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The increasing appreciation of the mas-
sive replication rates of human immuno-
deficiency virus (HIV) and the virus’s high
mutation rate gives the impression of a
population of genetic variants of almost unlimited size that can
adapt to any selective pressure that arises. Although there is
much truth to this, a number of clinical observations clearly
demonstrate that constraints on the evolution of HIV popula-
tions exist, and that chance often plays a significant role in dis-
ease course and response to treatment. The role of chance
dictates reconsideration of the appropriate population genetic
model to be applied to HIV, and has implications for both the
natural history and the treatment of HIV disease.

Infection with HIV is characterized by high levels of virus in
blood and lymphoid tissue with remarkably rapid turnover
rates of actively replicating virus'. High concentrations of viral
nucleic acid have been demonstrated in lymphoid tissue®’,
and most infected adults have between 10° and 10° copies of
plasma HIV RNA (in virions) per milliliter of plasma‘. These
virions have a maximal half-life of approximately 6 hours’.
Because HIV’s replication systems error prone and lacks any
proof-reading mechanism®’ (like other single-stranded RNA
viruses), the virus has a very high mutation rate — approxi-
mately 3 X 10® nucleotides per replication cycle®’. Most pri-
mary infections with HIV appear to be monoclonal, with
relatively homogeneous viral nucleotide sequences in newly
infected patients. However, because of its high rates of replica-
tion and genetic variation, HIV undergoes rapid and extensive
evolution within each infected patient during the course of in-
fection®.

1t has been effectively argued that the high rate of virus repli-
cation drives viral evolution™. It is estimated that about 140
replication cycles (generations) occur annually, with a daily
production of about 10" virions®. Because of these estimates,

Box 1

ANDREW J. LEIGH BROWN' &
DougLas D. RICHMAN?

HIV-1: Gambling on the evolution of drug resistance?

Despite the huge size of the HIV population in an infected patient,
chance has an unexpected influence on its evolution.

the viral population has usually been con-
sidered effectively infinite. Consequently,
the evolution of the quasi-species has
been thought to be determined solely by
selective pressures’. However, replication of HIV — and thus
the response of the viral population to selection — also de-
pends on the availability of susceptible CD4" T cells. Thus the
delay in emergence of wild type virus when therapy is stopped
is expected”. Furthermore, viral populations are not theoretical
concepts embodied in deterministic models but are real bio-
logic populations, and chance events can have a profound ef-
fect on evolutionary pathways. When an advantageous
mutation first occurs, it is more likely to be lost than to spread.
The probability of eventual success in a real population (for-
mally known as fixation) is approximately equal to twice the fit-
ness advantage. Thus for every mutant with a five percent
advantage that is successful, nine others arise but are lost™".

The effect of chance is even more pronounced in small or sub-
divided populations. In this case the genetic structuring of the
population is summarized by the term “effective population
number” (N,, see Box 1). The value of N, is inversely related to the
probability that the copies of the same gene in two randomly
chosen genomes were derived from the same ancestral copy™*.
In a truly infinite population, this probability is zero by defini-
tion, and the effective size is infinite. Several factors can reduce
N, below N, including subdivision of the population, fluctua-
tions in population size and even natural selection. All these
processes increase the chance that any two viral genomes share a
common ancestry, and most of these processes can expected to
apply to HIV.

The ratio of N, and N determines the balance between the
forces of selection and random genetic drift. The smaller the
value of N,, the less effective selection can be and the larger the
role that chance may play in the evolution of the population.
When N, is low, even deleterious alleles
will occasionally be successful. A knowl-
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Stochastic and deterministic models

Deterministic models deal with a theoretical population whose size is assumed to be unlimited
(infinite). Consequently, the relative fitness of different allelic variants directly determines their
abundance among the progeny virus after replication. Fitness differences of five or ten percent
are thus translated into a five or ten percent frequency change from one replication cycle to the
next. Stochastic models recognize that populations are finite. In this case a fitness difference is a
difference in probability; that is, a five percent difference indicates that the mean difference over
a large number of replicate populations will be five percent, but in any individual population
chance events could increase, decrease or even reverse this difference. The impact of sampling is
illustrated by a simple analogy — if a coin is tossed 100 times or more, the number of heads will

approximate to 50, but if the record for every 10 coin tosses is examined, these are likely to
range from 3/10 to 7/10. In the evolution of natural populations, therefore, the importance of
chance is inversely related to the value of N,.

Estimation of N,

N, can be estimated from nucleotide diversity data™. The expected average number of pairwise
nucleotide differences for haploid populations is equal to 2N, u, where p is the mutation rate to
selectively neutral substitutions". In addition, the expectation of the time since the most recent
common ancestor (“coalescence time”) for lineages under neutral evolution is also 2N, genera-
tions'". So data on both the mean time to a common ancestor, or the level of selectively neutral
variation may be used to estimate N, for HIV-1, given information on the in vivo mutation rate.

edge of the value of N, for HIV is therefore
important for assessing the impact of fit-
ness differences on the evolutionary fate
of the viral population. It is also impor-
tant in indicating whether the determin-
istic model employed to date or a
stochastic model (in which chance effects
are permitted) is the most appropriate
population model for describing HIV pop-
ulations (Box 1).

Evolution of drug resistance in HIV

“Simple” resistance evolves quasi-deter-
ministically. If HIV evolution were deter-
ministic, the imposition of a selective
pressure would rapidly select for the re-
placement of the common genotype by a
single fitter genotype emerging from a
pre-existing minority population that is
constantly being generated as a conse-
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quence of the high levels of virus replica-
tion. This is what appears to happen
within weeks of starting treatment with
the nucleoside analogue drug lamivudine
(3TC): all circulating viral RNA contains
valine at reverse transcriptase residue
184, a mutation that confers high-level
drug resistance (compared to the wild
type methionine) and a fitness advantage
in the presence of drug of over 90 per-
cent”, The 50 percent inhibitory concen-
tration of lamivudine is increased over
1,000 fold with this single nucleotide
change.

A single nucleotide change also confers
high level resistance (100 to 1,000 fold re-
duction in susceptibility) to the non-nu-
cleoside reverse transcriptase inhibitor
nevirapine”. These mutants preexist in
the plasma HIV RNA in a proportion of
.001 to 1 percent of wild type®. The initi-
ation of treatment selects for high-level
resistance within weeks; however, indi-
vidual patients display many different
patterns of mutations™. Some patients ac-
quire only a tyrosine to cysteine muta-
tion at residue 181, which confers a level
of resistance that permits residual antivi-
ral activity in some patients. In other pa-
tients, nevirapine selects for an
additional mutation at residue 108 that
completely abrogates antiviral activity™.
It is unclear whether this variation be-

chance or to mutational constraints con-
ferred by the variable background se-
quences among patients.

Stochastic evolution of complex resistance patterns
The appearance of resistance mutations to zidovudine (AZT)
also varies greatly among patients. Three to five different muta-
tions must accumulate to confer a greater than 100-fold reduc-
tion in susceptibility to AZT®. Despite continual high-level
virus replication in the presence of AZT, some patients develop
detectable mutations within months, while others take the
drug for years without evidence of emerging mutations™.
Moreover, individuals display variability in the combinations
of mutations that have been associated with AZT resistance®.
Shirasaka et al. first described a distinctive pattern of high
level, multiple nucleoside resistance®. Typically, a patient
treated with AZT and didanosine (ddl) either sequentially or in
combination will develop virus exhibiting more than 100-fold
reductions in susceptibility not only to AZT and ddl, but to zal-
citabine (ddC) and stavudine (d4T) as well. Virus from these pa-
tients first acquires a glutamine to methionine mutation at
residue 151, and then acquires additional mutations at residues
62, 75, 77 and 116 (refs 27,28). Of particular interest, patients
who first acquire a typical AZT resistance mutation, usually at
residue 70, do not develop the 151 resistance complex.
Conversely patients with the 151 resistance complex do not ap-
pear to acquire AZT resistance mutations. Virus from perhaps
five to ten percent of HIV-infected patients follow this evolu-
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tionary pathway. Thus, after months to years, patients treated
with AZT and ddlI follow one of two mutually exclusive evolu-
tionary pathways, apparently by chance.

The introduction of potent protease inhibitors provided sev-
eral new observations regarding the highly variable and appar-
ently random differences in the development of resistance.
Monotherapy with drugs like indinavir or ritonavir reduce the
level of plasma HIV RNA by approximately 99 percent™*. Most
patients over a period of 3 to 12 months, especially those
treated with suboptimal doses, will experience a loss of sup-
pression of virus replication that is attributable to the develop-
ment of high level resistance (approximately 100-fold
reductions in susceptibility). This resistance results from the
cumulative acquisition of 4 to 7 mutations in the gene for pro-
tease®"'. These mutations occur in any of approximately 12 dif-
ferent residues in this 99-amino acid peptide. Almost no two
isolates from treated patients have been shown to contain the
same combination of mutations™?*.

Approximately 30 percent of patients given the highest tol-
erated doses of the new potent protease inhibitors as
monotherapy will experience sustained suppression of de-
tectable HIV RNA or infectivity in blood for up to two years or
more®. Upon drug withdrawal, no new mutations in the pro-
tease gene have been seen, even though several are known to
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be found singly as polymorphisms in untreated patients®*. No
obvious characteristics distinguish those patients who will ex-
perience sustained suppression while complying with protease
monotherapy from those who lose suppression and develop
high level resistance. It is notable that the addition of nucleo-
side analogues to therapy with protease inhibitors can signifi-
cantly increase the proportion with sustained suppression®.
These observations suggest that — by chance — a minority of
patients administered a potent protease inhibitor will experi-
ence complete suppression of virus replication without out-
growth of a highly resistant population, because unlike
lamivudine or nevirapine, this requires the presence of multi-
ple mutations. Moreover, the addition of nucleosides reduces
the probability that a highly protease-resistant population of
virus will grow out.

The syncytium-inducing (SI) phenotype

The appearance in some patients of virus with the syncytium-
inducing (SI) phenotype provides another example of appar-
ently stochastic evolution. Virus with the SI phenotype can be
isolated from less than five percent of patients with a CD4" T
lymphocyte count greater than 500 per microliter of blood™.
During the course of HIV infection patients acquire Sl virus in
an apparently random manner. The proportion increases expo-
nentially to 50 percent as the CD4" T cell count drops below 50
and patients die with AIDS. Nevertheless, half of the patients
die without acquiring SI virus*. Those who do acquire the SI
phenotype experience a three-fold more rapid rate of decline of
CD4+ T lymphocytes and a shorter disease course®*, but the
appearance of SI virus is stochastic. This evolutionary pathway,
which requires the acquisition of several mutations in the HIV
coat protein gp120, is followed apparently by chance in some
patients but not others.

nef deletion mutants of HIV

During transmission with a low-infectious inoculum, a “genetic
bottleneck” occurs at which N. is close to 1, as evidenced by the
usually homogenous initial population. When N, is this low,
“founder effects” can cause deleterious mutants to reach a high
frequency”. This phenomenon has been seen in a cluster of pa-
tients found to be infected with virus bearing the same deletion
mutant in the nef gene*. This highly attenuated virus is associ-
ated in these patients with very slow progression of disease™*,

Effective population for HIV in vivo

Using a newly developed algorithm, one of us has estimated
the effective population number (N,) of the viral population
from nucleotide sequences of the V3 region from an infected
hemophiliac with a total virus burden of 10° to be between 1.0
and 2.1 X 10° (ref. 40). More recently, this analysis has been ex-
tended to samples from three other asymptomatic patients.
Each of these analyses generated estimates of N, between 10°
and 10° (AJ.L.B., L. Zhang & A. Mayer, manuscript in prepara-
tion). These values are substantially lower than might have
been expected from the very large titer of plasma virus and low
enough to indicate a significant role for chance in the evolu-
tion of the viral population.

Why is the estimate of N, so far below the census size? Many
factors act together to reduce N, below N. First, estimates of the
titer of infectious virus have been much lower than the titer of
viral particles’. A proportion of newly replicated viral genomes
are expected to carry an inactivating mutation that will prevent
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their replication. There is also likely to be substantial variation
in the number of progeny particles from different infected cells.
Some infected cells may die or be killed early after expression of
viral antigens and before the successful generation of infectious
progeny. A minority of infected cells may successfully generate
many progeny that are genetically similar, and thus reduce the
overall value of N, substantially. Moreover, the successful prop-
agation of progeny may be dependent upon geographical rela-
tionships of infected and susceptible cells, and not represent the
genetic complexity of all infected cells on a one-for-one basis.
The progeny of some cells may be poorly situated to infect sus-
ceptible host cells successfully before these virions are rapidly
cleared, thus making propagation of that genotype less proba-
ble. On the other hand, another cell may generate genotypically
identical progeny at a site where the opportunity to infect sus-
ceptible cells is high. This may be exemplified by the presence of
focally distinctive genotypes in the spleen.

For all these reasons, the daily generation of 10" virions may
reflect an effective population size of 10°. In addition, another
significant factor reducing N, within a patient is the extreme
bottleneck in numbers that occurs successively as the virus is
transmitted between individuals. This has an effect on N, that
is particularly strong for the first two or three years of the infec-
tion. During this time the diversity of the viral population re-
mains low, because substantial time is required for the
frequencies of new mutants to reach their equilibrium values
(see Box 2).

What are the implications of the low effective number (N,) of
HIV? First, it clearly indicates that stochastic, rather than deter-
ministic, models are more appropriate for describing the evolu-
tion of the viral population**. Second, the value of N, sets a
lower limit to the selective advantage required to determine the
evolution of the viral population. For fitness differences less
than the value of 1/N,, genetic drift is the primary force deter-
mining the fate of a genetic variant. When a mutation confers a
fitness advantage of 50 percent or more, the outcome will be
unaffected. However when fitness advantages are small, or
when two mutations each confer a large, but similar fitness ad-
vantage, chance could play an important role, as the first muta-
tion to arise will be likely to dominate the population even
though others may be more fit.

The low effective number also provides an explanation for
apparently chance differences in similar patients. Some de-
velop SI variants; some do not. Some patients develop high
level resistance to zidovudine and protease inhibitors and some
do not. Individual patients develop very different patterns of
resistance mutations to nucleosides, non-nucleoside reverse
transcriptase inhibitors and protease inhibitors.

The lower effective population size has implications for
chemotherapy. It explains why regimens with only three potent
drugs can suppress virus replication in most patients to levels at
which there is no evidence of ongoing replication despite initi-
ating treatment at plasma levels of HIV RNA between 10 and
10° copies per ml (and many orders of magnitude higher levels
in lymphoid tissue). Moreover, the rationale of treating early in
infection is reinforced by the estimation of lower effective popu-
lation numbers (and thus genetic complexity) at early stages
(see Box 2). Virological studies in HIV therapeutics have been
advanced substantially by the adoption of quantitative ap-
proaches to population dynamics. Incorporation of more accu-
rate genetic models of the viral population will add even greater
power to the analysis of antiviral resistance.
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