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Abstract

Our understanding of the way in which HIV responds to highly active
antiretroviral therapy (HAART) has benefited greatly from the use of
mathematical models of viral dynamics and evolution. In this paper, | review the
role that these models may play in the design and analysis of studies of
structured treatment interruptions (STls). STIs are being investigated in several
different contexts: to reduce drug toxicities; to boost HIV-specific immune
responses; and to allow reversion of drug resistance mutations in highly drug-
experienced patients. | illustrate how models can help to compare the dynamics
and evolution of HIV in these different scenarios, and to assess the risks and
benefits of STis.
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plasma virus on HAART is not constant, but de-
clines over time?. Different mathematical models
have provided different explanations for this phe-

Introduction

Highly active antiretroviral therapy (HAART) of

HIV infection can result in long-term suppression
of viral loads to undetectable levels in the plasma,
resulting in lower disease progression rates and
lower infectivity. Mathematical models have add-
ed greatly to our understanding of viral dynamics
under HAART'. These models can be used simply
to describe the rate of decay of virus at different

nomenon, including the presence of long-lived
infected cells?, declining immune responses®, and
declining immune activation of uninfected cells,
which result in reduced availability of target cells*.
Due to the high replication and mutation rate of
HIV, drug resistance may emerge during HAART
and can result in viral rebound. Mathematical
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HAART may relieve these side effects, the virus
rapidly rebounds, reflecting the long-term persis-
tence of the virus and the inability of immune re-
sponses to contain viral replication. Structured treat-
ment interruptions (STIs), where antiviral therapy of
HIV-1 infected patients is discontinued multiple
times, have been proposed as a treatment strategy
that can overcome some of the problems associated
with HAART. Short (a week or less) interruptions of
therapy have been studied to reduce exposure to
antiviral agents and hence reduce drug toxicities,
while limiting the amount of viral replication®. Me-
dium length interruptions (weeks to a month) have
been studied to boost HIV-specific immune respons-
es in patients with suppressed viral loads by allow-
ing a limited exposure to autologous viral antigens.
These studies have been performed in both acutely-
infected’®' and chronically-infected' ' patients.
Longer interruptions (several months) have been
used to allow resurgence of wild-type virus in indi-
viduals with highly drug-resistant virus'®, which may
improve the response to salvage therapy, at least in
the short term”.

There is also a great deal of interest in how HIV-1
evolves during therapy interruptions. A major con-
cern is that allowing the virus to replicate increas-
es the risk that drug resistance will evolve, either
by the production of new drug-resistant mutations
or by the re-emergence of mutations that pre-exist
prior to therapy. Pre-existing resistance mutations
may be present in latently infected cells after
being produced during previous suboptimal drug
regimens, or may be generated during therapy
due to the high mutation rate of HIV. Evolution
plays a central role in the use of STls to allow
reversion to wild-type virus in patients who are
failing therapy due to the existence of drug resis-

tance. As HIV has a high rate of evolution, genetic
differences can be generated both over time and
between tissues. This phenomenon can help us
understand the reservoirs of virus that persist
during suppressive therapy, and reseed the pe-
riphery during therapy interruption; genetic differ-
ences between virus rebounding in the plasma
following interruption and virus present in a reser-
voir argue against that reservoir being responsible
for reseeding the periphery.

There have been numerous reviews and com-
mentaries of therapy interruptions that have fo-
cused primarily on the clinical aspects of STIs'822,
| take a different approach, where | consider how
mathematical models may add to our understanding
of factors underlying the dynamics of viral rebound
during therapy interruptions, and how viral dynam-
ics may affect the way in which HIV evolves during
STls. These models provide a structure within which
we can compare and contrast different STI studies
applied in different contexts.

Stages in the dynamics
of viral rebound

For ease of explanation, | will break down the
dynamics of viral rebound during a single therapy
interruption into three stages, illustrated schemat-
ically in figure 1:

1. The delay stage. In individuals with viral
loads suppressed below detectable levels,
there is a delay between therapy interruption
and viral loads reaching detectable levels.

2. The growth stage. Following the viral load
reaching detectable levels, there is a period
of exponential growth.
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3. The setpoint stage. Following exponential
growth, the viral load reaches an equilibrium,
reflecting a balance between viral produc-
tion and clearance.

Dynamics and evolution during
the delay stage

In individuals with suppressed viral loads on
HAART, there is a delay between interruption of
therapy and the virus reaching detectable levels.
Figure 2 shows the timing of this delay using a
Kaplan-Meier plot, based on data from 11 chron-
ically-infected individuals who were suppressed
under HAART, and who underwent multiple ther-
apy interruptions as part of the Autovac trial'3242,
The frequent sampling of viral loads in this study
allows the time to viral rebound to be estimated
accurately. Using parametric survival analysis,
the mean delay is 14 days, with a great deal of
variation about the mean (2.5 and 97.5 percen-
tiles are 6 and 31 days respectively). There was
a highly significant difference between patients
in their time to viral rebound (p < 107). More
robust HIV-specific immune responses may con-
tribute to longer delays before viral rebound, and
hence therapeutic vaccination during HAART
may increase the time to viral rebound following
therapy interruption. Given that most studies of
STls in chronically infected individuals have dem-
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onstrated a decrease in viral growth rates over
successive STIs'>1326. we might expect that the
delay would also increase over successive STIs.
However, there was no significant difference be-
tween the times to viral rebound across the four
STls (p = 0.47). It has been hypothesized?® that
reseeding of viral reservoirs could lead to a
decrease in the delay between therapy interrup-
tion and viral rebound over successive STI cy-
cles, which may compensate for the increase in
the delay due to lower viral growth rates. Testing
this hypothesis is hampered by our lack of knowl-
edge about the reservoir from which rebounding
virus emerges.

Even after accounting for the number of STI
cycles and patient-specific differences, there is a
great deal of residual variation in the length of the
delay. Due to the low numbers of productively
infected cells in the periphery during the early
stages of therapy interruption in patients with
undetectable loads on HAART, at least some of
the variation in the delay may be due to stochastic
effects. To illustrate this, | consider a simple mathe-
matical model with a constant rate of influx of
productively infected cells into the periphery (0.5
cells per day), which have an average lifetime of
one day, and an infection rate which is assumed
to be zero during therapy, and which gives a viral
doubling time of 1.5 days following interruption.
Figure 3a shows viral growth curves for five runs
of the model, illustrating the highly noisy dynam-
ics at low levels, which results in a variable time
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Figure 3. Results of a simple stochastic model of the outgrowth of virus following interruption of therapy. The rate of pro-
duction of productively infected cells is assumed to be 0.5 day’'; the rate of outgrowth of virus is assumed to be 0.2 log,,
per day; and the average lifetime of an infected cell is assumed to be 1 day. At the beginning of each simulation, there
are no infected cells. The simulation is stopped if the number of infected cells reaches 1000, or the time reaches 28
days, whichever is the sooner. a) Representative dynamics for five simulations. Log,, (1 + number of infected cells) is
plotted against time since interruption. b) Histogram of the time taken to reach 1000 cells (or 28 days) for 1000 simula-
tions. Extensive heterogeneity can be generated by stochastic effects. Code to perform the simulations is available from

the author on request.

to reach a given population size (Fig. 3b). These
stochastic effects could be amplified if viral out-
growth from low levels relied upon the inflamma-
tory effects of HIV replication in order to recruit
target cells to local sites of infection in solid
tissue. A continuous chain of infection may be
needed to result in sufficient stimulation to recruit
enough target cells to allow viral rebound. In this
respect, the dynamics of the emergence of virus
during the early stages of HAART may be similar
to the initial spread of virus during acute HIV
infection?’, although originating from multiple sites
rather than the single site of exposure.

STl studies exclude patients on non-nucleoside
reverse transcriptase inhibitors (NNRTIs) due to

Secondly, selection is ineffective in small popula-
tions. During the time of suboptimal drug concen-
trations, the number of productively infected cells
is very small, and hence evolution during the early
stages of interruption will be relatively unaffected
by drug selection pressure.

Dynamics and evolution during
the growth stage

After the virus has reached detectable levels in
the blood, it undergoes exponential growth, re-
flecting the relative lack of growth-limiting factors.
Although immune responses may wane on highly
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sampling of small numbers of chronically-infected
patients have shown that the viral growth rate,
when averaged across individuals, decreases over
successive therapy interruptions'®1326 QOrtiz, et
al.™ did not find that viral growth rates decreased
over successive interruptions; this may be due to
the low frequency of viral load measurements and
high limit of detection (400 copies/ml) in their
study. Given that CD4+ counts do not progres-
sively decrease over multiple STI cycles, de-
creased target-cell availability is unlikely to be the
cause of decreased viral replication rates. In ad-
dition, highly frequent sampling of viral loads has
revealed that there are apparently stochastic fluc-
tuations in viral loads after multiple STIs?®. These
fluctuations are too large to be explained in terms
of measurement error, and they may reflect a
highly dynamic relationship between viral load
and HIV-specific immune responses. In individuals
who are failing therapy, their viral load is much
closer to the setpoint, and hence the rate of
increase of viral load following interruption is much
lower. Deeks, et al.'® showed a median increase
of viral load of 0.84 (range 0.27 to 1.07) log,,
copies per ml over a three month period in a
population of highly experienced patients with
high viral loads on therapy who interrupted thera-
py, compared to a median increase of 0.31 (range
-0.09 to 0.65) log,, copies per ml in patients who
continued therapy.

A common way to summarize the ability of the
virus to grow in vivo is to calculate the basic
reproductive rate, R,, defined as the total number
of productively infected cells produced by a sin-
gle productively infected cell in the absence of
limiting factors on viral growth i.e. when there is a
high availability of target cells and a low level of
HIV-specific immune responses. R, has been used
as a measure of the impact of STls on reducing
viral replication®26, Mathematical models can be
used to estimate R, from the rate of exponential
growth. However, a number of assumptions re-
garding the life cycle of HIV have to be made, in
particular, the distribution of the time over which
the infected cell produces virus particles®. Un-
der the “standard” model of viral dynamics®,
virus is assumed to be produced as soon as a
target cell is infected. R, can be oalculated under
this model from the rate of viral rebound, r (in log,
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The genotype of the virus that emerges during
the growth stage is dependent on the founding
virus. If the reservoir is genetically homogeneous,
then the virus emerging from the periphery will
also be homogeneous. However, if the reservoir
comprises several genetically different viral variants,
then the pattern of evolution in the periphery
depends upon the rate of seeding from the reser-
voir. A low seeding rate will result in the rebound-
ing viral population being founded by a small
number of viruses, resulting in a homogenous
virus emerging during each STI cycle, with differ-
ent variants emerging over successive interrup-
tions. A high seeding rate will result in less founder
effects, and will result in the emergence of a
heterogeneous viral population, the genetic com-
position of which will remain relatively stable over
successive STl cycles. As both the genetic diver-
sity in the reservoir and the seeding rate from the
reservoir are likely to vary between individuals,
the pattern of viral evolution during STls is likely to
be highly variable between individuals and over
time, even in the absence of any immune selec-
tion pressure driving viral evolution. This prediction
is consistent with preliminary data on evolution of
the env gene during STIs®.

It may take several rounds of viral replication to
generate further genetic diversity by mutation,
and hence the risk of evolving new resistance
mutations during short interruptions is low, al-
though it rises steeply as the duration of interrup-
tion increases and the viral load approaches set-
point3*3%. However, pre-existing resistant virus may
emerge under certain conditions. Martinez-Pica-
do, et al.% have demonstrated the emergence of
the M184V mutation in reverse transcriptase in
two patients from low levels to high levels over the
course of three STI cycles. Both patients had
evolved this mutation during prior suboptimal AZT
+ 3TC therapy. The emergence of the M184V
mutation despite its high cost in terms of lowered
viral replication®” may be compensated for by a
selective advantage during therapy. To illustrate
this, | consider a simple model, which considers
two populations of viruses: “wild-type” and “resis-
tant”. Let B,,(t) and B,(t) be the per capita growth
rates of wild-type and resistant virus at time t
during therapy interruption. Due to high levels of
target cells and/or insufficient HIV-specific im-
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the lower growth rate of the resistant virus during
interruption is compensated for the lower decay
rate during therapy. Clearly, this model is grossly
oversimplified; in particular, it does not include a
reservoir of virus, and so may be insufficient to
account for observed increases in the frequency
of drug resistance mutations over successive in-
terruptions. However, it illustrates the importance
of the duration of the off- and on-therapy periods
in the evolution of resistance.

Larger studies of STIs suggest that mutations at
codon 184 in reverse transcriptase are the most
likely to emerge during STls. In a study of Swiss
patients partaking in the Swiss-Spanish Intermit-
tent Treatment Trial, Perrin, et al.®® found that STls
were not associated with the frequent selection of
drug resistant mutants, except M184l/V, especially
in patients with high viral loads during the first
viral rebound. In previous studies of patients un-
dergoing lamivudine monotherapy, initially the
M1841 mutation emerges in the plasma virus pop-
ulation, but is later replaced by virus harbouring
the M184V mutation; this order arises as the M184|
mutant is produced at a higher rate by mutation
than M184V, but the M184V mutant is associated
with a higher replication rate®. The presence of
M184l in patients undergoing STIs suggests that,
in at least a fraction of patients, de novo resis-
tance is emerging, rather than the re-emergence
of M184V that evolved previously during subopti-
mal therapy. It is not clear whether lamivudine
resistance emerges preferentially due to the small
number of mutations required to confer resis-
tance, or whether the long intracellular half-life of
this drug may contribute to resistance, by result-
ing in a prolonged period of suboptimal drug
levels. Further circumstantial evidence that evolu-
tion of resistance during STIs may be restricted to
lamivudine comes from the RIGHT 901 trial®®, which
found no evidence of development of resistance
during treatment with hydroxyurea/didanosine/sta-
vudine or didanosine/stavudine/indinavir combi-
nation therapy.

Dynamics and evolution during
the setpoint stage
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The way in which therapy interruption could
result in a decline in viral setpoint was described
using mathematical models by Dominik Wodarz
and co-workers*45 who argued that there are
two potential viral setpoints: a low viral setpoint
maintained by strong, CD4+ dependent cytotoxic
T-cell (CTL) responses, and a high viral setpoint
maintained by weak CD4+ independent CTL re-
sponses. The key element in these models is the
way in which CTL precursors (denoted w) prolifer-
ate in response to the number of infected CD4+
cells (denoted y) and by the amount of CD4+ help
(denoted x). In the simplest of these models*,
proliferation of the CTL precursor pool is given by
cxyw, where ¢ is a constant reflecting CTL activa-
tion. On the one hand, infected cells, y, result in
proliferation of CTL precursors, w, with concomi-
tant increases in immune control; on the other
hand, infected cells result in loss of uninfected
CD4+ T-cells, x, and hence reduction of CTL
precursor proliferation. This phenomenon results
in the two different steady states. Low viral loads
are attained when the activation rate of CTL
precursors is high and the viral growth rate is
low; conversely, high viral loads are attained
when the activation rate of CTL precursors is low
and the viral growth rate is high. By allowing
limited viral replication through therapy interrup-
tions, CD8+ T-cells are stimulated, but damage to
the CD4+ compartment is limited, and hence the
system can switch from a state of weak CD4+
independent CTL responses to strong CD8+ CTL
responses.

One potential application of the models of
Wodarz, et al. is to investigate how the number
of interruptions, the length of each interruption
and the intervals between interruptions determine
whether a switch from low to high control of viral
replication occurs. The models can then be used
to find interruption protocols that give the highest
chance of success (defined, for example, as sus-
tained low viral loads) given that data on viral load
and clinical markers may be incomplete and unre-
liable*®47. This kind of approach (known as “con-
trol theoretic” in the modeling literature) has been
adopted in previous studies of HIV by Larry Wein
and co-workers*®*0 where models of viral dynam-
ics and evolution were used to find regimens that
minimize viral load on therapy and the probability
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ple models of Wodarz, et al. predict that the
response to therapy interruptions should be
greater in individuals who exhibit greater HIV-
specific immune responses, and suggest that the
poorer response of chronically infected individu-
als to STIs may be due to the level of damage
sustained by the CD4+ compartment in chronic
infection. However, although several studies have
shown that, on average, viral replication decreas-
es and HIV-specific CTL responses increase, at
the individual level there is surprisingly little
correlation between the extent to which viral
replication is reduced and the increase in CTL
responses’®?. One possible explanation for this
discrepancy is that analysis of CTL responses is
confounded by viral evolution; different antigenic
variants may arise during each therapy interrup-
tion. The exposure of the immune system to
different antigenic variants may result in weaker
HIV-specific immune responses than if the im-
mune system was exposed to a homogenous
viral population.

In some patients who interrupt therapy, the
viral loads “overshoot” the equilibrium. Figure 4
shows two individuals from the Autovac trial®*
who ceased therapy following four STI cycles.
Although the peak viral loads are similar in
these two patients, one patient exhibits a dra-
matic drop in viremia. This transient stage pos-
es a difficulty in designing STI protocols, which
include a criterion for re-initiating therapy if the
viral load becomes too high to minimize the dam-
age done to the immune system by the out-
growth of the virus. Some patients may actually
respond well to STls, but are placed back on
therapy before this becomes apparent. The role
of viral factors, such as replication rate, and host
factors, such as the strength of HIV-specific im-
mune responses, in determining whether an indi-
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vidual overshoots their setpoint or not is yet to be
established.

The pattern of evolution of resistant virus dur-
ing the setpoint stage differs from that during the
growth stage due to the presence of limiting
factors on the viral population, which result in
competition between viruses. Viruses that emerge
during the growth stage, when competition be-
tween viruses is low, may be outcompeted to low
frequencies following attainment of viral setpoint
when competition between viruses is high. In
patients with high levels of resistant virus on
HAART, therapy interruption results in reversion
of drug resistance to wild-type over a period of
several months'®'7. The rate at which this rever-
sion occurs reflects the lower replication rate of
resistant virus relative to wild-type virus. In order
to estimate the relative fitness of resistant virus,
changes in population dynamics over the inter-
ruption need to be controlled for. If we assume a
constant death rate, 8, over the interruption, the
fitness of wild-type virus relative to resistant virus
can be calculated from the ratio of wild-type
virus to mutant virus W/M (which can be ob-
tained by clonal sequencing or real-time PCR, for
example) and from the number of mutant viruses,
M, at time t following interruption using the fol-
lowing expression:

log (\li\/ll_:) = log ( \IZ/IVZ ) + s[log(Mt) - log(Mo) + &]

This model was originally derived by Maree, et
al.%? in the context of estimating fitness from in
vitro virus competition experiments and has been
applied to data on the reversion of drug resis-
tance virus during STIs by Bonhoeffer and De
Boer®. From equation, the selective advantage of
wild-type virus over mutant virus, s, is given by
the slope of the plot of log(W,/M,) against log(M,)
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—log(M,) + ét. In order to calculate the number of
mutant viruses, we need to multiply the viral load
measurement by the frequency of mutant virus;
obtaining error bounds for the fitness is complicat-
ed by that fact that there are errors in both the y
and x axis®3%*. The attractive feature of this model
is that the viral dynamics do not have to be
modeled explicitly; all that is needed is the viral
loads at each time point. This neat mathematical
result stems from the assumption of a constant
death rate of infected cells over the period of
interruption. However, this may not be the case.
By comparing the initial rate of growth of virus, the
viral setpoint attained, and estimating the death
rate of infected cells at the setpoint by the rate
of decline of virus on therapy, Oxenius, et al.?®
have suggested that the death rate of infected cells
at setpoint is higher than that when viral loads are
at the limit of detection. Changing death rates will
result in the model fitting poorly to the data.

Conclusions

Mathematical models have been very useful in
exploring the response of HIV to antiviral therapy.
In this review, | have aimed to show how such
models can guide the design and analysis of trials
of structured therapy interruptions. There are a
number of questions that have been raised by STI
studies, which offer possibilities for future re-
search. These include the following:

— In patients with suppressed viral load, where
does the virus that emerges following inter-
ruption come from?
¢ Possible reservoirs include virus attached to

follicular dendritic cells in lymphoid tissues,
which can persist even in the absence of
ongoing replication, or in the central ner-
vous system or other “drug sanctuaries”.

— What are the viral dynamics in compartments
other than plasma following interruption?

e Most studies have concentrated on the
dynamics in the blood; however, the ma-
jority of infected cells are in lymphoid
tissues. Viral rebound in the central ner-
vous system may result in neurological
pathology, and viral rebound in genital
secretions may increase infectiousness.

- Why are measur
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to STIs?

* While it is clear that
a viral setpoint followi
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- Why does lamivudine resistance preferential-
ly emerge during therapy interruptions?

e The emergence of mutations at residue
184 in reverse transcriptase may reflect
virological factors such as the low muta-
tional barrier to the generation of these
mutations, or pharmacological factors
such as the long intra-cellular half-life of
lamivudine. The clinical impact of the
emergence of this mutation in the context
of STls has also yet to be addressed.

- How do the details of the interruption proto-
col affect the dynamics and evolution of HIV
during STls?

e There is no general agreement about what
is the “best” STI protocol for a given aim
in terms of length of on- and off-therapy
cycles, the number of cycles, the viral
load above which therapy should be re-
initiated, and so on. A meta-analysis of
different STI protocols may guide the de-
sign of future protocols.

My personal view is that each of these possible
avenues of research may benefit from a modeling
component, and that as well as the clinical impor-
tance of studies of STls, there is a lot we can learn
about the basic biology of HIV from the way that
the virus grows and evolves following interruption
of therapy.
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