cgp-Pip

50mg of fullerene Cqy were dissolved in 50ml of toluene
(99.9%, Panreac Applichem) and then 1ml of DMSO and
129mg of Boc-piperazine (98%, Sigma) were added.
Resulting mixture was agitated on magnetic stirrer for
1.5hours, until initial purple solution had turned brown.
The reaction mixture was then evaporated in high vacuum
to remove above solvents and treated by 1:1 mixture of
dichloromethane (DCM, 99.8%, Sigma) and trifluoroacetic
acid (TFA, 99%, Sigma) for 15min. Thr mixture has been
concentrated in vacuo to remove DCM and TFA. Obtained
residue was washed several times with dry ethyl ether (99%,
Sigma) to remove traces of TFA and vacuum dried. The
yield of light brown powder (Cgo-Pip) was 162 mg, its aque-
ous solution had an intense orange color. Elemental analysis
of vacuum-dried sample (%): C 71.55, H 5.22, N 10.43; cal-
culated molar ratio for Ceo/Pip was ~1/4-5. FTIR spectra:
2400-2300, 2477 (s), 1666 (s), 1482, 1433, 1075, 725cm ™ .



2.3. Spectral and elemental analysis

UV-VIS absorption spectra were recorded on a double beam
spectrophotometer Cary 100 (Agilent Technologies) in the
range of 190-800nm using 1-cm quartz cell. FTIR spectra
were recorded on a Bruker Alpha IR spectrometer (attenu-
ated total reflectance (ATR) measurements) using freeze-
dried samples of nCqy. Measurements of Cgy nanoparticle
sizes and ¢-potential were performed by dynamic light scat-
tering (DLS) using a Photocor Compact-Z instrument
(Photocor, Russia). Elemental analysis has been performed
by 2400 series II Perkin Elmer element analyzer.

2.4. Electron microscopy measurements

Samples of dnCgy were taken on a scanning electron micro-
scope (SEM) TESCAN MIRA 3 LMH equipped with field
emission cathode (Schottky emitter). Scan options: primary
electron beam energy is 5keV with beam current 130 pA.
For registration of the signal, a secondary electron detector
was used. Samples were dried in vacuum prepared without
any sputtering with conductive layer.

2.5. Cell cultures

Vero cells (African green monkey kidney) and HF cells
(human fibroblasts) were used in the present work. Vero
cells were grown in Eagle’s minimum essential medium
(MEM), HF cells - in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 2mM L-glutamine, 50 ug/mL
gentamicin and 10% fetal bovine serum (FBS). All reagents
were purchased from Paneco (Moscow, Russia).

2.6. Viruses

HSV-1 (F) and HCMV (AD169) were obtained from the
State Virus Collection of the Gamaleya NRCEM (Moscow,
Russia). Viruses were propagated and titrated on Vero cells
(HSV-1) and HFs (HCMYV). Virus titers were quantified by
plaque assay.

2.7. Cytotoxicity assay

Cytotoxicity of compounds was tested by standard MTT
method. Briefly, Vero and HF cells cultivated in 96 well
microplates with compound in serial dilutions for 72 hours
at 37°C in 5% CO, atmosphere. Further the medium was
replaced with 50l of a 1 mg/ml solution of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) in
Eagle-MEM. Cells were incubated at 37°C for 3 hours, and
100 ul of acid-isopropanol (0.1N HCI in isopropanol) was
added to each well. After a few minutes at room tempera-
ture to ensure that all crystals were dissolved, the plates
were read using an automatic plate reader (TECAN,
Switzerland) with a 570nm test wavelength and a 690 nm
reference wavelength. The 50% cytotoxic concentration
(CCsp) was defined as the compound concentration that
caused a 50% reduction in the number of viable cells.
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2.8. Positive treatment control

Acyclovir (ACV, Zovirax®, Glaxo Wellcome Operations,
Great Britain) was used as a positive control in the in vitro
experiments with HSV-1-infection, while in the in wvivo
experiments 5% Acyclovir ointment (ACV-A, OOO
Akrikhin, Moscow region, Russia) for external use, and
Ganciclovir  (GCV, Cimeven®, Hoffman-La  Roche,
Switzerland) were used.

2.9. Antiviral activity assay

The antiviral activity of test compounds was evaluated by a
standard plaque reduction assay. The different concentra-
tions of compounds were added to Vero and HF cells prior
(pretreatment assay) or post (post-treatment assay)
viral infection.

2.9.1. Pretreatment assay

Monolayer of Vero and HF cells were covered by the cul-
tural medium containing the different concentrations of
compounds and incubated for 24hours at 37°C under 5%
CO,. After 24 hours, Vero cells were infected with HSV-1 at
0.01 plaque forming units per cell (PFU/cell) and HF cells
were infected with HCMV at 0.001 PFU/cell for 1hour at
37°C under 5% CO,. Further, the cells were twice washed
with phosphate buffered saline (PBS) and placed into the
maintenance medium (MEM with 2% FBS) and incubated
under the conditions described above.

2.9.2. Post-treatment assay

Cell monolayers were infected with HSV-1 or HCMV and
incubated for 1hour under the conditions described above.
Then the cells were twice washed with PBS and the different
concentrations of compounds were added.

2.9.3. Virucidal activity assay
The viruses were mixed with the test compounds at different
concentrations and incubated for 1hour at 37°C. Then the
incubation mixture (virus plus compounds) was applied to
the cell monolayers and incubated for 1hour at 37°C under
the conditions described above. The cell monolayers were
washed and the culture medium with 2% FBS was added.
The data were analyzed and presented as the means of
triplicates + SD for each dilution. ACV or GCV at concen-
trations of 44 uM and 19.6 uM, respectively, were used as
positive controls, not treated infected cells were used as
virus controls. The plaque inhibition rate was calculated by
Spearman-Karber method as previously described.”®! The
ICso (50% inhibitory concentration) for test compounds was
calculated by regression analysis. The selectivity index (SI)
of compounds was calculated as the ratio of CCsq to ICsg.
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2.10. Analysis of CMV mRNA expression

Seven days after infection with HCMV, HF cells treated
with dnCg, at a concentration of 500 ug/ml were lysed by
TRIzol Reagent (Thermo Fisher Scientific, USA) and total
RNA was isolated according to the protocol of the manufac-
turer (Thermo Fisher Scientific, USA). Infected cells not
treated with dnCy, and uninfected cells were used as posi-
tive and negative controls, respectively. After isolation of
RNA, samples were treated with DNase (Thermo Fisher
Scientific, EN0525). Synthesis of cDNA was performed using
RevertAid H Minus Reverse Transcriptase (Thermo Fisher
Scientific, EP0452) according to the manufacturer’s appro-
priate protocols. To identify the mRNA of corresponding
the HCMV genes UL122, UL83, UL54 and the GUS gene as
reference housekeeping gene the primers used were:

uL122-F TCATGTTGCGGTAATCGGAGGAACG
UL122-R CACAGCCGATGCTTGTAACGAAGG
UL83-F TGCCCTGGATGCGATACTG

UL83-R AGGACCTGACGATGACCCG

UL54-F GCGTACCGTTGAAAGAAAAGCATAAAGC
UL54-R GCACTTCGGAGGGTGTGATCTTTGG
GUS-F CGTGGTTGGAGAGCTCATTTGGAA
GUS-R ATTCCCCAGCACTCTCGTCGGT

For PCR assay LightCycler® 480 Real-Time PCR System
(Switzerland, Roche) was used. The results of RT-PCR were
determined relative to the GUS gene.

2.11. Therapeutic efficacy

Female DBA/2] (H-2d) mice ages 6-10weeks were pur-
chased from the animal nursery Filial SCBMT “Stolbovaya”
(Moscow region, Russia) and kept in a pathogen-free envir-
onment with an OVA-free diet. All experimental procedures
were carried out according to order no.708 of the Ministry
of Health of the Russian Federation and “Regulations on the
ethical attitudes to laboratory animals of N.F. Gamaleya
NRCEM (Moscow, Russia).”

The back areas of the mice (1 x1cm) were chemically
depilated. One day later, the naked skin was scratched and
0.1 ml of HSV-1 suspension of 1 x 10° PFU/ml was applied
in scarified area. After 24 hours of virus challenge mice of
group 1 (n=>5) were treated with 0.1 ml of dnCy, (10 pg/
mouse), group 2 (n=>5) using 0.1 ml of Cgp-Pip (50 pg/ml),
group 3 (n=38) using ACV ointment (5000 pg ACV/mouse).
Mice of the control group 4 (n=8) received 0.1 ml of saline
each. All test compounds were applied to the skin one time
daily for 3 days. The observations were conducted daily, the
results of the treatment were analyzed by evaluating the
development of HSV-1- specific skin lesions for 10 days and
were scored from 0 to 6 as described.?**"!

2.12. Determination of antiviral antibodies

Anti-HSV-1 antibody titers in mouse sera were measured by
ELISA as described earlier.®!! Briefly, the 50 ug/ml HSV-1
antigen (“Vecto-HSV-1,2-IgG,” Vector, Koltsovo, Russia)
was adsorbed into a 96-well plate by incubation for 18 hours

at 37°C. The plates were washed and sera were added at
various dilutions (sera of mice in each group were pooled).
After washing, anti-mouse IgG antibodies labeled with per-
oxidase (Dako, Denmark) were added to the wells. The
optical density was evaluated using a microtiter plate reader
Multiskan (TECAN, Switzerland) at a wavelength of 450 nm.

2.13. Statistical analysis

The statistical analysis was performed using the GraphPad
Prizm 5.0 software package. Student’s t-test (f-test) was used
to calculate and compare mean values, and analysis of vari-
ance of ANOVA was used to analyze differences in the clin-
ical manifestations of HSV-1 infection between groups.
Differences were considered statistically significant at p < 0.05.

3. Results
3.1. dnCg

The method described here for obtaining a fullerene water
dispersion dnCg, is quite different from the well-known
traditional method involving the long-term ultrasonic treat-
ment of a heterogeneous mixture of water/Cgo solution in
toluene.** This diafiltration protocol does not use toxic sol-
vents (toluene) and heating, and it allows to adjust the con-
centration of Cgp to record values (up to 1g/L). However,
the method allows to obtain solutions with concentrations
of fullerene Cg up to 2 g/l if a 0.01% solution of pluronic F-
127 is used as a displacing medium instead of pure water.
Study of its physicochemical properties demonstrated that
the dispersion contains Cgo clusters with hydrodynamic
radius ~80-100 nm and with net negative surface charge (z-
potential) - 25-30mV (Figure 1). SEM images of dried
dnCs samples demonstrated approximately 100 nm agglom-
erates consisting of small particles with the size of about
15-30nm (Figure 2). The small angle X-ray neutron scatter-
ing data indicated a two-level aggregation of particles in the
dnCq, dispersion, fullerene molecules initially collected in
dense aggregates several nanometers in size, and then they
are associated in secondary fractal aggregates.**! According
to elemental analysis (Table 1) the vacuum dried dnCg
samples (at 10 um of Hg, 24 hrs) contained a nitrogen due
to the presence of NMP forming with fullerene a charge
transfer complex (CTC).!"*! We suppose that the Cgo clus-
ters are apparently surrounded with tightly bound water
shell not removable in high vacuum. FTIR spectrum (Figure
3) of dried dnCs, displays four bands characteristic for ful-
lerene skeleton at 1427, 1181, 575 and 525 cm ', in addition
it contains other bands associated with the presence of
bound water (3500-3200), NMP complexed to Cg (2917
and 1598, C-H and C=0), and of possibly OH groups
(C-O bond, 1000-1180cm™'). The possibility of minor
hydroxylation of fullerene in aqueous dispersions was
described also by other authors.!'*'>'8) UV-Vis absorption
spectrum of dnCg is characterized by three intensive max-
ima at 222, 268 and 340-347nm and less intensive broad
band at about 400-600nm (Figure 4). The comparative
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Figure 1. Size distribution (radius) of fullerene Cg, particles in aqueous dispersion dnCq recorded on Photocor Compact Z nanoparticle analyzer.

thin-layer chromatographic analysis of ndCs and Cgy in
toluene on a silica gel plates (eluent dimethylformamide:
toluene (1:1)) demonstrated different behavior of Cgy. In the
first case, the main spot was observed near the start, while
in the second case near the front. The mass spectra of the
extracted substance from the spots showed only molecular
ion Cgo. These results demonstrate the absence of a notice-
able chemical modification of fullerene in dnCg,. Final con-
centration of the Cq in the dnCs was approx. 1g/L
(~1.39mM). A good thermostability of dnCg, allows using
of sterilization.

3.2. C4p adducts

The amino acid trimethylsilyl (TMS) derivatives were used
in the synthesis of Cgy amino acid adducts, which allowed
the reaction to be carried out in a homogeneous aprotic
medium, where then the removal of TMS groups is easily
achieved by water.*®) The Cgo/piperazine adduct was pre-
pared using mono-protected (Boc)-piperazine. This sub-
stance was good soluble in water at pH <7.5 (>50mg/ml,

orange color); its solution in dist. water shows an pH ~ 3
(salt of a weak base and a strong acid). Earlier, Cq, tetra-
piperazine derivative was obtained in another way by
Japanese researchers described as a highly water-soluble sub-
stance with an orange color in solution.®* Other Cg,
adducts, with Arg and Lys, were sparingly soluble at neutral
pH and good at low pH (>3 mg/ml); Belstein’s chlorine test
gave a positive reaction. The adducts were characterized by
elemental analysis, particle size and surface charge, UV and
FTIR spectra. In dry form after freeze drying they are as
brown powders. Obviously also, they all also contained a
certain amount of water as indicated by elemental analysis
and FTIR spectra. It should be noted that the Ccgo-H frag-
ment formed after the formation of the adduct can undergo
oxidation in air and then turn into hydroxyl. Mass spectra/
MALDI-TOF showed the presence of mono-, bis-, tris-add-
ition of amino addends together with Cgo ion (m/z ~ 720)
(Figure 5). However, it is known that fullerene adducts with
C(cs0)-N covalent bonds are thermally unstable,*” and
even with a mild ionization method only a peak with m/z
720 is often present in the mass spectrum. It is rarely
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possible to establish the number of attached addends by
mass spectrometry due to the decay of molecules under the
influence of a laser strike. Unfortunately, good NMR spectra
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Figure 2. SEM images of dnCe, dried in vacuum: (a) view field 1.66 um; (b)

view field 0.6 pum.

Table 1. Cytotoxicity and anti-HSV-1 effect for tested compounds.

could not be obtained because of self- association of Cg,
derivatives in aqueous medium. The UV spectra of these
derivatives does not have noticeable maxima, they look like
a smoothed curve (not shown), and this is typical for spectra
of many Cgp-amine addition products.“sl The DLS measure-
ments of Cgo-Arg, Ceo-Lys and Cgp-Pip showed that their
main dimensions lies in the region about 10-55, 18-60,
55-150nm, respectively, however there are also
observed and more large aggregates. For instance, solutions
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Figure 3. FTIR spectra of pristine Cgo (upper) and ndCg vacuum dried.
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Figure 4. UV-Vis absorption spectrum of dnCg.

Assays

Pre-treatment Post-treatment Virucidal
Compounds CCso* 1C50** SIFH* 1Cs Sl ICso Sl
dnCeo 172+0.7 0.8+0.02 215+5.5 1.3+0,02 132+0.3 0.1£0.02 1720 £ 312
Ceo-Arg 55.9+0.3 0.6+0.01 93+1.3 - - - -
Ceo-Lys 57704 0.5+0.01 107 +£1.2 - - 4.6%0.01 125+0.2
Ceo-Pip 61.9+0.6 0.4+0.01 155+4 1.8+0.06 34+1.8 - -
ACV 4444 + 32 3.2+0.1 1388 £48 06+0.3 7406 +78 11.1£0.1 400+ 13.6

*50% cytotoxic concentration, the means +SD, pM/ml; **50% inhibiting concentration, the means = SD, uM/ml; ***selective index CCso/ICso; “no detected; bold

- SI > 100.
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Figure 5. Mass spectrum (MALDI-TOF) of Cgo-Arg and Ceo-Pip.

of Cgo-Arg, in contrast to dnCeg, contain fractions of non-
associated primary aggregates with size of few nano-
meters.'*”) The surface charge of the adducts had a positive
sign indicating the presence of cationic species with {-poten-
tials:  22.0+4.31 (Cgo-Arg), 16+4.00 (Cgo-Lys) and
60.6 £8.23 (Cgo-Pip). The high charge for the latter com-
pound explains its very high solubility. The molar ratio
addend: Cgy was calculated on the basis of elemental analysis
of dried in high vacuum samples taking into account the
nitrogen content, the data were as follows: Cgo-Arg ~4-5,
Ceo-Lys ~4-5 and Cgo-Pip ~4-5. The nominal molecular
weights of Cgo substances were calculated based on the Cg
content. All FTIR spectra of the adducts demonstrated the
presence of strong band near 3300-3500cm ' probably
indicating the presence of an attached OH group and/or
water molecules.

3.2.1. Cytotoxicity test

To assess the cytotoxicity of Cgy substances, Vero cells were
incubated with each substance at different concentrations
(ranges 50-500 uM). The value of CCsy for dnCgy was
172+0.7 uM, while all Cgy amino adducts had almost the
same value, demonstrating toxicity more than doubled com-
pared to dnCgy (Table 1). Thus, dnCgy showed markedly
lower toxicity for Vero cells compared to the Cqy derivatives
used (p < 0.001). Note, we could not determine the CCsy of
dnCg4y for HF cells even at the maximum concentration
used (138.8 uM).

3.2.2. Antiviral activity in vitro

The results of the analysis of the in vitro antiviral activity of
Cso compounds are presented in Figure 6. In pretreatment
mode assay, all compounds significantly suppressed HSV-1
infection, maximal effect was shown for dnCg, (87 £2.6%)
meanwhile for ACV it was noticeably less (37+2.6%)
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(p<0.001, Figure 6(a)). In post-treatment mode, only ACV
and dnCg, were able to inhibit the HSV-1 infection, by
93 £5.6% and 60 +4.4%, respectively (Figure 6(b)). In viruci-
dal assay, only dnCg, displayed the high activity inhibiting
infection in Vero cells by 98.2+1.8% (p<0.001) (Figure
6(c)), while other compounds, including ACV, demonstrated
no or weak activities against HSV-1. To calculate the ICs
values the graphs of dependence of inhibition of HSV-1
infection on various concentrations of the tested compounds
are plotted. In Figure 7(a—c), the graphs for calculating the
ICsy for dnCgp are shown. The ICs, for the remaining com-
pounds were determined in a similar way. The calculated
ICsp and SI (selectivity index) are given in Table 1.

With regard to the effects of these compounds on the
HCMV, at concentrations 7 and 1.4 pM, the dnCg, inhibited
the virus both prior to (82+4.6% and 57 + 1%, respectively)
and after (80+2.6% and 27 +1%) infection of cells (Figure
6(d)). However, at these concentrations dnCg displayed no
HCMV-virucidal activity (open column, Figure 6(d)). ICs
(M * SD) determined by linear regression was 0.01 +0.008
uM for prior-infection and 0.04 +£0.0037 pM for post-infec-
tion assay (Figure 7(a,b)). Anti-HCMV activity of dnCgy was
dose-dependent both in pre- and post-treatment assays
(Figure 7(c)).

3.2.3. Therapeutic efficacy

Two selected compounds were tested in a mouse model of
cutaneous HSV-1 infection. Substances dnCgy and Cgy-Pip
were applied topically to the sites of the infection; ointment
containing 5% ACV was used as a positive control. The
results were analyzed according to the decrease of HSV-1-
specific skin lesion and presented as scores. The scores cor-
responding to specific clinical manifestations are illustrated
by photos in Figure 8. In control mice (group 4), clinical
manifestations of HSV-1 infection reached the maximum on
days 3 and 6: with scores 3.85+0.27 and 3.75+ 0.2, respect-
ively (Figure 9(a)). On days 5-7 two out of eight mice died
(25%), on day 10 only infrequent erosions (scores 2+0.1)
were observed in survived mice. In groups 1-3, none of
mice died throughout the entire period of observation. Skin
damage was minimal in animals treated with dnCgy and
ACV who recovered 8 and 9days after infection, respect-
ively. In Cgo-Pip-treated mice (group 2) clinical manifesta-
tions of HSV-1 infection were observed throughout the
entire observation period and the animals did not recover at
the end of this period. A statistically significant decrease
(p <0.05) of the HSV-1-induced skin lesions was observed
in groups 1 and 2 (Figure 9(a)). Mean score values in each
group summarized within the observation period are given
in Figure 8(b). A statistically significant decrease (p < 0.05)
in herpetic skin lesions in comparison with the control
(score 3.1+0.3) was observed in group 1 (dnCgy score
1.1+0.3) and group 3 (ACV, score 0.8 £0.5).

3.2.4. Anti-HSV-1 antibody levels
The mean serum titer in control mouse group (4) on the
10th day after infection for survived mice was 1:1600
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Figure 6. Antiviral activity of dnCso and its amino acid derivatives in the cells infected with human herpesviruses. (a—c) Inhibition of HSV-1-infection (%). Vero cells
were infected with HSV-1 at 0.01 PFU/cells and treated with test compounds at concentration 1.4 uM/ml as following: (a) 1 hour prior infection; (b) 1 hour post
infection; (c) virus and compounds pre-incubated 1 hour and added to the cells (virucidal assay); each column represents the mean (M = SD) of three experimental

values; ***p < 0.001, "

**p < 0.0001 (t-test); (d) effect of dnCg, against HCMV (%); HF cells were infected with HCMV at 0.001 PFU/cell and treated with different

concentrations of dnCsy as following: 1hour prior infection (left column block), 1hour post infection (right column block); each column represents the mean

(M £ SD) of three experimental values; ***p < 0.001 (t-test).

(Figure 9(c)). The dead infected animals from the same
group had very low titer, 1:100, which practically did not
differ from antibody level of non-infected animals. Serum
assay of animals treating with dnCgy, Ceo-Pip and ACV dis-
played titer levels 1:800, 1:200 and 1:400, respectively.

4. Discussion

In this study, we have demonstrated that an aqueous disper-
sion dnCg possess the antiviral activity in vitro and in vivo
against HSV-1 and in vitro against HCMV infections. The
structural basis of most modern anti-herpetic drugs are
acyclic nucleosides and their action is mainly aimed at sup-
pressing the activity of virus DNA polymerase.®®! The struc-
tures of dnCgy, are radically different from them, and the
mechanism of its antiviral activity can be also dramatically
different. There is information regarding the anti-herpetic
activity of water-soluble Cgo-phenylcarboxylate adducts in
form of alkaline salts but their activity was descripted only
for cell cultures and reported activities were not very signifi-
cant.!% Although water-soluble Cqy adducts have been
shown to exhibit good antiviral activity against some other
infections (HIV, influenza, Ebola),"'*'*?”3”) however the
ndCq containing unmodified fullerene differs markedly
from the structure of these compounds, since their proper-
ties in strongly depend on the attached functional groups,
how the benzene differs from its diverse derivatives. The

dnCgo is a colloidal solution, cluster system, where each
50-100 nm cluster can contain many thousands of Cgo mole-
cules and whose size is close to a virus size (150-200 nm for
HSV-1). These clusters contain not only fullerene, but also
NMP in a close molar ratio. Note, that this organic solvent
possesses a low toxicity upon oral, intradermal and inhala-
tional administration and was approved by European com-
mission and FDA as a constituent for production of
preparations for medical purpose.’**!

We were interested in comparing the effects of unmodi-
fied fullerene and its derivatives, to what extent the contri-
bution of Cgy cage is decisive. Little is currently known
about the mechanisms by which such a macromolecular sys-
tem interferes with virus-cell interactions. To identify targets
for the dnCg, action at different stages of virus life-cycle,
selected compounds, dnCgy and Cgy-Pip, were added to cell
cultures: prior and post infection to model a prophylactic
and therapeutic effects, respectively. All these compounds
were able to significantly inhibit plaque formation of HSV-1
and HCMV when added prior to infection, while, they also
had an effect when added after infection (Figure 6 and
Table 1). Phenomenologically, these results suggest that both
of these compounds can interact with different targets: with
molecules on the cell surface, thereby preventing the virus
from interacting with the cellular receptor, and hence block-
ing its entry into the cell. At the same time, dnCg is able to
suppress the infection after the virus enters the cell. Our
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Figure 7. Determination of 50% inhibitory concentration (ICso) of dnCso against HSV-1. Vero cells were infected with HSV-1 at 0.01 PFU/cells and treated with vari-
ous concentration of dnCg as follows: (a) 1 hour prior infection; (b) 1 hour post infection; (c) virus and compounds were pre-incubated 1 hour and was added to the
cells (virucidal assay); the percentage inhibition of HSV1-infection was calculated as follows: Pl = [1 — (number of test plaques/number of control plaques)] x 100.
The ICs for dnCgg was calculated by regression analysis using Microsoft Excel software.

a—0 (no visible change in the abrasion or surrounding tissue)

b—1 (the earliest lesion)

c— 2 (erosion and/or ulcerationin local region)
d -3 (erosion and/or ulcerationin several regions)

f—4 (large open ulcerated lesion)

5 — (paralysisof hind limbs, loss of more than 20% of weight)

6 — death

Figure 8. Evaluation of clinical manifestations of cutaneous HSV-1 infection in infected mice. a—f correspond to scores 0-4, respectively.

data also indicate that dnCg, had a strong virucidal effect on
the HSV-1 (SI = 1771) assuming that it may directly con-
tribute to the inactivation of viral particles possibly by inter-
fering with envelope or masking viral glycoproteins which
are necessary for entering host cells. It is possibly that the
whole nanoparticle exhibiting high adsorption properties

and also individual dissociated Cq, molecules can act as the
active form.

Skin and mucous epithelium are primary sites for HSV-1
and HSV-2 entry and reactivation of viral infection.
Cutaneous HSV-1 infection in humans and mice is charac-
terized by replication of inoculated virus in skin and
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Figure 9. Comparative analysis of therapeutic (lesion) scores and anti-HSV antibody titers after treatment of HSV-infected mice with dnCg, Co-Pip, ACV and saline
(negative control). (a) mice infected with HSV-1 were topically treated with dnCgq, Ceo-Pip and ACV at doses 0.01 (closed squares), 0.05 (circles) and 5 (open squares)
mg per mouse, respectively. Control mice were treated with saline (triangle). All the tested compounds were applied once daily from 0 to 3 days post-infection. The
data are shown as the means + SE using five animals per group; ***p < 0.001, compared to the control group (repeated measurements, ANOVA test); (b) the mean
of cumulative lesion scores, data are expressed as the mean + SD using five animals per group. ***p < 0.001, compared to the control group (t-test); (c) anti-HSV-1
antibodies (Ab) levels in mice sera; the dashed line shows anti-HSV-1 Ab level for naive mice.

mucous epithelium with subsequent migration into sensor
ganglia where the virus can remain dormant for the entire
life of the host. When reactivated, the virus is transported to
primary infection sites, which causes skin rash and erosions
spreading into adjacent tissues.*>*!) At the early stage
(2-4 days after virus entry), cutaneous HSV-1 infection is
limited to scarification site, then (day 5 and later) it spreads
over the entire dermatome (skin area supplied by a single
sensory nerve root).*?! In this study, maximum lesions for-
mation was observed in control mice on days 3 and 6 post
infection, which may reflect two phases of HSV-1 replication
in the skin (Figure 8(a)). In dnCgy-treated mice, as in ACV-
treated mice, the clinical manifestations of skin HSV-1-
infection were minimal, and a statistical decrease of lesion
formation was observed 2days after infection, full recovery
was achieved on days 8 and 9 after infection (Figure 8(a,b),
respectively). It should be noted that dnCgy showed thera-
peutic anti-HSV-1 activity 24 hours earlier and at a concen-
tration 500-fold lower than that of ACV.

To evaluate the level of virus repression in cell under the
dnCg, action, the model of CMV infection in vitro was
used. The expression levels of HCMV mRNAs of three
important proteins were assessed: (a) UL122, immediate-
early HCMV protein IE2 (86-kDa), one of critical regulators
of virus replication; (b) UL83, structural protein pp65, a
major protein from viral tegument (layer localized between
the shell and capsid) and (c) UL54, viral DNA polymerase.
The assay showed that the expression of all the studied
HCMV genes in the presence of dnCsy was significantly

reduced, more than an order of magnitude (p < 0.05) (Table
2). The greatest change (by a factor of 22) was observed in
the activity of IE2 gene, which triggers a cascade of events
leading to the death of infected cells. Thus, it was shown
that the antiviral effect of fullerene at the molecular level
was manifested in the suppression of transcriptional regula-
tory (UL122) and structural viral genes involved in the
mechanisms of replication of the HCMV genome (UL54)
and post-replicative processes of viral particles formation
(UL83). However, molecular events leading to such conse-
quences are not yet known and need to be clarified.
Currently there is a lot of data regarding an antioxidant
activity of aqueous dispersions of fullerene Cqp and Cgp
derivatives,”®*'?) a property that unites them and may
underlie the mechanism of action. It can be assumed that
fullerene as a strong electron acceptor can affect the state of
the redox potential in host cells because the viral infection is
accompanied by an increase in the level of ROS in the cells
which contributes to the replication of the virus.****”! On
the other hand, it was shown that the main mechanism of
the in vitro action of polyphenolic antioxidant echinochrome
A is the direct inactivation of viral particles inhibiting their
interaction with host cells, as well as irreversible damage of
the viral envelope proteins. Since fullerene, like echino-
chrome A, is capable of strong n-m stacking interactions
which may be responsible for the virion inactivation, it can
be assumed that their mechanisms are similar (virucidal
effect).!*s) Also previously it was showed that when BALB/c
mice were injected either subcutaneous or epicutaneous with



Table 2. Analysis of the transcription of three CMV genes.
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Relative levels of mRNA expression

Gene Positive control, CMV infected cells Under the action of dnCgq on CMV infected cells Multiplicity of effect
UL122 34.64+10.36 1.5+0.42 22.6
uLs3 300+ 71 25+83 12.0
UL54 1.43+0.35 0.13£0.01 11.0

dnCq, the IFN-y levels (nRNA) were greatly increased by
matching with the treatment by PBS only.*?) The IFN-y is
known to significantly inhibit HSV-1 infection in epidermal
cells playing an important immunologic role in recurrent
herpes simplex lesions.!*”!

To evaluate the role of the antibody (Ab) immune
response in protecting against a skin HSV-1 infection, the
correlation between titers of HSV-1 specific IgG and levels
of viral infection was studied. The Ab production was
observed in the majority of mice infected with HSV-1
remained alive, and vice versa, no antibodies against HSV-1
were detected in dead mice. It is interesting, no animals
with high anti-HSV-1 titer died, but none of them recovered
completely. For instance, occasional skin erosions were
observed in survived control mice (titer 1:1600) on day 10,
while all dnCgy- and ACV-treated mice (titers 1:800 and
1:400, respectively) survived and had no herpetic skin
lesions by that time. Thus, these data suggest that there is
some protective activity of anti-HSV Abs but their role is
controversial, and other immune mechanisms should be
triggered for recovery from the infection.

In conclusion, we can emphasize that the activity of
aqueous dispersion of unmodified fullerene, dnCqy in all
tests exceeds the activity of Cgy derivatives including also
markedly lower cytotoxicity. Regarding the prospects for the
therapeutic use of Cqo adducts, one of the significant draw-
backs is the uncertainty of their chemical structure due to
polyaddition reactions to the Cg core with the formation of
a plume of products, obtaining a homogeneous product is
very difficult. In total, the observed effects of dnCs, are as
follows: (a) prevention of HSV-1 and HCMV infections
in vitro; (b) suppression of HSV-1 activity via the virucidal
effect; (c) in vivo antiviral activity in most tests exceeded the
activity of both Cg derivatives and ACV. Concentrated Cg
solutions can be obtained on a large scale up using well-
developed ultrafiltration technology. These properties render
the dnC60 as a promising candidate for the creation of
novel antiviral drug capable effectively of inhibiting herpes-
viral infections. At the same time, future research is needed
to clarify the mechanisms of the antiviral effect of fullerene-
based substances.
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