Available online at www.sciencedirect.com

SGIEN(:E(dDIREcT°

Z3 | Antiviral
Research

www.elsevier.com/locate/antiviral

ELSEVIER Antiviral Research 64 (2004) 113-118

Prevention and elimination of bovine viral diarrhea virus
infections in fetal fibroblast cells

M. Daniel Given&*, David A. Stringfellow?, Christine C. Dykstra Kay P. RiddeR,
Patricia K. GaliR, Eddie Sullivafi, James RoB| Poothapillai Kasinath&n
Arvind Kumar, David W. Boykirf

2127 Sugg Laboratory, College of Veterinary Medicine, Auburn University, AL 36849-5516, USA
b Hematech, LLC, Westport, CT 06880, USA
¢ Department of Chemistry, Georgia State University, Atlanta, GA 30303, USA

Received 9 March 2004; accepted 26 July 2004

Abstract

Noncytopathic infections with bovine viral diarrhea virus (BVDV) can compromise research and commercial use of cultured cells. The pur-
pose of this research was to evaluate the ability of aromatic cationic compounds to prevent or treat BVDV infections in fetal fibroblast cell lines
thatare used in somatic cell nuclear transfer. To evaluate preventative use of compounds, 10 cell lines were inoculated with BVDV in the absence
or presence of 2-(4-[2-imidazolinyl]phenyl)-5-(4-methoxyphenyl)furan (DB606), 2-(2-benzimidazolyl)-5-[4-(2-imidazolino)phenyljfuran d
hydrochloride (DB772), or 2-(1-methyl-2-benzimidazolyl)-8-{2-imidazolino)-2-methylphenyl]furan dihydrochloride (DB824). The 99%
endpoints for prevention of viral replication by these treatments were 81, 6, and 14 nM. To evaluate therapeutic use of compounds, two fetal
fibroblast cell lines infected with a genotype 1a strain of BVDV were cultured through four passages in the absence or presence of either
0.04 or 4uM concentrations of DB772 or DB824. The presence and concentration of BVDV in media and cell lysates were evaluated using
reverse transcription nested polymerase chain reaction and virus isolation from titrated sample. A single pagddge @ither compound
was sufficient to eliminate BVDV from cells without causing cytotoxicity. Our results demonstrate that in vitro infections with BVDV can be
effectively prevented or eliminated by addition of aromatic cations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 17-32% Carmanetal., 1998; Ellis et al., 1998; Pellerin et al.,
19949.
Bovine viral diarrhea virus (BVDV), the prototype of the In addition to causing disease on the farm, BVDV can

Pestivirusgenus of thd-laviviridae family, causes clinically =~ be a problematic contaminant in the laboratoviarfagi et
and economically significant disease in cattle throughout the al., 199§. According to their effect in cell culture, BVDV
world (Brownlie, 1990; Houe, 1999 The RNA-dependent  strains are recognized as either cytopathic or noncytopathic
RNA polymerase of BVDV permits a high frequency of (Harding et al., 2002 As the overwhelming majority of
base substitutions that contributes to tremendous pathogeni@BVDV isolates are noncytopathic, infections can easily go
and antigenic diversityl¥onis, 199%. Some isolates cause unnoticed in the laboratoryBezek et al., 1994 Noncyto-
subclinical disease while others cause acute infections of pathic BVDV isolates frequently contaminate commercially
immunocompetent cattle that result in mortality rates of available lots of fetal bovine serum despite testing by the
manufacturerBolin etal., 1991; Yanagi et al., 1996Conse-
* Corresponding author. Tel.: +1 334 844 4952; fax: +1 334 844 4955. quently, BVDV has been detected in commercially available
E-mail addressgivenmd@vetmed.auburn.edu (M.D. Givens). cell lines from cattle, sheep, goats, dogs, rabbits, cats and
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primates, human viral vaccines for measles—mumps-rubella,7.1 Hz), 7.68 (d, 1H)=3.9 Hz), 7.26 (d, 1H]= 3.9 Hz), 2.56
and interferons for human usBdlin etal., 1994; Ferneliuset (s, 3H); 13C NMR(DMSO-a&): 178.4, 155.7, 152.0, 136.7,
al., 1969; Giangaspero et al., 2001; Harasawa and Mizusawa134.8, 132.2, 129.9, 128.2, 124.1, 118.3, 113.6, 111.3, 20.8;
1995; Harasawa and Sasaki, 1995; Harasawa and TomiyamaMS: m/e 211(M").
1999). A mixture of the above aldehyde (2.11g, 0.01 m®),
Introduction of BVDV into cells cultured for the purpose methyl-1,2-phenylenediamine (1.20g, 0.01mol) and 1,4-
of producing embryos by somatic cell nuclear transfer is a benzoquinone (1.08 g, 0.01 mol) in 50 mL dry ethanol was
concern Stringfellow et al., 2001 Infection of these cells  heated at reflux (under nitrogen) for 8 h. The reaction mixture
with the virus might reduce the quantity or quality of em- was cooled, ether was added, and the solid was filtered. The
bryos produced, result in transmission of disease to embryosolid was stirred with a 1:3 mixture (EtOH: ether) for 20 min
recipients and the conceptus, or affect the results of researctand the yellow brown solid was filtered, washed with ether
(Shin etal., 200 No antiviral pharmaceuticals are currently and dried under vacuum at 7G for 12 hto yield 2.2 g (70%),
available for controlling BVDV in the laboratory or on the m.p. 232—-233C dec.,'H NMR(DMSO-d): 7.98 (d, 1H,J
farm. =8Hz), 7.79 (s, 1H), 7.75 (dd, 1H,= 1.2 and 8 Hz), 7.67
Aromatic cationic molecules have previously inhibited in  (brd, 1H,J=7.2Hz), 7.61 (brd, 1H)=8Hz), 7.40 (d, 1HJ
vitro replication of BVDV at nontoxic concentrations in es- = 3.6 Hz), 7.30 (ddd, 1H)=1.2, 7.2, and 8 Hz), 7.25 (ddd,
tablished cell linesGivens et al., 2003 The purpose of this  1H,J=1.2, 7.2, and 8 Hz), 7.20 (d, 1~ 3.6 Hz), 4.10 (s,
research was to evaluate the ability of compounds, prepared3H), 2.60 (s, 3H):3C NMR (DMSO-d): 151.9, 145.3,143.2,
as part of a series of compounds to test antiviral structure ac-142.4, 136.0, 135.3, 134.6, 132.4,129.6, 127.0, 122.6, 122.1,
tivity relationships, to prevent or treat noncytopathic BvDV 118.8,118.3,114.3,113.5,110.1, 109.9, 31.3, 21.0.16I§:
infections of primary cultures of fetal fibroblast cells such as 313 (M*); analysis calculated for £gH15N30-0.25H,0: C,
those that are used in somatic cell nuclear transfer. 75.49; H, 4.99; N, 13.25; found: C, 75.58; H, 4.95; N, 13.14.
The above nitrile (1.56 g; 0.005 mol) in 75 mL of ethanol
was saturated with HCI gas atG and stirred at room tem-

2. Materials and methods perature until thin layer chromatography showed the disap-
pearance of the nitrile (ca. 2 d). The mixture was treated with
2.1. Test compounds ether and the resulting yellow imidate ester hydrochloride

was filtered, washed with ether and dried under vacuum at
The compounds used in this study were synthesized in the30°C for 5 h to yield 1.9 g (88%). Ethylene diamine (0.18 g,

laboratory of one of the authors (D.W.B.). Stock solutions 0.003 mol) was added to the suspension of 0.86 g (0002 mol)
of 10mM were made in sterile distilled water or dimethyl imidate ester hydrochloride and heated at reflux for 24 h. Af-
sulfoxide and stored at20°C until use. The synthesis and ter removing the solvent, the solid was treated with ether:
physical properties of 2-(4-[2-imidazolinyl]phenyl)-5-(4- ethanol (6:1) and filtered. The yellow solid was dissolved in
methoxyphenyl)furan (DB606) and 2-(2-benzimidazolyl)- water and basified with 10% aqueous NaOH, and the precip-
5-[4-(2-imidazolino)phenyl]furan dihydrochloride (DB772) itated free base was filtered, washed with water and dried at
have been previously describddafisiaux et al., 2002 The 35°C. The free base was suspended in dry ethanol, treated
NMR data were obtained using a Varian Unity Plus 300 spec- with HCI gas and stirred at 5@ to yield the yellow hy-

trometer. drochloride salt. After filtration the solid was washed with
dry ether and dried under vacuum to yield 0.72 g (77%), m.p.
2.1.1. 2-(1-Methyl-2-benzimidazolyl)-5-4¢@- >320°C dec.;'H NMR (DMSO-d): 10.83 (s, 2H), 8.20 (d,
imidazolino)-2-methylphenyl]furan dihydrochloride 1H,J=8.4Hz),8.11 (brs, 1H), 8.05 (d, 18=8.4 Hz), 7.81-
(DB824) 7.55 (m, 2H), 7.71(d, 1HJ = 3.9 Hz), 4.18 (s, 3H), 4.03 (s,

A solution of NaNG (3.9g, 0.056 mol) in 10 mL water  4H), 2.68 (s, 3H):3C NMR (DMSO-d/D-0): 165.2, 154.3,
was added to a suspension of 4-amino-3-methyl-benzonitrile 143.0, 142.7,139.0, 136.5,135.7,135.1,131.7, 127.8, 126.7,
(59, 0.038 mol) in 35 mL water and 5 mL concentrated HCl 125.3, 125.2, 121.4,118.1,117.9, 115.2, 115.2, 118.8, 45.2,
at 0°C and allowed to stir at @C for 30 min. The mix- 32.8, 22.5; FABMSm/e 357 (M', +1); analysis calculated
ture was added slowly with stirring to a solution of dis- for CooHooN4O-2HCI-2.25H:,0: C, 56.23; H, 5.68; N, 11.92;
tilled 2-furfuraldehyde (3.9g, 0.042 mol) and Cy@H,0 found: C, 56.12; H, 5.51; N, 11.85.

(10 mol%) in 20 mL acetone and 30 mL water over 30 min;

the mixture was allowed to stir at room temperature for 2.2. Cell culture

12 h. The resultant brown solid was filtered and washed

with water till free from blue color. The solid was dissolved 2.2.1. Cells

in hot ethanol, treated with charcoal and filtered, triturated  Ten separate primary fetal fibroblast cell lines (5826, 5832,
with ether to yield 4.3 g (54%) white crystalline solid, m.p. 6008, 6032, 6228, 6426, 6878, 6879, 6886, and 7672) de-
200-207C;*HNMR(DMSO-ds): 9.68(s, 1H), 7.94 (d, 1H, rived from a bovine fetus ak70 days of gestation were
=8.1Hz),7.85(d,1H]=1.2Hz),7.78 (dd, 1H]=1.2Hz J= used in this research. These cell lines had been established to
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provide donor nuclei for production of embryos by somatic cell line to try to eliminate BVDV contamination. Fetal fi-
cell nuclear transfer and were previously determined to be broblast cells that were infected with BVDV were grown
free of BVDV by virus isolation and reverse transcription- to confluence in complete medium. Cell monolayers were
nested polymerase chain reaction (RT-nPQ&yéns et al., washed with D-PBS, trypsinized, suspended in complete me-
200)). The two additional primary cell lines (7684 and 10- dia, divided into equal aliquots, centrifuged at 40Qy for

1-C) used for testing of compounds to treat infection were 5min and resuspended in complete medium supplemented
previously determined to be infected with BVDV using the with DB772, DB824, or no compound (negative control).

same assays. After resuspension in 3mL of appropriate medium, cells
were placed in 12.5 cfrflasks. Medium was removed and
2.2.2. Media replaced with equivalent medium on the day after passage.
Fetal fibroblast cells were cultured inMEM (Biowhit- When cells became confluent (1-6 days after subculture),

taker, Walkersville, Maryland, USA) supplemented with medium was removed and frozen-aB0°C to be assayed
alynyl-L-glutamine (2 mM), penicillin (10,000 U/mL), strep-  for BVDV by virus isolation and RT-nPCR. Cell monolay-
tomycin (10 mg/mL), 2-mercaptoethanol (0.154 mM) and ers were washed, trypsinized, suspended in equivalent me-
15% (vol/vol) equine serum (complete medium). Madin dia, divided into equal aliquots, centrifuged and resuspended
Darby bovine kidney (MDBK) cells were cultured in MEM  in equivalent media or media lacking antiviral compound.
supplemented with 10% (vol/vol) equine serum (MEM-eq) Cells in media lacking antiviral compound were frozen at

(Givens et al., 2003 —80°C to be assayed for BVDV by virus isolation and
RT-nPCR. Cells in corresponding media were placed in a
2.3. Virus 12.5c¢n? flask, which resulted in a 1:2 subculture. Cells

were maintained as described in each treatment through four
A genotype 1a, noncytopathic strain of BVDV (SD-1) was sequential subcultures. During each subculture, cell mono-
used for testing of compounds to prevent infecti@reiig layers were observed with an inverted microscope atx400
and Brock, 1992 The BVDV isolate identified in the con-  magnification.
taminated fetal fibroblasts was a noncytopathic, genotype la
strain as determined by growth in cell culture and sequencing2.6. Virus detection
of 257 nucleotides within the’ Biontranslated region of the

viral genome. Bovine viral diarrhea virus was detected and quantified
from cell culture medium and cell lysates using the im-
2.4. Testing of compounds to prevent infection munoperoxidase monolayer assay and serial 10-fold dilu-
tions (Afshar et al., 1991 Medium and cell lysates in which
Pestivirus free fetal fibroblast cells {110% to 5 x 10* per BVDV was not detected initially were further evaluated by
2.0 cn? well) were incubated in 20@L of complete medium passaging 20QL of sample in 2.0crh wells containing
containing two-fold dilutions of DB606 (0.4—0.0Q&M), MDBK cells in order to amplify low quantities of residual

DB772 (0.08-0.0013M), DB824 (0.08-0.0018.M), or no virus prior to immunoperoxidase monolayer ass@wéns
compound (negative control). Cells were incubated with test et al., 2003. All medium and cell lysates from testing of
compounds for 15 min before inoculation with BVDV (strain  compounds to treat ongoing infections were assayed for
SD-1) ata multiplicity of infection of 0.5. Cells were cultured BVDV using RT-nPCR as previously describ&lens et al.,
with this inoculum for 1 h at 38.5C in 5% CQ and humid- 2000.

ified air. After an hour, the inoculum was removed and cells

were washed with 1 mL of Dulbecco’s phosphate buffered 2.7. Toxicity evaluation

saline (D-PBS). Immediately after washing, 1 mL of com-

plete media containing test compound (or negative control)  Viability of MDBK cells treated with DB824 was quanti-
was placed on each of the inoculated monolayers. After 72 htated using the tetrazolium-based compound XTT (2,3-bis[2-
of incubation, cell monolayers were visually observed for methoxy-4-nitro-5-sulfo-phenyl]+2-tetrazolium-5-carbox-
cytotoxic effects at 400 magnification. Culture media was anilide) Weislow et al., 198p in two-fold dilutions of
then removed from the cell monolayers and stored&Q3°C compound from 100 to 1.56M.

for later viral assays. One milliliter of fresh medium contain-

ing no test compound was added to cell monolayers prior to 2.8. Statistical calculations

freezing and thawing to lyse cells for the purpose of releasing

any intracellular BVDV. The CCIDsg of BVDV in stock virus, cell culture medium
and cell lysates was determined by the statistical method of
2.5. Testing of compounds to treat infection Reed and MuencliReed and Muench, 1938ovine viral di-

arrhea virus in cell culture medium and cell lysates was eval-
Two aromatic cations, DB772 and DB824, were tested uated by comparison to equivalent samples from temporal
at two concentrations (0.04 and 4.M) on each infected  control cultures in which no compound was added before or
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after inoculation (percentage of control = [CGl{nf BVDV

in compound sample/CCHg of BVDV in control sample
lacking compoundlx 100). The viral inhibitory concentra-
tions (99%; 1Gg) of compounds were calculated with IMP
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3.2. Testing of compounds to treat infection

No cytotoxicity was observed with any of the concentra-
tions of compounds used, and control cell cultures remained

software by least-squares regression techniques using the loginfected with BVDV throughout the four passages. Treat-

arithm of the mean percentage of control virus of cell culture
medium and cell lysates of each sam@al{ and Lehman,
1996.

The toxicity of DB824 at each concentration was calcu-
lated as previously describe@igens et al., 2008 The 50
and 10% cytotoxic concentration endpoints ¢gaCCyg) of

DB824 were calculated with IMP software by least-squares

mentwith aromatic compounds reduced or eliminated BVDV
in both medium and cell lysate samples as illustrated in
Fig. 1

3.3. Toxicity evaluation

The CGp and CGgp of DB824 were 143 and 40M, re-

regression techniques using the square of percent of controlspectively.

of each sampleSall and Lehman, 1996

3. Results
3.1. Testing of compounds to prevent infection

No cytotoxicity was observed with any of the concen-

4. Discussion

Bovine viral diarrhea virus continues to be a problem-
atic pathogen of cattle both in the field and in the laboratory.
The noncytopathic biotype of this virus has resulted in per-
sistent undetected contamination of cultured cells used for

trations of compounds used. Furthermore, no BVDV was both production of vaccines and for production of embryos

detected by virus isolation in negative control cell cultures.
From fetal fibroblast cells inoculated with BVDV in the ab-
sence of test compounds, a mean ok410° (range of 2

x 10° to 2 x 107) CClIDsg of BVDV /mL was detected in
media and 8x 10° (range of 6x 10% to 4 x 10°) CClIDsg

of BVDV /mL was detected in cell lysates. Virus could not

be detected in medium or cell lysates of any cultures sup-

plemented with 0.08.M of DB772. The 99% endpoints for
inhibition of viral replication in fetal fibroblast cell lines are
provided inTable 1 Of the 10 cell lines, one cell line (6879)

by somatic cell nuclear transfefglcone et al., 1999, 2003
Shin et al., 2000 No antiviral pharmaceuticals are currently
available for controlling BVDV, which has been suggested
as an attractive surrogate for studying the viral replication or
treatment of the uncultivatable human pathogen, hepatitis C
virus (Buckwold et al., 2008 The purpose of this research
was to evaluate the ability of aromatic cationic compounds
to prevent and treat noncytopathic BVDV infections in fetal
fibroblast cells.

The 99% endpoints for use of aromatic cationic com-

appeared to be afforded less protection from infection by any pounds to inhibit replication of BVDV in the 10 primary
of the aromatic cationic compounds. For this cell line, each fetal fibroblast cell lines correlates with previous values de-
concentration of each compound had been tested in triplicatetermined by using a continuous cell line (MDBK3i/ens et

to validate results.

Table 1

The 99% endpointguM) for inhibiting replication of bovine viral diarrhea
virus by aromatic cationic compounds (DB606, DB772, and DB824) in 10
different primary fetal fibroblast cell lines

Cell line DB606 DB772 DB824
5826 0.080 0.005 0.009
5832 0.050 0.012 0.019
6008 0.065 0.003 0.005
6032 0.150 0.006 0.011
6228 0.040 0.003 0.014
6426 0.057 0.002 0.005
6878 0.070 0.008 0.008
687F 0.140 0.014 0.043
6886 0.110 0.009 0.021
7672 0.050 0.003 0.007
Average 0.081 0.006 0.014
+Standard deviation 0.039 0.004 0.012
95% Confidence interval ~ 0.054,0.108  0.003,0.009  0.005, 0.023

@ This cell line was tested in triplicate using seven dilutions of each com-

pound. Other cell lines were tested in a single experiment using seven dilu-

tions of each compound.

al., 2003. While a slightly higher concentration of aromatic
cationic compounds was hecessary to preventinfection of cell
line 6879, BVDV could not be detected by virus isolation in
the medium or cell lysates of any cell line, including 6879
after culture in 0.08.M of DB772. Of the compounds eval-
uated, DB772 exhibited the greatest efficacy for preventing
BVDV infections at the lowest concentrations of compound.

The results of our research demonstrate for the first time
that aromatic cationic compounds at nontoxic concentrations
can eliminate noncytopathic BVDV from previously infected
cell cultures. It has been reported that noncytopathic BVDV
could not be eliminated from MDBK cells by monotherapy
with either novel inhibitors ofx-glucosidases or currently
available chemotherapies for hepatitis C vifDsantel etal.,
20049. In that research, only the combination of interferon-
o and ribavirin eliminated noncytopathic BVDV from in-
fected cells in vitro Durantel et al., 2004 In our research,
both infectious virus and viral RNA in media and cell lysates
were eliminated after the first passage of both infected cell
lines when the medium contained either DB772 or DB824 at
4.0pM.
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a = virus detected by RT-nPCR and virus isolation only after passage

b = viral RNA detected by RT-nPCR
¢ = free of virus as determined by virus isolation and RT-nPCR

Fig. 1. Detection and quantitation of bovine viral diarrhea virus in infected fetal fibroblast cell lines (7684 and 10-1-C) treated with aroométicaapounds
(DB772 and DB824) or maintained as negative controls in a single experiment. §g@ID= cell culture infective doses, 50% endpoint/mL; RT-nPCR =
reverse transcription-nested PCR).

The cytotoxic concentrations of DB824 determined us- to cloned embryos. The safeguard provided by the addition
ing the tetrazolium-based compound were similar to values of an aromatic cationic antiviral compound could ultimately
previously determined for DB606 and DB7iyens et al., provide protection for bovine embryo recipients and offspring
2003. Cytotoxic concentrations were much higher than the from disease due to BVDV.

ICgg Necessary to prevent infection of susceptible cellsorthe  Our results also suggest that use of selective aromatic
4 1M concentration of DB772 and DB824 used to eliminate cationic compounds in cell cultures for bovine vaccine pro-
ongoing BVDV infections. While DB824 produced a lower duction might provide a safeguard against inadvertent intro-
CCy and higher IGg than DB772, DB824 exhibited an ac- duction and subsequent dissemination of BVDV via vacci-
ceptable therapeutic index and might serve as an alternativenation. Compounds might be useful to prevent cultures used
if DB772 were subsequently shown to negatively affect the forvaccine production from amplifying pathogenic, noncyto-
cloning efficiency of exposed cells. These agents exhibit a pathic BVDV contaminants as has been previously reported
wide therapeutic window in vitro for prevention or treatment (Falcone et al., 1999, 20R30f course, issues such as irri-
of noncytopathic BVDV infections. tation of tissue after administration and the effects on im-

Our results indicate that supplementation of cultures of munogenicity of bovine pathogens other than BVDV would
fetal fibroblast cells with an aromatic cationic compound can require investigation before aromatic cationic antivirals could
prevent or eliminate noncytopathic BVDV infections. If it be recommended for use in cell cultures used for production
can be shown that treated bovine fetal fibroblast cells are of commercially available bovine vaccines.
still competent for production of normal bovine embryos via In summary, we have discovered that aromatic cationic
nuclear transfer, then DB772 could be used as a precautionarymolecules can be used at nontoxic concentrations to pre-
measure to ensure that karyoplasts do not transmit BVDV vent or eliminate noncytopathic BVDV infections in cultured
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primary cells. Thus, these compounds might serve as usefulGiangaspero, M., Vacirca, G., Harasawa, R., Buttner, M., Panuccio, A.,

instruments of quality assurance in a variety of endeavors that

require culture of cells, including advanced embryo technolo-
gies and vaccine production.
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