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ABSTRACT

Combination Antiretroviral Therapy (CART) has e ectively suppressed HIV replication in
most infected individuals over the past two decades. However, CART cannot eradicate the
virus, requiring patients to maintain lifelong adherence to the drug regimen to prevent viral
rebound. Recent studies have revealed heterogeneous distribution of CART drugs in certain
tissues, particularly lymphatic organs such as lymph nodes. Our previous work demonstrates
that drug exclusion from these sites can create pharmacological sanctuaries within lymph
nodes, potentially hindering HIV treatment e cacy. Understanding the mechanisms of drug
exclusion in lymph nodes is crucial for developing more e ective therapies for HIV and other
diseases, including cancer. This dissertation presents a novel approach to solving pharma-
cokinetic (PK) reaction-di usion equations on an anatomically accurate three-dimensional
(3D) murine lymph node using the Finite Volume Method (FVM) for several cCART drugs.
This marks the rst instance of PK dynamics being solved on the exact geometry of an
anatomically reconstructed lymph node. Our modeling tool enables comprehensive sensi-
tivity analyses to determine the relationship between between drug transport characteristics
and lymph node penetration. Ultimately, this research provides a powerful framework for
enhancing drug design, potentially leading to more e ective treatments for HIV and related

conditions.
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Chapter 1
INTRODUCTION

"This hideous beast, with his three heads, lay stretched across the threshold, barring the
entrance to the gloomy realm."

Virgil's Aeneid, Aeneas describing Cerberus as the guard of Hades[3]

1.1 The HIV Global Pandemic

HIV, or Human Immunode ciency Virus, is a virus that weakens the immune system
by targeting CD4 cells, which are vital in combating infections. If not treated, HIV can
progress to Acquired Immunode ciency Syndrome (AIDS), the most severe stage of HIV
infection. HIV is primarily transmitted through unprotected sexual contact, shared needles,
and from mother to child during childbirth or breastfeeding. [4].

The HIV pandemic has had a signi cant impact on global health over the past few
decades. According to the Joint United Nations Program on HIV/AIDS (UNAIDS), approx-
imately 78 million people have been infected with HIV since the beginning of the pandemic
in 1981, with around 39 million deaths attributed to AIDS-related causes [5]. In 2019 alone,
there were 38 million reported HIV infections, 1.7 million new infections, and 690,000 con-
rmed AIDS-related deaths [6]. The pandemic has become a leading cause of death world-
wide, a ecting almost 1 in 200 individuals globally [7].

The HIV pandemic has wide-ranging impacts beyond AIDS-related diseases. Re-
search indicates that the strain on healthcare services due to HIV/AIDS has consequences
for HIV-negative patients [8]. Barriers posed by the COVID-19 pandemic have resulted in
reduced access to HIV care, leaving untreated patients at risk for various infections and malig-

nancies [9]. The syndemic association between HIV/AIDS and other diseases like noma-like



disease and oral lesions also has signi cant clinical implications [10, 11]. HIV exhibits sub-
stantial genetic variation both within and between hosts, primarily driven by high mutation
rates, recombination events, and selective pressures. This diversity is not only a hallmark of
the virus but also poses signi cant challenges for treatment and vaccine development [12].
The diversity of HIV has played a critical role in its persistence and spread, necessitating the

development of new tools and technologies to combat the global pandemic [13].

1.2 Current Existing Treatments: cART

The mechanism of HIV infection is a complex molecular process. Viral particles,
known as virions, rst attach to host cells using surface glycoproteins. This triggers a mech-
anism that fuses the viral envelope with the cell membrane, allowing the viral capsid to enter
the cell cytoplasm through endocytosis. Once inside, the virus hijacks the cell's machinery,
using it to produce copies of viral proteins and RNA. This ultimately leads to the assembly
and release of hundreds of new HIV particles.[14].

Over the past two decades, combination Antiretroviral Therapy (CART) has achieved
remarkable success in suppressing HIV to undetectable levels in infected individuals, turning
HIV infection into a chronic condition with much improved healthcare outcomes. [15, 16].
This method (cART) implements a combination of antiretroviral drugs (ARVS), each target-
ing a distinct stage in the HIV virus's life cycle [17]. It has been observed that adherence to a
CART regimen is essential for keeping the viral load in plasma below the level of detection,
otherwise the measured viral load in patients will return to its concentration pretreatment, a
phenomenon known as viral rebound [18].

While highly e ective, cCART has limitations. The rapid rebound of HIV after treat-
ment interruptions signi cantly demonstrates its inability to eradicate the virus. The precise
mechanisms behind this phenomenon remain unclear, though potential contributing factors
have been identi ed. One such factor is the persistence of HIV in deep tissues. As shown in a
study by Chaillon et al. (2020), the interruption of cCART allows large, intact HIV RNA pop-
ulations to emerge in the blood, which leads to repopulation of the virus throughout the body.

The study further highlights that multiple anatomical sites serve as sanctuaries for HIV, with



blood and lymphoid tissues being the primary sources. Notably, the virus can even spread
within the brain and cross the blood-brain barrier. This dynamic movement and spread of
HIV signi cantly complicate eradication e orts, as evidenced by the minimal genetic diver-
gence between the virus in di erent tissues and the increased diversity at new infection sites
[19].

1.3 Lymph Nodes as Pharmacological Sanctuaries

It has been observed in that many drugs including ARVs distribute heterogeneously
in certain tissues, such as the lymph nodes (LN) [20, 21]. The low or nonexisting concentra-
tion of ARVs in LNs may be associated with an ongoing viral replication, which can further
complicate the treatment and ultimate eradication of the virus [22]. The mechanism of the
drug exclusion from LNs is not well-understood, however there has been speculations that this
may be due to the isolation of immune cells in the LNs, its poor small molecule transport,
and inadequate clearance mechanisms [23].

The LN acting as a pharmacological sanctuary site can also complicate and contribute
to the latent reservoir pool of T-cells that can, due to certain factors such as in ammation,
get activated and restart the viral reproduction, causing a viral rebound into the blood. This
behavior is not limited to ARVs. In a study by Meijer et al. it was shown that the LN's lack
of e cient permeability has a signi cant impact on chemotherapy uptake [24]. Therefore,
studying the distribution and exclusion of drugs in LNs can shed light on more drug delivery
pipelines and help design better and more penetrable drugs. The main aim of this dissertation
is to focus on developing a computational tool to simulate and study the spatial distribution
of drugs in LNs. Our work has focused on murine LNs, which can further be extended and

extrapolated to other organisms including non human primates (NHPs) and humans.

1.4 3D Reconstruction of the Lymph Node
The LN has a unique geometry and composition. In earlier histology and anatomy
studies of the LN, it is observed that there exist isolated anatomical units in the LN, named

"Lobules”, and the antigens are brought in and taken out of the LN by a erent and e erent



lymph vasculature, as well as the blood vasculature with a unique composition of High En-
dothelial Venules (HEV) [25]. In our model, we used this very compartmentalization of the
LN to understand the drug exclusion and distribution, namely, the LN lobules as a separate
anatomical unit and the lymph and blood resources as drug delivery and clearance mecha-
nisms.

As argued above, a 3D geometry of the LN is needed in order to understand the spatial
distribution of ARVs within the LN tissue. Therefore we designed a novel pipeline in which
we use traditional computer vision techniques to semantically segment the LN lobules and the
HEV vasculature from confocal microscopy images of a murine LN, produced by Dr. Michael
Donzanti (Gleghorn Lab, BME, University of Delaware). The images were formatted in a z-
stack, therefore after applying our pipeline to the entire stack, we were able to fully reconstruct
the LN geometry as a 3D object, which then was imported into MATLAB and meshed into
control volumes, enabling the next stage of the study to go forward with solving the PK

dynamics of ARVs in the LN geometry.

1.5 Goal and Organization

The motivation for this dissertation, as mentioned in the previous sections, is to pro-
vide a modeling/computational framework to study the spatial distribution of ARVs into the
LN tissues. The organization of the study is as follows:

In Chapter 2, we will discuss the anatomy of the LN in detail, expand on the poor
penetration of small molecules, and provide more background and depth on the structure and
compartments of the LN that will be used in our computational model.

In Chapter 3, we will discuss an automated pipeline developed for the segmentation
and 3D reconstruction of murine LNs, acquired as confocal microscopy images. This pipeline
was developed using classical computer vision techniques, and the resulting 3D object of the
LN and its vasculature were used to study and simulate the spatial distribution of ARVs in
the next stage of the study.

In Chapter 4, we will discuss the mathematical model developed to solve an inte-

grated spatial dynamics model, which consists of reaction-di usion di erential equations,



the reaction components being the literature-derived pharmacokinetics model of the ARV in
guestion, and the di usion of the drug molecule calculated from literature and rst principles.
We will discuss the model and the antiretroviral drugs of our choice we want to model and
their mechanism of action in the HIV virus life cycle.

In Chapter 5, we will discuss the nite volume method and the usage of it on the 3D
computational domain obtained in Chapter 3, as the real murine geometry to solve the drug
dynamics derived in Chapter 4 and obtaining the drug distribution patterns.

Finally, in Chapter 6, we will discuss the simulation results of the ARVs using the
computational tools introduced in Chapter 5, we will discuss the di erent transport mecha-
nisms of ARVs into the LN and will present a local sensitivity analysis to discuss the transport
rates into the LN and its potential applications for enhanced drug design. Finally, we will dis-
cuss the results and future directions that can enrich the answers to the questions asked in this

dissertation.

1.6 Impact and Signi cance
1.6.1 Computational Framework for Drug Distribution in Lymph Nodes

This work introduces an innovative computational framework for understanding and
simulating the spatial distribution of drugs within lymph nodes. Key features and potential

impacts include:

1. Spatial Focus Unlike existing models that primarily address drug kinetics, this frame-
work incorporates crucial spatial considerations.

2. Broad Applicability: While initially developed using a murine lymph node model,
the framework has potential applications for other organisms, including non-human
primates (NHPs) and humans.

3. Improved Predictions The model could lead to enhanced predictions of antiretroviral
(ARV) dosing and viral dynamics within speci ¢ anatomical regions.

4. Anatomical Accuracy: The framework utilizes anatomically accurate 3D geometry of
lymph nodes and incorporates experimentally derived cell-mediated transport of ARVs
for drug distribution simulations.

5. Enhanced Analysis Tools:Building upon this model, additional tools such as sensi-
tivity analysis have been employed to understand and potentially improve ARV drug
e ciency.



1.6.2 Implications
This comprehensive approach contributes to a more robust drug design pipeline, po-

tentially leading to:

" Improved suppression of HIV in speci c tissues
~ Progress towards the ultimate goal of eradicating HIV from the entire body of infected
individuals

The framework thus represents a signi cant step forward in the eld of HIV treatment and

drug development.



Chapter 2
THE STRUCTURE OF THE LYMPH NODE

"Lymph nodes: Nature's Brita Iters."

Anonymous

2.1 The Lymphatic System

The lymphatic system is a complex network of vessels and nodes that plays a crucial role
in maintaining uid homeostasis, facilitating immune responses, and transporting dietary
lipids. It consists of lymphatic vessels, lymph nodes, and associated lymphoid organs, which
collectively ensure the proper drainage of interstitial uid and the return of proteins to the
bloodstream. This system is vital for the immune system'’s functionality, as it serves as a con-
duit for ymphocytes and other immune cells to travel throughout the body, thereby enhancing
the body's ability to respond to pathogens and other foreign substances [26, 27].

Recent research has illuminated the intricate mechanisms underlying lymphatic function
and its involvement in various pathological conditions. For instance, the lymphatic system is
not merely a passive conduit for lymph uid; rather, it actively participates in in ammatory
responses and tissue repair. Studies have shown that lymphatic endothelial cells can express
pro-in ammatory mediators, indicating their role in modulating in ammation [28]. This ac-
tive participation is particularly relevant in conditions such as lymphedema, where lymphatic
drainage is compromised, leading to uid accumulation and increased susceptibility to infec-
tions [29, 30].

The lymphatic system's role in cancer progression is another area of signi cant interest.
Tumor cells can exploit lymphatic vessels to disseminate throughout the body, leading to

metastasis. The entry of cancer cells into the lymphatic system often results in lymph node



metastases, which can complicate treatment and worsen patient prognosis [31, 32]. Further-
more, the process of lymphangiogenesis, or the formation of new lymphatic vessels, is often
observed in tumors, facilitating their growth and spread [33]. Understanding these mecha-
nisms is crucial for developing targeted therapies that can inhibit lymphatic metastasis and
improve cancer treatment outcomes.

Recent advancements in imaging technologies have greatly enhanced our understanding of
the lymphatic system's anatomy and function. Techniques such as near-infrared uorescence
(NIR) imaging and magnetic resonance lymphangiography (MRL) have allowed researchers
to visualize lymphatic drainage pathways and assess lymphatic function in vivo [34, 35].

The lymphatic system's interaction with the immune system is a critical aspect of its func-
tion. Lymph nodes serve as sites for immune cell activation and proliferation, where lym-
phocytes encounter antigens and mount an immune response. This interaction is vital for
the development of immunological memory and the body's ability to respond to subsequent
infections [26, 33].

The lymphatic system also plays a critical role in the pathogenesis and persistence of the
Human Immunode ciency Virus (HIV). This system not only facilitates immune responses
but also serves as a reservoir for the virus, complicating treatment e orts. HIV exploits the
lymphatic architecture, particularly through interactions with follicular dendritic cells (FDCs)
and lymphoid tissues, which are essential for viral replication and persistence. Lymphoid
tissues, particularly lymph nodes, are signi cant sites for HIV replication. Studies indicate
that FDCs within these tissues can retain infectious HIV particles, providing a niche for the
virus to persist despite antiretroviral therapy (ART) [36, 37, 38]. The interaction between
FDCs and CD4+ T cells creates an environment conducive to viral replication, as these cells
are often sequestered from cytotoxic T lymphocytes (CTLs), allowing unchecked viral growth
[36, 39]. Furthermore, the architecture of lymphoid tissues is disrupted in HIV infection,
leading to brosis and a reduction in the naive CD4+ T cell population, which is crucial for
e ective immune responses [40, 41, 42].

The lymphatic system also facilitates the dissemination of HIV throughout the body. The

virus can alter lymphatic endothelial permeability, enhancing its spread through lymphatic



channels [43, 44]. This hyperpermeability is induced by the HIV envelope protein gp120,
which disrupts normal endothelial function, thereby promoting viral dissemination [43, 44].
Additionally, during acute HIV infection, there is a rapid accumulation of the virus in lym-
phatic tissue reservoirs, highlighting the importance of early intervention with ART to limit
viral load and prevent the establishment of these reservoirs [45].

Moreover, the lymphatic system's role in immune cell tra cking is signi cantly impaired
in HIV infection. Thisimpairment a ects the distribution of CD4+ T cells, particularly in gut-
associated lymphoid tissues (GALT), where the majority of the body's lymphocytes reside
[46]. The disruption of T cell tra cking and the resultant immune dysregulation contribute
to the challenges in achieving e ective viral suppression and immune reconstitution in HIV-
infected individuals [46].

The interactions between HIV and lymphatic tissues underscore the complexity of treat-
ing this infection, as the virus's ability to persist in these compartments poses signi cant
challenges to achieving long-term viral suppression and immune recovery, which is the main

motivation for this dissertation.

2.2 The Structure of the Lymph Node

Structurally, lymph nodes are encapsulated organs that contain a complex arrangement of
lymphatic tissue, including lymphatic sinuses, follicles, and a medullary region. The outer
capsule is composed of dense connective tissue, which provides structural integrity and pro-
tection to the lymph node. Beneath this capsule lies the cortex, which is rich in lymphoid
follicles that contain B cells, while the paracortex is populated primarily by T cells. The
medulla contains medullary cords and sinuses, which facilitate the movement of lymph and
immune cells through the node [47].

The architecture of lymph nodes is designed to optimize their function in immune surveil-
lance and response. The a erent lymphatic vessels deliver lymph to the node, where it is
ltered through the reticular meshwork, allowing for the trapping of pathogens and foreign
particles. This Itering process is critical for the activation of lymphocytes, which prolifer-

ate and di erentiate in response to antigens. The presence of specialized structures such as
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