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Abstract

We rzport the activities of a novel nucleoside analog against HIV, This nucleoside { KP-1212) is not a chain terminator bat exerts its antiviral
effects viz mutagenesis of the viral genome. Serial passaging of HIV in the presence of KP-1212 causes an increase in the mutation rake of the
virus leading to viral ablation. HIV strains resistant to KP-3212 have not yet been isolated. Quite to the contrary, virus treated with KP-1212
exhibited an increased sensitivity not only to KP-1212 but alse o another nucleoside reverse transcriptase inhibitor (METT), zidovudine.
HIY strains resistant to other METIs {e.g. zidovodine, lamivudine, stavudine, abacavir, etc.} exhibited no cross-resistance rowards KP-1212.
Multiple assays confimmed that KP-1212 has a Favarable flow) genotoxicity profile when comparsd 1o some approved antiviral nucleosides.

In addition, KP-1212 is not toxic to mitochondria nor does it exhibit any inhibitory effects on mitochonddal DNA synthesis.

£ 2005 Elsevier B.Y. All rights reserved.
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L. Introducton

The error-prone nature of retroviral reverse transcriptases
iRT} like that of HIV provide a selective advantage for the
virus to evade host immune responses and chemotherapy.
Because of the error proseness of the viral RT (Preston et
al., 1988; Roberts et al., 1988) and the high rate of HIVY
replication (Coffin, 1995), the viral genome in patients is
not homogenous but rather exisis as variants of nucleic acid
sequences otherwise known as a guasispecies (Eigen, 1993).
The high error rate of RT also has a detrimental effect on the
virus. Indeed most of the BIY virus panticles found in infected
blood are nonviable, most fikely dee o an accemulation of
debilitating mueations {Coffin, 1993). It has been proposed
that the mutation rate could be artificially increased by the
introduction of a mtagenic nucleoside (Loeb et al.,, 19997,
This increase in mutation rate would lead the viral popula-
tion o cross the threshold for error catastrophe and ablate the
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viral population as a whole. Experiments with S-hydroxy-
2'-deoxycytidine (5-COH-dC) first demonstrated it was possi-
ble to extinguish HIV by repeated passaging in the presence
of 2 mutagenic nucleoside analog, althongh this was only
achieved at high drug concentrations {0.5- 1 mM).

In this article, we describe the activity of an-
other mutagenic nucleoside analog, 3-aza-3,6.-dihydro-2'-
deoxycytidine (KP-1212), which is several orders of mag-
nitude more potent than 5-OH-dC and has a very atiractive
safety profile. KP-1212 is the 2'-deoxy derivative of 5-aza-
5,6-dihydrocytidine (DHAC) which has been studied in on-
cology clinical wials (Creagan et al., 1993; Curt et al., 1985;
Samuels et al., 1998). EP-12F2 has been shown to be a
metabolite of DHAC (Kees and Avramis, 19935). KP-1212
can ablate HIV after 8-13 passages at concentrations in the
nanomelar & tow micromolar range. It typically increases the
viral mutation rate by 50-100% withow evidence of geno-
toxic efiects on mammalian cells under a variety of assay
conditions. Most importantly, there is no evidence of cross re-
sistance with HI¥ strains resistant toother nucleoside analogs
or evidence of development of de novo resistance by HIV to
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KP-1212. In addition, BIY reated with KP-1212 shows (-
creased sensitivity toward not only toward KP-1212 but also
e anather nucleeside analog {zidovudine, AZT). Itappears 1o
be non-toxic te mitochondria, as judged by lactate production
and mitechondrial DidA synthesis,

2. Materials and methods
2.1, Cytoloxicity assays

BT-2 cells were ereated with half log increasing concen-
trations of KP-1212 for 5 days at 37 °C. Cell viability was
determined by an MTT assay. A cylotoxic concentration ex-
hibiting 50% toxicity (CCsp) was determined.

2.2, Cells and viruses

MT-2 cells were maintained in RPMI 1640 mediom-10%
fetal bovine serum (GIBCO). HIV type I (HIV-1) was gener-
ated by transfecting the HIV-containing plasmid pNL4-3 into
MT-2 cells. Stocks of NL4-3 virus were prepared and titered
on polybrene-treated {10 pgfml) MT-2 cells. Cell-free viral
supernatants were senally diluted and added to fresh MT-2
cells in a 96-well plate format to datermine the viral titer ortis-
sue culture infectipus dose 50% (TCIDsqg). Wells positive for
HIV infection were scored by visualization of HIV-induced
syncytia and confirmed by p24 ELISA {Beckman—Coulter).
Drug-resistant HIV strains were obtained from NIH AIDS
Research and Reference Reagent Program. In particular, the
AZT-resistant strain RTMC, and the multi-drug resistant
strain, 1617 (Kantor et al., 2001; Larder et al., 1990, 19213
were used.

2.3, Single passage FCsp

107 MT-2 cells were suspended in 1 ml of RPMI and in-
fected with 2 x 107 TCIDsp HIV resulting in a multiplic-
ity of infection {(MOT) of L:5000. The virus-cel]l suspensicn
was incubated for 1 & at 37°C. During the 1h incubation,
1l ml of KP-1212 ar a 2x concentration was added to each
well of a 24-well plate. After virus-cell incubation, 24 ml of
RPMI was added o this mixture to give 2 final volume of
25ml. One millilitre of the vims-cell suspension was added
to each well of the 24-well plate containing KP-1212 to yield
the following final concentrations: 0, 8.01, 0.1, 1, 10, and
108 pM (in quadruplicate}. The plate was then spinoculated
at 1200 x g RPM for 2 k {O' Doherty et al., 2000). Thereafter,
the plate was placed in a 37 °C incubator containing 3% CO2
for 4 days. The cell-free supematants were collected for p24
measurement and for TC1Ds; determination. Based on these
results, an effective concentration showing 50% inhibition
could be determined (BECsp). ECsg values and CCsp values
were calculated using BioDataFit (Chang Bioscences, Castro
Valley, CA) and the model [a (1-107"%)], which gives an #
value of 0.9 or better with our data sets.
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24, Serinl passage experiments

The serial passage experiments were initiated in much the
same manner as the single passage experiment except that
the starting MO1 was 1:1000 or 11100, After the cell-free
supematant was harvested from each well (~2 ml), the p24
tevels were measured. Then three 0.4 ml aliquots were stored
at —30°C for future passages and a 0.3 ml aliquot was vsed
1o determine the viral titer. The cells were stored at —80°C
and used for sequencing proviral DNA. Preliminary experi-
ments comparing p24 Ievels to TCIDsy values indicated that
3 ng of p24 was approximately equal to 1000 TCIDsg {data
not shown}. The volume of celf-free supernatant to transier
for the next passage was dependent on the average p24 levels
present in the negative drug controls (NDC). The supernatants
from the quadruplicate WDC were pooled and vsed to infect
MT-2 cells at an MO of 1:1000. The same was done for
each of the five KP-1212-treated supemnatanis. For example,
if 1Kyl of pooled celi-free supemnatant was equivalent to
2000 TCIDsg then this volume would be added o 2 = 108
fresh MT-2 cells to end up with a final MOI of G0} This
same ¥olume, 100 kb, was applied for the cell-free super-
natants with the other concentrations (i.e. .04, 0.1, 1, i0and
10} pM}. This process was continued until a loss of infectiv-
ity was observed in a KP-1212-treated passage. An additional
passage was performed (o confirm viral ablation.

2.5. Cross resistance

The cross-resistance studies were conducted in a similar
manner as the single passage ECsp studies described above.
The drueg-resistant strains used in this study were RTMC and
1617, RTMC is an AZT-resistant strain containing the follow-
ing resistant mutations: 87N, TOR, 215F and 2190 (Larder et
al., 1990, 1991). 1617 is a muli-dmg resistant (ABC, DI,
ATC, D47, TDE DDC and AZT) strain containing the fol-
lowing resistant mutations: 69K, 700G, 751, 77L, 116Y, I51M
and 184V (Kantor et al., 2001). These viral isolates were ob-
tained from the NIH AIDS Research and Reference Reagent
Program.

2.6, Sequencing

Tworegioas of the HIV genome were targeted for sequenc-
ing. The reverse transcriptase (KT} gene was sequenced be-
cause it is relatively conserved. The V3 loop of the envelope
{EMNV]) gene was sequenced because of its high tolerance for
mutations, as evidenced by its sequence heterogeneity. The
primer sets used to amplify each sequence (Invitrogen Life
Technologias; were as follows:

RT Sense 5-ATTTTCCCATTAGTCCTATTGAGACTG-
TACC-3¥; RT Aantisense 5 -CTGTTAGTGGTACTACT-
TCTGTTAGTGCTTTGG-3"; ENV Sense 5-AATTCCCAT-
ACATTATTGTGCCCCGGC-3'; ENV Antisense 3-GTG-
TCACTTCCTTCAGTGTTATTTGACCC-3.
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The respective PCR products were amplified from provi-
ral DNA, cloned oo a TA wvector {Invitrogen) and se-
quenced using a CEQ BK) capillary electrophoresis unit
(Beckman-Coulter). The raw data were analyzed using Seq-
man [(DNASTAR, Madison, WII.

2.7, Genatogicity

Genotoxicity was determined by gquantifying the muta-
tions occurring in the hypoxanthine-guanine phosphoribo-
syl transferase (HGPRT)} gene in Chinese hamster ovary
(CHO} cells and in male lymphoblasts. The CHO/HGPRT
and the human male lymphoblasttHGPRET assays have been
described (OFNeill et al., 1977, O’Neili and Hsie, 1977;
Sussman et al., 19997,

2.8 Mitochondrial toxicity studies

CEM cells were passaged in the presence of ddC or KP-
1212 for 9 days. Every 3 days the cells were passaged into
fresh RPMI (GIBCO) media containing either ddC (0.1, 0.3,
1, 3, 10 and 30 pM) or KP-1212 {10, 30, 100, 300 pht and
| M}, KP-1212 was synthesized in-house by Koronis Phar-
macewticals, Inc and was >599.8% pure. A positive control,
ddC, was purchased from Sigma, St Louis, MO {D5782, Lot
no. 020K3459) and prepared as a 0.1 M selution in DMSO.
A suspension of CEM cells in RPMI at a concentration of
3 x 107 cells/ml was prepared. A 10x solution of each drug
concentration for the two drugs to be tested was prepared
from the 0.1 M stock solution of ddC or KP-1212 in RPMIL
One hundred microlitres of the 3 x 10° cells/ml suspension
were seeded into each sample well of a 96-well Aat-bottomed
tissue culiure plate. Eighty microlitres of RPMI was added
tor each well. Twenty microlitres of 10x drug solution were
added to the corresponding sample well. All samples were
tested in triplicate. After 72 h of incubation at 37 °*C/%0% hu-
midiky, the CEM cell culture solution in each well was mixed
thoroughly and the CEM cells in each well were counted on
a hemocytometer. The cell count for each well was recorded
and used to detenmine the volume of cell suspension from
that well needed to be transferred to obtain 3 x 10* cells in
each well of a new 96-well flat bottom tissue culture plate.
A volume of EPMI was added to each well to bring the fi-
nal volume in the well to 1830 pl. 10x drug solutions were
prepared as on day 1, and 20 pl of cach were added §o the
appropreate samiple wells. This process was repeated for a
third fime for a total of 9 days. The lactic acid concentration
present in the kissue culture supematant was determined by
spectrophotometric determination of NADH using the lactate
dehydrogenase/NAD* assay (Sigma-Aldeich Company Led.,
procedure no. B26-UV).

Passaging of CEM cells for the mtDNA study was done
as described below except that T-25 Aasks were used instead
of 96-well plates in osder to extract enough cellular DNA for
Southern analysis. In addition, only one concentration of 4dC
(3.2 phyand KP-1212 (320 pnM) were used. Each condition,

NDC, 3.2 0 M ddC and 320 p A KP-1212, was tested in tripli-
caie. Total cellular DNA was purified using DNeasy ™™ fissue
kit {Qiagen Cat. no. §9506). One microgram of total DNA
was ulilized in dot-Blot Southerns to quantify the amount
of nuclear DNA and mitochondrial DA (mtDNAY in CEM
cells treated with nucleoside anatogs versus vntreated con-
trols. The probe specific for nuclear DNA was the B-globin
gene, and the probe specific for miDNA was the D-loop 2
segment.

3. Results
11 Cyiotoxicity

Concentrations of KP- 1212 inhibiting 50% of cellular pro-
liferation (CCsp} were determined utilizing various cell types.
The CCsy was 0.83 mM for CHO cells and >1 mM for alt
lymphoid cells, namely, MT-2, TKS and CEM cells {data not
shown).

3.2, Single passage irhibition of HIV growth by
KpP-i2i2

KP-1212 {Fig. la) was studied for its ability to inhibit

HIV growth in vitro. At a multiplicity of infection (MOI) of
1:5000, the viral titer of dug treated samples produced a no-
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Fig. 1. (a}lmino and amine tautomers of KP-1212, (b) Single passage inhi-
bition of HIV growth by KP-1212. Comparisen of p24-based vs. titer-based
inhibition curves.



tably different inhibition curve from that achieved with p24
(Fig. 1b} [nhibition based on the levels of p24 present in the
cultures treated with KP-1212 versus the negative drug con-
trol (MDC) was almost 50% at 100 pwM. However, when using
viral titer as a basis for inhibition, 70-90% inhibition was
achieved at KP-1212 concentrations from GLO1 to 100 LM
with a maximum inhibition of 90% at 100 WM.

3.3. Serial passage of HIV in the presence of KP-1212
teads to viral ablation and an increase in HIV DNA
M ations

In an effort t0 see if KP-1212 can eradicate HIV growth
in vitro, the virus was serally passaged in the presence of
varying concentrations of KP-1212. The potency of KP-1212
apainst HIV increased from the first passage to the 12th pas-
sage (see Fig. 2 and below}. The first passage at an MO
af 1:100, demonsteated a difference in the inhibition curves
when the p24 results were compared to HIY titers (Fig. 2a).
The p24ftiter difference became less apparent as the passage
siudy progressed {Fig. 2b). Tracking the viral titer and p24
concentration of reated versus non-treated virus heralded the
eventual viral ablation in the case of HIV treated with 10 pM
KP-1212 by passage 13 (Fig. Z¢ and d). Viral cultures treated

KP-1212 Passaga | p24-Based ECy; vs Titar-Based EC,,

[E=me I htan ——Tker rbaon]
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with the other KP-1212 concentrations (0.1, 1, and 10 M,
data not shown) exhibited viral ablation by the 14th passage.
except for 0.01 M KP-1712-treated vitus which was mini-
mally inhibited. In an effort to rescue viable virus from KP-
1212-treated cuktures, cell-free supematants from passage 13
of 10 M KP-1212 were used to inocalate fresh cells. These
cells were then incubated for two weeks with refeeding inthe
absence of drug. Viable virus was not detected after several
attempes, indicating that viral ablation was achieved. A simi-
lar experiment was carried out with an initial MOT of [ 1000
{data not shown)}. ¥irat ablation was first noted at passage 8
at a drug concentration of 1 pM.

3.4, Sequencing of viral genome following treatment
with KP-f212

Sequencing of proviral DNA from the 11th passage of
virus treated with 10 pbd KP-1212 and virus from the nega-
tive drug control (ND(C} exhibited an increase in the mutation
frequency of the viral DNA treated with 10 b KP-1212 by
45% for the RT gene (N.S., x*-test} and 91% for the EKV
gene (P <0.025, y-test) (see Table 1). It is interesting to note
that the majority of the mutations were transitions {purine o
purine or pyrimidine to pyrimidine, e, Ato G, G o A, C

KP-1112 Passaga 12 pi4-Based EC;, vs Titer-Based EC,,
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Fig. 2. (2} Serial Passaging HIV-1 in the presence of KP-1212. Comparison of the p24-based inhibition curves vs. titer-based curves from passage L. (b} Serial
Passaging HIV-1 in the presence of KP-1212. Comparison of the p24-based inhibition curves vs. titer-based curves from passage 12. (<) Comparison of the
HIV-t p24 concentrations feom the NDC and 10 pM KP-1212 tssue culture supernatants. {d) Comparison of the HIV-1 titers (TCIDtsy/mL) from the NDWC aad
10 pd KP-1217 tissve cultuce supematants,
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Table 1
Sequence analysis of the HIV BT and Env genes after |1 serial passages in the presence or absence of KP-1212
HNOC i0uhf KP-1212
A C G T A [ N ¥
A - | 3 1 Ata - 0 I3 0
Cto 1 - 1 2 Cro - 1 3
Gt I 2 - 1 Gt 12 X - 0
N T 3 g 2 - Tio 1 L] -
+ [ Total Mutations 27 Tolal Mutations 41
[ Mucleondes 20333 Mucleotides 21355
; Sequenced Sequenced
: hutation Rate 0.1328% hutation Rare 11520
& in Mutation +44.58%*
i Rate
:
1
Envelope Sequencing Data Summary
NEC 10 uhi KP-1212
A C G T A C G T
Ato - ] 7 2 At - 1 3 0
Cio [ - ] | Cto ] - 0 9
Gto 8 0 - | Gio 2 T - ]
T 0 4 1 - Tio 1 11 0 -
Toral Mutations 25 Total Mutations 47
Bucleoddes 20394 ducleotides 2095
Sequenced Sequenced
Bfutation Rae 0.1226% Munation Rate 0.233%
A in butation +H) TR
~_ ERate

Reverse transcriptase sequencing data summary. * P <{.025, x*-test.

1o T and T to C} with no increase in transversions (purine to
pymidine or pyrimidine to purine).

1.5, Increased sensitivity HIV passaged in the presence
to KP- 212 10 nucleoside analogs

¥irus from the 10 M KP-1212 11th passage and the cog-
pate passage from the ND{C were investigated for their sensi-
tivity toward KP-1212 and a aucleoside reverse trancriptase
inhibitor (NRTI), AZT (Table 2}. The virus passaged in the
presence of KP-1212 demonstrated a seven-fold increase in
sensitivity toward KP-1212 and a 14-fold increase in sensi-
tivity toward AZT (Table 2.

16 Lack of cross-resistance with other
nuclepside-resistant HIV strafns

KP-1212 being a nucleoside analog, it seemed necessary
toe determine whether HIV strains resistant to other nucleoside

Table 2

[ncreased sensitivity of KP-1212 passaged virus to KP-{212 and AZT
KP-1212 ECsp? AZT ECsy®

KP-1212 navee virus {1§ch passage) oM 3.7 oM

Lt KP-1212 passaged virus (L 1th 1.4 nht 52 i

passags)
* The ECsy values were based on the wviral titer (COCIDsg).

reverse transcriptase inhibitors (NRTIs) were resistant to KP-
1212. KTMC is a steain resistant to zidovedine (Larder et al.,
1990, 1991} and 1617 is a multidrug-resistant strain resistans
10 famivedine, abacavir, zidovudine, stavudine, zalcitabing,
didanosine, and tenofovir (Kantor et al., 2001}, These drug-
resistant strains were analyzed for their sensitivity against
EP-1212 in a single passage format. Resistance to KP-1212
was not observed in either strain (Fig. 3).

3.7, Genotoxic studies of KP-1212

Since KP-1212 is a deoxyribonucleoside, theoretically it
could be incorporated into the host nuclear DNA. Detection
of mutations in the HGPRT gene in CHO cells and in male
Iymphoblasts was used as an indicator for possible muta-
genicity of KP-1212 for host genomes (0" Neill et al., 1977a;
{r'Neill and Hsie, 1977; Sussman et at., 1999}, Treatment of
CHO cells with KP-1212 ranging from 100 p.M to 1 mM did
not exhibit significant genotoxic effects on CHO cells for the
duration of the study {Fig. 4a). Similar resulis were observed
when male lymphoblasts were treated with KP-1212 at final
concentrations up to 3mM (data oot shown).

3.8, Assessment of mitochondrial toxicity

To determing if exposure to KP-1212 cansed mitochon-
drial toxicity, both a lactate assay and a test of miDNA syathe-
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KP-1212 Titer-Based Inhibition of HIY-1 RTMC and HIV-1 1617
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Fig. 3. KP-1212 ¢cross-resistance studies. RTMC is an AZT-resistant strain
containing the following resistant mutations: 67N, TOR, 215F and 2190
1617 35 a molti-drog resistand steain (ABC, DD, 3TC, D4T, TDFE, DDC
and AZT}containing the following resistant mutations: 6%, 370G, 731, 771,
TI6Y, 151M ard 184V,

sis were performed. KP-1212 did not cause a significant in-
crease in lactic acid levels at doses up to 1 mM, whereas ddC,
a known mitochondrial toxin which inhibits mtDNA synthe-
sis via chain termination, demonstrated a dose-dependent in-
crease in lactate levels {Fig. 4b). Similarly, DINA Southern dot
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Fig. 4. {a) KP-1212 genoeaxicity studies. CHO cells were treated with KP-
212 ara known mutagen, EBS. The hypoxanthine-guanine phospharibosyl
transferase (HGPRT) pene was used to measure genotoxic effects, Cells with
a defective HGPRT gene are resistant to G-thioguanine, (b} dMitochondrial
toxicity studies. CEM cells treated with either ddC or KP-12 12 were assayed
far the ascomulation of Jactic acid over a S-day-period. The results were then
comparad to the levels of the negative drug control.

blots indicated thai there was a 65 decrease of mitochondrial
DNA (mtDNA) when cells were exposed to 320 pM KP-
1212, In contrast, cells treated with 2 ane hundred fold lower
dose of ddC (3.2 pM) exhibited a 51% decrease in miDNA
relative to the negative drug control {data not shown). In an-
other report (Murakami et al., 2003}, the enzymology of KP-
1212 interaction with HIV RT, DNA pol  and DNA pol v
have been studied in greater detail.

4. Discussion

KP-1212 demonstrates a favorable therapeutic index
(CCspfECsg), in the range of 100008, using a variety of
cell lines culture. The viral inhibition curve in Fig. 1b was
obtained with HIV 1Al and similar ECsp's were obtained
with MLA-3. For many of our screening assays, NL4-3is the
preferied strain because its relative genetic homogeneity fa-
cilitates the detection of mutations induced by KP-1212. It
should be noted that ECsp values for viral mutagens may
have a different significance than ECsp values for currently
approved antiviral agents. The discordance demonstrated in
Fig. Lb between viral infectivity and conventional sumogake
markers of viral load, such as p24, is not surprising, as it
has aiso been observed in the context of in vitro trearment
of rboviruses by mutagenic RNA nucleosides (Crotty et al.,
2000, 2)1; Patiente et al., 2001} and presumably refiects the
increased proportion of non-infectious viral particles in the
presence of a vieal mutagen, in this case, KP-1212, Evidence
indicates that ribavirin increases the mutation frequency of
poliovirus by 10-fold at a concentration of 1 mb (Crotty et
al., 2001). The pon-infectious vinuses can still produce the
marker of intérest, e.g. p24 or HIY RNA, but are not ca-
pable of viral propagation. Furthermore, the ECsy of KP-
1212 has been shown to be very dependent on the MOL The
viral inhibition curve presented in Fig. 1b can be achieved
with MOI's in the range of 1:1000 to 1:5000 and after sev-
eral such experimenis, the ECsp is considered to be approx-
imately 10nM. A higher MOI leads to the integration of rel-
atively unaffected viral genomes in a larger proportion of
cells. Thus, a higher MOT leads to higher ECsg, presum-
ably reflecting fewer rounds of viral replication and less op-
portunity for incorporation of the mutagenic analog. Repro-
ducible ECsp’s cannot be reliably achieved with an MOT of
1:300 or greater. It is also noteworthy that in a single pas-
sage experiment, viral inhibition beyond 80-90% cannot be
achieved. This presumably reflects the difficulty in incorpo-
rating a sofficient number of mutations that are lethal wo all
of the viral population in 2 small oumber of cycles of viral
replication.

Serial passaging a virus with a higher MOI might be
“equivalent” to infecting cells with a lower MOI for a sin-
gle passage. To achieve viral eradication in vitro, passaging is
necessary. Viral extinction can be demonstrated by passaging
the virus in the presence of KP-1212. Not surprisingly, the
data suggest that with a higher imitial MO{, more passages arg
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necessary for viral ablation. Based un sequencing analysis of
genomes from treated versus untreated virus, it is reasonable
te conclade thar viral ablation is achieved by the increase in
number of mutations per viral genome caused by KP-1212.
This mutagenic nucleoside was selectively incorporated into
the HIV genome by the HIV RT enzyme thus pushing the
viral genome past the threshold for error catastrophe, The
majority of the mutations were G to A and A to G transitions.
There was a slight increase in the number of Cto T and T 10
Ctransitions as well. This enrichment in transittons would be
expected, based on the assumption that KP-1212 forms both
imino and amino tantomers (see Fig. 1a), The amino tantomer
would pair with guanine, while the imino tautomer would pair
with adenine. This pattern of mutations is markedly differ-
ent from that reported by enhancing the nucleatide pool in
deoxycytidine where the predominant mutational fow is A
1 G (Balzacini et al., 2001) and sugpests that an imbalance
in nucleotide pools induced by KP-1212 is unlikely to be the
principal mechanism of action. '

Though KP-1212 is a nucleoside, it differs from curcently
approved antiretroviral nuclecsides in having an unmodified
sugar moiety. [t has been suggested that one mechanism of
resistance to NRTI is achieved by pyrophosphorolysis, by
which RT excises a chain terminator preventing DNA chain
elongation, or by enhanced RT discrimination. The possibil-
ity of resistance to KP-1212 via pyrophosphorolysis is remote
since KP-1212 is not a chain terminator. Resistance due to
enhanced RT discrimination, such as the M 134V mutation,
which decreases the likehhood of incorporation of 3TC-TP
by interaction of RT with the sulfur of the oxathiolane ring
of lamivudine, is also unlikely since KP-1212 has an un-
modified sugar (Daifuku, 2003). Thus. not surprisingly, HIV
strains resistant to NRTIs like AZT and 3TC are as sensitive
to KP-1212 as wild type virus. Similardy, passage of BIV in
the presence of KP-1212 does not select for mutants resis-
tant 1o known NETIs, non-nucleoside reverse transcriptase
inhibitors {NNRTIs) and protease inhibitors (PI) (Vicologic
[nc., data not shown). Attempts to isolate a strain resistant
to KP-1212 by previowsly published methods (Larder et al.,
1590, 1991} have not been successful (data not shown). Quite
to the contrary, virus which has been exposed o KP-1212 is
more sensitive to KP-1212 than naive virus. This is in con-
trast to what is seen with other drugs, where passaging in the
presence of a particular drug usvally leads o the szlection
of a drug-resistant variant. This increased sensitivity is not
limited to KP-1212 but was also demonstrated for AZT. A
possible explanation for this phenomenon is that the genomes
of the virus exposed to KP-1212 have accumulated random
mutations theoughout the viral genome. As the vast majority
of mutations are harmful, reversions or compensatory muta-
tions necessary to mitigate the damage are unlikely to occur
at a sufficient frequency. Thus, after several rounds of viral
replication in the presence of KP-1212, the virus is less fit to
deal with another bottleneck brought about by the addition
of a new drug (Gerrish and Garcia-Lerma, 2003; Nowak and
Schuster, 19597,

Cellular DNA is subjected (0 continual artack and there
are at least 130 DMNA repair genes {Wang et al., 1998; Wood
et al., 2001). It is possible that ¥P-1212 will be efficiently
repaired should it be incorporated into cellular DNA because
of the non-aromatic (non-planard nature of the base moi-
ety. Base-excision repair has been demonstrated for oxidized
non-aromatic pyrimidines, such as deoxyuridine glycol and
thymidine ghycol (Wang et al., 1998). Based on experiments
with DHAC, there is evidence that KP-1212 is a substrate
for DA repair enzymes {Covey et al., 1986). To investigate
whether KP-1212 could be incorporated into the host nuclear
DNA, we first studied the effects of KP-1212 on the hypoxan-
thine guanine phosphoribosyl transferase (HGPRT) gene im
CHO cells and human male lymphoblasts. At concentrations
of 1-3 mM, KP-1212 did not exhibit a significant increase in
HGPRT mutants when cormpared to the negative drug control.
This 1s most likely due to enhanced discrimination and proof-
reading capability of host DNA polymerases and host DINA
repair enzymes, neither of which HIV possesses, Stodies per-
formed on KP-1212 by BioReliance {Rockvitle, MD)confirm
these findings (data not shown). KP-1212 was not found to
be mutagenic in the Ames test with or without metabobic ac-
tivation. In the mutagenicity assay in LS187Y/tk*~ mouse
Iymphoma cells, KP-1212 was positive oaly in one of two
replicates at the lowest dose tested (5{0 pg/ml) at 24h and
not at higher deses (up to 2300 pgfmli. At the highest dose
tested {2000 mg/kg of KP-1461] in the rat erythrocyte mi-
cronucleus iesk, there was an increase noted in micronuclel
in males only, and the test was reported as weakly positive.
Based on published studies, there is no evidence that KP-
1212 is more genotoxic than approved NRTIs. For example,
zidovudine has been reported 10 be moderately mutagenic
in the absence of metabolic activation at 24 h in the mouse
lymphoma assay at all doses up to 600 pg/ml {Ayers et al.,
1994},

Many NRTIs are toxic ko mitochondria {Birkus eral., 2002,
Feng et al., 2001 ; Johnson et al., 2001}, One of the hallmarks
of mitochondrial toxicity is lactic acidosis due to shut down
of the electron transport chain. Human CEM cells treated
with KP-1212 over a prolonged time do not exhibit an ele-
vation in lactic acid, whereas ddC caused a dose-dependent
increase in lactate levels. KP-1212 was not found to signif-
icantly inhibit mitochondrial DNA synthesis, Cells treated
with 320 pM KP-1212 exhibited a 6% decrease in miDNA
versusa s 1% reduction in mtDNA observed with cells treated
with ddC at 3.2 pM. These results are not surprising, as a
recent publication suggests that incorporation of nucleoside
chain terminators in mtDNA by polymerase vy and subse-
quent lack of repair by exonuclease is due to the absence of
a 3"-OH group, and that this may be a general phenomenon
extending as welt to polymerases & and & {Feng et al., 2001,
A detailed study of the enzymology of KP-1212's interaction
with the nuclear polymerase 3, the mitochondrial polymerase
+ and HIV-1 RT are described by Muorakami et al. {20035).
Mitochondrial DNA. is prone to oxidative injury due to its
proximity o the electron transport chain, Damage o miDNA



2 K5 Haras er ol £ Anniviral Research 67 {2005) -9

may be in the form of base modifications, abasic sites and
various other types of lesions. Otder literature suggests that
mitochandria lack repair mechanisms because of a study that
showed UV-induced pyrimidine dimers were not removed
from muDiNA. However, subsequent research has shown that
mitochondria have the capacity to remove oxidative damage,
although they lack any enzymalic machinery for the removal
of bulky lesions from their DNA. 1o vitro repair studies have
shown that mitochondria contain all the enzymes required
for base excision repair (BER} and that this process is very
similar in both mitochondria and nucler (Mandavilli et al.,
2002),

KP-1212 is a novel nuclegside analog for the treatment of
HIV. Instead of balting viral replication by DNA chain termi-
nation, it mutates the viral genome of HIV without demon-
strating significant genotoxicity or mitoechondrial toxicity. To
date, it has not been possible to isolate strains of HEV resistant
to KP-1212, nor to demonsirate cross-resistance to strains of
HIV resistant to conventional NRTIs. DHAC, the ribonucle-
oside analog of KP-1212 has been administered to patients
parenterally at doses of up to 7 ghm*/day (Curt et al,, 1985).
It has demaonstrated its safety in Phase 11 oocology clinical
trials where the most significant side effecis were transient
pleuritic chest pain and nausea and vomiting at parenteral
doses of 1.5-5g/m?/day {Creagan et al., 1993; Samuels
et al., 1998). It is noteworthy that DHAC has been shown
to be metabolized w0 KP-1212 by ribonucleotide reductase
(Kees and Avramis, 1995).

References

Avers, KLAL, Clive, D, Twker Jr, W.E.. Hajian, G., de Blicanda, P,
1994, Monclinical toxicology studies with zidovudine: genetic toxicity
tests and carcinngenicity bioassays in mice and rats. Fundam, Appl,
Toxicol. 32, 148-i55.

Balzarini, L., Camarasa, M1, Pérez-Pérez, M.I, San-Félix, A., Velazquez,

© 8., Perno, CF, D Clercg, E., Andersen, LN, Karlsson, A, 2001,
Exploitation of the [ow fidelity of human immunodaficiency vinus trpe
1 (HIV-1] reverse transcriptase and the nucleotide composition bias
in the HI¥-1 genome to alter the drug resistance developrent of HIV.
I VMisel, 73, 5772-3777.

Birkus, G., Hitchoock, b1 M., Ciklar, T., 2002, Assessment of mitochon-
drial toxiciy in human cells eated with tenofovic comparison with
other nocleoside reverse transcriptase inhibitors. Antimicrob, Agents
Chemother, 46, TI6-721.

Coffin, LAL, 1995, HIV populadon dynamics in vivo: implications for
genetic variation, pathogenesis, and therapy. Science 267, 483489,

Covey, 1A, D'Incalci, M., Tilchen, EJ., Zaharko, .3, Kohn, KW,
1986, Nifferences in DINA damapge peoduced by incorpocation of 3-
aza-2"-deoxyeytidine or 5,6-dihydro-5-azacytidine into DNA of mam-
malian cells, Cancer Res. 46, 5511-53t7.

Creagan, E.T., Schaid, Ev.J., Hartmann, L.C., Loprinzi, C.L., 1993, A
phase II stody of 5 6-dihydro-5-azacytidine hydrochloride in dissem-
inated matignant melanoma. Anme ). Clin. Oncol. 16, 243-244,

Crotty, 5., Maag, D, Amold, 1T, Zheng, W, Lau, LY., Hong, Z., Andino,
R., Cameron, C.E., 2000. The broad-spectrum ankiviral ribonockeoside
ribavinin is an RNA virus motagen. Nae Med. &, 13751379,

Crony, S., Cameron, C.E., Andino, B., 2001, BNA virus ecror catastrophe:
direct molecular test by using ribavicn Proc. MNatl. Acad. Sci. TI.5.A.
28, GESSHHONL

Curt, G.A., Kelley, LA, Fine, B.L., Huguenin, BM., Roth, 15, Bais1,
G., Jenkins, I, Colkizs, )., 1935, A phase I and pharmacokicelic
stedy of difydro-S-azacytidine {MSC 264880). Cancer Res, 45, 553358~
3363

Craifuka. B., 2003, Stealth rucleesides: mode of action and poential 1
in the treztment of viral diseaszs. BioDrugs 17, 169-177,

Eigen, M.. 1993, Viral quasispecies. Sci. Am. 269, 42-4%,

Feng, 1.Y., Johnson, A A, Johnson, ELA., Anderson, K5, 2001, Insights
inte the molecutar mechanism of miwchendrial toxicily by ATDS
drogs. F Bicl, Chem. 276, 23832-23337.

Gemish, P)., Garcia-Lerma, 106, 2003, Muration rate and the efficacy of
antimicrobial drug treaiment. Lancen Lofect, Dis. 3, 28-32

Iohnson, &4, Ray, A.S5. Hanes, )., Sue, Z., Colacine, .M., Anderson,
K.5., Johnson, KA., 2001, Toxiciey of antiviral necleoside analogs
and the human mispchondrial DMA polymerase. B Biol. Chem. 276,
A0E47 40857,

Kamor, K., Machekano, R., Gonzales, M.L, Dopnik, K., Schapiro, 1M,
Shafer, R.W., 2001, Huoman immunodeficiency virus reverse transcrip-
tase and protease sequence database: an expanded data model inte-
grating natueal language text and sequence analysis programs. Nocleic
Acids Res. 29, 296-299,

Kees, ULR., Avramis, VI, 1995, Riochemical phanmacology and DNA
methylation studies of arabinosyl 3-azacytidine and 5.6-dihydre-5-
azacytiding in tw0 human leukemia czll lines PER-145 and PER-163.
Anticancer Drugs 6, 303-310.

Larder, B.A., Chesebro, B, Richman, DD, 193, Soscepribilities of
zidovuoding-susceptible and -resistant human immunodeficiency vins
isplates B antiviral agents determined by using a quantiitative
plague reduction assay. Antimicrob. Agents Chemother. 34, 436
44,

Larder, B.A., Coates, K.E., Kemp, 5.0.. 1991 Zidovadine-resistant hu-
man immunodeficiency virus selected by passage in cell culure. ).
Virol, 65, 5232-5236,

Loch, oA, Essigmann, L&, Kazazi, E. Zhang. )., Rose, K.D., dulling,
LL, 1999 Lethal mutagenesis of HIV with mutagenic nucleoside
analogs. Proc. Mafl. Acad. Sci. ULS.A. %, 1492-1497

Mandavilli, B.5., Santos, LH.. Van Houwen, B., 202, Mitochondoal DHA
repair and aging. dMutat. Res. 509, 127-151.

Murakari, E., Basavapathewni, A., Bradley, W., Andersen, K5, 2005,
Mechanism of action of & novel viral moagenic covers nuclegside:
molecular interactions with HIY-F reverse transcriptase and host cell
DINA polyimerases. Antiviral Res.

Mowak, b, Schoster, P, 1989, Eror thresholds of replication in finite
populations utation frequencies and the onset of Muller's catches 1.
Theor. Biol. 137, 375395,

O Dobersy, U, Swiggard, W.I., Malim, M.H., 2000 Human immuncde-
ficiency virus fype | spinocstation enhances infecticn threugh virus
binding, ). ¥irel. 74, 1007410080,

" Meilk, )P, Bdmer, PA,, bMachanoft, R., Himsck, .. Hsie.
AW, 1977, A quantitative assay of mutation induction at the
hypoxanthine—guanineg phosphotibosyl transferase locus in Chinese
hamster ovary cells {CHO/HGPRT system): development and defi-
nition of the systerm. Mutat. Res, 43, 91-i01.

O'Weidll, LP, Hsie, AW, 1977, Chemical mutagenesis of mammahan
cells can be quantified. Mature 269, §15-817.

Paneate. N., Sierra, 5., Lowenstein, PR, Domingo, E., 2001, Efficient
virus extinction by combinatigns of a mutagen and antiviral inhibiocs.
I. Vicol, 75, 97239730, .

Preston, B.D., Poiesz, B.J., Loeh, L.A., 1988 Fidelity of HIV-1 reverse
transcripiase. Science 242, 1168-1171.

Roberts, 1.0, Bebenek, K., Kunkel, Toa., 1283, The accuracy of reverse
transeriptase from HIV-1. Science 242, 1171-1173

Samuels, B.L., Hemdon I, LE., Harmon, D.C., Carey, R, Alzper, 1., Caor-
son, LM, Suzuki, ¥, Green, BLR., Vogelzang, N.1., 1998, Dihydro-5-
azacytiding and cisplatin in the trearment of malignant mescthelioma:
a phase II study by the cancer and leukemiz group B. Cancer 8%,
15781584,



K5 Harris er al # Antivical Beserecit 87 (2005) -9 o

Sussman, H.E. Olivero, OuAL Meng, Q. Pictras, 5.M., Poirie. M.C., Wang, D, Kreutzer, DA, Essigmann, L., 1995, Mutageniciny and re-
O'MNeill, P, Finette, 8.4, Baver, M1, Walker, VE. 1999, Geno- paic of oxidative DNA damage: insights from studies using defined
texicity of 3"azido-3'-deoxyihymiding in the human lymphallasteid lesicns, MMurar. Res. 200, 99-1135,
cell ine, TKA: relationships between DNA incorporation, mutant fre- Wood, R.D., Mitchell, M., Sgouras. )., Lindahl. T.. 2001. Human DNA
quency, and spectrum of deletion mutations in HPRT, Mutat. Res. Tepair genes. Science X0, 12841259,

425, 249-250,




