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ANTIADENOVIRAL ACTIVITY OF FLUORIDE-
CONTAINING NUCLEOSIDES
AND BISPHOSPHONATES DERIVATES

Human adenoviruses cause various acute diseases including gastrointestinal and
respiratory disorders. However, there are no clinically approved specific anti-
adenoviral drugs. Therefore, the search of drugs and regimens that would be effective,
safe for prolonged use, and available at a cost to a wide range of patients is extremely
important. The aim of the work was to study the cytotoxicity and antiviral activity of six
new fluorochemical compounds with respect to human adenovirus serotype 5 in vitro.
Methods. Cytotoxicity of the compounds was determined by MTT-test. The lysosomal
activity of cells was estimated using neutral rved dye. Cytomorphological method was
used to identify adenovirus infected cells containing specific virus inclusion. In addition,
the anti-adenoviral activity of the most effective compounds was confirmed by real-time
PCR analysis. Results. CC, index measured by MTT- test, ranged from 125 mg/ml to
1000 ug/ml. CC, index determined with neutral red dye ranged from 630 ug/ml to 2500
wg/ml. It was discovered that the toxicity of compounds dependent on their solubility.
The anti-adenoviral activity was shown for three compounds referred to G22, G26
and 108-23 with EC . values of 60, 120 and 90 ug/ml, respectively. PCR analysis also
revealed anti-adenoviral activity of the compounds G26 and 10S-23. Conclusions. The
analysis of the cytotoxic and antiviral activity of six new fluorochemical compounds
was conducted. Cytomorphological analysis showed the antiviral activity against
adenovirus serotype 5 for the compounds G22, G26 and 10S-23. Using PCR analysis,
the anti-adenoviral activity of the compounds G26 and 10S-23 was demonstrated.

Key words: adenovirus, fluoride-containing compounds, cytotoxicity, antiviral
activity.

More than 60 serotypes of human adenoviruses, which cause a variety of course
and severity of clinical signs of infectious disease are known. Particularly high risk of
adenovirus infection is observed in recipients after transplantation of stem cells, and
in people with immune deficiencies, particularly those receiving immunosuppressive
therapy following organ transplantation or HIV-infected patients [11].

However, there is no specific drug for the treatment of adenoviral diseases
[14, 7, 10]. In clinical practice, the treatment of eye diseases caused by adenovirus
includes a number of substances, which possess purely virucidal action and affect the
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extracellular virus (oxolinum, tebrophenum, bonaphtonum). Ribavirin and cidofovir
are the most frequently used for other adenoviral infections. However, their use is
ineffective in some cases including disseminated adenovirus infection in persons with
immunodeficiency [8, 13,9, 22, 5]. Furthermore, cidofovir is characterized by several
disadvantages including the renal toxicity, irritant effect in the adenoviral diseases of
the eye, the appearance of resistant strains. In addition, several publications describe
the insensitivity of some adenovirus serotypes to ribavirin [16, 18].

Recently published data describes a new drug referred to brincidofovir, a
lipid conjugate of cidofovir, that show inhibiting effect on adenovirus infection.
However, unlike cidofovir the new drug is much more efficient and safer due to the
lipid components (flippases) that accelerate the entry and accumulation of the drug
in the cell enhancing its bioavailability. At present, a phase III multicenter study
of brincidofovir is recruiting participants to study its efficacy in the treatment of
HAdV [21, 19].

Therefore, the search of drugs and regimens that would be effective, safe for
prolonged use, and available at a cost to a wide range of patients is extremely
important.

The studying of fluorinated nucleoside sugars chemistry became the basis for
the development of promising chemotherapeutic agents with antitumor and antiviral
effects. Based on the purine and pyrimidine nucleotide analogues and fluorinated
heterocycle molecules a number of new generation drugs with anticancer effect
were developed. Thus, fludarabine phosphate is an effective anticancer compound
for the treatment of acute or chronic lymphocytic leukemia and non-Hodgkin’s
lymphomas. The synthesis and implementation into clinical practice of 5-fluorouracil
analogue was an extremely important achievement of modern medicinal chemistry.
This compound is now widely used in the treatment of malignant tumors of
various organs. It is known that 3'- deoxy-3'-fluoro-D-deoxyribonucleosides act as
inhibitors of several DNA- and RNA-containing viruses. For example, 3'-deoxy-
3'-fluoroadenosine inhibits the replication of different RNA-containing viruses
including poliovirus, Coxsackie virus, Sindbis virus, and DNA-containing cowpox
virus. Some pyrimidine ribonucleosides have antiviral activity against herpes simplex
virus. For instance, 2'-deoxy-2'-fluorocytidine is a strong and selective inhibitor of
HCV RNA polymerase [6, 12].

The aim of the work was to study the cytotoxicity and antiviral activity of some
new fluorochemical compounds synthesized at the Institute of Organic Chemistry
NAS Ukraine, with respect to human adenovirus serotype 5 in vitro.

Materials and methods

Inoculated cell culture including MDBK (bovine kidney) and Hep-2 (larynx
epidermoid carcinoma) were used. Cells were grown in a medium consisting of
45% DMEM (BioTestMed, Ukraine), 45% RPMI 1640 (Sigma, USA), 10% serum
of cattle inactivated by heating (Sigma, USA), and antibiotics penicillin (100 pg/ml)
and streptomycin (100 pg/ml). The cultivation of cells was performed according to
standard procedure [3]. The reference strain of human adenovirus serotype 5 was
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obtained from the collection of the Institute of Microbiology, Medical University
of Budapest. The virus was accumulated in cell culture Hep-2, titrated and stored
at a temperature of — 20°C.

Test compounds. G22 and G23 — nucleosides modified on carbohydrate part
(2-N-substituted-4-tosyl-5-polyfluoroalkyl-1,2,3-triazole); G26 and G27 — fluorine
containing nucleosides based on uracil; 10S-23 and 10S-24 — sodium salt of N-(2,2,2-
tryftortioatsetyl) phenylalanine and N- (2,2,3,3-tetraftortiopropionil) phenylalanine
(Fig. 1). An officinal drug ganciclovir (“CYMEVENE” Roche, Switzerland) (Fig.
1) was used as a reference drug.
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Fig. 1. Test compounds

The compounds were dissolved in dimethylsulfoxide (DMSO, Sigma, USA)
to concentration of 20 mg/ml and stored at 4°C. Working twofold serial dilutions
from 1 mg/ml to 8 pg/ml were prepared in the medium for cell culture (RPMI-1640,
Sigma, USA) without serum immediately before use. Solutions were sterilized us-
ing syringe filtration through membrane filters with pore diameter of 0,22 microns
(Sarstredt, Germany).

Cytotoxicity of the compounds was determined by MTT-test according to the
standard protocol [17]. The lysosomal activity of cells was estimated using neutral
red dye [20]. The results of colorimetric analysis were recorded using Multiscan FC
device (Thermo Fisher Scientific, USA) at a wavelength of 540 nm. The concentra-
tions of substances that inhibit 50% of cell viability compared to control cells (CC, )
were measured using a linear regression method in Microsoft Excel 10.

Cytomorphological method was used to identify adenovirus infected cells con-
taining specific virus inclusion [2]. MDBK cells were grown in test tubes with stripes
covering glasses. Then, cells were infected with the virus of plurality 10 ICU/cell.
After 1,5 hours of virus adsorption at room temperature cells were washed using
Hanks solution. Next, experimental substances of different concentration dissolved
in a supportive medium were added. Each concentration was used in triplication.
Adenovirus infected cells were used as control. The experiments were conducted
using 2-fold dilutions of the compounds (31, 62, and 125 mg/ml) and time point of
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48 hours after infection and compound treatment. The data analysis was performed
as described previously [1]. The half maximal effective concentration (EC,)) was
estimated as the concentration of the compound which induced to 50% of its maximal
effectiveness that was observed.

In addition, to confirm the antiviral action of the most effective compounds
real-time PCR analysis was used. The adenovirus genome region responsible for
the synthesis of late adenovirus structural hexon protein was used as a target. Sta-
tistical analysis of the data was performed according to standard approaches with
the calculation of statistical error (standard deviation) using Microsoft Excel 2010.

Results and discussion

The research of cytotoxicity of new fluorochemical compounds was conducted
on inoculated monolayer cell culture MDBK, which is sensitive to human adenovirus.
CC,, indexes were estimated using MTT-test and are presented in Figure 2. It was
shown that compounds with low solubility in the growth medium significantly greater
toxicity. Compounds G22 and G23, which have similar structure and differ only by
the presence of additional trifluoromethyl group (CF3- group) in compound G23
showed toxic effects. However, CC, index was 250 pg/ml for G22 and 125 pg/ml
for compound G23. Therefore, it was suggested that the presence of the CF3-group
increases the toxicity. Compounds G26 and G27 also differ only in the number of
fluorine atoms in the molecules. However, no difference in the bioavailability was
detected, whereas both compounds showed low toxic effect and high solubility. CC, |
indexes for both substances were 630 pg/ml. The compounds 10S-23 and 10S-24
demonstrated relatively low rate of cytotoxicity at the maximal concentration used
in the study (1000 pg/ml). Therefore, using the method of statistical analysis (func-
tion prediction in Microsoft Excel 10) CC, indexes for these compounds were
determined (1250 and 1700 pg/ml, respectively). Their high solubility is caused by
the presence of polar groups (-NH,-COQO), which can form hydrogen bonds with
the solvent increasing the solubility of the compound. Reference drug ganciclovir
showed high solubility and increased rates of cytotoxicity with CC, value greater
than 1000 pg/ml (1200pg/ml).
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Fig. 2. CC,  indexes of compounds identified by MTT method
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Therefore, the higher CC, indexes of compounds and, as a result, their lower
toxicity are likely related to their solubility in the medium. Moreover, highly soluble
compounds including G26, G27, 10S-23, 10S-24 have low toxicity even at high
concentrations.

The influence of these compounds on the lysosomal activity of the cell was
analyzed using neutral red dye staining. Lysosomal membranes are well-permeable
for the dye only when the cell is alive and fully functioning. The dye is able to ac-
cumulate in lysosomal matrix and cannot be washed out with ethanol, allowing
the identification of the alive and proliferating cells [20]. Lysosomal activity of the
compounds was estimated in the concentration range of 16-500 pg/ml (Fig. 3). Us-
ing statistical analysis (function prediction in Microsoft Excel 10) it was found that
the rates of lysosomal activity ranged from 630 pg/ml and, in some cases, exceeded
the index of 1000 pg/ml (>2500 pg/ml for 10S-24).

Comparing the effects on cell viability estimated by two methods it was sug-
gested that compounds G22 and G23 have different influences on cell compartments.
These compounds showed significant inhibitory effect on the functioning of the

mitochondria with increased levels of lysosomal activity, indicating the activation
of cell death.
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Fig. 3. The levels of the lysosomal activity determined using neutral red dye staining

For the analysis of antiviral activity of the compounds non-toxic concentrations
with the values lower than CC, index were used. Compounds added as part of a
growth medium after virus adsorption. Compounds G23 and G27 did not inhibit the
reproduction of human adenovirus serotype 5. However, inhibition of adenovirus
reproduction was shown for compounds G22, G26 and 10S-23 (Table 1).

Therefore, the compounds G22 and G26 suppressed reproduction of HAdV-5 by
56 % at a concentration of 125 pg/ml and over 30 % at the concentration of 31 pg/ml.

Compound 10S-23 suppressed the reproduction of HAdV-5 by 62% and 2% at the
concentrations of 125 pg/ml and 31 pg/ml, respectively. Compound 10S-24 showed
low inhibitory effect on the reproduction of adenovirus (6%) at the concentration of
125 pg/ml. The eftective antiviral concentrations that cause the reduction of specific
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virus inclusions by 50 % (EC, ) were 60, 120 and 90 pg/ml for compounds G22, G26
and 10S-23, respectively. The EC, index of the reference compound was 50 pg/ml.

Table 1
Antiviral activity of the compounds
A % Inhibition of virus reproduction
Chemical structure of com- | Compound
pounds code Concentration, ug/ml
31 62 125

G22 39 52 56
Nucleosides G23 N/A N/A N/A
derivatives G26 30 41 56

G27 N/A N/A N/A
Bisphosphonates 10S-23 2 42 62
derivatives 10S-24 N/A N/A 6

Annotation: N/A — not active

Compounds that demonstrated significant anti-adenoviral activity were also
examined by real-time PCR. Compound G22 showed no suppressive effect on
the adenovirus reproduction at analyzed concentrations. Compound G26 inhibited
replication of viral DNA by 100% at the concentration of 31pug/ml and by 27% at the
concentration of 125 pg/ml. The inhibition of the viral DNA replication was shown
for all analyzed concentrations of the compound 10S-23 with the inhibition effect
ranging between 27% and 40%, depending on the concentration of the compound.
Although, PCR analysis showed that the reference drug ganciclovir caused the
inhibition of adenovirus reproduction, the partial replication of viral DNA occurred.

The largest number of drugs used in medical practice is represented by
nucleosides with various modifications in the structure. The presence of fluorine
atoms in the molecule of nucleoside leads to the changes of'its chemical, physical and
biological properties [4, 12]. There are already enough fluoride-containing nucleoside
drugs used for the treatment of diseases caused by viruses such as Coxsackie virus,
poliovirus, HCV and HIV [15]. Therefore, further progress in the synthesis of new
fluorochemical compounds will contribute to the understanding of their molecular
mechanisms of action.

It is known that the antiviral effect of abnormal nucleosides in most cases is
caused by the intracellular phosphorylation of inactive nucleoside and formation of
active nucleotide [4]. As nucleotide analogues, they compete with natural nucleotides
for the enzymes involved in the synthesis of nucleotides and nucleic acids. Therefore,
the incorporation of abnormal nucleosides into the nucleic acids makes them non-
functional [18, 6].

Analysis of the compounds cytotoxicity demonstrated that the cytotoxicity
correlates with the compound solubility in growth medium. The insoluble compounds
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were shown to be toxic for cells. Their soluble components were suggested to affect
the integrity of the cell structure increasing the level of cell death.

Determination of the antiviral activity assessed via cytomorphological method
and real-time PCR (for the most active compounds) demonstrated the inhibitory
effect of the most compounds on the reproduction of the virus. The results of the
both approaches confirmed that the compounds reduced the number of viral DNA.
Therefore, it can be assumed that the compounds G26 and 10S-23 affected the stage
of the viral DNA replication. Inhibition of this phase of the adenovirus reproduction
led to the problems with the life cycle progression and infectious particles formation.

Using cytomorphologycal method the antiviral effect of the compound G22 was
shown. However, the antiviral effect of this compound was not confirmed by the PCR
suggesting that the compound affects other stages of virus reproduction including
mRNA synthesis. Therefore, the compound G22 suppressed further synthesis of
viral proteins, disrupting the formation of viral particles. As a result, that caused the
absence of the adenovirus specific inclusions in the cell nuclei. However, that did
not affect process of the viral genome replication confirmed by the real-time PCR.

The analysis of the cytotoxic and antiviral activity of six new fluorochemical
compounds was conducted. It was found that the cytotoxic and antiviral activity
of the related compounds depend on the presence or absence of certain chemical
groups and a number of fluorine atoms in the molecule. Cytomorphological analysis
showed the antiviral activity against adenovirus serotype 5 for the compounds G22,
(26 and 10S-23. Using PCR analysis, the anti-adenoviral activity of the compounds
(26 and 10S-23 was demonstrated.
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BUBYEHHSI AHTUAJIEHOBIPYCHOI I
®TOPBMICHUX CHOJIYK HYKJEO3UJHOI
TA HEHYKJIEO3U/JIHOI IPUPOIU

Pedepar

Mema podomu: 0ocniodicenHs yumomokCUYHOCHI Mma aHMUGIPYCHOL akmusHoCmi psdy
HOBUX (PMOPBMICHUX CHONYK 8I0HOCHO A0EHOBIPYCY THOOUHU 5 CepOmuUny 6 cucmemi
in vitro. Memoou. Busznayenns mMimoxoHOpianbHoi akmugHOCmi KAimuH npoeoounu
3a donomozoro MTT-memoody. Jlizocomanvhy akmugHicms KAimux 00CAIONCYSATU i3
3acmocy8anHAM 6apEHUKA HeMpPaibHO20 YepEoH020. AHMUGIPYCHY aKMUBHICMb pe-
YOBUH OOCTIONCYBANU YUMOMOPDONOSITYHUM MEMOOOM 13 3ACMOCYBAHHAM (PapOHUKA
akpuouno8o20 opandiceso2o ma 3a oonomozorw IIJIP ananizy. Pesynomamu. Ilo-
kasnux CC.,, ecmanosnenuii 3a 0onomozoio MTT-mecmy, xorueascs 6i0 125 mke/mn
(cnonyka G23) 0o >1000 mxe/mn (cnoryku 10S-23 ma 105-24). CC, susnauenuii 3
BUKOPUCTNAHHAM HEUMPATbHO20 YePBOHO20 MA8 3HaueHHs: 8i0 630 mxe/mn 0o >2500
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mxe/ma. byna eusienena 3anedjcnHicms mokcUdHocmi Cnoayk 6i0 ix posuunnocmi. Ilo-
KA3ama aHmuadeHosipycHa akmugsHicme 0 3-x cnonyk — G22, G26 ma 10S-23,
EC,,0na nux ckaadana 60, 120 i 90 mxe/mn, 6ionosiono. IIJIP ananizom maxosic 6yno
8UAGIEHO anmuadeHogipychy Oito cnonyk G26 ma 10S-23. Bucnosku. Omoice, 6yno
nposedeHo 00CHIOHCEHHS YUMOMOKCUYHOT Mma aHmusipycHoi 0ii 6 Hosux hmopemicrux
cnonyk. Buseneno, wo y cnopioHeHux cnonyk, wo 6iOpI3HANUCH KIIbKICIIO AmoMie
@mopy y MONeKyNi 3MIHIO8ALACH IX YUMOMOKCUYHICMb MAd AHMUBIPYCHA Oisl.
Lumomopghonoziunum memooom NOKA3aHO AHMUBIPYCHY AKMUBHICIb 8i0HOCHO
aoenogipycy 5 cepomuny cnonyk G22, G26 ma 10S-23. 3 euxopucmannsm I1JIP ananizy
MAKOAC 6CMAHOBIICHO AHMUBIPYCHY OitoanmusipycHy Oito cnoayk G26 ma 10S-23.

Knwouoegi crnosa: adenosipyc, pmopemichi cnoayku, yumomoKCuuHicmo,
aHMUBIPYCHA AKMUBHICNb.
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NCCIEJOBAHUE AHTUAJEHOBUPYCHOI'O
AEUCTBUS @TOPCOAEPKALINX COEAUHEHNU
HYKJVIEO3UJTHOU U HEHYKJIEO3UITHOU ITPUPO/1bI

Pedepar

Ienv pabomei: ucciedosanue YUmMomoKCUYHOCMU U AHMUBUPYCHOU AKMUSHOCTU
PA0A HOBBIX (hMOPCOOEPAHCAUUX COCOUHEHUL OMHOCUMETbHO A0EHOBUPYCA YeN0BEKA
5 cepomuna 6 cucmeme in vitro. Memoowl. Onpeoenenue MumoxoHOpUaIbHOU aKmue-
HOCMU K1emoK npogoouiu ¢ nomowwio MTT-wemooa. JIuzocomanvuylo akmueHocns
KAEMOK UCCIe008aNU C NPUMEHEHUEM KPACUMeNs HelmpaibHo2o Kpachoz2o. Anmu-
BUPYCHYIO AKMUBHOCMb 8EU4eCME ONPeOesiiu YUMOMOPDOL02ULECKUM MEMOOOM C
nPUMEHeHUeM Kpacumess akpuounogo2o opamiceso2o u I[P ananuza. Pe3ynoma-
mot. [Toxasameno CC_, ycmanoenennviii ¢ nomowwto MTT-mecma, xonebancs om
125 mxe/mn (coeounenue G23) oo > 1000 mxe/mn (coedunenus 10S-23 u 10S-24).
Iloxazameny CC, onpedenennviii ¢ UCNONb30GAHUEM HEUMPATLHO20 KPACHO20
umen 3navenusa: om 630 mxe/mn 0o >2500 mxe/mn. Bviia gvisenena 3a6ucumocns
MOKCUYHOCIU COeOUHeHUtl om ux pacmeopumocmu. Iloxkasana anmuadenosupycuas
axkmuenocme 014 3-x coeounenuu — G22, G26 u 105-23, EC 0 OJIAL HUX COCMAGIsLA
60, 120 u 90 mxe/mn, coomsemcmesenno. ILP ananruzom maxaice 66110 00HAPYIHCEHO
anmuadenogupycroe oeticmaue coeounenuti G26 u 10S-23. Bvteoowt. Taxum obpazom,
ObLIO NPOBEOEHO UCCIEA0BAHUE YUMOMOKCUYECKO20 U AHMUBUPYCHO20 Oelicmeus 6
HOBLIX (hmopcodeporcawux coeouneHull. Boiasieno, umo 6 coeOuHeHusx, Komopoule
OMAUYANUCH KOTULECMBOM AMOMO8 (Pmopa 6 MOLEKyILe, USMEHAIUCL NOKA3AMENU UX
YUMomomoKCuuHOCMuU U aumueupychoe oeticmsue. L{umomopghonozuueckum memo-
00M NOKA3AHO AHMUBUPYCHYIO AKMUBHOCHTb 6 OMHOWEHUU A0eHo8Upyca 5 cepomuna
coedunenuii G22, G26 u 10S-23. C ucnonvzosanuem I[1L[P ananuza maxaice ycmauos-

JleHo anmusupyctoe oeticmeue coeoureruii G26 u 10S-23.

Knwuegvie crnosa: aoenosupyc, pmopcooepoicawue coeounenus, yumomokcuy-
HOCMb, AHMUBUPYCHAS AKMUBHOCHTD.
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