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Recently developed antiviral strategies based upon RNA interference (RNAi), which harnesses an innate
cellular system for the targeted down-regulation of gene expression, appear highly promising and offer
alternative approaches to conventional highly active antiretroviral therapy or efforts to develop an AIDS
vaccine. However, RNAi is faced with several challenges that must be overcome to fully realize its promise.
Specifically, it degrades target RNA in a highly sequence-specific manner and is thus susceptible to viral
mutational escape, and there are also challenges in delivery systems to induce RNAi. To aid in the development
of anti-human immunodeficiency virus (anti-HIV) RNAi therapies, we have developed a novel stochastic
computational model that simulates in molecular-level detail the propagation of an HIV infection in cells
expressing RNAi. The model provides quantitative predictions on how targeting multiple locations in the HIV
genome, while keeping the overall RNAi strength constant, significantly improves efficacy. Furthermore, it
demonstrates that delivery systems must be highly efficient to preclude leaving reservoirs of unprotected cells
where the virus can propagate, mutate, and eventually overwhelm the entire system. It also predicts how
therapeutic success depends upon a relationship between RNAi strength and delivery efficiency and uniformity.
Finally, targeting an essential viral element, in this case the HIV TAR region, can be highly successful if the
RNAi target sequence is correctly selected. In addition to providing specific predictions for how to optimize a clinical
therapy, this system may also serve as a future tool for investigating more fundamental questions of viral evolution.
peripheral CD4⫹ T cells, transducing them with a gene therapy
vector, and reintroducing them into the body. Alternatively,
peripheral hematopoietic CD34⫹ cells could be harvested,
transduced, amplified, and reintroduced into the bone marrow.
The latter type of approach could be used to establish a continuous supply of multiple types of resistant cell populations, since
CD34⫹ cells can differentiate into macrophages, T cells, and dendritic cells after being transduced with lentiviral vectors (3, 8, 21).
More recently, RNA interference (RNAi) has emerged as a
robust and highly evolutionarily conserved mechanism for
down-regulating gene expression through targeted mRNA
cleavage (15; reviewed in reference 9). In this process, the
RNase III family endonuclease DICER cleaves doublestranded RNA into duplexes of 21 to 22 bp, called short interfering RNA (siRNA). The antisense strand is then used as a
guide by the RNAi-induced silencing complex to direct specific
cleavage of mRNAs that share sequence identity with the
siRNA (50). Recently, it was shown that siRNAs can be introduced directly into mammalian cells, either via synthetic delivery vectors conjugated to siRNA molecules or by using gene
transfer vectors to deliver siRNA expression cassettes, to induce RNAi (41, 49). Such approaches have already been
shown to block the in vitro replication of important pathogens,
including poliovirus (20), hepatitis B and C viruses (reviewed
in references 51), influenza virus (19), and HIV type 1 (HIV-1)
(reviewed in references 4 and 40). It was also recently shown
that an siRNA that reduces the expression of cellular coreceptors for HIV can effectively block viral entry (2). Furthermore,
a combination of antiviral siRNAs, TAR decoy RNAs, and
ribozymes directed against the HIV coreceptor CCR5 induced
potent inhibition of multiple steps in the HIV life cycle (42).
Despite this early promise, the clinical application of RNAi

An estimated 40 million people worldwide are living with
human immunodeficiency virus (HIV), which infected 5 million people and caused 3 million deaths in 2003 (65). In the
United States alone, nearly 900,000 people are HIV positive
(16). While the advent of highly active antiretroviral therapy
(HAART) has made great strides in delaying the onset of
AIDS, this drug cocktail approach has proven inadequate as a
cure and is associated with a host of severe side effects, including a number of metabolic disorders, which can undermine
patient compliance (61, 63). Furthermore, the growing problem of viral resistance to antiviral drugs threatens to reverse
the progress that has been made in reducing AIDS-related
morbidity and mortality (52). Still more ominous is the observation that resistant viral strains are emerging more rapidly
than new drugs are being developed. Finally, the development
of an effective AIDS vaccine has been elusive (17).
A promising alternative to HAART and vaccine development is the use of genetic therapies to inhibit viral reproduction by acting directly on genetic sequences. Antisense, ribozyme, and RNA decoy-based approaches have been studied
for over a decade (reviewed in reference 45), and one approach using a lentiviral vector to express antisense RNA
against the HIV envelope is currently undergoing phase I clinical trials (28, 43). This clinical strategy involves harvesting
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faces a number of challenges. Recently, it was shown that
certain types of siRNA can induce considerable nonspecific or
off-target changes in gene expression, particularly when high
dosages are used (36, 55, 60). Thus, it is possible that siRNA
may be safely utilized only within a limited therapeutic window. More importantly, the exquisite sequence specificity of
RNAi makes the problem of viral escape a significant potential
obstacle, particularly when its target is a highly mutable entity
such as HIV. This concern was recently exemplified when two
in vitro studies demonstrated that HIV can evolve resistance to
RNAi (6, 7). Together, these findings indicate that optimization is required in the design of effective antiviral RNAi therapies, and computational and theoretical approaches can aid in
the analysis of antiviral therapies (10, 47, 64).
Previous theoretical studies of the general processes of viral
evolution have yielded important findings; however, they have
been centered around models that are significantly abstracted
or otherwise removed from the specific case of HIV (compiled
in reference 13), though some recent theoretical studies have
incorporated various degrees of detail of retroviral biology (47,
53, 68). The most widely used HIV-specific model is based
upon a set of deterministic differential equations that treat
viruses and cells as compartmentalized populations (reviewed
in reference 39). While these studies have contributed significantly to understanding general principles of viral evolution
and HIV infection dynamics, these approaches are not suitable
for studying HIV’s evolution around RNAi, a phenomenon
that is likely to be dominated by stochastic processes and for
which specific molecular details must be considered.
In this study, we used a computational model of HIV replication to elucidate design principles for applying RNAi against
HIV in a manner that delays or prevents viral escape. To
realistically model this complex system, we have developed a
novel type of computer model: a mechanistic agent-based stochastic simulation (MASS) that incorporates molecular-level
details of HIV reproduction and susceptibility to RNAi. Here,
we report our computational results on the predicted therapeutic efficacy of combination RNAi approaches, the importance of efficient siRNA delivery, and the significance of targeting RNAi to essential elements of the viral genome such as
the TAR RNA domain. Our approach is appropriate for the
analysis of combination therapies that incorporate RNAi (or
other effector molecules) directed against relevant cellular targets such as cyclinT1 and CDK-9, which are required for Tat
function (72). However, we have focused this initial study on
the exclusive use of RNAi directed against viral sequences. The
results of this quantitative approach highlight the importance
of carefully designing RNAi therapies for the optimal inhibition of viral replication.
MATERIALS AND METHODS
Model development overview: MASS. We have constructed the first stochastic
simulation, to our knowledge, that incorporates the detailed molecular-level
mechanisms of retroviral infection and reproduction. Individual viral genomes
are represented as discrete “agents,” that is, data sets that encode viral sequences
and properties of the corresponding viral particles. In each cycle of viral replication, a large ensemble of these virions randomly infects a population of cells
and is then subjected to a series of steps that emulate the processes of reverse
transcription (in which the two viral RNA genomes from each virion are converted into a single, chimeric, double-stranded DNA genome), integration of
viral DNA into the host genome, and transcription of viral genomic RNA. This

J. VIROL.
infected cell population stably expresses a variety of antiviral siRNA molecules,
as further described below. The fates of cells within this population are recorded
and tracked individually to account for cell-to-cell variability in events, including
expression of siRNAs and genetic mixing between viruses that coinfect a single
cell. The cycle ends as the viral genomes within a cell are randomly paired and
packaged into the next generation of diploid virions, at which point the process
is repeated with a new population of uninfected cells.
The cell culture analog of a simulation cycle would be the serial transfer of
viral supernatant onto uninfected cells at fixed time intervals. Conceptually, one
simulation cycle also emulates the process of infectious particle release, death of
previously infected cells, and infection of naı̈ve cells in vivo. Each simulation was
initiated by infecting a population of 15,000 cells with 150,000 wild-type virions,
which led to a high degree of coinfection and, hence, genetic mixing in the
subsequent generation. In addition, as is explained below, a viral population of
this size is sufficiently large to guarantee that all single mutations and many
double or higher mutation combinations are generated when the initial viral
population undergoes reverse transcription for the first time. Consequently, the
simulated situation is more analogous to the initiation of RNAi treatment in a
patient who already harbors a large viral load than to the case of prophylactic
RNAi therapy during early stages of infection in vivo, where the ratio of viruses
to cells is 3 to 5 orders of magnitude lower than that used here (43). All steps
were assumed to reach a steady state within each cycle, such that the dynamics
during a single cycle were not relevant.
A number of steps during retroviral reproduction are determined by chance
and were represented accordingly in the simulation. Viral infection of cells was
implemented as a Poisson process, in which each virus randomly selected a cell
to infect and multiple viruses could simultaneously infect any single cell. In
addition, HIV rapidly generates genetic diversity during reverse transcription by
producing on average of ⬃0.3 new point mutations and recombining (between its
two RNA template genomes) ⬃3 times per cycle of replication (33, 44). While
reverse transcribing, the simulation used these frequencies to randomly decide
whether to point mutate and/or switch RNA templates (recombine) at every base
copied into viral cDNA. Since the HIV genome is approximately 9 kb in length,
our initial infection size of 150,000 virions yields ⬃5-fold coverage of single base
mutations. Furthermore, the site at which HIV integrates into the host cell’s
genomic DNA influences the level of basal viral gene expression (34, 57). In our
simulations, integration is modeled by randomly assigning an integration site
factor according to a binomial distribution on the range {0 . . . 1}, which is
proportional to the basal (Tat-free) transcription level (see the supplemental
material for details).
Since the model accounts for mutation and recombination, the viral sequences
rapidly and randomly diversify as the simulation progresses to generate a large,
genetically mixed population often referred to as a viral quasispecies or swarm
(12, 13, 35). As described in greater detail in the next section, some of these viral
sequences can acquire mutations that render them resistant to the RNAi. Since
this viral escape is a stochastic event, viral population dynamics vary between
trials, even for a fixed set of conditions. However, after a sufficient number of
cycles, each individual simulation results in either an “extinction,” wherein the
virus population drops to zero, or an “escape,” in which case the virus population
grows to some threshold level indicating that RNAi-resistant viruses have
emerged and established an expanding infection. Thus, the antiviral efficacy of a
given scenario was defined as the percentage of trials that resulted in an extinction of the virus population, i.e., successful inhibition by RNAi. In this study,
each antiviral efficacy data point represents the outcome of at least 200 independent trials.
RNAi-mediated cleavage and viral escape. It has been shown by studies in
mammalian cells that the level of RNAi-mediated cleavage induced in a cell
depends on the dosage of siRNA delivered to (or expressed within) that cell (22,
56, 67). In our model, the level of RNAi induced in a given cell was represented
as P_cleavage, which is the probability that a single locus of a given RNA
transcript will be cleaved by the RNAi pathway. Depending on the experiment,
cells within a population expressed uniform or differing P_cleavage values.
Based on various published results (24, 26, 46), we postulated a model for viral
escape from RNAi in which a single base mismatch between the viral genome and
siRNA sequences resulted in a reduced chance of degradation. A single mismatch
near the center of the target reduced RNAi-mediated cleavage probability by 50%,
a mismatch at an end of the target sequence reduced cleavage probability by 10%,
and intermediate mismatches were assigned an intermediately reduced cleavage
probability following a second-order polynomial. Two or more mismatches were
scored as total immunity to RNAi (see the supplemental material), though this
relationship could readily be adjusted to fit new experimental data.
Combination RNAi. For simulations in which multiple viral sequences were
simultaneously targeted, we considered a situation in which RNAi efficacy was
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divided equally between targets. Thus, if two viral loci were targeted simultaneously, each locus would be degraded one-half as effectively as would a single
locus in the one-target case. An experimental analogy would be to use equimolar
mixtures of different types of equally effective siRNA duplexes, where the total
concentration of siRNA molecules was kept constant. It should be noted that
under this assumption, the effective overall RNAi cleavage probability of a
transcript is reduced by dividing the RNAi between multiple loci due to multiple
cleavages of a single RNA molecule. For example, if the one-target RNAi cleaves
80% of target RNAs, the two-target RNAi cleaves only 64% of the RNAs (see
the supplemental material). This model should be considered a worst-case scenario from a clinical standpoint, since cleaved transcripts are likely to be rapidly
degraded and, therefore, this multiple cleavage problem might be less significant
than our assumption asserts. We did not consider the case of asymmetrically
divided RNAi (i.e., nonequimolar mixtures of different siRNA duplexes), but
such a case is also addressable by this method.
Tat/TAR feedback. For simulations incorporating the HIV Tat/TAR feedback
loop, a set of differential equations was derived to describe the relationship
between the concentrations of viral genomes and Tat within a single cell (see the
supplemental material). The steady-state solution of these equations was calculated for each cell during each cycle of replication. It should be noted that while
the solution of these equations was deterministic for a given set of variables, the
variables in the equations were stochastically determined for each viral genome
and each cell. Though the TAR loop may play various roles in viral reproduction
(18, 29, 48), we considered only its primary function, that of Tat-mediated
transcriptional activation (transactivation) (14). These equations incorporated
experimental data describing the relationship between basal HIV gene expression (presumably due to variable viral integration sites) and Tat-transactivated
gene expression (34). The full derivation is described in the supplemental material, as are all relevant constants. The steady-state implicit solutions for the
concentrations of viral RNA genomes derived from each provirus (Gi) and the
total (GT) are given by the following two equations:
Gi ⫽ CM1共1 ⫺ P_cleavage兲

冉

冊

关1 ⫺ exp共 ⫺ sCM2GT兲兴其

(1)

冘

or, much more rarely, copied into both the 5⬘ and 3⬘ proviral TAR DNA loci
after a single round of viral replication. In practice, this means that a virus
harboring RNAi resistance-conferring mutations in the 3⬘ TAR RNA alone
would only rarely and transiently replicate differently than would a virus harboring such mutations in both TAR sequences. Consequently, the treatment of TAR
as a single locus is not expected to significantly impact our results either qualitatively or quantitatively.
This model contains only two adjustable parameters: CM1 and CM2. CM1
influences the overall transcription level (and, therefore, the reproductive rate)
of the viral genomes. It is related to the average basal (Tat-free) expression level
of a viral genome. CM2 indirectly determines the number of cells that, on
average, will attain saturating or supersaturating concentrations of Tat protein,
and increasing CM2 makes the viral population, on average, less sensitive to Tat
concentrations. The experiments in this study utilized values of CM1 and CM2
that yielded a rate of viral population growth that was consistent with our in vitro
observations of a replication-competent HIV-based model vector (data not
shown). Thus, we selected a moderate reproductive ratio, the multiplicative
factor by which population size increases in each generation, of ⬃3-fold per
cycle. Note that this value is not equivalent to the burst size, the average number
of virions that a single infected cell produces before it dies. A range of combinations of CM1 and CM2 were tested, and the conclusions described below were
not qualitatively sensitive to variations in these constants (see the supplemental
material for a more detailed discussion of these constants).
Machines used. Simulations were run on either a PC with a Pentium 4 processor (1.7 GHz) or an Apple PowerPC G5 with dual 2-GHz processors. The
simulations used either the Mersenne Twister (http://www-personal.engin
.umich.edu/⬃wagnerr/MersenneTwister.html) or the RanrotB (http://www
.agner.org/random/) random number generators, both of which are freely available online.

RESULTS

IFi
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The genetic sequence and integration site of each viral genome is tracked
individually, as indicated by the subscript i in various parameters. As described
above, the basal (Tat-free) viral transcription level of a given provirus is dependent upon the site at which it integrates into the host genome, and IFi (the
integration site factor) is a nondimensional factor that characterizes this basal
level. In each HIV RNA genome in the simulation, the capped 5⬘ G was numbered as position 1 and the entire TAR loop comprised positions 1 to 59, whose
sequence was taken from the archetypical isolate pNL4-3 (1). The functions of
HIV’s TAR region have been analyzed in a wide variety of studies that employed
detailed mutational analysis and forced evolution techniques (5, 11, 14, 18, 22,
25, 31, 58, 59, 69). In these, it was shown that bases 18 to 44 compose the essential
TAR element necessary for Tat transactivation (25, 31, 58), and in our model,
only mutations in this region were assumed to affect TAR function. Consequently, we did not include the role that upstream sequences within the TAR
region play at the proviral DNA level (18, 48). Based on these previous studies,
a set of quantitative rules was devised to describe the effect that mutations in
various regions of the essential TAR element have on the ability of Tat to
transactivate genomes carrying such mutations. Mutations in the tat gene were
not considered. AMFi (the amplification mutation factor) is a nondimensional
factor that incorporates these rules into the governing equations. As discussed
above, mutations in the target sequence of viral RNA can lead to reduced
RNAi-mediated cleavage, and EMFi (the escape mutation factor) is a nondimensional factor that incorporates these effects. A complete description of the
calculation of these factors is included in the supplemental material.
A more subtle detail is that though our model treats the TAR element as a
single locus, an HIV RNA genome actually contains two TAR sequences (one in
each of the 5⬘ and 3⬘ long terminal repeats). The 5⬘ TAR plays the primary role
in Tat-mediated transactivation, and due to the mechanism of reverse transcription, the 5⬘ TAR is preferentially used as a template for proviral TAR DNA.
Even in the rare event that the 3⬘ TAR RNA is used as template for proviral
DNA, the resulting provirus will still have two identical TAR sequences, rendering it indistinguishable from a provirus from a single 5⬘ TAR RNA template
(38). For example, any unique mutations in the 3⬘ TAR RNA will be either lost

In the computational or theoretical study of evolution, one
must choose a meaningful way to relate genetic changes to
changes in reproductive ability (or fitness). In a limiting theoretical model of population genetics pioneered by Kimura, the
neutral theory of evolution, it is assumed that the majority of
mutations have negligible impacts on the fitness of the organism (or virus) (37). In reality, however, some mutations are
likely to be more deleterious than are others, as indicated by
the presence of highly evolutionary conserved regions (13). In
our study of HIV’s evolution in the presence of RNAi, a
neutral evolution assumption is complicated by the fact that
the function of each viral sequence targeted could impact viral
fitness in a complex and nonobvious manner operating at the
DNA, RNA, and/or protein level. Therefore, as an initial base
case scenario, we simulated the evolution of viral genomes
containing no functional sequences—only RNAi targets. Thus,
for these neutral viral genomes, no negative effects were attributed to mutations, which served only to benefit the virus by
facilitating escape from RNAi. We later built upon this neutral
viral genome model by incorporating the deleterious effects
that viral mutation has on an important viral function, the
Tat/TAR transcriptional feedback loop.
Neutral viral genomes base case. (i) Combination RNAi. It
is possible that viral resistance to RNAi might be circumvented
by targeting multiple viral sequences simultaneously, thus reducing the chance that a fully resistant mutant could arise (4,
40). In clinical practice, however, there will probably exist
some upper bound on the amount of siRNAs that can be
delivered to or expressed in a cell. Transfer of presynthesized
siRNAs to cells will be limited by delivery mechanisms and
biological clearance, similar to the case of traditional drug
delivery. Likewise, transduction of target cells by gene therapy
vectors carrying shRNA or siRNA expression cassettes can
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also be limited at several steps, both in vitro and in vivo (66).
In addition, there is some evidence that multiple types of
siRNA can compete for cellular RNAi machinery (26) and that
high levels of certain siRNAs can induce off-target or nonspecific changes in gene expression via an inflammatory response
(36, 55, 60). Thus, we first investigated how the use of an
increasing number of RNAi targets with a fixed overall siRNA
level would impact antiviral efficacy.
We first modeled a cell population in which every cell expressed siRNA such that the overall RNAi level, or P_cleavage
(defined above), was the same in each cell. We compared
situations in which the siRNA was directed against either one
viral sequence or multiple, evenly spaced targets in the HIV
genome, with P_cleavage held constant. As discussed above in
“Model development overview,” a worst-case scenario was
used to model the application of multiple types of siRNAs—
under this assumption, the cleavage efficiency of a single viral
genome decreases incrementally with the number of RNAi
targets used, due to the possibility of cleaving a single transcript more than once and thus wasting RNAi resources (described further in the supplemental material). Despite this fact,
for every overall RNAi level tested, increasing the number of
targets significantly increased the antiviral efficacy (Fig. 1A).
Of particular interest is the observation that for a given overall
RNAi level, the efficacy rose dramatically over a small change
in the number of targets used. Moreover, as the overall RNAi
level was increased, fewer targets were required to achieve this
marked increase in efficacy. We also observed that while higher
levels of RNAi more effectively led to viral extinction, in the
cases where viral escape did occur, it occurred more rapidly
under strong RNAi pressure (Fig. 1B).
(ii) Nonuniform RNAi expression. In the previous experiment, all cells in the population were assumed to express RNAi
in an identical manner. However, in both the laboratory and
future clinical practice, RNAi levels are likely to vary between
cells within a single population due to limitations on the delivery of siRNA or siRNA-expressing expression vectors (66).
To investigate the consequences of this heterogeneity, we first
performed a series of simulations in which the cell population
consisted of two distinct subpopulations—naı̈ve cells (expressing no siRNA) and cells expressing siRNA (directed against a
single viral target sequence) at a uniform level.
As shown in Fig. 2A, increasing the fraction of naı̈ve cells,
while holding P_cleavage constant in siRNA-expressing cells,
led to a monotonic decrease in the antiviral efficacy, as would
be anticipated. Interestingly, it was found that all data collapsed onto a single curve when the outcomes were plotted
versus the mean P_cleavage of the cell population (the product
of the fraction of cells expressing siRNA and the P_cleavage
characterizing the RNAi level in this fraction) (Fig. 2B). Thus,
the mean RNAi level was the most significant determinant of
efficacy in this experiment.
To further investigate how cell-to-cell variability in RNAi
impacts antiviral efficacy, we next posed a more realistic description of RNAi expression heterogeneity. Since we and
other researchers have observed that the level of RNAi-mediated cleavage is strongly dependent on the dose of siRNA
delivered or expressed (22, 56, 67), a series of simulations in
which RNAi expression within a cell population varied according to a binomial distribution (the discrete analog of the
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FIG. 1. Antiviral efficacy of the combination RNAi approach.
(A) Evolution of neutral viral genomes simulated under conditions of
combinatorial RNAi inhibition. In each series, the overall RNAi cleavage probability on a per-locus basis (P_cleavage) was held constant,
while an increasing number of evenly spaced viral sequences was targeted for degradation. In this and all other figures, antiviral efficacy
refers to the percentage of trials resulting in an extinction of the viral
population. Each data point represents the result of at least 200 independent simulation trials. Symbols for different values of P_cleavage
are as follows: 0.9 (black squares); 0.8 (grey triangles); 0.75 (grey
circles); 0.7 (white squares); 0.6 (black circles). (B) Distribution of viral
escape times for two values of P_cleavage: 0.8 (black) and 0.7 (white).
Time until viral escape (in number of simulation cycles) was normalized to the maximum value depicted. Frequency was normalized to the
total number of escape events.

Gaussian distribution) was run. The antiviral efficacy was compared for populations sharing the same mean RNAi level and
differing only in the breadth (standard deviation) of the RNAi
distribution (Fig. 3A).
As the RNAi distribution breadth increases, the cell population includes more cells of both higher and lower RNAi
expression. Interestingly, for a mean P_cleavage of 0.8 the
efficacy decreased with increasing breadth, whereas for a mean
P_cleavage of 0.85 increasing breadth caused an increase in
efficacy. Finally, when increasing the breadth for a mean
P_cleavage of 0.75, the series passed through a minimum in
efficacy; i.e., the efficacy first decreased then increased with
increasing breadth (Fig. 3A). In contrast to the bipartite cell
population scenario, the data series did not collapse onto a
single curve when plotted against any parameter we tested
(data not shown). Most significant is that the observation that
efficacy did not appear to be highly sensitive to RNAi distribution breadth for any mean P_cleavage tested.
Functional viral genomes: Tat/TAR transactivation. As the
next biologically realistic step beyond the noncoding, neutral
genome base case, we incorporated the essential HIV function
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FIG. 2. Nonuniform RNAi: bipartite cell population and neutral
viral genomes. (A) Evolution of neutral viral genomes in a cell population consisting of a mixture of cells expressing either uniform levels
of siRNA (corresponding to P_cleavage) or no siRNA. In each series,
P_cleavage was held constant while the fraction of nonexpressing cells
was increased. (B) Data points from panel A plotted against the mean
P_cleavage of the population, calculated by multiplying the value of
P_cleavage in siRNA-expressing cells by the fraction of cells that
expressed siRNA. Symbols for different values of P_cleavage are as
follows: 0.95 (white diamonds); 0.9 (black squares); 0.8 (grey triangles); 0.75 (grey circles).

of Tat/TAR-mediated transcriptional activation. Though the
TAR sequence contains a high degree of secondary structure,
it has been shown to be at least partially susceptible to RNAimediated cleavage (30, 71). In addition, TAR is an attractive
target because it exerts it functions directly through RNA, as
described below, rather than by coding for a protein. Therefore, there is no need to postulate a relationship between
protein sequence and protein function, which could lessen the
quantitative nature of this study. Furthermore, this case can
readily be modeled quantitatively using the plethora of empirical data that describe the effects of TAR mutation on viral
function (5, 11, 14, 18, 22, 25, 31, 58, 59, 69). It can be anticipated that if a virus suffers fitness losses by mutating within a
functionally important region, then this region is an attractive
therapeutic target. Every HIV transcript begins with the noncoding TAR RNA element at its 5⬘ terminus, where the HIVencoded Tat protein binds and subsequently recruits the cellular cofactors cyclin T1 and Cdk9. This protein complex
subsequently hyperphosphorylates the large subunit of cellular
RNA polymerase II, leading to enhanced transcriptional elongation (72). This Tat-TAR interaction yields a nonlinear positive transcriptional feedback loop and is crucial for viral propagation. Studies using directed mutagenesis of TAR have
demonstrated that a small number of mutations is sufficient to
render the virus replication incompetent (62). Therefore, tar-
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FIG. 3. Nonuniform RNAi: binomial distribution of siRNA expression and neutral viral genomes. (A) Depiction of binomial distribution,
centered about a P_cleavage of 0.8. Shaded region is ⫾1 standard
deviation (). (B) Evolution of neutral viral genomes on a cell population with binomially distributed siRNA expression. In each series,
mean P_cleavage was held constant while the standard deviation of the
distribution () was increased. The right-most data point in each series
represents the widest possible distribution for that particular value of
mean P_cleavage. Symbols for different values of mean P_cleavage
were as follows: 0.9 (black squares); 0.85 (grey diamonds); 0.8 (grey
triangles); 0.75 (grey circles); 0.5 (black diamonds).

geting TAR with RNAi would force the virus to negotiate a
delicate balance between loss of function and susceptibility to
RNAi-mediated degradation.
In this set of simulations, we considered RNAi directed
against various portions of TAR, though mutations in the tat
gene were not considered. Based upon the literature (5, 11, 14,
18, 22, 25, 31, 58, 59, 69), a set of rules was formulated to
describe the consequences of TAR mutations on the ability of
Tat to stimulate transcriptional elongation (see the supplemental material). As might be expected, RNAi targeting the
highly conserved “essential” TAR loop (bases 18 to 44) led to
more efficient viral extinction than did that targeting nonfunctional sequences in the region, and targets that spanned the
two types of region produced intermediate efficacies (Fig. 4).
However, not all RNAi targets within the essential TAR loop
were equally efficacious, and for lower overall levels of RNAi
the antiviral efficacy became extremely sensitive to target location choice. Intriguingly, at one overall RNAi level tested, a
shift in target sequence by only a few bases was sufficient to
switch from completely efficacious to completely inefficacious.
Finally, we noted that the antiviral efficacy appeared to be
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FIG. 4. Choice of RNAi target sequence in TAR, as shown in
Tat/TAR functional viral genomes reproduced on cell lines that uniformly expressed siRNA against a single region of the TAR RNA. In
each series, different 21-bp target sequences were used for a fixed value
of P_cleavage, and antiviral efficacy was recorded; the location of the
target sequence is reported as the center base of the target. Symbols
for different values of mean P_cleavage were as follows: 0.9 (black
squares); 0.85 (grey diamonds); 0.8 (grey triangles); 0.78 (grey circles);
0.77 (white squares); 0.76 (black circles).

more sensitive to the overall RNAi level than was the case for
the noncoding genomes. This was most true at intermediately
efficacious sites (Fig. 4).
We next tested the effects of heterogeneous RNAi expression on the replication of functional HIV genomes that possessed an active (at least before mutation) Tat/TAR loop.
Based on the results on the effects of target location choice
(Fig. 4), we selected three representative target sequences for
analysis: a highly conserved site (bases 18 to 38), an intermediately conserved site (bases 31 to 51), and a nonconserved site
(bases 47 to 67). We first simulated the previously described
bipartite cell population, in which RNAi was expressed uniformly in one subpopulation, whereas the other subpopulation
expressed no RNAi (naı̈ve cells).
As shown in Fig. 5A to C, the antiviral efficacy again decreased as the fraction of cells lacking RNAi increased. Consistent with observations for the uniform cell population case
(Fig. 4), the antiviral efficacy appeared to be more sensitive to
both the overall RNAi level and to small changes in the fraction of naı̈ve cells than was the case for neutral viral genomes
(Fig. 2). In contrast to the neutral viral genome case, the
antiviral efficacies did not collapse to a single curve when
plotted against the mean P_cleavage of the cell population
(Fig. 5D to F). In particular, for two simulations with the same
mean population RNAi level, the antiviral efficacy was always
higher when the fraction of naı̈ve cells was smaller, indicating
that the presence of naı̈ve cells more adversely impacts antiviral efficacy against Tat/TAR functionalized genomes than was
the case for neutral genomes. This lack of collapse was most
severe when targeting a highly conserved sequence (bases 18 to
38), but collapse to single curve was partially obtained when
targeting an intermediately conserved (bases 31 to 51) or nonconserved (bases 47 to 67) sequence (Fig. 5D to F).
We next simulated the replication of the functional Tat/TAR
virions on a cell population in which RNAi expression was

binomially distributed. As previously discussed, this formulation more realistically emulates heterogeneity in siRNA delivery or expression. We chose the same highly conserved, intermediately conserved, and nonconserved RNAi targets as above
(Fig. 5). In each case, a series of trials was performed where
the siRNA expression distribution was increased in breadth
(standard deviation) while holding the mean RNAi level constant, and we found that the consequences of increasing this
breadth differed depending on the viral sequence targeted
(Fig. 6). When targeting the most highly conserved sequence,
efficacy increased with breadth of the distribution over a narrow range of P_cleavage values; outside of this range, efficacy
was either 100 or 0%, independent of siRNA heterogeneity
(Fig. 6A). When targeting a moderately conserved sequence,
efficacy again increased with distribution breadth for lower
values of P_cleavage. However, for larger values of P_cleavage,
efficacy either decreased slightly or was unchanged as breadth
increased (Fig. 6B). Finally, when targeting a nonconserved
sequence, efficacy increased with breadth of the RNAi distribution unless P_cleavage was too low to have any antiviral
efficacy (Fig. 6C). As was the case when targeting neutral
genomes, these data series (for a given target sequence data
set) did not collapse onto single curves when plotted against
any parameter combination we tested (data not shown).
DISCUSSION
The increasing prevalence of multiply drug-resistant HIV
strains, as well as continued problems with patient compliance
due to side effects, has highlighted the need to improve or
replace the use of HAART drug cocktails (52). RNA-based
gene therapy offers a promising alternative, because side effects and the need for strict patient compliance to a drug
regimen could be avoided. Also, such a strategy does not require the expression of foreign and potentially immunogenic
proteins. In particular, RNAi provides a robust method for
specifically inhibiting the expression of targeted cellular or
viral genes, and it shows promise as a novel and broadly applicable approach to antiviral therapy. However, clinical application of RNAi faces several challenges, including the potential for viral escape (6, 7, 52), nonspecific RNAi effects (36, 55,
60), and limited delivery efficiency of siRNA duplexes or expression vectors. For all of these reasons, there is a significant
need to optimize the design of antiviral RNAi therapy strategies.
In this study, we investigated several clinically relevant considerations and constraints in order to facilitate the design of
anti-HIV RNAi-based therapies that delay or prevent the
emergence of resistant viruses. This investigation was performed in silico using a novel type of MASS. Previous computational and theoretical formulations would not be well suited
to address the scenarios simulated. The simulation more
closely models the process of in vitro viral propagation, but the
predictions can be extended to in vivo replication as well.
It has been suggested by a number of researchers that viral
evolution around RNAi might be thwarted through the simultaneous application of a mixture of antiviral siRNAs targeting
different viral and/or cellular sequences (4, 40). Our results
demonstrate that increasing the number of RNAi targets, even
while holding the total level of siRNA molecules constant,
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FIG. 5. Nonuniform RNAi: bipartite cell population and Tat/TAR functional viral genomes. (A to C) Similar to Fig. 2, Tat/TAR functional
genomes replicated on a mixed population of cells expressing either uniform levels of siRNA (corresponding to P_cleavage) or no siRNA were
analyzed. In each series, P_cleavage was held constant while the fraction of nonexpressing cells was increased. A highly conserved sequence (bases
18 to 38) (A), an intermediately conserved sequence (bases 31 to 51) (B), and a nonconserved sequence (bases 47 to 67) (C) were used. (D to F)
Data points from panels A to C, respectively, plotted against the mean P_cleavage of the population, which was calculated by multiplying the value
of P_cleavage in siRNA-expressing cells by the fraction of cells that expressed siRNA. Symbols for different values of mean P_cleavage are as
follows: 0.9 (black squares); 0.85 (grey diamonds); 0.8 (grey triangles).

dramatically improves RNAi efficacy (Fig. 1A). However, this
rapid improvement in efficacy occurred over a narrow range of
target numbers. That is, as the overall siRNA expression level
was increased, fewer targets were required to achieve the elevated efficacy. This result indicates that in practice, targeting a
small set of viral sequences could be effective, as long as the
siRNA delivery or expression is sufficiently strong. Additionally, we observed that stronger RNAi reduced the chance of
viral escape, but when escape did occur, it occurred more
rapidly (Fig. 1B). Most likely, stronger RNAi led to accelerated viral extinction, such that escape was only observed when
it occurred early during the infection.
In clinical practice, RNAi will most likely be induced by
either delivery of presynthesized siRNAs (complexed into a
liposome or polyplex) or through the use of gene transfer

vectors carrying delivery siRNA expression cassettes for in vivo
or ex vivo gene therapy. Regardless, target cell transduction
efficiency will be limited to some extent, and our results suggest
that this limitation could significantly compromise long-term
antiviral efficacy. With a mixed pool of expressing and nonexpressing cells, we found that the cell population’s overall mean
level of RNAi was the single most important determinant of
efficacy against neutral viral genomes (Fig. 2). The fact that all
data collapse onto a single curve suggests the simple design
principle that limited siRNA delivery can be at least partially
compensated by strong RNAi induction in cells that are successfully transduced. However, the mean RNAi level was no
longer a sole predictor of efficacy when Tat/TAR functionalized genomes were used. Specifically, given two scenarios with
the same mean RNAi level (mean P_cleavage), antiviral effi-
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FIG. 6. Nonuniform RNAi: binomial distribution of siRNA expression and Tat/TAR functional viral genomes. Similar to Fig. 3, Tat/TAR
functional genomes replicated on a cell population with binomially
distributed siRNA expression. In each series, mean P_cleavage was
held constant while the standard deviation of the distribution () was
increased. A highly conserved sequence (bases 18 to 38) (A), an intermediately conserved sequence (bases 31 to 51) (B), and a nonconserved sequence (bases 47 to 67) (C) were used. The right-most data
point in each series represents the widest possible distribution for that
particular value of mean P_cleavage. Symbols for different values of
mean P_cleavage are as follows: 0.9 (black squares); 0.85 (grey diamonds); 0.8 (grey triangles); 0.79 (white squares); 0.78 (grey circles);
0.77 (black circles); 0.76 (grey squares); 0.75 (black triangles); 0.74
(white circles).

cacy was higher when more cells expressed siRNA, even at a
lower level (Fig. 5). Consequently, it may be therapeutically
important to ensure that a maximal fraction of the target cell
population induces antiviral RNAi, even if this comes at the
expense of lower levels of RNAi in those same cells.
We also analyzed the case where delivery was sufficient to
induce some degree of antiviral RNAi in all cells, but the level
of RNAi varied between cells, following a binomial distribution, another clinically relevant situation. When neutral viral
genomes were propagated on these cells, we found that increasing the heterogeneity of siRNA delivery or expression led
to small increases or decreases in efficacy, depending on the
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overall level of siRNA present. However, the efficacy appeared
to be rather insensitive to siRNA expression heterogeneity in
general. In surprising contrast, antiviral efficacy against Tat/
TAR functionalized genomes generally increased with the heterogeneity of RNAi expression, and in some cases the increase
was dramatic (Fig. 6).
These differences between neutral and functional genome
models might be explained by the existence of a threshold level
of Tat feedback. If a given RNAi strategy can effectively reduce
viral genetic expression below this threshold, Tat would be
unable to effectively amplify HIV mRNA transcription and
thereby Tat’s own expression. If a sufficient fraction of the cell
population were forced into this drastically reduced level of
viral gene expression, the HIV population would not be able to
adequately sample viral sequence space to produce and establish an escape mutant population. This interpretation could
explain both the increase in efficacy with siRNA expression
heterogeneity that was observed at low levels of RNAi as well
as the modest decrease in efficacy observed for higher levels of
RNAi; in other words, if a cell population existed mainly on
one site of this threshold level of Tat feedback, the primary
effect of broadening the RNAi distribution would be to push
some cells onto the other side of the threshold. In parallel, viral
genomes that coinfect a single cell likely cooperate by contributing Tat to activate each other’s Tat/TAR feedback loops. If
RNAi-mediated inhibition is sufficiently strong to drive viral
expression down to the point where efficient viral replication
depends on cooperative production of Tat, slight increases in
viral inhibition could significantly increase the antiviral efficacy
by reducing the occurrence of viral coinfection. This argument
could explain why antiviral efficacy was more sensitive to increases in either the overall RNAi level or in the fraction of
cells that produce RNAi when targeting functional viral genomes instead of neutral genomes. These results also demonstrate why it is important to incorporate key aspects of the viral
life cycle into a model.
At any rate, it appears that therapeutic efficacy is more
sensitive to the total fraction of cells that express some RNAi
than to the heterogeneity of expression levels in a fully transduced cell population. Therefore, antiviral therapies should be
designed to minimize the fraction of target cells that do not
exhibit antiviral RNAi, since they could provide an avenue for
viral replication and escape that can subsequently overwhelm
and compromise the entire cell population. In clinical practice,
it might be difficult to ensure that siRNA are delivered to or
expressed in a majority of the target cell population. In some
cases, though, the effective transduction efficiency can be increased if the transduced cells have a selective growth advantage. For example, in clinical trials using murine retrovirusmediated gene therapy to treat congenital X-linked severe
combined immunodeficiency, the cells transduced with a genetically corrected cytokine receptor were fortuitously positively selected and thus were able to repopulate the patients
(23). Recently, other researches have developed a method for
reversibly conveying a growth advantage to transduced lymphocytes, such that repopulation can be safely enhanced in
situations where native cells are not efficiently cleared naturally (70). Considering the apparent significance of transduction efficiency in attaining antiviral efficacy, it might be worth
pursuing more aggressive techniques for enhancing the expan-
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sion of transduced cells, which might otherwise be deemed
excessively risky.
In this study, we found that antiviral efficacy was highly
sensitive to the choice of RNAi target sequence within TAR,
such that a shift of several bases was sufficient to eliminate viral
inhibition, especially under conditions of lower overall siRNA
expression. It should be noted that not all RNA sequences are
equally susceptible to RNAi-mediated degradation, and we
have not yet incorporated such limitations (54). However, our
results do suggest that when testing different siRNAs against
conserved viral sequences (such as TAR), it is probably worthwhile to exhaustively test as many sequences as possible.
A number of assumptions were built into the model, and
future development may include expanding the model to more
accurately incorporate several aspects of the viral life cycle.
For example, we assumed that the virus replicates in discrete
generations, similar to passage in cell culture, but the model
can readily be extended to account for intergenerational mixing of mutants in the viral swarm. This study incorporated the
viral diversity-generating mechanisms of point mutation and
recombination, but viral genomic deletions and insertions were
not considered. Since the RNAi was directed against a highly
conserved cis-acting sequence (i.e., TAR), major rearrangements in this region would probably lead to a dead-end viral
genome. If truly nonessential viral sequences were targeted by
RNAi, it is likely that the virus could simply remove these
sequences through deletion (7). Consequently, by prohibiting
deletions, the neutral case served as an extreme lower limit on
the degree to which a target site is evolutionarily conserved. In
any case, future work could incorporate deletions and insertions by allowing for a low rate of template switching between
regions of imperfect homology during reverse transcription;
such a modification would necessitate the postulation of a
recombination probability function that incorporates the degree of homology between RNA template regions. In addition,
this work considered only multiple targets within the HIV
genome. In reality, combinatorial gene therapies targeting various aspects of the HIV life cycle, including both viral and
cellular targets, may be highly effective (4, 40, 42). These viral
and host functions, such as the use of cellular receptors CCR5
and CXCR4, as well as the cyclin T1 and Cdk9 cofactors for
Tat transactivation, can readily be incorporated into the simulation to further explore which combinations of therapies may
prove most effective, as well as provide insights into how best
to enhance the overall therapy through the optimization of its
individual antiviral elements. Finally, RNAi therapies would
most likely be used for patients already infected with the virus,
and the virus would therefore have already replicated and
mutated its sequence, similar to the challenges faced by
HAART (52). Future work may analyze how the preexistence
of viral sequence diversity can impact therapeutic success.
We have developed a robust method for analyzing retroviral
evolution in a manner that can incorporate a significant level of
molecular detail, and we have shown that this approach can
yield insights into the highly complex process by which replicating entities evolve around selective pressure. In addition to
aiding the development of more effective RNAi therapies, this
system could be used to study more fundamental aspects of
viral evolution, such as the debated advantages of a mutator
strain, the role of recombination in evolution, and the balance
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between advantageous, neutral, and deleterious mutations (12,
13, 27, 32). An experimental system to test the predictions of
this work could establish the biomedical relevance and implications of this work, as well as serve as a model system for
further analyzing mechanisms of viral evolution. This stochastic simulation environment thus provides a useful starting point
for developing an enhanced molecular-level understanding of
many medically and biologically important aspects of retroviral
evolution.
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