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ABSTRACT

Although anti-retroviral (ARV) therapy can suppress the amount of HIV found in

the blood plasma to an undetectable level, it has been shown that treatment cannot elim-

inate the virus completely; as rapid viral rebound is observed during treatment interrup-

tions. One of the major barriers in curing HIV is the persistence of long-lived memory

CD4+ T cells that have an integrated viral DNA which is replication competent but tran-

scriptionally silent. These cells only minimally express viral protein, making them inac-

cessible targets for immune responses as well as every available antiretroviral drug. Ran-

dom activation of these replication competent latent reservoirs is one of the major con-

tributors towards the rapid viral rebound after treatment cessation. There is also evidence

that sanctuary sites or anatomical reservoirs with non-suppressive levels of antiretroviral

drugs during treatment exist and support ongoing low level replication. Clinical studies

measuring antiretroviral drug concentrations in lymph nodes (LNs) revealed lower con-

centrations compared to peripheral blood levels, which raises the possibility that drug

concentrations in some tissues may be low enough to allow ongoing HIV replication even

in treated patients, forming sanctuary sites. Motivated by these challenging observations,

the overarching goal of my thesis is to understand the behavior of the formation and ex-

istence of these latent and anatomical reservoirs using mathematical models that will aid

towards possible curative strategies in HIV.

The �rst objective of this research is to develop mathematical models that de-

scribe drug penetration in anatomical reservoirs such as lymph nodes. We achieve this

by integrating known pharmacokinetic and pharmacodynamic (PK/PD) parameters of

the anti-retroviral drugs into a spatial model of reaction and transport dynamics within a

solid lymph node lobule. Our integrated spatial dynamics – pharmacokinetic model re-

produced the experimentally observed exclusion of antivirals from lymphoid sites. The
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strongest predictor of drug exclusion from the lymphoid lobule, independent of drug

class, was lobule size; large lobules (high in�ammation) exhibited high levels of drug ex-

clusion. PK/PD characteristics associated with poor lymphoid penetration include high

cellular uptake rates and low intracellular half-lives. To determine whether this exclusion

might lead to ongoing replication, target CD4+ T cell, infected CD4+ T cell, free virus, and

intracellular IC50 values of anti-retroviral drugs were incorporated into the model. No-

tably, for median estimates of PK/PD parameters and lobule diameters consistent with

low to moderate in�ammation, the model predicts no ongoing viral replication, despite

substantial exclusion of the drugs from the lymphoid site. Monte-Carlo studies drawn

from the prior distributions of the PK/PD parameters predicts increases in site-speci�c

HIV replication in a small fraction of the patient population for lobule diameters greater

than 0.2 mm; this fraction increases as the site diameter/ in�ammation level increases.

The model shows that cART (Combined Antiretroviral Theraphy) consisting of two NRTIs

(Nucleoside Reverse Transcriptase Inhibitor) and one PI (Protease Inhibitor) is the most

likely treatment combination to support formation of a sanctuary site, a �nding that is

consistent with clinical observations. We further modify our previous concentric spher-

ical shells assumption to account for a more generalized asymmetric model built using

a regular tetrahedron mesh framework that will help us in distinguishing the different

modes of drug transport (i.e. active and passive diffusion) in the lymph node architec-

ture, addressing which, might inform possible drug design techniques that can suppress

ongoing low level viral replication in these sanctuary sites.

The second objective of this research is to develop mathematical models in light

of new experimental evidence on the behavior of latent reservoirs that might suggest pos-

sible curative strategies. In patients on suppressive antiretroviral therapy, the half-life of

these cells is approximately 4-5 years, with clonal expansion of the cells resulting in an

overall reservoir half-life in excess of 40 years. A recent study has shown that prior to

the initiation of antiretroviral therapy, the half-life of this latent reservoir is on the order
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of two weeks. We present two models explaining the wide disparity in the on- and off-

treatment half-lives of the quiescent infected T cells. In the �rst model, generalized (anti-

gen non-speci�c) immune activation due to the high HIV viral loads explains the high

latent reservoir turnover rates in the absence of treatment. If this mechanism dominates,

we demonstrate that reduction of the latent reservoir size is possible, either through the

administration of exogenous antigen or through the use of timed treatment interruptions.

In the second model, direct killing of reservoir cells by HIV drives the increased turnover

off-treatment. If this mechanism dominates, modulation of the reservoir size is not pos-

sible by the methods described above. Previously published models of the immune re-

sponse to HIV show the possibility of inducing post-treatment control by reducing the

latent reservoir size; by incorporating the same immune response dynamics in our �rst

model, it is shown that post-treatment control can be induced using either exogenous

antigen administration or timed treatment interruptions.

xviii



Chapter 1

INTRODUCTION

1.1 HIV/AIDS

Human Immunode�ciency Virus (HIV) is a retrovirus that attacks speci�c cells of

the immune system known as CD4 Å T-cells. These cells are vital for adaptive immunity, as

they are needed for almost all adaptive immune responses. Acquired Immunode�ciency

Syndrome (AIDS) is a fatal condition occurring when there is a severe lack of CD4+ cells

in one's immune system due to uncontrolled replication of HIV over an extended time

period resulting in a perilously weak immune system. Approximately, 1.7 million people

were newly infected with HIV in 2019 alone, bringing the overall count of infected people

to 38 million people globally by the end of 2019. A total of nearly 75.7 million people

were infected and nearly 32.7 million have died due to AIDS since the beginning of the

epidemic.

HIV attacks CD4 T cells and attaches itself to the surface receptors CD4 and CCR5

or CXCR4 co-receptor. After fusion with the host cytoplasm the viral core has the capa-

bility of converting its RNA genome into unintegrated DNA in the cytoplasm using the

reverse transcriptase enzyme. The resulting unintegrated DNA is transported to the nu-

cleus, where it integrates with the host genome with the help of the integrase enzyme.

This integrated HIV DNA is called provirus. The provirus may remain inactive for sev-

eral years, producing few or no new copies of HIV. When the host cell recieves signal to

become active, the provirus uses a host enzyme called RNA polymerase to create copies

of the HIV genomic material, as well as shorter strands of RNA called messenger RNA

(mRNA). Transcription of the integrated viral genome produces full length mRNA [12].

Translation of full length mRNA produces necessary structural and enzymatic proteins
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that will help in the development of the progeny of the virus [13]. An HIV enzyme called

protease cuts the long chains of HIV proteins into smaller individual proteins. As the

smaller HIV proteins come together with copies of HIV's RNA genetic material, a new

virus particle is assembled. When suf�cient quantities of viral material accumulate these

proteins are transported to the plasma membrane and start budding.

1.2 Combined Antiretroviral Therapy

Earliest treatment strategies to manage HIV infection consisted of prophylaxis aga-

inst common opportunistic pathogens and managing AIDS related illnesses. The �rst

therapy (approved by NIH in 1987) designed to control HIV infection was through the

introduction of a new class of drugs called nucleoside reverse transcriptase inhibitors

(NRTI). Medical advancements in the mid 1990s revolutionized the treatment of HIV with

the introduction of new class of drugs called protease inhibitors (PI) along with multi-

ple options to choose from NRTIs. Unsuccessful Treatment from monotherapy in the

early 1990s shifted to a highly durable combined anti-retroviral therapy (cART) consisting

of two or three drugs prescribed simultaneously from more than one class for effective

control of the infection. cART was highly effective in suppressing viral replication below

detection limits (<50 RNA copies/ml) in the blood thereby resulting in signi�cant recon-

stitution of the immune system as measured by an increase in CD4+ T cell count. An

estimated 60-80% of decline in AIDS related hospitalization and deaths resulted from the

introduction of cART. Currently, there are six classes of drugs used in antiretroviral treat-

ment. These drugs generally fall into classes according to the phase of the HIV life cycle

inhibited by them. The following are the six classes of drugs - NRTIs (Nucleoside Reverse

Transcriptase Inhibitors), NNRTIs (Non-nucleoside Reverse Transcriptase inhibitors), IN-

STIs (Integrase Inhibitors), Protease Inhibitors (PIs), Entry Inhibitors such as fusion in-

hibitors, CC5R antagonists and Pharamcokinetic Enhancers. The most common combi-

nations of cART include a three drug regimen consisting of two NRTIs along with a single

PI, II or NNRTI [4]. A detailed description behind the action of these different classes of

anti-retroviral drugs is discussed in section 2.2.
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Out of the estimated 38 million [31.6 million–44.5 million] people globally living

with HIV in 2019, an estimated 26 [25.1 million–26.2 million] million of them had access

to anti-retroviral therapy by the end of June 2020, up from 6.4 million [5.9 million–6.4

million] in 2009. Although antiretroviral therapy can suppress the amount of HIV found in

the blood plasma to an undetectable level, it has been shown that it cannot eliminate the

virus completely, as rapid viral rebound is observed when treatment is interrupted. The

reasons behind the observed rapid viral rebound during treatment interruptions remain

unclear. One research area that has gained signi�cant attention towards this controlled

viral rebound is the formation of latent reservoirs. During uncontrolled HIV infection,

latent reservoirs of infected CD4+ T cells form that are impervious to treatment while

quiescent, but randomly activate and produce virions when treatment is removed. There

is also evidence that sanctuary sites or anatomical reservoirs with non-suppressive levels

of anti-retroviral drugs during treatment exist and support ongoing low level replication.

1.3 Latent Reservoir

A major barrier behind a complete HIV cure is the formation of a latent reservoir

primarily in the long-lived memory CD4+ T cells that is unaffected by the anti-retroviral

drugs. This reservoir is established early in the infection stage much before we see any

virus load circulating in the systemic circulation. There are generally two mechanisms

explaining the establishment of this latent reservoir - a) pre-activation model and b) post

activation model of latency. In the pre-activation model, resting CD4 T cells are directly

infected by the HIV virions before they are re-activated by any stimuli in the external en-

vironment. However, this process is considered very inef�cient due to the incompetent

cellular process at various stages in life cycle of the virus. Hence a majority of the virus

after infecting the resting CD4 T cell is mostly in the non-integrated linear form with a half

life of approximately 1-6 days, due to the instable nature of the pre-integration complex.

In the post-activation model, a small subset of antigen-stimulated active CD4 T cells will

return to its memory state. These activated CD4+ T cells can become infected with HIV in
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the process of transitioning back to resting state, allowing integration of the provirus un-

der unfavourable conditions for viral gene expression thereby escaping rapid destruction

of the infected cell [68]. This latent reservoir consists of an integrated proviral DNA that is

replication competent but transcriptionally inactive due to multiple cellular mechanisms

such as lack of cellular transcription factors inside the cell, epigenetic silencing, incom-

plete elongation of transcripts, improper site of proviral integration in the host genome

and incomplete elongation of cellular transcripts [16]. These factors contribute to the

stochastic behavior of the latent reservoir thereby randomly activating the quiescent cells

during off treatment conditions. Estimates for the frequency of these latently infected

cells in HIV infected patients is around 1 per million resting CD4+ T cells [63, 31, 7] while

certain studies show estimates ranging from as low as 0.03-3 [62] to as high as 55-108 [24]

cells per million resting CD4+ T cells depending on the type of measurement assay used.

Estimates are complicated by the dif�culty of sampling such rare species [41]; estimated

activation rates of these cells also vary widely [40].

1.4 Elite Controllers (ECs) and Post Treatment Controllers (PTCs)

Previous studies have reported viral suppression during post treatment conditions

in some patients who were treated immediately post HIV infection [27, 26]. These in-

dividuals, who maintained low viral loads following cessation of treatment, are called

post treatment controllers (PTCs), and have characteristics different from the individu-

als termed elite controllers (ECs) who possess strong immune responses that maintain

undetectable viral load even in the absence of treatment. This phenomenon was ob-

served earlier in the HIV epidemic[75, 74, 73, 12, 29], but early treatment was rare until

recently, and the relative sparsity of antiviral options available made the emergence of re-

sistant virus a serious concern for these switching strategies [38]. These early treatment

studies provide us with the evidence that some patients might have two off treatment

steady states, one with a high viral load around 10 3-105 copies/ml corresponding to the

untreated HIV-infected individuals and the other with a low viral load with measurements

less than 50 copies/ml as seen in the PTCs. Mathematical models discussed by Conway et
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al., considered the size of the latent reservoir, latent reservoir activation rate and strength

of the immune response as factors in�uencing PTC. Their models predicted PTC if the

size of the latent reservoir is suf�ciently small and if the strength of the cell-mediated im-

mune response is above a threshold value [14]. Patients with low immune response and

large latent reservoir sizes can still achieve PTC using therapeutics that can perturb the

latent reservoir size by reducing its size (latency reversing agents, LRAs) and by boosting

the immune system (using immuno-therapeutic agents such as broadly neutralizing an-

tibodies) such that the overall dynamics shift from one region of attraction corresponding

to the higher viral load steady state to the other region of attraction with the lower viral

load steady state. Understanding the behaviour of the latent reservoir is required in order

to design suitable treatment strategies involving the different LRAs.

1.5 Lymph Node as Sanctuary Sites

Clinical studies have shown that anti-retroviral drugs are largely excluded from

lymph nodes of treated HIV patients potentially serving as sanctuary sites, as this corre-

lates with elevated levels of HIV RNA in the lymphoid tissue. Lymph nodes act as primary

sites for antigen presentation and enrichment of the adaptive immune system resulting

in maturation of both cellular and humoral immunity. The lymph nodes are isolated due

to the presence of highly selective transport barriers. Unlike most capillary networks, the

high endothelial venules (HEVs) that perfuse the lymphoid lobule are not fenestrated and

only allow active transport. The subcapsular sinus network around the lymph node al-

lows passive transport between the �uid lymph and the lobule, but across a �brous bar-

rier that limits transport and excludes large particles [69]. This selective transport inside

the lymph node results in poor drug penetration. Ironically, this makes it an ideal sanc-

tuary site for invasive agents capable of penetrating the lymph node, such as lymphoma

and metastatic tumor cells, mycobacteria, HTLV and HIV.

Recent studies exploring the possibilities behind the existence of sanctuary sites

revealed con�icting evidence supporting both the presence and absence of ongoing repli-

cation in HIV patients [35][37]. Lorenzo et al., compared viral sequences of HIV-1 DNA in
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cells sampled from blood and inguinal lymph nodes and observed a variance in the se-

quence of pro-viral population in the lymph nodes. This study concluded that virus may

continue to replicate in sanctuary sites within the reservoir of cells in lymphoid tissue due

to low antiretroviral drug concentrations compared to blood and remain undetectable in

the blood stream for a time depending on the migration dynamics between the tissue

and blood. However, re-analysis of the sequences published by Lorenzo-et al.[37], show

contradictory evidence in studies performed by Kearney et al., explaining the observed

genetic variation is due to loss of infected cells revealing those proviruses that are in long

lived cells or proliferating T- cell clones rather than ongoing viral replication. Hence there

is a continuous debate whether viral rebound is due to – a reservoir of cells that is main-

tained through the proliferation and persistence of cells infected before initiation of ART

or from ongoing viral replication in potential sanctuary sites, such as lymph nodes (LN).

The following arguments justify the rationale associated behind the con�icting evidence

on ongoing low-level viral replication.

Rationale supporting ongoing viral replication:

1. Lorenzo et al. analyzed HIV RNA sequences in plasma virus and proviral DNA se-
quences in lymph and peripheral blood mononuclear cells (PBMC) from samples
collected over a 6 month period from 3 individuals following initiation of antiretro-
viral therapy. Deep sequencing analysis show that proviral DNA sequences from
lymph nodes were more divergent compared to the sequence obtained from blood
plasma.[37]

2. Previous studies only examined viral sequences derived from blood of patients who
continued to suppress viral replication in that anatomic compartment. Conclusions
are not necessarily generalizable to other compartments in the body, particularly in
the lymphoid tissue where the frequency of infection per cell is mostly higher and
the intracellular drug concentrations are much lower than in blood.[37]

3. Comprehensive analysis of viral reservoirs from numerous anatomical locations
in non human primate models undergoing anti-retroviral therapy in the presence
of RT-SHIV (chimera of simian immunode�ciency virus containing HIV-1 reverse
transcriptase) infection that closely mimic antiretroviral therapy in HIV infected
humans were performed. These non-human primate experiments revealed high
concentrations of viral RNA and DNA in lymphoid tissues (particularly the spleen,
lymph nodes, and gut tissues) compared to suppressed levels in plasma during
treatment conditions.[47]
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4. Non-invasive pharmacokinetic measurements using positron emission tomogra-
phy in rats revealed a 2 fold decrease in drug concentration in spleen and sub-
mandibular lymph nodes, 4 fold reduction in mesenteric lymph nodes and the testes,
25 fold reduction in the brain compartment compared to the blood compartment.[17]

5. Similarly anti-retroviral drug concentrations in human subjects were studied with
multiple sampling of drug concentrations from lymph node, ileum, rectum and
plasma compartments after initiation of anti-retroviral therapy to evaluate their
corresponding intracellular concentrations and determine their impact on treat-
ment. Comparison of the average concentrations of various anti-retroviral drugs in
lymph nodes to peripheral blood compartment showed that Tenofovir-diphoshate
(TVF-DP), Emtricitabine-triphosphate (FTC-TP), Atazanavir (ATV), Darunavir (DRV)
and Efarivenz (EFV) were 80%, 66%, 100%, 99% and 94% lower respectively.[23]

6. Treatment intensi�cation schemes with integrase inhibitor (Raltegravir) revealed a
transient increase in 2-LTR circles, which are markers of a failed linear DNA integra-
tion during viral replication in the host genome [9]. Approximately 29% of the HIV
positive patients who were on cART with suppressed levels of viral load in periph-
eral blood compartment observed a transient increase in CD4+ T cells containing
HIV 2-LTR following raltegravir intensi�cation. Mathematical modeling on the for-
mation of 2-LTR circles during treatment intensi�cation studies explain that a rapid
increase followed by a decrease in 2-LTR circles is evidence of signi�cant levels of
ongoing infection. [39]

Rationale against Ongoing Viral replication:

1. HIV DNA decays for up to 1 year after initiating ART – thus looking at samples at
DNA populations after 3 to 6 months on ART (time points chosen by Lorenzo et al.)
may give the false appearance of viral replication when, in fact, pro-viral popula-
tions are shifting due to the loss of infected cells. [35]

2. Method of detections was inappropriate. Unlike single genome sequencing, which
was developed to eliminate errors inherent in bulk PCR ampli�cation, the method
used by Lorenzo et al. restores these errors by its stability to discern independent
ampli�cation of identical sequences from repeated ampli�cation of a single tem-
plate (i.e. resampling) or by its inability to identify errors arising during PCR ampli-
�cation. [35]

3. Kearney et al. analyzed similar sequences as of Lorenzo at al. and found that the
dataset was very limited after accounting for polymerase chain reaction resampling
and hypermutation and that the few DNA sequences after 3 and 6 months on an-
tiretroviral therapy did not show any divergence from those in pre-antiretroviral
therapy. [35]
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Hence there exists a need to understand the distribution of antiretroviral drugs

inside lymphoid tissue and its relation towards the likelihood of formation of sanctuary

sites that can sustain ongoing low-level viral replication. Mathematical modeling will help

us in gaining preliminary insight behind these mechanisms and identify critical factors

that might lead towards a possible conclusion.

1.6 Goals and Organization

In this dissertation, we focus on building mathematical models that will help us

understand the two challenging questions pertaining towards HIV cure i.e. the behavior

of anatomical and latent reservoirs in HIV. Heterogenous distribution of antiretrovirals in

anatomical reservoirs such as lymph nodes is an issue of emerging concern and has been

linked to markers of HIV replication in treated patients. Therefore a greater understand-

ing of the mechanisms of drug exclusion from the lymph nodes is necessary to predict

the clinical impact of these �ndings and guide therapeutics that overcome them. How-

ever, addressing just the challenges brought by anatomical reservoir will not help us in

achieving a complete cure towards HIV. Understanding the behaviour of the latent reser-

voir and developing strategies that can modulate the levels of this reservoir might direct us

towards a complete cure in HIV. Overall, the �rst part of this dissertation discusses math-

ematical models pertaining to antiretroviral drug distribution in lymph nodes address-

ing the anatomical reservoir challenges while the second part focuses on the developing

strategies towards lowering the latent reservoir levels which might help us in developing

effective cure strategies for HIV.

In chapter 2, we develop an integrated spatial dynamics - pharmacokinetic model

explaining poor penetration of anti-retroviral drugs in lymph nodes. Understand anti-

retroviral drug penetration inside lymph node lobules through integrating known phar-

macokinetic and pharmacodynamics parameters of anti-retroviral drugs into a spatial

model of reaction and transport dynamics inside a solid lymph node lobule. We then

evaluate the strongest predictors of drug exclusion in lymph nodes. Determine whether
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drug exclusion leads to ongoing replication in a population of patients under different

treatment combinations.

In chapter 3 we investigate whether in�ammation due to external infection initi-

ates HIV replication in sanctuary sites that subsequently becomes self-sustaining in an in-

silico model. In this study, we consider the effect of the pro-in�ammatory signal from on-

going HIV replication on the size of the lymphoid follicle. We wish to determine whether

such a signal can result in a mechanism where a treated patient may transition from a

fully suppressed state to a state with active, ongoing HIV replication in sanctuary sites

following external infection.

In chapter 4 we expand a previously described spatial dynamics model by incor-

porating alternate transport mechanisms that will be useful for predicting drug concen-

trations in experimentally derived lymph node geometry. We augment the existing spa-

tial dynamics compartmental model such that it can handle any irregular 3D geometry

and simulate reaction diffusion mechanisms using �nite volume modeling methods. We

introduce the general description of reaction-diffusion PDEs, explain the �nite volume

methods formulation for 2D and 3D irregular geometries, discuss the implementation

of the �nite volume methods, establish boundary conditions between blood, lymph and

lobule and simulate results for two different drugs based on realistic dosing schedules on

a test 3D geometry and an experimentally reconstructed mouse lymph node.

In chapter 5, we develop mathematical models explaining the increased latent

reservoir turnover observed prior to antiretroviral therapy initiation. We hypothesize dif-

ferent mechanisms behind the increase in latent reservoir activation during off treatment

conditions such as non-speci�c antigen driven activation or direct virus mediated killing

of the reservoir or a combination of both these mechanisms. We later discuss the bistable

nature of the viral reservoir in certain patients (such as post treatment controllers and

elite controllers) and the role of immune response in limiting the viral rebound after treat-

ment cessation. We then describe mathematical models that couple the immune system

dynamics to the three mechanisms discussed on variable reservoir turnover to simulate

viral load behavior across various treatment strategies.
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In chapter 6, we investigate different treatment strategies that can modulate the

latent reservoir. We achieve this either by implementing treatment interruption schedules

or through infusion of non-speci�c antigens in the presence of therapy. We show different

degrees to which the latent reservoir can be modulated using both these mechanisms. We

also discuss post treatment stabilization of the viral load using both these mechanisms in

the presence of immune response and show the robustness of open-loop post treatment

control across different patients.

1.7 Impact and Signi�cance

Current models of drug transport in the lymph node are not capable of reproduc-

ing recent experimental results showing that antiretroviral concentrations are substan-

tially reduced in certain regions of the LN. A spatial LN drug transport model that captures

cell-associated transport is needed to better inform therapeutic design and treatment

strategies . Innovations of this model include incorporating experimentally measured 3D

geometries and cell-mediated transport in the computation model. To that end, this work

will also expand our understanding of how cellmediated transport of ARV drugs affects the

overall drug penetration into the lymph node. We propose that transport of ARV is almost

exclusively mediated by this novel transport mechanism. In this case, the antiretroviral

concentration that has been experimentally measured would not correspond to the effec-

tive dose that is available to infected cells. These results would have major implications

in the treatment of a variety of diseases targeting the lymph node and could act as a valu-

able tool to reframe our therapeutic design strategy. Similary, the existence of the latent

reservoir has been a major hurdle towards achieve a cure for HIV. Previous attempts to

reduce the latent reservoir size were unsuccessful while several techniques such as 'shock

and kill' are being evaluated to reduce this latent reservoir size. In our current study, we

propose two different techniques i.e. structured treatment interruptions and the intro-

duction of non-speci�c antigens to reduce the latent reservoir size. Our results predict a

possible È 2log10 orders of magnitude reduction in the reservoir concentrations.
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Chapter 2

INTEGRATED SPATIAL DYNAMICS - PHARMACOKINETIC MODEL EXPLAINING
POOR PENETRATION OF ANTIRETROVIRAL DRUGS IN LYMPH NODES

2.1 Introduction

Recent studies have shown that antiretroviral drugs distribute heterogeneously in

various tissues, which raises the possibility that drug concentrations in some tissues may

be low enough to allow ongoing HIV replication even in treated patients, forming sanc-

tuary sites. In order to understand ongoing low-level viral replication associated with low

drug penetration in anatomical reservoirs, several experiments have been conducted to

analyze drug distribution and viral concentrations in plasma and tissue compartments

in both human and non human models. Comprehensive analysis of viral reservoirs from

numerous anatomical locations in non human primate models undergoing anti-retroviral

therapy in the presence of RT-SHIV (chimera of simian immunode�ciency virus contain-

ing HIV-1 reverse transcriptase) infection that closely mimic antiretroviral therapy in HIV

infected humans were performed [47]. These non-human primate experiments revealed

high concentrations of viral RNA and DNA in lymphoid tissues (particularly the spleen,

lymph nodes, and gut tissues) compared to suppressed levels in plasma during treatment

conditions. Non-invasive pharmacokinetic measurements using positron emission to-

mography in rats revealed a 2 fold decrease in drug concentration in spleen and sub-

mandibular lymph nodes, 4 fold reduction in mesenteric lymph nodes and the testes, 25
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fold reduction in the brain compartment compared to the blood compartment [17]. Sim-

ilarly anti-retroviral drug concentrations in human subjects were studied [23] with multi-

ple sampling of drug concentrations from lymph node, ileum, rectum and plasma com-

partments after initiation of anti-retroviral therapy to evaluate their corresponding intra-

cellular concentrations and determine their impact on treatment. Comparison of the av-

erage concentrations of various anti-retroviral drugs in lymph nodes to peripheral blood

compartment showed that Tenofovir-diphoshate (TVF-DP), Emtricitabine-triphosphate

(FTC-TP), Atazanavir (ATV), Darunavir (DRV) and Efarivenz (EFV) were 80%, 66%, 100%,

99% and 94% lower respectively. These drug distribution studies in animal and human

subjects reveal differences in drug concentrations across different tissues and peripheral

blood compartments, especially signi�cant lower drug concentrations in the lymphoid

tissues. Further evidence of ongoing low level viral replication in human subjects under-

going antiretroviral therapy also lead us to speculate that non-suppressive drug concen-

trations may exist in certain sanctuary sites inside the body.

Treatment intensi�cation schemes with integrase inhibitor (Raltegravir) revealed

a transient increase in 2-LTR circles which are markers of a failed linear DNA integration

during viral replication in the host genome [9]. Approximately 29% of the HIV positive

patients who were on cART with suppressed levels of viral load in peripheral blood com-

partment observed a transient increase in CD4+ T cells containing HIV 2-LTR following

raltegravir intensi�cation. Mathematical modeling on the formation of 2-LTR circles dur-

ing treatment intensi�cation studies explain that a rapid increase followed by a decrease

in 2-LTR circles is evidence of signi�cant levels of ongoing infection [39].

The majority of the CD4 T cell population (around 98%) reside in the secondary

lymphoid tissues at any given time. The amount of viral replication in mononuclear cells

inside lymph nodes is 10- to 100-fold greater, and the frequency of cells containing HIV

DNA is 5- to 10-fold greater, than that in PBMC [51, 52]. Follicles and paracortex regions

inside the lymph node have been considered as preferred sanctuary sites for viral repli-

cation. Since majority of the HIV infections are harboured in the paracortical site of the

lymphatic tissue, an increase in traf�c of CD4+ T cells to mount an immune response in
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the lymph node causes in�ammation of the lymphoid lobule. As the infection progresses

the histopathology of the lymphoid tissue changes towards hyperplasia in the beginning

and eventually leading to follicular involution [13, 50]. Marked collagen deposition in the

paracortical T-cell zone of inguinal lymph nodes in HIV infected individuals has also been

observed [60]. These observed changes in the architecture of the lymphatic tissue and the

increase in size of of the lobule due to immune activation might affect the penetration of

anti-retroviral drugs during HIV infection.

In our previous work, we proposed a spatial dynamics mathematical model that

could predict the conditions under which the formation of a sanctuary site is possible in-

side a lymphoid lobule [11]. Our previous model demonstrated that the 2-LTR dynamics

under treatment intensi�cation observed in the INTEGRAL study [9] were possible only

if in�ammation had increased the size of, and consequently the T cell residence time in,

the lymphoid lobule. In the previous study, reduced drug activity within the lobule was as-

sumed, but the mechanisms of drug exclusion were not explored. The current study seeks

to estimate the drug penetration for the most commonly used anti-retroviral drugs and

understand their transport inside a lymphoid lobule. In order to understand drug trans-

port inside lymph nodes, a model incorporating both reactive and transport mechanisms

of cellular components and drugs is developed. Published PK/PD models for represen-

tative drugs from each class have been selected and integrated into the spatial dynamic

model to evaluate drug penetration inside lymph nodes. Transport between extracellu-

lar and intracellular compartments, together with metabolism and degradation rates for

each drug, use median published PK/PD parameters. Extracellular drug diffusion rates

inside the lymph nodes are calculated using thermodynamic principles, and intracellular

transport rates are based on measured T-cell kinetics within lymph nodes as described in

our previous work.

This work has been previously pubished in journal Frontiers in Bioengineering and

Biotechnology [33].
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2.2 Biological Background

This section of the dissertation consists the necessary biological background that

was required for mathematical modeling of HIV dynamics in the presence of anti-retroviral

drugs inside lymph nodes. Knowledge behind HIV dynamics,viral life cycle, role of anti-

retroviral drugs and their mechanisms, transport of cellular components in the lymph

node has been discussed in this section. Later sections include description of a spatial dy-

namic compartmental model combining viral dynamics in the presence of anti-retroviral

therapy with cellular transport inside the lymph nodes.

2.2.1 HIV life cycle and the role of combined antiretroviral therapy (cART)

HIV attacks the CD4+ T cells by binding to the surface CD4 receptors and CCR5

or CXCR4 chemokine coreceptors on the host cell with its glycoproteins. After the initial

binding between the glycoproteins (gp41 and gp120) of HIV and the surface receptors of

CD4+ T cell, conformational changes occur and both the viral and host cellular mem-

branes fuse together. Fusion between the two membranes ensures transfer of viral RNA

along with its enzymes reverse transcriptase, integrase, ribonuclease, and protease into

the host cytoplasm. Drugs known as chemokine coreceptor antagonists (CCR5 antago-

nists) block the virus from binding to the coreceptor and prevent the entry of virus into

the host cell [15].

After ef�cient transfer of the viral RNA into the host cytoplasm, reverse transcrip-

tase emzyme converts the single stranded viral RNA into double stranded DNA in a pro-

cess called reverse transcription. One class of drugs called Nucleoside Reverse Transcrip-

tase Inhibitor (NRTI) compete with the naturally occuring nucleosides in the host cyto-

plasm and prevent their incorporation into viral DNA during this stage. Once incorpo-

rated, these NRTI nucleoside analogs prevent any further addition of naturally occurring

nucleosides to the growing viral DNA thereby terminating the viral replication at the re-

verse transcription stage [53]. Other class of drugs acting in the same stage include Non-

nucleoside Reverse Transcriptase Inhibitors (NNRTI) which target and bind to the active
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catalytic site of the reverse transcriptase (RT) enzyme. Binding of NNRTI produces con-

formational changes to the three dimensional structure of the RT enzyme which affects

its catalytic activity by inhibiting its polymerase active site. This mechanism prevents the

reverse transcriptase enzyme from converting the viral RNA into DNA at the reverse tran-

scription stage [15].

Successful reverse transcription events synthesize double stranded DNA which are

further transported into the host nucleus for integration into the host genome with the

help of integrase enzyme. Integrase strand transfer inhibitors (INSTI) bind to a speci�c

complex between the viral DNA and integrase enzyme to interact with the co-factors that

are responsible for strand transfer into the host genome. Blocking the integration of the

viral DNA into the host genome results in the formation of episomal artifacts such as lin-

ear unintegrated DNA, 1-LTR and 2-LTR circles which are considered as markers for on-

going viral replication [4].

After successful integration into the host genome, transcription of the viral genome

produces full length mRNA transripts that are released into the cytoplasm. During the

next stages, the translation of full length mRNA produces the necessary structural and en-

zymatic proteins that are required for further replication. When suf�cient proteins accu-

mulate in the host cytoplasm, budding of the viral RNA along with its long chain proteins

takes place releasing immature virions into the extra-cellular environment. The protease

enzyme breaks these long chain proteins into actual matrix, capsid and nucleocapsid pro-

teins. These smaller proteins combined with the viral RNA constitue a mature virion and

the viral replication repeats. Protease Inhibitors (PI) bind to the protease enzyme and

prevent the proteolytic cleavage of polyproteins that are essential for an immature virus

to convert into an infectious form [4].

Evidence from multiple randomized clinical trails suggest four different treatment

combinations as the most commonly prescribed options for treatment naive patients.

Each combination includes two NRTI's which are also referred as "backbone" drugs, plus

one from the other classes of drugs such as a PI, INSTI, NNRTI or a CCR5 antagonist

[53, 20]. Similar combinations of drugs have been employed in our current study.
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2.2.2 Transport of cellular components and immune response events inside a lymph

node

Lymph nodes are surrounded by a �brous capsule that is contiguous with the affer-

ent and efferent lymphatic ducts, which connect the lymph node to the lymphatic capil-

lary network. Directly under the surface of the �brous capsule is a network of �uid lymph

channels known as the subcapsular sinus. These are separated from the LN parenchyma

by a fenestrated �brous layer. The parenchyma is subdivided by these �brous boundaries

into several functional units called lobules. The LN lobule is divided into two regions: the

outer layer known as the cortex and the inner layer known as the medulla. The cortex is

further divided into a super�cial B cell area and a deeper T cell zone known as the para-

cortex. The LN paracortex zone is occupied by T cells and antigen presenting cells (APCs)

such as Dendritic cells (DCs). The basal end of each lobule is called the medulla, and

is host to a number of medullary sinuses which facilitate drainage of the lobule into the

subcapsular sinus and the efferent lymphatic duct [72]. The entire LN parenchyma is vas-

cularized by specialized post capillary venous channels called High Endothelial Venules

(HEV). The HEV, as the name implies, have characteristically thick walls consisting of

cuboidal enthothelial cells bound by tight junctions. Similar in structure to the capillary

walls of the blood-brain barrier, the HEV facilitates highly selective transport between the

blood and the lymph node parenchyma. Transport from the HEV lumen to the lobule is

entirely mediated by transporters on the endothelial cells. Special receptors mediate the

extravasation of T cells. The boundary between the subcapsular sinus and the lobule is

fenestrated, allowing passive transport of small molecules and cells only. Figure 2.1 rep-

resents a simpli�ed schematic of a lobule.

Immune responses are triggered when the antigen speci�c T and B-cells present in

the lymph lobules interact with Antigen Presenting Cells (APC), Dendritic Cells (DC) and

Follicular Dendritic Cells (FDC) in the lymphatic system. Hence a proper understanding

behind the transport of lymphocytes and antigens presenting cells along with their inter-

action is necessary while modeling a spatial dynamic system inside a lymphoid lobule.

The normal lymphocyte circulation between the blood and the lymphatic system
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Figure 2.1: Important transport characteristics of the Lymph Node:A simpli�ed schematic
with one lobule and one afferent vessel

is unidirectional. Lymphocytes present in the blood and peripheral tissue enter the LN

through one of the two ways: either through specialized post capillary venous chan-

nels called High Endothelial Venules (HEV) located in the paracortex region or through

the afferent lymph vessel and the subcapscular sinus. HEV cells express speci�c adhe-

sion molecules called addressins that attach to the L-selectins of lymphocytes increasing

the cell adhesion, facilitating ef�cient transport of the lymphocytes along the endothe-

lial surface of the HEVs. Approximately 2% of the T cells are recruited through HEVs

from the recirculating pool per day [69]. HEVs are surrounded by concentric layers of

pericytes known as �broblasitc reticular cells (FRCs) that enclose small lymphatic chan-

nels of 10-15 ¹ m wide acting as conduits for low molecular antigens and lymphocytes

to diffuse into the interior regions of the lobule. The other cellular components such as

17



macrophages, antigen bearing dendritic cells (DCs) and some lymphocytes enter from

afferent lymphatic vessels, migrate to the T cell zone, passing through FRC network to-

wards the medulla region and eventually leave via the efferent lymphatic vessels. The T

cells interact with the antigens present on the dendritic cells during this random walk and

generate an immune response. T cells spend roughly 6 to 18 hours exploring a particular

lymph node in unin�amed conditions. However during in�ammatory conditions, lym-

phocyte accumulation is markedly increased and their exit into the efferent lymphatics is

transiently blocked [10]. This effect increases the probability of lymphocytes encounter-

ing presented antigen, by dramatically increasing the time spent exploring the in�amed

lymph node. Those lymphocytes that do not encounter any antigens will exit the paracor-

tex and eventually the LN through the cortical sinus and the efferent lymph vessel [69].

2.2.3 Transport of antiviral drugs within a lymph node:

All currently used antiretroviral drugs except enfuvirtide are taken orally, and rapidly

transport across the intestinal walls to the bloodstream (enfuvirtide is given by subcuta-

neous injection, but is used only rarely). The small molecule nature of the drugs facilitate

their rapid transport into the lymphoid capillaries. The drugs are taken up into cells via

active and passive transport mechanisms, and some of the drugs may under metabolic

conversion steps from prodrug to active drug form. Transport of the drugs and their var-

ious metabolites into a lymphoid follicle can thereby occur through two major channels:

the blood, through the HEV network, and the �uid lymph, through the subcapsular sinus

network. In both of these channels, the drug may enter the lymph node either as free drug

or intracellularly, carried by cells migrating into the lymphoid lobule.
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2.3 Integrated Pharmacokinetic-Spatial Dynamics (PKSD) Model

2.3.1 Previous Models

Several approaches have been described by different groups to model lymph nodes

but majority of them con�ned their analysis towards lymphocyte circulation and migra-

tion between blood and lymph, T cell motility inside lymph nodes and HIV induced im-

mune response during in�ammation [46, 36, 5, 42]. None of these approaches were di-

rected towards explaining ongoing low level replication in HIV patients. A recent study

based on a spatial dynamic model explaining persistent viral replication in HIV patients

came up with a two compartmental model consisting of a larger compartment represent-

ing the blood with a high drug concentration and smaller compartment representing a

sanctuary site within lymphoid tissue with low effective drug concentration [37]. This

simple two compartmental model assumes heterogeneity in the drug distribution be-

tween two compartments and predicts that virus dominated by the drug sensitive strain

can proliferate in sanctuary site where the drug concentration is low. However, in order

to account the spatial feature of mathematical model, compartment size greater than two

would give us a better insight into sanctuary site analysis. Our previous attempts in mod-

eling lymph node consists of a spatial, N - compartmental model (N>2) of lymphoid lob-

ules as sanctuary sites explaining viral dynamics in the presence of anti-retroviral drugs.

We explored the behavior of these sanctuary sites across a wide range of parameter values

and showed that the necessary conditions for low-level ongoing replication is a sanctuary

site with large size and low drug ef�cacy inside it [11]. However, both of the above studies

assumed low drug concentrations in the sanctuary sites and evaluated the possibility of

persistent ongoing replication in HIV patients. Hence in the current study we came up

with a modi�ed spatial compartmental model that incorporates pharmacokinetic prop-

erties of frequently used anti-retroviral drugs with thermodynamically calculated drug

diffusion parameter values. In this work, we model the HIV dynamics in blood and lymph

node lobule sites, including the transport of cells, anti-retroviral drugs and virus between

them. Published pharmacokinetic parameters and experimental drug transport values

have been used in the model to re�ect realistic behavior behind drug transport and their
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ef�cacy inside the lobules. Our results indicate that the drug transport into the lymphoid

lobule is very limited resulting in low drug ef�cacy conditions inside the lymphoid lob-

ule. Pairing these drug diffusion values with HIV dynamic model revealed the formation

of sanctuary sites. However, our model predicts that not every patient on anti-retroviral

therapy had sanctuary site formation and the proportion of patients with sanctuary sites

were high when NNRTIs were used with PIs compared to INSTIs and NNRTIs.

2.3.2 Model Description

In the current study we modi�ed the previous spatial compartmental model to

incorporate pharmacokinetic properties of frequently used anti-retroviral drugs. In this

work, we model HIV, cell, and drug dynamics in blood, lymphoid sinuses, and lymphoid

lobules, including the transport of cells, anti-retroviral drugs and virus between them.

Published pharmacokinetic parameters and experimental drug transport values have been

used in the model to re�ect realistic behavior behind drug transport and their ef�cacy

inside the lobules. Monte-Carlo studies sampling from the published or inferred uncer-

tainty in these parameters has been used to explore the variance and robustness in the

behavior. Our results indicate that despite limited drug transport into the lymphoid lob-

ule and resulting low drug ef�cacy conditions inside the lymphoid lobule, only a small

subset of patients on cART will develop the necessary conditions for sanctuary site for-

mation with ongoing HIV replication. The formation of sanctuary sites was far more likely

when patients were on nRTI/PI cART compared to nRTI/INSTI or nRTI/NNRTIs cART, and

the proportion of patients with ongoing replication increases as the size of the lobules in-

crease.

The model developed in this chapter is a reaction/diffusion model. The reac-

tion dynamics describing HIV infection are adapted directly from the basic HIV model

[54, 48, 71, 55, 30]. Published pharmacokinetic studies have been used for modeling the

dynamics of anti-retroviral drugs in both plasma and lymphoid lobule [18, 32, 3, 28]. Mod-

eling assumptions concerning transport of T cells and antiretroviral drugs are as follows:
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• T cells, virions and anti-retroviral drugs were assumed to move rapidly inside the
lymphoid lobule which is divided into several concentric spherical homogenous
domains.

• Transport of T cells and anti-retroviral drugs between lobule and blood/�uid lymph
is assumed to be diffusion-like.

• Transport of T cells and anti-retroviral drugs inside the lobule is assumed to be
diffusion-like.

• Free HIV particles are assumed to be blocked from entry into or exit from the lobule.
Infected cells may carry HIV in or out.

• Transport between blood and lymphatic sinuses and recirculation within these com-
partments is assumed to be much faster than transport into and out of the lobule,
so blood and lymphatic sinuses are modeled as a single well-stirred compartment.

• Transport between the blood/lymphatic sinus compartment and the lobule occurs
primarily at the outer boundary of the lobule. Transport of drugs, lymphocytes and
virus across HEV in the lobule interior has been neglected, as most vasculature is
associated with the sinus boundaries, and transport of free drugs is expected to be
extremely limited across the HEV due to their similarity to the blood-brain barrier
[19, 56]. We will relax this assumption in chapter 4.

• The rate of elimination of the drugs within the lobule compartments is similar to
the rate in the blood/lymph compartment.

• Intracellular (between lymphocytes and plasma or inner lobule) and inter compart-
mental transport were assumed for anti-retroviral drugs.

• Instantaneous ef�cacy was used in modeling the virus dynamics without incorpo-
rating any intracellular delay on drug action for various drugs.

Based on the above assumptions, the reaction diffusion system has been modeled

into a set of compartmental diffusively-coupled ODEs as described in our previous study

[11]. The overall system consists of a main compartment that includes blood and the

lymphatic sinuses communicating with N spherical domains representing all the lobules

in the human body. These lobules are all connected to the blood/lymph compartment,

but not to each other. Within each lobule the method of lines have been used to spa-

tially discretize the reaction-diffusion PDE domain into n-1 concentric spherical shells,

where only the outermost shell is in contact with the blood/lymph compartment. The
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total number of lobules N=20000, and the distribution volume of the blood/lymph com-

partment is 15 litres. Previous work in [11] showed negligible variation in results for com-

partment numbers larger than 10, so n=10 in this study. Each spherical shell has been

denoted by a subscript s.

The basic viral dynamic model in the presence of anti-retroviral drugs has been

previously described [54, 48, 71, 55, 30], and is summarized in Figure 2.2 and Equations

2.1-2.3. The states within each compartment s are Uninfected/Target CD4+ T cells ( xs),

actively infected cells ( ys), and free virus ( vs). Other viral dynamic parameters include

¸ , the regeneration rate of healthy T cells, d , the turnover rate of healthy T cells, ¯ , the

mass-action infection rate of T cells by HIV, a, the death rate of productively infected T

cells, ° , the production of HIV virus from infected cells, ! , the decay rate of free virus, and

ye, the rate at which productively infected cells arise from the quiescent reservoir. These

parameter values and their uncertainties have been previously estimated from treatment

interruption trial data in [40], and are detailed in Supplemental Table 2.1.

The application of the nRTIs, NNRTIs, INSTIs, and PIs is represented as binary

input variables un ,unn ,u i ,and up respectively. As an example, u n=1, unn =1, ui=1, up=0

indicates a drug combination consisting of an nRTI,NNRTI and an INSTI excluding PI.

Since nRTIs, NNRTIs and INSTIs block the viral replication before viral integration, they

reduce infectivity ¯ with ef�cacies ² n , ² nn , and ² i respectively. Protease inhibitors reduce

the effective virus production rate ° with ef�cacy ² p . Usually a combination of drugs are

used as treatment strategy for HIV (cART) comprising a total of three drugs selecting two

from nRTIs and third one from either of the three class i.e. NNRTIs or INSTIs or PIs. The

pharmacodynamic values of the drug ef�cacies are functions of the drug concentrations

within the compartment, explained in greater detail in the next section.

�x Æ¸ ¡ dx ¡ ¯ xv(1 ¡ un ² n )(1 ¡ unn ² nn )(1 ¡ u i ² i ) (2.1)

�y Æ¯ xv(1 ¡ un ² n )(1 ¡ unn ² nn )(1 ¡ u i ² i ) ¡ ay Å ye (2.2)
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Figure 2.2: Schematic representation of HIV Dynamics in the presence of ART

�v Æ° (1¡ up ² p )y ¡ ! v (2.3)

The HIV infection dynamics are reaction dynamics occurring between species in

the same spatial compartment. Species also migrate between compartments following

diffusion principles. The transport of lymphocytes, ARV drugs and HIV between compart-

ments is shown in Figure 2.3. Compartment (s=1) consisting of the blood and �uid lymph,

is in contact with only the outermost shell (s=2) of the lymphoid lobules which is further

linked with other n-1 compartments in series as shown in Figure 2.3. Transport of cellu-

lar and molecular components between these compartments depends on their diffusive

properties and their concentration differences between any two compartments. Equa-

tions 2.4 through 2.9 are the ODE equations resulting from the method of lines discretiza-

tion of the reaction diffusion equations, including spatial transport mechanisms along

with the HIV dynamics. Equations 2.4-2.6 represent transport between the blood/lymph

(s=1) with the outermost compartment (s=2) of the lobule as discussed above. The rate

of diffusive �ux is directly proportional to concentration difference, surface area and in-

versely proportional to the volume and length between any two adjacent compartments.

The set of indices for the compartments which are adjacent to compartment s is the set

Ã s. A(i ,s), represents the surface area between any two adjacent compartments i and s in

the lobule. Vs,
D (xi ,s)

l =
D (yi ,s)

l ,
D (vi ,s)

l represents the volume, effective diffusivity of uninfected,

infected CD4 T cells and virions of the layer between the i th and sth compartments. In
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Figure 2.3: Spatial Compartmental Model

this case, cART consisting of two NRTIs and a PI is modeled. The ef�cacies of the two

NRTIs and the PI have been denoted as ' ² NRTI1 ', ' ² NRTI2 ', ' ² PI'. The actual effectiveness is a

function of the concentration of the drug within the compartment and the pharmacody-

namics of the drug, which are discussed in the next section.

�x1 Æ¸ ¡ dx1 ¡ ¯ x1v1(1 ¡ ² NRT I 1,1)(1 ¡ ² NRT I 2,1) Å N
D x1,2

l

A1,2

V1
(x2 ¡ x1) (2.4)

�y1 Æ¯ x1v1(1 ¡ ² NRT I 1,1)(1 ¡ ² NRT I 2,1) ¡ ay1 Å ye Å N
D y1,2

l

A1,2

V1
(y2 ¡ y1) (2.5)

�v1 Æ° (1¡ ² PI ,1)y1 ¡ ! v1 Å N
D v1,2

l

A1,2

V1
(v2 ¡ v1) (2.6)

Transport between adjacent compartments within the lobule are described using equa-

tions 2.7 to 2.9 for target cells, infected cells and virus under various treatment combina-

tions. Coef�cients u n1, un2, ui , ur and u p were used as switches to activate each individual

drug NRTI1, NRTI2, INSTI, NNRTI and PI respectively. In order to activate NNP (two NR-

TIs and one PI) treatment combination, coef�cients u n1, un2 and u p each are assigned a

value of 1 while the rest of the coef�cients are assigned 0. Similarly for NNI (two NRTIs

and one INSTI), coef�cients u n1, un2 and u i each are assigned a value of 1 while the rest of
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Table 2.1: Parameter values for HIV dynamics from Luo et al. (2012)

Parameter Units Value

Target cell production rate ( ¸ ) log10

¡ cell
¹ L£ day

¢
(1.54,2.88)

Target cell death rate (d) log10

¡ 1
day

¢
(-1.35,-0.34)

Density dependent infection rate ( ¯ ) log10

¡ mL
copies£ day

¢
(-5.78,-5.23)

Infected cell death rate ( ±) log10

¡ 1
day

¢
(-0.76,0.42)

Virus production rate (p) log10

¡ copies£ ¹ L
cells£ mL£ day

¢
(3.39,4.00)

Virus clearance rate (c) log10

¡ 1
day

¢
1.27

the coef�cients are assigned 0. For NNN combination (two NRTIs and one NNRTI), coef-

�cients u n1, un2 and u r each are assigned a value of 1 while the rest of the coef�cients are

assigned 0.

�Xs Æ¸ ¡ dX(s)

¡ ¯ X(s)V(s)
¡
1¡ ² NRT I 1(s)un1

¢¡
1¡ ² NRT I 2(s)un2

¢¡
1¡ ² I NST I (s)u i

¢¡
1¡ ² NNRT I (s)u r

¢

Å
X

i 2Ã s

D x i ,s

l

Ai ,s

Vs

¡
X(i ) ¡ X(s)

¢

(2.7)

�Ys Æ¯ X(s)V(s)
¡
1¡ ² NRT I 1(s)un1

¢¡
1¡ ² NRT I 2(s)un2

¢¡
1¡ ² I NST I (s)u i

¢¡
1¡ ² NNRT I (s)u r

¢

¡ aY(s) Å Ye Å
X

i 2Ã s

D y i ,s

l

Ai ,s

Vs

¡
Y(i ) ¡ Y(s)

¢ (2.8)

�Vs Æ°
¡
1¡ ² PI (s)up

¢
Ys ¡ ! Vs Å

X

i 2Ã s

D v i ,s

l

Ai ,s

Vs

¡
V(i ) ¡ V(s)

¢
(2.9)

2.3.3 Pharmacokinetic Models

HIV is a retrovirus that replicates inside the CD4 T cells and almost all of the anti-

retroviral drugs have molecular targets inside the cell except for entry and fusion inhibitors

that act on the surface receptors of the cell. Hence in order to determine the ef�cacy of

the antiretroviral drugs in our study, previously published pharmacokinetic models eval-

uating the time varying intracellular concentrations of the drugs have been incorporated
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into the reaction diffusion model. Ef�cacy for the drugs is assumed to follow hill kinetics

as described in equation 2.10. The terms IDC(t), IC 50 and 'n' in equation 2.10 denote the

intracellular drug concentration at any time 't', amount of drug concentration required

to produce half the inhibitory effect and the hill coef�cient respectively for a particular

drug. A standard cART therapy contains a combination of drugs consisting of two NRTI's

referred as the backbone drugs and a potent third agent selected either from NNRTI, a

ritonavir-boosted PI or an INSTI [53]. Rarely an entry inhibitor is used in the cART com-

bination. In our current study, we choose to model the three most commonly preferred

drug combinations i.e. two NRTI's with either a PI, NNRTI or INSTI. Pharmacokinetic

models in each individual class were chosen based on the availability of the model and

their associated parameters describing their intracellular pharmacokinetics during the

literature survey. The following sub-section describes the intracellular pharmacokinetic

reaction-transport mechanisms that have been implemented in the current study.

² drug Æ
IDC

¡
t
¢n

IC n
50 Å IDC

¡
t
¢n (2.10)

2.3.3.1 NRTI: Nucleoside Reverse Transcriptase Inhibitor (Tenofovir, Lamivudine)

NRTIs are the �rst class of drugs to be approved in the antiretroviral repertoire.

They form the backbone drugs for the drug combination as they are always used with a

third potent drug for treatment. They inhibit the viral replication by competing with the

endogenous nucleotides during the reverse transcription stage of the viral life cycle. In-

corporation of these nucleotide analogues into the DNA chain terminates the enzymatic

action of the HIV reverse transcriptase thereby preventing the conversion of viral RNA

into double stranded DNA. The antiviral activity of these drugs is due to the presence of

the active 5' triphosphate anabolite which is obtained after converting the parent com-

pound through a series of phoshporylation steps as shown in �gures 2.4 and 2.5. The

most commonly used NRTIs are tenofovir and abacavir, both of which are used in com-

binations with emtricitabine or lamivudine as the second NRTI. In our current simula-

tions, we chose to use tenofovir and lamivudine as the two NRTI drugs in the antiretroviral
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Figure 2.4: Tenofovir Pharmacokinetic Model (Dixit et al., 2003)

repertoire. The intracellular pharmacokinetic models for these drugs have been adopted

from Dixit et al.,2003 and Hurwitz et al., 2007 [18, 32].

Tenofovir is usually administered in its monophosphorylated analog Tenofovir Diso-

proxil fumarate (TDF) in doses of 300 mg/day. After oral administration it is rapidly ad-

sorbed into the plasma at a rate k Ta with a bioavailability F T and eliminated from the

plasma compartment(T p) at a rate kTe. TDF binds minimally with the proteins by a factor

fBT in the extracellular space and starts to accumulate in the intracellular compartment at

a rate kTacell across the cell boundary with a partition coef�cient H T. Once the monophos-

phate form of the drug reaches the intracellular space, it undergoes only two steps of

phosphorylation to obtain the triphoshate anabolite unlike other NRTIs that undergo

three steps of phosphorylation. The forward rate constants for the formation of TDF

monophosphate and TDF diphosphate are k 1f and k2f while the backward rate constants

are k1b and k2b respectively. All the intracellular components of the drug are eliminated

at a rate kTecell from the cell. The intracellular concentrations of TDF, TDF monophos-

phate and TDF diphosphate are represented as T c,Tcmp and Tcdp respectively. Figure 2.4

describes the above mentioned pharmacokinetics steps in a compartmental model.

Tenofovir Drug (T)
dT

dt
Æ ¡kTaFT T (2.11)

Tenofovir Plasma (T p)

dTP(s)

dt
Æ

µ
kTaFT T

VTP

¶¤

¡ kTeTP(s) Å
X

i 2Ã s

DT p i ,s

l

Ai ,s

Vs

¡
TP(i) ¡ TP(s)

¢
(2.12)
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* term only exists for s=1 compartment

Tenofovir Intracellular (T c)

dTC(s)

dt
ÆkTacel l ((1 ¡ fBT )HT TP(s) ¡ TC(s)) ¡ kTecel lTC(s) ¡ k1f TC(s)

Å k1bTCMP(s) Å
X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(TC(i) ¡ TC(s))

(2.13)

Tenofovir (monophosphate) Intracellular (T cmp )

dTCMP(s)

dt
Æk1f TC(s) ¡ k1bTCMP(s) Å k2bTCDP(s) ¡ k2f TCMP(s)

¡ kTecel lTCMP(s) Å
X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(TCMP(i) ¡ TCMP(s))

(2.14)

Tenofovir (diphosphate) Intracellular (T cdp )

dTCDP(s)

dt
Æk2f TCMP(s) ¡ k2bTCDP(s) ¡ kTecel lTCDP(s) Å

X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(TCDP(i) ¡ TCDP(s))

(2.15)

Tenofovir Ef�cacy ( ² NRTI1)

² NRT I 1(s) Æ
µ

TCDP(s)
nT

IC50T
nT Å TCDP(s)

nT

¶
(2.16)

The pharmacokinetic model for simulating lamivudine (3TC) has been adopted

from Hurwitz et al., 2007 as shown in �gure 2.5. The extracellular pharmacokinetics have

been described by a two compartment model (Plasma and Deep tissue), where the drug

absorption into plasma was assumed to be a zero order process with input (F*D/T 1) where

'F' is the bioavailability of the drug, 'D' is the drug dosage (150mg twice daily) and 'T 1' is

the time period (1h or 3h) for the zero order absorption. The plasma concentration (L P)

is further distributed between the deep tissue (L DT) and the intracellular compartments

(LC). Drug elimination from the plasma compartment takes place at a rate k EP. The

inter-compartmental clearance rates k PT and kTP describe the rate at which the plasma

concentration is transferred from plasma to tissue and vice versa. Rapid equilibrium is

assumed to be achieved between the plasma concentration and intracellular concen-

tration of 3TC due to action of equilibrative nucleoside transporters present on the cell
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Figure 2.5: Lamivudine Pharmacokinetic Model (Hurwitz et al., 2007)

membranes of lymphocytes as assumed in Hurwitz et al., 2007. Intracellular 3TC under-

goes series of phosphorylation steps to form 3TC triphosphate (L CTP). Formation of 3TC

monophosphate (L CMP) was assumed to be rate limiting and the conversion was mod-

eled using Michaelis-Menten reaction with maximum rate (V m ) and Michaelis-Menten

constant (K M ). Rapid equilibrium is assumed in-between phosphorylation steps with

ratios RDP/MP and RTP/DP relating the concentrations between the 3TC-diphosphate to

3TC-monophosphate and 3TC-triphosphate to 3TC-diphosphate. Recirculation of 3TC-

triphosphate to 3TC-monophosphate was also considered with the formation of an inter-

mediate metabolite (M) with K CTP-M as the rate of formation and K M-CMP as the rate of

conversion of metabolite to 3TC-monophosphate.

Lamivudine Plasma (L P)

dLP(s)

dt
ÆInp ¤ ¡ kEPLP(s) ¡ (kPTLP(1))

# Å (kT PLDT(1))
#

Å
X

i 2Ã s

DLp i ,s

l

Ai ,s

Vs
(LP(i) ¡ LP(s))

(2.17)

* Zero order drug input is only to the �rst compartment (s=1) of the Lamivudine Plasma

i.e. LP(1) . Rest of the compartments pertaining to Lamivudine Plasma L P(S)have no access

to the input.

# These terms only exist for �rst compartment of Lamivudine Plasma connecting to the

dead tissue. These terms do not exist for other compartments (s È1) corresponding to

Lamivudine Plasma.
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Lamivudine Deep Tissue (L DT)

dLDT(1)

dt
ÆkPTLp(1) Å kT PLDT(1) (2.18)

Lamivudine Intracellular Concentration (L C)

dLP

dt
Æ

dLC

dt
(2.19)

Lamivudine Total Nucleotides Intracellular (L TotN )

dLTotN (s)

dt
Æ

µ
Vmax

LC(s) Å Km

¶
LC(s) Å kM ¡ CMPM (s) ¡ RCMP

TotN
kCMP¡ CLTotN (s)

¡ RCMP
TotN

RCT P
CDP

RCDP
CMP

KTCP¡ M LTotN (s) Å
X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(LTotN (i) ¡ LTotN (s))

(2.20)

Intracellular Metabolite (M)

dM (s)

dt
ÆRCMP

TotN
RCT P

CDP
RCDP

CMP
KTCP¡ M LTotN (s) ¡ kM ¡ CMPM (s) (2.21)

Lamivudine Mono-phosphate (L CMP)

LCMP(s) ÆRCMP
TotN

LTotN (s) (2.22)

Lamivudine Di-phosphate (L CDP)

LCDP(s) ÆRCDP
CMP

LCMP(s) (2.23)

Lamivudine Tri-phosphate (L CTP)

LCTP(s) ÆRCT P
CDP

LCDP(s) (2.24)

2.3.3.2 NNRTI: Non-Nucleoside Reverse Transcriptase Inhibitor (Efarvivenz)

Unlike NRTIs, NNRTIs prevent viral replication by non-competitively inhibiting

the functions of the viral reverse transcriptase (RT) enzyme. NNRTIs target and bind to

the active enzymatic pocket or active catalytic site of the RT enzyme thereby inducing a

conformational change and decreasing the activity of the enzyme. This prevents the RT
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Figure 2.6: Efarivenz Pharmacokinetic Model (Habtewold et al., 2017)

enzyme from converting the viral RNA into DNA during the reverse transcription stage of

the HIV viral life cycle and preventing further HIV infection. Currently �ve different NNR-

TIs have been approved by FDA for antiretroviral therapy. However for our current study

we chose to use Efarivenz due to the availability of a previously published intracellular

pharmacokinetic model by Habtewold et al., 2017 as shown in �gure 2.6 [28]. Efarivenz

(EFV) is usually prescribed once daily in doses of 600mg single pill. The pharmacoki-

netic model was described by a two-compartmental model with concentrations of EFV

distributed between the plasma and peripheral blood mononuclear cells (PBMC). First

order kinetics has been used to describe the transfer of drug from gastrointestinal tract (E)

to plasma (Ep) at a rate kEa and from plasma (E p) to the intracellular compartment (E c) at

a rate kEin . Transport of drug from intracellular compartment (E c) to plasma (E p) has been

assumed to follow nonlinear saturable intercompartment clearance process with V Me and

KMe as the maximum rate and Michaelis Menten constant. EFV in plasma is further con-

verted into its metabolite 80HEFV (H p) at a rate kEe and the intercompartmental clearance

of 80HEFV was modeled with similar kinetics for forward and backward transport of EFV

between plasma (H p) and intracellular compartments (H c). NNRTIs do not require phos-

phorylation like NRTIs to inhibit reverse transcriptase. Hence we used the concentration

of EFV in the intracellular compartment to evaluate the instantaneous drug ef�cacy in

equation 2.10 for the viral dynamics in our reaction-diffusion model.

33



Efavirenz Drug (E)

dE

dt
Æ ¡kEaE (2.25)

Efavirenz Plasma (EP)

dEP(s)

dt
Æ

µ
kEaE

VE

¶¤

¡ kPH EP(s) ¡ kEin EP(s) Å
µ

VEmaxEC(s)

KEm Å EC(s)

¶

Å
X

i 2Ã s

DE i ,s

l

Ai ,s

Vs
(EP(i) ¡ EP(s))

(2.26)

* term exists only for the �rst compartment i.e. (s=1) since they interact only with the

outermost spherical compartment of Efavirenz Plasma concentrations. Efavirenz Intra-

cellular (E C)

dEC(s)

dt
ÆkEin EP(s) ¡

µ
VEmaxEC(s)

KEm Å EC(s)

¶
Å

X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(EC(i) ¡ EC(s)) (2.27)

2.3.3.3 INSTI: Integrase Inhibitor (Raltegravir)

Integrase inhibitors (INSTIs) prevent HIV replication by blocking the integrase en-

zyme activity, thereby preventing the formation of covalent bonds between the viral DNA

and the host genome. Arab-Alameddine et al., 2011, studied the population pharmacoki-

netics of Raltegravir (RAL) in both HIV-positive (HIV +) and healthy individuals [3]. A basic

two compartmental model with �rst order absorption rate (k Ra) from the gastrointestinal

tract (R) to plasma (R p) and with an intercompartmental clearance (Q i) between plasma

(Rp) and peripheral compartment (R ph ) was described in their study as shown in �gure

2.7. The other parameters that were estimated in this population pharmacokinetic model

include the apparent volumes of distribution for plasma (V p) and peripheral compart-

ment (V ph ) along with apparent clearance of drug from the plasma compartment (Cl i).

The above pharmacokinetic study did not consider to evaluate the intracellular pharma-

cokinetics in their model. However, other studies estimated the cellular penetration val-

ues (ration of raltegravir concentration between intracellular and plasma compartments)

between 5% [22] to 11% [70]. Using this penetration values, we assumed steady state con-

ditions between plasma (R p) and intracellular compartments (R c) to evaluate the forward
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Figure 2.7: Raltergravir Pharmacokinetic Model

(kRin) and backward (k Rout) drug transfer constants across the cellular membrane for ral-

tegravir. Recommended dosage of 400 mg twice daily for raltegravir against once daily for

maximum effectiveness of the drug has been used in our simulations.

Raltegravir Drug (RL)

dRL

dt
Æ ¡kRLaRL (2.28)

Raltegravir Plasma (RLP)

dRLP(s)

dt
Æ

h
kRLaRL¡

³ Q/ F

VP / F

´
RLP(1) Å

³ Q/ F

VP / F

´
RLPH

i ¤
¡

³ C l / F

VP / F

´
RLP(s)

Å
X

i 2Ã s

DRL i ,s

l

Ai ,s

Vs
(RLP(i) ¡ RLP(s))

(2.29)

* terms exist only for �rst compartment i.e. (s=1) since they interact only with the outer-

most spherical compartment of Raltegravir Plasma concentrations.

Raltegravir Pheripheral (RL PH)

dRLPH

dt
Æ

³ Q/ F

VPH / F

´
RLP(1) ¡

³ Q/ F

VPH / F

´
RLPH (2.30)

Raltegravir Intracellular (RL C)

dRLC(s)

dt
ÆkRLin RLP(s) ¡ kRLout RLC(s)

Å
X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(RLC(i) ¡ RLC(s))

(2.31)
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2.3.3.4 PI: Protease Inhibitor (Ritonavir)

Protease inhibitors suppress viral replication by binding to the HIV protease en-

zyme and inhibiting its activity by preventing polyprotein cleavage to form functional

units such as reverse transcriptase, protease, integrase and other matrix proteins resulting

in the formation of immature virions. In order to obtain the intracellular drug concentra-

tions for PI we chose to adopt the pharmacokinetic model on Ritonavir used by Dixit et al.,

2004 (as shown in �gure 2.8) to evaluate its effect as monotherapy in viral dynamics [18]. A

relatively simple model of drug transport from plasma (R p) to intracellular compartment

(Rc) has been discussed with k pa, kpe, kpacell , kpecell describing the rate of drug absorption

from the drug compartment (R), rate of drug elimination from plasma compartment, rate

of forward transport and backward transport across the cellular membrane respectively.

In vitro studies suggest that the intracellular concentrations of ritonavir reach steady state

very quickly describing that the cell membrane offers little resistance for ritonavir trans-

port. However, the steady state concentrations are different across the cellular membrane

which can be modelled using a non-unit partition coef�cient. Dixit et al., established the

non-unit partition coef�cient from in vitro studies and included the protein binding fac-

tor to estimate the concentration of intracellular ritonavir concentration as a ratio of the

plasma concentration. We modi�ed this transfer coef�cient (partition coef�cient along

with protein binding effect) into a forward (k pacell ) and backward (k pecell ) rate constants

by adjusting the ratios such that they give the same transfer coef�cient as used in Dixit

et al. This method was adopted to evaluate the time evolution of the intracellular riton-

avir concentration for our simulations. 600 mg pill with twice daily as dosage regimen

has been chosen to evaluate the time evolution of the plasma and intracellular concen-

trations as used in Dixit et al. 2004.

Ritonavir Drug (R)

dR

dt
Æ ¡kpaFp R (2.32)
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Figure 2.8: Ritonavir Pharmacokinetic Model

Ritonavir Plasma (R P)

dRP(s)

dt
Æ¡

³ kpaFp R

VPP

´¤
¡ kpeRP(s) ¡ kpacel l RP(S) Å kpecel lRC(s)

Å
X

i 2Ã s

DPI i ,s

l

Ai ,s

Vs
(RP(i) ¡ RP(s))

(2.33)

* term exists only for �rst compartment corresponding to Ritonavir Plasma (R P(1))

Ritonavir Intracellular (R C)

dRC(s)

dt
Ækpacel l RP(S) ¡ kpecel lRC(s) Å

X

i 2Ã s

D x i ,s

l

Ai ,s

Vs
(RC(i) ¡ RC(s)) (2.34)

2.4 Parameters

All the parameters used in this study have been obtained from previously pub-

lished works on HIV viral dynamics, experimental studies on drug transport and T cell

motion inside the lymph node and population pharmacokinetic studies on drug distribu-

tion and metabolism in HIV patients. These parameters are known to have a signi�cant

degree of within-patient drift and between-patient variability. To investigate the range

of behaviors consistent with the parameter heterogeneity, we undertook a Monte-Carlo

analysis drawing from prior distributions for each uncertain parameter. For parameters

that were published with experimental uncertainty intervals, we have used the published

uncertainty values; for parameters without published uncertainty, we have imputed an

uncertainty interval of § 20% of the published nominal value. The HIV dynamic param-

eters are highly correlated, and drawing independently from each parameter's prior can

result in non-physiological behavior. Instead, we have drawn our HIV dynamic parameter
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values from the multi-dimensional distributions obtained by Bayesian model �ts to inter-

ruption trial data from 12 HIV patients previously published in [40]. The exact parameter

values used in this study, together with the uncertainty intervals used in the Monte-Carlo

studies, can be found in tables 2.1 to 2.8

2.4.1 Viral Dynamics Parameters

Parameters for viral dynamics have been obtained from parameter identi�cation

studies for HIV sampled from frequently sampled viral load data from ten patients en-

rolled in the published AutoVac HAART interruption study [59]. The viral dynamic pa-

rameters have been estimated using a Bayesian Markov-Chain Monte-Carlo method. The

posterior estimates on the parameters are based on the experimental data of HIV patients

who had 3-5 treatment interruption cycles [40]. The estimated parameters with con�-

dence intervals that were used in the current study can be found in our supplementary

material in Table 2.1.

2.4.2 Pharmacokinetic Parameters

All the reaction rate constants, elimination rate constants for each individual drug

have been obtained from the published pharmacokinetic studies as mentioned above.

Parameters for evaluating the instantaneous ef�cacy of the drug such as IC 50 and hill co-

ef�cient 'n', have been determined from the dose-response curves on antiretroviral drugs

studied by [61]. Pharmacokinetic parameter estimates used in our current study can be

found in Tables 2.2-2.6.

2.4.3 Diffusion Parameters

2.4.3.1 Effective diffusivity of T cells and Virus

The diffusion parameter for both T cells and virus has been used from our pre-

vious publication on spatial modeling by Cardozo et al., 2014. The effective diffusivity

termed as the ratio between diffusion coef�cient and the length of each layer depends on

the diameter of the lymphoid lobule ( Deff Æ D®
r

n¡ 1
)., where D® is the diffusion coef�cient for
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molecule 0®0, 'r' is the radius of the lobule/paracortex site and 'n' is the number of com-

partments. Previous studies have shown that the size of the hyperplastic lymphoid lobule

can be as large as 1mm according to Orenstein et al.,1999 [49]. In our current study we

varied the lymphoid lobule diameter from 0.01mm to 0.5mm in diameter. The effective

diffusivity of the T cells also depends whether the diffusion is happening at the boundary

or inside the lobule. Previous experimental studies have shown that lymph nodes with

an average diameter of 1mm in a mouse recruit approximately 2% of the T cells in the

absence of infection. Hence, the effective diffusivity of T cells across the boundary i.e.

between the blood compartment and the outermost spherical compartment of the lym-

phoid lobule D xb,LN /l, D yb,LN /l can be obtained from the equation (D xb,LN /l)(A b,LN /V b,LN )xb

= 0.02xb where Ab,LN , Vb,LN are the area and volume of the lymphoid lobule. The effective

diffusivity D xb,LN /l equals 1/300 mm/day when the lymph node diameter is 1mm. Since

the target CD4 cells and infected CD4 cells have similar effective diffusivity, the calculated

values for D xb,LN /l = D yb,LN /l.

The effective diffusivity within the lymphoid lobule (i.e. between any two con-

centric compartments in our model) is equal to the average value of the experimentally

observed motility coef�cient of T-cells within lymphoid lobules which is 0.1 mm 2/day

[46, 69, 25, 6] divided by the length of each layer l = r/(n-1), where 'r' is the radius of the

lymphoid lobule and 'n' is the total number of compartments in the model.

2.4.3.2 Effective diffusivity of drugs:

Effective diffusivity of the drugs inside the lymphoid lobule has been calculated

using the diffusion coef�cients theoretically obtained from Einstein-Stokes equation di-

vided by the length of each layer l = r/(n-1), where 'r' is the radius of the lymphoid lobule

and 'n' is the total number of compartments in the model. However, theoretical predic-

tions on molecular diffusivity might not be a true predictor of the actual diffusion phe-

nomena inside the lobule because the estimations using Einstein Stokes equation were

based on spherical particles undergoing Brownian motion under quiescent �uid condi-

tions. However, none of the drugs have perfectly spherical shapes and the environment
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for diffusion is also not under quiescent conditions. Diffusion inside the lymphoid tissue

accounts for the dynamic molecular interactions that arise due to interactions with extra-

cellular matrix components and cells in the dense heterogeneous tissue. Hence, the ob-

served diffusivity coef�cients will be smaller compared to the theoretically calculated val-

ues. Miller et al., 2018 conducted experiments by tracking the motility of single-molecule

chemokine AF647-tagged CXCL13 using high speed light microscopy system capable of

millisecond sampling in an ex vivo native mouse lymph node environment [45]. The ex-

perimentally observed diffusion coef�cients in the B-cell follicle region were in the or-

der of 6.6 § 0.4 ¹ m2s-1 and the simpli�ed hydrodynamic estimates using stokes radius of

chemokines and the �uid environment viscosity in the absence of binding effects was 150

¹ m2s-1. The experimentally observed values were 22.7 times less than the theoretical val-

ues and hence our theoretical calculations on drug diffusion were adjusted by the same

factor. The adjusted drug diffusion coef�cients used in our simulations can be found

under Table 2.7. In order to evaluate the effective drug diffusivity across the boundary

i.e. between the blood/ �uid lymph and lymphoid lobule (Table 2.8), we calculate the

ratio of effective diffusivity values for T cells between the boundary and the inner lobule

and multiply this ratio with the adjusted drug diffusivity inside the lymphoid lobule. For

an average lymphoid lobule with a diameter of 0.2mm with 10 total compartments, i.e.

n=10, the effective diffusivity (D/l) would be 9 mm/day. The ratio of effective diffusivity at

the boundary to the inner lobule would be 1/2700 which was used to estimate the effec-

tive diffusivity for the drugs at the boundary. Recall that we are assuming that transport

for most species is dominated by transport from the subcapsular sinus, which is sepa-

rated from the lobule by a �brous epithelial boundary - this ratio can be interpreted as

the available fraction of surface area for transport across this boundary.
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2.5 Monte-Carlo Simulations

Integrating the above discussed population pharmacokinetic models along with

the spatial compartmental model gives us the integrated pharmacokinetic spatial com-

partmental model to understand the drug transport and viral dynamics inside the lym-

phoid lobule of a HIV patient. In order to investigate the robustness of drug transport

effects to parameter uncertainty and inter-patient variability, we employed Monte Carlo

simulations by sampling random values from parameter distributions on viral dynamics

and pharmacokinetics. The 95% con�dence intervals from which we draw our Monte-

Carlo samples are shown in the tables 2.1, 2.2-2.6 . Simulations were carried out on vary-

ing sizes of lymphoid lobule with diameters of 0.01 mm, 0.05 mm, 0.10 mm, 0.20 mm,

0.35 mm and 0.50 mm. 5000 simulations were carried out on each diameter of the lobule

under each of three treatment conditions, with cART consisting of two nRTIs as the back-

bone drugs along with either a PI, INSTI or an NNRTI. Simulations were carried out for a

time period of 100 days, which was long enough to reach steady state.

2.6 Drug Penetration vs Follicle Diameter

Drug penetration for various anti-retroviral drugs in the lymphoid lobules has been

evaluated using our integrated spatial dynamic pharmacokinetic model, following the

Monte-Carlo methods described above. The three cART regimens simulated were NNN

(tenofovir, lamivudine, efavirenz), NNP (tenofovir, efavirenz, ritonavir), and NNI (teno-

fovir, lamivudine, raltegravir). These three drug combinations were simulated on lym-

phoid lobules with diameters of 0.01 mm, 0.05 mm, 0.10 mm, 0.20 mm, 0.35 mm and

0.50 mm. For each combination of drug regimen and lobule size, 5000 sets of parameters

were randomly drawn from the parameter distributions described in Tables 2.1 to 2.6. In-

tracellular drug penetration ratios (DPR) between the lymphoid lobule and the plasma

were calculated for each drug. The intracellular drug concentration inside the lobule is

evaluated by averaging the concentration over the entire volume of the lobule. Figures

2.9 to 2.13 show histograms of the predicted drug concentration ratio between lobule and
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plasma for the six different lobule sizes. Vertical dashed lines show experimentally mea-

sured ratios for drugs of the same class. The DPR consistently drops as the lobule size

increases, though the strength of this effect varies from drug to drug. The posterior distri-

butions depend on the uncertainty in the PK parameters for the individual drugs; lamivu-

dine, in particular, has very broad posterior distributions due to a high published uncer-

tainty in its PK parameters (Figure 2.12). The experimentally measured DPRs seem to

correlate best with lobule sizes of approximately 0.2 mm in diameter, though this under-

estimates drug exclusion for efavirenz and ritonavir. A lobule diameter of 0.2 mm would

correspond to a moderate state of in�ammation consistent with treated HIV infection.

Assuming an average unin�amed lymphoid lobule to be of 0.2mm in diameter, our

model predicts median DPR between lobule and plasma of 10% for PI (Ritonavir, RTV),

25.40% for NNRTI (Efarivenz, EFV), 17.80% for nRTI (Tenofovir diphosphate, TFV-DP),

30.70% for nRTI (Lamivudine, LMV) and 27.67% for INSTI (Raltegravir, RAL). These re-

sults reproduce the experimentally reported median intracellular tissue (Lymph node) to

plasma ratio values for nRTIs such as Tenofovir Diphosphate (TFV-DP) and Emtricitabine

(FTC-TP) at 20% and 34% respectively, INSTI such as Raltegravir (RAL) AT 17%, PI's such

as Atazanavir (ATV) and Darunavir (DRV) at 0% and 1% respectively and NNRTIs such as

Efavirenz (EFV) at 6% [23]. Lobules with diameters of 0.5mm, which would correspond to

extreme levels of in�ammation, predicted median DPRs under 10% for all drugs. In the

absence of in�ammation (lobule diameter 0.1 mm or less), median predicted DPRs were

over 50% for all drugs except ritonavir.

2.7 Sanctuary Site Formation vs Treatment Combination

For each of the 5000 simulations for each drug regimen and lobule size combina-

tion described above, HIV dynamics were also simulated in the blood/lymph compart-

ment as well as in the lobule. For each simulation, the fold increase in viral replication

inside the lobule relative to the blood lymph compartment was measured once the dy-

namics reached steady-state. Figure 2.14 shows the percentage of the simulations with a

fold increase of viral replication in the lobule at each order of magnitude relative to the
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Figure 2.10: Concentration ratio (lobule/plasma) of Ritonavir, RTV (PI) with change in
lobule diameter

blood, grouped by drug regimen. Our model predictions suggest no ongoing viral replica-

tion occurs in lobules with diameter 0.01mm, 0.05mm and 0.10mm during on treatment

conditions across all treatment combinations. Less than 5% of the population showed

a 10-fold increase in viral replication inside the sanctuary site compared to plasma lev-

els for patients on treatment with NNP (Two nRTIs and a PI) and NNI (Two nRTIs and

a INSTI) for lobule size of 0.2mm in diameter. The proportion of population with ongo-

ing viral replication inside the lobule increases with increase in diameter of the lobule for

both NNP and NNI treatment conditions, with NNP always having a higher percentage

of population with ongoing replication compared to NNI. Treatment combination with

NNRTIs i.e. NNN (two nRTIs with a NNRTI) did not show any sanctuary site formation

for lobule diameters less than 0.5mm. However, the proportion of population with ongo-

ing replication under NNN combination is still less than 2% for a lobule size as large as

0.5mm.

Our simulations suggest that the chances of sanctuary site formation are higher
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