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Abstract

The interplay between the innate immune system restriction factor APOBEC3G and the HIV protein Vif is a key host-
retrovirus interaction. APOBEC3G can counteract HIV infection in at least two ways: by inducing lethal mutations on the viral
cDNA; and by blocking steps in reverse transcription and viral integration into the host genome. HIV-Vif blocks these
antiviral functions of APOBEC3G by impeding its encapsulation. Nonetheless, it has been shown that overexpression of
APOBEC3G, or interfering with APOBEC3G-Vif binding, can efficiently block in vitro HIV replication. Some clinical studies
have also suggested that high levels of APOBEC3G expression in HIV patients are correlated with increased CD4+ T cell
count and low levels of viral load; however, other studies have reported contradictory results and challenged this
observation. Stem cell therapy to replace a patient’s immune cells with cells that are more HIV-resistant is a promising
approach. Pre-implantation gene transfection of these stem cells can augment the HIV-resistance of progeny CD4+ T cells.
As a protein, APOBEC3G has the advantage that it can be genetically encoded, while small molecules cannot. We have
developed a mathematical model to quantitatively study the effects on in vivo HIV replication of therapeutic delivery of
CD34+ stem cells transfected to overexpress APOBEC3G. Our model suggests that stem cell therapy resulting in a high
fraction of APOBEC3G-overexpressing CD4+ T cells can effectively inhibit in vivo HIV replication. We extended our model to
simulate the combination of APOBEC3G therapy with other biological activities, to estimate the likelihood of improved

outcomes.
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Introduction

The innate immune system is a key line of defense against
human immunodeficiency virus type 1 (HIV-1), reducing viral
replication and protecting neighboring cells from infection. Key in
this battle between host and virus are cytosolic host cell proteins
with antiretroviral activities, termed restriction factors. The
apolipoprotein B (apo B) messenger RNA (mRNA)-editing,
catalytic polypeptide-like 3 (APOBEC3) family of proteins are
known to be potent restriction factors and to counteract infection
by HIV-1 (reviewed in [1-9]). While the seven APOBEC3
proteins have varying levels of potency, in m vitro tissue culture
APOBEC3G (A3G) exhibits the highest activity against HIV-1
that lacks the viral infectivity factor (vfj gene [1,2].

Ten years after its discovery [10], the antiviral functions of A3G
are still the subject of active research. Hypermutation of HIV
c¢DNA via the deaminase functionality of A3G is thought to be the
most important A3G mechanism against HIV-1. A3G can induce
up to 10% guanosine to adenosine (G-to-A) mutations into viral
reverse transcripts [2,6,11], by deaminating cytidine (C) to uridine
(U) on the minus strand [10,12-15]. This high mutational
frequency can destroy viral genome integrity, resulting in
production of noninfectious virions. Several groups have suggested
that deaminase-independent antiviral activities of A3G also play a
role in blocking HIV-1 replication. These include inhibiting
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several steps during viral reverse transcription and integration [16—
26]. Note that it is the A3G from the cell in which the virus is
made that binds to viral mRNA and gets encapsulated in progeny
virions. It is only after the virus is released and infects another cell
that the encapsulated A3G exerts both its deaminase-dependent
and -independent activities.

As mentioned earlier, HIV-1 has developed the ability to evade
the antiviral activities of A3G through the expression of Vif, a
viral-encoded protein [27-29]. Vif binds to A3G [30-33] and
exerts multiple counter-mechanisms to block encapsulation of
A3G into virions. One mechanism is Vif-induced degradation of
A3G where Vif recruits an E3 ubiquitin ligase complex and
facilitates degradation of A3G through the proteasomal pathway
[10,34-40]. It has also been suggested that Vif directly impedes
encapsulation of A3G into virions [30,37,41].

Fig. 1 shows a basic diagram of HIV infection as well as
mteractions between HIV-1 and A3G in HIV producing and
newly infected CD4+ T cells. We previously developed a multi-
scale computational model of HIV infection in & vitro T cell
culture, consisting of intracellular, cellular and extracellular events
[42]. One of the predictions of that model was that overexpression
of A3G or of a mutated form lacking the Vif-binding site (termed
ASGA\in> [43,44] can effectively stop m vitro HIV replication. This
prediction was in agreement with a number of studies in which
elevated levels of A3G expression resulted in A3G overcoming the
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effects of Vif [10,41,45,46]. The model also predicted that the
degradation of A3G by Vif is not a crucial step in HIV
pathogenesis; instead it is the binding of A3G to Vif that is the
key step and must be targeted to improve A3G efficacy [42]. Our
goal in this study is to transpose our validated model of A3G-Vif
interactions from simulations of  vitro cell culture to simulations
of i vivo HIV infection and treatment.

Targeting the A3G-Vif pathway may provide a new class of
antiretroviral therapy; however, some clinical studies have
provided controversial results [47-58], and to date, these studies
on the effects of A3G on HIV disease progression have not
covered large numbers of individuals. In a 2005 study, Jin e al.
found that in a group of 25 untreated HIV+ patients, A3G mRNA
levels were negatively correlated with HIV viral loads and were
significantly associated with CD4+ T cell counts [47]. Results
reported by two other research groups found that subjects with
high G-to-A hypermutation had lower plasma HIV RNA levels
and higher CD4+ T cell counts; however A3G mRNA levels were
not directly measured [48,49]. Interestingly, the association of
reduced plasma HIV RNA levels with hypermutation was
considerably greater than association of reduced plasma HIV
RNA levels with the CCR5A32 allele [48]. Ulenga ¢t al. found that
the expression levels of A3G were correlated with the levels of
hypermutation in the z¢f and env regions, but not in the gag region
of the virus genome. On the other hand, their study suggested no
correlation between plasma viral loads and the levels of
hypermutation in the uif, env, and gag regions [50]. In contrast,
another study published by the same group found that the
expression levels of A3G mRNA in patients with low viral set point
were significantly higher than those of patients with high viral set
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point [51]. While other clinical studies have also shown the ability
of A3G to modulate i vivo HIV infection [52,53], some groups
have not been able to reproduce the same results [54-58].
Therefore, further investigation on the role of A3G in HIV disease
progression would greatly benefit the field.

In addition to the A3G-Vif axis being a potential therapeutic
anti-HIV approach, recent studies have suggested that A3G may
also be used as a preventive strategy against HIV-1. Biasin et al.
demonstrated that HIV-exposed seronegative subjects had signif-
icantly increased A3G mRNA and protein expressions compared
to HIV-seropositive patients and healthy control individuals [59].
This higher expression was associated with lower susceptibility of
cells to in vitro HIV infection [59]. Similar results were reported in
a 2009 study by Vazquez-Pérez et al., where the average A3G
mRNA expression was over 2-fold higher in exposed uninfected
subjects that those of healthy control individuals [52].

Replacing HIV-susceptible cells with more resistant cells, for
example, by using gene therapy with or without hematopoietic
stem cell transplantation, is proposed as one possible way to
achieve a functional cure for HIV infection [60,61]. A
functional cure, as opposed to eradicative cure, is a stable
suppression of HIV-1 replication in the absence of highly active
antiretroviral therapy [62]. Current advances in the use of gene
therapy methods for HIV-1 treatment [63-68] and one report
of successful eradication of virus in an infected individual [69—
71] suggest that transfection of CD34+ stem cells with a gene
encoding wild type (WT) A3G or its variants will be feasible in
the future [1,72]. Considering that clinical effects of A3G are
not clear, we aim to predict the effects of A3G-augmented stem
cell therapy (A3G-SCT) on modulation of i vivo HIV replica-

Inhibition of Reverse
Transcription

Figure 1. HIV life cycle. Mechanism of HIV infection including viral entry, reverse transcription, integration of viral DNA, virion assembly and release
of viral particles is schematically shown. A3G, a host protein and a restriction factor, binds to viral mRNA and gets encapsulated into the viral capsid. If
viruses carrying A3G infect other cells, the packaged A3G will exert several antiviral activities, which include inducing G-to-A mutations into viral
reverse transcripts by deaminating C to U on the minus strand, blocking multiple steps in reverse transcription and causing integration defects. Vif, a
viral protein, binds to A3G and inhibits encapsulation of A3G into virions by facilitating degradation of this protein through the proteasomal pathway.

doi:10.1371/journal.pone.0063984.g001
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tion and to quantify some critical hurdles using mathematical
models and simulations.

Our central question is, can the transplantation of stem cells
transfected with A3G or its variants halt i viwo HIV replication? If
yes, what percentage of the cells must be transfected and how
much inhibitory potency (A3G overexpression), is required?

In this paper, we build upon the basic model of i viwo HIV
infection [73-78] and extend it using the results of our multi-scale
model of A3G-Vif interactions (Fig. 1 and [42]). Other relevant
biological phenomena such as accelerated cell death are also
included into extended models in order to study their impacts on
the performance of A3G-SCT. Then we analyze the models at
steady state to evaluate the likely long-term effects of this
treatment.

Models

In this section, we briefly introduce the basic model of # viwo
HIV infection [73-78] and then extend it into models capable of
studying the effects of A3G-augmented stem cell therapy (A3G-
SCT) on virus replication in the body. All variables are capitalized
and represent concentrations of different cell types or viruses with
units of ul~'. The following equations describe the in vivo viral
dynamics of HIV.

dr |

E:A—dTT—kVT, (la)
dI
S =kVT—dl, (1b)
dv

In this model, free viruses infect susceptible CD4+ T cells
and give rise to infected cells (Fig. 2A). 7, [ and V represent the
concentration of uninfected CD4+ T cells, infected cells, and
free virus, respectively. The rate of infection is proportional to
the concentration of free virus and T cells and is equal to AVT
where £ is the infectivity rate constant with units ulxday™'. The
infected cells produce and release on average N new free virions
per day. Uninfected cells are produced in the thymus at a
constant rate, 4 cells/(ulxday). Uninfected and infected cells die
at the rates dr and dj, respectively. Free viruses are cleared at a
rate of dy. The last three parameters have units of day™'. The
values for these parameters in our models are consistent with
previously published results [42,73,77,79-86] and are given in
Table 1.

Prior to infection, there are zero viruses and zero infected cells;
Uninfected cells are at the steady state value balancing production
and death, ie., . After infection occurs (in the model, this is
represented by an initial input of viruses), the system moves
towards one of two possible equilibrium points,

+ AN —ddrdy -
1= kN orl

Il
i

2

Where =0 suggests that virus has been eradicated from the
body while I=(AkN —d;drdy)/dikN implies that virus has
grown and established an infection in the body. The latter
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equilibrium point is only stable if the concentration of infected cells
is greater than zero, meaning that the numerator in equation (2)
takes a positive value or

kNA

07 didrdy

>1, (3)
where Ry is known as the basic reproductive ratio, describing
the average number of secondary infected cells arising from
each primary infected cell when almost all cells are uninfected.
Therefore, if the reproductive ratio takes values greater than
one, HIV infection spreads through the body; while values less
than one imply that the infection dies out and the virus
becomes eradicated. In a study by Little et al, the basic
reproductive ratio of 4 patients was estimated in the range of
5.2 to 9.1 with a mean value of 7.1 [87]. Stafford et al. analyzed
10 patients and found a median of 5.7, with a range between
2.8 and 11.0 for Ry [86]. Using a slightly different model, one
group found R, estimates ranging from 7.4 to 34, with a mean
value of 19.3 [87] and recently another group obtained an
estimated mean of 8.6 for Ry with 75% of 47 patients having R,
values less than 11 and two infected individuals having R,
values greater than 20 (highest value =26.4) [88]. The goal of
any strategy for HIV treatment or cure must be to reduce Ry to
values less than one. Fig. 2B shows the impact of decreasing &
and hence reducing Ry on the system.

Model I: The Basic HIV Model for A3G-Augmented Cells

In the first extension of the basic model of HIV infection, we
assume all the stem cells are transfected with A3G and hence all
the progeny CD4+ T cells in the body overexpress A3G in
addition to their biological expression of A3G; we term these A3G-
augmented cells as opposed to WT cells. When these cells are
infected by viruses, A3G overexpressed in cells overcomes Vif and
gets encapsulated in some of the budded viruses, meaning that
infected cells produce two types of virus: those that carry A3G,
hence called A3G(+) viruses, and those viruses that do not, dubbed
A3G(—) viruses; the ratio of A3G(—) to total released viruses is an
important factor in the model. Cells infected by A3G(+) viruses
produce fewer virions compared to cells infected by A3G(—)
viruses, because the A3G carried in A3G(+) viruses affects viral
production by inhibiting several steps of the HIV life cycle inside
the infected cell. The model of HIV infection for A3G-augmented
cells can be described by the following equations.

VyaSe

o = A= dr T =V + Vi )T, (42)
% VT gt (4b)
dlc{’ti)) =KV T —d 1), (4c)

% =pOWIE) + NI ) —dy Vi, (4d)
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Vi) _
dt

A—p NI +eNI ) —dy Vie).  (de)

Where T represents the concentration of A3G-augmented
CD4+ T cells and V() and V{(4) denote the concentration of

A3G(—) and A3G(+) viruses, respectively. I((j)) and I((I)) represent
the concentration of A3G-augmented cells infected by A3G(—)
and A3G(+) viruses, respectively.

As mentioned earlier, infected A3G-augmented cells release
both A3G(—) and A3G(+) viruses. In the model, parameter p(*)
taking values between 0 and 1, denotes the fraction of A3G(—)
viruses released from an infected cell and therefore is termed A5G-
Jfree virus release ratio. The superscript on p{™) denotes that it is a
property of T(H). As seen in equations (4d) and (4¢), for every N
viruses that are produced p(t)V are A3G(—) viruses whereas (1-
POV are A3G(+) viruses. The value of p{*) depends on the
concentrations of Vif and of A3G expressed in the cell, the kinetics
of viral production and release and whether WT or mutated
variants of A3G is expressed in the cell. To compute p(*), we use
our previously built single-cell model [42], where the A3G-Vif
interaction along with other intracellular events such as production
and degradation of host and viral proteins, and assembly and
release of new virions are described using differential equations.
The value of p*+) is inversely associated with the intracellular A3G
getting encapsulated in the released viral particles, i.e., the higher
the production rate of A3G inside the cell, the lower the value of
). It has been observed that in single-round infectivity assays,
cells infected by A3G(+) viruses produce fewer virions compared to
cells infected by A3G(—) viruses [10]. Parameter ¢ denotes the
reduction in the number of virions released from cells infected by
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Table 1. Parameter values used for simulations and calculations.

Parameter (units) Values References Definition

2 (cells xul~"/day) 20 [73,85] Production rate of uninfected CD4+ T cells in thymus

dr (day™") 0.02 [79,85] Death rate of uninfected cells

d; (day™") 0.39 [86] Death rate of infected cells

k (ulxday™") 2.11x107* Calculated Rate constant for uninfected cells getting infected by free virus

N (virions xday ") 850 [86] Average number of free virus produced by an infected cell

d, (dayﬂ) 23 [77,81] Clearance rate of free virus

p™? 0.83 Estimated A3G-free virus release ratio: fraction of A3G(—) viruses released from infected WT
CD4+ T cells

p‘*’ 10 *to10" [42] A3G-free virus release ratio: fraction of A3G(—) viruses released from infected A3G-
augmented cells

c 103 to10 2 [42] Reduction in the average number of released virions from cells infected by A3G(+)
viruses

f Oto1 Fraction of uninfected CD4+ T cells that overexpress A3G

t >1 Ratio of death rate of infected A3G-augmented cells to death rate of infected WT cells

w >1 Ratio of death rate of cells infected by A3G(+) viruses to death rate of cells infected by
A3G(—) viruses

r 0Oto1 Apoptosis failure rate: fraction of infected A3G-augmented cells that escape
apoptosis

Ro 20 [86-88] Basic reproductive ratio (output): number of new infections arising from a single
infected cell when almost all the other cells are uninfected.

o Varies Calculated Reduction factor (output): reduction in the basic reproductive ratio resulting from
A3G-SCT

doi:10.1371/journal.pone.0063984.t001

A3G(#) viruses, i.e., NI') vs. eNI{*) in equations (4d) and (4c).
This parameter takes values between 0 and 1. Estimates of ¢ have
been obtained using computational models of i vitro T' cell culture
infectivity assays [42]. In the model, it is also assumed that cells
infected by A3G(—) or A3G(+) viruses have the same death rate.
Fig. 3A shows a schematic illustration of Model I. This model
provides a benchmark for the optimum performance that A3G-
SCT can achieve in modulating i vivo HIV replication for given
values of p(*) and <.

The observed reduction in the number of produced viruses from
cells infected by A3G(+) viruses could in fact be explained by
decreased infectivity rate of A3G(+) viruses or decreased level of
virus production in cells infected by A3G(+) viruses (represented by
¢ in Model I) — or both. To compare the effect of decreased
infectivity rate of A3G(+) viruses with that of decreased level of
virus production in cells infected by A3G(+) viruses, we present a
modified version of Model I, where A3G(+) viruses have reduced
infectivity (represented by # in Model Ib in the supplementary
information) compared to A3G(—) viruses. But when infection
occurs, unlike Model I, the number of viruses released from cells
infected by A3G(+) viruses is the same as that of cells infected by
A3G(—) viruses, 1Le., all infected cells have the same burst size. As
we will see later in the results section, the level of reduction in the
reproductive ratio for both Models I and Ib are the same given
that the reduction in infectivity rate of A3G(+) viruses is equal to
the reduction in level of virus production in cells infected by
A3G(+) viruses, i.e., ¢ = 1. This suggests that from a modeling point
of view, both of these hypotheses could explain the results of
single-round infectivity assays, where cells infected by A3G(+)
viruses produce fewer virions compared to cells infected by
A3G(—) viruses. However, from a mechanistic point of view, the
encapsulated A3G would be unlikely to have effects on viral entry.
This is because the entry process involves the binding of gp41 and
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Figure 2. The basic HIV model: schematic diagram and
simulations. (A) The model consists of three entities: Free viruses,
“uninfected” and “infected” CD4+ T cells. Before infection, only
uninfected cells are present with the production rate of /. and the
death rate of d7. In the model, infection occurs by introducing an initial
amount of viruses to the body. Free viruses infect uninfected cells and
give rise to infected cells with k representing infectivity rate constant.
Infected cells die at a rate of d;; before death, these cells produce and
release N new free virions per day. The in vivo clearance rate of viruses
is denoted by dy. (B) The basic reproductive ratio, Ry, is defined as the
number of new infections that arise from a single infected cell when
almost all the other cells are uninfected. This important metric
determines whether the infection spreads (Ry>>1) or dies out (Ry<<1)
in the body. In the numerical simulation, Ry=20 initially and a
hypothetical treatment is administered on day 100 which reduces the
value of reproductive ratio by ¢=5, 15, 20, 30, and . Although o=
results in the fastest decline in the viral load, the gap between curves
associated with ¢ =30 and « is small.
doi:10.1371/journal.pone.0063984.g002

gp120 on the viral envelope to CD4 and chemokine coreceptors
on the T cell surface, whereas during fusion and entry, A3G 1is
inside the viral capsid and does not interact with the proteins on
the viral envelope. Therefore, viral entry and infectivity rate
constant are assumed to be the same for both types of virus. On
the other hand, A3G inhibits several steps during integration and
reverse transcription, resulting in production of many nonfunc-
tional viral particles, i.e., reduction in the number of functional
viruses released from the cells infected by A3G(+) viruses.
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Models lla, Ilb, and llc

BN
Model Ill

Figure 3. Schematic diagram of the extended models of HIV
infection for WT and A3G-augmented cells. Submodels (A) and (B)
show schematic diagrams of HIV infection in A3G-augmented and WT
cells, represented by dark and light blue large circles, respectively. In all
the submodels, HIV infection occurs by a mixed population of A3G(+)
and A3G(—) viruses, represented by dark and light red small circles,
respectively. Large circles with a small circle inside them represent
infected cells with the color of large and small circles demonstrating the
type of cell and the type virus, which caused the infection. Submodel
(C) shows an extended model drawn in (A), where the apoptosis
pathway is activated in A3G-augmented cells upon their infection. The
deformed blue shapes represent infected cells that have undergone
apoptosis. Parameters p‘*) and p*” denote the fraction A3G(—) viruses
released from infected A3G-augmented and WT cells, respectively. The
reduction in the number of released viruses from cells infected by
A3G(+) viruses is denoted by c. The failure rate of the apoptosis
pathway in (C) is represented by r. Model | is solely described by
submodel (A) while Models lla, Ilb, and llc consist of submodels in (A)
and (B). Model Ill is comprised of submodels in (B) and (C).
doi:10.1371/journal.pone.0063984.g003
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Model lla: The Basic HIV Model for WT and A3G-

Augmented Cells

We next take into account that it may not be possible to
transfect all the CD34+ stem cells and therefore not all the CD4+
T cells would overexpress A3G. Therefore, we extend Model I to
include two subpopulations of uninfected cells: A3G-augmented
cells that overexpress A3G and WT cells that express A3G at
normal levels. Initial infection occurs with a certain amount of
A3G(—) viruses. These viruses can infect both WT and A3G-
augmented cells. WT CD4+ T cells express A3G at low levels such
that Vif can inhibit most of the A3G encapsulation into virions.
When WT cells become infected they produce mostly A3G(—)
virions and less A3G(+) virions, i.e., p™? takes high values in the
range [0, 1] (Fig. S1 and Table S1 in Method S1, and [89]). In
contrast, infected A3G-augmented cells produce a higher fraction
of A3G(—) and a lower fraction of A3G(+) virions, i.c., p*) <p™),
The superscript on p denotes whether it is a property of WT or
A3G-augmented cells. The newly released A3G(+) viruses will
similarly infect both WT and A3G-augmented cells. But these
infected cells produce fewer virions. Note that WT cells even after
infection by A3G(+) viruses still produce more A3G(—) virions
than A3G(+) virions. Model Ila can be defined by a system of eight
differential equations.

ar . (+) (+)
7 =fi—drT7 —k(V(o)+ V)T ™, (5a)
dT(W) (wt) (wt)
g == DA=dr T = k(Vie) + V)T, (5b)
d1(+)
(=)
i =kV T —di1*), (5¢)
d1(+)
(+) )
i =kVi T —di1}), (5d)
dI(wt)
(=) W W,
—dl =kV(,)T( t)—dII((it)), (56)
dI(wt)
(+) W, (w
7d[ ZkV(+)T( ,)_d11(+t))a (Sf)
av_
T(t L= pOWNIE) + NI )+
(5g)
(NI +eNI ) —dy Vi),
dV w
T(*’ =(1=p"NIH) +eNILE) +(1=p™?)
! (5h)

(NI +eNIG) —dy Vi),
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Where the concentration of A3G-augmented and W' cells are
denoted by T and T™, respectively. Parameter f represents
the fraction of uninfected A3G-augmented cells. In this model

there are four subpopulations of infected cells. I((:r)) and I((I))

represent the concentration of A3G-augmented cells that are
infected by A3G(—) and A3G(+) viruses, respectively. Similarly,
WT cells infected by A3G(—) and A3G(+) viruses are represented

by I((it)) and I((‘f)),
superscripts represent whether infected cells are WT or A3G-
augmented, while subscripts denote what type of virus is the cause
of infection. The infectivity rate constant is assumed to be the same
for all virus-cell pairs. All the infected cells have the same death
rate. As described, Model Ila has two submodels describing HIV
infection in A3G-augmented and WT cells, drawn in Figs. 3A and
3B, respectively. The purpose of this model is to investigate what
percentage of the cells must overexpress A3G to block w vivo viral
replication.

respectively. In general, for [ variables,

Model llb: The Basic HIV Model for WT and A3G-
Augmented Cells with Lower Death Rates for Infected
A3G-Augmented Cells

As mentioned above, A3G(+) viruses are mostly produced by
infected A3G-augmented cells. These viruses are considered to be
less harmful than A3G(—) viruses. This is because they cause the
infected cells to produce fewer virions than do A3G(—) viruses.
Therefore, it can be hypothesized that if infected A3G-augmented
cells, as the main source for producing A3G(+) viruses, live longer
(die more slowly) compared to infected WT cells, we may achieve
a better performance in blocking replication. We test the effect of
this possible difference in cell lifespan by customizing A3G-
augmented cells to have a lower death rate than W'T' cells after
they get infected. To change the death rate of infected WT and
A3G-augmented cells in Model Ila, we only need to replace
equations (5c—5f) with equations (6¢—6f).

d1(+)
;;) :kV(f)T(+)—d;+)I((j)), (6C)

dI(H))
T
i =KV T —d V1l (6d)

d I(wt)
— kT =1, (Ge)

d I(wt)
S v T 1, (6f)

Where d}ﬂ and d}m) represent the death rate of infected A3G-
augmented and W'T cells, respectively. Similar to our notations for
I variables, superscripts on ¢ parameters denote whether infected
cells whose death rate is represented are WT or A3G-augmented.

Note that d;w’) is the same as d; defined in the basic model of HIV

infection; however, d}“ takes smaller values than d.
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Model lic: The Basic HIV Model for WT and A3G-
Augmented Cells with Lower Death Rates for Cells
Infected by A3G(+) Viruses

After infection, A3G(+) viruses cause cells to produce and
release fewer virions than do A3G(—) viruses. Therefore, these
viruses might be considered less toxic for cells and as a result cells
infected by A3G(+) viruses might live longer. An important
question to ask is therefore, how would the efficacy of A3G-SCT
change in a model that has a lower death rate for cells infected by
A3G(+) viruses? To find the answer, we replace equations (5¢—5f)
with equations (7c—71).

ar’)
i =KV T —dy 1), (7¢)

i)
+
— =RV T —dy I (7d)

dl(wt)
=RV T —dy 1, (7e)

d I(wt)

(+) _ (wi) _ (wi)
. _kV'(+)T\t d1(+)1(+)' (7f)

Where the death rate of cells infected by A3G(+) and A3G(—)
viruses are denoted by dj,, and dj_,, respectively. Similar to our
notations for [ variables, subscripts on d parameters denote
whether cells whose death rate is represented were infected by
A3G(—) or A3G(+) viruses. Note that dj_, is the same as dj
defined in the basic model of HIV infection; however, dj ., takes
smaller values than dj.

Model Illl: The Basic HIV Model for WT and A3G-
Augmented Cells with Auto-Apoptosis Capability

For stem cell transfection, the effector gene, in this study a WT
A3G or a functional A3G variant, can be included in a conditional
gene circuit with an appropriate biosensor (as opposed to under
the control of a constitutive promoter). One such biosensor is the
HIV LTR promoter: the HIV protein Tat binds to the promoter
and initiates expression of the effector gene [90-92]. In this way,
transfected A3G is unexpressed until virus entry is detected, and
only then is anti-HIV protein expression boosted. This provides
on-demand antiviral activity at the cellular level with low potential
for side effects. Other functionalities can also be added to the
circuit to make it more potent against HIV infection. For example,
an additional effector gene can be added to induce activation of
the apoptosis pathway upon infection, causing the infected cell to
die, significantly reducing viral production. Model III as described
by the following differential equations is an extension of Model Ila
to study the effects of such apoptotic functionality on modulating
viral production.

A7) .
7 =fi—dr T —k(Vi_y+ Vi) T, (8a)
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dT(Wt) (wt) (wt)
o =(1=)—dr T —k(V )+ V)T, (8b)
d[(+)
—C(h" =rk VT —dy1*), (8¢c)
d1(+)
=k V) T =), (8d)
dI(wr) ,
% =kV(,)T(W) —djl((tt)), (86)
dI(wt) , ,
6(;) =KV T —dy 1Y), (8f)
AV _ (o nr+) (F)y 1w
— = =p NI+ NI+
i (82)
(NI + NI —dy Vi),
dV Wi
T = IONIE )+ NI )+ (1= p™)
! (8h)

(NI"™) + NI —dy Vi),

A3G-augmented cells with apoptosis capability are assumed to
die after infection without producing infectious virions. However,
it is also considered that some inefficiencies may be involved with
this process, suggesting that some A3G-augmented cells can
survive after infection. This is captured by the inefficacy rate r in
equations (8¢c) and (8d), where 7 is the fraction of infected A3G-
augmented cells that have escaped auto-apoptosis. Model III
submodels are visualized in Figs. 3B and 3C.

Results

In all the simulations, the initial concentration of uninfected
WT CD4+ T cells is 1000 cells/ul. Without loss of generality, the
concentrations of A3G(+) and A3G(—) viruses are given initial
values of zero and one virions/pl, respectively. A3G-augmented
stem cell therapy (A3G-SCT) is introduced on day 100, long after
the system has reached the steady state. Ry =20 in our simulations
(Table 1). However, in figures, we also plot the level of reduction
required to block i viwo HIV replication with Ry=70, a
conservatively high value for the reproductive ratio that might
occur temporarily during the course of infection. This shows the

performance of A3G-SCT in the worst-case scenarios. In Figs. 4A—
B and 5A-L, Tt(ot ) refers to the total concentration of uninfected
and infected A3G-augmented cells, i.e., Tl(ot) =T +I((j)) +I((I))
in Models I, II, and III. Analogously, in Models II and III,
T4 =T+ 1M + 10, while in Model I, T{y;" refers to the
total concentration of uninfected and infected WT CD4+ T cells

before introducing the therapy. We use p™”=0.83 in our
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Figure 4. Effects of A3G-free virus release ratio on HIV
replication and reproductive ratio in Model I. Infection occurs
on day 0 and A3G-SCT begins on day 100 (Model | assumes that all the
cells overexpress A3G). The impact of the therapy on the total
concentration of viruses and cells is shown for (A) p{*)=0.1 and (B)
0.01. Light and dark red lines represent V(_) and V{4, variables,
respectively, while light and dark blue lines represent 7" and 71}
variables, respectively. The left and right axes show the virus and cell
concentrations. Parameter c is given the value of 0.001. Although (A)
P =0.1 decreases the viral load and increases the T cell count, it
cannot eradicate the virus (R;=2.02). However, (B) p(*)=0.01
successfully reduces R; to 0.22 and the infection dies out. (C) shows
the level of reduction in the reproductive ratio that can be achieved by
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A3G-SCT for different values of p‘*) and c. The green and black dashed
lines represent the minimum level of reduction needed to stop HIV
replication for Ry=20 and 70, respectively. Note that from left to right
on the bottom axis, the A3G-free virus release ratio decreases from 10"
to 10~% Simulation results suggest that for small values of p(*) and c,
up to three orders of magnitude reduction can be achieved.
doi:10.1371/journal.pone.0063984.g004

simulations throughout this paper. The value of p0 was
estimated using our previously published model [42] and WT
HIV replication data in A3G-expressing and A3G-knockout cells
[89] (Method S1).

A3G Gene Therapy can Effectively Stop in vivo HIV
Replication

Analyzing Model I at steady state and assuming that the virus
grows and establishes infection, we can derive the reproductive
ratio, given by the following equation.

kN (p ) +e(1—p'))

R
! dydrdy

R
7; =pH (1 —p' ).

=0=

R

Where o is the reduction factor. Detailed derivation of equation
(9) can be found in Method S2. Since both p{*) and ¢ take values
between zero and one, the reproductive ratio for Model I is
reduced compared to the reproductive ratio for the basic model of
HIV infection. With 100% of stem cells transfected with A3G and
P =0.1 (90% of the budded virions from each cell carry A3G),
the therapy fails to reduce R; to values less than one (R, =2.02),
however, it causes a 4.8-fold increase in the concentration of T
cells and a 15.3-fold decrease in the total concentration of viruses
(Fig. 4A). By decreasing p'*), the A3G-free virus release ratio, to
0.01 (increasing the percentage of budded virions carrying A3G to
99%), the therapy successfully eradicates the virus from the body
and the concentration of CD4+ T cells goes back to the initial
concentration of 1000 cells/ul (Fig. 4B, R, =0.22).

Fig. 4C shows that A3G-SCT can reduce the basic reproductive
ratio by three orders of magnitude for small values of p{*) and ¢.
However, in order to reduce the reproductive ratio of 20 and 70 to
less than one, p(*) only needs to take values less than 0.049 and
0.013, respectively when ¢=0.001, suggesting the potential of
A3G-SCT to successfully achieve a functional cure for HIV
infection. Note that parameter ¢ plays a limiting role in reducing
the reproductive ratio such that as p{*) goes to zero, the maximum
amount of reduction that can be achieved is 1/¢ fold. Depicted
curves in Fig. 4C represent the best performance that can be
achieved with this treatment for given values of p*) and .

The modified version of Model I assumes that A3G(+) viruses
have reduced infectivity (represented by # in Model Ib in Method
S3) compared to A3G(—) viruses. But, the number of viruses
released from cells infected by A3G(+) viruses is the same as that of
cells infected by A3G(-) viruses. The reproductive ratio for Model
Ib is exactly the same as equation (9) if ¢ is replaced with
(compare equation (9) with equation (SIb-9) in Method S3). This
suggests that reduction in infectivity rate of A3G(+) viruses has the
same effect on the reproductive ratio as does the reduction in level
of virus production in cells infected by A3G(+) viruses. However,
the later is more relevant from a mechanistic point of view.
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Blocking Replication Requires High Percentage of A3G-
Augmented Cells

Since complete stem cell transfection may not be feasible,
Model IIa splits CD4+ T cells into two subpopulations of WT and
A3G-augmented cells to evaluate the limitations of imperfect
transfection. Studying the model at steady state (Method S4), we
find that the reproductive ratio can be written by

fsz((p(“ +c(1—p)) + lf;f (P +c(1 —p“”))))
dydrdy (10)

£ (P 4+ e =p™)) + (A=) (P + (1 —p™)).

Ry, =

R _
Ry

=0=

Ry, is reduced compared to the basic reproductive ratio because
parameters P p) ¢ and ftake values less than one. However,
it takes values greater than R, for f <1, suggesting that imperfect
transfection reduces the efficacy of A3G-SCT. The reduction
factor, o, shown in equation (10) can be intuitively calculated from
the reduction factor obtained in Model I. This is because now
there exists two cell subpopulations in the system: A3G-augmented
cells with the reduction factor equal to (p(+)+¢(1—p(™)); and WT
cells with & = (p"D+¢(1—p™")). The total reduction factor is hence
the sum of the reduction factor for each cell subpopulation
multiplied by its fraction in the total population. Given that p®"
takes a relatively high value of 0.83, one should note that the
reduction caused by W cells in the reproductive ratio has a lesser
impact than that of A3G-augmented cells.

Although A3G-SCT with f=90% (Ry,=1.86) and 94%
(Ry,=1.20) causes 18.2- and 77-fold reduction in viral load
and improves total T cell concentration by 5.2- and 7.8-fold,
respectively, the virus is not eradicated and the infection is still
spread in the body (Figs. 5A and 5B, p(*)=0.01). Increasing
the percentage of A3G-augmented cells to 99% reduces Ry, to
0.38 and causes the HIV infection to die out (Fig. 5C,
P =0.01).

Reduction in the reproductive ratio in Model Ila is shown for
several values of fin Fig. 6A. For f=95-99%, A3G stem cell
transfection can reduce the reproductive ratio by a factor of 23.5
to 107.6. Note that as p*) and ¢ go to zero, the fold reduction in
the reproductive ratio approaches 1/(p"?(1—f)). Therefore
regardless of how small p*) and ¢ values are, the percentage of
WT cells will determine the performance of the treatment. Fig. 6A
also shows that large reductions in the reproductive ratio can be
achieved as _f approaches 1.

Lower Efficacy is Achieved if Infected A3G-Augmented
Cells Die More Slowly than do Infected WT Cells

Model IIb describes a special case when A3G-augmented CD4+
T cells can live longer after they get infected, resulting in lower
death rates for these cells compared to infected WT cells.
Calculating the reproductive ratio for Model IIb illustrates
whether this strategy is beneficial. Modification of the death rate
of infected A3G-augmented cells results in a minor change in

equation (10). The new reproductive ratio can be written as
(Method S5)
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fIkN (z(p<+> +c(1—p™)) + l%f (" +c(1— p<wt>)))

Ryp=

d"drdy (11)
R b Wi W,
== = (P +e=p )+ AN (1 =p"),
d}wl)
where t= F >1.

Based on our assumption, ¢ must take values greater than one,
which suggests lower therapeutic performance if infected A3G-
augmented cells live longer than infected W'T cells, i.e., Rop,> Ry,
for ¢ >1.

Figs. 5D-F show that as the value of ¢ increases, the
performance of A3G-SCT diminishes (p‘*) =0.01, f=99%). For
t=2, the A3G treatment can still eradicate the virus from the body
(Fig. 5E, Rq, =0.60), but the rate of decline in viral load is slower
than that of t=1 (Fig. 5D, Ry}, =0.38). Nonetheless, eradication is
not possible for =15 (Fig. 5F, Ry, = 1.25).

As seen in Fig. 6B, the highest reduction in the reproductive
ratio is achieved when (=1, i.e., when infected A3G-augmented
cells have the same death rate as infected WT cells. Also as p{*+)
decreases, the gap between the performance of A3G-SCT with
t=1 and that of therapy with £1 decreases, meaning that for
small values of p(*), the importance of difference between death
rate of infected A3G-augmented and W' cells is less significant.

Lower Efficacy is Achieved if Cells Infected by A3G(+)
Viruses Die More Slowly than do Cells Infected by A3G(—)
Viruses

Model IIc focuses on a scenario where A3G(+) viruses are
assumed to be less toxic. This is because they cause the infected
cells to produce fewer virions than do A3G(—) viruses. Therefore,
cells infected by A3G(+) viruses may live longer after getting
infected, i.e., they have a lower death rate than that of cells
infected by A3G(—) viruses. By calculating the equilibrium point
for Model Ilc in Method S6, the reproductive ratio is obtained by

f},kN((p(“ +we(l—p)) + 1],;’[ (

p(wt) + WC(I _p(wt))))

Rz = -
) dii_ydrdy (12)
R , ,
=0= R—2° =/ (PP +we(1—p ™)) + A=) (p" +we(1 —p™™)),
0

i,

where w= 7 >1.
I+

Since w is assumed to be greater than one, the performance of
A3G-SCT i1s degraded compared to Model Ila (Ry.>Ry, for w
>1). However, the effect of w on the performance of A3G-SCT is
less severe than that of ¢ in Model IIb presented in the previous
section; for f =50%, ¢=0.001 and t=w >1, we always have
Ry <Ry, unless pt+) >1.7x 10~*. This can be seen by comparing
Figs. 6B and 6C. In order to reduce the reproductive ratio from 70
to less than one with f=99.9%, the A3G-free virus release ratio,
needs to be decreased by 1.1 or 1.5-fold when w goes from 1 to 2
or 5, respectively (Fig. 6C). This shows that w has a mild effect on
the performance. In contrast, these numbers are 2.2- and 7.4-fold
when ¢ goes from 1 to 2 or 5, respectively (Fig. 6B).

Comparing Figs. 5G-I, we observe that the efficacy of A3G-
SCT decreases as the value of w increases (p*) =0.01, f=99%).
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Figure 5. Effects of percentage of transfected cells, death rate ratios, and auto-apoptosis failure rate on HIV replication in Models
lla, b, lic, and Ill. In all simulations, infection occurs on day 0 and A3G-SCT begins on day 100. In all the subfigures, light and dark red lines
represent V(_) and V(4 variables, respectively, while light and dark blue lines represent ngf) and Tl(o+l) variables, respectively. The left and right axes
show the virus and cell concentrations. Parameter c is given the value of 0.001. f=99% for all the subfigures except (A) and (B) where f=90% and
94%, respectively. For the first three rows, p{*) =0.01 (Models lla, llb, and lic), while it is set to 0.1 for the last row (Model lll). (A-C, R,, =1.86, 1.2, and
0.38) simulation results for Model Ila suggest that high percentage of A3G-augmented cells is required to stop in vivo HIV replication. (D-F, Ry, =0.38,
0.6, and 1.25) Model Ilb assumes lower death rates for infected A3G-augmented cells compared to infected WT cells, i.e., t >1. Simulation results
suggest that the efficacy of the therapy is degraded as the value of t increases. (G-I, R, =0.38, 0.46, and 0.66) A3G(+) viruses are assumed to be less
toxic in Model llc. Therefore, cells infected by these viruses die more slowly compared to cells infected by A3G(—) viruses, i.e, w >1. Model llc
predicts that lower death rates for cells infected by A3G(+) viruses have a diminishing effect on the performance of the therapy. (J-L, R3=2.16, 0.87,
and 0.37) In Model lI, cells are equipped with an additional gene circuit that activates apoptosis pathway upon infection; however, the circuit has a
failure rate of r. Simulation results indicate that providing cells with this additional gene circuit enhances the performance of the therapy and can
reduce the reproductive ratio to values less than one even in cases that the A3G-free virus release ratio does not take very small values.
doi:10.1371/journal.pone.0063984.9005
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Figure 6. Effects of percentage of transfected cells, death rate ratios, and auto-apoptosis failure rate on reproductive ratio in
Models lla, lb, lic, and lll. The level of reduction in the reproductive ratio that can be achieved by A3G-SCT for different values of p(*) is shown for
each model. In all the subfigures, the green and black dashed lines represent the minimum level of reduction needed to stop HIV replication for
Ro =20 and 70, respectively. Note that from left to right on the bottom axis, the A3G-free virus release ratio decreases from 107" to 10~ Parameter ¢
is given the value of 0.001. (A) Model lla suggests that f=95% is required to block HIV replication for Ry=20. Higher values of f are needed to block
HIV replication for larger values of R,. (B) Simulation results of Model llb predict that the performance of the therapy will be degraded if infected A3G-
augmented cells die more slowly compared to infected WT cells, i.e., when t >1. (C) Model lic also suggests that the therapy achieves lower efficacy if
cells infected by A3G(+) viruses die more slowly than cells infected by A3G(—) viruses, i.e.,, when w >1. However, the performance degradation is less
severe than that of Model Ilb. (D) Finally, Model Il indicates that A3G-SCT can achieve better efficacy if infected A3G-augmented cells activate
apoptosis pathway upon their infection.

doi:10.1371/journal.pone.0063984.g006

For w=5 (Fig. 5H, Ry =0.46) and w =15 (Fig. 51, Ry. = 0.66), the

therapy can eradicate the virus from the body but the rate of 1—f .

decline in viral load is slower than when w=1 (Fig. 5G, fIkN (V(PH) +c(1 *p(ﬂ)) + — (p(‘”) +c(1 fp(w'))))
Ry.=0.38). By comparing Figs. 5H and 5F, it can be seen that R;= f I

for the same values of w and ¢, the rate of decline in virus dpdrdy (13)
concentration is faster, the T cell count is higher, and the viral load R; o (4) (+) ) (wr)

’ ’ =—= 1— 1— (1— .
is lower in Model Ilc compared to Model IIb. = Ry f (p +ell—p )) +( f)(p +ol=p ))

A3G-Augmented Cells with Auto-Apoptosis Capability
Can Stop Replication more Efficiently

Finally, Model III explores the possibility of enhancing efficacy
of the treatment by co-transfecting stem cells with A3G and a gene
circuit that induces activation of the apoptosis pathway in progeny
CD4+ T cells upon infection by HIV. The gene circuit causes the
cell to die after infection and hence it cannot produce any
infectious virions. However, if the infected cell somehow escapes
the apoptosis pathway, then A3G overexpressed in that cell gets

Since 7 takes values less than one, the reproductive ratio of
Model III is reduced compared to that of Model Ila, suggesting
that a better efficacy can be achieved using co-transfection of stem
cells with A3G and an auto-apoptosis gene circuit. Reduction in
the reproductive ratio for several values or 7 is shown in Fig. 6D.
For f=99% and r=0.1, A3G-SCT reduces the reproductive ratio
of 70 to less than one for any value of p{*) less than 0.059. For
r=0.01, p*) should only take values less than 0.60 to be able to

encapsulated into virions to induce its antiviral activities. The eradicate the virus from the body. This greatly relaxes the pressure

reproductive ratio for Model TII is given by (Method S7) on parameter p{*), the A3G-free virus release ratio, to take values
as small as 0.005 for r=1 to eradicate the virus, suggesting that

using this therapy A3G or its variants can be overexpressed at
much lower concentrations, and still be effective in blocking HIV
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replication. Note that the improvement in the performance of
therapy becomes less significant for small values of p(*+) (Fig. 6D).

For f=99% and p*) =0.1, when 7= 1, i.e., the apoptosis gene
circuit fails all the time, the treatment reduces the viral load but
cannot eradicate the virus from the body (Fig. 5], Rs=2.16). As r
decreases to 0.35 (the apoptosis gene circuit works 65% of the
time), the treatment can successfully eradicate the virus and the
infection goes away (Fig. 5K, R3=0.87). For a smaller value of 7 in
Fig. 5L while f=99% and p{*) = 0.1 (Rs = 0.37), the rate of decline
in viral load is even faster than the case of /= 99% and p{*) =0.01
in Fig. 5C (R, =0.38).

A3G*Vf Qutperforms A3G in Blocking in vivo HIV
Replication

Using the results of our previously published single-cell model
[42], we study the effects of A3G and A3GAVH (an A3G variant
that does not bind Vif such as A3G/F126-129 [43] and
D128KA3G [44]) overexpression on the reproductive ratio.

Fig. 7A shows the reduction in the reproductive ratio achieved
in Model Ila versus the production rate of A3G and A3G*V™, The
APOBEC production rate in Fig. 7 is in addition to the normal
level of A3G production in WT cells. For f=99%, in order to
reduce the reproductive ratio of 70 to values less than one, the
production rate of A3G should be at least 26 pM/hr while this
number is 0.252 uM/hr for A3G*Y™. Analogously, a large gap is
seen between red (A3G) and blue (A3GAY™) curves for other values
of f, suggesting that nearly two orders of magnitude lower
production rate of A3GAVT§ required to achieve the same efficacy
as that of A3G. Simulation results for Model III show that as r
decreases, the gap between red (A3G) and blue (A?)GAVif) curves
widens (Fig. 7B, f=99%). For r=1, in order to reduce the
reproductive ratio of 70 to one, A3G*Y production rate is 103-
fold lower than that of A3G; this number is 331-fold lower for
r=0.01. Note that for all the curves in both Figs. 7A and 7B, the
reduction factor does not decrease further after a certain
production rate. This is because the percentage of WT cells,
1—f, determines the maximum achievable performance of the
treatment, regardless of how much A3G or A3GAVT s overex-
pressed.

Modeling of APOBEC3G-Augmented Stem Cell Therapy

Impact of Mixed Levels of A3G Overexpression on the
Performance of A3G-SCT

In Models I, II and III, it is assumed that cells are either WT
(expressing A3G at normal levels) or A3G-augmented (overex-
pressing A3G at high levels). However, stem cell transfection is not
an all-or-none phenomenon, i.e., after the transfection, some of
the progeny CD4+ T cells overexpress A3G at high levels while
others may express A3G at lower levels. Therefore, it is
noteworthy to evaluate the performance of A3G-SCT when all
CD4+ T cells express A3G higher than WT cells, but the
overexpression can be either low or high. Model IV (defined in
Method S8) gives insights into how the performance of the therapy
would change in this scenario. T(+%) and Tt represent two
subpopulations of cells overexpressing A3G at low and high levels,
respectively. We assume that p(+mi)<p(+0<p®  Similar to
Model IIa, the reproductive ratio for Model IV can be
mathematically derived as (Method S8)

f';ukN((p(+hi)+c(1 _p(+hi))) 4 lf;f (p(+lo) +c(] _p(+/n)))>
didrdy (14)

f(p(+hi) +C(l _p(+/1i))) +(l _f)(p(+lo) +C(1 _p(+lu))).

Ry=

Ry
Ry

=0=

As seen in Fig. 8, for f=90% and p(*+" =0.001, the other 10%
of the cells that overexpress A3G at low levels need to have p(+%)
taking values less than 0.48 in order for A3G-SCT to reduce R,
from 20 to one, i.e., only 52% of the viruses released from these
cells must carry A3G for a successful therapy. Note that
p"0=0.83, hence 17% of viruses released from WT infected
cells are already A3G(+). To achieve p(*% =0.48, production rate
of transfected A3G can be 119-fold lower than that of cells
expressing A3G at high levels. Increasing p* to 0.01 while
keeping f unchanged results in p(+%)=0.40 to have a reduction
factor equal to 20. For p*#) =0.01, when f decreases to 50%, i.c.,
the maximum achievable reduction in the reproductive ratio is

— A3G
— A3GAVif

A 10° ¢ B 10°
Model llal
—_— A3G
— A3GAVif
S - -1
5 10 10
8 0.1
p T N T vy vyer A -yl
k<] o
°
3
9 10'2 -------------------------------- 10'2 -----
~ 0
o) 0.01
f=99%
10° _3 = X 3 10”° _3
10 10 10 10 10

APOBEC production rate (uM/hr)

10 10' 10
APOBEC production rate (uM/hr)

Figure 7. Effects of A3G and A3G*VIf overexpression on reproductive ratio in Models lla and Ill. The level of reduction in the
reproductive ratio that can be achieved by overexpression of A3G (red) and A3GAY (blue) is shown. In the two subfigures, the green and black
dashed lines represent the minimum level of reduction needed to stop HIV replication for Ry =20 and 70, respectively. Parameter c is given the value
of 0.001. (A) Simulation results for Model lla show that almost two orders of magnitude lower production of A3GAVIF compared to that of A3G is
required to achieve the same performance. (B) Model Ill predicts that by decreasing the apoptosis failure rate, lower production rate of A3G and

A3G*VT is required to stop in vivo HIV replication.
doi:10.1371/journal.pone.0063984.g007
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reproductive ratio. The level of reduction in the reproductive ratio
that can be achieved by A3G-SCT for different values of p(*%) is shown
when p(+=0.001 (red) and 0.01 (blue). In our simulations,
pHM<p(+l) <y The green and black horizontal dashed lines
represent the minimum level of reduction needed to stop HIV
replication for Ry=20 and 70, respectively. Note that from left to right
on the bottom axis, p(+/ decreases from 0.83 to 10~ >. Parameter c is
given the value of 0.001.

doi:10.1371/journal.pone.0063984.9g008

only 2.4-fold in Model Ila, the therapy can cause 20-fold reduction
only if p{*%) takes values less than 0.09 (Fig. 8).

Discussion

Despite decades of research, 33 million people live with HIV;
2.6 million people are infected annually, with 1.8 million fatalities
[93]. Current leading-edge treatment regimens such as highly
active antiretroviral therapy (HAART) ensure that millions of
people with HIV lead normal lives, and prevent millions of
additional infections by reducing infectivity. However, HAART is
expensive, is not a cure, and only a fraction of HIV sufferers
worldwide receive it. There remains a critical need for new
therapies, especially cures. Cures are preferable because they can
eliminate long-term maintenance costs and issues of adherence to
long-term regimens.

The idea of gene therapy and stem cell transfection has recently
renewed hope to achieve a functional cure for HIV. The reported
cure of the “Berlin Patient” was achieved through transplantation
of hematopoietic stem cells from a donor with two key
characteristics: (a) donor was tissue matched for transplantation;
(b) donor had a genetic mutation that conferred resistance to HIV
[69-71]. Finding such a donor would be difficult in general, but
matched donor stem cells could be augmented, to provide the
HIV-resistance by inserting genes or gene networks into those cells
before transplantation. Small molecules (such as HAART drugs)
cannot be encoded, but overexpression of endogenous anti-HIV
proteins such as APOBEC3G, which can efficiently inhibit viral
reproduction, is possible; alternatively or in addition, encoding a
pro-apoptotic stimulus would induce HIV-infected CD4+ T cells
to die, shortening lifespan and limiting HIV production. Gene
therapy has the potential to counter problems associated with
current anti-HIV treatments such as drug side effects, patient
adherence, and emergence of drug resistant viruses. For some
patients, multiple rounds of low adherence and viral resistance can
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lead to exhaustion of all antiviral regiments. Gene therapy can be
promising in these cases; however, in order for it to become a
standard of care in treating HIV, issues such as safety and
persistence of genetically modified cells in the body must be
addressed.

Here, we developed mathematical models extending the basic
model of i vivo HIV infection to describe the impacts that delivery
of stem cells transfected with wild type A3G or its variants can
have on HIV replication. A key novel feature of this work is the
incorporation of previously developed biologically validated model
of A3G-Vif interactions in a single cell [42] into the established
model of i vivo HIV infection [73-78]. Our models can be
generalized to describe and simulate other anti-HIV therapies.
Two crucial parameters of these models are p and ¢. In the general
form, parameter p is the fraction of released viruses from a single
cell that are unaffected by a drug, an anti-HIV protein, or a
restriction factor. On the other hand, parameter ¢ is the reduction
in the number of viruses released from cells infected by affected
viruses. Knowing p and ¢ for a restriction factor, we can calculate
the efficacy of the therapy.

In our simulations, A3G-augmented stem cell therapy (A3G-
SCT) is introduced on day 100 after initial infection by changing
the production of uninfected CD4+ T cells in thymus to generate
both WT and A3G-augmented CD4+ T cells with the ratio of 1-
/- In reality, for stem-cell based gene therapy, CD34+ stem cells
would be mobilized using granulocyte colony stimulating factor
(GCSF) and harvested from the blood for ex vivo gene modifica-
tions. Patients may or may not undergo myeloablative condition-
ing. This procedure is performed prior to bone marrow
transplantation using chemotherapy or total body irradiation with
the purpose of killing all the stem cells and suppressing the
immune response. This in turn leaves the body prone to infections
but reduces the risk of graft-versus-host disease. Finally, transfected
stem cells are reinfused back into patients. After transplantation,
these cells differentiate into cell types such as CD4+ T cells and
macrophages that are now able to overexpress anti-HIV genes. All
these would result in temporary changes in the values of the system
parameters such as production and death rates of CD4+ T cells.
However, several weeks after bone marrow transplantation, stem
cells and their progenies are sufficiently expanded to restore the
immune system and thus we assume that the system parameters
take on values similar to those pre-therapy. Therefore, in this
paper, we focus on the steady state response rather than the
transient response immediately after A3G-SCT to study the
impact of therapy on modulating in vivo HIV replication.

Model I assumes that all CD34+ stem cells in the body are
transfected with A3G or one of its variants. The results for this
model demonstrate that A3G-SCT can reduce the reproductive
ratio to values less than one for sufficiently small values of p(*),
i.e., the concentration of A3G or its variants in HIV-producing
cells must be high enough such that it gets encapsulated in most
viruses. In the next model, it is assumed that a fraction of stem cells
remain untransfected. Model IIa describes the viral dynamics in a
mixed population of A3G-augmented and WT CD4+ T cells and
predicts that the percentage of stem cells transfected with A3G or
its variants must be 95% or higher for the therapy to be able to
successfully stop i vivo HIV replication when the pre-therapy
reproductive ratio is 20. This critical result suggests that A3G-SC'T
can be an effective functional cure for HIV infection and would
provide successful results in most clinical settings where R, takes
values in the range of 10 to 20 [86-88]. Note that the value of fcan
be affected by two major factors: efficiency of stem cell transfection
with A3G or its variants; and performance of bone marrow
transplantation. Viral vectors can achieve high transfection
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efficiencies but they raise safety concerns. On the other hand, non-
viral delivery systems such as biomaterials are considered to be safe
but further research and optimizations are needed to improve their
efficiencies. Selection of cells transfected ex vivo should lead to high
incorporation. In terms of bone marrow transplantation, multiple
rounds of reinfusion of CD34+ stem cells may be required in order
to establish a high ratio of stem cells that overexpress A3G. This is
crucial because the maximum achievable reduction by A3G-SCT is
limited by the fraction of WT CD4+ T cells in the body.

Model IIb describes a hypothetical scenario, where infected A3G-
augmented cells die more slowly (while the number of released
viruses from infected cells per day remains unchanged) compared to
infected WT cells. One might expect that the extra condition on
infected A3G-augmented cells could change the balance of A3G(—)
and A3G(+) viruses at steady state such that the reproductive ratio
would be reduced more efficiently. However, the model predicts
that having infected A3G-augmented cells live longer leads to lower
performances. This unexpected result can be explained if we look at
the two subpopulations of target cells. Since there is no interaction/
feedback between the two subpopulations, WT and A3G-
augmented cells appear to act as isolated subsystems. Therefore,
the kinetics of WT subpopulation of cells is untouched, while
infected A3G-augmented cells live longer and produce more virions
compared to the previous case represented in Model Ila, resulting in
a lower decrease in the reproductive ratio.

As mentioned, A3G(+) viruses are considered to be less harmful
than A3G(—) viruses. Model Ilc predicts that the performance of the
therapy will be diminished if cells infected by A3G(+) viruses have a
lower death rate than that of cells infected by A3G(—) viruses. Similar
to Model IIb, in order to understand this result, we have to take into
account that although cells infected by A3G(—) viruses are
unchanged, other cells infected by A3G(+) viruses live longer and
release more virions. Therefore, the reduction in the reproductive
ratio is lower compared to Model Ila, resulting in a lower
performance. In the literature, we have not found  vifro measure-
ments of death rates for cells infected by A3G(+) viruses. Therefore
further studies can clarify whether cells infected by A3G(+) viruses
indeed live longer, though the model suggests that the impact of lower
death rates for cells infected by A3G(+) viruses is not severe (Fig. 6C).

Effective gene therapy against HIV will likely require a
combination of anti-HIV mechanisms. Therefore, in addition to
transfecting stem cells with A3G, other gene circuits can also be
employed that may improve the performance of the therapy. Model
III focuses on a case where stem cells are co-transfected with A3G
and an auto-apoptosis gene circuit. Simulation results of Model III
demonstrate that the addition of the auto-apoptosis gene circuit
eases the requirement to have very small values for p(*+) to achieve
efficacy. This is an important result because it shows that the auto-
apoptosis gene circuit can be beneficial in cases where overexpres-
sion of A3G or its variants is toxic or not desirable for some reasons.
Model IV relaxes the assumption of all-or none transfection and
studies the performance of A3G-SCT when all stem cells are
transfected but progeny CD4+ T cells overexpress A3G at varying
levels. The model predicts that the performance of A3G-SCT can
be significantly improved if cells that overexpress A3G at low levels
have somewhat higher A3G production rates than W'T cells.

In our model, parameters p{*) and p™?, termed A3G-free virus
release ratio, create an interface between the previously built
single-cell model of A3G-Vif interactions [42] and the i vivo
models of HIV infection described in this work. The A3G-free
virus release ratio is dose-dependent and directly measures the
capability of WT A3G or its variants to get encapsulated into
released virions. Therefore, it effectively avoids the necessity of
taking into account the concentration of anti-HIV proteins in
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building the i vivo models. Having simplified the model, the A3G-
free virus release ratio does not shed light on how much protein
production is needed to achieve the required reduction in the
reproductive ratio. Therefore, integrating the single-cell model
results into the i viwo models of HIV infection helps us evaluate
the required production rate of A3G and AZGAVH (a vif resistant
A3G by a single amino acid mutation [43,44]) to stop HIV
replication. Simulation results suggest that the production rate of
A3GAY can be nearly two orders of magnitude lower than that of
A3G to achieve the same performance, suggesting that A3GAVE
has great potential to be used in gene therapy [72]. This can be
useful in cases where overexpression of A3G is toxic to cells. Other
therapeutic approaches such as using high-affinity antibodies that
bind to Vif [94] or blocking Vif dimerization by small peptides
[95] have been suggested in the literature. One should note that
both of these approaches attempt to inhibit Vif binding to A3G
and hence maximize the efficacy of A3G encapsulation into
virions. But the impact of these strategies is limited by the amount
of A3G that is expressed in cells. In other words, these molecules
cannot reduce the A3G-free virus release ratio sufficiently unless
A3G is also overexpressed. In addition, they would not have any
effect on the performance of A3G*YY because this protein is a
variant of A3G that does not bind to Vif in the first place. One
potential obstacle in using A3GAVH against HIV infection is the
high mutation rate of the virus. HIV evolves rapidly and it could
mutate Vif protein to restore its ability to bind A3GAV and to
suppress anti-HIV activities of this restriction factor. In order to
address this issue, similar to the rationale of HAART, other anti-
HIV genes should be combined with A3G*YY to provide several
independent layers of protection against HIV infection, and hence
reduce the chance of viral escape [72].

Although more studies need to be done on & vivo antiviral
effects of A3G, our models suggest that A3G and its variants hold
great promise to be used in stem cell-based anti-HIV gene therapy
clinical trials. Our work presented here takes a computational
approach to give insights into the logistics of a successful A3G-
SCT. Using the viral dynamics of each infected individual, we
could also personalize the therapy to be highly effective. A3G-
SCT may be an option for HIV patients undergoing bone marrow
transplantation due to other complications such as AIDS-related
lymphoma.

Supporting Information

Method S1 Estimation of the A3G-free Virus Release
Ratio, p"), for WT CD4+ T Cells.
(DOCX)

Method S2 Model I: The Basic HIV Model for A3G-
Augmented Cells (Reduced Burst Size for Cells Infected
by A3G(+) Viruses).

DOCX)

Method S3 Model Ib: The Basic HIV Model for A3G-
Augmented Cells (Reduced Infectivity Rate for A3G(+)
viruses).

(DOCX)

Method S4 Model I1a: The Basic HIV Model for WT and
A3G-Augmented Cells.
DOCX)

Method S5 Model ITb: The Basic HIV Model for WT and
A3G-Augmented Cells with Lower Death Rates for
Infected A3G-Augmented Cells.

(DOCX)

May 2013 | Volume 8 | Issue 5 | 63984



Method S6 Model IIc: The Basic HIV Model for WT and
A3G-Augmented Cells with Lower Death Rates for Cells
Infected by A3G(+) Viruses.

DOCX)

Method S7 Model III: The Basic HIV Model for WT and
A3G-Augmented Cells with Auto-Apoptosis Capability.
DOCX)

References

1.

o

23.

24.

. Suspéne R, Sommer P, Henry M,

Albin JS, Harris RS (2010) Interactions of host APOBECS restriction factors
with HIV-1 i vive: implications for therapeutics. Expert Rev Mol Med 12: e4.
Sheehy AM, Erthal J (2012) APOBEC3 versus Retroviruses, Immunity versus
Invasion: Clash of the Titans. Molecular Biology International 2012: 11.

. Wissing S, Galloway NLK, Greene WC (2010) HIV-1 Vif versus the APOBEC3

cytidine deaminases: An intracellular duel between pathogen and host restriction
factors. Molecular Aspects of Medicine 31: 383-397.

Strebel K, Luban J, Jeang K-T (2009) Human cellular restriction factors that
target HIV-1 replication. BMC Medicine 7: 48.

. Chiu YL, Greene WC (2008) The APOBEC3 cytidine deaminases: an innate

defensive network opposing exogenous retroviruses and endogenous retro-
elements. Annu Rev Immunol 26: 317-353.

. Malim MH (2009) APOBEC proteins and intrinsic resistance to HIV-1

infection. Philos Trans R Soc Lond B Biol Sci 364: 675-687.

. Malim MH, Bieniasz PD (2012) HIV Restriction Factors and Mechanisms of

Evasion. Cold Spring Harbor Perspectives in Medicine.

. Koito A, Tkeda T (2012) Apolipoprotein B mRNA-editing, catalytic polypeptide

cytidine deaminases and retroviral restriction. Wiley Interdisciplinary Reviews:

RNA 3: 529-541.

. Smith HC (2011) APOBEC3G: a double agent in defense. Trends in

Biochemical Sciences 36: 239-244.

Sheehy AM, Gaddis NC, Choi JD, Malim MH (2002) Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature
418: 646-650.

Ferris S, Guétard D, et al. (2004)
APOBEC3G is a single-stranded DNA cytidine deaminase and functions
independently of HIV reverse transcriptase. Nucl Acids Res 32: 2421-2429.

. Harris RS, Bishop KN, Sheechy AM, Craig HM, Petersen-Mahrt SK, et al.

(2003) DNA Deamination Mediates Innate Immunity to Retroviral Infection.
Cell 113: 803-809.

. Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, et al. (2003) Broad

antiretroviral defence by human APOBEC3G through lethal editing of nascent
reverse transcripts. Nature 424: 99-103.

. Zhang H, Yang B, Pomerantz R]J, Zhang C, Arunachalam SC, et al. (2003) The

cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1

DNA. Nature 424: 94-98.

. Lecossier D, Bouchonnet F, Clavel F, Hance AJ (2003) Hypermutation of HIV-1

DNA in the Absence of the Vif Protein. Science 300: 1112-.

. Mbisa JL, Barr R, Thomas JA, Vandegraaff N, Dorweiler IJ, et al. (2007)

Human Immunodeficiency Virus Type 1 ¢cDNAs Produced in the Presence of
APOBEC3G Exhibit Defects in Plus-Strand DNA Transfer and Integration.
J Virol: JV1.00272-00207.

. Li X-Y, Guo F, Zhang L, Kleiman L, Cen S (2007) APOBEC3G Inhibits DNA

Strand Transfer during HIV-1 Reverse Transcription. Journal of Biological
Chemistry 282: 32065-32074.

Bishop KN, Verma M, Kim E-Y, Wolinsky SM, Malim MH (2008)
APOBEC3G Inhibits Elongation of HIV-1 Reverse Transcripts. PLoS Pathog
4: €1000231.

. Iwatani Y, Chan DSB, Wang F, Maynard KS, Sugiura W, et al. (2007)

Deaminase-independent inhibition of HIV-1 reverse transcription by APO-
BEC3G. Nucleic Acids Research 35: 7096-7108.

Guo F, Cen S, Niu M, Saadatmand J, Kleiman L (2006) Inhibition of tRNA5"*-
Primed Reverse Transcription by Human APOBEC3G during Human
Immunodeficiency Virus Type 1 Replication. J Virol 80: 11710-11722.

Guo F, Cen S, Niu M, Yang Y, Gorelick R]J, et al. (2007) The interaction of
APOBEC3G with Human Immunodeficiency Virus Type 1 nucleocapsid
inhibits (RNA"* annealing to viral RNA. J Virol: JVL.00162-00107.

. Luo K, Wang T, Liu B, Tian C, Xiao Z, et al. (2007) Cytidine Deaminases

APOBEC3G and APOBECSF Interact with Human Immunodeficiency Virus
Type 1 Integrase and Inhibit Proviral DNA Formation. J Virol 81: 7238-7248.
Bishop KN, Holmes RK, Malim MH (2006) Antiviral Potency of APOBEC
Proteins Does Not Correlate with Cytidine Deamination. J Virol 80: 8450-8458.
Newman ENC, Holmes RK, Craig HM, Klein KC, Lingappa JR, et al. (2005)
Antiviral Function of APOBEC3G Can Be Dissociated from Cytidine
Deaminase Activity. Current Biology 15: 166-170.

. Yang Y, Guo F, Cen S, Kleiman L (2007) Inhibition of initiation of reverse

transcription in HIV-1 by human APOBECS3F. Virology 365: 92-100.

. Thielen BK, Klein KC, Walker LW, Rieck M, Buckner JH, et al. (2007) T Cells

Contain an RNase-Insensitive Inhibitor of APOBEC3G Deaminase Activity.
PLoS Pathog 3: ¢135.

PLOS ONE | www.plosone.org

Modeling of APOBEC3G-Augmented Stem Cell Therapy

Method S8 Model IV: The Basic HIV Model for A3G-
Augmented Cells Overexpressing A3G at Low and High
Levels.

(DOCX)

Author Contributions

Conceived and designed the experiments: IH FMG. Performed the
experiments: IH. Analyzed the data: IH FMG. Wrote the paper: IH FMG.

27.

28.

29.

30.

31.

32.

34.

36.

37.

39.

40.

41.

42.

44.

46.

47.

48.

von Schwedler U, Song J, Aiken C, Trono D (1993) v/ is crucial for human
immunodeficiency virus type 1 proviral DNA synthesis in infected cells. J Virol
67: 4945-4955.

Sova P, Volsky DJ (1993) Efficiency of viral DNA synthesis during infection of
permissive and nonpermissive cells with v7Fnegative human immunodeficiency
virus type 1. J Virol 67: 6322-6326.

Simon JHM, Malim MH (1996) The human immunodeficiency virus type 1 Vif
protein modulates the postpenetration stability of viral nucleoprotein complexes.
J Virol 70: 5297-5305.

Kao S, Khan MA, Miyagi E, Plishka R, Buckler-White A, et al. (2003) The
Human Immunodeficiency Virus Type 1 Vif Protein Reduces Intracellular
Expression and Inhibits Packaging of APOBEC3G (CEMI15), a Cellular
Inhibitor of Virus Infectivity. J Virol 77: 11398-11407.

Schréfelbauer B, Chen D, Landau NR (2004) A single amino acid of
APOBEC3G controls its species-specific interaction with virion infectivity factor
(Vif). Proceedings of the National Academy of Sciences of the United States of
America 101: 3927-3932.

Bogerd HP, Doehle BP, Wiegand HL, Cullen BR (2004) A single amino acid
difference in the host APOBEC3G protein controls the primate species
specificity of HIV type 1 virion infectivity factor. Proceedings of the National
Academy of Sciences of the United States of America 101: 3770-3774.

. Huthoff H, Malim MH (2007) Identification of Amino Acid Residues in

APOBEC3G Required for Regulation by Human Immunodeficiency Virus
Type 1 Vif and Virion Encapsidation. J Virol 81: 3807-3815.

Sheehy AM, Gaddis NC, Malim MH (2003) The antiretroviral enzyme
APOBEC3G is degraded by the proteasome in response to HIV-1 Vif. Nat Med
9: 1404-1407.

. Mehle A, Strack B, Ancuta P, Zhang C, McPike M, et al. (2004) Vif Overcomes

the Innate Antiviral Activity of APOBEC3G by Promoting Its Degradation in
the Ubiquitin-Proteasome Pathway. Journal of Biological Chemistry 279: 7792~
7798.

Marin M, Rose KM, Kozak SL, Kabat D (2003) HIV-1 Vif protein binds the
editing enzyme APOBEC3G and induces its degradation. Nat Med 9: 1398—
1403.

Stopak K, de Noronha C, Yonemoto W, Greene WC (2003) HIV-1 Vif Blocks
the Antiviral Activity of APOBEC3G by Impairing Both Its Translation and
Intracellular Stability. Molecular cell 12: 591-601.

. Conticello SG, Harris RS, Neuberger MS (2003) The Vif Protein of HIV

Triggers Degradation of the Human Antiretroviral DNA Deaminase APO-
BEC3G. Current biology : CB 13: 2009-2013.

Kobayashi M, Takaori-Kondo A, Miyauchi Y, Iwai K, Uchiyama T (2005)
Ubiquitination of APOBEC3G by an HIV-1 Vif-Cullin5-Elongin B-Elongin C
Complex Is Essential for Vif Function. Journal of Biological Chemistry 280:
18573-18578.

Yu X, Yu Y, Liu B, Luo K, Kong W, et al. (2003) Induction of APOBEC3G
Ubiquitination and Degradation by an HIV-1 Vif-Cul5-SCF Complex. Science
302: 1056-1060.

Mariani R, Chen D, Schréfelbauer B, Navarro F, Konig R, et al. (2003) Species-
Specific Exclusion of APOBEC3G from HIV-1 Virions by Vif. Cell 114: 21-31.
Hosseini I, Mac Gabhann I (2012) Multi-Scale Modeling of HIV Infection
in vitro and APOBEC3G-Based Anti-Retroviral Therapy. PLoS Comput Biol 8:
¢1002371.

. Russell RA, Smith J, Barr R, Bhattacharyya D, Pathak VK (2009) Distinct

domains within APOBEC3G and APOBECSF interact with separate regions of
human immunodeficiency virus type 1 Vif. J Virol 83: 1992-2003.

Mangeat B, Turelli P, Liao S, Trono D (2004) A single amino acid determinant
governs the species-specific sensitivity of APOBEC3G to Vif action. ] Biol Chem
279: 14481-14483.

Sadler HA, Stenglein MD, Harris RS, Mansky LM (2010) APOBEC3G
Contributes to HIV-1 Variation through Sublethal Mutagenesis. Journal of
Virology 84: 7396-7404.

Miyagi E, Opi S, Takeuchi H, Khan M, Goila-Gaur R, et al. (2007)
Enzymatically Active APOBEC3G Is Required for Efficient Inhibition of
Human Immunodeficiency Virus Type 1. Journal of Virology 81: 13346-13353.
Jin X, Brooks A, Chen H, Bennett R, Reichman R, et al. (2005) APOBEC3G/
CEMI15 (hA3G) mRNA Levels Associate Inversely with Human Immunodefi-
ciency Virus Viremia. Journal of Virology 79: 11513-11516.

Pace C, Keller J, Nolan D, James I, Gaudieri S, et al. (2006) Population Level

Analysis of Human Immunodeficiency Virus Type 1 Hypermutation and Its

May 2013 | Volume 8 | Issue 5 | 63984



49.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

Relationship with APOBEC3G and vif Genetic Variation. Journal of Virology
80: 9259-9269.

Land AM, Ball TB, Luo M, Pilon R, Sandstrom P, et al. (2008) Human
Immunodeficiency Virus (HIV) Type 1 Proviral Hypermutation Correlates with
CD4 Count in HIV-Infected Women from Kenya. Journal of Virology 82:
8172-8182.

. Ulenga NK, Sarr AD, Hamel D, Sankale J-L, Mboup S, et al. (2008) The level of

APOBEC3G (hA3G)-related G-to-A mutations does not correlate with viral load
in HIV type 1-infected individuals. AIDS Res Hum Retroviruses 24: 1285-1290.
Ulenga NK, Sarr AD, Thakore-Meloni S, Sankalé J-L, Eisen G, et al. (2008)
Relationship between Human Immunodeficiency Type 1 Infection and
Expression of Human APOBEC3G and APOBEC3F. Journal of Infectious
Diseases 198: 486-492.

Vazquez-Pérez JA, Ormsby CE, Hernandez-Juan R, Torres KJ, Reyes-Teran G
(2009) APOBEC3G mRNA expression in exposed seronegative and early stage
HIV infected individuals decreases with removal of exposure and with disease
progression. Retrovirology 6: 23.

Kourteva Y, De Pasquale M, Allos T, McMunn C, D’Aquila RT (2012)
APOBEC3G expression and hypermutation are inversely associated with human
immunodeficiency virus type 1 (HIV-1) burden @ vivo. Virology 430: 1-9.
Cho S-J, Drechsler H, Burke RC, Arens MQ, Powderly W, et al. (2006)
APOBEC3F and APOBEC3G mRNA Levels Do Not Correlate with Human
Immunodeficiency Virus Type 1 Plasma Viremia or CD4+ T-Cell Count.
Journal of Virology 80: 2069-2072.

. Gandhi SK, Siliciano JD, Bailey JR, Siliciano RF, Blankson JN (2008) Role of

APOBEC3G/F-mediated hypermutation in the control of human immunode-
ficiency virus type 1 in elite suppressors. J Virol 82: 3125-3130.

Piantadosi A, Humes D, Chohan B, McClelland RS, Overbaugh J (2009)
Analysis of the Percentage of Human Immunodeficiency Virus Type 1
Sequences That Are Hypermutated and Markers of Disease Progression in a
Longitudinal Cohort, Including One Individual with a Partially Defective Vif.
Journal of Virology 83: 7805-7814.

Amoédo ND, Afonso AO, Cunha SM, Oliveira RH, Machado ES, et al. (2011)
Expression of APOBEC3G/3F and G-to-A Hypermutation Levels in HIV-1-
Infected Children with Different Profiles of Disease Progression. PLoS ONE 6:
e24118.

Mous K, Jennes W, Camara M, Seydi M, Daneau G, et al. (2012) Expression
Analysis of LEDGF/p75, APOBEC3G, TRIMbalpha, and Tetherin in a
Senegalese Cohort of HIV-1-Exposed Seronegative Individuals. PLoS ONE 7:
€33934.

Biasin M, Piacentini L, Lo Caputo S, Kanari Y, Magri G, et al. (2007)
Apolipoprotein B mRNA-Editing Enzyme, Catalytic Polypeptide-Like 3G: A
Possible Role in the Resistance to HIV of HIV-Exposed Seronegative
Individuals. Journal of Infectious Diseases 195: 960-964.

Decks SG, Autran B, Berkhout B, Benkirane M, Cairns S, et al. (2012) Towards
an HIV cure: a global scientific strategy. Nat Rev Immunol 12: 607-614. doi:
610.1038/nri3262.

Durand CM, Blankson JN, Siliciano RF (2012) Developing strategies for HIV-1
eradication. Trends in Immunology.

Dieffenbach CW, Fauci AS (2011) Thirty Years of HIV and AIDS: Future
Challenges and Opportunities. Annals of Internal Medicine 154: 766-771.
Mitsuyasu RT, Merigan TC, Carr A, Zack JA, Winters MA, et al. (2009) Phase
2 gene therapy trial of an anti-HIV ribozyme in autologous CD34+ cells. Nat
Med 15: 285-292.

DiGiusto DL, Krishnan A, Li L, Li H, Li S, et al. (2010) RNA-Based Gene
Therapy for HIV with Lentiviral Vector-Modified CD34+ Cells in Patients
Undergoing Transplantation for AIDS-Related Lymphoma. Science Transla-
tional Medicine 2: 36ra43.

. Holt N, Wang J, Kim K, Friedman G, Wang X, et al. (2010) Human

hematopoietic stem/progenitor cells modified by zinc-finger nucleases targeted
to CCRS control HIV-1 in vive. Nat Biotech 28: 839-847.

Rossi JJ, June CH, Kohn DB (2007) Genetic therapies against HIV. Nat Biotech
25: 1444-1454.

Henrich TJ, Sciaranghella G, Li JZ, Gallien S, Ho V, et al. (2012) Long-term
reduction in peripheral blood HIV-1 reservoirs following reduced-intensity
conditioning allogeneic stem cell transplantation in two HIV-positive individ-
uals. 19th International AIDS Conference.

Kitchen S, Levin B, Bristol G, Rezek V, Kim S, et al. (2012) In vivo suppression
of HIV by antigen specific T cells derived from engineered hematopoietic stem
cells. 19th International AIDS Conference.

. Hiitter G, Nowak D, Mossner M, Ganepola S, Miilig A, et al. (2009) Long-

Term Control of HIV by CCR5 Delta32/Delta32 Stem-Cell Transplantation.
New England Journal of Medicine 360: 692-698.

PLOS ONE | www.plosone.org

16

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

84.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Modeling of APOBEC3G-Augmented Stem Cell Therapy

Hiitter G, Ganepola S (2011) Eradication of HIV by Transplantation of CCR5-
Deficient Hematopoietic Stem Cells. The Scientific World Journal 11: 1068
1076.

Allers K, Hiitter G, Hofmann J, Loddenkemper C, Rieger K, et al. (2011)
Evidence for the cure of HIV infection by CCR5A32/A32 stem cell
transplantation. Blood 117: 2791-2799.

Voit RA, McMahon MA, Sawyer SL, Porteus MH (2013) Generation of an HIV
Resistant T-cell Line by Targeted [ldquo]Stacking[rdquo] of Restriction
Factors. Mol Ther.

Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM, et al. (1995) Rapid
turnover of plasma virions and CD4 lymphocytes in HIV-1 infection. Nature
373: 123-126.

Wei X, Ghosh SK, Taylor ME, Johnson VA, Emini EA, et al. (1995) Viral
dynamics in human immunodeficiency virus type 1 infection. Nature 373: 117—

122.

. Bonhoeffer S, May RM, Shaw GM, Nowak MA (1997) Virus dynamics and

drug therapy. Proceedings of the National Academy of Sciences 94: 6971-6976.
Perelson AS, Essunger P, Cao Y, Vesanen M, Hurley A, et al. (1997) Decay
characteristics of HIV-l-infected compartments during combination therapy.
Nature 387: 188-191.

Perelson AS (2002) Modelling viral and immune system dynamics. Nat Rev
Immunol 2: 28-36.

Wodarz D, Nowak MA (2002) Mathematical models of HIV pathogenesis and
treatment. BioEssays 24: 1178-1187.

Perelson AS, Kirschner DE, De Boer R (1993) Dynamics of HIV infection of
CD4+ T cells. Mathematical Biosciences 114: 81-125.

De Boer RJ, Perelson AS (1998) Target Cell Limited and Immune Control
Models of HIV Infection: A Comparison. Journal of Theoretical Biology 190:
201-214.

Ramratnam B, Bonhoeffer S, Binley J, Hurley A, Zhang L, et al. (1999) Rapid
production and clearance of HIV-1 and hepatitis C virus assessed by large
volume plasma apheresis. The Lancet 354: 1782-1785.

Nelson PW, Perelson AS (2002) Mathematical analysis of delay differential
equation models of HIV-1 infection. Mathematical Biosciences 179: 73-94.

. Dixit NM, Perelson AS (2005) HIV dynamics with multiple infections of target

cells. Proceedings of the National Academy of Sciences of the United States of
America 102: 8198-8203.

Sedaghat AR, Dinoso JB, Shen L, Wilke CO, Siliciano RF (2008) Decay
dynamics of HIV-1 depend on the inhibited stages of the viral life cycle.
Proceedings of the National Academy of Sciences 105: 4832-4837.

Sedaghat AR, Siliciano RF, Wilke CO (2008) Low-level HIV-1 replication and
the dynamics of the resting CD4" T cell reservoir for HIV-1 in the setting of
HAART. BMC Infect Dis 8: 2.

Stafford MA, Corey L, Cao Y, Daar ES, Ho DD, et al. (2000) Modeling Plasma
Virus Concentration during Primary HIV Infection. Journal of Theoretical
Biology 203: 285-301.

Little SJ, McLean AR, Spina CA, Richman DD, Havlir DV (1999) Viral
Dynamics of Acute HIV-1 Infection. The Journal of Experimental Medicine
190: 841-850.

Ribeiro RM, Qin L, Chavez LL, Li D, Self SG, et al. (2010) Estimation of the
Initial Viral Growth Rate and Basic Reproductive Number during Acute HIV-1
Infection. Journal of Virology 84: 6096-6102.

Refsland EW, Hultquist JF, Harris RS (2012) Endogenous Origins of HIV-1 G-
to-A Hypermutation and Restriction in the Nonpermissive T Cell Line CEM2n.
PLoS Pathog 8: ¢1002800.

Felber B, Pavlakis G (1988) A quantitative bioassay for HIV-1 based on trans-
activation. Science 239: 184-187.

Kimpton J, Emerman M (1992) Detection of replication-competent and
pseudotyped human immunodeficiency virus with a sensitive cell line on the
basis of activation of an integrated B-galactosidase gene. J Virol 66: 2232-2239.
Aguilar-Cordova E, Chinen J, Donechower L, Lewis DE, Belmont JW (1994) A
sensitive reporter cell line for HIV-1 tat activity, HIV-1 inhibitors, and T cell
activation effects. AIDS Res Hum Retroviruses 10: 295-301.

UNAIDS (2010) UNAIDS report on the global AIDS epidemic. Geneva,
Switzerland: UNAIDS.

Jefirey Fessel W (2005) A new approach to an AIDS vaccine: creating antibodies
to HIV vif will enable apobec3G to turn HIV-infection into a benign problem.
Medical Hypotheses 64: 261-263.

. Miller JH, Presnyak V, Smith HC (2007) The dimerization domain of HIV-1

viral infectivity factor Vif is required to block virion incorporation of

APOBEC3G. Retrovirology 4: 81.

May 2013 | Volume 8 | Issue 5 | 63984



