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Abstract

HIWV-1 and other retrovirses exhibit mutation rates that are 1,000,000-fold greater than their host organisms. Ermor-prone viral replication
musy place Tetroviruses and other RNA viruses near the threshold of “error catastrophe™ or extinction due 1o an intclerable load of deleterious
miutations. Strategies designed to drive viruses 1o error catastrophe have been applied to HIV-]1 and 2 number of RNA viruses, Here, we
review the concept of extinguishing HIV infection by “lethal mutagenesis” and consider the utility of this new approach in combinalion with

canventional antiretroviral sirategies.
& 2004 Published by Elsevier B.V.
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1. Introduction

Variation in HI'V populations results from the ermror-prone
nature of retroviral replication and the rapid turnover of virus
in infected individuals (Coffin, 1995). Mutations in viral
genomes provide the genetic potential for immune escape,
changes in cellular and species tropism, and the development
of antiviral drug resistance (Domingo and Holland, 1997;

Rambaut et al., 2004). However, the ability of HIV to adapt”

to envirenmental pressures is not without cost; the available
evidence suggests that error-prone replication imposes a sub-
stantial genetic load on retroviral populations, as discussed
in this review. Thus, it has been suggested that the muta-
tion rates of retroviruses and other RNA viruses approach
the maximal value that is compatible with sustained produe-
tion of infectious progeny {Holland et al., 1990). Violation
of this theoretical threshold i= predicted to result in 2 sudden
and irreversible collapse of the population struchere due to an
intolerable number of deleterious mutations (Eigen, 1971,
The ensuing loss of replicative potential is referred to as “er-
ror catastrophe™ (Eigen, 2002), :
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In theory, proximity to the threshold of error catastrophe
should render HUY susceptible to extinction due to slight in-
creases in the mutation rate. This concept is the basis of an
antiviral strategy designed to specifically increase the error
rate of relroviral replication. Here, we review the theoreti-
cal and experimental grounds for this strategy, termied “lethal
mutagenesis™ {Locb et al., 1999). We begin by examining the
sources of spontaneous mutations in retroviral genomes and
the rate at which these errors are formed during viral repli-
cation. Next, we review data from in vitro studies suggesting
that mutagenic compounds can increase the mutation rate of
HI¥-1 replication beyond the error thresheld, We also address
recent findings suggesting that specific cellular enzymes can
induce & natural form of error catastrophe by directly altering
the sequence of the HIV-1 genome. Finally, we examine the
possibility of using virus-specific mutagens in combination
with conventional antiretroviral drugs, and discuss potential
challenges 1o this new therapeutic approach.

2. Retroviral mutagenesis

Genetic diversity and phenotypic variation are intrinsic
properties of retroviral populations. This fundamental aspeci
of retroviral biology was appreciated as early as 1913, when
Rous and Murphy demonstrated that chickens infected with
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serially-passaged strains of Rous sarcoma vins (RSV) often
developed tumor types that differed from those produced by
the parental virus isolate (Rous and Murphy, 1913} Pheno-
typic variation was zlso decumented in pioneering studies
by Howard Temin, who observed heritable differences in the
morphology of cells infected with different siratns of RSY
{Temin, 1960). As other retrovirus species were isolated and
characterized, it became apparent that independent isolates
of the same species often varied greatly in tumorigenic and
cytopathic potential, cell tropism, and drug sensitivity (Vogt,
1997}, This inherent instability placed retroviruses among
other RNA viruses, which exhibit similar propensities for
phenotypic change (Temin, 1989).

DINA sequence analyses later demonstrated that retro-
viruses are subject to substantial genotypic variation, as ex-
tensively documented in HIV-1 {Coffin, 1986, 1995; Desai
et al,, 1986; Goodenow et al., 1989; Hahn et al,, 1986), Esti-
mates of the average number of nucleotide differences in pair-
wise comparisons of patient isolates range from 15 to 25%
for portions of the env gene (Buonaguro et al., 1995; Leam
et al., 1996; Murphy et al., 1993; Wang et al., 1995}, Clonal
analyses demonstrate that multiple subclasses of variants si-
multaneousiy coexist in HEV-1-infected individuals and that
the relative frequencies of these genotypes often fluctuate dur-
ing the course of natural infection (Goodenow et al., 1989;
Liu et al., 2002; Meyerhans et al,, 1989; Shankarappa et
al., 1999). These findings have contributed to the widely-
accepted view that retroviruses and RMA viruses exist as
complex mixtores of related but genetically-distinct subtypes,
frequently referred to as “swarms” {Temin, 198%) or “quasis-
pecies” (Domingo et al., 1983; Domingo, 2003; Eigen, 1993},

2.1. Sources of mutations in retroviral genomes

The diversity of retroviral populations is a direct re-
sult of the error-prone nature of retrovical replication. Mu-
tations in HIV-1 geoomes primarily arise during three
distinct polymerization steps in the retrendral life cycle

(Fig. 1¥:

1} RNA-templated, minus-strand DNA synthesis by the viral
reverse transcriptase (RT).

2} DNA-templated, plus-strand DINA synthesis by RT.

3} DNA-templated, plus-strand RNA synthesis by host-
encoded RMA polymerase 11 (RNA pol 11}

Measurements of the fidelity of RT-catalvzed DMNA synthe-
sis in vifro (reviewed in Menendez-Arias, 2002; Preston and
Garvey, 1992; Preston and Dougherty, 1996; Svarovskaia
et al., 2003} indicate that reverse transcriptases are sub-
stantially less accurate than cellular replicative DNA poly-
merases. hMuch of the difference in fidelity is due to the lack

" of an associated 3 — 5’ exonucleolytic proofreading activ-

ity in RT (Battula and Toeb, 1976; Roberts etal., 1988). The
disparity in the error rates of RT and celiular replicative DN A
polymerases suggests that mutations produced during copy-
ing of integrated proviral DNA are refatively rare and con-

tribute litde 1o the genetic diversity of actively-replicating
retroviruses {Gojobon and Yokovama, 1985). This view is
suppaorted by data showing that a Targe proportion of the mu-
tations formed during a single cycle of viral replication in
culture can be attnibuted to BT (Kim et al., 1996; O'Heil et
al., 2002; Zhang, 2004). In contrast, much fess is known about
the role of RNA polymerase I1in retroviral mutation, Exper-
iments with prokaryotic and plant RN A polymerases suggest
that transcription is a relatively error-prone process (Blank
et al., 1986; de Merceyrol et al., 1992; Libby and Gallant,
1951}, though the fidelity of RNA synthesis can be modulated
by other components of the cellular transcription machinery
(Erie et al., 1993; Jeon and Agarwal, 1996; Koyama ci al.,
2003; Lange and Hausner, 2004; Shaw ¢t al., 2002; Thomas
et al., 1998). Analyses of mutations produced during retro-
viral vector replication also suggest that BiNA pol 11 fidelity
contributes to viral variation (Kim et al., 1996; O’Neil etal.,
2002). However, the magnitude of this contribution remains
unclear. .

Other sources of errors are also likely to generate diversity
in viral populations, Fluctuations in nucleotide pool levels
(Julias and Pathak, 1998; Vartaniam et al., 1994) and/or incor-
poraticn of dUTP {Chen et al.,, 2002; Lemer et al., 1995) may
generate mutations during viral DHA synthesis. Spontaneous
chemical decay of viral RNA or DNA produces aberrant
bases that miscode during transcription or reverse transcrip-
tion {Lindahl, 1593). RT incorporates damaged nucleotides
during DNA synthesis in vitre {Bebenek et al., 1999; Feig
et al., 1994; Furge and Guengerich, 1997; Hizi et al., 1997;
Kamaih-Loeh et al., 1997a; Preston et al,, 1985) and inserts
incorrect nucleotides across from damaged bases in RNA and
DMA templates (Furge and Guengerich, 1997). These find-
ings supporied the suggestion that exposure of H[V-infected
cells to damaged nucleosides might increase the viral muta-
tion rate, thereby driving HIV ta error catastrophe (Preston
ct al., 1988; see below).

Modification of bases in viral RWNA or DiNA by host-
encoded enzymes alse represents a potential source of
mutations. Studies in both RNA viruses and refroviruses sug-
gest that host enzymes other than DNA polymerases pro-
duce ‘hypermutations’, which oocur as clusters of specific
base substitutions in the viral genome (Cattanco t al., 1988;
Pathak and Temin, 199(a). Forexemple, the pattern of A = G
hypermutations observed in avian retroviruses suggests that
these mutations result from the editing activity of double-
stranded RWNA deaminases (Bass, 1997; Felder et al., 1994;
Hajjar and Linial, 1995; Pathak and Temin, 1990a). More re-
cently, the cellular enzyme APOBEC3G has been shown to
generatz G — A hypermutations in HIV-1, (Bhagwat, 2004;
Goff, 2003; KewalRamani and Coffin, 2003; Vartanian et al.,
2003; see below?}. Thus, as with other BNA viruses (Cattzneo
et al., 1588; Macnaughton et al., 2003; Murphy et al., 199i;
O’Hara et al,, 1984; Polson et al., 1996, Rucda et al., 1994),
host-encoded enzymes influence the biclogical properties of
refroviral genomes by directly altering the viral coding se-
quence,
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Fig. 1. Outline of the retroviral life cycle. Error-prone polymnerization steps that substantially contribute o the viral mutarion racs are numbersd as described in
the text. RT: reverss transceiptase; RNA pol 1L cellular BMNA polymerase II; DNA pols «%/e: cellular DINA polymerasss «, B, andior 2. (+) Plus-strand; (=

ruinus strand,

2.2. Refroviral mutation and recombination rates

Measurements of mutation rates require assays that con-
strain the virus to a known oumber of replication cycles. Early
studies of murine leukemia virus (MLV) and RSV used spe-
cific host cell types and culture conditions to limit the vins to
a single round of replication (Leider et al., 1988; Monk et al.,
1992). These approaches were superceded by the use of retro-
viral vectors that are penetically restricted to a single replica-
tion cycle (Dougherty and Temin, 1988; Gabriel et al., 1995;
Gao et al., 2004; Halvas et al.,, 2000a,b; Julias et al., 1997;
Kim et al., 15%6; Mansky and Temin, 1994, 1995; Mansky,
1996a,b; Mansky, 2000; O"Neil et al., 2002; Parthasarathi et
al., 1995; Pathek and Temin, 1990a,b; Varela-Echavarria i
al., 1592; Zhang <t al., 2002}. The majority of these assays
measure mutation rates in nonessential target genes {reo, g,
LacZo or th).

Based on the results of vector virus experiments, retro-
viral mutation rates range from 5 x 107% to 9 x 1077 (aver-
age =35 x 1073} mutations per nucleotide per cycle of virus
replication {Table 1}. Given an average genome length of
~10,000 nucleotides, this equaies o approximately .11

mutation per genome per replication cycle. The majority of
errors are single base substitutions, which occur at an ay-
erage rate of 3 x 10~ per nucleotide per round of replica-
tion. A similar base substitution rate was also ohserved for
the yeast retroelement TY-1 (Gabriel et al,, 1996} Simple
frameshifts and rearrangements are observed at average rates .
of ~5 x 105 per nucleotide per replication cycle (Preston
and Dougherty, 1996}, The average mutation rate for HIV-1
{~5 x 1073 mutations per nucleotide, Table i}is comparable
to the rates observed for several other retroviruses, and about
a million-fold greater than the mutation rates of eukaryotic
cells {Drake et al., 1998; Drake, 1999).

Vector viruses have also been used to determine the
rates of recombination between the two strands of ge-
nomic BNA that are co-packaged in retroviral virions, For
HIV-1, homologous recombination occurs throughout the
genome at a rate of 2-3 crossovers per round of replica-
tion in cultured fibroblasts (Hu et al, 2003; Jetzt et al,
2000, Negroni and Bue, 2001; Onafuwa et al, 2003
Rhodes et al., 2003; Yu et &l,, 1998; Zhuang et al., 2002}
and 10-30 crossovers per replication cycle in T lympho-
cytes and macrophages (Levy et al,, 2004). Recombina-
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Table ]
Forward mutation rates of retroelements

Element Target dutations per base pair per replication cycle References
Base substitutions All classes*
Retrovinuses
HIV-I EocZu 2x10°% I 1075 Mansky and Ternin [1995) and Mansky (199623
Viral genome 4 % 10-F S 103 Gao et al. (2004}
LTE B 1075 9 104 O Meil et al, {2002}
MLY LocZa 3 g ND* Halvas et a1, (2004,b) and Zhang et al. (2002)
Gip 3 5t WD Zhang et al. {2003
¥i 4 3x 1073 Ix 1073 Parthasarathi et al. (1995}
SNV LorZo [ [ 2% 104 Julias et al. (1997), Kim et al, (1996) and Pathak and Temin {19%02,b)
HILNV-1  lecPa 45 196 7% 10°% Mansky £2004]
BLV LacZy 1106 Sx 10 ¢ Mansky and Temin {1994)
Refrotransposon
TY-1 TY genome T [ ND Gabricl et al. {1996)
Averupe I 1073 Sx 107

# Includes base substitutions, frame shifts, genetic rearrangements (imsertions/deletions) and hypermutations.

B As calculated in Svarovskaia ctal. (2003).
© Mot determined.
% As calowlated in Drake ctal. {1995},

tion also frequently results from template switching dur-
ing obligatory primer stzand transfer steps in the reverse
transcription process {Fu et al., 1997; Yu et al., 1998:
Zhang and Temin, 1993). Clearly recombination events con-
tribute to viral diversity in HIV-infected individuals, as sirains
that are hybrids of differing subtypes are endemic in cer-
tain geographic regions {Kuiken et at,, 2001). Recent snaly-
ses of splenocytes from HIV-1 infected patients show that
cells harboring three or more genetically-distinct proviral
copies are relatively common in vivo (Jung et al., 2002).
These multiply infected cells provide ample opportunity
for recombinaticn-mediated rescue of defective genomes, as
demonstrated in vilro {Dang et al.,, 2004; Li et al,, 1992),
and likely contributes to the sustained viability of HIV-1
and other retroelements that exhibit high mutation rates. In-
terestingly, HIV-1 {5 about 10-times more recombinogenic
than several other refroviruses including spleen necrosis virus
(SNV}, MLV and human T-cell leukemia virus type 1 (HTLY-
1) (Jetzt et al, 2000; Levy et al., 2004; Onafuwa et al.,
2003; Rhodes et al, 2003; Yu et al., 1998). Lethal mu-
tagenesis may be particularly effective against retroviruses
with low recombination rates, due to their presumably di-
minished capacity for recombination-mediated repair of de-
fective genomes.

Collectively, the aforementioned studies reveal many of
the mechanistic details underlying the generation of diver-
sity in retroviral populations. This diversity provides the raw
material for viral adaptation, as witnessed by the rapid emer-
genee of variants that thowarnt containment by the hostimmune
system (Klenerman et al., 2002; Stebbing et al., 2003) and
the common appearance of drog-resistant mutants during an-
tiviral therapy {Shafer, 2002,

3. Error catastrophe in HIV
3.1. Evidence for an error threshold in HIV replication

The same emror-prone replication strategy that provides
retroviruses with exceplional adaptability also imposes a
substantial load on the population by contirually produc-
ing defective genomes. The highly defective character of
retroviral isolates was appreciated in early studies of avian
retroviruses, which revealed that a sipnificant proportion
of the proviral copies isclated from infected cells con-
tained deletions, rearrangements or other defects in the
viral genome (Fung et al, 1981; Hughes et al, 157%;
O'Rear and Temin, 1981). Similar findings were also re-
ported for other retroviruses (de Woronha et al, 1996;
Hiramatsu and Yoshikura, 1986; Shields et al., 1973). For
HI¥-1, the frequency of defeétive proviruses in various tis-
sue compartments ranges from 10 to 70%, based on anal-
vses of specific portions of the genome (Li et al., 1991;
Sanchez et al,, 1997). Experiments with retroviral vectors
have confirmed that defetions, insertions, duplications and
frameshift mutations arise at high rates during retroviral
replication {Gao et al., 2004; Mansky and Temin, 1994,
1995; dansky, 2000; Panhasarathi et al., 1995; Pathak
and Temin, 1999ab). For example, as many as 50% of
MLY proviruses produced during a single cycle of replica-
tion contain gross sequence rearrangements (Parthasarathi
et al., 1995} Deleterious point mutations also arise at high
rates in HIV-] (Gao et al, 2004) and other retroviruses
(Table 1). Thus, it is clear that spontaneous mutations are
a significant cause of defective particles in retroviral popula-
tions.
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Support for the idea that retrovirsses exist near the er-
ror threshold can be found in experiments that examine the
effects of mutagenic conditions on virzl replication and mu-
tation. Early studies of SNV showed that exposure of infected
cells to S-azacytidine {5-azaC) conferzed a 15-fold increase
iz the viral mutation rate and a concomitant 95% reduction
in titer, with minimal celluiar toxicity {Pathak and Temin,
1992). Similarly, agents that alter the intracetlular concen-
trations of dNTPs (i.e. hydroxyurea or thymidine) modestly
increase the mutation frequencies and‘or rates of SNV, MLV
and HIV-1 vectors (2 5-fold), often with significant reduc-
tionsin replication capacity (Julias and Pathak, 1998; Mansky
et al., 2002, 2003; Pfeiffer et al., 1999). Chain-terminating
nucleoside analogs with potent antiviral activities also perturb
nucleotide pools and canse elevated mutation frequencies in
cultured retroviruses (Jewell et al., 2003; Julias et al., 1997
LaCasse et al., 1996; Mansky and Bernard, 2000; Mansky
et al., 2002, 2003). Together, these observations are consis-
tent with the idea that as the error threshold is approached,
small increases in mutation rates result in disproportion-
ately large declines in wviability (Domingo, 2003; Eigen,
20023,

Similar studies suggest that the high mutation rates of
RNA virusesalsoapproach the error threshold. In early exper-
iments with peliovirus and vesicular stomatitis virs (VSV},
exposure of virus stocks to increasing doses of chemical mu-
tagens resulted in up to 100-fold reductions in infectious titer,
with comesponding increases in mutation frequency of three-
fold (Folland et al., 1990}, Similar results have been obtained
inmore recentstudies of RNA vimses cultured in the presence
of mutagenic nucleoside analogs {Airaksinen et al., 2003;
Crotty etal., 2000, 2001; Grande-Perez et al., 2002; Pariente
et al,, 2001, 2003; Ruiz-Jarabo et al., 2003; Severson et al,,
2003; Sierra et al., 2000; Zhou et al., 2003; see other arti-
cles this issug}. [n mest cases, dramatic losses in titer wers
coincident with slight increases in mutation frequency. With
the exception of the lytic bacteriophage QB, RNA virus and
refrovims mutation rates are similar (Drake, 1993; Drake et
al, 1998; Drake and Holland, 1999). Thus, it appears that the
spontaneous mutation rates of both retroviral and BNA viral
genomes are close te the eror threshold (Domingo, 2003;
Eigen, 2002},

Other expenments have taken a genetic approach to ex-
amine the effects of increased mutation burden on retroviral
replication. Amino acid substitutions that reduce HIV-1 BT
fidelity in biochemical assays yield only modest (three- to
four-fold) increases in virus mutation rates (Mansky, 2000;
Mansky et al., 2002, 2003}, Similar RT fidelity mutants intro-
duced inte MLV result in a maximal {ncrease in virus muta-
tion frequency of six-fold, with the majority of substitutions
greatly reducing viral replication (Halvas et al., 2000a,b).
This pattern of modest mutation rate increases coupled with
substantial replication loss suggests error catastrophe. How-
gver, mamy amine acid substitutions that reduce BT fidelity
also compromise enzyme activity, and it is likely that the
reduced replication capacities observed in many of these ge-

neticaily engineered viruses result from reduced BT activity
and not ermor catastrophe. This is supported by recent stud-
ies showing that combinations of druzgs and mutator RTs can
increase HIV-1 mutation rates up to 30-fold (Mansky et al,
2002). Clearly, additional experiments arc required to firmly
establish the upper limit of the retroviral mutation rate.

3.2. HiV-i restriction by APOBECIG: host
cefl-medicied error catastrophe?

Recent studies of host cell factors that restrict HIV
infection have revealed what may be a natural form of eror

" catastrophe{reviewed in Goff, 2003; Gu and Sundquist, 2003;

KewalRamani and Coffin, 2003; Vartanian et al., 20037, Ithas
long been recognized that the vical protein Vif is essential for
replication of HIV in primary CD4™ T lymphocytes and somie
immortalized T cell lines (Chowdhury et al., 1995; Fisher st
al., 1987; Strebel et al , 1987; von Schwedleretal., 1993). The
diminished infectivity of Avi virions results from the pack-
aging of host-encoded apolipoprotein B mRNA-editing com-
plex 3G (APOBECIG, formerly known as CEMIS (Shechy
et k., 2002). This enxyme is 2 member of the cytidine deami-
nase superfamily, which includes activation-induced cytidine
deaminase (AIDY), adenosine deaminases that act on RNA
(ADARs}, and other AFOBEC family members {Gerber and
Eeller, 2001}, Incorporation of APOBEC3G into vitions re-
sults in deamination of minus-strand cytidines, thereby lead-
ing to G — A hypermutation of the plus-strand of newly
synthesized HIV-1 DNA (Harris et al., 2003; Lecossier et
al., 2003; Mangeat et al., 2003; Zhang et al., 2003b). Thus,
APOBEC3G appears to inhibit HIV-1 replication by direct
medification of the viral genome. Vif counteracts this inhi-
bition by interacting with APOBEC3G and preventing its
incorporation into vicions (Xu et al, 2004 and references
therein}. .

The paitern of G — A hypermutations observed in Avif
genomes suggests that APOBEC3G-catalyzed deamination
occurs during andfer immediately following minus-strand
DMA synthesis (Harris et al,, 2003; Mangeat et al., 2003;
Zhang et al., 2003b). However, the exact stage of the re-
verse transcription process that is tarpeted by APQOBEC3G s
unclear. One possibility is that APCBEC3G begins deaminat-
ing single-stranded DNA following the degradation of pls-
stranded RMNA by the RMase H funcion of RT. This would
be consistent with the prefereniial ability of APOBECIG
to deaminate cytidine residues in single-stranded DNA in
vitro {Harrs et al,, 2003; Suspene et al,, 2004; Yo et al,,
2004b), and would also be in agreement with the subsirate
specificities observed for related nucleic acid deaminases
(Bhagwat, 2004; Gerber and Kelier, 2001}. For example,
APOBEC] deaminates cytosine in single-stranded DMA
and BNA but not double-stranded DMA {Petersen-Mahrt
and Meuberger, 2003; Teng et al., 1993}, and activation-
induced deaminase targets cytidine bases in single-stranded
DMA but not double-stranded DNA or DNA-RMA hybrids
{Bransteiiter et al., 2003; Dickerson et al., 2003). However,
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the possibility remains that APOBEC proteins act on RMA
andfor DNA-RNA hybrid duplexes that are formed during
reverse transcription (Bishop et al., 2004b}. Further biochem-
ical studies would reveal specific substrate requirements for
deamination of the HEV genome.

While the evidence suggests that miscoding resulting
from deamination is the primary mechanism of APOBEC3G-
mediated restriction, other processes tnay also contribute
to the antiviral action of this host cell enzyme. First, con-
version of cytidine to uridine by APOBEC3G may result
in aberrant initiation of plus-strand DNA synthesis by RT
(Klarmann et al., 2003}, which would presumebly resuit in
loss of viral infectivity. In addition, deoxyuridines generated
by APOBEC3G are likely substrates for host-encoded uracil
DMA-glycosylases, which generate abasic sites in the DNA
strand (Krokan et al., 2002}. Abasic sites are recognized and

cleaved by apurinic/apyrimidinic endenucleases (Dianov et

al.,, 2003}, and the resulting strand breaks would likely re-
sult in degradation of the viral DMNA. This may explain the
reduced levels and increased lability of viral DNA formed af-
ter infection of cells with Avif virons (Fouchier et al., 1996;
Mangeat et al., 2003; Mariani et al,, 2003},

The discovery of APOBEC3G as a mechanism of host cell
restriction provides an avenue for the development of agents
that specifically enhance the antiviral activity of this editing
enzyme (Harmis and Liddament, 2004). It may be possible to
design small-molecule inhibitors that interfere with the bind-
ing of Vif to APOBEC3G, resulting in lethal deamination
of viral genomes in cells that are otherwise permissive for
HIV infection. In addition, it is plausible that other cellular

_enzymes target the HIV genome for editing or modification,
and that these activities are normally iohibited by viral pro-

teins in 2 manneranalogous bo the interaction between Vifand

APOBEC3HG (3ee note added in proof}. Thus, the induction
of “lethal editing” (Manpeat et al., 2003} by promoting the
enzymatic modification of viral RNA or DNA may provide
an important therapentic tool to control HIV infection.

4. Mutagenic nucleoside analogs as antiretroviral
agents

- Two strategies for lethal mutagenesis of HIV have been
proposed, both involving aucleic acid precursors that are
incorporated into the viral genome and mispair at high
frequencies (Fig. 2. In the first scenario, a mutagenic
ribonucleoside-5'-triphosphate analop is incorporated into
newly-transcribed viral RMA by cellular RNA polymerase 1T
(Fig. 2, Step 1), resulting in incorrect base-pairing during sub-
sequent RT-catalyzed minus-sirand DNA synthesis in newly
infected cells (Step 2, (Loch and Mullins, 2000)). Given the
absence of RT-associated proofreading activity {Roberts et
al, 1988) and the relatively poor activity of DNA repair
enzymes on RNA-DNA hybrid duplexes (Kamath-Loeb et
al., 1997b), these mismatched nucleotides are unlikely to
be excised from the nascent viral DNA. Incorporation of

the adducted base into host cell mRNA is expected to have
relatively minor consequences, due to the short halflives
of these molecules (Ross, 1996) and the fact that mENA
copies do not become part of the cellular genome unless the
RMNA is retrotransposed by an endogenous RT (2 relatively
rare event). However, a fraction of the analog may be con-
verted to the deoxy-form and polymerized into both viral and
host DNA. The cellular genctoxicity of these adducts would
likely be mitigated by the activities of specific repair en-
zymes, lesion bypass polymerases, and proteins that fagilitate
recombination-mediated repair of cellular DNA (McGowan,
2003). Thus, mutagenic analogs would presumably be sig-
nificantly more deleterious to the virus than to the host ceil,
In the second strategy, lethal mutagenesis is achieved
using a mutagenic deoxyribonucleoside analog that is me-
tabolized to its 3'-riphosphate by cellular enzymes and in-
corporated into nascent viral DNA by ET (Loech et al.,
1999}, Analogs that are incorporated into viral DINA during
RT-catalyzed minus-strand DNA synthesis (Fig. 2, Step 2)
gencrate mispairs during subsequent plus-strand DNA syn-
thesis (Step 3) and are likely to avoid repair in the precursor
EMNA-DNA duplex (Kamath-Loek et al., 1997b). SimilarTy,
analogs incorporated during plus-strand synthesis (Step 3)
generate mispairs when copied by host DMA polymerases
(Step 4}. As noted above, analogs that are incorporated into
cellular DNA are subject o repair, bypass or avoidince
through recombination (McGeowan, 2003). Although addi-
tional specificity can theorstivally be accomplished wsing
analogs that are better substrates for BT than for host poly-
merases, this impoertant goal remains & be achieved.

4.1, Initial stuedies with 3-0H-dC

Efforts to develop strategies for lethal mutagenesis of HiV
have focused primarily on the antiviral properties of muta-
genic deoxyribonucleoside analogs. Initial experiments in-
volved a series of deoxyribonucieosides known to generate
mutations during DNA synthesis by RT and/or cellular DN A
polymerases (Loeb etal., 1999). Theseanalogs were screened
for the ability to increase the viral mutation frequency during
seven senal transfers of HIV-1 in culture, Two analogs that
produced the largest increases in mutation frequency (three-
to five-fold} were chosen for further study. Passage of virus
stocks for an additional seven fransfers in the presence of
O-methyl-dT did not cause a significant reduction in titer, as
measured by the concentration of HIV-1 capsid p24 in culture
supematants. In contrast, passage of the virs in the presence
of 1 md S-hydrexydeoxycvtidine {5-0H-dC) resulted in a
suddenr and dramatic drop in p24 levels in passages 13 and
16. Mo loss of titer was observed in parallel HIV-1 cultures
passaged in the absence of the analog, Sequence analyses
of PCR products amplified from passage 16 virus revealed a
six-fold increase in the frequency of G — A substitutions in
cloned DNA fragments from the analog-treated cultures rel-
ative to the untreated control cultures. This resnlt is consis-
tent with the incorporation of 5-OH-dCMP opposite template
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Fig. 2. Proposed strategics for lethal mutagenesis of HIV. Left: Incorperation of a mmutagenic riboninclecside-5 - iriphosphate analog {r* TP) into the nascent
RNA, genome of HIV by RNA polymerase I (RNA pol Ii). Right: Incorporation of 2 mutagenic deoxyribonuctesside-5'-triphosphate analog (4N" TP) ot
the viral DNA by RT and generation of matations {chevran symbxls) during subsequent pelymerization steps. A portion of the analogs incorporated during
RF-catalyzed plus-strand DINA synthesis are likely to be repaired by cellular enzymes, and thus would not result in mispaic formation, Mumbers refer to different
steps in the replication cycle at which base analogs are inserted andfer copied by polymerases, as deseribed in the text.

G residues during RT catalyzed minus-strand synthesis, fol-
lowed by incorporation of dAMP opposite the lesion site dur-
ing plus-strand synthesis (Kreutzer and Essigmann, 199%;
Purmal et al., 1994). The mutator effect of 5-0H-dC was
specific for G — A substitutions; no significant increase in
overall virus mutation frequency was observed in the analog-
treated cultures. S

Two additional serial passage experiments were per-
formed to verify the effects of 5-0H-dC treatment on HIV-1
replication. In four of the six analog-treated cultures, titers
declined to levels below the Hmit of detection after 8-25
passages and were not recovered in additional passages of
the culiure supernatants. The remaining two analog-treated
HIV-1 cuoltures retained detectable titers after 25 passages;
detectable levels of virus in one of these were abolished after
a total of 58 passages (Loeb, unpublished data), As in the
first experiment, titer loss was coincident with an increase
{three-fold} in the frequency of G — A substitutions. Viral
titers were not significantly diminished in any of the unireated
control culmres passaged in parallel.

Based on these data, we can conclude that exposure of
HIV-1-infected cells to 5-OH-dC frequently results in loss of
detectable levels of virus, with a concomitant increase in the
G — A mutation frequency. These observations are consis-
temt with the idea that the dramatic drop in viral titers resulted
from the entry of HIV-1 into error catastrophe (Domingo,
2043 Eigen, 2002). Continued viral replication in one of the

analog-treated cultures may have been due to the emergence
of 5-0H-dC-resistant mutants, although this possibility re-
mains to be addrezsed.

4.2, Other mutagenic nucleosides

The results obtained with 5-OH-dC suggest that specific
nucleoside analogs containing modified bases are effective
HIY mutagens. However, the relative high concentrations of
5-0H-dC used in these experimenis (0.5~1.0mM} and the
long culture periods required {o raduce viral titers make this
particular compound a questionable candidate for clinical de-
velopment,

To identify mutagenic deoxyribonucleosides with im-
proved potency, purine and pyrimidine analogs containing
aberrant bases have been screened for anti-HIV activity in
cell culture, These experiments have produced two deoxy-
cytidine compounds for further study. The first of these,
5-formyl-2’-deoxycytidine (5-fo-dC), is an oxidation prod-
uct formed by exposure of S-methyl-2'-deoxycytidine to ul-
traviolet or gamma radiation: {Bienvenu et al., 1996; Privat
and Sowers, 1996). 5-fo-dC readily base pairs with A or T,
forming C— T or C— A mutations during celi-free DNA

synthesis by Escherichia coli DNA polyimerase I (Karino et
al,, 2001} and in mammalian cells (Kamiya et al., 20023,
Treatment of cells with 5-fo-dC inhibited HEV replication
within a single passage, with an ECsq (the concentralion
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of inhibitor required to reduce virus replication by 50%} of
3 pb (Daifuku, 2003}, Inhibition of viral replication cor-
related with a two-fold increase in mutation frequency. No
cytotexic effects were observed at 5-fo-dC concentrations as
high as 1 mM. The second compound, 5,6-dihydro-5-aza-2'-
deoxycytidine (SN1212), provides even greater potency of
inhibition, with an ECsy of 10 oM (Daifulu, 2003). The an-
tiretroviral efficacy of SN1212 is currently being evaluated
in an animal model of HIV-1 infection.

The potential for using mutagenic ribonucteosides to in-
hibit HIV infection has been largely unexplored. However,
the observation that 5-azaC inhibits SNV replication and con-
fers a substantial increase in mutation rate {(Pathak and Temin,
1992} suggests that cerfain ribonucleoside base analogs may
be effective retroviral mutagens. The antiviral activity of 3-
azaC has been confirmed in conventional drug susceptibility
assays with HIV-1 in vitro (ECsps =1 p; (Bouchard et al.,

1994). Thus, 5-azaC may represent a prototypic ribonuclen-

side for lethal mutagenesis of HIV,

Additional efforts to identify mutagenic nucleesides have
used a cell-free reaction system that mimics the wanscrip-
tion: and reverse transcription steps of the retroviral life cycle
{Moriyama et al., 2001}). In this assay, plasmid DNA serves
as a template for T7 BNA polymerase-catalyzed transcrip-
tion, and the resulting RNA copies are reverse-transcribed
using avian myeloblastosis virus (AMV) RT. cDNA copies
from the RT reaction are amplified by PCR, recloned into
the plasmid vector and sequenced to score mutation fre-
quency. This system was used to evaluate the mutagenic
potential of nuclecside “P” which contains the tactomeric
base analog 6H,8H-3 4-dikiydropyrimido[4,5-c][1,2]oxazin-
F-one (P) (Morivama et al, 2001). The deoxyribose-5'-
triphosphate form of this analog (dPTP) base pairs with
template bases A or G (MNegishi et al., 1997) and penerates
high frequencies of all four possible transition mutations in
cell-free polymerase seactions {Zaccolo et al., 1996). Simi-
larly, the ribonucleotide analog rPTP enhanced the frequency
of error formation in the transcription/reverse transcription
system, primarily due to an increase in C— Tand T— C
mutations (Monyama et al., 2001). The ability of 1P or dP to
increase retroviral motation frequencies andfor inhibit viral
replication has not been reported.

4.3. Antiviral mutagens in combination therapy

Ideally, analogs that increase mutational loads would in-
teract favorably with other drugs currently used to treat BIV
infection. A beneficial synergistic action may result from
therapentic regimens involving combinations of mutagenic
base analegs and conventional chain-terminating nucleoside
inhibitors. The inhibitory potential of a chain-termunator de-
pends in pari on its relative. concentration with respect to
its corresponging physiclogical ANTP. Thus, improved po-
tency can be achieved by diminishing the intracellutar con-
centration of the competing substrate. This effect has been
demonstrated [n vitro for a number ef inhibitor/pool modifier

combinations (Ahluwalia et al., 19%4; Balzarini et al., 1991;
Borroto-Esoda et al., 2004; Foli et al., 1997; Gao ctal., 1999;
Johns et al., 1993) and is the mechanistic basis for the clini-
cal use of hydroxyurea with chain-terminating T inhibitors
(Lor and Lisziewicz, 2000; Rossero etal., 2003; Stebbing et
al., 2004). Interestingly, alterations of dNTP precursor pool
levels also enhance error formation during retroviral repli-
cation (Julias and Pathak, 1998; Mansky et al., 2002, 2003;
Pfeiffer et al., 1999}, as discussed above. Thus, potent viral
inhibition might be achieved using mutagenic nucleosides
that simultanecusly exhibit two modes of action; modulation
of ANTP pools to enhance chain termination and induce a
mutagenic state in the host cell, and enhancement of mispair
formation by incerporation into the HIV genome.

5. Potential challenges to antiretroviral mutagenesis

Many of the same barriess {0 conventional antiretroviral
therapy are likely to present obstacles for lethal mutagenesis.
A primary concern is the issue of viral latency. Several cel-
luiar and anatomical reservoirs contribute 1o the long-term
persistence of HIV-1, even in patients whose peripheral vi-
ral loads are suppressed to undetectable levels (reviewed in
Pierson et ai., 2000). Of these, the latent population of in-
tegrated, replicativn-competent genomes in Testing CD4* T-
cells is perhaps the most worrisome (Chun et al., 1995). This
reserveir is believed to be extremely stable {12 ~1—4 vears)
and may be continvally reseeded by Iow levels of ongoing
viral replication during suppressive therapy. Activation of
resting CD4" T-cells by antigenic or mitogenic stimuli re-
sults in the production of infectious virions in vitto, and is
likely to contribute to the resurgence of viral loads following
interruption of drug treatment in vive {Pierson et al., 20000,
Therefore, the maximum therapeutic benefit that can be real-
ized from lethal mutagenesis is probably durable suppression
of viral lead, rather than complete clearance.

Another potential obstacle o antiviral mutagenesis is the
development of drug resistance. HI'V-1 variants resistanito all
currently approved drups have been extensively documented
and characterized {Parikh et al., 2001 ; Shafer, 2002}, and pa-
tients failing combination therapy frequently harbor vimses
resistant to one or more drugs in the regimen (Englund et al.,
2004; Gallego et al., 2001; Havlir et al., 2000, In addition,

. detection of resistant variants prior to initiation of treatment

is often an independent predictor of therapy failure (Litle
et al., 2002, Van Vaerenbergh et al, 20000, Thus, the de-
velopment of drog resistance is generally associated with a
poor clinical ontcome. The use of mutagenic nucleosides in
combination with conventional drugs is unlikely to prevent
the development of resistance, as similar treatments of eul-
tures infected with the RNA virus FMDV readily select for
tnhibitor-resistant variants (Pariente et al., 2003}. The identi-
fication of ribavirin-resistant mutants in culture (Pfeiffer and
Kirkegaard, 2003; Scheidel etal., 1987; Scheidel and Stollar,
1991} and in patients infected with hepatitis C virus {Young
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et ak., 2003} suggests that resistance to mulagenic analogs
is also a likely outcome. These findings raise the intriguing
question of how HIV might evolve to acquire a mutagen-
resistant phenotype. Cne possibility is that mutatiens in RT
would compromise the binding andfor insertion of dNTP base
anatags at the primer temminus, thereby diminishing their in-
corporation during DIMA synthesis. In the case of ribonucle-
oside analogs, resistance may be more difficult to achieve
since incorperaticn is dependent on the host cell RNA poly-
merase. However, substitutions in BT that favor insertion of
the “correct” nucleotide opposite adducted bases in the RNA
template strand could potentially produce resistance to the
mutagen. While evidence for such a mechanism is lacking,

the ability of HIV to tolerate substantial genetic change in RT

(Smith et al., 2004} suggests that resistance to mutagens will
not be prevented by functional constraints in the viral poly-
merase. Selection and characterization of mutagen-resistant
HIV matants in cell culture could readily address this issue.

6. Perspectives

Aldthough lsthal mutagenesis has been demonstrated in
HIV-1 and a variety of other RNA viruses, several impor-
tant questions conceming this strategy remain unanswered.
Perhaps the most important experimental task is delineating
the exact mechanism by which muotagenic nuclensides exert
antiviral effects. Specifically, the possibility that viral muta-
gems reduce titers by blecking other steps in viral replication
should be more theroughly addressed. Important examples
of the pleiotropic effects of viral mutagens can be found in
studies of ribavirin, a broad-spectrum inhibitor of RNA vinus
replication. Ribavirin treatment of infected cells induces ¢l-
evated error frequencies in several viruses, suggesiing that
drug-induced mutagenesis coniributes to loss of viral viabil-
ity (Adraksinenetal., 2003; Crotty et al., 2000, 200 1: Kanda et
al., 2004; Seversan et al., 2003). However, a number of other
modes of action have also been proposed for ribavirin {re-
viewed by Benamoch et al., 2004; Crotty et al., 2002; Zhang
etal,, 2003a). It therefore is likely that the drug exterts several
antiviral effects, even in cases where enhanced mutagenesis
is presumed to be the principal mechanism. In addition, rib-
avirin and other viral mutagens may perturb host cell home-
ostasis by interfering with BNA splicing {Ghoshal and Jacob,
1997) or post-transcriptional RNA modification (Longley et
al,, 20037, Simple measurements of cytotoxicity are likely to
underestimate the subtle cytostatic effects of viral mutagens
on host cell nucleic acid biosynthesis and metabolism.

Finally, the issue of clinical utility must be addressed. Vi-

ral Jatency is a serious obstacle to conventional antiretroviral

therapy (Pierson et al., 2000 and is Likely to present similar
barriers to clearance by lethal mutagenesis. However, the
recent observation that viral mutagens prevent persistent
arepavirus infection in mice (Ruiz-Jarabo et al, 2003) is
encouraging and suppests that similar inhibitors of HIV can
be identified that are safe and effective. Mutagenic analogs

may be useful both for the treatment of drug-naive patients
and for salvage therapy of individoals harboring virus resis-
tant to conventional antiretroviral drugs. Similarly, sirategies
that induce a mutagenic state by altering nucleotide pool
levels, enhancing the lethal editing activity of APOBEC3G,
or activating other nucleic acid-editing enzymes represent
novel approaches to antiretroviral therapy. Further research
in the emerging field of viral error catastrophe should provide
valuable insights into the effects of elevated mutation rates
on viral replication and inspire promising new approaches
for treating HIV infection.

Note added in proef

While this review was in preparation, several other deam-
inases in the APOBEC family have been shown to generate
G — A hypermutations in HIV-1 and/or simian immunode-
ficiency virus (Bishop et al., 2004a; Liddament et al., 2004;
Wiegand ¢t al., 2004; Yu et al., 2004a; Zheng et al., 2004).
For a review of these and other recent discoveries related to
APOBEC-medizated restriction, see (Harris and Liddament,
2004).
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