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HIV dynamics and immunosenescence

Wayne M. Getz

Three differential equations modelling HIV virion,

and infected and uninfected immune-cell densities

during acute and chronic phases of infection

underlie in-vivo HIV viral dynamics models.

Adding a fourth equation that simulates immuno-

senesence through the drawdown of a stem-cell

reservoir permits the phase of full-blown AIDS

to be incorporated in the model. This greatly

enhances the utility of the model in designing

interventions and explains why time-to-full-blown

AIDS decreases with age at infection.

A simple but effective in-vivo virion/immune-cell model
underlying analyses of the progression and treatment of

HIV in infected individuals is based on a system of three
ordinary differential equations describing the dynamics of
uninfected immune system cells (x), infected immune
system cells (y), and free virions (v) [1,2]. The model is
based on immune cells (often interpreted as CD4 cells)
that are produced at a constant rate but die at a rate
proportional to the density of these cells in the blood. On
infection of one of these immune cells by an HIV virion,
the model assumes that the infected cell will die at a
characteristic rate releasing a specified ‘burst-size’ number
of new virions. These virions then go on to infect
uninfected immune cells at a rate proportional to the
densities of virions and uninfected immune cells in the
blood. With an appropriate set of rate and burst-size
parameters, this model is able to capture virion and cell
densities during the initial acute and later chronic stages of
the infection (Fig. 1a). With the addition of a fourth
differential equation that, as described below, can be
interpreted as modelling the drawdown of a reservoir of
stem cells, also interpreted as a process of immunosene-
sence [3], in which the size of the reservoir is set either by
a tolerance to an accumulation of genetic errors [4] or the
loss of telomere function [5], the final full-blown AIDS
stage of the infection can also be captured by the model.

In particular, in the three differential equations that
underlie many current in-vivo HIV immune cell models,
uninfected cells are produced at a constant rate l, infected
cells at a rate bxv (transmission process with rate
parameter b), and virions at a rate ky, whereas dx, ay,
and uv are, respectively, the rates at which uninfected cells,
infected cells and virions are removed from the system
(death processes): k/a represents the burst size. This basic
model and its elaborations do not account for immune
opyright © Lippincott Williams & Wilkins. Unauth
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cell production limitations caused by accumulated genetic
errors [4] and the loss of telomere function [5] that
ultimately results in immune senescence [3]. These factors
can be modelled by assuming a finite reservoir of
hematopoietic stem cells [6] represented by the variable
z(t) that decreases steadily with time t. A simple
elaboration to the basic model that accounts for this is:

dx

dt
¼ lðx; zÞ � dx� bxv;

dy

dt
¼ bxv� ay;

dv

dt
¼ ky� uðzÞv; dz

dt
¼ �clðx; zÞ:

The basic model [1,2] is the first three equations with
constant l and u. The additional reservoir equation implies
a drawdown rate c per uninfected cell production unit l
that we now assume depends on the size of the stem-cell
reservoir z(t) and the level x(t) of uninfected cells. We will
also assume now that the virion clearance rate u depends
on z(t). These dependencies can be phenomenologically
described as follows. First, we expect l (x,z) to be a
decreasing function of x because production should
increase when uninfected cell counts are low. Initially,
for non-depleted values of z, there should be little effect on
either the maximum rates l0 or u0 until the reservoir z(t)
approaches exhaustion, at which point l (x,z) reduces to 0
and u(z) to its background rate g u0 (0<g< 1 to account
for the loss of macrophage activity in removing virions).
The extent towhich z must be reduced for these rates to be
at half their maximum values depends on many factors.
Simple forms appropriate to the resolution of the model
are:

lðx; zÞ ¼ l0ðxÞz
bl þ z

and uðzÞ ¼ u0ðgbu þ zÞ
bu þ z

;

where l0ðxÞ ¼
l̄0

1þ ðx=bxÞ

accounts for increasing production rates as the uninfected
cell population drops.

This extended model, in addition to replicating the acute
and chronic infection stages of a typical HIV infection
profile, captures the senescing immune system state at
the onset of full-blown AIDS (Fig. 1) [5]. The parameters
used in Figure 1 are illustrative, because considerable
variability exists among individuals in the intensity of
infection at different stages of infection and in the time
from infection to the onset of full-blown AIDS; the
latter, for example, is known to decrease with age,
with estimates [7,8] indicating a mean of 14–15 years
at approximately the age of 10 years to about 8 years at
orized reproduction of this article is prohibited.
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Fig. 1. Solution to the model for parameter values
l̄0 U 2 T 106, d U 0.02, a U 0.5, k U 100, u0 U 1, b U 4 T 10S8

(cf. 1) and initial conditions x(0) U 106, y(0) U 0, and
v(0) U 100. Trajectories (numbers per millilitre of blood): black
lines ( ) are healthy cells (x, left axis), dashed lines ( ) are
infected cells (y, left axis), and dotted lines ( ) are virions
(v, right axis). (a) A 2-week transient spike relaxes in the
presence of an inexhaustible stem cell reservoir (infinite z)
to the set point equilibrium x¼ 1.1�104, y¼2.9� 105, and
v¼3.2�107. (b) For a finite stem-cell reservoir, initial con-
dition z(0)¼1000 (scale depends on units) and parameter
values c¼ 2.4�10�6, bl¼20, bx¼10 000, bu¼100 and
y¼1/100, the immune system collapses in uninfected indi-
vidual (v(0)¼0, solution not shown) in approximately 72 years
for the given initial condition.
approximately the age of 50 years. This decrease is
expected under the assumption of a continuously
drawndown hematopoietic stem-cell reservoir, because
the reservoir equation implies z(0) decreases with the
individual’s age at the start of infection. It is also
expected that the progression rate to full-blown AIDS is
increased by factors that draw down the reservoir, such as
previous parasite loads, chronic disease, and co-infections
[3].

The first three equations in the four equation model
presented here are too simple to capture many subtle
phenomena associated with the acute and chronic phases
of HIV infection, such as the persistence of low levels of
plasma virus during potent antiretroviral therapy or the
accumulation of mutations in immune cells over time.
Multicell-type models employing additional differential
equations are needed to investigate such phenomena
[4,9]. Despite numerous elaborations to acute/chronic
phase models represented by the first three equations,
however, a basic model that captures all three in-vivo
phases of HIV/immune cell dynamics (acute, chronic,
collapse) using a single set of relatively simple differential
equations has yet to be proposed. The four equation
model presented here fulfils this role, although it will also
need to be elaborated when used to address questions
regarding the most effective design of HAART regimens
or issues relating to the emergence of strains resistant
to such interventions [9–11]. In addition, the fourth
equation stresses our need to investigate and characterize
more fully the exhaustibility of an individual’s immuno-
logical system, particularly with regard to assessing its
state as a hematopoietic stem-cell reservoir as a result of
changes in lymphatic organs and bone marrow structure
with age and history of infections. Finally, if immune
system senescence is caused by the kind of extractive
process modelled here, the results presented in Figure 1c
have a profound bearing on the appropriate time to start
antiretroviral treatment in HIV-positive individuals,
particularly in individuals with co-infections such as
Mycobacterium tuberculosis.
ized reproduction of this article is prohibited.

Fig. 1. (Continued ).
The solution indicates that this initial condition corresponds to
a partly depleted system, given the relatively fast progression to
full-blown AIDS approximately 2600 days, after which theviral
count rises by an order of magnitude before collapsing to 0
when the individual dies from a collapsed immune system
somewhere between 3000 and 3500 days. (c) For the above
parameter values, the application of an antiretroviral treatment
at day 1500, if it has the effect of reducing k by 97% (i.e. k¼3,
t>1500), the infection is effectively eliminated, but the
immune system still collapses at approximately day 16 000.
If treatment is delayed 500 days (starts day 2000), the immune
system fails at approximately day 12 200 (not shown), reducing
the individual’s effective life by more than 10 years.
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Combination antiretroviral therapy failure and HIV
super-infection

Daniela Bezemera, Ard van Sighema, Frank de Wolfa,b,
Marion Cornelissenc, Antoinette C. van der Kuylc,
Suzanne Jurriaansc, Lia van der Hoekc, Maria Prinsd,e,
Roel A. Coutinhoe,f and Vladimir V. Lukashovc

In addition to development or selection of resist-
ance, failure to continuously suppress HIV-1 pro-
duction while still using initially effective
combination antiretroviral therapy (cART) may
result from super-infection with a drug-resistant
opyright © Lippincott Williams & Wilkins. Unauth
strain. Both transmission of drug resistant HIV
and super-infection have been demonstrated. We
analysed HIV pol genes obtained before start of
initially successful cART and during failure
while still on cART in 101 patients. Difference in
precART and cART failure sequences were
explained by evolution and not by super-infection.

A considerable proportion of new HIV-1 infections are
caused by viruses carrying antiretroviral drug-resistant

mutations [1–3]. In The Netherlands, 6% of recent
infections were found to contain mutations associated
with resistance [4]. Although rare, super-infection with
another and even drug resistant HIV-1 strain has been
demonstrated [5–13]. Given the popularity of serosorting
amongst HIV-1-infected males having sex with males
(MSM) [14–20], we therefore investigated to what extent
super-infection of initially successfully cART-treated
individuals could explain treatment failure.

We analyzed HIV-1 pol sequences obtained from patients
before starting cART and during failure, while still on
cART. The clinical, virological and immunological data
of patients were collected within the framework of the
ATHENA national observational cohort [21]. Failure was
defined by a detectable HIV-1 RNA load while on cART,
after at least one successfully suppressed plasma sample
taken following start of cART. In total, 9390 patients
started cARTand experienced initial success. There were
22 395 person-years of follow-up from the first successful
load measurement until the earliest of cART failure and
the last available load measurement, with a rate of failure
of 0.25 per person-year. Three thousand seven hundred
and twelve patients with a median follow-up of 2.5 years
since the first suppressed measurement [interquartile
range (IQR)¼ 0.8–5.3 years] did not fail cART. Five
thousand six hundred and seventy-eight (60%) failed
within a median of 0.9 years (IQR¼ 0.3–2.2 years). Of
these patients, 32% were pretreated before start of cART,
which was significantly larger compared to the group of
patients that did not fail (13%, P< 0.001). HIV-1
polymerase gene ( pol) sequences, both before starting
cART and during virological failure while still on cART,
were available for 101 patients older then 16 years.
Population-based nucleotide sequencing of the HIV-1 pol
gene was performed as described previously [4], and
sample contamination was checked for at the respective
sequencing sites. Multiple sequence alignment was
performed using the default parameters of ClustalX,
release 1.83. From 55 patients, more than two sequences
were available, which allowed for analysis of 338 sequences
in total. The median percentage of ambiguous sites among
the total 338 sequences was 0.6% (IQR¼ 0.2–1.0%).
Pairwise sequence distances were calculated taking into
account ambiguous sites by the mixed weighted distance
method, as previously described by Gonzales et al. [12].
Phylogenetic analysis was performed using the
MEGA program, Neighbour-joining model with
orized reproduction of this article is prohibited.
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Table 1. Median pairwise nucleotide sequence distances, according to the mixed weighted distance method as described in Gonzales et al. [12].

Median percentage pairwise nucleotide
sequence distance between At synonymous sites At nonsynonymous sites Total distance

All subtype B sequences obtained from the first
sample taken during cART failure at PR

13.2 (IQR¼10.1–18.6) 4.7 (IQR¼3.5–6.0) 6.7 (IQR¼5.4–8.6)

All subtype B sequences obtained from the first
sample taken during cART failure at RT

17.4 (IQR¼14.7–20.8) 3.2 (IQR¼2.5–3.9) 6.0 (IQR¼5.2–7.1)

The last sample taken before cART and the first
sample taken during failure at PR

2.2 (range¼0–13.7) 0.9 (range¼0.0–5.7) 1.2 (range¼0.0–6.1)

The last sample taken before cART and the first
sample taken during failure at RT

3.6 (range¼0.0–11.0) 0.8 (range¼0.0–3.2) 1.4 (range¼0.0–4.7)

The last sample taken before cART and the first
sample taken during failure in rates per year at PR

0.8 (range¼0–18.4) 0.3 (range¼0.0–9.2) 0.4 (range¼0.0–11.3)

The last sample taken before cART and the first
sample taken during failure in rates per year at RT

1.3 (range¼0.0–15.3) 0.3 (range¼0.0–1.8) 0.5 (range¼0.0–4.6)

Intra-patient sequence pairs PR (n¼1094) 2.1 (range¼0.0–13.7) 1.1 (range¼0.0–6.6) 1.5 (range¼0.0–6.6)
Intra-patient sequence pairs RT (n¼1040) 2.9 (range¼0.0–11.3) 0.8 (range¼0.0–3.4) 1.3 (range¼0.0–4.7)

cART, Combination antiretroviral therapy; IQR, interquartile range; PR, protease; RT, reverse transcriptase.
Kimura two-parameter distances and bootstrap analysis
(1000 replications), ignoring the ambiguous sites. Both
the protease (PR) and reverse transcriptase (RT) region
could be included in the analysis for 98 patients, and,
either PR or RT was available for three patients.
Therefore, two phylogenetic analyses were performed:
one for the sequence set sharing at least RT, the other for
sequences sharing at least PR. Bootstrap values higher
than 80 were considered to be significant. Sequences were
screened for resistance-conferring mutations at the amino
acid positions described by the International AIDS
Society (USA) [22], these sites were not ignored in the
analysis.

The study group included 85 men and 16 women.
Transmission risk groups were MSM (n¼ 68), heterosex-
ual transmission (n¼ 21), injecting drug use (IDUs, n¼ 6),
and blood transfusion (n¼ 2). For four patients the route of
transmission was unknown. Median CD4 cell count at
cART initiation was 200� 106 cells/ml (IQR¼ 70–
310 cells/ml). Median time between the start of cART
and viral suppression was 4.1 months (IQR¼ 1.5–
7.1 months). Initial viral suppression lasted 4.9 months
(IQR¼ 2.5–9.6 months). Median time between the start
of failure while still on cART and the first blood sample
used for HIV isolation and sequencing was 3.3 months
(IQR¼ 0.2–20.9 months). Half of the patients (n¼ 51)
were antiretroviral treatment naı̈ve at the start of cART, of
whom 23% (n¼ 11) presented with resistance-conferring
mutations before cART. The other half of the patients
(n¼ 50) had experienced antiretroviral treatment
before, and 72% (n¼ 36) presented with drug-resistant
mutations before start of cART. Sequences obtained after
initial cART failure showed in 83 (81%) of 101 patients
drug-resistant mutations and in all sequences obtained
thereafter.

Phylogenetic analysis showed 85 patients being infected
with HIV-1 subtype B viruses. For 101 patients, the
sequences obtained before start and during failure of
pyright © Lippincott Williams & Wilkins. Unauthor
cART clustered together with bootstrap values above 90.
Two pairs of patients had sequences that clustered
together with bootstrap values of 99 but, within those
clusters, the sequence clusters from the respective patients
did not intermix.

Table 1 shows median pairwise nucleotide sequence
distances, which were significantly smaller at intra- than at
inter-patient level (P< 0.001). The highest absolute
distances between the last sample taken before cART and
the first sample taken during failure become smaller after
correction for time between sequences, whereas the
distance corresponding to the shortest time interval
(0.4 years) became highest when extrapolated to a yearly
rate. Positive selection between the last sample taken
before cART and the first sample taken during failure
at PR (nonsynonymous mutations per nonsynonymous
site/synonymous mutations per synonymous site > 1)
was found in 14 patients, 12 at PR and two at RT.
Those intra-patient sequence pairs with a nucleotide
distance > 4.5% in PR (seven patients) or > 3.0% in RT
(15 patients) revealed no signs of recombination with a
different strain at the amino acid level because the
distance was only due to single (several ambiguous)
substitutions, many at known resistance conferring sites.

In conclusion, in this selected subgroup of patients who
experienced virological failure while still on initially
successful cART, no evidence for super-infection with
resistant HIV-1 was observed. Transmission risk beha-
viour around cART failure was reported in this small
study group. Three IDUs reported risk behaviour
between the cART start date and the date of cART
failure: injecting drugs in two, one including needle
sharing, and unprotected sex with a steady HIV-1 positive
partner in the third. Four MSM reported unprotected
anal sex between the date of starting cART and that
of virological failure. When HIV is transmitted from a
donor in a tight and limited transmission network
(e.g. the originally infecting or infected partner),
ized reproduction of this article is prohibited.
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detecting super-infection is almost impossible. Different
treatment regimens for sero-concordant couples might be
protective, but substantial cross-resistance between drugs
should be considered [22].
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Prevalence and impact of HIV-1 protease mutation
L76V on lopinavir resistance

Carmen de Mendoza, Carolina Garrido, Angélica
Corral, Natalia Zahonero and Vincent Soriano

Besides I47A, mutation L76V at the HIV protease
gene has recently been proposed to cause lopinavir
resistance. This change was present in 37 (2.7%)
out of 1376 patients failing protease inhibitor
containing regimens. Although 26 (70%) were
on lopinavir, most had previously failed other
protease inhibitors and carried multiple protease
inhibitor resistance mutations. Therefore, L76V
does not appear to be a primary lopinavir resistance
change when the drug is used in combination
therapy.

Virological failure in drug-naı̈ve HIV-1-infected
patients treated with lopinavir/ritonavir-based regimens

has rarely been associated with selection of resistance
mutations at the protease gene, and mainly in individuals
with low drug compliance [1]. Selection of the protease
change I47A has been the most frequent mutation
found in this situation [1,2], although other substi-
tutions, including V32I, have also been associated with
high-level lopinavir resistance in prior drug-naı̈ve
individuals [1,2]. Mutation I47A may cause a more
than 100-fold loss of susceptibility to lopinavir [2,3].
orized reproduction of this article is prohibited.
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Interestingly, HIV-2 may be prone to select for 47A
because this virus only requires a single nucleotide
substitution for a shift to arginine (GCA) at this position.
Although HIV-2 naturally has a valine (GTA) at codon
47 [4], the wild-type HIV-1 has isoleucine at this position
encoded by AUA, and therefore two nucleotide substi-
tutions are required for the occurrence of I47A.

At the last Drug Resistance Workshop held in Barbados
in June 2007, Nikhuis et al. [5] reported three HIV-1
drug-naı̈ve individuals who failed a first-line regimen
including lopinavir/ritonavir, all of whom selected a
L76V change at the viral protease that apparently was
responsible for lopinavir resistance. In all instances,
L76V was accompanied by the M46I substitution. Site-
directed mutagenesis experiments demonstrated that the
single L76V mutation significantly reduced lopinavir
susceptibility (by 12-fold on average), although with a
relatively high cost in diminished replication capacity,
which was compensated by the accumulation of
M46I that did not confer any lopinavir resistance on
its own [5]. Interestingly, L76V caused cross-resistance
to amprenavir (five-fold loss of susceptibility) and,
conversely, produced hypersusceptibility to atazanavir,
saquinavir and tipranavir.

Given that lopinavir/ritonavir is one of the most widely
used protease inhibitors [6], we examined the prevalence
of mutation L76V in a relatively large clinical database of
resistance genotypes derived from antiretroviral-experi-
enced patients in Spain. From a total of 4457 genotypes
from HIV-1-infected individuals tested since January
1999 to June 2007, 1376 belonged to patients failing
protease inhibitors. Overall, 37 patients harboured viruses
with the protease change L76V (prevalence of 2.7%). Of
note, 26 of them (70%) were taken lopinavir/ritonavir at
the time of failure, whereas the remainder were under
other distinct protease inhibitors. Focusing exclusively on
genotypes belonging to patients failing lopinavir/ritona-
vir, L76V was found in 26 out of 510 specimens (5.1%).
Figure 1 shows the prevalence of mutations so far
reported to be associated with significant lopinavir
pyright © Lippincott Williams & Wilkins. Unauthor

Fig. 1. Prevalence of mutations at the HIV-1 protease associ-
ated with lopinavir resistance.
resistance [7]. Interestingly, the only change that was
significantly more prevalent in patients failing lopinavir
compared to patients failing other protease inhibitors was
L76V (5.1% versus 2.7%, P< 0.01).

It is noteworthy that 33 out of the 37 patients harboring
L76V viruses had codon 46 changes (46I in thirty and 46L
in three), which are well known protease inhibitor
resistance substitutions [8]. However, other primary
resistance mutations at the protease were seen in almost all
these patients, including I54L/M/V (n¼ 27), L90M
(n¼ 22), V82A/F/S/T (n¼ 17), I84V (n¼ 15) and I47V
(n¼ 1). Moreover, all patients with L76V viruses had
previously failed other protease inhibitors before the
current failure on lopinavir. When the estimated impact of
L76Von lopinavir resistancewas assessedusing theStanford
drug resistance rules in our series of patients, the presence
of L76V only contributed to slightly increase lopinavir
resistance because the accompanying mutations already
accounted for intermediate or high-level resistance to the
drug in all cases. It should be noted that all patients with
L76V identified in our database were infected by HIV-1
subtype B strains, despite 9% of the whole database study
population carrying non-B subtypes.

None of the subjects carrying L76V viruses harboured
I47A, which was present in only four patients in the
whole study population, suggesting that I47A and L76V
may represent divergent pathways for lopinavir resistance,
a hypothesis which is supported by structural models [3].
However, our results suggest that only I47A may be
selected in the absence of other protease inhibitor
resistance mutations and be responsible for clinically
relevant lopinavir resistance. By contrast, selection of
L76V generally occurs in patients who already have failed
other protease inhibitors and have accumulated other
resistance mutations at the protease.

Our study, however, should be interpreted with caution.
In all studies conducted so far in which L76V has been
recognised in patients failing lopinavir, the drug was
taken as monotherapy, and this strategy has never been
used in our institution. As the selection of resistance
mutations may differ in patients under mono- or
combination therapy, our results may only apply to
those patients taking lopinavir along with at least another
two antiretroviral drugs. It may be the case that the
minimal impact on lopinavir susceptibility caused by
L76V may explain its selection in those patients only
treated with lopinavir monotherapy in whom low
exposure to the drug may occur in some body
compartments.

Overall, our results suggest that although drugs such as
atazanavir and saquinavir may select for unique distinct
protease resistance changes, mutations at codons 32, 47
and now L76V appear to be shared in the resistance
pathways for fosamprenavir, lopinavir and darunavir
ized reproduction of this article is prohibited.
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[9–11]. Therefore, it may be worth exploring the best
way to sequence protease inhibitors in order to minimise
the impact of cross-resistance mutations within this
family.
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