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Abstract

The concept of eliminating HIV-1 infectivity by elevating the viral mutation rate was first
proposed over a decade ago, even though the general concept had been conceived earlier for RNA
viruses. Lethal mutagenesis was originally viewed as a novel chemotherapeutic approach for
treating HIV-1 infection in which use of a viral mutagen would over multiple rounds of replication
lead to the lethal accumulation of mutations, rendering the virus population non infectious —
known as the slow mutation accumulation model. There have been limitations in obtaining good
efficacy data with drug leads, leaving some doubt into clinical translation. More recent studies of
the APOBECS3 proteins as well as new progress in the use of nucleoside analogs for inducing
lethal mutagenesis have helped to refocus attention on rapid induction of HIV-1 lethal
mutagenesis in a single or limited number of replication cycles leading to a rapid mutation
accumulation model.
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Revisiting HIV-1 lethal mutagenesis

The concept of HIV-1 lethal mutagenesis (see Glossary) was first described over a decade
ago and was received with tremendous promise and enthusiasm [1]. Over the intervening
years, it has become clear that the details regarding the molecular basis for HIV-1 lethal
mutagenesis are more complicated than was originally believed and that it has been quite
challenging to identify therapeutics that would allow for translation of a clinically-approved
lethal mutagenesis therapeutic strategy for HIV-1 infection. Important encouragement in
development of lethal mutagenesis as an anti-HIV-1 strategy occurred in the past few years
from the discovery of the APOBEC (apolipoprotein B mRNA editing complex) family of
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cytosine deaminases (particularly the APOBEC3 family), for which the prevailing evidence
indicates that members of this family represent an evolutionarily conserved defense
mechanism against viruses as well as other molecular parasites [2]. The primary antiviral
activity of these enzymes is C-to-U hypermutagenesis of single-stranded viral DNAs —
which for HIV-1 occurs during the minus-strand DNA synthesis of reverse transcription and
leads to G-to-A hypermutagenesis in the plus-strand DNA [2]. The observation that cells
have evolved antiviral mechanisms involving lethal mutagenesis suggests that therapeutic
approaches involving enhanced viral mutagenesis are ultimately seeking to mimic what has
already been established in evolutionary time as a potent and effective antiviral strategy.

The early thoughts regarding the basis of HIV-1 lethal mutagenesis — as well as approaches
envisioned for other RNA viruses — proposed that the slow accumulation of mutations
introduced by a mutagenic nucleotide analogue over multiple rounds of replication, which
would slowly elevate the virus mutational load until the induction of lethal mutagenesis
(known as the slow mutation accumulation model). The discovery of the APOBECS3 proteins
led to the realization that lethal mutagenesis could arise in a much more robust and rapid
manner. Specifically, APOBECS3 proteins can induce HIV-1 lethal mutagenesis within a
single round of viral replication [2—4]. This observation is important because the rapid
accumulation of mutations for inducing lethal mutagenesis helps to eliminate many concerns
regarding the clinical translation of such an antiviral intervention strategy with the slow
mutation accumulation model. One concern, which is not supported by experimental data, is
the selection of new virus variants with altered biological properties. Here, we argue that
both a new conceptual understanding of HIV-1 lethal mutagenesis as well as promising new
experimental approaches to induce rapid virus extinction with minimal cell toxicity provide
the basis for renewed enthusiasm in the development of this novel antiviral strategy.

Concept of lethal mutagenesis

The basic concept of lethal mutagenesis is based on the idea of reaching the error threshold
as well as a collapse of viral infectivity among virus variants within the population
(reviewed in [5-7]). This is a novel antiviral strategy for the elimination of virus infectivity
by the elevation of viral mutations and has yet to be reached by clinically approved
therapeutics, though the possibility of ribavirin acting as a mutagen in the treatment of viral
infections (e.g., hepatitis C virus, HCV) cannot be excluded. Such an outcome could occur
by virus replication in the presence of mutagenic agents such as nucleotide analogues, or
could arise through the action of cellular nucleic acid editing enzymes, such as the
APOBECS3 proteins (Figure 1). Holland and colleagues published the first experiments with
poliovirus and vesicular stomatitis virus (VSV) to show that elevated viral mutagenesis led
to a negative outcome in terms of the adaptation and survival of the virus population [8].
The term “lethal mutagenesis' was coined by Loeb, Mullins and colleagues [1] in the first
published account of the error catastrophe concept in HIV-1. Error catastrophe is a term
used to describe the scenario for when the consensus sequence within the viral population
(called the “master’ sequence) is no longer the most fit and there is a drifting into the
sequence space that can lead to noninfectious and nonfunctional virus genome sequences
[9]. The ultimate movement of change in the “master' sequence to an unfit viral genome
leads to the successful penetration of the error threshold and entry into error catastrophe.
Complete loss of the “master' sequence represents virus extinction.

At the molecular level, lethal mutagenesis is initiated by an elevation of the viral mutation
rate (i.e., enhanced mutagenesis). This increase in mutation rate can result in the generation
of defective, but replication-competent viruses (called “defectors') that can interfere with the
replication of non-defective virus, and therefore suppress overall viral replication [10-14].
The presence of viral “defectors' creates the situation of lethal defection (Figure 1), which is

Trends Microbiol. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dapp et al.

Page 3

an intermediary step in the path towards lethal mutagenesis and ultimate virus extinction.
Support for the lethal defection model comes from both experimental as well as
computational data [10-14]. Continued viral mutagenesis during lethal defection leads to an
intensification of lethal mutations that further extinguish viral infectivity. The kinetics for
where, as well as how lethal mutations accumulate, is poorly understood, as are how these
events interface with other viral and host-mediated mechanisms. An intriguing alternative to
virus extinction via lethal mutagenesis is the reduction of viral infectivity by high replication
fidelity, resulting in abated mutagenesis. In theory, prolonged replication at a low mutation
rate would also result in virus extinction (Figure 1). This approach is similar to studies
showing that high-fidelity viral mutants possess less virulence and may provide an
alternative means for vaccine development [15, 16].

Foundational studies of lethal mutagenesis and slow mutation
accumulation

Chemical mutagens can damage DNA in living systems and are generally considered both
poorly tolerated and carcinogenic agents but some have been successfully developed into
anti-tumor chemotherapeutics [17]. As therapeutics become more patient-specific and
disease-specific, the era of broad-spectrum chemical mutagen therapy has been
reinvigorated by the study of lethal mutagenesis with viruses. Provided a high enough
mutational burden, an irreversible genetic meltdown of the entire population causes its
elimination [18]. Fortunately, the immense population size, genome structure, and adaptive
requirements of most virus populations have positioned them very near the extinction
threshold. Evidence for this first emerged in picornavirus studies where a mere twofold
increase in viral mutation frequency was required to reduce viral titers by 99% [8]. Lethal
mutagenesis has since been observed in many other RNA virus systems, including: HIV-1
[19, 20], poliovirus [21, 22], foot and mouth disease virus (FMDV) [23], and
lymphochoriomeningitis virus (LCMV) [24]. Evidence in cell culture systems indicate that
the clinically approved ribavirin regimen, used to treat HCV since 1998, elicits antiviral
activity via lethal mutagenesis though this mechanism has not been fully established /n vivo
[25, 26]. These early studies provided evidence for lethal mutagenesis, but less attention was
focused on potential mechanisms. The early HIV-1 studies with 5-hydroxydeoxycytidine
suggested the slow accumulation model (Figure 2), whereby lethal mutagenesis occurred by
a slow accumulation of mutations over multiple rounds of replication, ultimately causing
virus extinction [1]. By analogy, many of the other lethal mutagenesis studies — even if not
directly stating such a model — inferred this type of model for mutation accumulation
leading to high mutational loads and eventual lethal mutagenesis.

Cell-culture based studies have shown promise for several viral systems, but the
demonstration of lethal mutagenesis /7 vivo has been elusive. For example, phase 11 clinical
trial results for KP-1461, a prodrug of KP-1212 (5,6-dihydro-5-aza-2'-deoxycytidine), a
first-in-class viral mutagen for HIV-1, demonstrated there was perturbation of the mutation
spectra, but no reduction in viral loads [27]. In particular, deep-sequence analysis of virus in
these subjects revealed differences in the virus mutation spectra, but drug-exposed subjects
showed no detectable differences in viral loads or CD4* T cell counts, which are key
prognosis markers for the level of HIV-1 infection. While retroviral recombination occurs at
a high rate and could attenuate mutational burden among replication-competent virus, it is
unlikely that it would prevent lethal mutagenesis or prevent any changes in viral loads or
CD4* T cell counts. One question that arises from these studies is whether KP-1461 could
be effective as a monotherapy [27, 28], especially since the combined triple-therapy drug
cocktail approach has been the standard for HI\V-1-chemotherapy since the mid-1990s. Also,
the clinically approved ribavirin regimen for treatment of HCV is administered in
combination with interferon [29]. This suggests that the antiviral effect of KP-1461 may be
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enhanced in the presence of other antiviral agents. While monotherapy drug exposure
typically leads to the rapid development of drug resistance, it is of note that there are no
publications that document drug resistance to KP-1461. Taken together, these observations
indicate that additional work is needed to document lethal mutagenesis of viruses in vivo.

HIV-1 lethal mutagenesis: rapid escalation in mutational load

As indicated above, the mechanism(s) of lethal mutagenesis had either directly stated (in the
case of HIV-1) or had inferred (with other RNA viruses) the slow mutation accumulation
model, where mutation accumulation over multiple rounds of replication was the envisioned
mechanism (Figure 2). The discovery of the APOBEC3 proteins suggested that elevation of
mutational load could occur rapidly, over a single or limited number of replication cycles.
While early studies with HIV-1 used small molecules that could have been used to induce
lethal mutagenesis in a rapid manner, concerns over the cytotoxicity of such molecules
precluded intensive studies [1].

Lethal mutagenesis can be induced not only by drugs, but also by the human APOBEC3
family of proteins [2-4, 30-36]. The mechanism by which APOBEC3 proteins, the
prototype being APOBEC3G (A3G), hypermutate retroviral genomes has been well-
established [reviewed in [37], [38], and [39]]. Briefly, A3G is packaged into budding
virions, after which the virion matures and binds to a target cell. In the target cell, A3G
deaminates cytosines present in the minus-strand viral DNA during reverse transcription
process. The deamination of cytosine to uracil causes a pre-mutatgenic lesion. This site
templates for adenine during plus strand DNA synthesis rather than guanine. Deamination of
cytosine by A3G during reverse transcription generates G-to-A mutation signatures in the
resulting provirus [2]. However, its ability to mutate the viral genome depends on how well
it can overcome HIV-1 viral infectivity factor (Vif) accessory protein. In a host specific
manner, Vif targets A3G proteins for proteosomal degradation. By saturating A3G levels or
less-stringent Vif alleles, A3G proteins can gain access to the nascent virions and mutate the
viral genome as described above. An A3G deaminase-independent mechanism has been
proposed as a major antiviral mechanism of action for HIV-1, however, this model remains
controversial [40-43].

Cell culture work convincingly shows that these mutagen-inducing proteins can dispose of
viral genomes in short order, i.e., over 90% loss in viral infection within a single replication
cycle [2-4]. Because of the processivity of A3G once it engages the viral genome, evidence
suggests the mutagenesis is a discrete all-or-nothing process [44, 45]. However, some
studies suggest that A3G can contribute to sublethal mutagenesis [46], which include
shaping the emergence of HIV-1 drug resistance [47-49]. Currently, the extent to which
APOBECS3 proteins have contributed HIV-1 evolution remains controversial [50]; although,
it is clear that HIVV-1-infected patient samples reveal that APOBEC3 -signature mutations
are actively found [51, 52].

A3G and A3F remain at the center of much recent focus as powerful HIV-1 mutators
[reviewed [53] and [54]]. Both A3G and A3F, along with A3B, possess the capacity to
restrict other retroviral genera as well, including: the murine leukemia virus (MLV,
gammaretrovirus) [2, 3, 33], human T-lymphotropic virus 1 (HTLV-1, deltaretrovirus) [34],
foamy viruses (spumaviruses) [55], as well as the equine infectious anemia virus (EIAV,
lentivirus) [3]. In addition to retroviruses, hepatitis B virus (HBV, a hepadnavirus) and
adeno-associated virus (AAV, a parvovirus) are also susceptible to members of the
APOBEC3 family [31, 32].

More recent work has focused on inducing HIV-1 lethal mutagenesis using drugs that have
been approved for human use with other clinical indications and where cytotoxicity was
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likely manageable. A study with 5-azacytidine (5-AZC) demonstrated that HIV-1 lethal
mutagenesis could efficiently occur at drug concentrations that had no cell cytotoxicity [19].
Since 5-AZC is a ribonucleoside analog, it was originally thought[26] that its antiviral
activity would primarily be attributed to its incorporation into viral RNA and subsequent
increase in HIV-1 mutation frequency [19]. In support of this, several studies have shown
that 5-AZC can be incorporated into RNA [56-59]. One study further demonstrated that 5-
AZC was a weak competitive inhibitor, having a 20-fold lower affinity than CTP for RNA
polymerase 1l [60]. However, the HIV-1 lethal mutagenesis study with 5-AZC showed that
the most potent antiviral activity of 5-AZC was associated with its effect on the early phase
of HIV-1 replication (i.e., reverse transcription) rather than on the late phase of HIV-1
replication (i.e., RNA transcription by RNA polymerase II). In particular, while 5-AZC
increased HIV-1 mutation rate in both the late and early phases of HIV-1 replication, it had
the greatest effect on the early phase of replication. These data provide evidence that 5-AZC
exerts its antiviral activity on both phases of replication through an increase in mutation rate.
Although 5-AZC led to a modest increase in mutant frequency, similar increases in mutation
rates have been shown to be sufficient to lethally mutagenize other RNA viruses [1, 8, 20,
23, 61]. As alluded to above, lethal mutagenesis modeling studies suggest that small
increases in viral mutation rates should lead to a disproportionately larger decrease in viral
infectivity [62, 63]. A recent experimental study with HIV-1 helps support this
interrelationship between mutation rate and viral fitness [64].

A model to explain the mechanism for the 5-AZC antiretroviral effect on the early phase of
the HIV-1 replication cycle was proposed. In this model, 5-AZC is first reduced by
ribonucleotide reductase and is incorporated into viral DNA during reverse transcription
(Figure 3). Once incorporated into DNA, the mutagenic base undergoes a spontaneous ring-
opening step [65] resulting in a mispair with cytosine during synthesis of the plus strand
[66]. Such a model implicates integration as a key step in repairing the induced mutations,
and that the azapyrimidine base is excised by host DNA repair machinery. The incorporated
mutatgenic base would then be replaced with guanosine, since it can base pair with the
cytosine located in the plus-strand DNA opposite the abasic site — resulting in a G-to-C
mutation. The incorporation of 5-AZC during plus strand viral DNA synthesis would
ultimately result in DNA repair that would not create mutations. Therefore, HIV-1 lethal
mutagenesis that is mediated by 5-AZC would specifically result in G-to-C hypermutation,
which is what was observed [19, 67].

As APOBECS3 proteins can attack cytosine residues in minus-strand HIVV-1 DNA, a recent
study explored the concomitant lethal mutagenesis of both A3G and 5-AZC. Reduced viral
infectivity and increased viral mutagenesis was observed with both the 5-AZC (i.e., G-to-C
mutations) and A3G (i.e., G-to-A mutations); however, when combined, these mutagens had
complex interactions. Nucleotide sequence analysis revealed that concomitant HIV-1
exposure to both 5-AZC and A3G resulted in an increase of G-to-A viral mutagenesis at the
expense of G-to-C mutagenesis. A3G catalytic activity was required for the diminution in G-
to-C mutagenesis. These studies are particularly important in providing the first indication
for potentiation of the mutagenic effect of a cytosine analog by A3G expression, which can
result in concomitant HIV-1 lethal mutagenesis.

Recent studies have shown that a combination of two clinically-approved cytosine analogs,
gemcitabine (2'-deoxy-2',2"-difluorocytidine, a ribonucleotide reductase inhibitor) and
decitabine (5-aza-2'-deoxycytidine, a cytosine analog mutagen similar to KP-1461),
represent a promising new experimental approach to extinction of HIV-1 infectivity [68]. In
combination, these two drugs reduced HIV-1 infectivity by 73% at concentrations that had
minimal antiviral activity when used individually [68]. The observed decrease in viral
infectivity coincided with a significant increase in mutation rate and resulted in a shift in the
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HIV-1 mutation spectrum. Analysis of HIV-1 DNA synthesis during reverse transcription
indicated that there was a lack of correlation between the decitabine and gemcitabine
infectivity loss and reduction in viral DNA synthesis. Therefore, these results indicated that
lethal mutagenesis was the primary antiviral mechanism for inhibiting the generation of
infectious progeny virus from provirus. Given that both are clinically approved drugs, there
is clearly hope that clinical translation and testing of /n vivo lethal mutagenesis could occur.
Such studies in which drug combinations have been used to enhance HIV-1 mutagenesis
have been extended to the combination of decitabine and resveratrol (a natural product
known to possess inhibitory activity against ribonucleotide reductase) [69]. It should be
noted that viral mutagens could perhaps be more effective in causing virus extinction when
used with standard non-mutagen antivirals. For example, in tissue culture studies performed
with FMDV (an RNA virus), viral populations were rapidly driven to extinction only in
sequential treatment when the inhibitor was given first, followed by the viral mutagen [70].
This was far superior to the reversed sequential treatment or the simultaneous combination
of inhibitor and mutagen.

Preclinical evaluation of decitabine and gemcitabine was recently reported in a mouse model
for HIV-1[71, 72]. These studies were the first to demonstrate that gemcitabine inhibits
replication of a related retrovirus, murine leukemia virus (MuLV), /in vivo using the MuLV-
based LP-BM5/murine AIDS (MAIDS) mouse model at doses that were not toxic. Antiviral
efficacy and toxicity of the drug combination in the same animal model was also
investigated. The data demonstrated that the drug combination inhibited disease progression,
as detected by histopathology, viral loads, and spleen weights, at doses lower than those that
would be required if the drugs were used individually. The combination of decitabine and
gemcitabine was found to exert antiviral activity at doses that were not toxic. Detailed
analysis of provirus mutational loads was not reported, and such studies are needed to
confirm that the observed antiretroviral activity is primarily associated with elevation of
mutational loads. Nonetheless, such studies are promising in the establishment of /n vivo
models to investigate HIV-1 lethal mutagenesis as a prelude for human clinical trials, such
as those conducted with KP-1461 [27].

Concluding remarks

Like many areas of AIDS research, the investigation of HIV-1 lethal mutagenesis has seen
both peaks of enthusiasm and valleys of doubt. The initial enthusiasm for HIV-1 lethal
mutagenesis waned once it was clear that there was no easy way to clinically translate the
molecules used to induce lethal mutagenesis in cell culture. Also, concerns about the slow
mutation accumulation to induce lethal mutagenesis caused apprehension over the remote
possibility of virus variants emerging with new biological properties. Furthermore, concerns
regarding the potential toxicity of small molecule viral mutagens must be addressed in order
for the successful clinical translation of these therapeutic strategies. Such studies may
include the Ames test that measures the mutagenic potential of a compound in bacteria [73],
in utero studies in both rodent and non-rodent animal models to measure a chemical's
teratogenic potential [74], and dose-escalation studies in animal models to assess chronic-
compound exposure leading to carcinogenesis, among others (www.fda.gov/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/ucm065007.htm).

The discovery of the APOBEC3 proteins led to the rejuvenation of the idea of HIV-1 lethal
mutagenesis as a therapeutic strategy and provided evidence of evolutionarily conserved
antiviral mechanisms that are based upon lethal mutagenesis. These naturally occurring
antiviral mechanisms revealed that rapid mutation accumulation within a single or limited
number of rounds of replication could efficiently extinguish HIV-1 infectivity. Finally, the
discovery of drugs that have the potential for clinical use have further aided in raising
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enthusiasm once again for HIV-1 lethal mutagenesis as an intervention strategy. In regards
to clinical translation, viral mutagens may be more effective in causing virus extinction
when used with standard non-mutagen antivirals. Studies with FMDV (an RNA virus)
revealed rapid extinction only with sequential treatment of the inhibitor first, followed by
the viral mutagen [70]. Careful studies with HIV-1 should be conducted for similar
consequences. Clearly, much basic science remains to be done, but a path towards clinical
translation appears more realistic than was thought in the past.
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Glossary
Ablated mutation during virus replication at lower mutation rates.
mutagenesis
Enhanced mutation during virus replication at elevated mutation rates that do
mutagenesis not extinguish infectivity and contribute to the genetic variability of
the population.
Error consensus “master' nucleotide sequence within the virus population
catastrophe is no longer the most fit, resulting in genetic drift in sequence space.
Error threshold the limit in nucleotide sequence viability at a given “critical’
mutation rate, beyond which population structure breaks down and
disperses over sequence space.
Lethal extinction of both the master sequence as well as all other viable
mutagenesis viral sequences in the virus population, i.e., extinction catastrophe.
Lethal defection defective, replication-competent viruses that interfere with the
replication of non-defective virus, resulting in overall suppression in
viral replication.
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Concept of HIV-1 lethal mutagenesis (extinction catastrophe). The left and right y-axes

describe the inverse relationship between mutation rate (i) and viral infectivity,

respectively. Viable virus populations exist below the virus extinction threshold. Small
molecules (e.g., hucleotide analogs) and cellular proteins (e.g., APOBEC3G) can act as viral
mutagens and increase the viral mutation rate (u = 3.4 x 10> mutations/target base pair/
replication cycle [75]), which is identified in the figure as the “optimal' mutation rate. An

increase in mutation rate could result in either enhanced mutagenesis (including lethal

defection, an intermediary step in the path towards virus extinction) or directly past the error
threshold (dashed line) to induce extinction catastrophe, i.e., lethal mutagenesis. As the
HIV-1 mutation rate is decreased through ablated mutagenesis (e.g., due to HIV-1 reverse
transcriptase [RT] variants with higher fidelity), viral infectivity also diminishes, most likely

due to replicative fitness costs.
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Figure2.

Mutation accumulation models for induction of HIV-1 lethal mutagenesis. (a) Slow
mutation accumulation model. In this model, the increase in HIV-1 mutational load that
results lethal mutagenesis is the result of a graduate increase in mutational load over
multiple rounds of viral replication. (b) Rapid mutation accumulation model. In this model
the increase in HIV-1 mutational load via lethal mutagenesis occurs rapidly, over a single or
a few rounds of viral replication.
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Figure 3.

A model for 5-azacytidine (5-AZC)-mediated HIV-1 mutagenesis during the minus-strand
DNA synthesis step of reverse transcription. In this model, ribonucleotide reductase is
proposed to convert 5-AZC-diphosphate (5-AZCDP) to 5-aza-2'-deoxycytidine diphosphate
(5-aza-dCDP); 5-aza-2'-deoxycytidine (Z) triphosphate is then incorporated into the minus-
strand DNA. Once incorporated, a spontaneous cytosine ring opening and deformylation of
Z leads to a guanylurea derivative [65]. This allows base pairing of Z with deoxycytidine
(C). Once the viral DNA is integrated into the host cell genome, Z is excised from the viral
plus-strand DNA by the host cell DNA repair machinery and guanosine is incorporated into
the abasic site. When transcribed into viral RNA, the guanosine in the minus-strand DNA
encodes for a cytosine, thereby leading to a G-to-C transversion mutation in the plus-strand
viral RNA.
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