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I. INTRODUCTION

Feline immunodeficiency virus (FIV) was first isolated in 1986 (PEDERSEN et
al., 1987) and has since been shown to occur worldwide, infecting domestic cats
and wild felids (HOKANSON et al., 2000). Like human immunodeficiency virus
(HIV), FIV is a member of the retroviridae family of viruses, genus lentivirus, and
both viruses cause an acquired immunodeficiency syndrome (AIDS) in their
respective hosts (NORTH et al., 1989). The two viruses share many morphologic,
genomic, and biochemical characteristics. Of particular importance to
chemotherapeutic studies is the close similarity between the reverse transcriptase
(RT) of FIV and HIV (GOBERT et al.,, 1994) which results in in vitro
susceptibility of FIV to many RT-targeted antiviral compounds used in the

treatment of HIV-infected patients.

The nucleoside reverse transcriptase inhibitor (NRTI) zidovudine is the only
antiviral drug which has been evaluated thoroughly against FIV and is sometimes
used in the treatment of naturally FIV-infected cats. It has been shown that it can
have positive effects on the cat’s immunologic status and improve clinical
condition scores in cats with stomatitis and neurological signs (HARTMANN et
al.,, 1992; HARTMANN et al., 1995a). However, it can also result in dose-
dependent anemia and neutropenia (HARTMANN et al., 1995a; ARAI et al.,
2002) which can necessitate termination of therapy. Furthermore, it has been
shown that drug-resistant mutations can develop in cats treated with zidovudine
(MARTINS et al., 2008). To avoid drug resistance development and to achieve
optimal suppression of virus replication, multi-agent antiviral chemotherapy, is
the mainstay of treatment in HIV-infected humans (CLAVEL and HANCE,
2004). Since combination treatment with most protease inhibitors (PIs) and non-
nucleoside reverse transcriptase inhibitors (NNRTIs) is likely ineffective in cats, it
IS important to assess other NRTIs with good efficacy against FIV and low
toxicity which could be used in the treatment of FIV-infected cats.

The purpose of the present study was to test three NRTIs, which had not been
evaluated in feline cells before, together with six NRTIs with known anti-FIV
activity, for their cytotoxicity in primary feline peripheral blood mononuclear

(PBM) cells and antiviral efficacy against FIV.
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Il. LITERATURE REVIEW: IN VITRO EFFICACY OF

ANTIRETROVIRAL COMPOUNDS AGAINST FIV

Like HIV, FIV is a member of the lentivirus subfamily of the family Retroviridae
(BENNETT und SMYTH, 1992) and there are several striking similarities
between the two viruses regarding their morphological, physical, and biochemical
characteristics as well as their clinical and hematological manifestations
(GOBERT et al., 1994; VAHLENKAMP et al., 1995; ARAI et al., 2002; ELDER
et al., 2010). Because these similarities allow the evaluation of the effects of
antiviral therapy on disease pathogenesis (HAYES et al., 2000) FIV infection of
cats has become an important animal model for HIV infection of humans
(NORTH et al., 1989; VAHLENKAMP et al., 1995; WILLETT et al., 19973;
HAYES et al., 2000; MCCRACKIN STEVENSON and MCBROOM, 2001;
BISSET et al., 2002; DIAS AS et al., 2006).

Since the discovery of FIV in 1986 (PEDERSEN et al., 1987) many different
antiviral compounds have been assessed for their efficacy against FIV in in vitro
and in vivo studies. Most of these compounds are derived from human medicine
and are used in the treatment of HIV-infected patients (HARTMANN, 2012).
Experimental studies with antiviral compounds are generally conducted in three
stages. In vitro experiments are usually performed first and assess the ability to
suppress viral infection in cell or tissue culture. If good antiviral efficacy is
demonstrated, in vivo studies might follow, such as experimental virus challenge
studies. Eventually, promising drugs are administered to animals with well-
characterized chronic experimental retroviral infections and various parameters

can be monitored and compared to animals from a control group (LEVY, 2000).

Over the last 30 years, the use of combination-antiretroviral therapy has resulted
in HIV infection, which previously was rapidly fatal, becoming a chronic but
manageable condition (BRODER, 2010). Highly active antiretroviral therapy
(HAART), the standard of care for HIV-infected individuals currently consists of
three or more anti-HIV drugs. Most commonly, two of these drugs are NRTIs or a
NRT]I together with a nucleotide reverse transcriptase inhibitor (NtRTI) combined
with a third agent from a different drug class (CIHLAR and RAY, 2010;
TRESSLER and GODFREY, 2012). Despite this great success in human



Il. Literature Review 12

medicine, no such therapy is available for cats (ZEINALIPOUR-LOIZIDOU et
al., 2007; PALMISANO and VELLA, 2011; MOHAMMADI and BIENZLE,
2012).

All antiviral compounds interfere with one or more steps of the virus replication
process. Based upon this, the drugs can be assigned to different drug classes (DE
CLERCQ, 1995a; PALMISANO and VELLA, 2011) (fig. 1, tab. 1).
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Fig. 1: Replicative cycle of FIV (printed and modified with kind permission

of Prof. K. Hartmann)

Potential targets in the retroviral replication process for antiviral drugs include
(DE CLERCQ, 1995a; HARTMANN, 2012; MOHAMMADI and BIENZLE,
2012):

e binding of virus to specific cell surface receptors
e entry into the cell and uncoating of the virus

e reverse transcription of viral genome

e integration of proviral DNA into host genome

e viral protein processing

e virion assembly and maturation

e virion release
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Currently there are 26 compounds that have been formally approved by the Food
and Drug Administration (FDA) for the treatment of AIDS and these drugs are
generally divided into the following classes (MOHAMMADI and BIENZLE,
2012; DE CLERCQ, 2013):

e Reverse transcriptase inhibitors

o Nucleoside reverse transcriptase inhibitors (NRTIs)

o Nucleotide reverse transcriptase inhibitors (NtRTIs)

o Non-nucleoside reverse transcriptase inhibitors (NNRTISs)
e Protease inhibitors (PIs)
e Entry inhibitors (Els)

o Fusion inhibitors (FIs)

o Co-receptor inhibitors (CRIs)

e Integrase inhibitors (INIs)

Several compounds from most of these drug classes have also been assessed
against FIV in vitro. Table 1 provides an overview of all FDA-approved
antiretroviral compounds assessed in vitro against FIV. These are the focus of this

doctoral thesis.

Table 1: FDA-approved anti-HIV drugs and their efficacy against FIV in
vitro (NA, not assessed)

Drug class Compound Efficacy in vitro Chapter for
references
Zidovudine Yes 1.1.2.1.
Didanosine Yes 1.1.2.2.
Zalcitabine (no
Nucleoside longer marke(ted) Yes 1123
reverse Stavudine Yes 1.1.2.4.
transcriptase S
inhibitors Lamivudine Yes 1.1.2.5.
Emtricitabine Yes 1.1.2.6.
Abacawr_(llcensed Yes 1127,
as abacavir sulfate)
Nlrjg\lli?tsgde Tenofovir (licensed
. as tenofovir Yes 1.2.2.
transcriptase . .
R disproxil fumarate)
inhibitors
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Nevirapine No
Non-nucleoside Delavirdine No
reverse Efavirenz No 1.3.2.
transcriptase —
inhibitors Etravirine N/A
Rilpivirine N/A
Saquinavir (licensed
as saquinavir No
mesylate)
Indinavir No
Ritonavir No
Nelfinavir (licensed
as nelfinavir No
mesylate)
Amprenavir (no No
Protease longer marketed) 22
inhibitors Lopinavir Yes o
Atazanavir
(licensed as Yes
atazanavir sulfate)
Fosamprenavir
(licensed as
fosamprenavir No
calcium)
Tipranavir Yes
Darunavir No
. ng!on Enfuvirtide No 3.1.2.
inhibitors
Co-receptor Maraviroc N/A 3.2.2
inhibitor
Integrase Raltegravir Yes 42
inhibitors Dolutegravir N/A B
1. Reverse transcriptase inhibitors

The retroviral enzyme reverse transcriptase transcribes the viral RNA into proviral

DNA, which is subsequently integrated into the host cell’s genome (MITSUYA

and BRODER, 1987). This is an important step in the retroviral replication cycle

and the compounds that inhibit this step have become the cornerstone of

successful anti-HIV therapy (CIHLAR and RAY, 2010).

Reverse transcriptase inhibitors can be divided into three categories (DE

CLERCQ, 2009):

e NRTI
e NtRTI
e NNRTI
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1.1. Nucleoside reverse transcriptase inhibitors

The first drugs approved for the treatment of HIV were NRTIs and they still
represent a vital component of the treatment regimens for HIV-infected patients
(TRESSLER and GODFREY, 2012).

Currently there are seven NRTIs approved by the FDA for the treatment of HIV
infection. One of these (zalcitabine) is no longer marketed (FDA, 2014).

1.1.1. Mechanism of action

NRTIs are analogues of endogenous 2”-deoxynucleosides (DE CLERCQ, 2009;
CIHLAR and RAY, 2010). Nucleosides are the building blocks of nucleic acids
and are composed of a nitrogenous base and a five-carbon sugar (ribose or
deoxyribose). Like natural nucleosides, NRTIs require intracellular enzymatic
activation through three phosphorylation steps to their 5 -triphosphate form
(nucleotide) (DE CLERCQ, 2009). In their active form, they compete with the
endogenous nucleotides at the catalytic, i.e., substrate-binding, site of RT and are
incorporated into the elongating proviral deoxyribonucleic acid (DNA) strand (DE
CLERCQ, 2009; CIHLAR and RAY, 2010), thus functioning as competitive
substrate inhibitors (DE CLERCQ, 2009). However, in comparison to the natural
nucleotides, NRTIs lack the 3"-hydroxyl group on the deoxyribose moiety and this
leads to strand termination as the subsequent nucleotide cannot form the next 5°-
3" phosphodiester bond necessary to extend the DNA strand (MOHAMMADI and
BIENZLE, 2012; TRESSLER and GODFREY, 2012).

1.1.2. Efficacy against FIV

As FIV became an important animal model for HIV infection for the purpose of
assessing NRTIs, all currently licensed NRTIs have been tested in feline cell
culture for their anti-FIV efficacy. The initial studies were usually performed to
assess the drugs’ anti-FIV activity and subsequent studies assessed their behavior
against different FIV strains or molecular clones, drug-resistant mutants or the
influence of different cell culture systems on antiviral efficacy (GOBERT et al.,
1994; VAHLENKAMP et al., 1995; SMITH et al., 1997; SMITH et al., 1998;
BISSET et al., 2002; VAN DER MEER et al., 2007).

1.1.2.1. Zidovudine

Zidovudine (3 -azido-3"-deoxythymidine, AZT) is a thymidine analogue and was
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first synthesized in the 1960ties (HORWITZ et al., 1964) as a potential anticancer
agent. Mitsuya and coworkers (1985) showed for the first time its anti-HIV
efficacy in vitro and Furman and coworkers (1986) elucidated that it acts by
inhibiting RT through its triphosphate form (MITSUYA et al., 1985; FURMAN et
al., 1986). In 1987 it was the first drug to be approved by the FDA for the
treatment of HIV infection and to this day it remains an important component of
HAART (EZZELL, 1987; TRESSLER and GODFREY, 2012).

Since the discovery of FIV in 1986 (PEDERSEN et al., 1987), the anti-FIV
activity of zidovudine has been assessed in numerous in vitro studies. In 1989,
North and coworkers showed that zidovudine inhibited FIV replication in
Crandell-Rees feline kidney (CRFK) cells (see table 2). The susceptibility of FIV
to zidovudine was similar to that of HIV-1 (NORTH et al., 1989). In order to
demonstrate the presence or absence of antiviral efficacy most studies report the
50% effective concentration (ECsp) which is the concentration of drug required to
inhibit virus proliferation in cell culture by 50%. The ECs allows comparison of
antiviral activities. Table 2 summarizes the in vitro studies investigating the

antiviral efficacy of zidovudine against FIV in different cell systems.

Table 2: In vitro antiviral efficacy of zidovudine against FIV (FIV, feline
immunodeficiency virus; ECsy, 50% effective concentration; CRFK,
Crandell-Rees feline kidney; RT, reverse transcriptase; PBL, peripheral
blood lymphocytes; p24 Ag, p24 antigen; ELISA, enzyme-linked
immunosorbent assay; PBM, peripheral blood mononuclear; pol RT-PCR,
reverse transcription-polymerase chain reaction specific for pol region of

*

FIV; ND, not determined; ', mean + standard error; , mean * standard

deviation; %, not specified)

Detection
Study FIV strain Cells _Days after ECs met_hod of
inoculation virus
replication
North et al., FIV 0.15+0.02° .
1989 Petaluma CRFK cells 5 uM RT activity
. Focal
Remington et FIV 1.4 +0.4* . =
al., 1991 Petaluma CRFK cells 4 UM infectivity
assay
Tanabe- FIV
Tochikura et | 3201 cells 28 0.03 uM RT activity
al., 1092 Petaluma
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FIV 0.32+0.01° Focal
Gobert et al., Petaluma uM . =
1994 Frv | CRACcells 4 013001 '”f:;:st;‘)’/'ty
34TF10 uM
%
FIV E77 PBL 5 0.75+0.34
Smyth et al., uM p24 Ag
1994 * ELISA
FIV-8 | CRFK cells 7 0.190.02
pM
FIV 1.4 +0.4* Focal
Remington et | Petaluma uM S
al.. 1994 FIV CRFK cells 4 50+ 09 mf::;;;ty
34TF10 uM
. Focal
Mot e 2 | ¥ | CRFK cells 4 034uM | infectivity
assay
0.05+0.02
Thymocytes
Vahlenkamp | FIVUT- | Y7o 5 uM 024 Ag
etal., 1995 113 0+052° ELISA
CRFK cells 40052
uM
0.06 uM RT activity
CRFK cells p24 Ag
Hartmann et FIV 10 8.63 M ELISA
al., 1995 Petaluma 0.02 uM RT activity
PBL p24 Ag
0.14 uM ELISA
Focal
Zhuetal., FIV 03+01° . <
1996 34TE10 CRFK cells 4 UM infectivity
assay
. Focal
Smith et al., FIV 1.0+0.3" . <
1997 34TF10 CRFK cells 4 uM infectivity
assay
. Focal
Smith et al., FIV 1.3+0.27 . <
1998 34TE10 CRFK cells 4 UM infectivity
assay
McCrackin 0.07+0.02°
Stevenson | FIV Maxam M 24 A
and PBM cells 7 : FI)ELISAg\
McBroom, FIV pPPR 0.03+0.02
2000 uM
Bisset et al., FIV 213+0.83"
2002 Petaluma CRFK cells 8 UM pol RT-PCR
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FIV PBM cells
Glasgow-8 | . from
infected cats
FIV FIVgang/FeT-
Bangston Jcells
Arai et al., FIV FIVgn/FeT-J .
2002 Shizuoka cells 912,15 ND RT activity
FIV
Petaluma FL-4 cells
FIV T—_ceII
Glasgow-8 enriched
PBM cells
0.56 +0.26™
Thymocytes UM
van der Meer Dendritical p24 Ag
etal, 2007 | FIVI3m | oo 6 367+232%| ELISA
thymocyte uM
coculture
1.1.2.2. Didanosine

Didanosine (2',3'-dideoxyinosine, ddl) is a dideoxynucleoside analogue which is

converted to its active form dideoxyadenosin triphosphate by intracellular
phosphorylation (PERRY and BALFOUR, 1996). In 1986, shortly after the
discovery of zidovudine’s anti-HIV activity, Mitsuya and Broder described the
antiviral activity of didanosine against HIV (MITSUYA and BRODER, 1986) and
in 1991 it was the second antiretroviral drug to be approved by the FAD for the
treatment of HIV/AIDS (FDA, 2014). Several studies have investigated its

efficacy against FIV in vitro (table 3).
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Table 3: In vitro antiviral efficacy of didanosine against FIV (FIV, feline

immunodeficiency virus;

ECso,

50%

effective concentration;

CRFK,

Crandell-Rees feline kidney; RT, reverse transcriptase; PBL, peripheral

blood

lymphocytes;

p24 Ag,

p24 antigen;

ELISA,

enzyme-linked

immunosorbent assay; f, mean + standard error; *, mean + standard deviation)

Detection
Study FIV strain Cells _Days aﬁer ECs met_hod of
inoculation virus
replication
i Focal
Remington et FIV 21+0.7* . <
al., 1991 Petaluma CRFK cells 4 uM infectivity
assay
Tanabe- FIV
Tochikura et Petaluma 3201 cells 28 1.1uM RT activity
al., 1992
FIV 1.9+004° Focal
Petaluma
Gobert et al., CREK cells A my infectisity
1994 FIV 1.1+0.01° assay
34TF10 uM
%
FIV E77 PBL 5 3.25+0.25
Smyth et al., uM p24 Ag
1994 * ELISA
FIV8 | CRFK cells 7 097+0.34
uM
FIV .
Remington et | Petaluma | . . 21£1°uM | fFo;:_aI_t
al., 1994 FIV cells 18:06° | M ae;S;\)/ll y
34TF10 uM
i Focal
Medlin et al., FIV 55+0.8" . <
1995 34TF10 CRFK cells 4 uM infectivity
assay
Focal
Zhuetal., FIV 1.1+0047 | . <
1996 34TF10 CRFK cells 4 UM infectivity
assay
i Focal
Smith et al., FIV 1.9+04" . <
1997 34TF10 CRFK cells 4 uM infectivity
assay
i + Focal
Smith et al., FIV 3.2+05" . A
1998 34TF10 CRFK cells 4 UM infectivity
assay

1.1.2.3. Zalcitabine

Like didanosine, zalcitabine (2',3'-dideoxycytidine, ddC) is a dideoxynucleoside
analogue which is converted intracellularly to its active form 2',3'-dideoxycytidine

triphosphate. In 1986, Mitsuya and Broder showed that it is a very potent inhibitor
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of HIV (MITSUYA and BRODER, 1986) and after zidovudine it was the second
drug to be tested clinically in patients with AIDS (YARCHOAN et al., 1988;
MERIGAN et al., 1989). It was approved by the FDA in 1992 but it has not been
marketed since December 2006 (FDA, 2014).

Table 4: In vitro antiviral efficacy of zalcitabine against FIV (FIV, feline

immunodeficiency virus; ECsy, 50% effective concentration; CRFK,

Crandell-Rees feline kidney; RT, reverse transcriptase; PBL, peripheral

blood lymphocytes; p24 Ag, p24 antigen; ELISA, enzyme-linked
i

immunosorbent assay; PBM, peripheral blood mononuclear; ', mean +

standard error; *, mean + standard deviation)

Detection
Study FIV strain Cells _Days aft_er ECs met_hod of
inoculation virus
replication
North et al., FIV -
1989 Petaluma | CRPK cells 5 >1uM | RT activity
FIV 57+04" Focal
Gobertetal., | Petaluma uM ~ Focal
1994 Fry | CRACcels 4 23005 '”fae;;;‘)’/'ty
34TF10 UM
%
FIV E77 PBL 5 I
Smyth et al., uM p24 Ag
1994 * ELISA
FIVE | CRFK cells 7 0330.12
uM
FIV .
Remington et | Petaluma | . 6.0+1°uM | fFoJc{:_aI_t
al., 1994 FIV Cells 47123 maes(,:s;\;/l y
34TF10 uM
i Focal
Medlin et al., FIV 49+07"7 ) Al
1995 34TF10 CRFK cells 4 uM infectivity
assay
t Focal
Zhu et al., FIV 44+0.3" . .
1996 34TF10 CRFK cells 4 uM infectivity
assay
i Focal
1997 34TF10 CRFK cells 4 uM infectivity
assay
i t Focal
Smith etal., FIV 20+01% | . O
1998 34TF10 CRFK cells 4 uM infectivity
assay
McCrackin 0.86+0.07 '
Stevenson | FIV Maxam ™ A
and PBM cells 7 - Fl)zl_lsAq
McBroom, FIV pPPR 1.21 £0.56
2000 uM
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1.1.2.4. Stavudine

Like zidovudine, stavudine (2',3'-didehydro-2',3'-dideoxythymidine, d4T) is a
thymidine analogue and was first synthesized in the 1960ies (HORWITZ et al.,
1966) as a potential anticancer agent. Its efficacy against HIV was first described
in 1987 by two working groups (BABA et al., 1987; BALZARINI et al., 1987;
LIN et al., 1987; AUGUST et al., 1988). It was approved by the FDA for the
treatment of HIV infection in 1994 and was an essential component of initial
antiretroviral combination therapy. Only in recent years it has been replaced by
better tolerated medications (MARTIN et al., 2010). Several studies have assessed

stavudine’s anti-FIV efficacy and table 5 provides a summary.

Table 5: In vitro antiviral efficacy of stavudine against FIV (FIV, feline
ECs, 50% CRFK,
Crandell-Rees feline kidney; PBL, peripheral blood lymphocytes; p24 Ag,

immunodeficiency virus; effective concentration;

p24 antigen; ELISA, enzyme-linked immunosorbent assay; *, mean + standard

error; *, mean + standard deviation)

Detection
Study FIV strain Cells _Days aft_er ECs met_hod of
inoculation virus
replication
: * Focal
Remington et FIV CREK cells 4 12.3+£35 infectivity
al., 1991 Petaluma uM
assay
FIV 57+06" Eocal
Gobert et al. Petaluma uM . <
' CRFK cell 4 - infectivit
1994 FIV > 59+00° nosay y
34TF10 uM
11.60 +
FIV E77 PBL 5
Smyth et al., 2.23*uM p24 Ag
1994 FIV 8 CRFK cell 7 8.92 ELISA
cetls 13.38%uM
FIV R
+
Remington et | Petaluma 12+4°uM | Focal
CRFK cells 4 infectivity
al., 1994 FIV 21 £ 9* UM 255
34TF10 o y
Balzarini et p24 Ag
al. 1996 FIV UT113 | CRFK cells 6 4.0 uM ELISA
Focal
Zhu et al., FIv + . "
1996 34TE10 CRFK cells 4 9+2"uM mfaescst;\)//lty
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i Focal

Smith et al., FIV 140+191| . Focl
1997 34TF1o | CRFKecells 4 M infectivity

assay

i T Focal

Smith et al., FIV 13+18" ) al
1998 34TF1p | CRFKcells 4 M 'nfaescsté\;lty

1.1.2.,5. Lamivudine

Like zalcitabine, lamivudine ((-)-2',3'-dideoxy-3'-thiacytidine, 3TC) is a cytidine
analogue. It is structurally different in that the 3' carbon of the ribose in
zalcitabine is replaced by a sulfur atom (COATES et al., 1992). Lamivudine’s
anti-HIV activity was first described by Belleau and coworkers in 1989
(BELLEAU et al., 1989) and it was licensed by the FDA for the treatment of
HIV/AIDS in 1995 (FDA, 2014). It is a potent and well tolerated anti-HIV drug.
The major side effect is the development of a M184V mutation in the HIV pol
gene (RAVICHANDRAN et al., 2008). It is also active against FIV (table 6).

Table 6: In vitro antiviral efficacy of lamivudine against FIV (FIV, feline
immunodeficiency virus; ECsy, 50% effective concentration; CRFK,
Crandell-Rees feline kidney; RT, reverse transcriptase; PBL, peripheral
blood lymphocytes; p24 Ag, p24 antigen; ELISA, enzyme-linked
immunosorbent assay; PBM, peripheral blood mononuclear; pol RT-PCR,
reverse transcription-polymerase chain reaction specific for pol region of

*

FIV; ND, not determined; ¥, mean + standard error; , mean = standard

deviation)
Detection
Study FIV strain Cells _Days aﬁer ECs met_h od of
inoculation virus
replication
*
FIV E77 PBL 5 0.17+0.04
Smyth et al., uM p24 Ag
1994 * ELISA
FIV 8 CRFK 7 0.39+0.13
cells uM
. Focal
Medlin et al., FIv CRFK . o
1995 34TE10 cells 4 0.58 uM infectivity
assay
. Focal
Smith et al., FIV CRFK + . A
1997 34TF10 cells 4 1.2+£01"uM infectivity
assay
. Focal
Smith et al., FIV CRFK + ) .
1098 34TF10 cells 4 15£03"'uM '”faeg;‘)’/'ty
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McCrackin 014 +001 "
Stevenson | FIV Maxam M
u p24 Ag
and PBM cells 7 : ELISA
2000 uM
Bisset et al., FIV CRFK 244+0.64 7
2002 Petaluma | cells 8 UM pol RT-PCR
PBM cells
FIV from
Glasgow 8 infected
cats
FIV FIVgang/Fe
Arai et al Bangston T-J cells
r;'ogza g FIV FIVgi/Fe | 9,12, 15 ND RT activity
Shizuoka T-J cells
FIV
Petaluma FL-4 cells
FIV T—_ceII
Glasgow-8 enriched
PBM cells
1.1.2.6. Emtricitabine

Emtricitabine ((-)-2',3'-deoxy-5-fluoro-3'-thiacytidine, FTC) is another cytidine

analogue and is structurally similar to lamivudine. It was developed after the

discovery of the antiviral activity of lamivudine and was found to be very potent
and selective against HIV (SCHINAZI et al., 1992). It was shown that treatment

with emtricitabine versus lamivudine leads to reduced emergence of the M184V/I

resistance mutation in antiretroviral naive patients (MCCOLL et al., 2011). It was
licensed by the FDA in 2003 (FDA, 2014).
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Table 7: In vitro antiviral efficacy of emtricitabine against FIV (FIV, feline
ECs, 50% CRFK,
Crandell-Rees feline kidney; p24 Ag, p24 antigen; ELISA, enzyme-linked

immunodeficiency virus; effective concentration;

immunosorbent assay;

determined; , mean + standard error)

PBM, peripheral blood mononuclear; ND, not

Detection
Study FIV strain Cells _Days aﬁer ECs met_hod of
inoculation virus
replication
. ¥ Focal
Smith et al., FIV 09+0.2" . =
1997 3aTE1o | CRFKcells 4 UM infectivity
assay
i + Focal
Smith et al., FIV 1.0+0.1" . .
1998 34TF10 | CRFKcells 4 M infectivity
assay
McCrackin
Stevenson | FIV Maxam ND ot A
and PBM cells 7 - FI)ELISAg\
McBroom, FIV pPPR 0.18+0.04
2000 uM

1.1.2.7. Abacavir

Abacavir ((-)-(1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-cyclo-
pentene-1-methanol, ABC) is a guanosine analogue and was first described in
1997 by Daluge and coworkers. It was shown to have potent and selective anti-
HIV activity equivalent to that of zidovudine in human blood lymphocyte
cultures. It showed minimal cross-resistance with zidovudine and other approved
HIV NRTIs and was synergistic with zidovudine and some other compounds
(DALUGE et al., 1997). In 1998 it was approved by the FDA (FDA, 2014). Prior
to the study reported here, it has been assessed against FIV in only one study, to

our knowledge (table 8).
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Table 8: In vitro antiviral efficacy of abacavir against FIV (FIV, feline
ECs, 50% CRFK,
Crandell-Rees feline kidney; pol RT-PCR, reverse transcription-polymerase

immunodeficiency virus; effective concentration;

chain reaction specific for pol region of FIV; ND, not determined; ¥, mean *

standard error)

Detection
Study FIV strain Cells _Days aﬁer ECs met_hod of
inoculation VvIrus
replication
Bisset et al., FIV 3.07+139°
2002 Petaluma CRFK cells 8 UM pol RT-PCR
1.2. Nucleotide reverse transcriptase inhibitors

Currently there is only one FDA approved NtRTI (tenofovir disoproxil fumarate)
which was licensed in 2001 (FDA, 2014). Since then it has become one of the
most widely used antiretroviral drugs in HIV therapy (DE CLERCQ, 2010;
TRESSLER and GODFREY, 2012).

1.2.1. Mechanism of action

Like NRTIs, NtRTIs interact with the catalytic site of RT and are incorporated
into the elongating proviral DNA strand, subsequently causing strand termination
(RAVICHANDRAN et al., 2008; DE CLERCQ, 2009). They compete with the
natural nucleotides and thus also function as competitive substrate inhibitors.
However in contrast to NRTIs, NtRTIs contain a phosphate group and therefore
need only two intracellular phosphorylation steps to be converted into their active
forms (BALZARINI et al., 1997; DE CLERCQ, 2009). This circumvents the first
and often rate limiting phosphorylation step (RAVICHANDRAN et al., 2008;
CIHLAR and RAY, 2010) and therefore offers an advantage over NRTIs.
Currently, the only approved NtRTI for the treatment of HIV infection is
tenofovir disoproxil fumarate (TDF), the prodrug of tenofovir ((R)-9-(2-
phosphonylmethoxypropyl)adenine, (R)-PMPA), which is a member of the
acyclic nucleoside phosphonates (BALZARINI et al., 1997; CIHLAR and RAY,
2010). In acyclic nucleoside phosphonates, the alkyl side chain of purines and
pyrimidines is linked to a modified phosphate moiety and a C-P phosphonate
linkage replaces the normal O5°-P phosphate linkage (BALZARINI et al., 1997,
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CIHLAR and RAY, 2010). This phosphonate bond is non-hydrolyzable which
makes it more difficult to cleave off these compounds once they have been
incorporated at the 3"-terminal end of the elongating proviral DNA strand (DE
CLERCQ, 2009).

1.2.2. Efficacy against FIV

Balzarini and coworkers (1997) showed that tenofovir ((R)-9-(2-
phosphonylmethoxypropyl)adenine, (R)-PMPA)) is a potent inhibitor of FIV in
both CRFK cells and PBM cells. It was compared to two other antiretroviral
compounds, including PMEA (9-(2-phosphonylmethoxyethyl)adenine), the
prototype acyclic nucleoside phosphonate (BALZARINI et al., 19964,
BALZARINI et al.,, 1997). PMEA is a potent inhibitor of FIV and has been
investigated more extensively in vitro regarding its anti-FIV activity and generally
has been shown to be at least equally as potent as zidovudine (GOBERT et al.,
1994; REMINGTON et al., 1994; VAHLENKAMP et al., 1995; ZHU et al., 1996;
SMITH et al., 1998; VAN DER MEER et al., 2007). In comparison to PMEA,
tenofovir (R-PMPA) was less toxic in feline PBM cells and showed greater anti-
FIV efficacy (BALZARINI et al., 1997). Vahlenkamp and coworkers (1995) also
compared tenofovir to other antiretroviral compounds, including PMEA in feline
thymocytes and CRFK cells. The antiviral efficacy against FIV and cytotoxicity
of both compounds were comparable, although PMEA was somewhat more toxic
in PBM cells (VAHLENKAMP et al., 1995).

1.3. Non-nucleoside reverse transcriptase inhibitors

NNRTIs were the second drug category from which members were approved for
the treatment of HIV infection. There are currently five FDA approve NNRTIs:
nevirapine, delavirdine, efavirenz, etravirine, and rilpivirine (FDA, 2014).

1.3.1. Mechanism of action

Unlike NRTIs and NtRTIs, which bind to the catalytic site of RT, NNRTIs
interact with an allosteric site of the enzyme (DE CLERCQ, 2009) and are not
incorporated into the proviral DNA strand (RAVICHANDRAN et al., 2008).
They are classified as non-competitive inhibitors of RT and do not require
intracellular activation to inhibit the enzyme (RAVICHANDRAN et al., 2008;
MOHAMMADI and BIENZLE, 2012). NNRTIs are a group of structurally
diverse compounds that all bind a single site in the HIV RT enzyme (XIA et al.,
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2007). Five NNRTIs are currently licensed for treatment of HIV infection and
these drugs are used in several anti-retroviral therapy regimens. Despite their
common use, the molecular mechanism of inhibition by these drugs is not entirely
clear (DAS et al., 2012). The interaction with the allosteric site which is located in
close proximity to the catalytic site, leads to a number of conformational changes
within the RT (XIA et al., 2007; DAS et al., 2012). Amongst other effects, these
changes cause a decrease in the interaction between the DNA primer and the
polymerase domain of the enzyme and thus, result in inhibition of virus
replication. Additionally it has been shown that excision of an incorporated NRTI
from the elongating proviral DNA strand is blocked in the presence of the NNRTI
nevirapine, indicating that NNRTIs and NRTIs have complementary roles in
inhibiting RT (DAS et al., 2012).

Unlike NRTIs, NNRTIs are highly specific inhibitors of HIV-1 and it has been
shown that they are not active against HIV-2 or other retroviruses, including FIV
(AUWERX et al., 2004; RAVICHANDRAN et al., 2008). This is the case despite
close similarity of the NNRTI binding pocket of HIV-1 RT and FIV RT. In fact,
only four of the 20 relevant amino acids lining the binding pocket are not present
in FIV RT (AUWERX et al., 2004). Only three of the five FDA-approved
NNRTIs (nevirapine, delavirdine, efavirenz) have been assessed against FIV in
vitro. In vivo studies have not been performed, presumable because of the lack of

in vitro efficacy.

1.3.2. Efficacy against FIV

In a study by Auwerx and coworkers (2002) it was shown that nevirapine,
delavirine and efavirenz, had no inhibitory activity against FIV RT, even at drug
concentrations several orders of magnitude higher than those required for
suppression of HIV-1 RT activity. Chimeric RT enzymes were also assessed and
it was found that HIVp66/FIVp51 RT retained susceptibilities to all NNRTIs
similar to the wild-type HIV-1 enzyme, and FIVp66/HIVp51 RT remained
resistant to the NNRTIs, pointing to a minor role of the p51 subunit in terms of
susceptibility to these RT inhibitors (AUWERX et al., 2002). These findings
differ markedly from those reported in a previous study by Amacker and
Hubscher (1998) who found nevirapine to be inhibitory towards both FIV RT as
well as the chimeric FIVp66/HIVp51 RT (AMACKER and HUBSCHER, 1998).
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In order to map the determinants of lack of susceptibility of FIV RT to NNRTIs
effective against HIV, Auwerx and coworkers (2004) conducted another study
and designed several chimeric HIV-1/FIV RTs. Similarly to the previous study by
Auwerx and coworkers (2002), nevirapine and efavirenz were investigated. In
accordance with the findings from that previous study, FIV RT was not inhibited
by any NNRTI, even at concentrations as high as 1000 uM, whereas HIV-1 RT
was sensitive to both NNRTIs. None of the FIV-derived chimera which contained
several amino acid fragments from HIV-1 RT gained susceptibility to the
NNRTIs. In a second part of this study, point mutations were introduced into the
FIV RT and the susceptibility of the mutant enzymes to nevirapine, efavirenz, and
delavirdine was investigated. The amino acids of choice were those that were
crucial for HIV-1 RT to maintain full sensitivity to NNRTIs but were different in
FIV RT. Neither of the NNRTIs showed any inhibitory activity against any FIV
RT mutant (AUWERX et al., 2004).

Etravirine and rilpivirine gained their FDA approval more recently in 2008 and
2011, respectively (FDA, 2014). Neither of these two drugs has been assessed
against FIV.

2. Protease inhibitors

Currently, there are ten Pls that have been licensed by the FDA (saquinavir
mesylate, ritonavir, indinavir, nelfinavir, lopinavir, atazanavir sulfate, amprenavir

[no longer marketed], fosamprenavir, darunavir, tipranavir) (FDA, 2014).

2.1. Mechanism of action

The retroviral protease is responsible for the processing of Gag and Gag-Pol
polyproteins into individual structural and enzymatic proteins. These steps take
place during virus assembly and maturation and are critical for the production of
infectious virions (SLEE et al., 1995; ELDER et al., 2010).

Both FIV and HIV-1 protease are homodimers which have very similar three-
dimensional structures; however, each monomer of the FIV protease is comprised
of 116 amino acids as opposed to 99 amino acids for the HIV-1 protease and both
enzymes share only 23% amino acid identity (ELDER et al., 2008; LIN et al.,

2010). Despite similarities between the two enzymes, it has been shown that the
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FIV protease is specific to its respective substrates. Most of the currently
employed anti-HIV Pls that have been tested were not effective in inhibiting FIV

protease.

Pls contain a hydroxyethylene scaffold which mimics the normal peptide linkage
that would normally be cleaved within the active site of the enzyme. This linkage
however, has been replaced with a nonhydrolyzable one and therefore Pls prevent
the protease from carrying out its normal action (DE CLERCQ, 1995b, 2009).
This is the mechanism of action for all but one (tipranavir) of the FDA-approved
Pls (DE CLERCQ, 2009).

Tipranavir is different in that it is a non-peptidic Pl belonging to the class of
sulfonamide-containing dihydropyrones. It also binds the active site of the
protease; however it is based on a different chemical scaffold than the other Pls
(LUNA and TOWNSEND, 2007; MUZAMMIL et al., 2007).

A number of previous studies (POPPE et al.,, 1997; LARDER et al., 2000;
RUSCONI et al., 2000) showed that tipranavir had excellent in vitro antiviral
activity against HIV-1 laboratory strains and clinical isolates as well as HIV-1
isolates that had become resistant to other Pls. Muzammil and coworkers (2007)
demonstrated that tipranavir’s mode of action was different to that of other Pls in
that it established unique favorable thermodynamic interactions with the protease
resulting in a high binding affinity, and structurally it built a very strong hydrogen
bond network with regions of the protease that cannot undergo mutation.
Therefore this strong network was maintained with the mutant forms of the
protease. Additionally, tipranavir relied on fewer water-mediated hydrogen bonds
than the other PIs and formed direct hydrogen bond interactions which is
considered energetically more favorable (MUZAMMIL et al., 2007).

2.2. Efficacy against FIV

Many compounds, some of which later became the Pls that are now FDA-
approved and are used in the treatment of HIV-infected patients today, were
assessed during their experimental stage for their activity against the FIV
protease. However, no potent inhibitory effect on the FIV protease could be
detected. For example Wlodawer and coworkers (1995) assessed four different
inhibitors containing hydroxyethyl peptidomimetics for their inhibitory activity on

FIV as well as HIV protease. The K; value (inhibition constant, concentration
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required to produce half maximum inhibition of the enzyme) for all four
compounds was between 15 to 127 times higher for FIV than HIV, indicating
weak inhibition of the FIV protease, while they were strong inhibitors of the HIV
protease. The authors also commented that this was in accordance with their
previous findings where, despite testing over 30 potent HIV protease inhibitors
with a wide variety of different structures, they were not able to identify any
compounds that would also potently inhibit FIV protease (WLODAWER et al.,
1995).

Slee and coworkers (1995) described the development of new pyrrolidne-
containing a-keto amide and hydroxyethylamine core structures as inhibitors of
the HIV protease. None of these structures showed significant inhibitory activity
against the mechanistically identical FIV protease. For one of the assessed
compounds, their research showed that additional specific residues between the
P4 — P4’ sites (residues of the substrate at position P4 — P4 which bind to S4 — S4”
subsites in the active site of the enzyme) were required before FIV protease was
able to recognize it as a substrate (SLEE et al., 1995).

WIlodawer and coworkers (1989) and Schnolzer and coworkers (1996) also
showed that FIV PR requires a longer substrate than HIV PR of at least eight
amino acids. Since most Pls for HIV-1 PR are based on peptides less than seven
amino acids, this offers an explanation for their lack of efficacy against FIV
protease (WLODAWER et al., 1989; SCHNOLZER et al., 1996).

Lee and coworkers (1998) proposed a structural explanation for the discrepancy
between the inhibition of HIV and FIV protease by anti-HIV protease inhibitors.
They showed that there is a severe restriction of P3 and P3" moieties in FIV
protease due to a restriction in size of the combined S1/S3 (subsite 1/subsite 3)
substrate binding pocket of the FIV protease in comparison to the same site in the
HIV-1 protease (LEE et al., 1998; ELDER et al., 2010). Lee and coworkers
(1998) showed that saquinavir, a HIV PI with a bulky aromatic group at the P3
position, completely lost potency against FIV protease. Other Pls with large P3
and P3"moieties are e.qg. ritonavir, indinavir, and nelfinavir (LEE et al., 1998).

In a study by Lin and coworkers (2003) it was shown that none of the potent HIV-
1 protease inhibitors saquinavir, ritonavir and nelfinavir, were good inhibitors of

the FIV protease. Their K; values could not be determined due to their poor
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inhibitory activity and their poor solubility at high concentrations (LIN et al.,
2003).

It has been shown that FIV protease behaves like the drug-resistant phenotypes of
HIV protease (DUNN et al., 1999) as several HIV protease amino acid residues
mutate to the structurally aligned residue found in FIV protease (SLEE et al.,
1995).

In a recent study by Norelli and coworkers (2008), three second generation FDA-
approved Pls (lopinavir, atazanavir, tipranavir) were investigated for their in vitro
efficacy against FIV. The binding of lopinavir and atazanavir to the FIV protease
was limited which was related to the fact that the protease of FIV resembles the
protease of HIV drug-resistant mutations. The binding of tipranavir however, was
not limited. All Pls resulted in dose-dependent FIV inhibition, however only
tipranavir’s efficacy against FIV was comparable to that against HIV (NORELLI
et al., 2008). As mentioned above, tipranavir’s mode of action is different from
the other anti-HIV Pls. Norelli and coworkers (2008) showed in molecular
docking simulations that tipranavir maintains favorable energetic interactions with
the dimeric FIV protease. It establishes a very strong hydrogen bond network
with FIV protease involving invariant regions of the enzyme (NORELLI et al.,
2008). These findings are in line with those for drug-resistant HIV mutants by
Muzammil and coworkers (MUZAMMIL et al., 2007).

In a study by Lin and coworkers (2010) high resistance of the wild-type FIV
protease to darunavir and lopinavir was shown, and in an ex vivo infectivity assay
it was demonstrated that replication of wild-type FIV could not be inhibited by
these two HIV-1 Pls at any of the concentrations (up to 800 nM) investigated
(LIN et al., 2010). Lin and coworkers (2010) also designed infectious FIV
mutants encoding selected FIV/HIV chimeric proteases. In contrast to the FIV
wild-type protease, the chimeric proteases showed high sensitivity to both
darunavir and lopinavir (LIN et al., 2010).

3. Entry inhibitors

The compounds within this group are fusion inhibitors and co-receptor inhibitors.
They interfere with different steps of viral entry into the host cell.
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3.1 Fusion inhibitors
Only one fusion inhibitor is currently licensed by the FAD which is enfuvirtide,
also known as T-20. It was licensed in 2003 (FDA, 2014).

3.1.1. Mechanism of action

For viral entry and infection, fusion between the target cell membrane and the
virus is a critical step in the lentivirus life cycle which in the case of FIV is
mediated by the envelope glycoprotein 40 (gp40) (OISHI et al., 2009). Binding of
the FIV surface (SU) glycoprotein to the cellular receptors CD134 and CXCR4
results in a conformational change of gp40. Although the detailed mechanism of
the virus-cell fusion process of FIV is not known, it is believed to be similar to
that of HIV (OISHI et al., 2009). The HIV transmembrane protein gp41 contains
functional domains consisting of a fusion peptide, heptad repeats 1 and 2 (HR1
and 2) and a transmembrane domain (MIZUKOSHI et al., 2009). After the
attachment of HIV to the CD4 receptor and chemokine co-receptor on the host
cell, a conformational change in gp4l allows it to insert its hydrophobic N
terminus into the host cell membrane (MATTHEWS et al., 2004). Subsequently,
the HR1 and HR2 domains interact with each other which brings the viral and
cellular membranes into close contact, allowing membrane fusion and infection of
the target cell (MATTHEWS et al., 2004; OISHI et al., 2009).

Fusion inhibitors are synthetic peptides derived from gp41 and block the entry of
HIV into the host cell by binding to the HR regions of gp41 (MATTHEWS et al.,
2004). Thereby they prevent the necessary interaction between HR1 and HR2
(MEDINAS et al., 2002; MATTHEWS et al., 2004; DE CLERCQ, 2009).

3.1.2. Efficacy against FIV

Currently only one fusion inhibitor (enfuvirtide, T-20) is licensed by the FDA for
the treatment of HIV infection which is a 36-amino-acid peptide derived from the
HR2 region of HIV gp4l (MATTHEWS et al., 2004). It has been shown that
enfuvirtide selectively inhibits HIV-1; neither HIV-2 nor simian
immunodeficiency virus (SIV) was susceptible (MATTHEWS et al., 2004). A
study by Medinas and colleagues (2002) found that there was also a lack of
activity of enfuvirtide against FIV in vitro as demonstrated by an 88,000-fold
higher ECs, compared to that against HIV-1. Furthermore this study assessed the
antiviral activity of 15 peptides derived from the HR2 domain of FIV gp40 and
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showed that the peptides examined had varied antiviral activities in vitro. Several
of the peptides exhibited good activity against FIV as demonstrated by inhibition
of syncytium formation in a cell-cell fusion assay and inhibition of RT production
in a FIV infectivity assay (MEDINAS et al., 2002). A number of other studies
assessed various synthetic peptides for their anti-FIV activity and identified
several peptides with anti-FIV activity in vitro (LOMBARDI et al., 1996;
GIANNECCHINI et al., 2003; D'URSI et al., 2006; MIZUKOSHI et al., 2009;
OISHI et al., 2009).

3.2 Co-receptor inhibitors
There is currently only one co-receptor inhibitor (maraviroc) which is FDA-
approved for the treatment of HIV/AIDS. It was approved in 2007 (FDA, 2014).

3.2.1. Mechanism of action

Similar to T cell-tropic HIVs, all domestic cat FIVs use the chemokine receptor
CXCRA4 as one of their receptors for virus entry into the target cell (ELDER et al.,
2010). Binding of FIV and HIV to this cell receptor is essential for cell entry of
both viruses (MIZUKOSHI et al., 2009). Therefore, the binding of CXCR4
antagonists will prevent binding of the FIV major SU glycoprotein to this receptor
and prevent infection of the target cell. In the whole cell entry process of the
virus, this step lies between the initial attachment of the virus to the CD134
receptor and the fusion of the virus with the cell membrane mediated by gp41 (DE
CLERCQ, 2009; WILLETT and HOSIE, 2013). The amino acid sequence of
feline and human CXCR4 is highly similar (94.9% sequence identity) (WILLETT
et al., 1997b) and hence CXCR4 antagonists developed against HIV could also be
effective against FIV (MOHAMMADI and BIENZLE, 2012).

Macrophage-tropic HIV strains however, use a different co-receptor, namely
CCR5 (DE CLERCQ, 2009). Unlike these HIV strains, FIV does not bind to
CCRS5. CXCR4 is the sole co-receptor of FIV (WILLETT and HOSIE, 2013).

3.2.2. Efficacy against FIV

The currently licensed co-receptor inhibitor (maraviroc) is a CCR5 co-receptor
antagonist. As FIV does not bind this cell receptor, this drug has not been assessed
against FIV.

Egberink and colleagues (1999) showed that bicyclams, which are selective
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inhibitors of the human chemokine receptor CXCR4, potently inhibit FIV
replication. Inhibition of fusion and entry of FIV was clearly demonstrated in the
presence of bicyclams. The prototype bicyclam plerixafor (AMD3100) as well as
other bicyclam derivatives were assessed in different feline cell lines
(EGBERINK et al., 1999). Plerixafor is not licensed as an anti-HIV drug, but is
used in humans for stem cell mobilization (LILES et al., 2003).

Joshi and colleagues (2005) investigated the mechanism responsible for the
preferential replication of FIV in highly purified CD4" CD25" Treg cells as
opposed to their CD4" CD25" counterparts. As part of this study it was shown that
AMD3100 in concentrations of 0.01 to 1 ug/ml was able to reduce FIV replication
in both cell types, however significantly more so in CD4" CD25" cells (JOSHI et
al., 2005).

4, Integrase inhibitors

To date, two integrase inhibitors (raltegravir and dolutegravir) have been
approved by the FDA for the treatment of HIV infection (FDA, 2014).

4.1. Mechanism of action

The retroviral enzyme integrase is encoded by the pol gene and is first translated
as a large component of the polyprotein Gag-Pol. During maturation of the
virions, protease cleaves the Gag-Pol polyprotein which results in the release of
integrase. Integrase catalyzes the integration of double-stranded viral DNA into
host cell DNA (ZEINALIPOUR-LOIZIDOU et al., 2007; DE CLERCQ, 2009).
To achieve this, two catalytic reactions of integrase are necessary, 3" -end
processing and strand transfer (3"-end joining). 3"-end processing takes place in
the cytoplasm after reverse transcription and creates reactive 3"-hydroxyls at both
ends of the viral DNA (SAVARINO et al., 2007; DE CLERCQ, 2009). As part of
the pre-integration complex, the viral DNA is translocated to the nucleus, where
the second reaction catalyzed by integrase, (strand transfer) takes place. During
this step integrase catalyzes the insertion of both viral DNA ends into the host
chromosome (ZEINALIPOUR-LOIZIDOU et al., 2007; DE CLERCQ, 2009).
Once integrated, the provirus persists in the host cell genome and functions as a

template for replication of the viral genome, leading to the formation of new
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viruses (MOUSCADET and TCHERTANOV, 2009).

4.2. Efficacy against FIV

The structure of FIV integrase is similar to that of HIV-1 integrase and it has been
shown that the catalytic site of the integrase of both viruses is almost identical
(SAVARINO et al., 2007). Raltegravir and dolutegravir, the two FDA-approved
integrase inhibitors, are targeted at the strand transfer reaction and efficiently
chelate the magnesium cation required for the activity of integrase, interrupting
the final step of strand transfer (MOUSCADET and TCHERTANOV, 2009;
RATHBUN et al., 2014). Of these two drugs, only raltegravir has been assessed
against FIV in vitro. Togami and colleagues (2013) showed that raltegravir had
anti-FIV activity in two human cell lines. While FIV was less susceptible to
raltegravir than HIV-1, the ECs, against FIV was at the nanomolar level
(TOGAMI et al., 2013).

In a previous study, Savarino and colleagues (2007) showed that three
investigational integrase inhibitors (L-870,810; CHI1019; CHI1010) were able to
inhibit FIV replication in feline lymphoblastoid MBM cell culture as efficiently as
HIV-1 replication. The authors concluded that integrase inhibitors might provide a
potential treatment option for FIV-infected cats and could potentially be combined
with NRTIs active against FIV and therefore offer combination antiretroviral
therapy (SAVARINO et al., 2007).
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Antiviral efficacy of nine nucleoside reverse
transcriptase inhibitors against feline
immunodeficiency virus in feline peripheral
blood mononuclear cells

Anita M. Schwartz; Mary Ann McCrackin, DVM, PhD; Rayvmond E Schinazi, DSc, PhD;
Peter B. Hill, BVSc, PhD; Thomas W. Vahlenkamp, Drmedvet, PhD; Mary B. Tompkins, DVM, PhD;

Katrin Hartmann, Drmedvet, Drhabil

Objective—To compare cytotoxic effects and antiviral efficacy of 9 nucleoside reverse tran-
zcriptase inhibitors (MATIs) against FIV in feline peripheral blood mononuclear cells.

Sample—Penpheral blood mononuclear cells obtained from 3 specific pathogen—free cats.

Procedures—3 of the 9 NRTIs had not been previously assessed in feline cell lines. Cyto-
toxic effects were determined by colorimetric quantification of a formazan product resulting
from bicreduction of a tetrazolium reagent by viable penpheral blood mononuclear cells;
uninfected cells from 1 cat were used in these assays. Cells from all 3 cats were infected
with a pathogenic clone of FIV and in vitro antiviral efficacy of each NRTI was assessed
with an FI\' p24 antigen capture ELISA.

Results—Cytotomc effects in feline penpheral blood mononuclear cells were observed only
at concentrations = 10uM for all @ NRTIs. Comparison of the cytotoxic effect at the highest
concentration investigated (500uM) revealed that didanosine and amdoxovir were signifi-
cantly less toxic than abacavir. All drugs induced a dose-dependent reduction of FIV replica-
tion. At the highest concentration investigated (10uM), there was no significant difference
in antniral efficacy among the test compounds.

Conclusions and Clinical Relevance—The evaluated NRTIz had low cytotoxicity against
feline peripheral blood rmononuclear cellz and appeared to be safe options for further in vivo
evaluation for the treatment of FlV-infected cats. There was no evidence suggesting that
the newly evaluated compounds would be superior to the existing MRTIs for reducing FIV
burden of infected cats. (Am J Vet Res 2014;75:273-281)
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ABEREVIATIONS
CCID,,  Viral dose required to infect 50%
of cells in culture
CRFK Crandell-Rees feline kidney
EC,, Concentration of 8 compound at which 50%
of its maximal effect iz observed
NRTI Mucleoside reverse transcriptase inhibitor
oD Optical density
PEM Peripheral blood mononuclear
RT Reverse transcriptase

SPF Specific pathogen-free

ince its first isolation in 1986,' FIV has been identi-

fied worldwide and FIV infection continues to be a
major health problem among cats, especially in coun-
tries with large populations of free-roaming cats**
In cats, FIV induces an acquired immunodeficiency
syndrome similar to that caused by HIV in humans,™
and both viruses share many immunopathogenic and
genomic features.™® Close similarities exist between
the RTs of HIV and FIV, and it has been shown that
several RT-targeted antiviral compounds active against
HIV are also effective in inhibiting FIV replication in
vitro.** However, experience with these drugs in vivo
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in cats is limited, and clinical use of antiviral drugs is
still uncommon in veterinary medicine. To date, treat-
ment of FIV-infected cats is largely based on supportive
measures and the management of secondary problems.

In the treatment of humans with AID5, specific tar-
geting of HIV is important, and it is well documented
that clinical outcome is improved when plasma viral
burden is reduced.®'®" Single-agent treatment is no
longer recommended for treatment of HIV-infected
individuals because mutations of HIV, which are not
susceptible to the antiviral agent, can develop. Highly
active antiretroviral therapy of HIV-infected patients
involves administration of combinations of antiviral
drugs from different drug classes, such as 2 NRT s com-
bined with a protease inhibitor or 2 NRTIs with a non-
NRTL" Combination treatment with drugs from differ-
ent drug classes has not been assessed in FIV-infected
cats, to our knowledge. This is mainly due to the fact
that despite similarities between the HIV and FIV pro-
teases, all but one of the currently available HIV prote-
ase inhibitors failed to inhibit the protease of FIV®12.2
Similarly, it has been shown that non-NRTIs are highly
specific for HIV and are not effective against FIV.'*"
This is in contrast to NRTIs that inhibit HIV as well as
other lentiviruses, including FIV'*

Of all antiviral drugs, only the NRTI zidovudine
has been assessed thoroughly in cats in terms of in vi-
tro inhibition of nonpathogenic'® and pathogenic'® FIV,
inhibition of virion RT purified from in vitro—propa-
gated nonpathogenic"” and pathogenic™ FIV, pharma-
cokinetics in uninfected cats,”” and clinical response of
experimentally'® and naturally FIV-infected cats treated
with the drug."” Zidovudine increases the CD4:CD8 ra-
tio and can improve clinical condition scores in FIV-
infected cats with stomatitis' and neurologic signs.*
Its use, however, can result in adverse effects, such as
dose-dependent nonregenerative anemia and neutrope-
nia in cats®**; moreover, results of an in vitro study in
cats™ and reports of humans™* and cats™ treated with
zidovudine have indicated that mutations conferring
resistance against the drug can develop. Therefore, it
is important to assess the activities of other antiviral
drugs and drug combinations for the treatment of FIV-
infected cats.

Because a wide range of antiretroviral drugs have
been assessed in humans and some of these (at least
drugs from the NRTI class) might be of value in FIV-
infected cats, the purpose of the study reported here
was to compare 9 NRTIs regarding their cytotoxic ef-
fects in feline PEM cells and antiviral efficacy against
FIV. The drugs included 3 NRTIs that had not been
evaluated in feline cell lines before and & well-char-
acterized NRTIs.

Materials and Methods

Test compounds—Of the 9 NRTIs assessed in the
study, 3 had not been evaluated in feline cell lines pre-
viously; these were amdoxovir? racivir® and dexelvu-
citabing? (A]h:ppendix). The other 6 NRT1s were abacavir,?
didanosine,” emtricitabine,® lamivudine,® stavudine?
and zidowvudine.® Each test compound was dissolved
in dimethyl sulfoxide to create a 40mM stock solution,
which was stored at —-20°C. This solution was then fur-

ther diluted with distilled water to provide working so-
lutions at the concentrations required for the respective
experiments.

Cats—Housing and husbandry practices were in
accordance with federal guidelines. All animal proce-
dures were approved by the Institutional Animal Care
and Use Committee at the University of Georgia.

Isolation of PEM cells from cats—Peripheral blood
mononuclear cells were harvested from blood samples
collected from 3 castrated male SPF cats.” The cats were
used on a rotating schedule. 5ix to 12 blood samples
were collected from each cat (cat 1, 12 samples; cat 2,
7 samples; and cat 3, 6 samples) over a period of 16
months. The samples were collected intermittently. No
more than 20 mL of blood was collected from an indi-
vidual cat more frequently than once monthly

The collection and isolation of PEM cells were
performed as previously described by McCrackin
Stevenson and McBroom.'® Briefly, 5 to 20 mL of blood
was collected from a jugular vein of each cat into com-
mercial vacuum tubes containing sodium heparin.
Anticoagulated blood was diluted with an equal vol-
ume of PBS solution and layered over a density gradi-
ent? followed by centrifugation and PEM cell aspira-
tion. Isolated PEM cells were stimulated for 72 hours in
medium (RPMI-1640 cell culture medium containing
human recombinant interleukin-2 [29 U/mL].® penicil-
lin [30 U/mL], streptomycin [30 pg/ml], i-glutamine
[2mM], HEPES buffer [10mM], B,-mercaptoethanol [3
X 10-*M], sodium pyruvate [1mM], and heat-inactivat-
ed 10% fetal bovine serum) containing concanavalin
A" (1 pgfmL) and incubated at 37°C in an atmosphere
containing 5% CO,. Cells were then transferred to me-
dium without concanavalin A for the remainder of the
experiments.

Determination of endpoint for the cytotoxicity as-
say—To determine the ideal endpoint for cytotoxicity
assays, a preliminary experiment was conducted that
incorporated uninfected PEM cells from 1 of the 3 5PF
cats used in the present study Ten quadruplicates of
concanavalin A-stimulated feline PBM cells were seed-
ed in each well of a 96-well plate (3 X 10* cellsfwell).
Then, 200 puL of medium without concanavalin A was
added to each well. The plate was incubated at 37°C
in an atmosphere containing 3% CO_. After incubation
for 24 hours, 10 pL of suspension was harvested from
the first set of quadruplicate wells to determine the cell
count per milliliter of cell suspension. The cell counts
for replicate wells were averaged to provide a mean
value. This step was repeated on 9 consecutive days,
and data were used to create a curve representing cell
growth kinetics. These data (not shown) suggested that
day 3 would be an ideal endpoint for the cytotoxicity
assay because day 3 was on the linear portion of the
growth curve.

Cytotoxicity assays—All cytotoxicity assays were
conducted with PEM cells from only 1 of the 3 5PF
cats used in the present study. For a cytotoxicity as-
say, concanavalin A-stimulated feline PEM cells were
seeded in each well of a 96-well plate (3 ¥ 10* cells/

well), and 200 pl of medivm without concanavalin A

|
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was added to each well. Each test compound was add-
ed to quadruplicate wells at serial 1:5 and 1:10 dilu-
tions, resulting in final concentrations ranging from
0.001 to 300pM. Sterile distilled water was used as
the negative control. After incubation at 37°C in an at-
mosphere containing 3% CO, for 3 days, 20 pL of the
tetrazolium reagent MTS (3-[4,3-dimethylthiazol-2-yl]-
5-[3-carboxymethoxyphenyl]-2-[4-sulphophenyl]-2H-
tetrazolium)® was added to each well, and the plates
were incubated under the same conditions for 4 hours.
Viable cells are able to reduce the tetrazolium com-
pound to a formazan product, which was quantified
colorimetrically with a 96-well microplate reader® at a
wavelength of 490 nm. Cell viability was expressed as
a percentage of the negative control value. Mean cell
viability was calculated from results of replicate wells.
Two experiments were performed for each drug, and an
overall mean cell viability was calculated.

Determination of the CCID, for the antiviral as-
say—To determine the CCID,, virus stock' of a patho-
genic molecular clone of FIV (FIV-pPPR}* produced
in the continuous interleukin-2—dependent feline T-cell
line, 104-C1,8 was titered in two 24-well plates by cul-
turing quadruplicate replicas of 200 pL of 5-fold serial
dilutions of virus starting with either a 1:10 dilution or
1:5 dilution (1 plate for each dilution). To each well,
2 ¥ 10° SPF feline PEM cells and 500 pL of medium
were added (day 0).* Three quadruplicate replicas of
uninfected tissue culture supernatant were set up in a
separate plate as a negative control. The plates were in-
cubated at 37°C in an atmosphere containing 3% CO,.
On day 3, 500 pL of fresh medium was added to each
well. On day 7, 200 pL of supernatant was harvested
from each well and stored at —70°C for determination
of FIV p24 antigen concentration.

The supernatant samples were tested for FIV p24
antigen by use of an antigen capture ELISA as described
by Joshi et al.*® All wells with absorbance readings that
exceeded the mean of the absorbance readings of the
negative control wells by = 2 SDs were designated posi-
tive. The Spearman-Karber equation™ was used to cal-
culate the virus titers for the 2 plates; the mean of these
2 values was the final CCID__

Antiviral assay—The pathogenic molecular clone
FIV-pPPR was used for the antiviral assay as described
by McCrackin Stevenson and McBroom.'™ Concana-
valin A—stimulated 5PF feline PEM cells were cultured
for 3 to 5 days and subsequently exposed at a density
of 5 X 10° cells/mL to | mL of virus-positive tissue cul-
ture supernatant containing 450 X CCID_/ml (as de-
termined by assessment of the titer of the virus stock).
The cells were inoculated in 2 mL of medium for 2
to 4 hours. One 24-well plate was set up for each test
compound and contained quadruplicate replicas of 5
drug dilutions (final concentrations from 0.1 to 10uM})
and sterile distilled water (negative control) in 2 mL of
medium. Virus-exposed PEM cells (2 X 107 cells) were
then added to each well, and plates were incubated at
37°C in an atmosphere containing 3% CO_ for 7 days.
Three and a half days after the end of inoe ulation, 1 mL
of supernatant was removed from each well without
disturbing the cells at the bottom, and fresh medium

containing half of the initial amount of drug was added.
Seven days after the end of inoculation, supernatants
were harvested. This endpoint was selected in accor-
dance with resulis from a previous study."® Replication
of FIV was determined by use of an FIV p24 antigen
capture ELISA as described by Joshi et al.®® Produc-
tion of p24 antigen was expressed as a percentage of
the control value generated by FIV-infected, untreated
cells in control wells. Optical density readings of the
supernatant from uninfected PEM cells were subtracted
neither from the OD readings of the negative control
wells nor from the OD readings of the drug-containing
wells. The mean OD reading was calculated for results
of replicate wells. Two experiments were performed for
each drug, and an overall mean value was calculated
from the results.

Statistical analysis—Results are reported as mean
+ SEM. Differences in toxic effects among the antivi-
ral compounds at the concentration of 300pM and dif-
ferences in antiviral efficacy among the antiviral com-
pounds at the concentration of 10pM were assessed by

T

= 1004 ' !
s a\
S E
=8
=
=5 50 \
Sz

n T T T T T 1
A oo oo oA 1 10 100 1,000
Concentration (pM)
—H—-—*—-' b

- 1004 b - i
23
=
25
= 0
—
3 ° &0
OF

i T T T T T 1
B oom o001 o 1 10 100 1,000
Concentration (ul)

Figura 1—Reprasentative dosa-response curvas for the cyto-
toxic effacts of the MRTIs emtricitabine {A) and dexelvucitabina
(B} on purified PEM cells obtained from a single SPF cat. Tha
PEM cells were seaded in each well of a 98-well plate (5 X 10#
callsiesalll, and 200 pl of medium without concanavalin A was
added to each well, Each test compound was added to quad-
ruplicate walls at final concentrations ranging from 0.001 to
E00OuM. Sterile distilled water was usad as the negative con-
tral. After incubation at 37°C in an atmosphere containing 5%
CO; for 5 days, 20 ul of 3 tetrazolium reagent was addad to
each well, and tha i;tas weare incubated under the same con-
ditions for 4 hours. Viable calls were guantified colonimetrically
at a wavelength of 490 nm. Cell viability was exprassad as a
percentage of the negative control valua. Mean cell viability
was calculated from results of replicate wells; 2 expariments
were parformed for each drug. and an overall maan + SEM call
viability was calculatad.
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Figura 2—Comparison of the cytotoxic effects of 9 NRTIs (2ach |
ata oﬂncentratgi of 500uM) on feling PEM calls from a single Epivatiane H
SPF cat. The PEM cells were seaded in each well of 3 96-well T T y T
plata {5 ¥ 10* cellsfwelll, and 200 pl of medium without concana- o 25 50 75 100
valin A was added to each well. Each test compound was added FIv ant| in PEM cell supernatant
to quadruplicate wells at a final concentration of 500pM. Sterile bﬂﬂm of control)
distilled water was used as the negative contral_After incuba-

tion at 37°C in an atmesphere containing 5% CO, for B
20 ul of 3 tatrazolium reagent was added to each Wwell, and tl
B_Iates wara incubated under the same conditions for 4 h-:uurs
able cells wera quantified colorimetrically at a wavelangth of
490 nm. Cell viability was expressed a5 2 Femntaga of tha
negative control valua. The mean + SEM cell viability for each
drug treatment was derived from 2 expariments, each of which
was conductad with 4 replicatas for each drug. Viability varied
significantly (F < 0.001); both didancsing and amdoxovir were
significantly (P < 0.05) less toxic than abacavir.

use of the Kruskal-Wallis test and Dunn multiple com-
parisons test. A commercially available software package!
was used for the analyses. A value of P < 0.03 was con-
sidered significant.

Results
I

Cytotoxicity of the NRTIs—All 9 NETIs had
cytotoxic effects on feline PEM cells at concentrations =
10uM; the severity of the effects increased with increas-
ing drug concentration (Figure 1). The cytotoxic effects
induced by each drug at a concentration of 300uM were
compared (Figure 2). Toxic effects among the O drugs
varied significantly (P < 0.001) at this concentration;
both didanosine and amdoxovir were significantly (P <
0.03) less toxic to feline PEM cells than was abacavir.

Antiviral efficacy—The ability of the 9 NRTIs to
inhibit FIV replication in feline PEM cells was tested
at noncytotoxic concentrations ranging from 0.1 to
10pM. The quantities of FIV p24 antigen (expressed as
a percentage of OD readings from FIV-infected, untreat-
ed cells in control wells) in the supernatant from PEM
cells incubated with 10uM of each drug were compared
(Figure 3). Results indicated that emtricitabine, didan-
osine, and lamivudine were the most potent inhibitors
and that dexelvucitabine was the weakest inhibitor, al-
though the findings did not differ significantly (Figure 4).

Discussion
e

The main aim of the study reported here was to
evaluate 3 MRTIs {(amdoxovir, dexelvucitabine, and
racivir) in terms of their cytotoxic effects on primary fe-
line PBEM cells and efficacy against a pathogenic molec-

Figure 3—Comparison of tha inhibitory effect of 9 NRTIs {each
at a concentration of 10puM) on FIV reglication in SPF feline PEM
cells. The pathagenic malecular clona FV-pPPR was usad for the
antiviral assay. Concanavalin A-stimulated faline PEM calls werg
cultured for 3 to b days and subseguently exposed at a density of
& X 10° cells/mL to 1 mL of virus-positive tissue cultura supama-
tant containing 450 X CCIDs/mL (25 determined by assassment
of the titer of the virus stodk). The cells wers inoculated in 2 mL
of medium for 2 to 4 hours. Vinus-exposed PEM cells (2 X 105
cells) wera then added to aach wall of a 24-well plate, and 10uM
of 1 of the 9 drugs or sterle distilled water inegative controll was
added to saparata wells containing 2 mL of medium; plates wera
incubated at 37°C in an atmosphara contzining 5% CO, for 7
days. Three and 3 half days after the end of incculation, 1 mL of
supematant was removed and rafrashed with madium contain-
ing a conceniration of dg..l@gor distilled water equal to that prasant
inthe well. Seven days after the end of inoculation, suparnatants
were harvastad. Replication of FIV was determined by use of
an FIV p24 antigen capture ELISA. Production of p24 antigen
was exprassad as a percentage of the control value genorated
by FIV-infected, untreated cells in control wells. Optical density
raadings of the supematant from uninfected PEM cells weara not
subtractad from the OD readings of the negative control wells
or from the OD readings of the dny ntaining wells. The maan
0D reading was calculated for results of replicate wells. Two ax-
pariments were performed for each drug, and an overall maan +
SEM value was calculated from the results.

ular clone of FIV, with the goal of identifying potential
novel treatment options for cats naturally infected with
FIV. To this end, the efficacies of these NRTIs were com-
pared with the efficacies of other MRTIs that are either
currently used in the treatment of FIV-infected cats in
the field (zidovudine) or potential therapeutic options
from the NRTI class for which previously published
data existed (ie, abacavir, didanosine, emiricitabine,
lamivudine, and stavudine). The results indicated that
although amdoxovir, dexelvucitabine, and racivir ap-
peared to have acceptable cytotoxicity profiles in feline
PEM cells, compared with those of other NRTIs used
for the treatment of HIV infection in humans, their ef-
ficacies were less (albeit not significantly) than those of
didanosine, emitricitabine, lamivadine, stavudine, and
zidovudine. On the basis of the data obtained in the
present study, amdoxovir, dexelvucitabine, and raci-
vir appear to be treatment options for future studies
investigating their potential use in FIV-infected cats.
However, regarding the reduction of the viral burden
of FIV-infected cats, there was no evidence to suggest
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Figura 4—Represantative doseresponse curves for effects of
the NATIs amtricitabine (4} and dexelvucitabing (Bl on FIV rep-
lication in SPF feling PBM cells. The pathogenlc mclecular clona
FIV-pPPR was used for the antiviral assay. Concanavalin A-stimu-
latad faline PEM calls weare culturad for 3 to & days and subse-
guently exposed at 8 density of & ¥ 10° cells/ml to 1 mL of vins-
l?osnwe tissua culture supematant containing 450 X CCID/mL.

he calls wara inoculated in 2 mL of medium for 2 to 4 hours.
Virus-exposed PBM calls (2 X 10° cells) wera than added to each
will of 2 24-well plate, and & dilutions (final concentrations from
0.1 to 10pMi of 1 of the 2 drugs or sterile distilled water (nagative
controll ware added to separate wells [quadruplicate replicatas)
containing 2 mL of medium; plates ware incubated 2t 37°C in an
atmasphara containing 5% CO, for 7 days. Three and a half days
after the and of inoculation, 1 mli_ufsupamatant',vasrsmamd and
refreshed with medium containing 2 concantration of drug or dis-
tilled water egual to that present in the well. Saven days after the
end of inoculation, supematants weare harvastad. Replication of
FIY was determined by use of an FIV p24 antigen captura ELISA.
Production of p24 antigen was expressed a3 a percentage of
the control value generated by Fl\bnfected, untreated cells in
control wells. Optical density readings of the suparnatant from
uninfacted PEM cells were not subtracted from the OD read-
ings of the negative control wells or_from the OD readings of
the drug-containing wells. The mean OD reading was calculated
for rasults of replicate wells. Two axporiments warg parformed
for each drug, and an ovarall mean + SEM value was calculated.

that amdoxovir, dexelvucitabine, or racivir is superior
to existing NRTIs.

The cytotoxic effects of some of the drugs inves-
tigated in the present study, namely lamivudine,'22 2
ridovudine """ ghacavir,’* didanosine *" and
stavudine,”* have been previously evaluated in fe-
line cell lines. In those previous studies, the drugs had
cytotoxic effects comparable to those detected in the
present study; all those drugs were fairly nontoxic in
cell culture at clinically relevant plasma concentrations
with noticeable cytotoxic effects only at doses = 10pM.

Similar results for zidovudine and lamivudine in feline
PEM cells were observed by Arai et al.®! Abacavir was
the most toxic drug in the present study and was sig-
nificantly more toxic than didanosine and amdoxovir.
Also in a study of the effects of abacavir, zidovudine,
and lamivudine in CRFK cells by Bisset et al,'* abacavir
was the most toxic NRTL The concentration of drug
required to inhibit PEM cell proliferation by 30% was
22.9uM for abacavir, compared with 216.8uM for zid-
ovudine and 170.3uM for lamivudine.'? In a study by
Smyth et al! that assessed cytotoxic effects of several
compounds (including didanosine, lamivudine, stavu-
dine, and zidovudine} in feline lymphocytes, didano-
sine had the lowest toxicity, which also corresponds to
the findings in the present study.

In the present study, dose-response curves of each
drug revealed that cytotoxic effects were only ob-
served at concentrations = 10uM. At concentrations
of 100uM, the investigated drugs had only a mild to
maoderate toxic effect on cell viability (Figure 1). How-
ever, a plasma concentration of zidovudine of 100uM
has been associated with acute, transient hemolysis after
a single IV infusion of 23 mg'kg in cats; thus, this dose and
plasma concentration are too high for clinical use.'” Cyto-
toxicity of each drug was tested at concentrations up to
S00pM in the present study This is a very high concentra-
tion, which far exceeds the circulating concentrations that
will be attained in cats when drugs are given at dosages
that are typically administered to cats (as demonstrated
for zidovudine * which is usually given at a dosage of 3 to
10 mg'kg, PO or 5C, g 12 h,* and results in a serum con-
centration® of 20 to 30uM). In addition, at high doses of
drug, the concentration of dimethyl sulfoxide, the solvent
for all NRETIs in the present and previous studies,'*”" was
at its highest, and dimethyl sulfoxide is known to cause
mild cytotoxic changes in feline PEM cells at similar con-
centrations.” Even at these high concentrations of drug
(F00pM) and dimethyl sulfoxide, cell viability was not
completely suppressed by any of the test compounds in
the present study.

Prior to the present study, the NRTIs amdoxovir,
dexelvucitabine, and racivir had not been assessed for
their cytotoxic effects in feline cells, to our knowledge.
The study results indicated that cytotoxicity of these
drugs did not differ significantly from that of the other
test compounds, except for amdoxovir, which was sig-
nificantly less toxic than abacavir. Low cytotoxicity in
vitro, however, does not necessarily exclude toxicity in
vivo. For example, didanosine is a widely used antiret-
roviral drug with low cytotexicity against human cells
in culture (and in feline PEM cells as demonstrated in
the present study), yet it can cause acute pancreatitis
and peripheral neuropathy when used at higher doses
in HIV-infected patients.*® It has also been shown that
didanosine treatment can cause sensory neuropathy
{as detected by sophisticated testing methods) in ex-
perimentally FIV-infected cats.? although the clinical
relevance of this finding in cats naturally infected with
FIV is not clear. Toxic effects on mitochondria in cer-
tain tissues have been associated with many NRTIs, and
this mechanism of mitochondrial changes appears to be
involved in the development of NRTI-related adverse
effects, although other pathophysiologic mechanisms
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are likely to contribute as well " Amdoxovir also has

little cytotoxicity against human cell lines, which cor-
responds with the finding for this drug in feline PEM
cells in the present study.

From a pharmacokinetic study® of zidovudine in
cats, it is known that when the drug is administered
at routinely used dosages of 3 to 10 mgkg every 12
hours, the highest serum concentration attained is 20 to
30pM. Administration of zidovudine at a concentration
of 30puM does not induce noteworthy cytotoxic changes
in feline lymphocytes,* as confirmed by the results of
the present study in feline PEM cells. The other drugs
were not significantly more toxic than zidovudine.
Therefore, as far as cytotoxic properties are concerned,
it can be assumed that all compounds evaluated in the
present study could be used in vive at dosages com-
parable to that for zidovuadine, although pharmacological
data from cats are not available for most of the drugs.

Human and feline PEM cells are widely used for
cell culture studies involving HIV or FIY'#/8203% he_
cause these cell populations contain CD4-positive lym-
phocytes, which are the primary target of these lentivi-
ruses. Hence, feline PEM cells were used in the present
study and FIV-pPPR, a pathogenic molecular clone of
FIV. was used for the infection of those cells. It has been
shown that in PEM cells, FIV-pPPR behaves similarly to
FIV-Maxam, a natural FIV isolate, and that results are
therefore applicable to natural FIV infection.' Howey-
er, a first-pass virus derived from a molecular clone is
a more homogenous viral population, compared with a
natural isolate. McCrackin Stevenson and McBroom'™
showed that FIV-Maxam was more susceptible to la-
mivudine, compared with findings for FIV-pPPR, and
concluded that results of studies of the susceptibility of
FIV-pPPR to NRTIs might overestimate the resistance
of FIV populations found in naturally infected cats to
these drugs. This might in part explain why susceptibil-
ity of the virus to the evaluated NRTIs in the present
study was lower than previously described.

Because the dose-response curves indicated that
there were no observable cytotoxic effects on feline
PBM cells for any of the 9 drugs at a concentration of
10pM, concentration that is commonly achieved in
plasma in cats administered zidovudine at the recom-
mended dosage®™® of 5 to 10 mg'kg, PO or 5C, every
12 hours, the 10pM concentration was set as the high-
est dose to be investigated in the part of the present
study designed to assess the antiviral efficacy of the
test compounds. All drugs induced a concentration-
dependent reduction of FIV replication; however, none
of the drugs achieved 30% reduction of virus replica-
tion at the highest concentration (10pM} investigated.
Mo significant difference in antiviral efficacy among the
test compounds was detected; therefore, all drugs can
be considered comparable in their in vitro antiviral ef-
ficacy against FIV. Of the drugs investigated in the pres-
ent study, lamivadine '*'"*3 zidovudine *'3102121-2239
abacavir,” didanosine, ™' stavudine, '™ and emtric-
itabine'®* have been assessed previously for their anti-
FIV efficacy in different feline cell lines. To our knowl-
edge, the results of the present study have indicated the
anti-FIV efficacy of amdoxovir, dexelvucitabine, and
racivir for the first time.

Among the previous studies of lamivudine, zi-
dovudine, abacavir, didanosine, stavudine, and em-
tricitabine, antiviral efficacy against FIV was demon-
strated despite the use of different cell culture systems.
Vahlenkamp et al™ detected an 80-fold difference in
the antiviral efficacy of zidovudine when the drug was
used in different cell lines (CRFK cells vs thymocytes),
and van der Meer et al® found a 6-fold difference in
the inhibitory potency of zidovudine in thymocytes
versus a dendritical cell-thymocyte coculture system.
In another study,™ a difference in the EC_ (ie, the con-
centration of drug required to inhibit FIV p24 expres-
sion by 50%) for zidovudine between peripheral blood
leukocytes and CRFK cell cultures was observed. Thus,
the cell culture systems vsed markedly influence the
EC,_ values achieved. When results of different studies
are compared, the cell culture system used has to be
taken inte consideration, and a comparison of a newly
investigated drug with drugs of known in vitro efficacy
(eg, zidovudine) is more useful than just comparison
of EC,, values.

The cell system used in the present study involved
primary feline PEM cells. Results of the previous stud-
ies that compared PBM cells with other feline cell lines,
such as CRFK cells, generally indicated that the test
compounds had greater inhibitory potency in PEM
cells, compared with findings in CRFK cells. The fact
that none of the compounds evaluated in the present
study achieved a 50% reduction in virus replication
at a concentration of 10UM was surprising because
in other studies,™*'"=* much lower concentrations
were required to induce 30% virus inhibition. In the
present study, OD readings generated by supernatants
of uninfected PEM cells were not determined. These
background OD readings were therefore not subtracted
from the readings of the plate wells containing infect-
ed cells. This might have led to an underestimation of
the percentage reduction in p24 antigen concentration
achieved in plate wells treated with the test compounds
and might explain, at least in part, why reduction of
viral replication by 30% was not achieved. Differences
in FIV strains might also partly explain this finding.
However, McCrackin Stevenson and McBroom™ used
both the same cell system and virus and found EC,
values for zidovudine, lamivudine, and emtricitabine
that were much lower than 10pM. Gobert et al® made
a similar observation; the EC,; values for zidovudine
against 2 FIV strains detected in a previous study"
in their laboratory were higher than the values deter-
mined in the later study® They concluded that these
differences might be related to variations in the batches
of fetal bovine serum used in the experiments. How-
ever, independent of the system used, the outcome of
the present study was that the antiviral efficacies of all
drugs investigated were comparable.

The fact that reduction of viral load by 30% was
not attained in the present study does not preclude the
clinical usefulness of the investigated compounds. In a
study by Arai et al,* combination treatment of zidovu-
dine and lamivudine administered to chronically FI¥-
infected cats at a high dosage of 20 mg of each drug/
kg, PO, every 12 hours, did not result in a significant
decrease in FIV load. However, it is well known that in
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cats that are naturally infected with FIV, zidovudine ad-
ministration at much lower dosages results in beneficial
effects, such as improvement of stomatitis and clinical
condition scores,""*** reduction in severity of neuro-
logic signs,*® and improvement of CD4:CD8 ratios.'®2
Ideally, a drug that is considered for in vivo testing
should be effective and have very low toxicity How-
ever, the limiting factor as to whether an NRTI other
than zidovudine should be considered for in vivo test-
ing might be the drugs associated cytotoxicity rather
than its ability to maximally suppress viral replication.

A limitation of the present study was that EC,,
values could not be reported for the test compounds
because the highest drug dose investigated did not
achieve a 30% reduction of virus replication. How-
ever, comparison of the test compounds at the highest
dose investigated was nevertheless considered useful
because it allowed comparison of newly investigated
drugs with drugs that had been previously tested in fe-
line cell cultures.

In the present study, examination of dose-response
curves for cytotoxic effects and antiviral efficacy of em-
tricitabine and dexelvucitabine revealed that the cell vi-
ahility (as a percentage of the negative control value) at
the lower drug concentrations was just > 100%. This
finding was likely attributable to experimental variabil-
ities, which might have led to slightly higher OD read-
ings in individual plate wells of the assay. Similarly, in
the antiviral assay, variabilities among individual plate
wells might have contributed to the calculated FIV p24
antigen concentrations being slightly > 100% at low
dexelvucitabine concentrations.

Zidovudine treatment in cats has well-known ad-
verse effects, such as development of nonregenerative
anemia and neutropenia,'®* 2 which can necessitate
cessation or interruption of treatment. Drug-resistant
viral mutants have been detected in HIV-infected pa-
tients treated with zidovudine *** Mutations leading
to drug resistance have also been reported for FIV in
vitro studies' ' and in naturally infected cats treated
with zidovudine for = 5 years.®™® Therefore, the in vivo
investigation of other NRTIs that have demonstrated
efficacy against FIV in vitro similar to that of known
compounds can result in identification of useful anti-
viral drugs, which might provide veterinarians with an
alternative treatment option for FIV-infected cats.

Although it is dificult to make recommendations
about clinical treatment only on the basis of in vitro
data, the findings of the present study have suggested
that further investigation of didanosine in the treatment
of cats naturally infected with FIV is warranted. In a
study™ assessing cytotoxic effects of 18 antiviral agents
on feline lymphocytes, didanosine had the least woxic-
ity, corresponding to the findings in the present study
In addition, the only NRTI tested in the present study
that had greater in vitro efficacy than didanosine was
emtricitabine. The combined profile of low cytotoxic-
ity and relative efficacy, compared with characteristics of
ather NRT1s used in the assays performed in the present
study, suggests that didanosine might be an interesting
candidate drug for further in vivo testing either as a sole
agent or in combination with zidovudine. In fact, mono-
therapy with didanosine (33 mg/kg, PO, q 24 h from 6

to 12 weeks after infection) in neonatal kittens infected
with FIV resulted in improvements in multiple variables,
compared with findings in untreated kittens, including
reduction in plasma viral load, significant improvement
in the animals’ neurobehavioral performance, and atten-
uation of neuroinflammation.* There is also support for
treatment of HIV-infected humans with a combination of
ridovudine and didanosine, which resulted in an overall
reduction in mortality rate of 32%, compared with results
following zidovudine monotherapy® Logical next candi-
dates for in vivo testing of potential novel treatments for
FlV-infected cats would include the 3 newly evaluated
MRTIs, amdoxovir, dexelvucitabine, and racivir.

a. Synthesized in Dr. B. F Schinazis laboratory, Emory University,
Atlanta, Ga.

b. Obtained through the NIH AIDS Reagent Program, Division of
AIDS, Matonal Instinates of Allergy and Infectious Diseases, Na-
tional Institutes of Health, Bethesda, Md.

c.  Liberty Research Inc, Waverly, NY.

d. Ficoll-Hypague, Pharmacta, Uppsala, Sweden.

e, Provided by Dr Niels C Pedersen, Center for Companion Amni-
mal Health, School of Veterinary Medicine, University of Cali-
fornia-Davis, Davis, Calif.

[.  Concanavalin A, Sigma-Aldrich, 5t Louis, Ma.

g CellTier 96 AQ_ Ome Solution cell proliferation assay, Pro-
mega, Madison, Wis.

h.  WMax, kinetic microplate reader software, Softdax, Molecular
Devices, Sunnyvale, Calif.

i.  Provided by Dr. John H. Flder, Department of Molecular Biol-
ogy, The Scripps Rescarch Institute, La Jolla, Calif.

i- Generated by Dr. O Grant, Custom Monoclonals, West Sacra-
mente, Calif.

k.  Modification of a protocol provided by Dr. Lawrence E. Mathes,
Department of Veterinary Biosciences, The Center for Retrovi-
rus Research, Comprehensive Cancer Center, The Ohio State
University, Columbus, Ohia.

I.  GraphPad Prism, version 3.00 for Windows, GraphPad Soft-
ware, San Mego, Calif.
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Appendix
I
Mucleoside RT inhibitors evaluated for antiviral efficacy against FIV in feline PEM cells.
NRTI Chemical name
Abacavir {15 4R)-4-[2-amino-E-[cycloprop aminu:I-BH-puﬁn-ﬂ-ﬂl{:fclorant-!—!rﬂl}maﬁmnnl
Amdaxovir [(27 4R-4-{2 B-diaminopurnin-9-yl}-1 3-gioxolan-2-yllmathano
Dexalvucitabing p-0-2' 3 -didehydro-2° 3 -dideoxty-5-fluorocytiding
Didanosine 2" 3 -dideoxyinosing
Emtricitabinge -2, % -deoxy-5-fluoro-2 -thiacytidine
Lamivudine {-1-2°, -dideoxy-3'-thiacytidina
Racivir {+)-fi-2" 3 -didenxy-5-fluaro-3°-thiacytidina
Stavuding 23 -didehyde-1" 3 -didecxythymiding
Zidovudine 3-azide-3 -dacaythymidine

Amdaxovir, dexalvucitanine, and racivir had not been prq'tiousIT‘ assassed in feline cell linas, to the authars
I:nuwipd?a. Abacavir and didanosine ware obtainad through the NIH AIDS Ftear?ﬁnt Program, Division of AIDS,
Mational Instituta of Allergy and Infectious Diseasas, National Institutes of Health. Amdooovir, daxelvecitabing,
Emﬁ I‘IH[EIII:'ED] lamivedine, racivir, stavudine, and zidovudina were synthesized in the laboratory of one of the
authors 3
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V. DISCUSSION

Over the last 30 years since the first description of HIV as the causative agent of
AIDS (GALLO et al., 1984), 26 antiretroviral drugs from seven different drug
categories have been developed and approved by the FDA for the treatment of
HIV infection (DE CLERCQ, 2013; FDA, 2014), two of which are no longer used
or marketed (DE CLERCQ), 2010; FDA, 2014).

The ever growing number of antiretroviral drugs has made combination treatment
possible and since the mid 1990ties its importance in the treatment of HIV/AIDS
has been widely accepted. Highly active antiretroviral therapy (HAART) utilizes
combination regimens of classically three antiretrovirals from different drug
categories, and this therapy has drastically altered the course of AIDS which
previously was an almost uniformly fatal disease to now being a chronic
manageable one (BRODER, 2010; DE CLERCQ, 2010). The latest of the FDA-
approved antiretrovirals was licensed in 2013 and research into new drugs
remains a continuous effort. Despite these achievements there is still a need for
new antiretroviral drugs in order to address issues like tolerability, drug-drug
interactions and cross-resistance amongst members of a particular drug classes
(GHOSH et al., 2011). One example of a novel drug which is currently in
advanced phase 2 studies is the NRTI amdoxovir, one of the compounds that was

evaluated for its efficacy against FIV for the first time in the present study.

As further drugs are being developed for anti-HIV therapy and given the close
similarity between HIV and FIV it is very likely that some of these new drugs
would be effective against FIV as well. This is particularly true for NRTIs as there
is a striking similarity between the RT of HIV and FIV, whereas drugs from other
drug categories such as NNRTIs and most Pls show no anti-FIV activity. This
similarity between the two lentiviruses has resulted in FIV becoming a useful in
vitro and in vivo animal model, especially for studying NRTIs (NORTH and
LACASSE, 1995; DIAS AS et al., 2006; VAN DER MEER et al., 2007), and all
currently FDA approved NRTIs have been assessed against FIV in feline cell
culture using various different cell systems. Generally all NRTIs show anti-FIV
activity in vitro (REMINGTON et al., 1991; GOBERT et al., 1994; SMITH et al.,
1998; MCCRACKIN STEVENSON and MCBROOM, 2001; BISSET et al.,



IV. Discussion 48

2002).

In the present study we assessed three experimental NRTIs (amdoxovir,
dexelvucitabine and racivir) which to our knowledge had not been evaluated
against FIV in feline cell culture before. We compared their cytotoxicity in feline
PBM cells and antiviral efficacy to the licensed NRTIs with the goal of
identifying additional compounds with acceptable cytotoxicity and efficacy
profiles which could be potential novel treatment options for naturally FIV-

infected cats.

When assessing antiretroviral compounds in vitro it has been shown that the cell
culture system used can influence the antiviral efficacy of NRTIs (CRONN et al.,
1992; HARTMANN et al., 1995b; VAHLENKAMP et al., 1995; BALZARINI et
al., 1996b; VAN DER MEER et al., 2007). Commonly, the fibroblastoid cell line
CRFK is used for in vitro studies involving FIV, as this is a continuous cell line
which some isolates of FIV have been adapted to (NORTH and LACASSE, 1995;
SIEBELINK et al., 1995; VERSCHOOR et al., 1995; BAUMANN et al., 1998).
For example, Vahlenkamp and coworkers (1995) described an 80-fold decrease in
the antiviral efficacy of zidovudine when assessed in CRFK cells compared to
thymocytes (VAHLENKAMP et al., 1995). Similarly, in another study an
approximately 60-fold increase in the ECso of zidovudine was detected in CRFK
cells compared to peripheral blood lymphocytes (HARTMANN et al., 1995b).
Van der Meer and coworkers (2007) detected a 6-fold difference in the inhibitory
potency of zidovudine in thymocytes versus a dendritical cell-thymocyte
coculture system. As a consequence, unjustified rejection of candidate antiviral
drugs might occur in some cases if the cell culture system used is not taken into
account (VAN DER MEER et al., 2007).

Balzarini and coworkers (1988) showed for zidovudine, zalcitabine and stavudine,
that differences in drug-modifying cellular enzymes, which are responsible for the
conversion of the drug to its active triphosphate form, are likely responsible for
the cell-dependent efficacies of these drugs (BALZARINI et al.,, 1988;
BALZARINI et al., 1996b). For stavudine in particular it was shown that the
intracellular conversion to its active triphosphate form by either thymidylate
kinase and/or nucleoside diphosphate kinase is poor in CRFK cells (BALZARINI
et al., 1996b).
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In order to increases the predictability of the antiviral efficacy of a certain
compound in vivo, the in vitro model system ideally should mimic the situation in
the patient closely (PAUWELS, 2006). The natural cell tropism of FIV which is
broader than that of HIV includes CD4" and CD8" lymphocytes, B cells,
macrophages, and astrocytes (MIYAZAWA et al.,, 1992; SIEBELINK et al.,
1995; VERSCHOOR et al., 1995; DIAS AS et al., 2006). PBM cells contain
lymphocytes and macrophages and are therefore also commonly used for in vitro
studies involving lentiviruses such as HIV and FIV (HARTMANN et al., 1995b;
MCCRACKIN STEVENSON and MCBROOM, 2001; ARAI et al.,, 2002;
HERNANDEZ-SANTIAGO et al., 2007; VAN DER MEER et al., 2007). This

cell system was also chosen for the present study.

In the first part of the present study, the cytotoxic effect of all test compounds in
feline PBM cells was assessed. When compared at the highest concentration
investigated (500 uM), didanosine and amdoxovir were significantly less toxic
than abacavir. No further statistically significant differences among the test
compounds were found. Dose-response curves showed that noticeable

cytotoxicity was only observed at concentrations above 10 uM.

The cytotoxic effects of five of the drugs investigated in the present study, namely
lamivudine (SMYTH et al., 1994; ARAI et al., 2002; BISSET et al., 2002)
zidovudine (SMYTH et al., 1994; HARTMANN et al., 1995b; VAHLENKAMP
et al., 1995; ARAI et al., 2002; BISSET et al., 2002), abacavir (BISSET et al.,
2002) didanosine (REMINGTON et al., 1991; TANABE-TOCHIKURA et al.,
1992; GOBERT et al., 1994; REMINGTON et al., 1994; SMYTH et al., 1994;
MEDLIN et al., 1996; ZHU et al., 1996; SMITH et al., 1997; SMITH et al.,
1998), and stavudine (SMYTH et al., 1994; BALZARINI et al., 1996b), had been
assessed in feline cell lines before. In those previous studies, the drugs showed
low cytotoxicity, like in the present study where all investigated drugs were fairly
non-toxic in PBM cell culture at clinically relevant plasma concentrations.
Noticeable cytotoxic effects were only observed at doses higher than 10 pM.
Similar results for zidovudine and lamivudine were observed by Arai and
coworkers. In that study toxicity in T-cell enriched PBM cells was observed at
concentrations greater than 10 uM for zidovudine and greater than 50 uM for
lamivudine (ARAI et al., 2002). Abacavir was the most toxic drug in the present

study and was significantly more toxic than didanosine and amdoxovir. In a study



IV. Discussion 50

by Bisset and coworkers (2002) investigating the effects of abacavir, zidovudine,
and lamivudine in CRFK cells, abacavir was also the most toxic NRTI. The
concentration of drug required to inhibit cell proliferation by 50% was 22.9 uM
for abacavir, compared with 216.8 uM for zidovudine and 170.5 puM for
lamivudine. However, the authors considered this difference and the resulting
difference in the selectivity index not clinically relevant and claimed that this drug
Is suitable for use in cats (BISSET et al., 2002). In a study by Smyth and
coworkers that assessed cytotoxic effects of several compounds (including
didanosine, lamivudine, stavudine, and zidovudine) in feline lymphocytes,
didanosine was the least toxic drug, which also corresponds to the findings in the
present study (SMYTH et al., 1994).

Cytotoxicity of each drug was tested at concentrations up to 500 uM in the present
study. This is a very high concentration, which far exceeds the circulating
concentrations that will be attained in cats when drugs are given at dosages that
are typically administered to cats [as demonstrated for zidovudine (HARTMANN
et al., 1995a), which is usually given at a dosage of 5 to 10 mg/kg, PO or SC, q 12
h (LEVY et al., 2008) and results in a serum concentration of 20 to 30 uM]. In
addition, at high doses of drug, the concentration of dimethyl sulfoxide, the
solvent for all NRTIs in the present and previous studies, was at its highest
concentration, and is known to cause mild cytotoxic changes in feline PBM cells
at similar concentrations (SMYTH et al., 1994). Even at these high concentrations
of drug (500 puM) and dimethyl sulfoxide, cell viability was not completely

suppressed by any of the test compounds in the present study.

In the present study, the NRTIs amdoxovir, dexelvucitabine, and racivir were
investigated for the first time for their cytotoxic effects in feline cells. The results
indicated that cytotoxicity of these drugs did not differ significantly from that of
the other test compounds, except for amdoxovir, which was significantly less
toxic than abacavir. Low cytotoxicity in vitro, however, does not necessarily
exclude toxicity in vivo. In a previous study on the pharmacokinetics of
zidovudine in cats it was shown that a single 1V infusion of 25 mg/kg, which
achieved a plasma concentration of 100 uM, was associated with acute, transient
hemolysis (ZHANG et al., 2004). While in the present study only mild to
moderate cytotoxicity was seen at concentrations of 100 uM, the study by Zhang

and coworkers showed that for zidovudine this plasma concentration is too high
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for clinical use. A discrepancy between in vitro and in vivo toxicity has also been
described for didanosine. It has low cytotoxicity against human cells in culture
(and in feline PBM cells as demonstrated in the present study), yet it can cause
acute pancreatitis and peripheral neuropathy when used at higher doses in HIV-
infected patients (DU et al., 1990; LAMBERT et al., 1990). More recently it has
also been associated with the development of non-cirrhotic portal hypertension, a
rare but increasingly reported serious liver complication of HIV-infected patients
(CACHAY et al., 2011) and in January 2010 the FDA issued a safety
announcement and updated the drug label for didanosine accordingly (CHANG et
al., 2012). It has also been shown that didanosine treatment can cause sensory
neuropathy (as detected by sophisticated testing methods) in experimentally FIV-
infected cats (ZHU et al., 2007), although the clinical relevance of this finding in
cats naturally infected with FIV is not clear. Toxic effects on mitochondria in
certain tissues have been associated with many NRTIs and this mechanism of
mitochondrial changes appears to be involved in the development of NRTI-related
adverse effects, although other pathophysiological mechanisms are likely to
contribute as well (WHITE, 2001; ZHU et al., 2007). Amdoxovir also has little
cytotoxicity against human cell lines, which corresponds with the finding for this

drug in feline PBM cells in the present study.

When compared with zidovudine, the other test compounds were not significantly
more toxic. Therefore, it can be assumed that dosages that are tolerated for
zidovudine in cats should also be tolerated for the other compounds. Zidovudine
is usually used in cats at a dosage of 5 to 10 mg/kg every 12 hours. A
pharmacokinetic study of zidovudine in cats showed that this dosage resulted in a
maximum serum concentration of 20 to 30 uM (HARTMANN et al., 1995a). This
concentration did not induce noteworthy cytotoxicity in feline peripheral blood
lymphocytes. Also in the present study, there was only minimal cytotoxicity in
PBM cells at this concentration. Therefore, it can be assumed that this plasma
concentration would also be safe for the other compounds evaluated in the present
study, although pharmacological data from cats are not available for most of the

drugs.

In the second part of the present study, the anti-FIV efficacy of the nine test
compounds was investigated in PBM cells. As the results of the first part of this

study indicated that no cytotoxic effects were induced by any of the test
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compounds up to a concentration of 10 uM, this was set as the maximal
concentration to be investigated when assessing the antiviral efficacy of the test
compounds. In addition, 10 uM is a concentration which is attained in a cat’s
plasma when administering zidovudine at the routinely used dosage of 5 to 10
mg/kg every 12 hours PO or SC (HARTMANN et al., 1995a). Therefore it was
considered useful to compare the antiviral efficacy of the test compounds at this

concentration.

Dose response curves showed that all drugs induced a concentration-dependent
reduction of FIV replication; however, none of the drugs achieved 50% reduction
of virus replication at the highest concentration (10uM) investigated. No
significant difference in antiviral efficacy among the test compounds was detected
when they were compared at the highest concentration of 10 uM; therefore, all
drugs can be considered comparable in their antiviral efficacy against FIV. The
FDA-approved NRTIs lamivudine (SMYTH et al., 1994; MEDLIN et al., 1996;
SMITH et al., 1997; SMITH et al., 1998; MCCRACKIN STEVENSON and
MCBROOM, 2001; ARAI et al., 2002; BISSET et al., 2002) zidovudine (NORTH
et al.,, 1989; REMINGTON et al., 1991; TANABE-TOCHIKURA et al., 1992;
GOBERT et al., 1994; REMINGTON et al., 1994; SMYTH et al., 1994;
HARTMANN et al., 1995b; VAHLENKAMP et al., 1995; MEDLIN et al., 1996;
ZHU et al., 1996; SMITH et al.,, 1997; SMITH et al., 1998; MCCRACKIN
STEVENSON and MCBROOM, 2001; ARAI et al., 2002; BISSET et al., 2002;
VAN DER MEER et al., 2007), abacavir (BISSET et al., 2002), didanosine
(REMINGTON et al., 1991; TANABE-TOCHIKURA et al., 1992; GOBERT et
al., 1994; REMINGTON et al., 1994; SMYTH et al., 1994; MEDLIN et al., 1996;
ZHU et al., 1996; SMITH et al.,, 1997; SMITH et al.,, 1998), stavudine
(REMINGTON et al., 1991; GOBERT et al., 1994; REMINGTON et al., 1994;
SMYTH et al., 1994; BALZARINI et al., 1996b; ZHU et al., 1996; SMITH et al.,
1997; SMITH et al., 1998) and emtricitabine (SMITH et al., 1997; SMITH et al.,
1998; MCCRACKIN STEVENSON and MCBROOM, 2001) have been assessed
previously for their anti-FIV efficacy in different feline cell lines. To our
knowledge, the present study assessed the anti-FIV activity of amdoxovir,

dexelvucitabine and racivir for the first time.

FIV-pPPR, a pathogenic molecular clone of FIV, was used for the infection of

PBM cells. This clone was developed by Phillips and coworkers (1990) and is
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derived from a FIV isolate from a cat from the San Diego, California area
(PHILLIPS et al., 1990). This clone productively infects PBM cells, however not
CRFK or G355-5 cells. The immunologic and neurologic abnormalities induced
by this molecular clone have been characterized in specific pathogen-free (SPF)
cats (PHILLIPS et al., 1996). General clinical signs associated with infection were
lymphadenopathy, oral ulceration, rough hair coat, and conjunctivitis. During
acute infection, plasma antigenemia, viremia, inversion of the CD4" to DC8" T-
cell ratio and reduced CD4" cell counts can be observed. Later in infection, an
increase in the antibody titer and decrease in viral load occurs. Specific
neurological changes found in experimentally infected cats included hind limb
paresis, delayed righting and pupillary light reflexes, behavioral changes, delayed
visual and auditory evoked potentials, decreased spinal and peripheral nerve
conduction velocities, and altered sleep patterns (PHILLIPS et al., 1996).

McCrackin Stevenson and McBroom (2000) showed that in PBM cells, FIV-
pPPR behaves similarly to FIV-Maxam, a natural FIV isolate, and that results are
therefore applicable to natural FIV infection (MCCRACKIN STEVENSON and
MCBROOM, 2001). However, a first-pass virus derived from a molecular clone is
a more homogenous viral population, compared with a natural isolate. McCrackin
Stevenson and McBroom (2000) showed that the susceptibility to lamivudine of
FIV-Maxam was higher than that of FIV-pPPR and concluded that results of
studies on the susceptibility of FIV-pPPR to NRTIs might overestimate the
resistance of FIV populations found in naturally infected cats to these drugs
(MCCRACKIN STEVENSON and MCBROOM, 2001).

Among the previous studies of lamivudine, zidovudine, abacavir, didanosine,
stavudine, and emtricitabine, antiviral efficacy against FIV was demonstrated
irrespective of the use of different cell culture systems. As mentioned above,
considerable differences in the antiviral potency of certain drugs were observed,
depending on the in vitro cell system in which they were assessed. When
comparing results of different studies, the cell culture system used has to be taken
into consideration, and comparison of a newly investigated drug with drugs of
known in vitro efficacy (eg, zidovudine) is more useful than just comparison of

ECsp values.

An unexpected finding in the present study was the failure of all test compounds

to achieve a 50% reduction in virus replication at a concentration of 10 uM. In
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previous studies, much lower concentrations were required to induce 50% virus
inhibition (GOBERT et al., 1994; VAHLENKAMP et al., 1995; BALZARINI et
al., 1996b; MCCRACKIN STEVENSON and MCBROOM, 2001; BISSET et al.,
2002). There are several possible explanations for this. In the present study,
optical density (OD) readings generated by supernatants of uninfected PBM cells
were not determined. These background OD readings were therefore not
subtracted from the readings of the plate wells containing infected cells. This
might have led to an underestimation of the percentage reduction in p24 antigen
concentration achieved in plate wells treated with the test compounds and might
explain, at least in part, why reduction of viral replication by 50% was not
achieved. Differences in FIV strains might also partly explain this finding.
However, McCrackin Stevenson and McBroom (2000) used both the same cell
system and virus and found ECs, values for zidovudine, lamivudine, and
emtricitabine that were much lower than 10 uM (MCCRACKIN STEVENSON
and MCBROOM, 2001). Gobert and coworkers (1994) made a similar
observation; the ECsg values for zidovudine against two FIV strains detected in a
previous study in their laboratory (REMINGTON et al., 1991) were higher than
the values determined in the later study (GOBERT et al., 1994). They considered
it likely that these differences were related to variations in the batches of fetal
bovine serum used in the experiments. As mentioned above, the molecular clone
FIV-pPPR is less susceptible to lamivudine and possibly other NRTIs than a
natural FIV isolate (FIV-Maxam) (MCCRACKIN STEVENSON and
MCBROOM, 2001). This could also, to some degree, account for the need of
higher drug concentrations to reach 50% virus inhibition. However, independent
of the system used, the outcome of the present study was that the antiviral
efficacies of all drugs investigated were comparable.

Ideally, a drug that is considered for in vivo testing should be effective and have
very low toxicity. However, the limiting factor as to whether a NRTI other than
zidovudine should be considered for in vivo testing might be the drug’s associated

cytotoxicity rather than its ability to maximally suppress viral replication.

A limitation of the present study was that ECs, values could not be reported for
the test compounds because the highest drug dose investigated did not achieve a
50% reduction of virus replication. However, comparison of the test compounds

at the highest dose investigated was nevertheless considered useful because it



IV. Discussion 55

allowed comparison of newly investigated drugs with drugs that had been
previously tested in feline cell cultures at a concentration which is clinically

relevant.

As mentioned above, single-agent therapy is no longer recommended for the
treatment of HIV/AIDS for a number of reasons, one being the development of
drug-resistant mutations of the virus. Mutations as a result of treatment with
various NRTIs have been described in HIV-infected individuals (LARDER et al.,
1989; FITZGIBBON et al., 1992; RICHMAN, 1995; SCHUURMAN et al., 1995;
KURITZKES, 1996). As antiviral therapy in FIV-infected cats is still uncommon,
there is much less information available for FIV. Zidovudine is the only
antiretroviral drug that has been assessed thoroughly for its anti-FIV activity in
vitro as well as in vivo and it has been shown that drug-resistant mutants develop
both in vitro (REMINGTON et al., 1991; SMITH et al., 1998; MCCRACKIN
STEVENSON and MCBROOM, 2001) and in naturally FIV-infected cats treated
with zidovudine for over five years (MARTINS et al., 2008). It would be
advantageous to have additional drugs available which have proven effective and
safe in vitro and which could be evaluated in vivo for their use as an alternative to
zidovudine in cats with viral resistance to this drug or for the use in combination

with zidovudine in an attempt to delay the development of drug-resistant mutants.

There are well known adverse effects of zidovudine treatment in cats, such as
development of dose-dependent non-regenerative anemia and neutropenia, which
can necessitate cessation or interruption of zidovudine therapy (HARTMANN et
al., 1992; HARTMANN et al., 1995a; ARAI et al., 2002). In the treatment of
HIV/AIDS it has been shown that combination treatment allows reduction of
individual drug dosages which can limit the toxic side effects (DE CLERCQ,
2009). This could be a further advantage of combination treatment in FIV-infected

cats, in addition to delaying the development of drug-resistant viral mutations.

The combination of two or three NRTIs against FIV has been assessed in two
studies (ARAI et al., 2002; BISSET et al., 2002). Bisset and coworkers (2002)
showed that FIV replication in CRFK cells can be inhibited in a synergistic
manner by the combined usage of zidovudine, lamivudien and abacavir (BISSET
et al., 2002).

Arai and coworkers (2002) showed that the combination of zidovudine and
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lamivudine had additive to synergistic effects against FIV in primary PBM cells,
however not in chronically infected cell lines. In a second, in vivo part of that
study chronically FIV-infected cats were initially treated with a high dose of 20
mg/kg/drug PO every 12 hours which had to be lowered to 10 mg/kg/drug every
12 hours after 4 weeks due to the development of side effects (anemia, fever). The
total length of treatment was 8 weeks. Despite the relatively high doses, compared
to what is routinely used for zidovudine in the field, this combination treatment
regimen did not result in statistically significant differences in either the FIV load
in PBM cells, anti-FIV antibody titer, CD4/CD8 ratio, or CD4" and CD8" cell
counts compared to the control group. The authors concluded that
zidovudine/lamivudine combination treatment in chronically FIV-infected cats is
not as effective as in HIV-infected patients (ARAI et al., 2002). It is however
known from previous studies of naturally FIV-infected cats that even lower doses
of zidovudine monotherapy can have beneficial clinical effects such as
improvement of stomatitis, and clinical condition scores (HARTMANN et al.,
1992; HART and NOLTE, 1995; HARTMANN et al., 1995a) and reduced
severity of neurological signs (LEVY et al., 2008). The experimentally infected
cats in the study by Arai and coworkers (2002) however did not show any
abnormal clinical signs prior to combination treatment (ARAI et al., 2002) and
therefore, it is impossible to draw any conclusions as to whether this drug
combination, despite not improving virological or immunological parameters,
might have beneficial clinical effects like previously described for zidovudine

monotherapy.

Although it is difficult to make recommendations about clinical treatment based
only on in vitro data, the findings of the present study have suggested that further
investigation of didanosine in the treatment of cats naturally infected with FIV is
warranted. In a study assessing cytotoxic effects of 18 antiviral agents on feline
lymphocytes, didanosine had  the least toxicity (SMYTH et al., 1994),
corresponding to the findings in the present study. In addition, only one of the
other eight NRTIs tested in the present study had greater in vitro efficacy than
didanosine. The combined profile of low cytotoxicity and relative efficacy,
compared with characteristics of other NRTIs used in the assays performed in the
present study, suggests that didanosine might be an interesting candidate drug for

further in vivo testing either as a sole agent or in combination with zidovudine. In
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fact, monotherapy with didanosine (33 mg/kg, PO, every 24 hours from 6 to 12
weeks after infection) in neonatal kittens infected with FIV resulted in
improvements in multiple variables, compared with findings in untreated Kittens,
including reduction in plasma viral load, significant improvement in the animals’
neurobehavioral performance, and attenuation of neuroinflammation (ZHU et al.,
2009). There is also support for treatment of HIV-infected humans with a
combination of zidovudine and didanosine, which resulted in an overall reduction
in mortality rate of 32%, compared with results following zidovudine
monotherapy (DELTA COORDINATING, 2001). Logical next candidates for in
vivo testing of potential novel treatments for FIV-infected cats would include the

three newly evaluated NRTIs, amdoxovir, dexelvucitabine, and racivir.

The results of the present study indicate that amdoxovir, dexelvucitabine, and
racivir have acceptable cytotoxicity profiles in feline PBM cells, compared with
those of other NRTIs licensed for the treatment of HIV in humans. However, their
anti-FIV efficacies were less (albeit not significantly) than those of five of the six
FDA-approved NRTIs (didanosine, emtricitabine, lamivudine, stavudine, and
zidovudine) that they were compared to. On the basis of the data obtained in the
present study, amdoxovir, dexelvucitabine, and racivir appear to be safe treatment

options for future studies investigating their potential use in FIV-infected cats.
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V. SUMMARY

The purpose of the study reported here was to compare the antiviral efficacy
against feline immunodeficiency virus (FIV) and cytotoxicity in feline peripheral
blood mononuclear (PBM) cells of 9 nucleoside reverse transcriptase inhibitors
(NRTIs), three of which had not been evaluated against FIV in feline cells before.
PBM cells were isolated from the blood of three specific pathogen-free (SPF)
cats.

The cytotoxic effects of the test compounds were determined by colorimetric
quantification of a formazan product resulting from bioreduction of a tetrazolium
reagent by viable PBM cells. Each compound was tested in 12 concentrations
ranging from 0.001 to 500 uM. Uninfected cells from one SPF cat were used in
these assays. PBM cells (from all three SPF cats) were infected with the molecular
clone FIV pPPR and the antiviral efficacy of the test compounds was assessed
using a FIV p24 antigen capture enzyme-linked immunosorbent assay. Each

compound was tested in 5 concentrations ranging from 0.1 to 10 uM.

Cytotoxic effects in feline PBM cells were observed only at concentrations over
10 uM for all 9 NRTIs. Comparison of the cytotoxic effect at the highest
concentration investigated (500 uM) revealed that didanosine and amdoxovir
were significantly less toxic than abacavir. As no cytotoxicity was noted up to a
concentration of 10 uM, this was set as the highest concentration for the second
part of this study investigating the anti-FIV efficacy of the test compounds. All
drugs induced a dose-dependent reduction of FIV replication. When compared at
the highest concentration investigated, there was no significant difference in the
antiviral efficacy among the test compounds. The ECs, could not be determined as

none of the test compounds achieved 50% viral inhibition.

The evaluated NRTIs had low cytotoxicity against feline PBM cells and appear to
be safe options for further in vivo evaluation for the treatment of FIV-infected
cats. There was no evidence suggesting that the newly evaluated compounds
would be superior to the existing NRTIs for reducing the FIV burden of infected

cats.



VI. Zusammenfassung 59

VI. ZUSAMMENFASSUNG

Das Ziel der vorliegenden Studie war es, die antivirale Wirksamkeit gegen das
feline Immunschwachevirus (FIV) und die Zytotoxizitat in felinen mononukleéren
Zellen des peripheren Blutes von neun nukleosidischen Reverse-Transkriptase-
Inhibitoren (NRTI) zu vergleichen. Die in vitro Wirksamkeit gegen FIV von drei
dieser NRTI war zuvor noch nicht in felinen Zellen untersucht worden. Die
mononukledren Zellen des peripheren Blutes wurden aus dem Vollblut von drei

spezifisch-pathogenfreien (SPF) Katzen gewonnen.

Der zytotoxische Effekt der Testmedikamente wurde durch die kolorimetrische
Quantifikation eines Formazanprodukts nachgewiesen, das bei der Bioreduktion
eines Tetrazoliumreagenz durch lebende mononukledren Zellen des peripheren
Blutes entsteht. Jedes Medikament wurde in zw0If Konzentrationen untersucht,
die von 0,001 bis 500 uM reichten. Fir diese Versuche wurden nicht-infizierte
Zellen einer SPF Katze verwendet. Mononukledren Zellen des peripheren Blutes
(aller SPF Katzen) wurden mit dem molekularen Klon FIV pPPR infiziert und die
antivirale Wirksamkeit der Testmedikamente mithilfe eines FIV-p24-Antigen
Enzyme-Linked Immunosorbent Assay nachgewiesen. Jedes Medikament wurde

in finf Konzentrationen untersucht, die von 0,1 bis 10 uM reichten.

Bei allen neun NRTI wurde ein zytotoxischer Effekt in felinen mononukleéren
Zellen des peripheren Blutes nur bei Konzentrationen tber 10 uM festgestellt. Der
Vergleich des zytotoxischen Effekts in der hochsten untersuchten Konzentration
(500 uM) zeigte, dass Didanosin und Amdoxovir signifikant weniger toxisch
waren als Abacavir. Da bis zu einer Konzentration von 10 uM kein zytotoxischer
Effekt feststellbar war, wurde diese Konzentration als die hdchste fir den zweiten
Teil dieser Studie festgelegt, in dem die Wirksamkeit gegen FIV untersucht
wurde. Alle Medikamente fiihrten zu einer dosisabhangigen Reduktion der FIV-
Vermehrung. Bei einem Vergleich der hdchsten eingesetzten Konzentrationen
aller Testmedikamente konnte kein signifikanter Unterschied in deren antiviraler
Wirksamkeit festgestellt werden. Die 50 % effektive Konzentration konnte nicht
bestimmt werden, da keines der Testmedikamente die Virusreplikation zu 50 %

einschrankte.

Die getesteten NRTI hatten geringe Zytotoxizitét in felinen mononukleédren Zellen
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des peripheren Blutes und scheinen sichere Kandidaten fir die weitere in vivo
Untersuchung zur Therapie von FIV-infizierten Katzen darzustellen. Es gab
keinen Hinweis darauf, dass die Medikamente, die hier zum ersten Mal untersucht
wurden, die Viruslast von FIV-infizierten Katzen besser senken wirden als die

existierenden NRTI.
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