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ABSTRACT

Due to costs, most vaccine development is carrietl Europe(subtype B) rather than Africa and Asian
(subtype C) countries. However since the mechanintisease progression in HIV-1 subtype B may iflerént from
those in HIV-1 subtype C, it is interesting to istigate if and how a dendritic cells based vacaar be used on
individuals in Africa and Asia. To investigate thimathematical models and sensitivity analysis nigples are used to
understand the mechanisms of disease progressigmilIV-1 subtypes. These models are then extemolexplore the
ways in which the vaccine could be used to treasehdifferent HIV-1 subtypes. It is found that theel of immune
activation plays a large role in determining thechanism of disease progression and can itself lpeeans to the
development of AIDS. It is also shown that the déitdcells based vaccine could reduce the viradiut not eliminate
the virus resulting in a viral rebound. To maintaifow viral load, vaccination would have to beeaad. Unfortunately,
repeated vaccination may lead to the overproduaifgoroinflamatory cytokines resulting in severdesieffects however
this could be avoided by using a carefully plantredtment schedule. We conclude that the dendeite based vaccine

can be used in individuals in either subtype Bulitgpe C region as long as the correct treatmégdide is followed.
KEYWORDS: HIV/AIDS, Coreceptor Usage, Dendritic Cells andcdime
1.1 INTRODUCTION

The HIV epidemic causes problems in both industéal and developing countries. The World Health
Organization estimates that as of 2012, 37.2 milkalults and 2.2 million children were living withlV worldwide
(Avert, 2013). Sub-Saharan Africa is currently wherst affected region as it is home to 60% of thwldis HIV infected
population. Most individuals in this region aredofed by HIV-1 subtype C, making it the most premalsubtype in the
world. This subtype is not only associated with Sahara but also in India, high incidence is alssoaiated with
accelerated disease progression hence the higlalityorate in this region (Monosi, et al, 2013)t#dugh there are other
HIV-1 subtypes, subtype B and subtype C are thet miaespread subtypes. Apart for its predominamncsoiuthern and
eastern Africa, HIV-1 subtype C is also predominantindia and Nepal while subtype B is common inrdpe,
the Americas, Japan and Australia. One of the mdjfferences between these HIV-1 subtypes is tobwice of
coreceptor usage during the course of disease gmsign. Co receptors usage has been associatediffattent disease
progression dynamics (Monosi, et al, 2013). To cedmortality and morbidity due to AIDS, a numberdrfigs and
interventions have been developed and are stitigogéveloped. Although this is encouraging newsstmesearch on drug
development has been conned to industrialized matichile very little is being done in the develapmations which are
home to 95 % of the world's HIV infected populati@vert, 2013). Even more disturbing is the fadtttsince different

world regions harbor different HIV-1 subtypes, thés a danger that the drugs developed for onemegiay not produce
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the same effect in another region. There is theeedneed to understand the dynamics of the diffefieal strains to make
suggestions on how drugs developed in industridlizations may be used to produce the same effaéadiniduals in

developing nations.

Mathematical models provide an alternative wayttioly the effects of different drugs, a proceduréctviis otherwise
risky or unethical when carried out on patientgh8ligh model animals such as monkeys are at tirsed, uhe ethical
justification of this practice is controversial (D&k, et al, 2013). Apart from providing an altemabute that does not
violate any rights, mathematical models also previdinicians with almost instant results on studiest would have
required several months or even years when condictenimals or human beings. Such models havestiafinicians in
making the complex choices involved in treating Hifected patients. The broader goal of this papeo make use of
mathematical models to explore how vaccines deeeldpr individuals infected by HIV-1 subtype B mbg used by
HIV-1 subtype C infected individuals. To achievegh goal two mathematical models were developed.fif$t model

was used to:
» To identify the factors that influences the chaeoreceptor usage during HIV-1 infection.

 To explain the difference in coreceptor switchimggliency in HIV-1 sub-type B and HIV-1 subtype C.
On the other hand, the second model was used to:

e To determine the long term outcomes of the clinidgal by (Lu, et al, 2004).
» To understand the possible effects of a dentréltlrased vaccine therapy on coreceptor switching.

Results from the two models with the help of anotmedel that combines the two were used to infew tive
dendritic cells based vaccine may be used in stifaa&a Africa and India using structured treatmeterruptions without
causing adverse side effects. HIV is a retrovirbgctv means that its genome is RNA and is translatiedDNA during its
life cycle. This translation and completion of theal life cycle requires a host cell. HIV attachieself to a target host cell
using a CD4 receptor and a coreceptor. Althouglethee other co receptors, the CCR5 and CXCR4 aepters appear
to be the most important for successful viral efftysso, 2010).

Figure 1.1 shows diagrammatic representation ofitlberaction between the virus, target cell receptand
co receptors. Using these, the virus then gaingy/ento the target cell where it takes over contblthe replication
machinery to complete its own life cycle. Targetllceof HIV include macrophages, dendritic cells and
CD4+ T lymphocytes. Most of these CD4+ target cpllsy a role in the establishment of immune respsragainst
infections. A healthy human adult has about 100@-€Dcells per microlitre of blood, but in an infedtpatient, the CD4
count can drop to lower levels as the immune systlsm collapses. Currently, if a patient has a €bdnt of below 200

CD4 cells per microlitre, he or she is said to haiBS.

{a) ihj

HIV
CCRS
or CXCR4
Tuarget cell

Figure 1.1: A Diagrammatic Representation of the Iteraction between Viral Protein,
Target Cell Receptor and Co Receptor
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* Represents binding of gp-120 to the CD4 receptalewh

» Represents the subsequent binding of gp-120 taexeptor which can either be CCR5 or CXCR4 dependm

the type of target cell.

Although there is a wide range of immune respon@sgarch in HIV infection has focused largely loa tole of

T helper cells and CD8 cells. CD8 responses aideativinto two.

Lytic response which is carried out by cytotoxiclymphocytes (CTLs) which make use of proteins iairth

cytoplasm such as peforin and granzymes for csi$lyT his is also known as the direct killing respe.

Non-lytic responses are soluble substances or dkiesmsecreted by CD8 cells. These work by eithkibiting

HIV replication or inhibiting viral entry into tagg cells. The relation between CD8+ cells, CD4+4scehd HIV

has been used to describe the course of diseaggepsmn during HIV infection (Pastores, et al, 200

The dynamics of CD4+ and CD8+ cells can be useth#wacterize the different stages of disease pssime in

HIV infection. Disease progression is divided ittioee phases summarized in figure (1.2).
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Figure 1.2: A Qualitative Diagram to Show the TimeCourse of HIV Infection in a Typical Infected

Adult Infection (Pastores, et al, 2004)

Primary Phase: During the first few weeks after infection with Wl patients experience a period of increasing

viral load and a decline in CD4+ T cells numbeils. like symptoms has been associated with thisgahise end of this

period coincides with the CD8+ immune responseragailV (Perelson, et al, 1996).

Asymptomatic Phase:Although there are no visible symptoms preser,rédplication kinetics of the virus are
extremely fast (Perelson and Nelson, 1999). Howetrere is little change in the viral load. The CBf3ponses are

thought to control the virus to low levels but 884+ T cell numbers continue to decline. The lengjtthis phase may

range from a few months to 15 or more years. (Berelet al, 1996).

AIDS: This is the final stage of the disease. CD4+ Tsdall below 200 microlitres and as an overall lssss in

the immune system allows opportunistic infectionsfriequently occur. (Perelson, et al, 1996). Dissaom these

infections eventually lead to death.

HIV can exhibit distinct cellular tropisms that leaimportant implications for the viral pathogenemmsl disease

progression (Perelson, et al, 1996). During thergggmatic stages of HIV-1 infection, the virus mayolve to show

Impact Factor(JCC): 1.4507 - This article can be denloaded from www.impactjournals.us |




| 204 Manga, U. S|

increased tropism for T cells. This phenotypic stvifrom CCR5 to CXCR4 coreceptor usage has beenrstm coincide
with the first immunological and clinical signs dfironic disease progression (Regoes and Bonhoe#).2HIV-1 has
been found to predominantly use the CCR5 corecapting the primary stage of infection and the gstgmatic phase
(Regoes and Bonhoeer, 2012). The viral strainubas the CCR5 coreceptor is known as the R5 sttasmcharacterized
by a slow replication rate (Regoes and Bonhoeer2P 0elative acytopathicity and is of the non-dyuno inducing (NSI)
phenotype.

2.0 METHOD

A phenotypic switch, although more common in H\&udbtype B than in subtype C individuals, has ordgrb
observed in about 50% of HIV-1 subtype B infectetignts during the late stages of infection typjcafter 8 to 10 years
of infection (Regoes and Bonhoeer, 2005). The ptypimoswitch is rarely associated with a complesslof CCR5 usage
(Regoes and Bonhoeer, 2012). (Regoes and Bonhd@@b), suggesting that the use of CXCR4 by HIV-Ingd an
absolute requirement for development of AIDS (Lys3210). In HIV-1 subtype C, previous studies idi&n Ethiopia,
Malawi and South Africa (Monosi, et al, 2003) showbat there was an almost exclusive use of the SCEReceptor
throughout the course of infection. However, redemdings in India, suggests that the frequencyifR5 to X4 switch
may be higher than previously suggested. Thesaestt¥onosi, et al, 2003) argued that results fignevious studies
(Perelson, et al, 1996), may be because the cobioptients in the study were in the early staafdsIV-1 infection when
the X4 strain is unlikely to emerge. This area stigates whether the difference in choice of cqueareusage in subtype
B and subtype C has a virological, immunologicaborenvironmental basis. Environmental factorsrrafehost factors

affecting the switch time other than the immun@osse, for example, target cell availability.

A mathematical model is developed based on previtegels (Regoes and Bonhoeer, 2012). However tltiemo
in this paper describes the dynamics of two difietarget cells that are infected by two viral stsa X4 and R5, with the

R5 strain evolving towards the X4 strain as a tesi$election pressure.
3.0 MODEL DEVELOPMENT

These models describes the dynamics of two viraing, the CCR5 using strain (R5) and the CXCRAgustrain
(X4), each infecting a different and specific targell. It is assumed that the two target cell pafions are macrophages
(M) and CD4+ T cells (T). The macrophages carry @@R5 coreceptor while the CD4+ T cells carry théQR4
coreceptor. Unlike macrophages, CD4+ T cells rexjaictivation for infection by the virus; hence tG®4+ T cells
population is divided into resting CD4+ T cells @@)d the uninfected but activated CD4+ T cells (Jpon activation the
CD4+ T cells can then be infected by the X4 vitedis while the macrophages get infected by thestR&in. Although the
R5 strain can also infect CD4+ T cells, in thesedet® we do not take this into account. After a sgstul infection,
presentation of antigens by infected cells redultstimulation of a CD8 immune response. The CD&nory cells (W),

which develop in response to the antigen presemtatith the help of CD4+ T cells, lack the effestfunction.

However, the CD8 memory cells differentiate into &Bffectors cells (C) which then carry out the inmau
response against the infection. The CD8 effectelts aespond by either lysing infected CD4+T cails producing
chemokines that inhibit the infection of macroptegkhis is based on studies that have shown thataphages are more
resistant to TCL lysis compared to CD4+ T cellse Hbove processes are described by nine nonlingiaaoy differential

equations given by (3.1)-(3.9). Table (3.1) givesummary of the variables described in the model:
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S=1-d.;S-gS(T" +M") (3.1)
T=gS(T +M")-d,T-BTX, (32)
T =BTX,-d. T -pT C (3.3)
M = z—d M —% (3.4)
I\/'I*:ﬂMRS—d*M* (3.5)
kC+1 ™
R = ke (1-€)M" -d,R; (3.6)
X, =ke T +ke @M —d,R (3.7)
W=r(T +M)WT - fW(T +M)-d W (3.8)
C=fwW(T +M")-dC (3.9)

Equations (3.1) and (3.2) describe the dynamicgnirifected resting and activated CD4+ T cells, eetipely.
There is a constant input)(of resting CD4+ T cells from a source such astlyenus, while the activated CD4+ T cells
are derived from the resting cells in response rntigan. Loss of these cells may be a result of matdeath {t).
In addition to natural death, Equations (3.4) aB®) describe the dynamics of the macrophage ptipalavhich do not

require activation [21].

Table 3.1: A Summary of Variables Used in the Mode|Equations 3.1-3.9)

Variable Description Initial Value Units

S Resting uninfected CD4T cells 1000 cells mm
T Active uninfected CD4T cells 500 cells mm
T Infected CD4 cells 0 cells mid
M Uninfected macrophage 1000 cells rhim|
M’ Infected macrophages 0 cells Mm
Rs R5 viral strain 0.001 virions mh
X, X4 viral strain 0 virions mm
W CD8 memory cells (precursors 100 cells thm
C CD8 effectors cells 0 cells mi

Also from a source such as the bone marrow, isssiaed that the loss of macrophages is also & odsudtural
death {t). Of interest in this section are the dynamicsafeceptor usage during the course of HIV-1 infectience the

inclusion of equations (3.6) and (3.7) that desctie dynamics of the R5 and X4 viral strains.

The R5 strain infects macrophage cells and not CD4eells, while the X4 strain infects the CD4+ Tlise
The viral strain with dual tropism (the R5X4 stigi® included in the X4 strain population as itfrentially makes use of
the CXCR4 coreceptor. The Inuk of free R5 virugrésn infected macrophage cells at a rate kR5 (eoua.6) and free
X4 virus is derived from infected CD4+ T cells ata#e kX4 (equation 3.7).
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To account for the difference in replication ratedacytopathicit between theR5 and X4 strains
(Regoes and Bonhoeer, 2012)., Loss from both 8pabpulations is due to viral decay at a wéte During viral replication
within the macrophage cell, the R5 strain is alldwe evolve to the X4 strain through mutations.sTmiocess is described

in equation (3.6) in which a fraction,{ of the new virus produced by an infected macrgphare X4 strain.

Lastly, equations (3.8) and (3.9) describe the kgweent and differentiation of the CD8 immune rasm
The CD8 memory cells (W) proliferate from an iritigool of memory cells. However infected cells natet with
CD4 T helper cells resulting in the developmentGid8 memory cells. The CD8 memory cells then dififiéigge into
CD8 effectors, as a result of the presence of ansigput this process does not require CD4 helpis: @de CD8 effectors
have the capacity to lyse infected CD4+ T cells ahibit infection of macrophages. The model isdus® investigate the
factors that influence the choice of coreceptogasiuring HIV-1 infection.

A description and plausible values of parametergdoations (3.1) to (3.9) are given in Table 3.Bjleva
schematic representation of the model is givenigarde. (3.1).

T R ol B P e s ]

Figure 3.1: A Diagrammatic Representation of the Mdel. The Numbers 3.1 to 3.9 Correspond to
the Equations Numbers in the Model

Table 3.2: A Summary of Parameters Used in the ModéEquations 3.1-3.9)

Parameter Description Value Units
A Production rate of resting CDZ cells 1.5 day mm>
H Production rate of macrophages 5 day’ mm”
G Activation rate of CD4T cells 0.01 day mm"
B Infection rate for the R5 and X4 viral strain 2.0%1 | day' .

kRs Viral production rate by infected macrophages 62.5 day*
kx4 Viral production rate by infected CD4 cells 90 day
e, Evaluation rate of the R5 strain to the X4 strain .28510~ scaller
P Rate at which CD8 effectors cells (CJllyse CDA T cells 0.78 day
K Eff|C|enc_y of inhibition of macrophage infection D8 effectors 20 cell® mm?
chemokines
F Rate of differentiation of CD8 memory cells into &Bffectors 0.5 daymnt
R CD8 immune responsiveness 0.005 day(m’)?
d: Death rate of resting CDA cells 0.001 day
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Table 3.2: Contd.,

dr Death rate of resting of activated but uninfect@iC 0.24 day

O Death rate of infected CDA cells including virus induced deat 0.01 day
O Death rate of infected macrophage 0.00% “day
(o 00 Death rate of infected macrophage including vingiiced death 0.03 day
dy Decay rate of free viral particles 2.4 day'

de Decay rate of CD8 effectors 0.3 day'

dy Decay rate of CD8 memory cells 0.01 day

4.0 RESULTS AND DISCUSSIONS

Using the initial values given in table (3.1), theodel discussed in this paper gives four differeatcomes

dependent on the values of the infection.

Vinons/ml (* Iﬂjl

& ' - 4 ] pivi 12 ta
Time (vears)

Figure 3.2: An Example of a Coreceptor Switch (Showby Arrow) during a Model Simulation

The time corresponding to the switch position ie #Bwitch time". Parameter values as in table (Sv2h

p= 0.5 and f= 0.1 and initial values given in taf8€el). rate summarized in Figure (3.3).

Disease progression for 5400 days was simulatedaapdenotypic switch was define as the point whbees

X4 viral population first becomes larger than tHeRal population (see Figure. 3.2).

The “switch time" was thus the time that lapse®oteethis point is reached. It was found that whenibfection
rate is very low £ < f3;) the virus fails to establish an infection sinbe basic reproduction numbd;, for the R5 strain

is less than one.

The basic reproduction number is defined as thebsurof R5 viral particles that are produced assalteof a
single R5 viral particle at the beginning of areictfon. If howeverf < g,), the virus successfully establishes an infection
and an immune response is also stimulated. Furtiverrthe replacement number for the R5 strainlwsys greater than

one however as it decreases to approaches 1, thérd&%opulation reaches an equilibriy®s), about 3000 days post
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infection, new a detectable equilibrium X0. As th® viral strains settle at the new equilibria,da 1. However due to
the high cytopathicity of the X4 strain and incedsinfection rate, the phenotypic switch resultsdepletion of
CD4+ T cells.

A low value of CD4+ T cells and high viral load thkeads to CD8 cell exhaustion. CD8 cells thatpaeluced
may also be overwhelmed by the fast viral replaaikinetics resulting in their exhaustion. In #iesence of an immune
response, the growth of the X4 population is themtéd by the availability of CD4+ Tcells. CD8 existion may also
result in a negative CD8 population hence simutegtiof the model were done f8f < g < B, to ensure that the outcome

of the model has a non-trivial and biologicallyyséle meaning.
5.0 CONCLUSIONS

Since individuals in subtype C regions are assediatith a higher cytokine expression levels, vaaiiim may be
detrimental to the individual if its results in aopeoduction of cytokines such as INk. This can however be avoided

through a number of ways.

* A lower dosage of the vaccine cans be given to $odividuals to reduce the possibility of overprotian of

cytokines. However a lower dose implies less edficy in viral load reduction.

e An anti-parasitic drug could be given before adsiaring the vaccine to reduce the immune activation
Alternatively, vaccination together with immumomdatory drugs such as linomide may be helpful. Liibn
has the ability to block proinamatory cytokinesyant apoptosis of CD8 and CD4 cells, as well aeasing the
production of nitric oxide which has antiviral aadtimicrobial properties. This however would implgditional

costs for treatment.

* To avoid reducing the dose of the vaccine or usiddjtional drugs, a structured treatment schedatebe used
to maintain a low viral load while at the same tipreventing the overproduction of cytokines by mmiizing
CD8 memory production. This could be done with rategy On the other hand, in 50% of HIV-1 subtype B
infected individuals, and complications associatéth increased cytokine levels may not be a hugecem.
For these individuals, the major concern lies i liigh probability of coreceptor switching whichais indicator
of accelerated disease progression associatedaattblerated CD4+ T cell depletion. In this caseitlitéation
time of vaccination would be an important factohefefore, if a coreceptor switch has occurred theune
response is likely to be weaker hence the 32-STildvbe a better strategy to use as it will effitigmeboots the
immune response while suppressing the virus. Umfiaitely this classification of the stage of disga®gression
cannot be used before the switch has occurred sinlge50% of the HIV-1 subtype B infected individsiavill
exhibit a coreceptor switch. For those HIV-1 suletginfected individuals that will not experiencewitch, the
mechanism of progression to AIDS would thus belsimio HIV-1 subtype C infected individuals. Inghéase the
stage of disease progression would have to bendigied by the strength of the immune response, load and
level of CD4+ T cells as is the case with HIV-1 syie C infected individuals. It can thus be conelddhat a

dendritic cell based vaccine developed in HIV-1tgpe B region can thus be used on both.
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