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The lymph node is a crucial component of the lymphatic system and the 

adaptive immune response. To carry out timely and efficient immune programming, 

the lymph node is comprised of multiple isolated lobules, or parenchyma regions, to 

host immune interactions. The isolation of the lobule is maintained by tightly 

controlled access from the fluid compartments, including blood vessels that 

significantly restrict passive transport and a fibrous barrier adjacent to the lymph 

sinuses that limits diffusive transport and excludes large particles. Although these 

entry points allow for efficient immune cell transit, free drug is largely excluded 

making the lymph node a pharmacological sanctuary site, or a location in which drug 

distribution is limited or excluded.  

Poor drug penetration into the lymph node lobule has been observed in 

numerous studies and is of great significance during the treatment of lymph node 

resident diseases, such as HIV and metastatic cancer. In HIV, the lymph nodes act as a 

long-lasting viral reservoir for patients receiving standard care therapy. While 

treatment methods have improved in recent decades, no sterilizing cure has been 

developed due to this pharmacological sanctuary site. In many metastatic cancers, the 

lymph node is the first site of tumor spread. While much of the pathology is left to be 

uncovered, lymph node metastases severely harm prognosis and aids in disease 
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progression, with current therapeutic strategies often left ineffective. Our lack of 

insight on the transport phenomena occurring at these specialized boundaries limits 

our options.  

To make significant progress and move towards a viable treatment strategies 

for lymph node resident diseases, a two-step process is needed. First, using novel 

research techniques and animal models, we need to develop a better understanding of 

drug transport in the lymph node on a fundamental level and build tools to aid in this 

process. Second, innovative strategies for drug delivery and therapeutic design need to 

be employed to move past current insufficient gold standard treatments. We believe 

this dissertation has laid out a strategy to tackle both, using the synergy of 

experimental and computational methods. 

A primary obstacle in the understanding of drug transport in the lymph node is 

the lack of connections made between variability in lymph node geometry, drug 

biochemical properties, and the clinically seen heterogenous distribution of small 

molecules in the lobule. The ability to accurately produce 3-dimensional anatomical 

reconstructions of the lymph node could serve as a basis for quantitative 

morphological analysis, mapping of spatial drug distribution, and a better 

understanding of drug specific variations to transport. Therefore, we set out to build a 

novel tissue reconstruction pipeline to produce anatomical accurate 3D geometries of 

murine lymph nodes. Using custom sectioning methods, staining and imaging devices, 

and automated alignment and segmentation code, tissue compartments of interest were 
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easily isolated and reconstructed in 3D. Using these 3D objects, spatial drug transport 

distributions could be modeled and predicted. 

 Next, we set out to understand the degree to which cell-mediated 

transport contributed to overall antiretroviral (ARV) concentrations in the lymph node. 

Using evidence from spatial mass spectrometry modeling and uptake of ARV species 

by leukocytes, we hypothesized that for non-lipophilic species cell-mediated transport 

was a dominant mechanism. We developed a functional antibody blocking strategy to 

block lymphocyte ingress to test this mechanism. While some ARV species exhibited 

trends of cell-mediated transport, the contribution of this mechanism was smaller than 

originally predicted. From these findings, we also compared different drug classes and 

determined certain ARVs, such as islatravir and darunavir, displayed stronger lymph 

node accumulation than other species. This information can be used in the future to 

help design ARV species to target the lymph node reservoir.  

 Lastly, leveraging mechanisms of lymphocyte ingress into the lymph 

node for therapeutic design could offer a solution to drug penetration issues. To that 

end we have developed a delivery strategy utilizing cryo-shocked T lymphocytes 

(CSTLs) as a cell mimetic and delivery vehicle. After cryoinjury, the CSTLs retain 

basic cellular functions, such as lymph node homing and transport across the high 

endothelial venules into the lobule, however, are permeable to load and release drug. 

We validated targeting and safety in vivo and confirmed strong lobule uptake with 

minimal immune responses. We next showed loading and release of a small molecule 
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chemotherapeutic, cisplatin, which retained cytotoxic effect after release. Finally, 

using mass spectrometry techniques, we confirmed administration of cisplatin loaded 

CSTLs resulted in increased lymph node concentrations as compared to free drug. We 

believe this system serves as a backbone technology for many possible drug delivery 

applications.  

 These studies lay the groundwork for a multi-faceted approach to 

address poor drug transport in the lymph node, and work to improve our potential for 

therapeutic design and treatment options in the future. 
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INTRODUCTION  

1.1 The lymph node 

1.1.1 The lymphatic system 

The lymphatic system is a specialized fluidic system tasked with vital roles in 

both maintaining fluid homeostasis and proper immune function. The lymphatic 

system possesses a vast interconnected series of conduits and organs, each with 

specific responsibilities to carry out these functions (Figure 1.1). For the maintaining 

of fluid homeostasis, there are five categories of conduits which act in concert1ï4. 

First, lymphatic capillaries are 10-60 µm blind-ended tubes present in almost all parts 

of the body except the bone marrow, central nervous system, and tissues without a 

blood supply. These capillaries consist of one or two highly attenuated cells in cross 

section, are nonfenestrated, and have a discontinuous basement membrane5. Interstitial 

pressure, sometimes caused by musculoskeletal contraction, drives the interstitial fluid 

into these capillary structures, creating lymphatic fluid, or lymph. This lymph contains 

a number of different components, including lymphocytes and proteins, and generally 

has a similar composition as blood plasma, however approximately at 1/3 the 

concentration1. After lymph is formed in lymphatic capillaries, it drains to larger 

collecting vessels. These vessels contain one-way valves to ensure proper directional 
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flow of lymph as there is no central pump system seen in blood circulation6. 

Throughout this circulation, collecting vessels will run through small bean shaped 

organs called lymph nodes, whereby afferent vessels lead into the node, and efferent 

vessels leave the node. Lymph nodes act as a reactor for immune surveillance and the 

initiation of the adaptive immune response, as well as a host of other key functions6,7. 

Lymph nodes are numerous in the human body, roughly 500-600, and are dispersed 

through key interstitial fluid collecting sites8. The final stages of lymphatic drainage 

include the lymphatic trunks, which are larger vessels that converge from collecting 

vessels, which then further converge into the ducts. The final largest duct, the thoracic 

duct, collects all of the lymph and returns it to blood circulation typically via the left 

subclavian and internal jugular veins9,10.  

Lymph recycling by the lymphatic system back into blood circulation is a 

continuous process that keeps the body at homeostasis. It prevents loss of important 

blood cells, proteins, and solutes to distal locations in the body, removes waste and 

unwanted materials from tissue parenchyma, and returns important biological 

information back to key locations such as the lymph node or main blood circulation3. 

The maintenance of the fluid pressure balance is critical to proper function of the 

blood vasculature and effective performance in the outer extremities11. Improper 

lymph recirculation often results in edema, or swelling in tissues due to interstitial 

fluid buildup, and can results in significant morbidity12,13. Edema often leads to further 

tissue damage, extracellular matrix (ECM) reorganization, and protein accumulation, 
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Figure 1.1: Schematic of the lymphatic system, including major primary and 

secondary lymphoid organs, such as the lymph nodes (Creative 

Commons) 

all which exacerbate the problem1. Edema treatment over the years has seen very 

limited success, which highlights the critical importance of a properly functioning 

lymphatic system14. 

While it is evident that interstitial fluid recirculation is vital to proper body 

homeostasis and circulatory system function, the lymphatic system plays just as large 

a role in proper immune function. The organs of the lymphatic system can also be 

organized according to temporal function in the immune system, designated as 

primary, secondary, and tertiary lymphoid organs15. The two primary lymphoid organs 

include the bone marrow and the thymus. In these sites, immune cells are generated 

and go through a maturation process. The bone marrow is the location where 
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hematopoietic stem cells (HSCs) are generated. HSCs are the multipotent progenitor 

cell that develops into all other blood cells16. Within the bone marrow, lymphoid and 

myeloid progenitor cells are present and upon exit, develop into key mature immune 

cells such as B and T lymphocytes, granulocytes, and monocytes17ï19. The thymus, 

located in the upper anterior thorax, is critical for the maturation of T lymphocytes 

derived from the bone marrow20. In the thymus stroma numerous complex processes 

take place, including maturation regulation, selection, and elimination of self-reactive 

T lymphocytes. The thymus is critical in the establishment of central tolerance, 

diversity of T lymphocytes, and safety against autoimmune reactivity20. 

After the development processes are completed in the primary lymphatic 

organs, immune cells are released into the peripheral circulation. It is here where they 

interact with secondary lymphoid organs, in which the cells of the immune system 

assume their main role of protecting the body from foreign antigen and generate 

effector function or tolerance21. The secondary lymphoid organs include the lymph 

node, spleen, Peyerôs patches, mucosal associated lymphoid tissue (MALT), tonsils, 

and many more. While each kind of secondary lymphoid tissue has very specific roles 

to play in immune function, in general these tissues are locations for antigen 

surveillance, antigen-presentation, and adaptive immune response initiation. The cells 

of the immune system have the potential to cause massive impacts throughout the 

body, and therefore an adaptive immune response is a highly regulated process and 

requires highly specific interactions. The interaction between these key players is 
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statistically improbable in peripheral blood or tissues22,23, and therefore the secondary 

lymphoid organs act as central bioreactors for an organized response. The lymphatics 

have sometimes been referred to as an ñinformation superhighwayò of the body24. This 

is attributed to the richness of information contained in lymph. Lymph contains not 

only antigen in distal tissue but also important information about the local 

inflammatory state upstream of the lymph drainage in the form of cytokines or 

inflammatory signaling molecules. This ensures that upon drainage to local draining 

lymph nodes and lymphatic ducts, this information is relayed to systemic immune 

cells and antigen presenting cells within the lymph node. This dissertation will focus 

primarily on the lymph node, including its function, pathology, and interaction with 

common therapeutic strategies. 

1.1.2 Anatomy of the lymph node 

1.1.2.1 General structure 

The lymph node is a highly organized and compartmentalized organ, with an 

architecture designed to sample antigen in fluid lymph, facilitate antigen presentation 

to lymphocytes, and initiate an adaptive immune response (Figure 1.2)25. Lymph 

nodes are situated within the network of lymphatic collecting vessels all throughout 

the body and are found around the convergence of major blood vessels8. There are 

roughly 500-600 in the adult human body, found most commonly in the neck, axilla, 

thorax, abdomen, and groin8. These organs can vary in size from 1 to 10 mm in 

diameter1. Humans possess vast variability in the number of lymph nodes, and lymph  
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Figure 1.2: A) Lymph node anatomy, showing boundaries between the lobule and 

fluid compartments. 

nodes throughout the body show major heterogeneity in morphology and geometry26. 

This variability presents a massive challenge in understanding drug transport within 

the lymph node, as anatomical architecture, shape, and surface area-to-volume ratios 

are dramatically different even between lymph nodes in the same region. 

In general, lymph nodes are divided into the cortex, paracortex, and medulla 

regions, which map to the farther (cortex) and nearest (medulla) regions from the 

hilum. At the cortex, lymph is collected from afferent lymphatics vessels. Antigen 

presenting cells (APCs), lymphocytes, antigen, signaling molecules, etc. are brought 

together into a highly organized bioreactor. In the paracortex, specialized endothelial 

cells recruit naïve lymphocytes. Finally, in the medulla lymph and exiting cells from 

the lymph node are collected and returned to peripheral blood. 
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The main tasks of the lymph node, to monitor antigen presence and initiate an 

adaptive immune response in a timely manner, take place mainly in the parenchymal 

space separated by cellular barriers from the blood and fluid lymph, referred to as the 

lobule. The lobule is a highly isolated environment, which is maintained by two points 

of entry: the lymphatic sinuses and post-arterial vasculature. This anatomy allows for 

long dwell times for lymphocytes and APCs leading to antigen recognition, and acts as 

an incubator space for clonal expansion27,28. 

1.1.2.2 The lobule 

The lymph node parenchymal regions are referred to as the lobule (Figure 

1.2A)29. In essence, the lobules are the functional units of the lymph node and possess 

all the necessary components to initiate an immune response. Although traditionally 

depicted as a single compartment, researchers have determined in recent years that the 

parenchymal regions contain multiple disconnected lobules, acting as separate smaller 

bioreactors. This division is assumed to be due to transport efficiency and surface 

area-to-volume ratio. Although most lymph nodes throughout the body have a highly 

heterogeneous anatomy, the morphological characteristics of each individual lobule 

are largely conserved29.  

First, in the cortex of the lymph nodes, the lobule boundary runs parallel to and 

roughly 10-20 nanometers from the capsule30. The sinus region around the cortical 

zone is narrow to allow for sufficient interactions between the lymph and the lobule 

boundary. At this boundary numerous soluble factors, inflammatory signaling 
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molecules, and peripheral cells enter the lymph node. Within the main bulk of the 

lobule, a massive scaffold is maintained by a specialized fibroblast cell, called 

fibroblastic reticular cells (FRCs)31ï34. This scaffold, or reticular meshwork, makes for 

a highly porous environment the allows efficient motility of transient lymph node 

cells. The interstices are roughly 10-20 µm wide, which allow for straightforward 

lymphocyte movement while maintaining FRC contact35,36. The FRCs are coated with 

critical migration ligands to facilitate lymphocyte crawling and are also known to have 

important roles in inflammatory signaling37. These FRC networks are also responsible 

for maintaining a tube-like conduit system, which will be discussed further in Section 

1.1.2.3. 

Within the lobule, there is a further level of spatial organization based on 

cellular identity and function. In the cortex, sometimes referred to as the B cell zone, 

B lymphocytes organize in a spherical mass alongside follicular dendritic cells 

(FDCs)38. The function of these follicles is to generate new B cell repertoires 

following antigen encounter to initiate the humoral response39. The paracortex, 

referred to as the T cell zone, houses primarily T lymphocytes. Here T lymphocytes 

interact with other lymphocytes and a variety of APCs to carry out immune processes. 

There is a significant amount of cross talk between the B and T cell zone, allowing for 

a consistent and unified response to a particular antigen or inflammatory directive. 

Under physiologic conditions, T cells in the lobule have a residence time of 

approximately 12-21 hours in mouse LNs40. Over time, increasing ingress of cells 
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from both the sinuses and vasculature forces a directional movement from the cortex 

to the medulla. Cells drain into fingerlike extensions, called paracortical or medullary 

cords, which offer a high surface area for lymphocyte egress.  

1.1.2.3 The lymphatic sinuses 

The lymph node continuously samples lymph fluid through the afferent 

lymphatic vessels, which then flows through the lymphatic sinuses. The lymphatic 

sinuses form a network of open fluid channels contained in the capsule that lead from 

the afferent lymphatic vessels to the efferent lymphatic vessel, undergoing significant 

bifurcation along the way, which encapsulates all lobules within the lymph node 

(Figure 1.2A). The boundary between the sinus and lobule is maintained via both a 

layer of LECs and distinct populations of FRCs. While preserving the distinct 

compartments between lymph and parenchyma, different regions around the sinuses 

have unique population identities, and functions as it relates to immune cell movement 

and signaling. The first region of sinus, within the cortex of the lymph node is called 

the subcapsular sinus. Here subcapsular sinus macrophages probe for antigen in the 

lymph to carry into the lobule upon activation, and other immune cells present in the 

afferent lymph fluid are able to enter the lobule. Lymphocytes and APCs have the 

cellular machinery to cross this lymphatic endothelial cell (LEC) layer via a cell 

adhesion molecule (CAM) mediated signaling cascade41. In the subcapsular sinus, 

small molecules in the lymph may access the lobule either directly across this LEC 

barrier, or through a complex conduit system42.  
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The FRC meshwork also consists of small blind conduit system, allowing 

penetration of very small molecules and acting as a molecular sieve36,42ï45. This 

conduit system is able to carry small molecules (<70 kDa) deep into the lobule and in 

most cases directly to high endothelial venules (HEVs), which are specialized vessels 

that allow for lymphocyte entry29,46. After the subcapsular sinuses, trabeculae and 

cortical sinuses divide the lymph node into lobules of different sizes and geometries. 

In the paracortical and medullary sinuses, lymph is collected and ultimately converge 

in the medulla where it is returned to circulation via the efferent lymphatics, either 

passing through other lymph nodes in series, or back to the thoracic duct. 

1.1.2.4 Lymph node vasculature 

The lymph node is a unique organ in that it has direct control and interactions 

with two distinct fluidic systems. While following the general structural hierarchy of 

vasculature seen in other organs, the lymph node vasculature is a very specialized 

endothelium (Figure 1.2A). Unlike other tissues, the post-arterial vasculature severely 

limits passive diffusion of most molecules47ï49. The purpose of this is to maintain a 

highly isolated environment, where key immune factors are brought to the lobule in a 

controlled manner. Since the event of a lymphocyte finding itôs cognate antigen is a 

complicated process, extraneous biological or chemical agents are vitally excluded in 

order to carry out the process in a timely manner. The architecture of these vessels has 

been compared to that of the blood-brain barrier, and may serve a similar role in 

maintaining the isolation of the antigen-enriched environment of the lobule from the 
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bloodstream50,51. Post-arterial, the vasculature first consists of a continuous capillary 

network, unlike discontinuous or fenestrated capillaries in other organs29,30,52ï56. On 

the venous side, low endothelial venules lead into high endothelial venules (HEVs) 

which have a specialized functions for lymphocyte recruitment42. Furthermore, large 

regions of the lobule are either sparsely vascularized (as in the T cell zones of the 

paracortex), or completely avascular (as in the B cell follicles)29,30,52,53. The sparsity 

and unusually high barrier function of the endothelium of the lymph node severely 

limits passive transport of many small molecules36.  

HEV cells are highly unique endothelial cells that allow for efficient function 

of the lymph node. They are named for their ñhighò cuboidal shape and are 

morphologically described as ñtall and plumpò. In addition to different endothelial cell 

shapes, the surrounding support cells and ECM are unique to the HEV. HEVs possess 

a much thicker basal lamina than other venules and are surrounded by a concentric 

layer of specialized FRCs57. These FRCs enclose small lymphatic channels (10-15 µm 

wide) that are contiguous with the lymphatic sinuses through the FRC conduit system. 

This architecture allows for rapid sampling of lymph by entering naïve lymphocytes. 

The unique morphology of HEVs is also directly coupled to the unique function, as 

these cells possess a number of key ñhoming receptorsò, which are CAMs responsibly 

for recruitment of lymphocytes, as well of some leukocytes, from peripheral blood58,59. 

Under homeostatic conditions, blood cell biophysical properties and fluid 

flows structure the blood within the blood vessel60,61. In the post-arterial HEVs, blood 
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flow rate is greatly reduced and lymphocytes move towards the blood vessel well 

through a process called margination22,62ï64. This margination allows for the local 

direct interaction between peripheral lymphocytes, primarily naïve and central 

memory lymphocytes, and HEVs65. The signaling cascade to allow lymphocyte 

ingress into the lobule is a complicated multi-step process66,67. First, HEVs express 

specific CAMs called peripheral node addressins (PNAds), including CD34, 

GylCAM-1, and MadCAM-1 to name a few68. These PNAds are large sialylated 

glycoproteins, or sialomucins, that bind to L-selectin on lymphocytes. This first 

interaction is called the tethering event, which greatly slows the velocity of the 

lymphocytes. Next, lymphocytes roll along the luminal surface through repeated 

interactions of L-selectin and PNAds. During rolling, lymphocytes interact with 

chemokines immobilized on the HEV surface via heparan sulfate, which includes 

CCL21, CCL19, CXCL13, and CXCL1269ï75. These chemokines interact with 

chemokine receptors on the surface of the lymphocyte, such as CCR7, CXCR4, and 

CXCR5, inducing the activation of the integrin lymphocyte function-associated 

antigen 1 (LFA1). Binding between LFA1 and intercellular adhesion molecule 1 and 2 

(ICAM1 and ICAM2) initiates the arrest step of the transendothelial migration 

process.  

Following arrest, lymphocytes are said to ñcrawlò along the HEV for suitable 

transmigration sites76,77. The two main paths for transendothelial cell migration into 

the lobule are paracellular (between adjacent cells) or transcellular (directly through a 
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cell). The dominant mode of transport her is still up for debate, as different studies 

have suggested either paracellular or transcellular migration as a possible dominant 

mechanism50,78ï83.  Additionally, a recent studies have identified ñHEV pocketsò, a 

temporary holding site in the HEV lumen for transient lymphocyte migration 

restraint84,85. This interaction is thought to control the rate of lymphocyte ingress to 

balance the egress via lymphatics, to maintain a constant steady-state cellularity of 

lobule. 

1.1.3 Roles of the lymph node in immune responses 

Immune responses vary in goal and scope, depending on the type of challenge 

to the body. Some examples of immune responses include foreign antigen challenge, 

injury, chronic disease, sterile inflammation, implanted foreign body, and in some 

cases autoimmune response to self-antigen86,87. At the most basic level, many of the 

responses involve two main branches of immunity: innate and adaptive88. The two 

branches work in concert both temporally and through a variety of cell-cell signaling 

pathways to ensure harm to the body is mitigated. The innate immune system is 

thought of as the fast and generalized approach89. The innate immune system includes 

all aspects of the hosts defense that are present via germline genes passed down to the 

host. Through physical defenses, including the skin and mucous membranes, 

specialized immune cells, including monocytes, granulocytes, and NK cells, and 

released bioactive molecules, such as complement proteins or cytokines, the innate 

immune system is designed to handle a generalized challenge or injury88. The adaptive 
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immune response, however, is much more complex. This system generates exceptional 

specificity for target antigens and is therefore only launched after challenge with a 

particular antigen. This specificity is the central premise for how a vaccine works90. 

Creating an antigen specific response therefore requires a higher level of spatio-

temporal control, which is where the lymph node becomes so vital.  

The first requirement for an adaptive immune response, is the presence of a 

hugely diverse population of T and B lymphocytes in peripheral circulation. While 

both types of lymphocytes are responsible for generated antigen specific immunity, 

they go about it in distinct ways91. T cells are responsible for cell immunity, the most 

common being CD4+ and CD8+ T cells. CD4+ T cells are referred to as helper T 

cells, and act in a support role to modulate the immune response through cell-cell 

interactions and production of cytokines. CD8+ T cells, or cytotoxic T cells, are 

responsible for direct killing of antigen possessing cells91,92. B cells, on the over hand, 

direct the humoral response by producing antigen specific antibodies. These released 

antibodies aid in clearance of antigen through a variety of pathways including 

neutralization, opsonization, and complement activation93. 

Each naïve T lymphocyte has a unique T cell receptor (TCR) and each naïve B 

lymphocyte has a unique B cell receptor (BCR). Theoretical estimates of the total 

number of possible TCRs or BCRs predict a number as high as between 1012-1018 

different options94. This diversity is vital for the ability to respond to any number of 

novel challenges. The next requirement is the capture of antigen for presentation for 
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find the cognate lymphocyte for a particular antigen. To ñpresentò antigenic material, 

specialized antigen presenting cells (APCs) have the capacity to phagocytose, process, 

and present such material on a major histocompatibility complex (MHC) molecule on 

the cell surface95. MHC class I and class II molecules are recognized by CD8+ and 

CD4+ T lymphocytes, respectively96ï98. B lymphocytes interact with MHC class II 

molecules exclusively99. Other co-receptors on the surface of both lymphocytes and 

APCs help to facilitate this interaction100. In distal tissues, a variety of different 

professional and non-professional APCs have a capacity to uptake and present antigen 

on MHC molecules96ï98. After exposure to inflammatory signals, APCs in tissue 

undergo a maturation process to upregulate expression of lymphoid chemokines to 

attract lymphocytes101,101ï103. Additionally, the maturation process allows these primed 

APCs to enter lymph vessels and gain access to local draining lymph nodes104. For 

soluble antigen present in lymph, specialized lymph node resident cells, called 

follicular dendritic cells, are capable of capturing soluble antigen within the lymph. In 

either case, APCs are presenting antigen within the lymph node lobule. Finally, the 

last component of the adaptive response, is the presence of lymphocytes within the 

lymph node. Similar to the rest of the fluid lymph, lymphocytes are constantly being 

recirculated between the blood circulation, lymphatic vessels, and lymph nodes. 

Through a complicated cell-cell signaling cascade, when a lymphocyte is presented its 

cognate antigen via an APC within the lymph node, hyperproliferation of that 

lymphocyte and the launching of an adaptive response follows100. 
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In addition to distal immune cells changing to initiate a response, the lymph 

node and local lymphatics undergo major adjustments to expedite and accelerate the 

process105. First, systemic inflammatory cytokines and signaling molecules induce 

lymphangiogenesis, or the process of lymphatic vessel growth from preexisting 

vessels7,106,107. This process closely mirrors angiogenesis in blood endothelial 

vessels56,108ï111. The resultant increase vessel density increases the opportunity for 

antigen and immune cells to travel to local draining lymph nodes112,113.  

Furthermore, systemic inflammatory cytokines induce changes to both local 

lymph node endothelium as well as peripheral lymphocytes. This process, typically 

referred to as ñhomingò dramatically increases the rate of lymphocyte uptake in the 

lymph node via upregulation of key cell-adhesion molecules (CAMs)24. During 

normal inflammatory conditions, a single inguinal mouse lymph node recruits around 

2% of all the recirculating pool per day114. However, during inflammation this rate of 

uptake is markedly increased24,65,66,115ï119. This rapid accumulation of lymphocytes 

leads to a large shift from lymphocytes in peripheral tissues and blood to secondary 

lymphoid organs. 

Next, to ensure sufficient time for the interaction between necessary immune 

constituents, during states of inflammation the lymph node blocks cellular egress from 

the lobule into the efferent lymphatic vessels. Typically, lymphocyte egress is 

mediated by sphingosine-1-phosphate produced by (LECs) in the medullary region of 

the lymph node120ï122. During inflammation however, the interaction between this 
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molecule and sphingosine-1-phosphate receptor-1 (S1P1) is blocked. It was 

determined that IFN-alpha and IFN-beta, two cytokines released by activated 

lymphocytes, have been shown to inhibit S1P1 functionality and promote lymphocyte 

retention in the lymph node66,123ï125.  

Aside from recruiting immune constituents and directing interactions, the 

lymph node is a remarkably plastic organ and undergoes extraordinary architectural 

changes to aid in the adaptive response126. Following exposure to systemic 

inflammatory signals, the lymph node stromal compartment remodels to enable an 

increase in size and cell content127,128. The FRC meshwork within the lobule has been 

shown to play a major role in expediting the adaptive immune response by supporting 

architectural changes, recruiting immune cells, coordinating cell-cell interactions, and 

acting as APCs37,129. To effectively manage the increased cellular content during 

inflammation, it is necessary for the lobules within the lymph node to expand in size. 

One of the main mechanisms controlling this expansion is the CLEC-2-podoplanin 

(PDPN) axis130,131. PDPN is a transmembrane glycoprotein expression of the surface 

of FRCs132. Under non-inflammatory conditions, PDPN has been shown to regulate 

actomyosin contractility of FRCs, maintaining a contracted lobule scaffold. During 

inflammation, however, mature dendritic cells expressing CLEC-2, a PDPN receptor, 

are present in the lymph node. CLEC-2 binding to PDPN on FRCs has been shown to 

attenuate PDPN-mediated contractility, resulting in FRC scaffold relaxation. The 

relaxation allows for expanded networks to accommodate more cells. Inflammatory 
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mediators also modulate capsule relaxation to assist this growth133. Additionally, local 

innervation of the lymph node plays a large part in structural modifications134,135. 

Sensory neurons and nociceptors within the lymph node are responsive to 

inflammatory mediators, both to promote and regulate an immune response. While the 

details of the full control the sympathetic nervous system has on the lymph node are 

still being uncovered, researchers have found that these specialized nervous tissues 

have roles in cell recruitment, lymphatic flow, capsule relaxation, and immune cell 

direction. Finally, the vasculature within the lymph node undergoes significant 

changes during inflammation136. Following pro-inflammatory signals, the HEV 

network greatly expands in size to recruit more cells and certain CAMs are 

upregulated to recruit other myeloid cells and activated lymphocytes in addition to 

naïve lymphocytes136ï138. 

At this point following an immune challenge, the lymph node has recruited the 

critical cells, limited cellular egress, and modified its structure to accommodate an 

adaptive immune response. The lobule houses all the necessary factors and given 

enough time, an adaptive response will be unleased. Some of the ways antigen can be 

presented are by: i) FDCs within the B cell follicle, ii) stromal cells of the FRC 

scaffold, iii) migratory APCs that have been activated and traveled to the lymph node, 

or iv) other lymphocytes within the lobule29,139ï141. Lymphocytes move through the 

lobule via random walk and make contact with hundreds of APCs142,143. Most 

lymphocytes never find cognate antigen, but only one match is needed to launch a 
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response. Antigen presentation is complex process involving antigen specific receptors 

(TCR or BCR) and the MHC molecule on the APC144. While a cognate antigen match 

will activate the lymphocyte, co-receptors in this process direct specific cell fate and 

function and result in a large diverse group of activated lymphocytes145,146.  

For B lymphocytes, entering cells migrate directly to primary follicles in the 

cortex and interact with FDCs for about 24 hours147,148. When a cognate antigen is 

displayed that B lymphocyte undergoes clonal expansion, in which many clones of 

that specific B cell are made through hyperproliferation149. Proliferating cells create a 

germinal center within the primary follicle, and through a process called somatic 

hypermutation, the activated B cell population iteratively produces high affinity 

antibodies150. This process peaks at around 7-10 days and can last for as long as 3 

weeks post antigen exposure151. From here, germinal center B cells differentiate into 

mature memory B cells and plasma cells152. As for T cells, after antigen is presented in 

the T cell zone of the paracortex, activated cells are stimulated to hyperproliferate in 

approximately 1.5 to 2 days153. Activated T cells take on a number of different forms, 

including CD8+ cytotoxic T cells, and a range of CD4+ helper T cells154. In both 

cases, after clonal expansion occurs, activated lymphocytes egress from the lymph 

node and the adaptive response is launched in full91. Activated lymphocytes are able to 

reach sites of disease and inflammation, through local endothelial signaling, to carry 

out the response. 
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1.2 Diseases of the lymph node 

1.2.1 HIV  

1.2.1.1 Introduction  

The human immunodeficiency virus (HIV) is a disease of the immune system, 

and the lymph node plays a major role in its pathology. HIV is a retrovirus that infects 

key immune cells, such as T lymphocytes, macrophages, and dendritic cells, and is 

one of the largest sources of morbidity and mortality in the world 155,156. Infection with 

HIV causes a continuous loss of CD4+ T cells and a host of other adverse immune 

effects that severely limits the bodyôs ability to fight of infection and disease 157. The 

pathogenesis of HIV is very well studied, which has led to a multitude of drug 

development strategies. The primary binding site for HIV is CD4 followed by 

coreceptor binding to CCR5 or CXCR4, which leads to the potent attack of CD4+ T 

cells. The virus then fuses with the membrane of the cell, releasing viral RNA which 

undergoes reverse transcription to from double stranded DNA. Viral DNA integrates 

into the host DNA, and replication in the CD4+ T cell is hijacked by the virus to 

produce more HIV proteins. New HIV virus is assembled and protease released 

creates a new mature virus 158. That danger in HIV is that a host cell not only gets 

infected, but becomes a constant source of new virus in the body, furthering disease at 

a rapid rate155ï158.  
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1.2.1.2 HIV Treatment  

Aside from simply the production of more virus, the rapid turnover and 

replication leads to numerous mutations, about one mutation every few replications159. 

In a single patient the sequence envelope gene, the gene for encoding proteins for 

receptor binding, varies by 0.6-1% per year, and between patients with HIV this gene 

differs by about 25-35%160ï162. For this reason, the development of an HIV vaccine 

has been a major difficulty. Although an HIV cure is still absent, there have been 

positive treatment advances made in recent decades, including antiretroviral (ARV) 

therapeutics163. The advent of combination antiretroviral therapy (cART) has been an 

overwhelming success; nearly every HIV-infected person treated with multi-drug 

cART is able to achieve durable suppression of virus in the blood plasma below the 

detection limit, with substantial decreases in HIV-associated morbidity and 

mortality164. cART is the gold standard treatment for viral suppression and the 

protection against the development of drug resistant strains156. In the United States and 

Europe, approximately 25 antiretroviral drugs have been approved for use in humans, 

spanning five different classes of drug, each targeting unique stage of the HIV virus 

life cycle. These drug classes include nucleoside reverse transcriptase inhibitors 

(NRTIs), integrase inhibitors (INSTIs), non-nucleoside reverse transcriptase inhibitors 

(NNRTIs), protease inhibitors (PIs), and entry or fusion inhibitors. Early on these 

drugs were given as a monotherapy, however the standard has evolved to a 

combination therapy of typically three ARV drugs165. This was determined to be most 

effective when considering turnover rate, mutation likelihood, and size of virus 
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population166ï169. A typical cART regimen includes two NRTIs with either an INSTI, 

NNRTI, or PI as the third drug in the cocktail170. Despite the success of cART in 

immensely reducing viral load in the blood and improving morbidity and mortality 

rates, it is not a cure for HIV and lifelong treatment is necessary. When a patient is 

taken off cART, viral loads quickly rebound to pretreatment levels171. The viral DNA 

still remains in latently infected T cells, can actively still replicate in some individuals, 

and can remain viable in certain anatomical reservoirs, such as the lymph node172ï174. 

1.2.1.3 Pharmacological sanctuary sites 

One of the main challenges of treatment of HIV is the nomadic nature of the 

cellular targets. T lymphocytes traverse many different tissues repeatedly throughout a 

8-15 year life span175. Often times, T lymphocytes enter pharmacological sanctuary 

sites, or locations in the body that exhibit suboptimal ARV concentrations. A 

suboptimal ARV concentration can allow for viral replication to out-pace the 

antiretroviral biological mechanisms. A number of viral pharmacological sanctuary 

sites exist throughout the body, including the central nervous system, gut-associated 

lymphoid tissue, testes, and the lymph node (Figure 1.3A-C)176. Infected T 

lymphocytes in these tissues are able to escape systemic therapies which is one of the 

reasons that a sterilizing HIV cure has yet to be achieved. The significance of this 

finding to patient health is not well understood, but this may be related to the high 

levels of systemic inflammation observed in suppressed HIV patients177, which are 
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associated with accelerated aging and increased incidence of inflammation-associated 

disease156,178. 

HIV infection establishes latent memory CD4+ T cells that can be maintained 

indefinitely with stem cell like qualities, as well as generate long term infection in 

naïve immune cells179ï183. This reservoir of inactive infected cells is established in 

patients in as little as three days184. Although this reservoir is inactive, it has a high 

capacity to rebound and resume replication of virus. cART can prevent replication 

with a high degree of success, however it cannot destroy cells with the integrated viral 

DNA and low levels of replication still occur in a portion of patients185,186.  

Lymph nodes are one of the biggest culprits  in maintaining the viral reservoir 

due to the sequestering of immune cells, poor small molecule transport, and poor 

clearance mechanisms187,188. Biodistribution studies show heterogeneous drug 

distribution in tissues, and almost complete exclusion in the lymph node. Additionally, 

in both human and non-human primate models, elevated levels of HIV RNA have 

been found in lymphoid tissues. It is estimated that during ART, it would take several 

decades for these reservoirs to decay, meaning current gold standard therapies will 

never achieve a sterilizing cure. 

1.2.1.4 Latent infection 

After a T lymphocyte is infected by HIV, there are a number of cellular states 

observed in vivo172. After challenge with virus and prior to treatment, a major pool of 

the CD4+ T cell populations is infected. Once cART treatment begins, most of the 
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infected pool dies off, however a small fraction of these lymphocytes called the latent 

pool is able to survive due to decreased activation189. These are typically CD4+ cells 

that have been activated and returned back to a resting state to persist as memory T 

cells. This latent pool is able to be maintained for years through homeostatic 

proliferation190. There is evidence that certain cell populations, such as these latently 

infected T lymphocytes or CD4+ T memory stem cells, are able to harbor high levels 

of virus and viral DNA even under cART therapy172,179. These cell pools maintain the 

HIV reservoir for the entirety of the treatment because antiretroviral drugs are 

designed to interfere with the viral replication process191. Latent cells have HIV 

provirus integrated into the hostôs DNA, however when not actively replicating are 

unaffected by the cART treatment (Figure 1.3B-C). Aside from pharmacological 

sanctuary sites, the latent viral reservoir is one of the foremost challenges with 

establishing a sterilizing cure. 

1.2.1.5 The controversy of active replication during ongoing cART 

One topic up for dispute in the HIV community is the concept of active 

replication while patients are on cART due to low drug doses in pharmacological 

sanctuary sites. Recent studies have shown evidence supporting both the 

presence187,192ï194 and absence195 of ongoing viral replication in sanctuary sites such as 

the lymph node using various techniques to trace viral sequences of HIV-1 DNA in 

cells sampled from blood and lymph nodes. Interestingly, using a computational 

model of cell, drug, and virus transport in the lymph node, our collaborators in the 
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Zurakowski group were able to determine that ongoing replication in the lymph node 

was likely occurring and current experimental methods did not possess the necessary 

sensitivity to detect genetic divergence in collected tissues196. If ongoing viral 

replication is occurring in sanctuary sites, this phenomenon could be contributing to 

the continued high levels of inflammation seen in patients during treatment. 

1.2.1.6 Novel treatment methods 

Even with the problems of pharmacological sanctuary sites and the latent 

reservoir, the gold standard for the treatment of HIV is still cART and new ARV 

candidates are still currently being developed163. However, researchers are 

investigating potential novel therapeutic options for improved patient outcomes. The 

first class of drugs that are being explored are latency reversing agents (LRAs). This 

method in combination with cART therapy is commonly referred to as the ñshock and 

killò strategy, in which LRAs reactivate latently infected T lymphocytes which allow 

ARVs to work as intended197,198. Different LRAs, including PKC activators, HDAC 

inhibitors, and methylation inhibitors are being investigated for use separately or as a 

cocktail. While this strategy has shown some potential, the heterogeneity of uptake in 

different reservoir sites, including the lymph node has limited the success to this point 

as a new clinical standard.  

The next category of novel HIV treatment strategies are broadly neutralizing 

antibodies (bNAbs), which are antibodies that block many different HIV strains from 

entering healthy cells199ï201. bNAbs have promise and are shown to kill HIV-1 infected 
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cells and encourage involvement of host immunity. However major limitations, 

including the emergence of resistant viruses, suboptimal prevention of cell-cell 

transmission, and undefined impacts on the HIV reservoir, still need to be addressed.  

The most aggressive new treatment strategy being explored is allogeneic 

hematopoietic stem-cell transplantation (HSCT), which is the transplantation of donor 

stem cells to fully repopulate the patientôs blood with cells possessing a CCR5 

mutation1,12. These cells with mutant HIV co-receptor CCR5 are resistant to the HIV 

virus. This treatment is complex and requires total body irradiation of the receiving 

patient to kill the native immune cell population and this procedure has only been 

attempted a handful of times due to the unique genetic requirements. However, at least 

3 patients who have received this treatment have not presented with further infection 

and were deemed to have been cured.  

Finally, aside from new methods bringing us closer to a sterilizing cure, pre-

exposure prophylaxis (PrEP) treatments are rapidly growing in popularity170. PrEP 

includes a two-drug regimen and is taken prophylactically by individuals who at high 

risk for HIV exposure. While PrEP has shown to be highly effective, further data is 

needed to determine the impact on HIV epidemiology. 
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1.2.2 Metastatic cancer in the lymph node 

1.2.2.1 Introduction  

It is estimated that upwards of 90% of cancer-related deaths are due to 

metastasis202,203. Metastases are secondary malignant growths that occur in the body 

away from the primary tumor site. This is seen as a two-phase process, first of which 

being tumor cells physically reaching distant sites. Intravasating tumor cells must 

invade the circulatory and lymphatic system while remaining hidden from the immune 

system to become circulating tumor cells (CTCs). These CTCs then extravasate into 

distant tissues64. The second phase of the process is the preparation of the distant site 

to accept these cells and establish metastases. This portion of metastasis is much less 

understood and is due to a myriad of biochemical and biophysical cues204,205. If the 

conditions of both phases are met the tumor cells will proliferate, a tumor 

microenvironment is established, and a metastatic legion is formed206. The 

consequences of reaching distant sites are grave, as diagnostic techniques lack the 

resolution to detect micro-metastases and treatment options become severely limited. 

Stage II and III cancer, where tumor cells have infiltrated lymph nodes but have yet to 

reach distant sites, is an immensely important disease state. First, metastasis to the 

lymph node correlates to a worse patient prognosis, however the mechanisms of this 

are poorly understood207. Second, the prognosis becomes even worse in Stage IV. In 

fact, in breast cancer the 5-year survival rate drops from 85% to 27% when going from 

regional lymph node infiltration to distant invasion208. Some primary cancers are more 

prone to metastasize to local draining lymph nodes than others. The most common of 
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these cancers includes breast, skin, gastrointestinal, liver, pancreatic, and lung 

cancer209. Discovering how lymph node metastasis supports disease progression is a 

critical component to improving therapeutic design and the future of cancer treatment. 

1.2.2.2 Premetastatic niche 

As discussed above, tumor cells escaping the primary site is not enough for a 

metastasis to develop. The distant tissue must be ñprimedò and ready to accept the 

tumor cells. Lymphangiogenesis is commonplace in cancer, and a major factor in the 

metastasis to the lymph node210,211. Increased production of VEGF-C and VEGF-D in 

tumors leads to a strong lymphangiogenesis response, and also correlates to an 

increased lymph node metastasis potential. The increased presence of lymphatics 

around the primary tumor may give an increased probability of extravasating tumor 

cells to reach the lymph node212. Another theory is that lymph node enlargement and 

remodeling that accompanies and increased flow leads to architectural changes that 

make the lymph node suitable for metastasis213. In addition to sequestering tumor 

cells, this increased lymphatic flow in the region leads to numerous soluble factors and 

vesicle-derived factors reaching the lymph node and further preparing it for the 

formation of a legion214,215. Tumor derived extracellular vesicles (TEVs) carrying a 

variety of payload, such as mRNA, miRNA, or proteins reach the tumor-draining 

lymph node (TDLN) where they aid in the retention, recruitment, and progression of 

the metastasis216. It has been shown that the subcapsular sinus macrophages 

phagocytose these TEVs, however not much is known about specific payloads that are 
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delivered and how TEVs avoid macrophage clearance1. Aside from local impacts to 

aid in tumor cell accumulation, after metastatic lymph node lesions form they further 

prime distant sites to create a premetastatic niches via the release of soluble protumor 

factors209,218ï220. 

1.2.2.3 Immune evasion and tolerance 

Concurrently with the lymph node being prepared for the arrival of cancer 

cells, interactions with the immune cells also change as compared to healthy tissue. 

Effectively, antigen is being delivered to the site designed to process it and begin a 

response, however the response is subdued or in many cases tolerance is promoted. 

This tolerance can be a product of a number of immune cells, both within the lymph 

node and upstream in the tumor microenvironment (TME).  

Subcapsular sinus (SCS) macrophages are the first line of defense in the lymph 

node. These cells have the potential to present antigen CD8 T cells221. Higher presence 

of SCS macrophages is associated with a more favorable prognosis222. Tumor 

associated neutrophils, have been shown to be generally protumor by suppressing 

cytotoxic T cells and secreting pro-inflammatory markers223. The mechanisms of their 

involvement in the lymph nodes are still poorly understood. In addition to myeloid 

derived immune cells, normal lymphocyte function is greatly diminished, and the 

tumor antigens are generally tolerized224. Strong antitumor immunity is rarely 

generated by tumor draining lymph nodes. For T lymphocytes, this tolerance is aided 

by cross-presentation of tumor antigen by tolerogenic APCs, apoptosis of normal 
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APCs, and expanding the supply of regulatory T cells225,226. Natural killer (NK) 

lymphocytes typically do not reach the primary tumor site and are usually found in the 

stroma around the tumor227. In the metastatic lymph node, infiltration of NK cells is 

seen, however they show a markedly lower cytotoxicity228,229. Finally, TEVs can 

induce immunosuppressive B cells in the TDLN with increased protumor antibody 

production, as well as increased incidence of regulatory B cells to dull the effector cell 

antitumor response217,230. In addition to dysregulation of local immune function, 

metastasis in the lymph node can help to propagate these tolerogenic effects 

throughout the rest of the body, including peripheral blood, distant tissues with 

metastatic potential, and other secondary lymphoid organs. 

1.2.2.4 Changes to lymph node architecture 

Metastatic lymph nodes also undergo drastic architectural changes that support 

the growth of tumors. Fibroblastic reticular cells (FRCs) are integral in recruiting 

lymphocytes as well as producing collagen necessary for the maintenance of the 

meshwork in the lymph node that facilitate antigen and immune cell interaction46,231. 

FRCs aid in the tolerance of tumor antigen by allowing deletional tolerance and 

inhibiting effector cell proliferation32,33,232. The dysregulation of FRCs also led to the 

complete interference of the lymph node architecture. A disorganization of T cell and 

B cell zones and an amplified collagen network density may disturb the spatial and 

temporal interactions of immune cells and allow the adherence and migration of 

cancer cells233,234. Finally, mechanisms of vascular change in the lymph node need 
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further elucidation. Many studies have found lower levels of VEGF and angiogenesis 

in the TDLN than the primary tumor site, as well as lower vascular densities in 

metastatic lymph nodes than healthy ones235ï239. Other studies suggest that there is 

increased VEGF in metastatic lymph nodes that either increases the number of HEVs 

or only increases the diameter of existing blood vessels240,241. Finally, in some 

instances, HEVs are shown to be dysregulated and perform poorly in recruiting 

lymphocytes. In one study, patients with metastatic breast cancer presented with HEVs 

that were dilated, thinned and discontinuous, and showed a markedly decrease 

expression of lymphocyte recruitment CAMs, such as PNAds242. This highlights the 

need for further investigation into the phenotypic changes to the lymph node, and their 

governing biological mechanisms. 

1.2.2.5 Disease progression 

Although we have a moderate understanding of many of the important 

participants in lymph node metastasis, there is a vast number of mechanistic questions 

still left unanswered. Specifics about immune-tumor cells interactions, the 

implications of structural changes, and optimal treatment guidelines have yet to be 

illuminated. While lymph node metastasis has long been a critical prognostic indicator 

and predicts poorer patients outcomes, there has been debate in the clinic for decades 

as to its specific role in disease progression243,244. Immune response dysregulation and 

promotion of central tolerance is an accepted phenomenon, however the degree to 

which tumor cells present in draining lymph nodes escape and reach distant sites as 
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compared to blood endothelial escape in the primary tumor is still a subject of debate. 

HEVs have been shown as a potential exit route for tumor cells from the lymph node 

lobule into the peripheral blood245. In other studies, tumor cell evolution and 

phylogenetic neighbors have been mapped out to show direct evolution of distal 

metastasis from lymph node resident subclones246,247. However, the direct impact of 

these events on disease progression as compared to blood endothelial tumor cell 

escape has yet to be revealed.  

1.2.2.6 Therapeutic options 

Current clinical treatment options for metastatic cancer in lymph nodes are 

insufficient at consistently managing the disease. The first challenge, is that the 

detection of micrometastases is unreliable at best. A wide range of imaging modalities 

have been attempted including magnetic resonance imaging (MRI), ultrasonography, 

computed tomography (CT), single photon emission computed tomography (SPECT-

CT), and positron emission tomography (PET-CT)248ï255. However, most of these 

methods result in insufficient sensitivity to identify small lesions. PET-CT remains the 

gold standard in the clinic, however this relies on morphological changes and 

confirmation with a biopsy for accurate diagnosis256ï259. For this reason, only obvious 

metastases are able to be tracked, and micrometastases may be ignored in early stages.  

Once a lymph node metastasis is detected and confirmed, the next challenge is 

limitations in clinical approved treatment strategies. The gold standard treatment for 

most metastatic cancers includes a chemotherapeutic regimen. In breast cancer for 
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example, a variety of small molecules exist for neoadjuvant therapy and this list is 

expanded when metastasis is detected260. This systemic approach has the capacity to 

treat all micrometastases, whether they are detectable or not. Unfortunately, the 

phenomenon of poor drug penetration into the lymph node lobule is not unique to only 

HIV, as similar drug transport challenges have been observed for 

chemotherapeutics36,261,262 (Figure 1.3E). In order to overcome these transport 

challenges, the only course of action is increased systemic doses. This strategy 

however can result in severe and long-lasting side effects, such as lymphedema, 

neurotoxicity, and cardiotoxicity263ï265. Additionally, if a lymph node metastasis is 

large enough to be detected, these lesions may also be targeted in combination therapy 

using irradiation techniques. However, again micrometastases will be missed266,267. 

The final main clinical practice used for the treatment of lymph node 

metastasis is lymph node is lymph node dissection (LND). In LND, tumorous lymph 

nodes are removed from the patient in hopes to limit further disease progression. This 

practice has been in place for many decades, however recent studies are showing the 

drawbacks of this approach may outweigh any potential benefits. First, patients exhibit 

severe lymphedema following LND for the entirety of their lives, especially breast 

cancer patients268. Further, studies have shown that cancer patients receiving LND 

showed no significant difference to survival benefit after 5 years269ï271. These 

practices have been common in breast cancer and melanoma for decades, however in 
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recent years LND is being phased out of early disease treatment, which a combination 

of chemotherapy and radiation as the preferred method272.  

Overall, clinical management of lymph node metastasis is a continually 

evolving process as new detection and treatment methods are discovered259,273, and 

clinical trial results are understood with greater context. In all cases, metastasis to the 

lymph node is still a very poor prognostic factor and can aid in disease progression. 

Researchers are striving to find novel strategies for improving treatment potential, and 

some of these methods will be highlighted in section 1.4. 

1.2.2.7 Tertiary lymphoid organs 

A newer area of developing research in understanding inflammation associated 

diseases, such as cancer, is the development of ectopic immune tissues207,274. Ectopic 

HEVs have been seen in numerous primary human tumors including breast cancer, 

lung cancer, colorectal, and melanoma275ï277. It has been shown that these ectopic 

HEVs are able to improve recruitment of lymphocytes to the tumor, and their presence 

predicts a favorable prognosis for patient survival. The next stage following the 

development of HEVs is the formation of tertiary lymphoid organs (TLOs) in these 

sites of high inflammation. TLOs are aggregates of immune cells, including HEVS, 

lymphocytes, lymphatic vessels, and APCs, that mimic lymph node structure and 

function. Additionally, TLOs have been confirmed in metastatic sites, including 

metastatic colorectal cancer and melanoma277,278. There is still debate as to how TLO 

presence impacts prognosis based on numbers of TLOs and different forms of 
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cancer279. However, with newer immunological understandings and tools for treating 

cancer, TLOs have been an increasingly interesting target for immunotherapy and 

drug delivery approaches280ï283.  

1.3 Drug transport in the lymph node 

1.3.1 Poor penetration and tissue heterogeneity 

1.3.1.1 Introduction  

The unique architecture of the lymph node leads to isolation from the rest of 

the body, both a desired result and a consequence with major implications of disease. 

An adaptive immune response requires major spatiotemporal control of all the various 

constituents. Antigen needs to be delivery and presented in a timely manner, 

lymphocytes need to be recruited from distant peripheral tissues, and the lobule must 

be maintained as a bioreactor for presentation and clonal expansion. The only feasible 

way for this control is precisely modulated barriers with both lymph and peripheral 

blood. The lymph node is highly efficient at this process, and this confluence of events 

in peripheral blood and tissue is statistically improbable. The consequence, however, 

of this success, is poor small molecule drug penetration into the lobule. When lymph 

node resident diseases are involved, such as HIV and metastatic cancer, the tissue 

tasked with directing a response against the disease ironically becomes a sanctuary site 

for it. This challenge has resulted in the prevention of a sterilizing cure for HIV and 

aids in disease progression in cancer. Better understanding of these barriers and how 
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to overcome them will offer significant insight into effective therapeutic disease to 

combat these diseases. 

 

Figure 1.3: Drug transport in lymph node: A) Drug distribution within non-human 

primate LN is heterogenous (adapted from Scholz et al. 2021). Only 

0.4% spatial overlap of the 4 ARV regimen is achieved. This 

heterogeneity resulted in the presence of B) HIV virions and C) cell-

associated HIV RNA around low local ARV concentrations. 

(Permissions in Appendix C) 

1.3.1.2 Tissue architecture 

Many common therapeutics for cancer and HIV involve intravenous injection 

or infusion into the blood. Therefore, the first main challenge for these small molecule 
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drugs to overcome is the blood endothelium in the lymph node. As described 

previously in section 1.1.2.4., this unique endothelium possesses a continuous 

capillary network, low endothelial venules, and HEVs. These vascular sub-types allow 

passive diffusion of water and dissolved gases, but partially restrict passive transport 

of larger molecules due to the unique endothelial tight junctions. Lipophilic drugs may 

still passively cross the barrier via transcellular diffusion, but polar and ionic drugs 

will be restricted to vesicle-mediated active transport. It has further been postulated 

that net ion transporters, similar to those in the kidney or blood-brain barrier, must be 

present in the HEV, facilitating a counter-gradient net ion flow from the LN 

parenchyma to the venous lumen, in order to balance the observed osmotic flows284; 

this would further exclude ionic drug species from the LN parenchyma by actively 

pumping the drug out of the lobule. The limited transport of solutes through the 

vasculature has been demonstrated experimentally by examining the compositional 

changes in effluent lymph during induced increases in blood pressure ï increased 

blood pressure produced a linear dilution of all the species measured in the effluent 

lymph, suggesting that only the transport of water across the vasculature was 

increasing285. Therefore, getting any meaningful concentration across this barrier using 

passive transport would require non-feasible blood concentrations.  

The other fluid compartment in the lymph node, the sinuses, also has unique 

challenges that need to be overcome for successful therapy. The general lymphatic 

draining pathways have been well characterized, however every individual has a 
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unique lymphatic system. For example, different individuals may have anywhere 

between 20 and 30 axillary lymph nodes286. However, many studies have highlighted 

the capacity of small molecules, proteins, and nanoparticles to cross this sinus barrier 

into the lobule1,36. Therapeutics larger than 70 kDA are not capable of crossing this 

sinus barrier or passing into the conduit system. However, SCS macrophages and 

sinus LECs are capable of scavenging these molecules and shuttling them into the 

lobule217,287ï290. Smaller molecules will have more success in passively crossing this 

barrier, however disease states may alter these capacities46,291ï294.  Transport between 

the lymphatic sinuses and the lobule is regulated by the walls of the lymphatic sinus, a 

fenestrated LEC and FRC network that allows size-gated, passive diffusion. Under 

physiological flow conditions, the hydrodynamic pressures are close to balanced ï 

97% of the fluid volume entering the afferent lymphatics exits via the efferent 

lymphatics, with only a small net fluid flow from the lymphatics to the vasculature 

(during normal physiological conditions) or from the vasculature to the lymphatics 

(during high blood pressure conditions)285. Exiting fluid may transit through 

subsequent LNs, but ultimately it is returned to the bloodstream through the thoracic 

duct. Cell populations such as macrophages, antigen bearing dendritic cells (DCs), and 

some lymphocytes are known to enter the lobule from the lymphatic sinuses, but the 

rates at which this occur are not well characterized295. Therefore, using lymphatics for 

delivery to the lymph node has shown some success, however the overall uptake of 

drug is hugely variable and hard to predict. These methods are best suited for 

superficial lymph nodes and more challenging for deep lymph nodes. 
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1.3.1.3 Issues in specific diseases 

As discussed in greater detail in section 1.2, lymph node resident diseases 

present massive challenges in current treatment for HIV and cancer (Figure 1.3). The 

primary reason for this is poor drug penetration into the lobule and sequestration of 

diseased cells following systemic antiretroviral and chemotherapeutic administration. 

In HIV, researchers have made progress in understanding this poor drug penetration 

using novel mass spectrometry tools296ï298. Studies have shown that the drugs in the 

cART regimen distribute heterogeneously in tissue and in some cases are largely 

excluded from the LNs192,193,296,299ï301. In both human and primate studies 

heterogenous drug distributions have been associated with elevated levels of HIV/SIV 

RNA in the lymphoid tissue, which may indicate the presence of localized ongoing 

replication in otherwise virologically suppressed patients299. In recent studies, 

following cART dosing of macaques, it was discovered that in mesenteric LNs the 

average area of antiretroviral (ARV) coverage was only 69%297. Furthermore, the 

average area of overlap of 2 ARV species was 11% and the average area of overlap of 

3 ARV species was 0.4%. Since a typical cART regimen is a combination of all 3 

ARV species, this result indicates that the full complement of drugs is achieved in less 

than 1% of the LN (Figure 1.3A). This finding along with the presence of cell-

associated viral RNA and virions detected via fluorescent in situ hybridization shows 

that while antiretroviral drugs are detectable in lymph nodes, they offer insufficient 

colocalized coverage (Figure 1.3B-C). While this kind of spatial mass spectrometry 
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has not been applied to lymph nodes following metastasis, this phenomenon is well 

understood in chemotherapeutics as well261,302,303. 

1.3.2 Lobule heterogeneity 

Another hurdle in lymph node drug delivery, aside from specialized 

endothelial barriers, is the heterogeneity of the organ itself. Lymph nodes are not 

stereotyped organs like the lung, kidneys, etc. Additionally, different individuals have 

varying sized and number of lymph nodes even within the same anatomical region. 

Lymph nodes are extremely plastic organs, and even the same lymph node will not 

have the same architectural characteristics over time. This presents massive challenges 

for the predicting of drug transport across a population level. Lobules vary widely in 

size, which can significantly affect drug transport rates. The interface between the 

lobule and lymphatic sinus defines the surface area of the lobule. This means that the 

size of the lobule will have a significant effect on the bulk transport rates, as the 

surface area grows proportionally slower than volume. The geometry of the lobules 

can vary widely between lymph nodes, as well as between different lobules within the 

same lymph node304,305.  

Transport between the lobule and the rest of the body is highly size-dependent. 

As the volume of the lobule increases, the surface area to volume ratio decreases, 

significantly reducing the transport rates of all species between the lobule and the 

lymphatic sinus. The net result is that increased lobule size is predicted to significantly 

isolate the lobule from the rest of the body. Our collaborators in the Zurakowski group 
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have validated this phenomenon computationally using a 3D Pharmacokinetic model 

of the lymph node, that bulk transport rates are determined by lobule size306. 

Under conditions of inflammation, these changes to drug transport may be 

further complicated. The variation in lobule size can be illustrated instead by the 

variation of the size of the B cell follicle subregion of the lobule, which has been 

extensively studied; follicles with diameters as small as 0.01 mm are common in 

uninflamed nodes, and follicles as large as 0.2 mm in diameter can be observed in 

inflamed LNs. Untreated HIV disease is known to occasionally result in 

lymphadenopathy where follicles as large as 2 mm in diameter have been observed305. 

Additionally, major blood endothelial changes occur as the vessel network growths 

and expands136. However, the interplay between these events has yet to be fully 

described, as sinus (lobule surface) and blood vessel network (lobule volume) growth 

are expected to change at different rates as the lymph node expands. These changes 

have implications in HIV treatment, where maintaining tissue level concentrations is 

vital for combating the disease and any system permutations can result in poorer 

therapy response. 

1.3.3 Models for studying drug transport 

1.3.3.1 In vivo models 

Our lack of extensive understanding of the drug transport phenomena in the 

lymph node can be largely attributed to the model systems that exist. The first, and 

most common, system for understanding drug transport in the lymph node are in vivo 
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animal models. Murine models have been used numerous times for PK/PD models and 

assessing lymph node drug concentrations307. Murine models are commonly used for 

cancer, and to study lymph node metastasis and therapeutic design308. Non-human 

primary (NHP) models have been used extensively to understand antiretroviral 

transport in simian immunodeficiency virus187,309. NHPs are the gold standard model 

for understanding drug transport due to their physiological relevance to human 

health299. However, there are a number of drawbacks. These model systems are often a 

ñblack boxò, in that drug transport is only understood at specified end-points. 

Dynamic information is traditionally missed. Additionally, in an in vivo model the 

blood and lymphatics are interconnected, unlike in the lymph node. This 

interconnectedness presents a challenge making distinctions between the two barriers. 

Finally, NHP and especially murine lymph nodes are much smaller than many human 

lymph nodes. This changes the number of lobules per lymph node, and the geometries 

of both the sinuses and vasculature. It is unclear how these changes impact transport 

across species, but they make allometric predictions challenging. 

However, there has been interesting methods developed to overcome some of 

these challenges in in vivo models. The first of which, is an intravital imaging method 

of the murine lymph node. In this procedure, popliteal lymph nodes are exposed 

behind the knee and are superficial enough to image intravitally310. This model is 

primarily used to understand immune cell movement and interactions. The second 

novel method is IR-MALDESI, which has been employed on NHP ARV models 
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(Figure 1.4). This mass spectrometry technique allows for spatial mapping of small 

molecule species to actual tissue architecture. It is a powerful tool in understanding 

drug transport, and will be discussed in greater detail in chapter 3. 

 

Figure 1.4: Spatial distribution of antivirals in NHP LNs.  A) IR-MALDESI analysis 

was performed on a lymph node from non-human primates dosed with 

FTC + TFV + MVC + ATZ. Relative concentration of total antivirals 

(Red) and Heme (green) is shown by intensity. (Figure courtesy of Dr. 

Elias Rosen) B) Interpretive segmentation in (a,b). Heme is associated 

with lobular blood vessels (stellate occurrences), and vessels associated 

with cortical sinuses and trabeculae (linear patterning). 
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1.3.3.2 Computational models 

As with many biological systems, the power of computational models has been 

employed to understand fundamental biology, make predictions, and reduce biological 

systems. A number of computational models have been developed to understand the 

lymph node, with varying goals. 3-Dimensional (3D) computational studies of lymph 

nodes have been done previously, but they focused primarily on fluid transport 

through the whole lymph node, and did not capture the details necessary to explore 

mechanisms of drug transport311ï314. These studies often model the lobule as a single 

interconnected compartment, which does not accurately mimic what is seen in vivo. 

Our collaborators in the Zurakowski lab have made great progress in better designing 

3D computational models of the lymph node to understand drug dynamics194,306,315. 

Anatomically accurate models of the lymph node containing vasculature and lobule 

geometries will be discussed further in chapter 2. 

1.3.3.3 In vitro  models 

Finally, organoid and organ-on-a-chip (OOC) platforms have made immense 

progress in recent years to simplify biological phenomena and remove confounding 

factors316ï322. Some systems have even been specially designed with endothelial 

barrier function to elucidate mechanisms of drug transport323ï326. There have been 

attempts to build reductionist models of the lymph node327ï338. However, it has proven 

difficult to isolate a culture HEV cells, which dedifferentiate outside the lobule 

microenvironment339. Any system lacking this endothelial cell phenotype cannot 
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accurately mimic the drug transport challenges. There has been more success in 

building LEC barriers in an in vitro system, however these models often investigate 

lymphatic vessels rather than lymph node sinuses340,341. The overwhelming majority of 

these lymph node OOC systems focus on cell interactions and movement, immune 

signaling, fluid flow dynamics, and toxicology and are not suitable to drug transport 

studies. Finally, some ex vivo systems have been employed to understand tumor-

immune cell interactions and intralobular diffusion, however these systems lack the 

compartmentalization of an intact lymph node342,343.  

1.4 Drug delivery strategies for the lymph node 

1.4.1 Introduction  

The issue of poor drug uptake in the lymph node is a widely accepted 

phenomenon, especially in the context of HIV, metastatic cancer, and vaccine 

delivery221,261,308,344ï354, and many innovative approaches are being developed to 

combat this308,355. Improved drug delivery to the lymph node could create substantial 

progress in overcoming one of the main pharmacological sanctuary sites in the body 

and offer new potential in our treatment capacity for lymph node resident diseases. 

The only current viable method for increasing drug doses within the lymph node is the 

use of increased systemic doses, which can lead to debilitating toxic side 

effects264,265,356. Therefore, current strategies being investigated aim to improve the 

functional targeting of lymph node tissue directly while mitigating off-target effects. 

The innovative technologies being studied for lymph node targeting consist of 
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engineered particle-based systems, live cell mechanisms, and direct injection 

strategies. Additionally multiple in vivo administration routes have been explored with 

varying potential and are used in concert with engineering design.  

1.4.2 Routes of administration 

One advantage of the multiple fluidic compartments in the lymph node is the 

potential for multiple routes of therapeutic administration. Each route has unique 

benefits and challenges, and often the chosen administration route will change with 

disease, therapeutic goal, and material design308,355,357ï359. First, lymphatic 

administration is a very common approach due to well characterized drainage and size 

exclusion, as discussed in section 1.1.2.3. This approach is common in metastatic 

breast cancer and melanoma, due to the predictable lymphatic draining pathways and 

lymph nodes at risk of metastasis. Additionally, this approach may be used for vaccine 

delivery and immunomodulation as systemic immune responses are capable of being 

directed by one or a few lymph nodes. The next option is traditional intravenous 

administration of therapeutics. The major advantages here are obvious rapid systemic 

distribution and no limitation to potential lymph nodes that can be targeted. However, 

as discussed in section 1.1.2.4., the lymph node blood endothelium is a unique 

endothelial barrier, and many standard small molecules and particle-based systems are 

ineffective. Researchers selecting this route utilize both cell shuttling and specific 

HEV targeting approaches to combat this. The final main category includes direct 

intranodal injections. All of the challenges associated with the fluidic barriers can be 
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avoided, however this route is invasive, limits repeated dosing strategies, and can only 

be applied to superficial lymph nodes. Current technologies using this distinct routes 

will be highlighted in the following sections.   

1.4.3 Particle-based technologies 

1.4.3.1 Introduction  

The first main category of lymph node targeted approaches is particle-based 

delivery systems. Particle-based delivery systems have been around for many decades 

for a number of applications including both diagnostics and treatment of disease360ï364. 

Currently, over 50 different nanoparticle systems are FDA approved for diseases such 

as cancer, autoimmune disorders, kidney disease, and much more365. Cancer treatment 

has been one area that has seen an explosion of nanoparticle technologies in develop, 

with over a dozen FDA approved and over a hundred in ongoing clinical trials366ï368. 

Nanoparticle systems can be synthesized using a wide range of material compositions 

and chemical strategies. These include, but are not limited to, inorganic, such as gold 

and silica, polymeric, lipid based, dendrimers, virus-derived, protein-immunoglobulin 

complexes, and cell-derived, such as exosomes or membrane wrapped. These systems 

each have unique qualities and functionalities, and have been explored for cancer 

applications. 

The chief advantages of nanoparticles as compared to traditional small 

molecule treatments include improved stability and solubility of cargo, the capacity to 

cross cellular barriers, enhanced retention and circulation, and reduced off-target 
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accumulation369ï372. These benefits in many cases offer improved treatment efficacy 

compared to small molecules, however, several drawbacks still exist. The targeting 

potential of many nanoparticle systems is often overstated, as many disease targets 

present challenges for particle transport. In one study, it was found that of the ligand 

coated nanoparticles injected intravenously, approximately only 0.7% reached the 

tumor site and only 0.0014% reached the cancer cells themselves373. While clearance 

may be marginally improved, nanoparticles < 10 nm are still subject to renal 

clearance, and nanoparticles > 10 nm are often rapidly sequestered in the blood and 

are cleared by the liver or mononuclear phagocyte system374. Nanoparticles can be 

quite reactive in blood, including adverse immune responses and reduced bio-

availability due to protein corona formation375,376.  

Even with drawbacks, some particle-based systems are separating themselves 

from the vast number of options due to efficacy and novel applications. Lipid-based 

nanoparticles (LNPs) have been increasingly common as they have shown the most 

success in crossing biological barriers due to the molecular surface chemistry and 

efficiency in delivering RNA based therapies361,377ï381. A newer area of particle-based 

delivery system being studied includes biomimetic nanoparticles and membrane-

wrapped nanoparticles. In these systems, cell derived material is used to coat the 

surface of a nanoparticle or add biological functionality, including cell-cell 

interactions and targeting. The biomimetic systems have been shown to improve 

retention by avoiding protein corona382ï384. Finally, although the vast majority of 
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particle-based systems are on the nano scale ( ~1 ï 1000 nm) microparticle ( > 1 µm) 

delivery systems have gained traction in a number of areas. While nanoparticles have 

a higher surface area-to-volume ratio, microparticles possess a larger overall volume 

per particle, enable a more controllable production and payload release properties, and 

are able to avoid MPS clearance385,386. 

1.4.3.2 Particle-based systems for the lymph node 

Of the strategies discussed previously, many have been applied to improve 

delivery of payload to the lymph node, most commonly for cancer treatment or 

vaccine delivery. The most common strategy for nanoparticle delivery to the lymph 

node utilizes the lymphatics for drainage to superficial lymph nodes. Some strategies 

employ upstream subcutaneous injections which results in drainage of particles into 

the lymph node343,345ï347,387ï392. Other similar strategies to target the lymph node via 

accumulation in a tumor. Engineering strategies take advantage of tumor 

microenvironment characteristics such as pH, to release payload from the tumor and 

drain to the sentinel lymph node393ï396. Finally, some particle-based systems are 

injected intravenously with the goal of accumulating in the lymph node via HEVs and 

the lymph node vasculature280,349,397,398. While some nanoparticle systems showed 

improved payload uptake and therapeutic potential in the lymph node, these platforms 

still result in substantial premature clearance, off target accumulation, and poor 

penetration into the lymph lobule.  
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1.4.4 Live cells 

The next major category of lymph node targeted drug delivery utilizes the 

innate abilities of cells to home to the lymph node and enter the lobule. Particles are 

fabricated to bind to cellular surface receptors after injection and use the migration of 

the host cells to gain access. Some strategies have used subcutaneous routes to target 

and bind to tissue resident dendritic cells345,346,399,400, and others are administered 

intravenously to bind to lymphocytes352ï354,401,402. Further, some approaches involve 

manipulating immune cells ex vivo or in vitro. This includes engineering approaches to 

improve efficacy of a hematopoietic stem cell (HSCs) graft as well as ex vivo surface 

modification of isolation primary cells354,403. While these approaches have obvious 

improvements of targeting capacity, many of these systems involve labeling the 

surface of lymphocytes with specialized nanoparticles or immune adjuvants designed 

to modify cell behavior, and therefore soluble drug is not freely released locally within 

the LN. Some surface labeled T lymphocytes are designed to release a payload; 

however, issues of particle phagocytosis, off target accumulation, and surface area 

limitations still persist severely restricting the deliverable dose. Other techniques 

involve the engineering of a cell with modified surface protein expression, which can 

result in dangerous off target effects or hyperinflammation. 

1.4.5 Dermal patches and injections 

The final main category being employed to improve lymph node drug delivery 

focuses on locally injected materials, included intranodal or engineered materials. 
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Direct intranodal injection has be shown to improve vaccine response and reprogram 

local lymph node microenvironments, however this method is highly invasive on only 

suitable for superficial lymph nodes220,351,404ï406. These methods are not employed for 

drug delivery needs as repeated doses are challenging.  

There has been a push in therapeutic design to allow for controlled, extended 

release in numerous applications407ï409. Extended release can allow for a constant 

stream of bioavailable payload, avoiding rapid clearance following bolus injections, 

and offer more patient friendly treatment solutions. These approaches have been 

extended to lymph node delivery utilizing the lymphatic drainage pathway to 

superficial lymph nodes. Strategies have included microneedle patches350,410ï412 

implanted in the skin or subcutaneous, as well as hydrogel systems implanted into 

subcutaneously with highly controlled release of small molecules and 

nanoparticles413,414.  

1.5 Thesis overview 

Poor drug penetration into the lymph node necessitates a multi-faceted 

approach. While the complex spatio-temporal design of the lymph node creates an 

ideal environment for efficient adaptive immune responses, it also leads to prominent 

challenges in the treatment of lymph node resident diseases. There are major gaps in 

knowledge surrounding treatment of disease in this tissue, including architectural 

influences on drug distribution, drug-immune cell interactions, and drug-tissue 

boundary interactions. In order to design improved therapeutics and create better 
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success rates for treating lymph node resident diseases, it is of the utmost importance 

to better characterize, validate, and model basic mechanisms and trends of the lymph 

node with respect to drug transport. In order to achieve this, we propose the use of a 

multi-faceted approach to the problem. In Chapter 2, using custom image 

reconstruction pipelines, we will reconstruct accurate anatomical models of the lymph 

node with multiple compartments, for visualization, quantitation, and simulation of 

drug distribution. In Chapter 3, we will characterize the role of cell-mediated 

transport of antiretroviral drugs into the lymph node, and the varying degrees this 

mode of transport impacts molecules with different characteristics. Finally, in 

Chapter 4, we propose the development of a cell-derived, drug agnostic delivery 

vehicle for the transport of small molecules drugs into the lobule for enhanced 

concentration and therapeutic effect. Together these studies will work to improve our 

understanding and management of drug transport in the lymph node, for lymph node 

resident diseases. 
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DEVELOPING METHODS FOR 3D ANATOMICAL  RECONSTRUCTION OF 

LYMPH  NODES FOR VISUALIZATION , QUANTITATION , AND 

NUMERICAL  SIMULATION  

Portions of this chapter were taken in whole or in part from Donzanti MJ, 

Moghadamnia Y, Kapinski AT, Zurakowski R, Gleghorn JP. ñ3D anatomical 

reconstruction of murine lymph nodes for visualization, quantitation, and numerical 

simulationò, Methods, (In preparation). 

2.1 Introduction  

Historically, much of biological experimentation has utilized 2D imaging data 

to explain and predict 3D phenomena. This is largely due to the limitations of existing 

imaging techniques, equipment, and software. While offering significant insight, these 

reductionist approaches are not representative of the entire 3D space used to govern 

organ and tissue development, cell and drug transport, tissue morphology, cell-cell 

signaling, and many more biological interactions. The rapid advancement of 

biomedical instruments and techniques in recent decades has greatly improved our 

ability to capture and probe complex 3D biological systems.   

Consequently, there has been a major push in recent years to use higher 

dimensional analysis to improve the physiological relevance of experiments and 

elucidate previously undiscovered mechanisms. This includes 3D genomics, 

Chapter 2 
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transcriptomics, and proteomics, spatial drug distributions, complex 3D imaging 

systems, and new ways to map multiple spatial data sets together from a single 

sample415ï419. In the context of drug transport in the lymph node, resolving accurate 

anatomical geometries such as vasculature and lobule architecture and mapping this 

information to spatial drug distributions is vital to understanding the complex 

mechanisms that govern this poor uptake. While advances in current reconstruction 

techniques have vastly improved potential in certain areas420, new methods are needed 

to tackle this problem. 

As discussed previously, small molecule uptake in the lymph node is very 

poor. However, spatial mass spectroscopy reveals that drug delivery is also highly 

heterogeneous. This includes across different drug species, different lobules within the 

same lymph node, different lymph nodes within the same individual, different 

inflammatory states, and at the population level. In aggregate measurements we can 

understand overall drug performance, however the specific mechanisms governing this 

significant heterogeneity are yet to be discovered.  

Improved methods for the 3-dimensional reconstruction of lymph nodes are 

vital for understanding geometric constraints on drug transport. The lymph node is a 

highly compartmentalized organ, which has major implications on drug transport. The 

foremost of these compartments, being the lobule, has only recently been identified as 

acting in discrete domains. The overall volume, surface area, and aspect ratios of the 

lobules as well as the surface area of the vasculature within the lobules are expected to 
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be key regulators of transport. Additionally, these parameters change dramatically 

between lymph nodes. An anatomically accurate reconstruction of a murine lymph 

node would allow for quantitative morphological analysis, tracking of cellular 

organization, and the mapping of spatial drug distribution. Current reconstruction 

methods applied to lymph nodes donôt offer the level of complexity or flexibility 

required to understand differences to drug distribution across drug classes, molecular 

characteristics, or tissue variability. 

Table 2.1: Traditional methods used for lymph node reconstruction. 

 

Traditional methods of reconstruction offer a variety of options for making 3D 

biological objects (Table 2.1). These techniques, however, present challenges in 

Method Pros Cons Solved by 

vibratome 

reconstruction 

method? 

uCT or small-

bore MRI (with 

or without 

corrosion 

casting) 

High resolution and fidelity of 

reconstructions Can easily 

detect fluid compartments 

No differential labeling of 

tissues 

Yes 

Serial sections 

(microtome/ 

cryotome) 

Can obtain very high (X,Y) 

resolution Allows for 

differential labeling 

- LN features, such as 

lobule or vasculature) have 

never been reconstructed in 

the literature  

- Extremely time 

consuming for collection 

and labeling 

Yes 

Whole mount 

imaging 

Allows for differential labeling 

and optical clearing 

Only works with very 

small tissues (popliteal LN) 

Yes 
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identifying key compartments of interest in the lymph node. First, micro-computed 

tomography (µCT) or small-bore magnetic resonance imaging (MRI) have been used 

to reconstruct both blood and sinus compartments within the lymph node312,421. While 

these methods produce an accurate high-fidelity object, it is not possible to label 

multiple compartments or objects in a single tissue or reprobe the sample in the future. 

Next, murine lymph nodes have been reconstructed from serial histology sections422. 

Histology sections can offer very high resolution images in (X,Y), however serial 

sectioning and staining using traditional microtome or cryotome equipment is 

extremely time and reagent intensive. These requirements scale with the size of the 

object being reconstructed, and therefore limit options for understanding population 

level heterogeneity. Finally, whole-mount fluorescent microscopy techniques have 

been employed using optical clearing to reconstruct murine lymph nodes312,423,424. 

These techniques are very effective at producing high-fidelity reconstructions and 

allow for multiplexed labeling. However, optical clearing of whole mount tissues is 

limited to only very small tissues, such as the popliteal lymph node. 

Computational modeling has been an approach applied to understanding 

biological phenomenon in the lymph node with great success425,426. However, current 

models of drug transport in the lymph node are not capable of reproducing recent 

experimental results indicating that ARV concentrations are substantially reduced in 

certain regions of the lymph node. This is because these models lack accurate 

anatomical reconstructions, such as the compartmentalization of the lymph node. The 
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lobule has only been recently validated to be an anatomical region with discrete 

domains, each with varying characteristics. While it is obvious that this finding has 

major implications on drug transport, it is yet to be incorporated into the 

computational modeling of drug distributions in the lymph node. Our collaborators in 

the Zurakowski group have developed a novel 3D computational model of the lymph 

node, able to capture ARV drug transport dynamics into the lobule306. However, this 

model includes non-physiologic geometries of these compartment boundaries. 

Through our collaboration, we hope to develop an anatomically accurate 

reconstruction of the lymph node to better computationally predict these transport 

characteristics. An accurate spatial model of the lymph node coupled to transport 

simulations can better inform therapeutic design and treatment strategies based on 

lymph node variability. 

To investigate drug and cell transport mechanisms, high fidelity 3D spatial 

information is needed to quantify and computationally predict changes in organ 

architecture, cellular organization, and patterns of drug distribution. As such, in this 

chapter a versatile and flexibly pipeline was developed for tissue processing, imaging, 

and segmentation of high-fidelity 3D anatomical reconstruction of lymph node 

architectures. 

We believe that building methods for high fidelity reconstruction of lymph 

nodes and understanding relationships between tissue architecture and drug 

distribution will lead to a more accurate investigation of drug transport mechanisms in 
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the lymph node. By importing these reconstructions into a spatial computational 

model of the lymph node (Zurakowski Group), drug and cell transport parameters can 

be validated against experimental data, allowing for spatial drug predictions in lymph 

nodes of varying geometries across many drug classes.  

We set out to develop a novel reconstruction method for murine lymph node 

lobules and vasculature (Figure 2.1). We developed custom staining and imaging 

devices for high resolution imaging and a custom automated alignment algorithm. 

These aligned sections were then segmented, via hand or automated segmentation, and 

reconstructed into 3D objects. Finally, we tested the capacity of our 3D models to be 

meshed and incorporated into a 3D Computational model of the lymph node, to used 

accurate anatomical geometries to predict drug transport. We predict this pipeline will 

be relevant for a number of applications, including organ visualization, morphometry, 

and spatial drug quantification. 
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Figure 2.1: Pipeline used in this chapter for the anatomically accurate reconstruction 

of murine lymph nodes 

2.2 Methods 

2.2.1 Animal models 

Two different animal models were used for the isolation and reconstruction of 

lymph nodes. Frist, transgenic mice (Cdh5-Cre; mTmG, Jax Laboratories, #017968, 

#007676) were used for the isolation of lymph nodes with endogenous fluorescence. 

These mice express GFP in all VE-cadherin expressing cells, such as vasculature and 
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lymphatic endothelial cells (LECs), and RFP in all other cells. In the lymph nodes, the 

endogenous labeling of the vasculature and LECs allowed for simple identification 

and segmentation of the blood and lymph compartments in the lymph node. CD-1 

outbred mice (6-10 weeks old, Crl:CD1(ICR), Charles River) were used for lymph 

node tissues with no endogenous fluorescence. These tissues allowed for any 

combination of fluorescent tags to be used for labeling and segmenting objects of 

interest. All mice were maintained, bred, and used in accordance with Animal Use 

Protocols (AUP #1320 and #1367) approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Delaware. Animals were housed and cared 

for in facilities operated by the University of Delaware Office of Laboratory Animal 

Medicine (OLAM), and animal health and well-being was closely monitored by 

OLAM staff. For study endpoints, animals were euthanized via CO2 asphyxiation and 

confirmed by cervical dislocation. These methods are consistent with the 

recommendation of the Panel on Euthanasia of the American Veterinary Medical 

Association. 

2.2.2 Tissue isolation and processing 

Prior to dissection, mice are euthanized via CO2 asphyxiation and confirmed 

via cervical dislocation. Fine point forceps and scissors were used to precisely excise 

tissue (Fines Science Tools). The inguinal, popliteal, and brachial lymph nodes were 

excised from the mice with wide margins including the surrounding adipose tissue 

(Figure 2.2A-B). Inguinal lymph nodes are located in the hip region of the mouse and 
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are exposed first by separating the skin from the underlying peritoneum. Inguinal 

lymph nodes are found in the subcutaneous fat layer, and the entire piece of adipose 

tissue was removed. The brachial lymph nodes are found in the under-arm region, just 

below the triceps. To uncover this lymph node, the skin is removed from the 

peritoneum, and the pectoral muscles are trimmed back. This lymph node is embedded 

in a very small layer of adipose tissue that is removed in one piece. Finally, the 

popliteal lymph node is located behind the knee. To recover this lymph node, a wedge 

shaped section of muscle and fat was removed behind the knee. All of these lymph 

nodes are mirrored on both sides of the body. 

This rough dissection was followed up by a fine dissection under the dissection 

microscope (Discovery V8, Zen) to carefully remove fat and fascia from the lymph 

nodes (Figure 2.2C). Whole tissues were placed into a bath of PBS for easier 

identification of tissue boundaries. Using the forceps, excess fat was removed 

carefully from the lymph node tissue, until the entire lymph node capsule was 

exposed. Then, lymph nodes were then fixed overnight (approximately 18 hours) at 

4ºC in 4% paraformaldehyde (PFA) with 0.1% Triton-X (Sigma, X).  



 62 

 

Figure 2.2: A) Lymph nodes are collected from the subcutaneous fat layer of mice, 

including the brachial, inguinal, and popliteal lymph nodes. B) Isolated 

tissues are C) gently removed from surrounding adipose tissue to expose 

the capsule. Lymph nodes were sectioned via D) vibratome and E) 

embedded in agar. 

2.2.3 Cryosectioning 

Due to the importance of sample integrity when collecting sections through the 

entire volume, lymph nodes were embedded in 2 wt% agarose gels with small margins 

prior to cryoembedding to reduce loss of serial sections. Over the course of 4 days, 

tissues were cryoprotected through the following series of solutions: 1. 15% sucrose 

solution (VWR Int., Radnor, PA), 2. 30% sucrose solution, 3. 1:1 30% sucrose: 

Optimal Cutting Temperature (OCT) medium (Tissue-Tek, Sakura, Torrance, CA), 

and 4. 100% OCT medium. Samples were then transferred to 10x10x5mm vinyl cryo-

molds (Tissue-Tek, Sakura, Torrance, CA) and filled with OCT medium. Finally, 
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samples are flash frozen using liquid nitrogen cooled copper blocks on the top and 

bottom of the mold and stored at -80ºC until the time of sectioning. (Figure A.1) 

Samples are sectioned using a cryostat (Leica CM3050 S) with a section 

thickness of 10 µm, object temperature (OT) of -18 ºC, chamber temperature (CT) of -

22ºC, and a blade angle of 5º. Sample blocks all received and notch in the top left 

corner to properly orient sections. Sections were collected serially and stored in proper 

order. For initial data collection and development of the model, every third section 

was collected for reconstruction, and mounted on a positively charged microscope 

slide (Globe Scientific, Mahwah, NJ). In the future, higher resolution reconstructions 

are possible with smaller step sizes. 

2.2.4 Vibratome sectioning 

Samples prepared for vibratome sectioning were first washed in PBS after 

fixation. After a wash in 1X PBS, samples were then transferred to 10x10x5mm vinyl 

cryo-molds (Tissue-Tek, Sakura, Torrance, CA). A 6 wt% low-melt agarose I (VWR) 

solution was made fresh and added to the sample molds. Agarose and PBS were added 

at the correct ratios in a glass bottle, and microwaved at 50% power for approximately 

1 minute. Agarose was confirmed to be dissolved visually before use, and left to cool 

at room temperature for 3-5 minutes. Using a positive displacement pipet, 6 wt% 

agarose solution was added to the molds until they were filled, and forceps were used 

again to position samples correctly. Molds were transferred to ice for gelling. 
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Gelled samples were removed from the molds, and trimmed to approximately 

2-3 mm margins from the tissue. A corner of the agar block was removed (Figure 

2.2E) for identification of proper sample orientation. Agar blocks were mounted to the 

sample mount using super glue (Loctite), and left to harden for 5 minutes. The 

samples were sectioned using a vibratome (Campden 752M Vibroslice) with a section 

thickness of either 100 or 200 µm, using a bath advance of 0.24 mm/s and a blade 

frequency of 1800 rpm (Figure 2.2D). All slices are collected using a paint brush and 

stored in sequential order in a 48 well plate submerged in PBS. 

2.2.5 Staining and optical clearing 

For identification of sinus boundaries, or any compartment of interest, 

immunostaining is incorporated into the process. With the transgenic mice (Cdh5-Cre; 

mTmG), anti-lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) antibody 

(Novus Biologicals) was added (8 µg/mL) for identifying the lymphatic sinuses 

(Figure 2.5A). In this labeling scheme, the transgenic signal was used to identify the 

vasculature (Figure 2.5B), and the LYVE1 stain was used to identify the lobule and 

sinuses (Figure 2.5C). For CD-1 lymph nodes, a combination of LYVE1 (8 µg/mL), 

MECA79 (16 µg/mL) (Novus Biologicals), for labeling PNAds on HEVs, and CD31 

(16 µg/mL) (Novus Biologicals), for labeling all of the vasculature in the tissue, was 

used (Figure 2.5D). This labeling scheme allowed for the identification of lobules, 

sinuses, blood endothelial cells, and HEVs. Due to the thickness of the vibratome 

sections, longer incubation times in antibody solutions were required compared to 
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other standard methods. Vibratome sections were incubated first in a blocking buffer 

solution (PBS with 0.2% bovine gelatin, 0.5% bovine serum albumin (BSA), 0.1% 

Tween-20, and 0.1% sodium azide), to prevent non-specific binding overnight at 4ºC. 

Next, sections were incubated in one of the previously described antibody cocktail 

solutions for 48 hours on a rocker at 4ºC. After a washing step using Tris-buffered 

saline with 0.1% Tween-20 (TBST) (Sigma) (5 min x 3) sections were then incubated 

for another 48 hours on a rocker at 4ºC in secondary antibody cocktail (16 µg/mL) 

(Donkey anti-Mouse IgG AlexaFluor594, Donkey anti-Rat IgG AlexaFluor647, and 

Donkey anti-Rabbit IgG AlexaFluor488, Invitrogen).  After the incubation of samples 

in blocking buffer and antibodies and a final TBST wash, tissues were finally 

incubated at room temperature with the optical clearing agent FocusClear 

(CelExplorer Labs) for 2 hours prior to imaging to match the refractive indices of the 

tissues (Figure 2.6A-B). 

2.2.6 Staining and imaging devices 

Specialized staining devices were produced to efficiently label the tissues 

using small volumes of antibody solution (Figure 2.6C-E). First, 3D printed negative 

molds were generated using Solidworks (Solidworks2020) (Figure 2.6C). These 3D 

pieces were designed with a 3 mm central channel and 5, 3 mm fins on either side to 

create slots for tissue sections to be mounted in. These pieces were 3D printed in 

house using a resin-based 3D printer (Phrozen). For a complete device, 3 of these 

oriented pieces were positioned end to end for a total of 15 section slots per device. 
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Polydimethylsiloxane (PDMS, Sylgard 184, DOW Corning) at a ratio of base:curing 

agent of 20:1 was poured over the negative molds, degassed, and baked overnight at 

60ºC. PDMS structures were then removed from the mold, and plasma bonded 

(Plasma Cleaner, Harrick) to glass coverslips to produce watertight wells (Figure 

2.6D). Sections are placed orthogonally into the well slots in sequential order to ensure 

access to both sides of the tissue (Figure 2.6E). Tissues were incubated with reagents 

and washed as described in section 2.2.5. Imaging devices were left filled with 

FocusClear until the time of imaging. 

For optimal imaging of thick tissues on the microscope, glass imaging 

cassettes were produced using PDMS wells. PDMS was spin coated on a petri dish to 

a height of 200 µm, which was cut to the correct well size and plasma bonded to a 

glass slide (Figure 2.7A-B). When 100 µm sections were imaged, a small 100 µm 

thick piece of PDMS was placed on top of the sample to hold the tissue firmly in 

place. After optical clearing, the samples and extra fresh FocusClear were transferred 

to the imaging device, and another glass slide was placed on top of the wells to keep 

the sections flat against the bottom glass and prevent evaporation of the clearing 

solution (Figure 2.7C-D).. Sections were imaged using a laser scanning confocal 

microscope (LSM800, Zeiss, EC PlnN 5x/0.16 Ph1 DIC0, Pln Apo 10x/0.45 Ph1 

DICII and LD PlnN 20x/0.4 Ph2 DICII). Lasers lines of 488, 561, and 640 nm were 

used to collect signal from the individual channels. 
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2.2.7 Development of alignment code 

Due to the misaligned orientation of serially imaged sections, we have 

developed an alignment algorithm to remove any rotational or translational 

mismatches. Using MATLAB software, specific code was developed to align the set 

of lymph node images based on regions of similar intensity within the tissue (Figure 

2.3). The entire sequence of TIF files was loaded into the workspace. RGB images 

were read from the files in pairs, starting from the first two files in the TIF sequence. 

The RGB images were converted to grayscale, noise-filtered, then contrast-adjusted. 

For each pair of images, a freehand tracing tool was used to manually trace around the 

boundaries of the lymph node, thereby masking out artifacts. Utilizing MATLABôs 

intensity-based registration function, the pair of masked grayscale images were 

aligned. The last Z location in each physical tissue section was aligned to the first Z 

location in the subsequent stack. This transformation matrix was then applied to the 

entire stack.   
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Figure 2.3: Serially acquired lymph node images were aligned using a custom 

MATLAB alignment algorithm. 

2.2.8 Manual image segmentation 

The most common methods of image segmentation in biomedical images 

consist of A) manual segmentation via user input and B) automated segmentation. In 

manual segmentation, the two volumes of interest in the lymph node for this model, 

the lobule and the vascular compartment, were hand-segmented using 3D Slicer 

software on a segmentation tablet (Wacom) (Figure 2.4). First, images stacks were 

exported as tiff files, and uploaded into the 3D Slicer software. The image stack is 

imported into the project window, and the voxel sizes are corrected based on the pixel 

size to length conversion. An electronic pen tool (Wacom) was used to accurately 

segment the regions of interest on each slide, which were subsequently exported as a 

NIFTI file and converted into a tiff stack via ImageJ. The LYVE1 channel was used to 
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segment the lobule regions, and the MEC79 and CD31 channels were used to segment 

the vasculature. 

 

Figure 2.4: Hand segmentation was used to identify lobules and HEVs within each 

section. 

2.2.9 Automated segmentation 

Automated segmentation work was performed by Yasaman Moghadamnia. A 

novel computational pipeline was designed using conventional computer vision 

techniques in MATLAB R2020B, with the aim of reducing the duration required for 

manual hand-segmentation. The input image stack comprised confocal microscopy 

images of murine lymph nodes, which were collected from our previously described 

serial sectioning, staining, and imaging protocols. 
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First, HEVs were segmented from image stacks (Figure 2.10). All images 

from the three channels, including the merged image, were imported into MATLAB in 

tiff  formats. Subsequently, a 3D hysteresis thresholding algorithm was employed to 

delineate signal within the magenta image, specifically corresponding to the lymph 

sinuses within the lymph node. In order to achieve a seamless mask, the segmented 

sinuses underwent dilation and erosion processes. This resultant mask was then 

subtracted from the original multi-channeled image. The exclusion of the red channel 

was deemed necessary due to its inability to offer precise segmentation for high 

endothelial venules (HEVs), potentially introducing disturbances. The ensuing image 

encompassed three distinct object types: a) lymph lobule, b) HEVs, and c) 

background. 

To facilitate subsequent vasculature segmentation, various image enhancement 

techniques were implemented, encompassing contrast adjustments and median 

filtering. Furthermore, a 2D-order statistic filtering method was applied to facilitate 

the discrimination of HEVs. In the final stage, a second iteration of 3D hysteresis 

thresholding was executed, incorporating adjusted thresholds to effectively segment 

HEVs based on their amplified intensities. Utilizing MATLAB's built-in functions, 

objects with the most pertinent areas were extracted and identified as HEVs. 

Next, lobules were segmented (Figure 2.10). The original images were 

processed using the same procedure outlined in the previous section, up to the 

subtraction of subcapsular sinuses. To enhance the images and remove abnormalities, 
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a median filtering algorithm was applied as a preparation step for segmentation. 

Subsequently, the 3D hysteresis thresholding was employed to obtain distinct outlines 

of the LN lobules. This pipeline was then applied to the entire stack of images. 

Following the implementation of the entire image stack pipeline, a brute force 

algorithm was formulated to identify and filter potential artifacts in the segmented 

images. This algorithm employs a scoring scheme to assess the proximity of objects in 

adjacent slices, thereby distinguishing genuine high endothelial venules (HEVs) from 

artifacts. The underlying rationale is predicated on the expectation that a segmented 

HEV object will manifest elongation across neighboring slices, unless it is an in-plane 

HEV. 

2.2.10 3D Reconstruction 

At the end of image segmentation, both manual and automated, a resultant .tiff 

stack was produced for each compartment of interest, where the segmented region has 

a pixel value of 1 and all background had a pixel value of 0. For 3D reconstruction, 

these stacks were imported into Amira software (ThermoFisher Scientific, Waltham, 

MA), with voxel size adjustment according to relevant experimental data (Figure 2.8). 

First, a surface generation function in Amira was employed to make a triangular 

surface mesh. This function interpolates between sequential sections to create this 3D 

object (Figure 2.8). At this stage, surfaces may be remade with a reduced number of 

triangles using a remesh function if any large alignment or reconstruction artifacts are 

present in the object. Additionally, using a surface smoothing function, objects may be 
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further processed to remove sharp edge effects that would be suboptimal for a spatial 

computational model. Finally, all objects are exported as a 3D object (.stl file) for 

further visualization and computation (Figure 2.9). Reconstructed lymph node models 

being incorporated into a finite volume model (FVM) of drug transport in the lymph 

node developed by the Zurakowski Group, may be further used to generate a mesh file 

for computation (Gmsh).  

2.3 Results 

2.3.1 Immunostaining and optical clearing 

First, murine lymph nodes were reliably isolated and sectioned into both 200 

µm and 100 µm sections. In this study we developed a robust pipeline and parameter 

space to achieve sufficient images for reconstruction. We determined that 48 hours 

was the optimal time for incubation in both primary and secondary antibody. Less 

time resulted in reduced labeling quality, and more time showed minimal 

improvements. From initial testing, concentrations of LYVE-1, MEC79, and CD31 

antibody needed to optimal label sections were 8, 16, and 16, respectively (Figure 

2.5).  
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Figure 2.5: A) Cross section of a Cdh5-cre;mTmG mouse lymph node counterstained 

with anti-LYVE-1 antibody. Using this labeling scheme, both B) HEVs 

and C) lobule-sinus boundaries can be identified and segmented. D) For 

complete exogenous labeling, CD-1 mouse lymph nodes were stained 

with anti-MECA79, anti-CD31, and anti-LYVE-1 antibodies to mark 

HEVs, blood endothelial cells, and lymphatic endothelial cells, 

respectively 
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The use of FocusClear greatly improved the penetration depth of light into the 

tissue and reduced signal attenuation (Figure 2.6A-B). In preliminary tests, we 

determined that FocusClear improved imaging depth by approximately 75%. When 

applied to an entire tissue, this allowed for a massive reduction in total number of 

sections collected. Finally, we established that in the transgenic tissues, due to the 

strong endogenous fluorescence, 200 µm sections were sufficient for high quality 

imaging and negligible loss of signal in the center of the tissue. For CD-1 tissues 

however, exogenous labeling required maximum diffusion of antibodies into the 

tissue. From this, we determined that 100 µm sections were more optimal for this 

labeling scheme. 
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Figure 2.6: Using FocusClear, A) noncleared tissues were compared to B) optically 

cleared tissues, showing a marked change to refractive index. C) 3D 

printed molds were used to make D) tissue staining devices from PDMS. 

E) Lymph node sections were placed orthogonally into the wells using 

the slots in the mold, and stained with antibody solutions. 

2.3.2 Imaging cassette 

Imaging cassettes resulted in high quality image stacks from the top to the 

bottom of the tissue. Although vibratome sections in solution rest on the bottom of the 

well, small imperfections in the section or curvature following prolonged storage 

result in sections that are not totally orthogonal to the objective. This resulted in 

incomplete section images at the top and bottom of the tissue, leading to missing 
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information and misalignment. The imaging cassette device solved this problem and 

ensured proper section placement and orientation throughout the stack and reduced 

alignment errors (Figure 2.7). 

 

Figure 2.7: A) Imaging cassettes are produced by i. plasma bonding spun coat PDMS 

to a glass slip and ii. enclosed with another glass coverslip. B) Schematic 

and C-D) representative image of tissue sections in imaging devices. 

2.3.3 3D reconstruction from hand segmentations 

In order to validate our sectioning and imaging methods for producing 3D 

models of the lymph node, we produced a first pass set of 3D anatomically accurate 

objects. To this end, we used 3D Slicer software to identify and hand segment the 

compartments of the lymph node relevant for drug transport (Figure 2.4). These 

compartments include the two main fluid compartments, the vasculature and lymph 

sinuses, and the main functional unit of the lymph node, the lobules. The specific 

geometry of these compartments in relation to each other are often absent in 3D lymph 

node models. For the capsule, the entire tissue was segmented using signal intensity 

thresholding. This was made possible by the clean tissue resection process. An 
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extraneous signal from surrounding adipose tissue was removed with the hand brush 

tool. For the vasculature, only regions with strong green (mG) were segmented, due to 

the presence of Cdh5 expression in those cells. The red signal (mT) was additionally 

used to confirm vascular location, as much of the perivascular cells and reticular 

fibroblasts created a boundary around the vasculature (Figure 2.9A). For the lobules, 

the LYVE-1 immunostaining offered clear boundaries for the sinuses and allowed for 

identification of lobule boundaries all the way from the cortex to the medulla (Figure 

2.9A). For drug transport use cases, the specific geometries of the sinuses are less 

relevant because the lymph is a well-mixed fluid. However, this compartment can be 

easily reconstructed by subtracting the lobule segmentation from the capsule 

segmentation (Figure 2.9C). This can become important in states of inflammation or 

lymph node resident disease.  

 

Figure 2.8: After serial tissue sections were segmented and exported, Amira software 

was used to create a 3D volume and generate a surface mesh. 
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While hand segmentations produced mostly clean boundaries, a median filter 

with a pixel size of 3 was applied to smooth any minor human errors. Through 

validation of different step sizes, 10 µm steps between serial images allowed for 

optimal surface generation in Amira. This resolution in Z is sufficient to reduce 

information loss through the tissue for easy and accurate interpolation (Figure 2.8). 

To confirm this, the volume overlap between a stack of segmented images, with 

section width of 10 µm, and the generated surface was measured to be larger than 0.97 

for all samples. This means the generated surface is a slight (~3%) overestimation of 

the segmented regions, which is a sufficiently small error. To reduce this error a 

smaller Z step size can be used, at the expense of imaging and segmentation speed. 

This surface can then be remeshed with a smaller number of triangles and smoothed 

using built in Amira functions to reduce any alignment or human segmentation errors. 

Finally, each of the compartments can be exported separately as a 3D object. 

These exported objects share a coordinate system and can further be assessed in 

conjunction with each other (Figure 2.9B). These metrics will depend on the use case 

but the objects can be used to track quantitative measurements such as shape factors, 

volumes and surface areas, overlapping volumes and surface areas, relative locations, 

etc. These reconstructed objects match what is seen from immunofluorescence images 

collected and are consistent with the literature. For a small sample size, this protocol is 

efficient at reconstructing these key compartments for analysis, however automated 

systems are required for a higher throughput. 
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Figure 2.9: The two compartments of interest A) vasculature and B) sinuses were 

reconstructed as 3D objects. B) These objects were colocalized to study 

interactions between the lobule and fluid compartments, which were all 

contained within the D) capsule. 

2.3.4 Comparison to autosegmentation 

The accuracy of autosegmentation as compared to hand segmentation, or the 

ground truth, was assessed using two different algorithms for the two different 

compartments of interest over four representation images (Figure 2.10). First, for the 

lobule boundaries the Sorensen-Dice (SD) index was used to assess accuracy427. The 

SD index measures the spatial overlap of two segmented regions, and scored from 0 

(no overlap) to 1 (complete alignment). When tested on 4 unique sections, we obtained 

an average SD index for lymph node lobules of 0.898. In the case of HEVs, since the 

main purpose of our reconstructions is to model drug transport, our focus was on 
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ensuring the surface area is accurate. For this reason, autosegmentation of HEVs was 

compared to ground truth in the same 4 sections, using a contour-based matching 

score. This metric is scored by calculating the harmonic mean of precision and recall 

values. In this case, the precision of these segmentations was defined as the accuracy 

of correct boundary detections relative to false positives, and the recall is the fraction 

of true positive points along the predicted segmentation from the total points on the 

ground truth boundary. Using this metric, we achieved an average score of 0.604.  

 

Figure 2.10: Using custom autosegmentation code, lobules and HEVs can be identified 

from original merged microscopy images. Pictured is one representative 

section. 
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2.3.5 Computationally modeling drug transport using an anatomical accurate 

lymph node 

Although not the main focus of this chapter, through our collaboration with the 

Zurakowski group, these 3D models have been applied to a 3D FVM of the lymph 

node to study drug transport across these two key fluid boundaries, sinus-lobule and 

blood-lobule. One of our earlier models reconstructed from cryosections (Figure A.1) 

has been used to model spatial drug patterns of a range of antiretroviral drugs, 

including ritonavir and efavirenz (Figure 2.11). This versatile model can be used to 

predict changes to spatial patterns following differences in drug parameters and 

treatment regimens, and can be used in numerous ways to help enrich our 

understanding of drug transport in the lymph node (Figure 2.11B-F). 
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Figure 2.11: From our 3D objects, meshes are generated from A) point clouds of the 

identified objects. These 3D reconstructions can be imported into a 

computational model of transport in the lymph node for the simulation of 

drug distribution to compare classes of drugs and modes of transport. 

Pictured here are B) 2D and C) 3D plots of ritonavir distribution and D) 

2D and E) 3D plots of efavirenz distribution. F) Using this spatial lymph 

node computation model, HIV viral load can be predicted over time with 

a simulated daily oral dosing regimen. 

2.4 Discussion 

Using this pipeline, we have developed the first method for the detailed 

anatomical reconstruction of murine lymph node lobules and vasculature via 

fluorescent microscopy. Using specially modified sectioning, staining, and imaging 

methods, large sets of high-resolution images were collected for individual tissue 

samples. By designing custom image alignment and automated segmentation 

algorithms, these samples were then transformed into accurate, high-fidelity 

anatomical reconstructions for a myriad of applications. This method allows for high 
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resolution and complexity of reconstruction, reduced alignment distortions, and 

conservation of staining reagents.  

The benefits of the system solve many challenges of current standard 

reconstruction methods of anatomical geometries. As compared to traditional large 

tissue imaging modalities such as µCT and small bore MRI, this method allows for the 

differential labeling of distinct tissue compartments, such as the vasculature and 

lobules. Additionally, not all research groups have access to this equipment. Serial 

tissue sections using common sectioning methods solve this problem, however this 

approach is extremely time consuming, labor intensive, and costly. Finally, whole 

mount imaging with optical clearing has resulted in a workable reconstruction for very 

small tissues (popliteal lymph nodes), however this is unachievable with larger tissues 

due to signal penetration issues. Overall, our method solved the drawbacks of these 

common approaches, resulting in high precision reconstructions with massive time and 

resources saving compared to traditional sectioning. Using this method, we estimate a 

saving in costly staining reagents such as antibodies by roughly 85%. Additionally, 

when compared to traditional methods to create a comparable quality reconstruction, 

we anticipate a labor time saving of roughly 96% when using auto segmentation code 

and 60% when using hand segmentation (Table A.1). 

We have developed an automated pipeline for lymph node image 

segmentation. This pipeline has helped to increase efficiency by eliminating the need 

for labor-intensive and time-consuming manual segmentation. It also provides a 
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framework that can be reproduced and reused more consistently than human 

segmentation. The accuracy of our method was measured against a ground truth 

produced by an expert, and it shows promising results, with as high as a 93% match in 

lobules and a 77% match in the vasculature. The produced object is a valuable result 

for many purposes including modeling spatial drug distribution patterns, 

computational fluid dynamics modeling, 3D Computer Graphics and Animation, 3D 

Printing and Computer-Aided Design (CAD) for biomedical purposes, medical 

imaging, and biomechanical simulations. 

Although this pipeline has produced an effective system for reconstructing 

important tissue compartments in the lymph node, we believe future iterations can 

help address some of the limitations. First, in this study a cross of mTmG reporter and 

Cdh5 promoter strains was used to visualize vasculature. While helpful in identifying 

the vasculature in the lymph node, this label was not restricted to only the 

endothelium. We believe this is the result of the expression of Cdh5 in common 

progenitor cells within the lymph node. Due to the widespread signal, the 

autosegmentation code is designed to identify unique features that work with this 

specific pipeline and will need to be modified for further tissue sources or staining 

procedures. For future iterations of the autosegmentation code, we plan adapt our 

selected feature selection algorithms to accommodate other staining strategies. Next, 

due to the thickness of the tissue, sections nearer the midline in Z were dimmer than 

the outer edges of the tissue. While this problem can be resolved in post-imaging 
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processing, these changes in intensity result in a challenges when designing an 

automated segmentation algorithm. Finally, some of the features typically seen in 

lymph nodes were removed from the 3-D reconstructions using smoothing operations. 

One such example is the lack of lobule medullary cords in the medulla region. The 

reason for these simplifications of the architecture was to create meshable objects that 

could be run in a finite volume methods (FVM) model using custom built meshing 

software. Reconstruction is possible without this smoothing for the tracking of 

relatively small anatomical structures, however the use of high-powered meshing 

software can ameliorate this issue. To date, the objects of interest we have 

reconstructed are the boundaries between the lobule and the two fluid compartments 

of the lymph node, which are most relevant for questions of small molecule transport. 

In the future, we plan on incorporating the reconstruction of other immune cell 

populations to build a pipeline for studying architectural changes in the lymph node 

during inflammation and immune events.  

As previously stated, much of the motivation for this work was building a 3-

dimensional, anatomically accurate model of the lymph node and relevant biology 

barriers to be able to probe mechanistic transport questions. Current computational 

models of drug transport in the lymph node are not capable of reproducing recent 

experimental results showing that ARV concentrations are substantially reduced in 

certain regions of the lymph node. This is because these models lack accurate 

anatomical architecture, such as the compartmentalization of the lymph node. An 
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accurate spatial model of the lymph node coupled to transport simulations can better 

inform therapeutic design and treatment strategies based on population variability. 

Our reconstruction methods lay the framework for a powerful computational 

model of drug and cell transport that can be applied to any geometry. Predictions of 

drug distribution can be applied to a range of drug classes, lymph node geometries, 

treatment regimens, and cell and viral dynamics. In the future we hope to expand this 

model to conditions of inflammation in the lymph node, as it is completely unknown 

how these changes to lymph node architecture influence drug transport. We hope these 

tools will allow for more effective methods of understanding drug transport and aid in 

therapeutic design for improved drug delivery to the lymph node. 

2.5 Conclusion and Future Directions 

To conclude, we believe we have built a robust pipeline for the generation of 

anatomically accurate 3D reconstructions of lymph node vasculature and lobules. The 

method that was developed is scalable to allow for analysis of a larger number of 

samples in less time and using fewer resources than traditional reconstruction 

methods. Additionally, this can be extended to any potential biological sample or 

organ system where understanding 3D architecture is desirable. The specific cell or 

tissue structures that can be reconstructed are limitless, as this is amenable to any 

immunolabeling scheme. While this exemplar case used murine tissues, this pipeline is 

easily adaptable to larger specimens such as non-human primate and human tissues. 

Finally, we have some preliminary evidence that this method is feasible to combine 
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with new state-of-the-art machine learning and computer vision techniques. In order to 

produce reconstructions of lymph nodes from NHPs and humans, we need to increase 

the throughput and reduce the processing time needed to produce sufficient numbers 

of samples to understand population level phenomenon. We hope our pipeline can 

work synergistically with new image analysis tools to yield the most efficient results. 

The production of 3-dimensional objects has numerous use cases in a variety 

of biological fields including spatial visualization, mapping of drug distribution, 

tracking of morphological changes, and understanding how tissue architecture frames 

the function and cellular interactions. Aside from traditional spatial morphology, this 

novel reconstruction method also has huge potential for uses in numerical simulation 

and computational modeling. A challenge with spatial modeling of drug and cell 

transport, fluid dynamics, cell-cell interactions, etc. in biological systems is the 

production of accurate spatially relevant domains. While output of this pipeline is 3-

dimensional object files, these objects can further be turned into accurate meshes. By 

importing these meshes of lymph node vasculature and lobules into a finite volume 

method (FVM) model of the lymph node, we hope to computationally validate key 

drug, cell, and virus transport parameters against experimental data. An accurate 

spatial model of drug transport in the lymph node will allow us to develop a valuable 

predictive tool for drug transport in lymph nodes of varying geometries across many 

drug classes. 
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DETERMINE THE RELATIVE CONTRIBUTION OF CELL -MEDIATED 

DRUG TRANSPORT OF CURRENT STANDARD OF CARE 

ANTIRETROVIRAL REGIMENS INTO MURINE LOBULES  

3.1 Introduction  

In the past few decades, developments in the treatment of HIV have produced 

vast improvements in mortality and morbidity rates across the world. Patients 

following strict cART regimens present with undetectable limits of viral RNA in the 

blood, which has shown to be conserved for the duration of treatment. However, with 

these improved therapeutic outcomes, we have seen other challenges arise preventing 

a true HIV cure. As sophisticated as these small molecule drugs are in targeted 

mechanism of action, the biochemical properties of the drugs can hinder homogenous 

distribution throughout the body. These properties coupled to specialized tissue 

endothelial barriers of HIV reservoirs, including the lymph node, allow for the disease 

to persist in perpetuity.  

As described previously, poor small molecule transport across the lymph node 

endothelial barrier is a well-established phenomenon. The continuous capillary 

network and specialized venules within the lymph node combined with a fibrous sinus 

barrier that excludes large particles significantly restricts passive transport of many 

molecules, making the lymph node a pharmacological sanctuary site42,44,50,51. Small 

Chapter 3 
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molecules have been shown to be taken up across endothelial barriers through a 

number of mechanisms including passive diffusion, facilitated diffusion, carrier 

proteins, ion channels, active transporters and endocytosis428ï430. However, an 

extensive study on the degree to which these mechanisms are present in lymph node 

endothelial barriers has yet to be done. The exact mode of transport for many 

antiretrovirals into the LN has yet to be fully characterized, however therapeutics with 

different chemical characteristics are expected to have different transport profiles 

(Figure 3.4). For example, polar and ionic drugs will undergo almost no passive 

diffusion across the vasculature, while lipophilic drugs are expected to exhibit some 

passive diffusion. 

Additionally, it is feasible for ARV species to be shuttled across in peripheral 

blood mononuclear cells (PBMCs), specifically lymphocytes. While transport 

parameters in the lymph node have yet to be determined, some membrane associated 

drug transport proteins, such as solute carrier (SLC) transporters OATP2B1, CNT3, 

ENT3, and OCT1, have been identified in PBMCs and may aid in the uptake of many 

antiretroviral drugs in leukocytes in the blood431ï439. Additionally, the multidrug-

resistance-transport protein, P-glycoprotein, has the capacity to transport lipophilic 

drug molecules out of the cell, and has been identified on the surface of many 

PBMCs440,441. Further studies are needed to fully elucidate the mechanisms by ARV 

species enter the lymph node to aid in our biological understanding of the tissue, as 

well as inform better therapeutic design.  
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In recent years, novel mass spectrometry (MS) methods have been developed 

in order to better understand spatial patterns of small molecules in tissue. These 

techniques have revolutionized our ability to understand complex molecular transport 

processes with high spatial and temporal resolution. One such tool, infrared matrix-

assisted laser desorption electrospray ionization (IR-MALDESI), has been developed 

by our collaborator Dr. Elias Rosen (UNC Eshelman School of Pharmacy) for the 

detection of antiretroviral species in NHP and human lymph nodes296,297,442,443. 

(Figure 3.1). Following administration of a cART regimen to rhesus macaques, with 

or without simian immunodeficiency virus (SIV), lymph nodes are harvested and 

prepared for IR-MALDESI. This process involves mounted tissues in O.C.T. (optimal 

cutting temperature) medium, cryosectioning, and mounting sections on glass slides 

with a uniform spray coating of internal standard for the small molecule of interest 

(Figure A.2). Using non-dosed tissue sections spotted with known ARV 

concentrations for a calibration curve, experimental tissues are ablated and ionized on 

a voxel-by-voxel basis, allowing for spatial intensity information. Internal standards 

for each tissue include spatial intensity of cholesterol and heme for an endogenous 

marker of tissue boundaries and blood, respectively. These two additional biological 

markers coupled to further histological processing, such as hematoxylin & eosin 

staining (H&E) or immunofluorescence, allow for accurate mapping of antiretroviral 

species to the underlying anatomy. This colocalization of small molecules and 

biological markers offers an immensely powerful tool for understanding spatial drug 
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distribution, transport mechanisms, and therapeutic outcomes following administration 

of small molecule drugs.  

 

Figure 3.1: Drug distribution patterns of ARV species in two NHP lymph nodes 

(courtesy of Elias Rosen, Ph.D.) 

These studies have opened up a number of unique opportunities in the space of 

HIV therapeutics and are allowing researchers to ask a host of new questions. One 

such example is the spatial localization of multiple ARV species within a single cART 

regimen. As described previously, in an SIV model following cART therapy it was 

determined that in a large batch of NHP lymph node tissue, only 11% of the tissue 

area showed an overlap of two drug species, and approximately 0.4% of the tissue area 

showed an overlap of three drug species297. While it was apparent from bulk 

measurements that ARV concentrations in tissue reservoirs such as the lymph node 

were low, this study importantly highlighted the lack of presence of 3 ARV species, 

which is widely recognized as necessary for a sterilizing cure. In another study, 
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heterogeneous distribution of ARV species was also determined to influence and 

promote the viral reservoir, where up to 10% of CD4+ cells and cell-associated viral 

RNA were not in contact with at least one drug at a concentration above the IC50 

value443. These two studies highlight the power of such tools and how they have the 

capacity to expand our potential to understand ARV transport and efficacy in vivo.  

Through our collaboration with Dr. Rosen and the Zurakowski Group, we have 

leveraged spatial ARV information made possible by IR-MALDESI to ask novel 

questions of drug transport. In preliminary work, the Zurakowski Group has expanded 

a previously established computational model of the lymph node, as described in 

Chapter 2, to incorporate 2-D cylindrical modeling of antiretroviral transport in the 

lymph node194,315. This 2-D model coupled to the IR-MALDESI spatial map has 

allowed for probing of specific small molecule properties such as diffusion kinetics.  

To model the drug distribution in these sections, the lobule was assumed to 

extend homogenously in a cylinder surrounding each blood source, which was 

identified using heme signature (Figure 3.2A) (Model developed by Sasan Paryad-

Zanjani and the Zurakowski Group). The reaction-diffusion equations of small 

molecule drugs leaving the blood and diffusion in the lobule were solved at 

equilibrium, and show decreasing concentration of drug from the blood supply 

according to a modified Bessel K function. When tenofovir (TDF) and atazanavir 

(ATZ) was fitted to the model, statistically significant fits were found in all cases (AIC 

residual likelihood <10-4) with 95% confidence intervals for diffusivity consistent with 
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lymphocyte-mediated transport but inconsistent with free drug transport (Figure 

3.2B). From literature, we know that lymphocyte movement within the lobule can be 

modeled as random walk, and is therefore lymphocyte diffusivity is estimated to be an 

order of magnitude smaller than free drug diffusivity in solution. 

 

Figure 3.2: Using A) spatial MS ARV distribution patterns, the data was fit to a model 

of drug concentration by radial diffusion of ARV from each HEME 

source. B) Diffusivity values are consistent with cell-associated transport. 

This computational prediction led us to hypothesize that small molecule drugs 

taken up into the lymph node lobule are in fact primarily shuttled in inside of 

lymphocytes. Due to the concentration of lymphocytes and drug in the blood, with the 

experimentally validated uptake of these drugs by lymphocytes, cell-mediated 

trafficking into the lobule is a plausible dominant mechanism for non-lipophilic 

molecules. Cell motility is an order of magnitude slower than free drug kinetics, so 

cell-mediated drug trafficking is not a major contributor to drug concentration in most 

tissues. However, due to the considerable restriction of passive transport into the 
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lymph node lobule, coupled with the elevated ingress of the lymphocytes into the 

tissue, cell-mediated transport of drugs is expected to have a much larger contribution 

to overall drug concentration. From this preliminary spatial mass spectrometry data, 

we expect exclusive cell-mediated transport within the lobule for at least two 

antiretroviral species, atazanavir and tenofovir.  With this finding, we are predicting 

that lymphocytes can act as drug carriers and shuttle ARVs through the lymph node 

incidentally during trafficking. We hypothesize that transport of non-lipophilic 

drug species into the lobule is almost exclusively mediated by lymphocyte 

migration and suppressing lymphocyte extravasation will dramatically reduce 

antiretroviral intralobular concentration.  

The differences in transport between various drugs have important implications 

for the predicted efficacy of different cART regimens; if a drug enters the lobule 

intracellularly, they will not impact other cells resident within the LN, as these drugs 

have negligible transport out of the cells. Cells are traditionally thought as a sink not a 

source, and intracellular uptake in healthy cells limits the bioavailability of the drug444. 

However, some drugs are expected to exhibit ñbystander effectsò in which small 

molecule drug species are able to escape and diffuse out of a cell. One such example is 

the ARV species islatravir, in which a reverse phosphorylation step allows for 

intracellular escape445. Understanding more about this cell-mediated transport 

mechanism and the interplay between intracellular and extracellular transport may 
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offer insight into optimal drug design and treatment strategies for HIV reservoir sites 

such as the lymph node. 

The primary objective of this chapter is to establish a better understanding of 

drug transport mechanisms into the lymph node, specifically in identifying the role 

cell-mediated transport takes in overall lymph node lobule drug concentration. In 

order to better understand and model drug transport in the lymph node, it is vital to 

characterize the distinct modes of potential transport. 

In addition to free drug transport patterns, based on preliminary findings, 

intracellular drug concentration is another crucial factor in the heterogeneous drug 

distribution observed in the lymph node (Figure 3.1). We expect the intralobular 

trafficking of drug to scale with the cellular traffic rates. Lymphocyte uptake rates as 

well as potential for free diffusion transport vary for different drugs and must be 

accounted for in a model of drug transport through the lymph node lobule. 

Additionally, characteristics of a drug such as lipophilicity or protein bound fraction 

(PBF) are expected to have a large influence on modes of transport into the lobule and 

rates of cellular uptake.   

To capture these effects, we will perform studies in which drug is delivered 

intravenously to a murine model in which lymphocyte entry into the lobule is 

prevented446ï449. Using a functional antibody blocking strategy to nullify L-selectin,  

we will determine the role of lymphocyte-mediated drug transport in the drug 

distribution patterns that have been clinically observed (Figure 3.3). The experiments 
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carried out in this Chapter allow us to quantify the interplay between selective drug 

transport and lymphocyte trafficking in the lymph node. 

 

Figure 3.3: Under homeostatic conditions, L-selectin on lymphocytes bind to 

sialylated glycoproteins, such as GlyCAM-1 and CD34, on the HEV 

surface to initial the transendothelial migration cascade. Our proposed 

functional antibody blocking strategy prevents this event, thus preventing 

lymphocyte ingress into the lobule. 

We hypothesize that transport of non-lipophilic ARV species into the lobule is 

almost exclusively mediated by lymphocyte migration. Therefore, we expect the 

suppression of lymphocyte extravasation into the lymph node to drastically reduce 

intracellular concentration of these species within the lobule. We anticipate lipophilic 

drugs, which enter the lobule by multiple mechanisms, to be less affected (Figure 

3.4B). The findings from this study will offer insight into how common ARV 

treatment regimens are transported into the lymph node, and will hopefully improve 
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our understanding of the biology of this sanctuary site for more informed treatment 

strategies. 

 

Figure 3.4: A) Schematic of all the possible states and modes of small molecule 

transport across the HEV layer. B) Predicted cell-mediated transport 

contribution to lymph node ARV concentration according to molecular 

characteristics. 
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3.2 Methods 

3.2.1 Animal model 

CD-1 outbred mice (6-10 weeks old, Crl:CD1(ICR), Charles River) were used 

in this chapter for the optimization of L-selectin functional antibody blocking (FAB) 

and ARV delivery. All mice were maintained, bred, and used in accordance with 

Animal Use Protocols (AUP #1320 and #1367) approved by the Institutional Animal 

Care and Use Committee (IACUC) at the University of Delaware. Animals were 

housed and cared for in facilities operated by the University of Delaware Office of 

Laboratory Animal Medicine (OLAM), and animal health and well-being was closely 

monitored by OLAM staff. For study endpoints, animals were euthanized via CO2 

asphyxiation and confirmed by cervical dislocation. These methods are consistent with 

the recommendation of the Panel on Euthanasia of the American Veterinary Medical 

Association. 

3.2.2 Primary T lymphocyte isolation 

For adoptive cell transfer, primary T lymphocytes were isolated from CD-1 

mouse spleens via negative selection magnetic-activated cells sorting (MACS), using a 

Mouse T Cell MACS kit (Dynabeads Untouched Mouse T Cells, ThermoFisher). First, 

mice were euthanized as described previously in chapter 2. Mice were dissected and 

whole spleens were collected. Next, spleens were placed into an isolation buffer (1x 

PBS + 0.1% Bovine Serum Albumin (BSA) + 2 mM Ethylenediaminetetraacetic acid 

(EDTA) and minced into approximately 2x2x2 mm pieces. Tissue pieces were then 
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added to a cell strainer with a 70 µm pore size (Grenier), and macerated with the 

plunger of a 1 mL syringe (BD). Following a wash with isolation buffer, the collected 

cells were centrifuged and pelleted (300 x g @ 4ºC for 10 min.). Supernatant was 

removed and the cell pellet was resuspended in isolation buffer with 120 Kunitz units 

of DNAse I (Invitrogen). Samples were rocked for 15 minutes at room temperature, 

and filtered once again through a 70 µm cell strainer. Cells were subsequently 

centrifuged, supernatant aspirated, and the pellet was resuspended in 5 mL of 1X RBC 

Lysis Buffer (eBioscience). After 5 minutes, the reaction was quenched with 20 mL 

isolation buffer and the cells were spun a final time to remove lysed RBCS. The pellet 

was then resuspended in fresh isolation buffer. 

 

Figure 3.5: Schematic of primary T lymphocyte isolation. (Biorender.com) 

Using a hemacytometer, cell counts were obtained to calculate total number of 

splenocytes per tube. The reagents of the MACS protocol scale according to total cell 

count. First, cells were incubated in isolation buffer with 20% Fetal Bovine Serum 
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(FBS) and the Dynabead Kit antibody mixture for 20 minutes at 4 ºC. This Antibody 

Mix for mouse T cells contains a mixture of rat monoclonal antibodies against mouse 

CD45R (B220), CD11b (Mac1), Ter-119, and CD16/CD32. After a wash and 

centrifuge step, the antibody labeled cells were then incubated in prewashed Mouse 

Depletion Dynabeads (ThermoFisher) and rocked again at room temperature for 15 

minutes. Dynabeads are superparamagnetic polystyrene beads (4.5 ɛm diameter) 

coated with a polyclonal sheep anti-rat IgG antibody. After sufficient interaction 

between labeled cells and Dynabeads, samples were added to a magnet for 2 minutes. 

The untouched T lymphocytes were collected from each tube, and the remaining beads 

in the tube with the unwanted cells are discarded. 

3.2.3 Validation of T lymphocyte isolation 

3.2.3.1 In vitro confirmation 

To confirm viability and purity of isolated T lymphocytes, collected cells were 

analyzed via flow. Isolated cells were fixed with 4% paraformaldehyde (PFA) for 30 

minutes at room temperature. Next, samples were spun down (300 x g for 5 min.) and 

resuspended in blocking buffer and incubated at room temperature for 1 hour. After 

blocking, cells were again pelleted and resuspended in blocking buffer containing 2 

µg/mL anti CD3-APC (BioLegend) for 2 hours at 4ºC. Following antibody labeling, 

cell samples were washed three times with TBST. After the final wash cells were 

resuspended in 1X PBS, and analyzed via flow cytometry. Using flow cytometry 

(ACEA Novocyte), forward-scatter (FSC), side-scatter (SSC), and APC signal were 
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captured from the sample. A FSC x SSC density plot was used to identify the healthy 

cell region from the debris, and a FSC-Area x FSC-Height density plot was used to 

removed doublets from the analysis. Finally, a histogram was applied to the final gate 

of cells where APC intensity is the X-axis. The shift of the histogram curve was used 

to confirm cell labeling and sample purity based on CD3 expression. 

For fluorescent identification of freshly isolated T cells, samples were labeled 

with cytoplasmic dye Carboxyfluorescein succinimidyl ester (CFSE) (CellTrace, 

ThermoFisher). This label is a robust and common strategy for T lymphocytes451. 

Cells are incubated in complete RPMI1640 media (+ 10% Fetal Bovine Serum (FBS) 

and 1% Penicillin-Streptomycin (P/S)) and CFSE dye at a 1:1000 dilution for 30 

minutes at 37ºC. Fluorescent signal is confirmed with fluorescent microscopy (488 

nm, LSM800, Zeiss). To validate primary isolation viability, CFSE-labeled T 

lymphocytes were then adoptively transferred to a CD-1 littermate intravenously. 

First, T lymphocytes were resuspended in sterile 1X PBS at a concentration of 1.5x107 

cells/mL. Using an 18 G needle (BD), approximately 200 µL of cell suspension were 

loaded into a 1 mL slip-tip syringe. The 18 G needle was replaced with a 27 G needle 

(BD) prior to injection, and air was removed from the syringe.  

3.2.3.2 In vivo confirmation 

Prior to injection, mice were placed under a heat lamp for approximately 30-60 

seconds, to dilate the tail veins. Mice were relocated to a murine tail-vein injection 

restraint device (Braintree Scientific). The animalôs tail was rotated 90 degrees to 
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either side to identify the lateral tail vein. The needle tip was inserted at approximately 

5 degrees with the bevel upwards. After insertion into the vein, the plunger was 

depressed and 100 µL of cell suspension (1.5x106 cells total, approximately 50% of 

the endogenous amount in the peripheral blood) was delivered intravenously. Animals 

were monitored and left for 2 hours for sufficient T lymphocyte circulation. 

After 2 hours, mice were euthanized as described previously. Using a 27G 

needle and 1 mL syringe preloaded with 100 µL of 0.1M EDTA, whole blood was 

collected via intracardiac puncture into the right ventricle. Blood samples were imaged 

via fluorescent microscopy to assess labeled T lymphocyte presence in peripheral 

blood. Next, brachial, inguinal, and popliteal lymph nodes were collected and fixed 

overnight in 4% PFA at 4ºC. Tissues were embedded in 6 wt% agar and sectioned via 

vibratome as described in Chapter 2. Tissue sections were imaged via confocal 

microscopy (LSM800, Zeiss) to assess T lymphocyte presence in the lymph node. 

Additionally, select sections were counterstained with phalloidin (AlexaFluor 594, 

Cell Signaling) to identify structural components and vasculature or anti-CD3 

antibody to identify resident T lymphocytes.  

3.2.4 Functional antibody blocking of L-selectin 

For preventing lymphocyte ingress into the lobule, a functional antibody 

blocking strategy (FAB) was employed (Figure 3.6). L-selectin is a glycoprotein 

required for the first tethering step in the transendothelial migration cascade. In this 
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study, in vivo anti-mouse L-selectin (InVivoMAb anti-mouse L-Selectin (CD62L), 

BioXCell) were used. 

 

Figure 3.6: Schematic of adoptive T cell transfer and L-selectin functional antibody 

blocking. (Biorender.com) 

Prior to testing the cell-mediated transport mechanism, a dose response panel 

was designed to identify the optimal antibody concentration to prevent T lymphocyte 

ingress. For this panel, a range of antibody doses were tested from 0.004 ï 8 mg/kg 

(0.004, 0.04, 0.4, 0.8, 4, and 8 mg/kg, mg of antibody/kg of animal weight). To test 

the FAB capacity of each dose, a dual-tail vein injection strategy was employed. First, 

in the left lateral tail vein one of the doses of L-selectin antibody described above was 

injected into an individual mouse. After 2 hours, in the right lateral tail vein a dose of 

1.5x106 CFSE-labeled T lymphocytes was injected into each of the previously injected 

mice. Animals were monitored for 4 hours post injections, and were then euthanized at 

endpoint. Blood was collected from each animal to assess cellular presence via cardiac 

puncture. Finally, lymph nodes were once again collected from each animal, as 
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described in section 3.2.3.2., fixed, sectioned ,and imaged via confocal microscopy 

(488 nm, LSM800, Zeiss).  

 

Figure 3.7: The HIV life cycle, and potential therapeutic targets (blue boxes). 

Typically, a cART regimen consists of three different drug species 

targeting 2 or more of these stages in the life cycle. (Biorender.com) 

3.2.5 Antiretroviral (ARV) species and stock solutions 

The ARV species used in the study include a variety of gold-standard 

molecules from multiple classes (Figure 3.7). This list includes: i) Nucleoside RT 

inhibitor: Islatravir (ISL), ii) Nucleotide RT Inhibitor: Tenofovir DF (TDF, iii) Non-

nucleoside RT Inhibitors: Doravirine (DOR) and Efavirenz (EFV), iv) Protease 

Inhibitor: Darunavir (DRV), and v) Integrase Inhibitor: Raltegravir (RALT). EFV, 

DRV, RALT, and ISL were provided by Merck for this study. TDF and DOR were 



 105 

purchased from MedChemExpress (Monmouth Junction, NJ, USA). Stock solutions of 

each ARV species were prepared and filtered via an ultracentrifugation 

microcentrifuge tube (3kDA MWCO, CellTreat), and stored at -80 ºC for no longer 

than 3 months.  

Table 3.1: ARV species and doses. 

 

 

ARV isotopes used in this study during mass spectrometry were as follows: 

[13C6]-Efavirenz and [13C6]-Darunavir (AlsaChim (Illkirch-Graddenstaden, France) 

and Raltegravir-d4 (MedChemExpress (Monmouth Junction, NJ, USA)). A 1 mg/mL 

stock solution of each ARV isotope was made in HPLC grade methanol. 

For ARV drug calibration curves, 100, 200, 400, 600, 800, and 1000 nM 

samples were submitted with each experimental run. Calibration curve samples were 

prepared fresh for each experiment for both ARV species and ARV isotopes. 

Antiretroviral 

Species 

Drug Class logP PBF Allometric 

scaling 

Dose (mg/kg) 

Doravirine Non-nucleoside RT 

Inhibitor 

2.1 0.76 4X 5.33 

Darunavir Protease Inhibitor 2.9 0.97 2X 21.3 

Efavirenz Non-nucleoside RT 

Inhibitor 

4 0.99 3X 24 

Raltegravir Integrase Inhibitor 1.1 0.8 6X 48 

Islatravir Nucleoside RT 

Inhibitor 

-0.6 0.04 2X 7.8 

Tenofovir DF Nucleotide RT 

Inhibitor 

-1.6 0.01 10X 40 
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3.2.5.1 ARV sample preparation 

EFV (38 mg/ml), DRV (50 mg/ml), RALT (70.1 mg/ml), DOR (50 mg/ml), 

TDF (50 mg/ml) and ISL (100 mg/ml) were prepared in sterile dimethylsulfoxide 

(DMSO). Samples prepared for injection used diluted stock solutions in a final 100 µL 

injection vehicle comprised of 30% DMSO and 70% PBS. This concentration of 

DMSO is safe for injection and allows for maximum solubility452. Samples were 

prepared by first warming stock solution, DMSO, and PBS to 60 ºC on a heat block. 

Solutions were mixed at appropriate volumes to get a desired final concentration in the 

100 µL injection volume. After proper mixing of solution, samples were preloaded in 

a syringe, and allowed a slow ramp down to 37°C prior to injection. Doses were 

initially allometrically scaled from clinical doses according to a 75 kg human to 

appropriate mouse dose. From here, doses were scaled by factors from 2 to 10 times 

higher than this allometric dose due to limit of detection (LOD) in tissue fractions 

(Table 3.1). Finally, doses were determined by a balance of both solubility and 

toxicity limits from literature, to achieve maximal possible doses within these safe 

ranges453ï456.  

3.2.6 ARV injections with FAB  

Final doses for all drugs are listed in Table 3.1. These doses were consistently 

prepared without precipitate formation, and were reliably detected in four pooled 

lymph nodes via mass spectrometry. In each FAB experiment, five mice were used per 

ARV species: one untreated control, two mice for the control group (no FAB), and 
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two mice for the experimental group (with FAB). Each of these FAB experiments was 

completed 3 times per ARV species, for a total of 3 untreated mice, 6 control mice, 

and 6 experimental mice.  

FAB experiments were performed identically for all ARV species (Figure 

3.8). At t = 0, two of the mice received an L-selectin antibody injection at 0.4 mg/kg 

in the left lateral tail vial. After 2 hours, both experimental mice and two new control 

mice received an ARV injection into the right lateral tail vein, with doses listed in 

Table 3.1. After 4 more hours, the expected time constant of biodistribution, mice 

were euthanized and blood and lymph nodes are collected as previously described. 

 

Figure 3.8: Schematic of experimental protocol for assessing cell-mediated ARV 

transport. Plasma, intracellular, and extracellular fractions are processed 

and analyzed via MS. (Biorender.com) 
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3.2.6.1 Tissue collection and fractionation protocol 

Immediately after euthanasia, blood was collected in a 0.1M EDTA prefilled 

syringe as previously described. Blood was collected in microcentrifuge tubes, and 

spun at 1500 x g for 10 mins at 4°C. This spin separates the RBCs and leukocytes 

from the plasma, which was collected separately for further analysis. Next, both 

brachial and inguinal lymph nodes were collected from each mouse as described in 

Chapter 2 and pooled together to represent one measurement per mouse. Lymph nodes 

were submerged in a solution of 200 µL RPMI1640 with 5 mg/ml Collagenase Type I 

(Worthington), and minced into roughly 1 mm3 pieces. DNAse I (Worthington) at a 

concentration of 10 µg/ml was subsequently added to the solution, and the tube was 

placed in the incubator for 1 hour at 37°C457. Every 15 minutes, tissues were broken 

up further via pipette agitation with a sequentially smaller pipet tip. After the hour-

long incubation, a cell count was calculated from each tube, and samples were 

centrifuged at 300 x g for 5 minutes. Supernatants were collected in a separate tube as 

the extracellular (EC) fraction. Finally, 100 µL of RIPA Buffer (RIPA Lysis and 

Extraction Buffer, ThermoFisher) was added to digest each pellet for 10 minutes. 

Another 100 µL of ddH22O was added to each sample for a final 200 µL intracellular 

(IC) fraction458. All samples were then stored at -20°C until extraction for UPLC-

MS/mass spectrometry (MS). 

As a parallel experiment to investigate bulk measurements, FAB experiments 

were repeated for analysis via IR-MALDESI through our collaboration through Merck 

MISP project. Due to the increased sensitivity of IR-MALDESI compared to bulk 
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concentrations, ARV species were delivered in two drug cocktails as follows: 1. 

RALT + EFV, 2. ISL + TDF, and 3. DOR + DRV. L-selectin blocking antibody and 

ARV injections were delivered in the same manner as section 3.2.6, however lymph 

nodes were collected whole and flash frozen in dry ice chilled acetone. 

3.2.7 Ultra -High-Performance Liquid Chromatography Mass Spectrometry 

(UHPLC-MS) 

3.2.7.1 ARV extraction from tissue compartments 

ARV extraction from tissue compartments: After thaw, tissue fraction samples 

were spun down at 1500 RPM for a few seconds to pellet any large undigested debris. 

Next, a 150 µL subsample of each fraction was transferred to a new 1.7 mL 

microcentrifuge tube and spiked with 2 µL of the respective ARV isotope as an 

internal standard. Finally, 148 µL of cold acidic acetonitrile (ACN) (pH 0) was added 

to each sample to bring the volume total to 300 µL aliquot299,459. These samples were 

mixed thoroughly via vortexing and centrifuged at 1500 x g for 1 minute. Afterwards, 

samples were placed in a Thriller Thermoshaker incubator block (Peqlab) at 50°C and 

mixed at 350 rpm for 45 minutes. After this incubation samples were vortexed 

followed by a quick spin to pellet dissociated protein. Supernatant was then added to a 

500 µL Spin-X ultrafiltration microcentrifuge tube (10 kDa MWCO, Corning) and 

centrifuged at 4500 x g for 10 minutes. Finally, an 80 µL aliquot of the filtrate was 

collect and submitted for mass spectrometry. Remaining filtrate as store at -20°C for 

further analysis.  
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3.2.7.2 ARV extraction from plasma 

After thaw, tissue fraction samples were spun down at 1500 RPM for a few 

seconds to pellet any large undigested debris. Next, a 150 µL subsample of each 

fraction was transferred to a new 1.7 mL microcentrifuge tube and spiked with 2 µL of 

the respective ARV isotope as an internal standard. Finally, 298 µL of cold ACN (pH 

0) (0.1M formic acid in ultrapure water) was added to each sample to bring the 

volume total to 450 µL aliquot. Samples were vortex, spun, and incubated on the 

Thriller Thermoshaker as described previously. After 45 minutes, samples were 

allowed to cool, vortexed, and spun again. Supernatant was transferred to a 500 µL 

Spin-X ultrafiltration microcentrifuge tube (10 kDa MWCO, Corning) and centrifuged 

at 4500 x g for 10 minutes. Similarly to tissue fractions, an 80 µL aliquot of the filtrate 

was collect and submitted for mass spectrometry, with the remaining sampled stored at 

-20°C. 

3.2.7.3 Tenofovir dephosphorylation 

After being taken up by cells, tenofovir undergoes through two 

phosphorylation steps to yield tenofovir diphosphate. In order to determine the entire 

tenofovir concentration in the intracellular compartment, an additional step was 

performed following extraction described in section 3.2.7.1. Samples were 

dephosphorylated using potassium phosphate bibasic (Sigma) for 120 minutes at 37ºC 

followed by chromatography as described in literature460. 
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3.2.7.4 Instrumentation 

Mass spectrometry (MS) detection was performed using a Thermo Q-Exactive 

hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Bremen, 

Germany) equipped with an UltiMate 3000 ultra high-performance liquid 

chromatography (UHPLC) system (Thermo Scientific, Germering, Germany), using 

conventional heated electrospray ionization (HESI). All methodology for ARV 

detection was developed by Dr. Allyson Dang and Dr. Papa Nii Asare-Okai. Samples 

were run by mass spectrometry core personnel and Xcalibur software (Thermo 

Scientific) was used for data acquisition analysis.  

3.2.8 IR-MALDESI MSI  

As an external control of the spatial distribution of antiretrovirals, sample 

slices of LNs dosed with each drug were analyzed by IR-MALDESI mass 

spectrometry imaging (MSI)297,298. Cryosections were thaw-mounted onto glass 

microscope slides that are uniformly coated with an internal standard. A pulsed IR 

laser was used to volatilize the sample over a 100 µm diameter region. Resulting ions 

were analyzed by MS. The entire tissue section was sampled in a raster pattern. The 

images of MSI data were then be co-registered with information derived from other 

microscopy-based imaging approaches, including IHC to evaluate distribution of 

analyte relative to key cell populations or antigen expression. Quantitative analysis is 

performed by calibrating IR-MALDESI MSI response to analytical standards spiked 

onto non-dosed tissue matched to the dosed tissue to account for any matrix effects in 
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the ionization process (Figure A.2). For samples with concentrations near the limit of 

detection, selected ion monitoring (SIM) was performed to limit the detected spectrum 

of mass-to-charge ratio and significantly improve sensitivity461. All IR -MALDESI 

MSI methods were developed by Dr. Elias Rosen. 

3.2.9 Animal measurements and normalizations 

To normalize the data and correct for experimental and cross-subject 

variability, tissue sample measurements were collected for each mouse. First, due to 

the unpredictability of total volume of blood drawn via intracardiac puncture, the non-

uniform dilution factor of 100 µL was corrected for to determine total volume of 

plasma. Plasma MS concentrations were normalized to this correction factor. Next, 

cell count was determined for each IC fraction after tissue disassociation. This cell 

count was multiplied by approximate size of an isolated T cell to estimate the total 

volume of the lymph node462. IC MS concentrations were normalized to this volume.  

Finally, to address inconsistencies in I.V. injections, IC and EC fraction concentrations 

were normalized to Plasma fraction concentrations. 

3.2.10 Statistical analysis 

All experiments were performed in triplicate at minimum when applicable. 

Results are presented as average ± standard deviation. Average concentrations 

between control and experimental tests were compared using a homoscedastic two-

sample T-test. 
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3.3 Results 

Schematic of functional antibody blocking strategy is highlighted in Figure 

3.3. The following ARV extraction, purification, and detection protocol was optimized 

in the Gleghorn Lab by Dr. Allyson Dang. 

3.3.1 Primary T lymphocytes are reliably isolated from murine spleens 

To isolate primary T lymphocytes from murine spleens, negative selection 

magnetic-activated cell sorting (MACS) was performed. From adult CD-1 mice (8-10 

weeks old), isolated T lymphocyte pools ranged from 1.5x107 ï 2.5x107 viable cells 

per spleen. To quantify the purity of isolated cells, anti-CD3 immunostaining was 

performed and analyzed by flow cytometry. From flow cytometry, isolation purity 

determined via bimodal gating using a positive control determined an isolation purity 

of 98.68C% (Figure 3.9). 

 

Figure 3.9: A) Validation of T lymphocyte isolation via flow cytometry. B) CFSE ex 

vivo labeling of T lymphocytes prior to adoptive transfer. 
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3.3.2 Adoptive transfer of syngeneic T lymphocytes 

To determine viability of adoptive T lymphocyte transfer, 1.5x106 CFSE-

labeled were intravenously injected into syngeneic mice. After 2 hours, mice were 

euthanized and brachial, inguinal, and popliteal lymph nodes were collected. Tissues 

were then sectioned and imaged via confocal microscopy. In all three lymph nodes 

representing three different locations in the body, strong labeled lymphocyte uptake 

was seen (Figure 3.10A-D). When counterstained with phalloidin, labeled T 

lymphocytes were shown to interact with HEVs in the paracortex region and were 

found in the avascular spaces within the lobule (Figure 3.10E). Immunostaining with 

CD-3 antibody confirmed FAB strategy did not cause issues with lymph node 

architecture or hypoplasia (Figure 3.10F).  
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Figure 3.10: Following adoptive primary T lymphocyte transfer, CFSE-labeled cells 

are visible in A) brachial B) inguinal, and C) popliteal lymph nodes. D) 

Zoomed inset panel of a brachial lymph node shows homogenous 

distribution of cells. Counterstains with E) phalloidin and F) anti-CD3 

antibody show interaction with local HEVs and normal lobule behavior. 

Dose response to L-selectin FAB 

3.3.3 Dose response panel for L-selectin FAB 

For the optimization of our L-selectin FAB scheme, a range of antibody doses 

were assessed (0.004-8 mg/kg). First, mice experimental mice were injected 

intravenously with L-selectin mAb, and after 2 hours, both control and experimental 

mice were injected each with 1.5x106 CFSE-labeled primary T lymphocytes. After 2 

hours, all mice were euthanized and blood and lymph nodes were collected. Samples 

were sectioned and imaged via confocal microscopy to qualitatively identify optimal 

FAB dose. Additionally, to confirm injection quality, adoptively transferred T 
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lymphocytes were still detectable in blood at 2 hours (Figure A.3). In tissue sections, 

it is clear that all doses below 0.4 mg/kg resulted in strong lymph node homing similar 

to the control animal (Figure 3.11). However, at doses of 0.4 mg/kg and greater, 

lymphocyte ingress was greatly reduced and less than one labeled T lymphocyte was 

identified per ROI. For further FAB experiments, the 0.4 mg/kg dose was selected. 

 

Figure 3.11: : Adoptive T lymphocyte transfer following FAB shows doses at and 

above 0.4 mg/kg sufficiently block lymphocyte ingress. 

3.3.4 ARV doses for FAB validation 

All ARV species used in the study were prepared at a stock solution in DMSO 

(Table 3.1). Doses were allometrically scaled from human equivalent doses as a 1X 

dose. However, due to issues with poor drug penetration into lymph node tissues and 

limit of detection with out MS tools, these doses were scaled by a number as 

determined by repeatably identifiable doses via MS. The other main influence 
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controlling this scaling factor, was the solubility of the drug species and the toxicity 

profile. Through heating and slow-ramped cooling, ARV species that were especially 

hydrophobic were able to be solubilized without precipitates forming or crashing out 

of solution. Final doses were determined, as seen in Table 3.3, based on lowest doses 

detectable during MS analysis (Figure 3.12).  

 

Figure 3.12 All ARV species in this study are reliably extracted and detected at the 

following retention times. 

3.3.5 ARV extraction, purification, and detection via UPLC-MS/MS 

An optimized extraction and purification method, developed by Allyson Dang, 

Ph.D., was used to detect ARV species concentrations within the plasma and 

intracellular (IC) and extracellular fractions (EC) (Figure 3.13). First, conventional 

protein precipitation techniques using ice-cold acidic acetonitrile was performed on all 

collected fractions. However, due to the logP and protein bound fractions (PBF) of a 
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number of the drugs (Table 3.3), standard methods were insufficient. A heat shock 

step was added to the processing pipeline to denature proteins bound to ARV 

species. It was determined that rocking conditions of 350 rpm at 50ÜC were sufficient 

in denaturing proteins and greatly improving the extracted concentrations. Using 

standard methods, EFV, RALT, and DRV had recovery percentages of 9.9%, 15.5%, 

and 18%, respectively. After the incorporation of this heat shock methodology, 

extraction efficiency increased for EFV, RALT, and DRV to 96%, 94%, and 90%, 

respectively. 

 

Figure 3.13: As an exemplar drug, Doravirine was detected in the plasma, 

intracellular, and extracellular fractions using Xcalibur software. 

3.3.6 Comparison of ARV uptake in the lymph node tissue compartments 

following FAB 

To assess the role in cell-mediated transport in overall ARV concentrations in 

the lymph node, L-selectin FAB strategy was employed. In experimental animals L-

selectin antibody was again administered intravenously (I.V.) in the left lateral tail 

vein. After 2 hours, in both control and experimental animals, ARV doses (Table 3.3) 
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were I.V. injected in the right lateral tail vein. After 4 hours, the predicted rate 

constant of biodistribution, mice were euthanized and tissue were collected. The 

plasma fraction was isolated from whole blood following centrifugation. The isolated 

lymph nodes were separated into IC and EC compartments via enzymatic digestion. 

All samples were prepared for high-resolution Orbitrap mass spectrometer (MS) as 

described above. In each ARV study, 6 mice were used for the control group and 6 

mice were used for the experimental groups. 

3.3.6.1 Doravirine 

Doravirine was detected via Orbitrap MS using positive ion mode with a 

retention time of 2.78 minutes. After tissue normalizations, the plasma fraction, IC 

fraction, and EC fraction were calculated for control mice and FAB mice. In control 

mice the plasma, IC, and EC concentrations were 1348.812 (±457.944) µM, 10.881 

(±3.031) µM, and 0.625 (±0.141) µM, respectively (Figure 3.14A). In FAB mice the 

plasma, IC, and EC concentrations were 1405.665 (±264.129) µM, 9.460 (±2.408) 

µM, and 0.634 (±0.174) µM, respectively (Figure 3.14A). When normalized to the 

plasma concentration, the unitless ratios of control IC and EC fractions and the FAB 

IC and EC fractions were 0.00831 (±0.00156), 0.000494 (±0.000131), 0.00710 

(±0.00214), and 0.000466 (±0.000102), respectively. When the sum of lymph node 

concentrations are normalized to plasma, the unitless ratio for Doravirine was 0.00881 

(±0.00163) for control mice and 0.00754 (±0.00219) for FAB mice (Figure 3.14B). 
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Finally, IC:EC ratios were measured at 17.472 (±4.079) for control mice and 15.357 

(±4.297) for FAB mice (Figure 3.14C). 

 

Figure 3.14: Doravirine FAB results. (n=6) 

3.3.6.2 Islatravir  

Islatravir was detected via Orbitrap MS using positive ion mode with a 

retention time of 2.05 minutes. After tissue normalizations, the plasma fraction, IC 

fraction, and EC fraction were calculated for control mice and FAB mice. In control 

mice the plasma, IC, and EC concentrations were 712.624 (±85.371) µM, 287.257 
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(±121.031) µM, and 17.825 (±2.986) µM, respectively (Figure 3.15A). In FAB mice 

the plasma, IC, and EC concentrations were 817.999 (±138.037) µM, 308.640 

(±139.291) µM, and 16.547 (±2.098) µM, respectively (Figure 3.15A). When 

normalized to the plasma concentration, the unitless ratios of control IC and EC 

fractions and the FAB IC and EC fractions were 0.403 (±0.169), 0.0255 (±0.00606), 

0.400 (±0.2322), and 0.0207 (±0.00386), respectively. When the sum of lymph node 

concentrations are normalized to plasma, the unitless ratio for Islatravir was 0.428 

(±0.173) for control mice and 0.421 (±0.234) for FAB mice (Figure 3.15B). Finally, 

IC:EC ratios were measured at 16.081 (±6.207) for control mice and 18.879 (±8.993) 

for FAB mice (Figure 3.15C). 
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Figure 3.15: Islatravir FAB results. (n=6) 

3.3.6.3 Raltegravir  

Raltegravir was detected via Orbitrap MS using positive ion mode with a 

retention time of 2.62 minutes. After tissue normalizations, the plasma fraction, IC 

fraction, and EC fraction were calculated for control mice and FAB mice. In control 

mice the plasma, IC, and EC concentrations were 6.956 (±1.503) µM, 53.121 (±6.095) 

µM, and 6.100 (±0.345) µM, respectively (Figure 3.16A). In FAB mice the plasma, 

IC, and EC concentrations were 7.159 (±1.614) µM, 51.923 (±11.554) µM, and 5.928 

(±0.647) µM, respectively (Figure 3.16A). When normalized to the plasma 
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concentration, the unitless ratios of control IC and EC fractions and the FAB IC and 

EC fractions were 8.043 (±2.336), 0.928 (±0.291), 7.564 (±2.670), and 0.853 (±0.151), 

respectively. When the sum of lymph node concentrations are normalized to plasma, 

the unitless ratio for Raltegravir was 8.971 (±2.608) for control mice and 8.417 

(±2.790) for FAB mice (Figure 3.16B). Finally, IC:EC ratios were measured at 8.727 

(±1.091) for control mice and 8.781 (±1.886) for FAB mice (Figure 3.16C). 

 

Figure 3.16: Raltegravir FAB results. (n=6) 
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3.3.6.4 Darunavir  

Darunavir was detected via Orbitrap MS using positive ion mode with a 

retention time of 2.89 minutes. After tissue normalizations, the plasma fraction, IC 

fraction, and EC fraction were calculated for control mice and FAB mice. In control 

mice the plasma, IC, and EC concentrations were 107.603 (±12.062) µM, 916.251 

(±242.169) µM, and 52.07 (±2.971) µM, respectively (Figure 3.17A). In FAB mice 

the plasma, IC, and EC concentrations were 109.095 (±14.032) µM, 864.315 

(±184.018) µM, and 51.928 (±1.835) µM, respectively (Figure 3.17A). When 

normalized to the plasma concentration, the unitless ratios of control IC and EC 

fractions and the FAB IC and EC fractions were 8.713 (±2.880), 0.489 (±0.0609), 

8.068 (±2.239), and 0.482 (±0.0.0631), respectively. When the sum of lymph node 

concentrations are normalized to plasma, the unitless ratio for Darunavir was 9.201 

(±2.925) for control mice and 8.551 (±2.270) for FAB mice (Figure 3.17C). Finally, 

IC:EC ratios were measured at 17.606 (±4.573) for control mice and 16.700 (±3.838) 

for FAB mice (Figure 3.17C). 
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Figure 3.17: Darunavir FAB results. (n=6) 

3.3.6.5 Efavirenz 

Efavirenz was detected via Orbitrap MS using negative ion mode with a 

retention time of 3.33 minutes. After tissue normalizations, the plasma fraction, IC 

fraction, and EC fraction were calculated for control mice and FAB mice. In control 

mice the plasma, IC, and EC concentrations were 8.263 (±1.148) µM, 6.967 (±1.874) 

µM, and 0.1570 (±0.0978) µM, respectively (Figure 3.18A). In FAB mice the plasma, 

IC, and EC concentrations were 5.768 (±1.547) µM, 6.156 (±2.507) µM, and 0.0816 

(±0.0309) µM, respectively (Figure 3.18A). When normalized to the plasma 
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concentration, the unitless ratios of control IC and EC fractions and the FAB IC and 

EC fractions were 0.847 (±0.223), 0.0185 (±0.00962), 1.063 (±0.325), and 0.0140 

(±0.00361), respectively. When the sum of lymph node concentrations are normalized 

to plasma, the unitless ratio for Efavirenz was 0.865 (±0.227) for control mice and 

1.077 (±0.323) for FAB mice (Figure 3.18B). Finally, IC:EC ratios were measured at 

54.371 (±24.095) for control mice and 82.956 (±37.095) for FAB mice (Figure 

3.18C). 

 

Figure 3.18: Efavirenz FAB results. (n=6) 
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3.3.6.6 Tenofovir 

Tenofovir was detected via Orbitrap MS using negative ion mode with a 

retention time of 2.15 minutes. Prior to submission, Tenofovir IC compartments were 

dephosphorylated, and plasma and EC compartments were handled similarly to the 

other ARV species. After tissue normalizations, the plasma fraction, IC fraction, and 

EC fraction were calculated for control mice and FAB mice. In control mice the 

plasma, IC, and EC concentrations were 10.362 (±2.144) µM, 9.063 (±5.04) µM, and 

0.7887 (±0.0329) µM, respectively (Figure 3.19A). In FAB mice the plasma, IC, and 

EC concentrations were 10.547 (±3.565) µM, 17.047 (±4.219) µM, and 0.755 

(±0.0177) µM, respectively (Figure 3.19A). When normalized to the plasma 

concentration, the unitless ratios of control IC and EC fractions and the FAB IC and 

EC fractions were 0.841 (±0.441), 0.0762 (±0.0182), 1.755 (±0.617), and 0.0832 

(±0.0451), respectively (Figure 3.19B). 
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Figure 3.19: Tenofovir FAB results. (n=6, *p<0.05) 

3.3.7 Summary results 

From FAB experiments, only tenofovir resulted in a statistically significant 

change in concentration from control to FAB tissues. In the IC compartment, tissue 
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concentrations increased by more than 2-fold following FAB as compared to free 

drug. 

Table 3.2: Summary of cell mediated transport results in tissue compartments 

 Control 

   Lymph node tissue concentrations 

Drug 
Normalized plasma 
concentration (µM) 

Intracellular (µM) 
Extracellular 

(µM) 

Doravirine 1348.8129 (±457.9438) 10.8811 (±3.0305) 0.6254 (±0.1411) 

Islatravir 712.6248 (±85.3709) 287.2567 (±121.0305) 17.825 (±2.9856) 

Raltegravir 6.9557 (±1.5034) 53.1211 (±6.0954) 6.1001 (±0.3454) 

Darunavir 107.6038 (±12.0617) 916.2508 (±242.1685) 52.07 (±2.971) 

Efavirenz 8.263 (±1.1484) 6.9679 (±1.8735) 0.1569 (±0.0978) 

Tenofovir 10.3628 (±2.1441) 9.0631 (±5.0405) 0.7887 (±0.0329) 

 Functional Antibody Blocking (FAB) 

   Lymph node tissue concentrations 

Drug 
Normalized plasma 
concentration (µM) 

Intracellular (µM) 
Extracellular 

(µM) 

Doravirine 1405.6645 (±264.1286) 9.4595 (±2.4084) 0.6337 (±0.174) 

Islatravir 817.9988 (±138.0366) 308.6398 (±139.2906) 16.5466 (±2.0981) 

Raltegravir 7.1594 (±1.6142) 51.9228 (±11.5542) 5.9283 (±0.647) 

Darunavir 109.0952 (±14.0322) 864.3154 (±184.0186) 51.9283 (±1.8347) 

Efavirenz 5.7682 (±1.5464) 6.1558 (±2.5066) 0.0815 (±0.0309) 

Tenofovir 10.5473 (±3.5646) 17.047 (±4.2192) 0.7552 (±0.0177) 
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Table 3.3: Summary of cell mediated transport results normalized to plasma. 

 Tissue/Plasma Ratio - Control  
Drug Intracellular/Plasma Extracellular/Plasma 

Whole 
LN/Plasma 

Doravirine 0.00831 0.00049 0.00881 

Islatravir 0.40283 0.02546 0.42829 

Raltegravir 8.04305 0.92781 8.97086 

Darunavir 8.71251 0.48893 9.20144 

Efavirenz 0.84685 0.01850 0.86535 

Tenofovir 0.8408 0.0762 n/a 

 Tissue/Plasma Ratio - FAB  
Drug Intracellular/Plasma Extracellular/Plasma 

Whole 
LN/Plasma 

Doravirine 0.00707 0.00047 0.00754 

Islatravir 0.39992 0.02065 0.42058 

Raltegravir 7.56434 0.85270 8.41704 

Darunavir 8.06836 0.48234 8.55070 

Efavirenz 1.06328 0.01396 1.07724 

Tenofovir 1.7548 0.0832 n/a 

 

3.3.8 Comparison between ARV species in control mice 

In control animals, a number of interesting findings were discovered. TDF was 

not included in this analysis as IC compartments were analyzed using a unique method 

First, each drug species exhibited different characteristics and retention in blood. 

While most of these drugs have well described PK/PD models and t1/2 measurements, 

these models are predicated on oral administration. The highest retention in the blood 

(Plasma concentration µM/initial dose mg/kg) was in Doravirine while the lowest was 

in Raltegravir. Retention in the blood by Doravirine approximately 1746 times higher 

than Raltegravir (Figure 3.20A). Interestingly however, this strong retention in the 
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blood did not correlate to higher uptake in the lymph node, and Doravirine had the 

lowest lymph node/plasma concentration ratio (Figure 3.20B). The highest lymph 

node/plasma ratio was seen in Darunavir at 9.201, roughly 1000 times higher than this 

ratio for Doravirine. Finally, each drug exhibited different compartmentalization in the 

IC and EC fraction (Figure 3.20C). For all drugs, the IC fraction had a higher 

concentration than the EC fraction. Raltegravir had the smallest inequality where the 

IC fraction was 8.727 times more concentrated than the EC fraction, and Efavirenz 

had the largest inequality where the IC fraction was 54.371 times more concentrated 

than the EC fraction.  
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Figure 3.20: Comparisons across ARV transport in control mice, including A) plasma 

concentration at 4 hours compared to initial dose, B) lymph node 

concentration at 4 hours compared to initial dose, and C) intracellular to 

extracellular ratios. (n=6) (A. *p<0.0001, **p<0.005) B. *p<0.0001, 

**p<0.0001 C. *p<0.001). 
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3.3.9 IR-MALDESI MSI detection of ARVs in murine tissues 

In addition to bulk ARV measurements via Orbitrap MS, spatial ARV 

distributions and concentrations were determined via IR-MALDESI, performed by 

Elias Rosen Ph.D. (UNC). Using standard detection methods, only EFV and DOR 

were identified in tissues (Figure 3.21A-B). For EFV, the average concentration 

detected in the sections was 22.25 µg/g in control tissues and 21.5 µg/g in FAB 

tissues. For DOR, the average concentration detected in the sections was 1.4 µg/g in 

control tissues and 2.05 µg/g in FAB tissues. To increase instrument sensitivity, 

selected ion monitoring (SIM) was employed to ISL samples. Using this detection 

procedure, the average concentration detected in the sections was 12.3 µg/g in control 

tissues and 5.05 µg/g in FAB tissues (Figure 3.21C). Using a homoscedastic T-test, 

difference between control and FAB is close to a statistically significant result with a 

p-value of 0.053. 
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Figure 3.21: Using IR-MALDESI MSI, A) EFV and B) DOR were detected in murine 

lymph nodes and exhibited no significant change to concentrations 

following FAB. C) Selected ion monitoring (SIM) was used to detect 

concentration changes in murine tissue of ISL (n=2, p = 0.053). 

3.4 Discussion 

In this chapter, we investigated the role of cell-mediated transport in the 

overall concentration of ARV species in the murine lymph node. Throughout a 

multitude of studies, ARV uptake within the lymph node has been shown to be 

heterogeneous and severely reduced compared to other tissues and blood 

concentrations in vivo. Using state of the art spatial MS techniques, our collaborators 

have modeled small molecule transport in the lymph node lobule and predicted 

computationally that ARV diffusion in the lobule is an order a magnitude slower than 

free drug. Predicted diffusion lengths closely mimic lymphocyte trafficking in the 

lobule. This finding, coupled to well characterized uptake rates of ARVs in PBMCs 

and lymphocyte ingress rate, led us to hypothesize that cell-mediated drug transport is 

a major contributor to overall drug concentration in the tissue. This finding would 

have major implications for the bioavailability of ARV species, and help in therapeutic 

design. 

To test this hypothesis, we first optimized an L-selectin functional antibody 

blocking (FAB) strategy. Using adoptive T lymphocyte transfer as a test model for L-

selectin FAB, we were able to establish as reliable and repeatable protocol to block T 

lymphocyte ingress. Although this wasnôt tested explicitly with B lymphocytes, we 
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expect the L-selectin FAB strategy also extended to B lymphocyte ingress. Using this 

protocol, we were able to successfully prevent new lymphocyte ingress following 

treatment. 

Using this strategy, we tested a number of different ARV species from 

different drug classes and with different biochemical characteristics. ARV drugs were 

chosen from 5 different drug classes and hydrophilic and hydrophobic drugs were 

represented. In all cases, drugs were detected in all three tissue fractions, plasma, IC 

lymph node, and EC lymph node.  

We anticipated this cell-mediated phenomenon was going to be more prevalent 

in hydrophilic drugs, as hydrophobic drugs show stronger potential for passively 

diffusing through cell membranes. Of the 5 drugs tested in this study with the same 

experimental process, four (DOR, ISL, RALT, DRV) exhibited a slight knockdown in 

overall drug concentration after FAB, ranging from 1.8% to 16.8% knockdown (Table 

3.3). Efavirenz was the only exception to this, as the lymph node had increased 

concentration following FAB. We are hypothesizing that due to reduced cellular 

content in the lymph node, the extracellular volume fraction increased following FAB. 

Efavirenz has been shown to freely enter and exit cells at a higher rate that all other 

ARVs in this study, and therefore might equilibrate to this new IC:EC volume ratio. 

However, further tests are needed to confirm this theory. Even understanding these 

trends, the differences for all drugs were not statistically significant with p-values 
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>0.5. Therefore, the sample size of 6 mice per group was not sufficient to reliable 

determine the impact of FAB.  

Tenofovir, however, was processed in a different fashion and was analyzed 

separately from the previous five ARV drugs. Due to the fact that tenofovir in cells 

undergoes two phosphorylation steps, we developed a dephosphorylation protocol to 

identify all tenofovir in the cell. This method however, was unable to recover any 

tenofovir that was incorporated into cellular DNA. After the analysis, we saw a 

statistically significant increase in tenofovir, about 2-fold, in the FAB group as 

compared to control. While this is the opposite of our initial prediction, we feel that 

the lag time of incorporation could be a possible explanation. Since our process misses 

incorporated tenofovir, we are detecting all cytosolic tenofovir. Therefore, under 

normal conditions, it is possible that tenofovir is being taken up by PBMCs in the 

blood and being brought into the lymph node. However, under FAB, no intracellular 

tenofovir is being shuttled, and only tenofovir being brought to the lymph node is via 

diffusion. Therefore, the accumulation in the lymph node may be slower, and more of 

the tenofovir is cytosolic in the lymph node cells. While this plausible result could 

give further confirmation of cell-mediated transport, more testing will be needed to 

fully understand this mechanism.  

Regardless, this study showed that the effect size is smaller than we 

hypothesized. While cell-mediated transport may be a contributor to drug transport, it 

is not a major contributor at < 20% in most drugs. Further replicates for each drug 
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could be performed to achieve proper n for the desired statistical power. Additionally, 

further experimentation is needed to understand the unpredicted results in efavirenz 

and tenofovir. 

From this study, we also determined that spatial MS may offer a higher 

sensitivity than bulk MS measurements collected in this study. While only a 

preliminary result with n = 2 samples, Islatravir showed approximately a 2-fold 

knockdown (p-value = 0.528, homoscedastic T-test) following FAB and analysis with 

IR-MALDESI with SIM. More studies can be done to help correlate spatial MS 

findings with bulk measurements via Orbitrap MS.  

Additionally, although not the main goal of this study, this was the first 

comprehensive evaluation of ARV species uptake in the lymph node following IV 

administration in mice. While mice are less common in ARV studies than NHPs, we 

have laid the foundation for a model to test ARV uptake in the lymph node with 

reliable measurements as mice are a more accessible model to use for researchers 

globally. From this study, characteristics such as retention in blood, lymph 

node:plasma ration, and IC and EC compartment segmentation was determined for 6 

standard of care ARV species. These measurements highlight ARV species with the 

best capacity for uptake within the lymph node, and this information can be used to 

guide future therapeutic design. For example, Darunavir had the greatest uptake in the 

lymph node as compared to the initial dose, and therefore may be a useful drug for the 

treatment of the HIV reservoir.  
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While useful information from this study was gathered, some limitations were 

present. The first main challenge was that measurements were inclusive of both blood 

and sinuses. Different techniques, including biopsy and laser capture microdissection, 

were attempted to no avail due to the tissue size. While these bulk measurements are 

useful as the lobule volume is large compared to the total sinus and blood volume, 

these fluid compartments added noise to the system. At present we are uncertain how 

much noise this contributed, however if the concentrations in these compartments are 

sufficiently large, the distinction between changes to lobule ARV uptake were missed. 

Next, comparative NHP studies from which data was used to computational model this 

cell-mediated transport phenomenon followed a more traditional ARV regiment, 

where drugs are taken orally daily to maintain a steady-state concentration in plasma. 

In our study, ARV species were delivered intravenously in a bolus injection. It is 

unclear how this change to administration would change this cell-mediated 

phenomenon, and our study design may have been suboptimal to experimentally 

capture this. Additionally, only one timepoint was captured in this study post ARV 

injection, at 4 hours. It is also possible this window was not long enough to reach 

steady state and therefore the effect size in tissue concentration difference was 

suboptimal.  

Altogether, this first in class study laid the groundwork for studying ARV 

transport in mouse models and gave an example of a collaborative effort between 

computational and experimental methods to study biological phenomenon.   
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3.5 Conclusion and Future Directions 

In summary, in this chapter we have developed new protocols for the testing of 

ARV transport in murine lymph nodes with reliable extraction, purification, and 

detection via MS. Additionally, we have developed a method for testing cell-mediated 

transport into the lymph node using an L-selectin functional antibody blocking 

strategy. Finally, working with collaborators, we have produced exciting preliminary 

results for detecting ARV species in murine LNs via IR-MALDESI with SIM. 

To this end, we have determined that although cell-mediated transport may 

contribute to the overall concentration of ARV species in the lymph node for certain 

molecules, it is not a substantial contributor when compared to passive diffusion. 

Further testing is needed to fully understand this phenomenon. Additionally, we have 

determined which ARV species have higher propensities to end up in the lymph node, 

which can ultimately inform treatment strategies and therapeutic design for targeting 

viral reservoirs and reaching nearer a sterilizing cure to HIV. 

From the computational model of diffusion lengths within the lobule from the 

Zurakowski group, we still predict high levels of intracellular drug within the lobule. 

If cell-mediated transport into the lobule is not in fact a dominant mechanism of 

uptake, one possible explanation for this modeling result could be that once ARV 

species enter the lobule, they are immediately taken up by lymphocytes. The lymph 

node lobule is a very cell dense tissue, and therefore rapid uptake of lobule resident 

cells could offer a feasible explanation for observed diffusivity of small molecule 

drugs. Overall, a deeper study on the specific mechanisms of uptake from lymph node 
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endothelial cells and lymphocytes would help to uncover some of these unknown 

elements.  

In the future, drugs of high interest for this cell-mediated transport mechanism, 

such as tenofovir, can be explored with a higher sample size to identify the exact 

effect size of this phenomenon. Those results can be used to understand bioavailability 

of ARV species within the lymph node. Additionally, for select ARV species, this 

FAB can be applied with endpoints longer than 4 hours, to test how this mechanism 

may change over time. Finaly, if this experimental set up was applied to a larger 

lymph node, in a NHP model, transport parameters of the larger tissue may better 

match what is seen in the model. Larger lobules have been predicted to show more 

exclusion, and therefore murine lymph node lobules may be too small for this 

phenomenon. Further tests using lymph nodes from both species may clarify this.  

Through collaboration with the Zurakowski group, these mechanistic studies 

have produced a synergistic effect with computational and experimental efforts. Using 

the results of this study, transport parameters will be estimated and applied to a 3D 

FVM model of the lymph node, as described in Chapter 2. By continually improving 

this model of the lymph node, new transport phenomenon and predictions will be 

discovered, which can then in turn be assessed experimentally using our murine ARV 

model developed in this chapter.  
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DESIGN OF CRYOSHOCKED T LYMPHOCYTES (CSTLS) FOR 

ENHANCED DELIVERY OF DRUG PAYLOADS TO THE LYMPH NODE  

4.1 Introduction  

Progression of metastatic cancer is exacerbated due to poor drug transport into 

the lymph node. The phenomenon of poor drug penetration into the lymph node lobule 

is not unique to only HIV, as similar drug transport challenges have been observed for 

cancer drugs36,261. With chemotherapeutics still being the primary treatment option for 

many cancers, evasion of tumor cells within the lymph lobule severely harms the 

prognosis.  

Standard treatment options such as chemotherapy, radiation, and surgical 

tumor resection are much more successful when treating earlier stage cancers. 

However, they often fall short when tumors have metastasized. Restricted 

chemotherapeutic entry into the lymph node results in tumor cells evading therapy 

within the lymph node lobule; increasing dosage to compensate often leads to 

intolerable chemotherapy-related side effects262ï265. Radiation and surgical resection 

are effective if all the sites of metastasis are found, however metastatic lymph nodes 

may be missed during treatment as there are many potential metastasis sites270. In 

addition, surgical resection is invasive and adds increased risks from anesthesia or 

infection and can decrease quality of life.  

Chapter 4 
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Further, the presence of a metastatic lesion in the lymph node can also act to 

prime more distant sites via the release of soluble protumor factors and promote 

immune tolerance to cancer cells207,218,220. Once again in breast cancer, the 5-year 

survival rate drops from 85% to 27% when going from regional lymph node 

infiltration to distant invasion208. This statistic highlights the need for efficient and 

safe targeting of tumor cells within the lymph node for real progress to be made in 

treatment strategies, as current standard of care procedures are not adequate. A 

number of novel delivery systems have been developed to target the lymph node via 

intravenous and intradermal injection, however clearance via the mononuclear 

phagocyte system, off target accumulation, and lymph node tissue barriers still present 

challenges in treatment of advanced stage lymph node metastasis in murine 

models176,349,355,357,389,393,395,398,463ï466. In order to improve current treatment regimens 

for lymph node metastasis the issue of heterogenous and insufficient chemotherapeutic 

distribution in the lymph node will need to be addressed. 

4.1.1 Lymph node targeting strategies 

In this study, we propose a system that allows targeted and local delivery in the 

lymph node, addressing the well-known issue of targeting cells within the lymph 

node261,344. Our goal is not to redesign or invent any therapeutics, as the current 

standard cancer drugs are highly effective at destroying infected cells; instead, we are 

focused on a central challenge to effective treatment by developing a delivery vehicle 

specific for drug delivery to the lymph node. A number of different engineered drug 
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delivery systems have been developed in an attempt to improve delivery to the lymph 

node308 (Figure 4.1) in a variety of formulations, including inorganic, polymeric, and 

lipid nanoparticles, dendrimers, viruses, protein-immunoglobulin complexes, and 

exosomes221,345ï349. While the advantages of nanotechnologies are well established, 

these platforms can still result in rapid clearance, off target accumulation, and poor 

penetration into the lymph node lobule. Direct administration of therapeutics to lymph 

nodes using intranodal injection of therapeutics or local microneedle patch systems 

has also been used350,351. While these technologies overcome issues of efficient drug 

delivery in the lobule, they are highly limited in their use because only superficial 

lymph nodes can be targeted.  

 

Figure 4.1: Various strategies employed for targeted lymph node drug delivery. 
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Recently, live lymphocytes have been used for shuttling drugs into the lymph 

node as well by taking advantage of the natural ability for lymphocytes to home to and 

cross the HEVs352ï354. Many of these systems involve labeling the surface of 

lymphocytes with specialized nanoparticles or immune adjuvants designed to modify 

cell behavior, and therefore soluble drug is not freely released locally within the 

lymph node467. Some surface labeled T lymphocytes are designed to release a payload; 

however, issues of particle phagocytosis, off target accumulation, and surface area 

limitations persist, severely restricting the deliverable dose468. Other techniques 

involve the engineering of a cell with modified surface protein expression, which can 

result in dangerous off target effects or hyperinflammation469,470.  

Many of these delivery systems have been tested in mice and suffer from 

clearance via the mononuclear phagocyte system, off target accumulation, and lymph 

node tissue barriers176,280,355,357,389,393ï395,398,465,471. In fact, to date, no FDA-approved 

nanomedicines are used for chemotherapeutic delivery to the lymph node472.  

4.1.2 Our proposed solution 

From findings in literature and evidence from clinical treatment strategies, it is 

clear there is a need for better targeted delivery strategies for the lymph node. Given 

the ability of lymphocytes to extravasate into the lobule we hypothesize that we can 

leverage a ñtrojan horseò strategy to deliver cancer drugs within a lymphocyte-derived 

construct. Our goal is to modify a T lymphocyte such that drug release is enhanced, 

without any loss to targeting ability. To this end, we have developed a delivery 
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strategy using cryoshocked T lymphocytes (CSTLs), in which cryoinjury to T cells 

permeabilizes cellular membranes and kills the cells, without damaging lymph node 

homing capabilities due to a compositionally intact cell membrane (Figure 4.2A). A 

similar approach has been demonstrated using cryoshocked leukemia cells to deliver 

chemotherapeutics to bone marrow and lung metastases473,474. After cryoinjury, 

preliminary data shows that CSTLs retain the ability to extravasate into the lymph 

node lobule using functional cell adhesion molecules, such as L-selectin (Figure 4.2B) 

 

Figure 4.2: A) Schematic of CSTL production. Primary isolated T lymphocytes are 

isolated and cryoinjured, to permeabilize the cells with retained 

membrane composition. B) These vehicles will home to HEVs in lymph 

nodes, and cross the endothelial barrier. (Biorender.com) 
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While T lymphocyte transendothelial migration has been thought of as an 

active process and evidence supports the motile capacity of lymphocytes, we believe 

this does not preclude other leukocyte-endothelial cell interactions as possible modes 

of crossing a biological barrier. In fact, the precise mode of lymphocyte migration 

across HEV endothelial cells is still up for debate in the field, as different studies have 

suggested either paracellular or transcellular migration as a possible dominant 

mechanism50,78ï84. Additionally, a recent study has identified ñHEV pocketsò, a 

temporary holding site in the HEV lumen for transient lymphocyte migration 

restraint84,137. This interaction is thought to control the rate of lymphocyte ingress to 

balance the egress via lymphatics. While a specific mechanism is still unknown, it is 

clear that the HEV cells play a major role in the passage of lymphocytes across the 

barrier, and therefore their role in CSTL entry into the lymph node appears to be 

paramount. 

Further, our preliminary data has also shown passive loading allows for 

extended release of the small molecule chemotherapeutic cisplatin over the course of 

hours via diffusion through the permeable membrane. As compared to other whole cell 

approaches, these constructs are functionally dead and can be loaded with and release 

high quantities of drug. CSTLs appear to the host as a necrotic cell, and preliminary 

microscopy data supports breakup of CSTLs within the tissue which could lead to 

clearance via normal cell-mediated processes. 
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We believe that by combining the lymph node homing and transport 

properties of a lymphocyte with the chemotherapeutic drug loading capacity of a 

more standard delivery vehicle, therapeutic concentrations of drug can be 

delivered to a lymph node with low immunogenicity and high efficacy. Cisplatin-

loaded CSTLs would allow for targeted, local delivery to the lymph node with 

significantly higher available payload, lower clearance and off target accumulation, 

and safer in vivo interactions than current systems. 

For a cell-derived delivery vehicle to be feasible, there are certain design 

metrics we hope to achieve. First, CSTL vehicles must be reliably killed via cryoinjury 

and stable during sample preparation. Due to the nature of the cryoshocking, we will 

reverse engineer this cell injury to produce permeable, dead vehicles that have 

consistent stability. Next, lymph node targeting and transport across HEV barriers is 

fundamental to any success of this strategy. Further, CSTLs must be safe and cleared 

via normal cell debris clearance pathways and elicit minimal acute inflammatory 

responses. Reaching these milestones will ensure a non-cargo loaded CSTL system 

will be effective and safe in vivo.  

For therapeutic metrics, CSTLs must first be able to be loaded with and release 

a number of different small molecule cargos. Loaded CSTLs must in turn result in 

improved uptake of said small molecules within the lymph node, compared to free 

drug. Finally, the drug loaded CSTLs must result in a desired therapeutic effect by 

releasing functional payload. Successfully achieving all of the design metrics will 



 149 

result in a prototype lymph node targeting system for chemotherapeutic delivery, that 

will serve as the basis for a T lymphocyte mimetic platform technology. 

The objective of this chapter was to develop a novel, bioinspired drug delivery 

vehicle for enhanced lymph node drug delivery. Current standard methods for the 

treatment of lymph node resident diseases are ineffective and often yield limited 

success. This is mainly due to the complex fluidic barrier of the lymph node. 

Lymphocytes however, cross this barrier routinely due to the specialized homing 

receptors and CAMs on both the lymphocyte and HEV. For this reason, we set out to 

design a T lymphocyte mimetic carrier system using primary isolated T lymphocytes 

that have been cryoshocked (CSTLs).  

First, we aimed to build a T lymphocyte derived vehicle that was capable of 

reaching the lymph node. We developed an isolation and manufacturing process for 

repeatable creation of CSTLs. We optimized production by testing various parameters 

for production including freezing rates and handling conditions. Further, we assessed 

the stability of these vehicles both in handling and in vitro mimicked flow conditions. 

In vivo delivery studies confirmed lymph node homing was achieved with limited off-

target accumulation and minimal acute inflammatory responses. 

To test the therapeutic potential of these vehicles, cisplatin was selected as a 

chemotherapeutic cargo, due to known challenges in lymph node uptake. The loading 

of cisplatin into the CSTLs via remote loading was characterized, release profiles were 

calculated, and cargo efficacy was confirmed in vitro. Cisplatin loaded (cisCSTLs) we 
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administered in vivo and concentrations in lymph nodes, blood, and peripheral tissue 

were compared to free drug control.  

We believe this first in class delivery platform has massive potential for 

improving directed delivery of small molecule drugs to the lymph node. With efficient 

delivery of small molecule drugs such as chemotherapeutics and ARVs, both 

metastatic lymph node cancer and HIV could move towards vastly improved 

therapeutic outcomes.  

4.2 Methods 

4.2.1 Animal models 

CD-1 outbred mice (6-10 weeks old, Crl:CD1(ICR), Charles River) and 

BALB/c inbred mice (6-10 weeks old, Jax Laboratories, #000651) were used in this 

chapter for primary T cell collection and in vivo experiments. CD-1 mice were used 

for in vitro optimization, in vivo biodistribution, and inflammation studies. BALB/c 

mice were used for the metastatic tumor model. All  mice were maintained, bred, and 

used in accordance with Animal Use Protocols (AUP #1320 and #1367) approved by 

the Institutional Animal Care and Use Committee (IACUC) at the University of 

Delaware. Animals were housed and cared for in facilities operated by the University 

of Delaware Office of Laboratory Animal Medicine (OLAM), and animal health and 

well-being was closely monitored by OLAM staff. For study endpoints, animals were 

euthanized via CO2 asphyxiation and confirmed by cervical dislocation. These 
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methods are consistent with the recommendation of the Panel on Euthanasia of the 

American Veterinary Medical Association. 

4.2.2 Cell culture 

Jurkat cells (Clone E6-1, ATCC) are human T lymphoblasts derived from an 

acute T cell leukemia origin. Jurkat cells were maintained in suspension culture in an 

untreated 10 cm petri dish (ThermoScientific) in Roswell Park Memorial Institute-

1640 (RPMI-1640) Medium (Corning) supplemented with 10% FBS (Atlanta 

Biologicals), per manufacturer recommendation, and 1% penicillin-streptomycin 

(P/S). Cell suspensions were maintained at a concentration of 1x105 to 1x106 viable 

cells/mL, and were passaged every 3-4 days.  

4T1-luc2 cells (CRL-2539-LUC2, ATCC) are a luciferase-expression mouse 

cell line derived from mammary gland tissue from aggressive breast cancer. 4T1-luc2 

cells were cultured in a 10 cm cell-treated petri dish until 80% confluence. Cells were 

passaged every 3-4 days and maintained at a concentration of 1x104 ï 1.5x105 

cells/cm2. Cells were passaged using 0.25% Trypsin (Corning) treatment and 

subcultured at a ratio of 1:6. These cells are cultured in RPMI1640 media 

supplemented with 10% FBS, 1% P/S, and 8 µg/mL Blasticidin. Cells are used only 

under passage 10 for all experimentation. 

All cell cultures were maintained in a humidified incubator at 37ºC with 5% 

CO2. For counting, 0.4% Trypan blue was added to cell solution at a ratio of 1:1 and 

measured using Countess 3 Automated Cell Counter (Invitrogen).  
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4.2.3 Serial block-face scanning electron microscopy (SBF-SEM) 

To collect lymph nodes, mice were euthanized and tissues were collected as 

described in Chapter 2. Lymph nodes were fixed in 2.5% glutaraldehyde, 2% 

formaldehyde (freshly made) with 2mM calcium chloride in 0.15M cacodylate buffer 

(pH 7.4) for 2-3 hours on ice475. Next, tissues were embedded in 6 wt% agar and 

sectioned into 100 µm sections via vibratome as described in Chapter 2. Samples were 

then rinsed in cacodylate buffer (cold cacodylate buffer with 2mM calcium chloride, 

pH 7.4) and incubated in 2% osmium tetroxide 0.15M cacodylate buffer for 1.5 hours 

at room temperature. Samples were then moved to a solution of 2.5% potassium 

ferrocyanide in cacodylate buffer for another 1.5 hours at room temperature. Next, 

samples are washed with ddH2O (x3) and then added to a thiocarbohydrazide (TCH) 

solution (0.22 µm Millipore filtered) for 45 minutes at 40°C. After another series of 

washes, samples were incubated in 2% osmium tetroxide in ddH2O for 1.5 hours at 

room temperature, followed by a 30 minute wash in ddH2O. Overnight, samples are 

left in 1% uranyl acetate at 4°C. 

The next day, samples were placed at 50°C for 2 hours. Sample then were 

subjected to en bloc lead aspartate staining for 2 hours at 50°C. After a subsequent 

wash in ddH2O (x3), samples were then dehydrated through a series of increasing 

ethanol concentrations (70%, 90%, 100%, 100% anhydrous) for 30 minutes each. 

After dehydration, samples were placed in a series of acetone and Durcupan solutions 

for 3 hours each at room temperature (25% Durcupan:acetone, 50% 

Durcupan:acetone, 75% Durcupan:acetone, 100% Durcupan) and left overnight on a 
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rocker in 100% Durcupan. Fresh 100% Durcupan was added the next day and samples 

were incubated at room temperature for 6 hours. Samples were then embedded in fresh 

resin (Epon resin hard) and left to polymerize for 48 hours at 60°C476. 

Following polymerization, samples were trimmed and mounted. To trim, an 

ultramicrotome (Microm HM 335E) was used to remove excess resin and expose the 

tissue. The newly trimmed block was mounted onto a Teneo VS aluminum specimen 

pin using cyanoacrylate glue. The entire sample was sputter coated with a thick layer 

of gold/palladium coating. Serial block-face scanning electron microscopy (SBF-

SEM) was performed on samples by the DBI Bioimaging Staff (Jean Ross, 

BioImaging Center Research Associate I) using an Apreo VolumeScope Scanning 

Electron Microscope (ThermoScientific) with a section thickness of 10 nm.  

4.2.4 Producing cryoshocked T lymphocytes (CSTLs) 

For the production of CSTLs primary T lymphocytes were collected via 

negative selection MACS as described in Chapter 3. T lymphocytes were counted via 

hemacytometer and spun down at 300 x g for 10 min at 4ºC. Cells were then 

resuspending in cryoshocking media (CSM) at a concentration of 1x107 cells/mL. 

CSM is constituted of 95% (v/v) RPMI1640 media supplemented with 10% FBS and 

1% P/S and 5% (v/v) DMSO. Cryovials (Corning) were filled with 0.5 mL of cell 

solution (5x106 cells) and placed directly into a liquid nitrogen (LN2) dewar for 

cryoinjury. Cryoshocked T Lymphocytes (CSTLs) are stored in liquid nitrogen until 

use, for a minimum of at least 2 hours and up to 2 weeks.  



 154 

In addition to primary T lymphocytes, Jurkat cells were cryoinjured in the 

same fashion to produce Jurkat CSTLs (JCSTLs). JCSTLs were used as a prototyping 

platform for in vitro experimentation. 

4.2.5 Thawing CSTLs 

For use, CSTL vials were thawed on ice water for approximately 15 minutes. 

Thawed 0.5 mL solutions of CSTLs were then transferred to a new microcentrifuge 

tube and added to 0.5 mL fresh 1X PBS (Corning) to dilute remaining DMSO. At this 

stage, 10 µL of 10 mg/mL DNAse I was added to the cell suspension. All pipet mixing 

and fluid transferring is done slowly to prevent vehicle breakdown. In order to 

fluorescently label CSTLs, 5 µL of 10 mg/ml Cyanine5 NHS ester (Cy5 NHS, 

Lumiprobe) was added to the sample. This dye effectively labels amino-groups in the 

cell post cryoinjury (Figure 4.5C). CSTLs were incubated on ice for 30 minutes 

protected from light. This step is skipped if fluorescence is not required. After 

incubation, CSTLs are spun down at 300 x g for 2 minutes at 4ºC. Samples are 

resuspended in 1X PBS with 5 µL of 10 mg/mL DNAse I at the concentrated needed 

for the experiment. 

4.2.6 Confirmation of cell death 

CSTLs were confirmed to be compromised through a number of assays. First, 

membrane integrity was tested via trypan blue assay. Following incubation of CSTLs 

with trypan blue in a 1:1 ratio, the percentage of cells with viable membranes was 

determined via Countess 3 Automated Cell Counter (Invitrogen). 
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To further characterize CSTL membrane permeability, a Viability/Cytotoxicity 

(Biotium) assay was used. This assay, referred to as a Live/Dead assay, utilizes 

Calcein AM (Live) and EthD-III (Dead) to distinguish live and dead cells. Calcein 

AM stains cells with active esterase activity and EthD-III is a membrane-impermeable 

dye that labels DNA. First, a staining was prepared in PBS with 4 mM Calcein AM 

and 2 mM EthD-III. CSTLs were spun down at 300 x g for 2 minutes at 4ºC and 

resuspended in staining solution. Samples were left to incubate at room temperature 

protected from light for 30 minutes. After 30 minutes, sample aliquots were added to 

custom made imaging wells.  

Imaging wells for this Chapter were produced from 20 g polydimethylsiloxane 

(PDMS) in a 10 cm petri dish with a base:curing agent ratio of 1:20. PDMS was 

mixed, placed in a degassing vacuum chamber for 1 hour, and polymerized overnight 

in a 60º oven. After curing, PDMS slabs were removed from the petri dish and cut into 

a 1 cm x 3 cm rectangle using a scalpel. A 3 mm biopsy punch (Electron Microscopy 

Science) was used to cut circular holes into the PDMS shape, forming the wells. 

Finally, PDMS was plasma bonded to a No. 1 glass coverslip (24 mm x 60 mm, 

VWR) via a plasma cleaner. For more details on this process refer to Chapter 2.  

Samples were placed onto a confocal stage (LSM800, Zeiss) and imaged via 63x oil 

immersion objective (Pln Apo 63x/). Tile scans and Z-stacks of regions of interest 

(ROI) are collected using Zen Software (What version) 
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For investigating structural changes, JCSTLs were first prepared as discussed 

in section 4.2.4. without Cy5 NHS dye, and resuspended in 2% PFA. CSTLs were 

fixed for 2 hours on ice, spun down at 300 x g for 2 minutes at 4ºC and resuspended in 

a staining solution. Two subsamples of JCSTLs were prepared, one being fixed prior 

to centrifugation and the other being fixed after centrifugation, to assess impacts of 

centrifugation on structure. As a control, the same volumetric concentration of healthy 

Jurkat cells were also fixed and prepared in a staining solution under the same 

conditions. The staining solution used included 0.33 µM AlexaFluor488 Phalloidin 

(Cell Signaling), 10µg/ML Hoechst (Fisher Scientific), and 1:1000 DiD membrane 

dye (Biotium) in PBS. Samples are incubated in staining solution overnight at 4ºC. 

The next day, samples are spun down at 300 x g for 2 minutes at 4ºC and resuspended 

in 1X PBS for imaging. 

A subset of JCSTLs were stained with Cy5 NHS as discussed in Section 4.2.4., 

and processed for microscopy and flow cytometry. Pre- and post-spin conditions were 

once again prepared as described above. Additionally, a sample of healthy Jurkat cells 

were labeled with the same concentration of Cy5 NHS for 30 minutes, spun down at 

300 x g for 2 minutes at 4ºC and resuspended in PBS in the same manner. First, 

samples were imaged using a 63x oil-immersion objective on confocal as previously 

described for morphological assessment. Images were exported as a TIF file from Zen 

software, and smoothed, denoised, and binarized via ImageJ. JCSTLs and control 

Jurkats were analyzed for size and circularity via ImageJ software. Next, JCSTLs and 
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control Jurkats were assessed from changes via flow cytometry. Samples were 

analyzed for changes to size and granularity (complexity) using FSC and SSC density 

plots. Doublets and debris were removed as described in chapter 3.  

Finally, to confirm mode of cell death, a Lactate dehydrogenase (LDH) assay 

was performed. LDH assay is a cytosolic enzyme present in many cell types and a key 

indicator of damage to the plasma membrane, and is a hallmark of cell necrosis. For 

this assay, freshly prepared JCSTLs were again compared to healthy control Jurkat 

cells. LDH assay kit reagents were prepared as detailed in the protocol (CyQUANT 

LDH Cytotoxicity, ThermoFisher). To access status of JCSTLs, spontaneous LDH 

release was tracked in favor of maximum release. JCSTLs or control Jurkats were 

plated in a 96 well culture plate in triplicate at a concentration of 50,000 cells in 150 

µL per well. Cells were allowed to settle over an hour of incubation at 37ºC, and after 

that 50 µL of each sample medium was removed and placed in glass bottom, black 

wall 96 well culture plates. Next, 50 µL of Reaction Mixture was added to each well, 

and mixed by gentle tapping. The 96 well plate was incubated with Reaction Mixture 

at room temperature for 30 minutes protected from light. At 30 minutes, 50 µL of Stop 

Solution was added to each well and again mixed via tapping. At this time, all bubbles 

present in the solution were popped via 27 G needle (BD). Using a plate reader 

(BioTek Synergy H1M) absorbance measurements were taken of the well plate at 490 

nm and 680 nm for each sample well. To determine LDH activity, the 680 nm 
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absorbance value was subtracted from the 490 nm absorbance value. Triplicate 

samples were averaged and standard deviation was calculated. 

4.2.7 Optimizing manufacturing of CSTLs 

Using JCSTLs are a prototype model, a number of assays were preformed to 

identify optimal CSTL manufacturing conditions. First, a range of freezing rates and 

cryoprotectant solutions were assessed. These conditions were tested in accordance 

with the freezing protocol laid out in Section 4.2.4. First a range of DMSO 

concentrations (1%, 2.5%, and 5%) were tested in combination with direct freezing at 

-80ºC and in LN2. Next, at a constant 5% DMSO, various freezing conditions were 

tested to assess cell death, including -80ºC overnight, -80ºC for 1 week, -80ºC 

freeze/thaw cycle three times, a -80ºC to LN2 ramp (5 minutes in -80ºC), and LN2 

overnight. In all conditions, cells were assessed for death using Live/Dead Viability 

assay as described in Section 4.2.6. Representative ROIs were exported as TIF files, 

and percent cell death was quantified via ImageJ. 

The optimization of DNAse treatment was performed by testing recovery at 

multiple speeds with or without DNAse I addition. After thaw, a range of DNAse I 

concentrations were tested, including 1 µg, 5 µg, 10 µg, and 25 µg, prior to spin and 

recovery percentage ((Cells resuspended/Cells frozen) * 100) was determined using 

Countess 3 Automated Cell Counter (Invitrogen). Additionally, 10 µg DNAse I was 

tested for recovery percentage at multiple centrifuge speeds (300 x g for 2 min and 

500 x g for 2 min) in the same manner. 
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Various spin speeds were assessed during the centrifugation step of CSTL 

preparation to identify optimal manufacturing conditions. After CSTLs were thawed, 

diluted, and treated with DNAse I, a range of centrifuge speeds and times were tested 

for optimal recovery and CSTL quality. The conditions tested included: i. 300 x g for 

2 min, ii. 300 x g for 5 min, iii. 500 x g for 3 mi, iv. 100 x g for 5 min, and v. 100 x g 

for 10 min. (Figure A.4A) These centrifuge conditions were examined for recovery 

percentage, and imaged via fluorescent microscopy to calculate changes to size and 

circularity post spin.  

4.2.8 Stability testing 

To ascertain the stability of manufactured CSTLs, a series of stability tests 

were performed. First, at optimal spin conditions of 300 x g for 2 minutes, CSTLs 

were subject to three consecutive spins and imaged to assess structural deformities 

such as changes to size and circularity following multiple centrifugation steps (Figure 

A.4B). Next, CSTL temperature sensitivity was tested following a 2-hour incubation 

in 1X PBS at 4ºC, room temperature, or 37ºC. Similarly, Cy5 NHS-labeled CSTLs 

were imaged via fluorescent microscopy and size and circularity changes were 

determined using ImageJ as in Section 4.2.4.  

Using an in-house built blood flow mimetic model, stability under shear flow 

was investigated. Blood flow was mimicked using an automated syringe pump 

(Medex Syringe Pump 450) and tube system. A 1 mL luer-lock syringe (BD) was 

fastened with a 27 G blunt ended hypodermic needle (BD) and attached to an 10.155ò 
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long piece of plastic tubing (I.D.: 0.86 mm, McMaster). Syringes, connectors, and 

tubes were first incubated in 1% BSA (Sigma) overnight at 4ºC. Pump system and 

syringe-tube system was oriented perpendicular to the ground to avoid cell settling in 

the syringe. JCSTLs or control Jurkat cells were added to the syringe and pushed 

through the tubing at a variety of flow rates, including 10, 15, and 20 µL/min. While 

supraphysiologic flow conditions, given the inner diameter of the tube these flow rates 

were able to achieve super-physiologic shear stress from 267-534 dyn/cm2.  JCSTL 

and Jurkat cell loss was calculated from automated hemacytometer counts. 

4.2.9 Adoptive CSTL transfer 

After optimization with JCSTLs, Live/Dead viability testing was performed on 

primary isolated CSTLs to ensure intended results of cryoinjury were achieved. 

Primary cells were frozen, thawed, stained, and imaged once again as described in 

Section 4.2.4. Additionally, Cy5 NHS staining was confirmed on primary CSTLs via 

fluorescent microscopy.  

Administration of Cy5 NHS labeled CSTLs was performed with analogous 

lateral tail vein injections as described in Chapter 3. CSTLs were prepared in doses of 

5x106 or 10x106 cells in 100 µL PBS vehicle in a 1 mL slip tip syringe (Heinke) with a 

27G ½ inch needle (BD). Tail veins were warmed, and 100 µL CSTL doses were 

injected slowly to prevent shearing vehicles in the needle. To assess homing and 

uptake in the lymph node, multiple mice were injected with a CSTL dose, and 

euthanized at multiple end points (t = 01, 2, and 4 hours). Additionally, mice were 
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injected with free dye to confirm vehicle presence compared to released dye. After 

euthanasia, blood was collected via intracardiac puncture and immediately imaged via 

fluorescent microscopy. Next, brachial and inguinal lymph nodes were isolated from 

each animal. Due to the quenching of Cy5 NHS signal following fixation, samples are 

section live via vibratome. Samples are still embedded in 6 wt% agarose, however 

bath advance speeds were 0.48 mm/s and blade frequency was 1500 rpm. Sections of 

200 µm width were collected and placed in PDMS imaging devices, as described in 

Chapter 2. All sections were imaged at 10X via confocal microscope (Zeiss, LSM800) 

and a select few were counterstained with AlexaFluor 594 nm Phalloidin (Cell 

Signaling) to highlight other cell structures, namely vasculature.  

4.2.10 Validation of lymph node homing 

To validate functionality of the retained membrane on the CSTLs and confirm 

active targeting, L-selectin presence and function was assessed. First, JCSTLs and 

control Jurkat cells were fixed for 1 hour at room temperature in 4% PFA. Both 

sample groups were then incubated in blocking buffer for 30 minutes at room 

temperature, washed three times with 0.1% TBST (5 minutes rocking), and 

subsequently incubated with a 2.5 µg/mL L-selectin antibody (Abcam) for 1 hour at 

room temperature. Samples were once again washed with 0.1% TBST, resuspended in 

1X PBS, and analyzed via flow cytometry. Using the same gating strategies from 

Chapter 3, singlets of both samples were assessed for L-selectin labeling using a bi-

modal gate for histogram peak shift from control samples. 
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After confirmation of L-selectin presence, L-selectin functionality in vivo was 

tested using the same FAB strategy used to block live lymphocyte ingress in Chapter 

3. First, CD-1 mice were injected with 0.4 mg/kg L-selectin antibody (BioXCell) in 

the left lateral tail vein. After 2 hours, the same mice were injected with a dose of 

5x106 CSTLs in the right lateral tail vein, in addition to a control mouse receiving no 

FAB. After 2 hours, mice were euthanized, tissues were collected, sectioned, and 

imaged as described previously to qualitatively assess blocking uptake of CSTLs. 

4.2.11 Assessment of inflammatory response 

To assess inflammatory response to CSTL administration, plasma levels of 

interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFŬ) were measured at 

different time points after CSTL administration. These two cytokines are commonly 

used indicators for overall inflammatory state and will act as an initial probe for any 

adverse immune responses. Multiple mice were injected with a dose of 5x106 

unlabeled CSTLs, and euthanized for analysis after distinct time points (t = 1, 2, 4, 8, 

and 24 hours). Additionally, a mouse was injected with saline and euthanized at t=0.25 

hours as a sham control. At end point, blood was collected from mice via cardiac 

puncture, and plasma was separated from blood and collected as described in Chapter 

3. Two enzyme linked immunosorbent assays (ELISA) kits were used to determined 

concentrations of IL-6 and TNFŬ in these plasma samples (InvitrogenÊ IL-6 Mouse 

Uncoated ELISA Kit, InvitrogenÊ TNF alpha Mouse Uncoated ELISA Kit, Fisher 

Scientific). These kits are designed with the necessary reagents, standards, buffers, and 
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diluents for performing quantitative ELISA assays. First, a 96 well plate (Corning, 

CoStar ELISA plate) containing capture antibody wells was incubated in Coating 

Buffer overnight. After wash steps (x3) wells are blocked for 1 hour at room 

temperature with ELISA/ELISPOT Diluent. Standard curves are prepared as directed 

by the kit protocol. Next 100 µL of sample was added to each well, and incubated at 

room temperature for 2 hours. After another series of washes, 100 µL of Detection 

Antibody was added to each well, and left to incubate at room temperature for 1 hour. 

Detection Antibody solution was then aspirated, and 100 µL of Streptavidin-HRP was 

added to each well. This solution was incubated for 30 minutes at room temperature. 

After a final series of washing, 100 µL of a Stop Solution was added. Using a 

platereader (BioTek Synergy H1M) absorbance measurements were taken of the well 

plate at 450 nm and 570 nm for each sample well. The absorbance measurements from 

570 nm are subtracted from 450 nm measurements to removed background signal. 

4.2.12 Cisplatin 

Cisplatin (MedChemExpress) was received in powder from, and stored at 4ºC 

protected from light. Cisplatin is prepared in stock solutions of 1 mg/ml in either 

ddH2O, 1X PBS, or RPMI1640 supplemented media, filtered via an ultracentrifugation 

microcentrifuge tube (3kDA MWCO, CellTreat), and stored at -80 ºC for no longer 

than 3 months.  

Cisplatin is a platinum based chemotherapeutic that binds to DNA base to form 

DNA adducts, leading to DNA damage and cell apoptosis477. To validate efficacy of 
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cisplatin in vitro, 4T1-luc2 cells were plated at 1x105 cells/cm2 in a 12 well tissue 

treated culture plate. 4T1-luc2 cells were given 24 hours to adhere to the plate prior to 

treatment with cisplatin. At 24 hours, RPMI1640 media was replaced with a range of 

cisplatin doses (1 µM, 10 µM, 20 µM, and 30 µM) in triplicate, along with an 

untreated control well. After 18 hours, 4T1-luc2 wells were assessed for cell death via 

Live/Dead viability assay as described in Section 4.2.6 (Figure A.6)  

4.2.13 Inductively coupled plasma-mass spectrometry (ICP-MS) 

Due to the platinum atom in each molecule of platinum, concentrations of 

cisplatin in solution can be detected via inductive coupled plasma-mass spectrometry 

(ICP-MS) (Agilent ICP-MS 7500c)478. Cisplatin laden samples for in vitro loading 

testing were first extracted, purified, and analyzed via ICP-MS. The platinum ions 

generated from each cisplatin molecule were detected and the concentration was back 

calculated from a calibration curve during the same run. For in vitro tests, 3% HNO3 

in ddH2O is used as the matrix to prepare samples. Cisplatin standard curve in matrix 

(0.25 ppb, 0.5 ppb, 1 ppb, 5 ppb, 10 ppb, 25 ppb, 50 ppb, 100 ppb, and 250 ppb) are 

prepared fresh for each experiment. Samples and protocol for platinum detection was 

developed by Chin-Chen Kuo Ph.D. at the Advanced Materials Characterization Lab 

(ISE Lab).  

4.2.14 Cisplatin-loading of CSTLs 

To prepare cisplatin loaded CSTLs (cisCSTLs), CSTLs are incubated in a 

highly concentrated cisplatin solution. This method utilizes remote loading to force 
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cisplatin along its concentration gradient into the permeable CSTL. To test optimal 

loading, a number of loading conditions are tested. First, post thaw cisplatin loading 

prior to centrifugation was tested at both 30 minutes and 1 hour (analogous to dye 

loading step in Section 4.2.4). A vial of CSTLs (0.5 mL, 5x106 cells) were added to a 

microcentrifuge tube along with 0.5 mL of 0.5 mg/ml Cisplatin in 1X PBS for a final 

concentration of 0.25 mg/ml. After previously mentioned incubation times, cisCSTLs 

were spun down at 300 x g for 2 min at 4ºC. The supernatant was collected, and the 

cisCSTL pellet was digested via RIPA Buffer (ThermoFisher) for 10 minutes at room 

temperature and filtered via an ultracentrifugation microcentrifuge tube (3kDA 

MWCO, CellTreat). Additionally, another set of samples were incubated at 30 minutes 

in either 0.25 mg/ml cisplatin or 0.5 mg/ml cisplatin to test effects of concentration 

gradient. Supernatants and digested cisCSTL pellets were again prepared as previously 

described. In both experiments, 0.25 µL of sample was added to 4.995 mL matrix 

(200x) and submitted for ICP-MS analysis. 

To improve loading efficiency, impacts of post-thaw loading and pre-thaw 

loading were assessed. Post-thaw loading with X mg/ml cisplatin in 5x106 cisCSTLs 

were prepared exactly as described above. For pre-loading of cisplatin, CSM was 

produced with 1 mg/ml Cisplatin (1 mg/ml Cisplatin in 95% RPMI1640 media + 5% 

DMSO) prior to freezing. Similarly to section 4.2.4., vials of 5x106 CSTLs were 

prepared and frozen in 0.5 mL CSM. After thaw, both preloaded and unloaded CSTLs 

were incubated in 1 mg/ml cisplatin for 30 minutes prior to centrifugation. 
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Supernatants and digested cisCSTL pellets were again prepared in ICP-MS matrix and 

cisplatin concentrations were determined.  

To ensure addition of cisplatin didnôt negatively affect CSTL structural 

integrity, cisCSTLs and unloaded CSTLs were subjected to rocking conditions at 37ºC 

for a range of timepoints (t = 0.5, 1, 2, and 4 hours). At each timepoint, cell counts 

were taken via automated hemacytometer and percent loss compared to starting 

concentrations were quantified (Figure A.8) 

4.2.15 Cisplatin release profiles in CSTLs 

After optimal loading conditions were established, cisplatin release from 

cisCSTLs was determined in multiple experimental conditions. Due to the impacts of 

repeated multiple spins on both CSTL integrity and rapidly changed concentration 

gradient upon resuspension in PBS, longitudinal sampling following centrifugation 

was not achievable. To combat this, two distinct cisplatin release experiments were 

conducted. 

First, multiple samples were prepared for end-point analysis at each time point. 

cisCSTLs were resuspended in fresh 1X PBS following the initial centrifugation step, 

and left at 37ºC for a range of timepoints in triplicate. At each endpoint (t = 0.5, 1, 1.5, 

2, and 3 hours), cisCSTL samples were spun down at 300 x g for 2 min at 4ºC, with 

the supernatant fraction being collected as ñreleasedò cisplatin. Samples were 

submitted for analysis via ICP-MS as described above to assess release rates of 

cisplatin with time (Figure A.9)  
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A second release experiment was conducted to overcome the sample 

variability across cisCSTL samples, using a longitudinal sampling approach of single 

cisCSTL solutions. To prevent cisCSTLs from contaminated the sampling of the 

released fluid, a transwell system was used. In a 12 well culture plate (Corning) 

transwell inserts with 3.0 µm pore size (BD Falcon) were placed in wells atop 2 mm 

thick PDMS spacers. PDMS spacers allowed for sufficient space between the bottom 

of the well and the basal side of the insert. Multiple doses of cisCSTLs (5x106 CSTLs) 

were prepared with pre-and post-thawing cisplatin loading as previously described. 

Additionally, control samples were prepared to measure maximum loading (100%). 

After centrifugation, samples were resuspended in 1 mL of fresh 1X PBS and placed 

in the apical chamber of the transwell insert. Immediately after, 1 mL of fresh PBS 

was added to the basal chamber to achieve the same fluid height inside and outside of 

the insert. Plates were placed in a cell incubator at 37ºC on a rocker (VWR Analog 

Rocker, Speed: 8, Tilt: 8) for the duration of the experiment. At each timepoint (t = 

0.5, 1, 4, 4, 6, 8, 12, and 24 hours), 200 µL of basal fluid was collected and replaced 

with 200 µL of fresh PBS. Basal fluid was collected from triplicate wells over the 

duration of the experiment, and prepared in ICP-MS matrix for the measurement of 

release cisplatin over time.  

4.2.16 Aqua regia cisplatin extraction 

Optimally loaded cisCSTLs were prepared as described in Section 4.2.14, with 

a combination of pre- and post-thaw loading. To calculate maximum loaded doses, 



 168 

cisCSTL pellets were first digested via aqua regia to extract all platinum from the 

organic material. 

Prior to sample digestion via aqua regia, all samples were lyophilized to 

remove water. For tissue samples, wet weights were taken and tissues were frozen at -

80ºC. Conical tube caps are replaced with a Kim wipe and rubber band to protect 

samples under vacuum. Tubes were added to a glass vacuum chamber and placed on a 

lyophilizer (Labconco) at -80ºC and 0.2 mbar overnight. After samples were 

lyophilized completely, dry weights were taken. Similarly, cell pellets in 

microcentrifuge tubes were frozen at -80ºC. On another microcentrifuge tube, 5 holes 

were created using a 27G needle (BD) in the cap, which was removed and fastened 

onto sample tubes. These holes allowed for a vacuum to be applied without damaging 

the cell pellets. Cell samples were lyophilized for approximately 2 hours at -80ºC and 

0.2 mbar. 

Aqua regia is a mixture of concentrated nitric acid (HNO3) and hydrochloric 

acid (HCl) at a molar ratio of 1:3. Aqua regia reaction is a well-established procedure 

to digest organic material and heavy metals395,479. The entirety of the aqua regia 

reaction takes place inside a fume hood. HNO3 was added carefully to HCl at a molar 

ratio of 1:3, and allowed to react at room temperature for 5 minutes. During that initial 

reaction, sample tubes were placed in a heat block set to 60ºC. After 5 minutes, golden 

colored aqua regia was added to each tube at a volume dependent on sample size. We 

used 0.25 mL for cell pellets, 0.5 mL for lymph nodes, 2 mL for livers, and 1 mL for 
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all other organs. Tissues were left to digest with the cap off for approximately 1 hour, 

or until tissue was gone or visibly nonreactive. After this, samples were removed from 

heat and left to cool for approximately 30 minutes. Next, samples were filtered via 

syringe filter. Using remaining aqua regia, 13 mm and 25 mm syringe filters (0.22 µm 

pore size, EZFlow, Foxx Life Sciences) were prewet with approximately 200 µL of 

aqua regia. Next, using a 1-inch 20G needle (BD) samples were loaded into a 1 mL 

slip tip syringe. The prewet filters were replaced, and sample was syringe filtered into 

a well plate. Samples are left to continue to fume off for 2 hours prior to ICP-MS 

sample preparation. For ICP-MS analysis following aqua regia, the matrix used for all 

following experiments was 2% HNO3 + 2% HCl in ddH2O. For cell samples 25 µL of 

sample is added to the matrix and for tissue samples, 250 µL of sample is added to the 

matrix. Standards for the calibration curve are again prepared fresh for each 

experiment in matrix (0.25 ppb, 0.5 ppb, 1 ppb, 5 ppb, 10 ppb, 25 ppb, 50 ppb, 100 

ppb, and 250 ppb).  

4.2.17 In vitro  cisCSTL validation 

Efficacy of released cisplatin from cisCSTLs in inducing cellular apoptosis 

was assessed using 4T1-luc2 cells. First, to assess cytotoxic potential of loaded 

cisplatin, 4T1-luc2 cells were treated with either a dose of 5x106 cisCSTLs or the 

equivalent free dose was administered to 4T1-luc2 cells, and 4T1-luc2 viability was 

assessed via alamarBlue assay (ThermoFisher).  
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Viability of released cisplatin was tested on 4T1-luc2 cells using an 

alamarBlue assay (alamarBlue Cell Viability Reagent, ThermoFisher). 4T1-luc2 cells 

were seeded at 250,000 cells/ml in a 12-well cell culture plate. Cultures were left in 

cell culture incubator for 48 hours. For the start of the treatment, in triplicate wells, 

either 2.5x106 cisCSTLs, an equivalent dose of free cisplatin, or fresh media was 

added to cells on the apical side of a transwell insert. Plates were incubated at 37ºC for 

24 hours to allow for sufficient interaction times between 4T1-luc2 cells and cisplatin. 

At 24 hours, wells were wash twice with 1X PBS, and 1 mL of alamarBlue solution is 

added to each well. After 4 hours, fluorescence (560/590 nm) is read on the 

platereader. 

4.2.18 In vivo cisCSTL delivery  

For in vivo assessment of cisCSTL uptake efficacy, the immunocompetent 

inbred strain BALB/c (Jax Laboratories, #000651) was used. This model has been 

shown to produce metastatic lymph nodes following the injection of cancer cells into 

the mammary fat pad, and has been used extensively for therapeutic design 

studies464,480,481. Cisplatin delivery was first assessed in control non-tumor bearing 

mice. From ICP-MS quantification from section 4.2.16, equivalent free cisplatin doses 

of 5x106 and 10x106 were determined to be 10.07 µg and 20.14 µg, respectively.  

In the first cisCSTL delivery experiment, CD-1 mice were administered with 

either i. 5x106 cisCSTLs, ii. 5x106 cisCSTLs free drug equivalent, iii. 10x106 

cisCSTLs, or iv. 10x106 cisCSTLs free drug equivalent. Each group was assessed at 2 



 171 

hours or 4 hours post injection. At endpoint, mice were euthanized and blood was 

collected via intracardiac puncture as described in Chapter 3. Plasma and blood cells 

were separated and collected for further analysis. From each mouse, lymph nodes (2 

brachial and 2 inguinal), spleen, kidneys, liver, brain, heart, and lungs were collected. 

Non-target tissues were collected as surrogate biodistribution measurements and to 

assess changes to pharmacokinetics of cisplatin following injections. All tissues were 

frozen, lyophilized, digested via aqua regia, and prepared for ICP-MS analysis as 

previously described. 

Next this experiment was repeated to increase the sample size of 10x106 

cisCSTL groups and investigate an 8 hour timepoint. CD-1 mice were injected with 

either i. 10x106 cisCSTLs or ii. 10x106 cisCSTLs free drug equivalent and assessed at 

2 hours (n=2), 4 hours (n=2), or 8 hours (n=1) after injections. Once again, from each 

mouse blood cells, plasma, lymph nodes, spleen, kidneys, liver, brain, heart, and lungs 

were collected. All tissues were frozen, lyophilized, digested via aqua regia, and 

prepared for ICP-MS analysis as previously described. 

4.2.19 4T1-luc2 metastatic lymph node model 

Luciferase expression in 4T1-luc2 cells was confirmed via plate reader  

luminescence readouts. 4T1-luc2 cells were cultured in a 96 well plate (glass bottom, 

black sides, Corning) at a 50,000 cells/well. Fresh d-luciferin (IVISbrite D-Luciferin 

Potassium Salt Bioluminescent Substrate, PerkinElmer) was prepared at 15 mg/ml in 

1X PBS. 4T1-luc2 media was removed and replaced with 100 µL of 150 µg/ml d-
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luciferin. Control wells were replenished with 1X PBS. Plates were placed on plate 

reader and luminescence was recorded for treated and control wells are t = 5, 10, 20, 

and 30 minutes post d-luciferin addition.  

BALB/c mice inoculated with 4T1-luc2 cells were used for the development of 

a metastatic lymph node model. 4T1-luc2 is a triple negative mouse mammary tumor 

cell line that is genetically modified to express luciferase, and will be used to detect 

via IVIS following IP administration of D-luciferin482.  

Prior to inoculation, 4T1-luc2 cells were trypsinized, counted, and resuspended 

in serum free RPMI1640 medium at 10x106 cells/ml. Using a sterile 1 mL syringe 

with an 18 G needle, ~200 µL of cell suspension were drawn into the syringes. The 

18G needle (BD) was replaced by a 27G needle (BD). Briefly, BALB/c mice were put 

under anesthesia with O2 and 3% isoflurane. After sedation was confirmed via 

forepaw pinch, mice were placed in supine position on a well-lit surgical table. Mobile 

nosecones were placed on the animalôs nose and isoflurane was reduced to 2.5% for 

the duration of the injection. Eye lubricant may be used to prevent dry eyes. Use an 

electric hair trimmer, hair was removed around the animalôs nipple and surrounding 

mammary fat pad in a 2 x 2 cm patch. After injection site skin is sufficiently exposed, 

the area is wiped with an ethanol wipe. With help, the nipple is gripped with a forcep 

and pulled gently away from the animalôs chest. Syringes preloaded with 4T1-luc2 

cells are uncapped, and the needle is inserted bevel up into the mammary fat pad466. 

After position was confirmed, the plunger was suppressed and 50 µL of cell 



 173 

suspension (5x105 cells) were injected into the mammary fat pad. After injection, mice 

were returned to a heated cage and monitored until consciousness was regained. Mice 

were weighed at the start of the study, and weight was recorded every third day for the 

entirety of the tumor model. Mice were euthanized after the loss of 20% body weight 

for a humane endpoint.  

To visualize tumors in real-time, and in vivo imaging system (IVIS) was used 

(IVIS Lumina III, PerkinElmer). For in vivo use, d-luciferin stocks are prepared in 1X 

PBS at 15 mg/ml and sterile filtered using a 22 µm syringe filter. Prior to injection, 

mice were weighed to calculate injected dose where each mouse received 10 µL of 

stock solution per gram of body weight. All syringes, 1 mL slip tip syringe with a 27G 

needle, are filled with the appropriate volume of d-luciferin. BALB/c mice being 

injected were restrained by hand, and injected intraperitoneally (IP). After injections, 

animals were anesthetized with 3% isoflurane as described above. Sedated animals are 

transferred to the IVIS (IVIS Lumina III, PerkinElmer) imaging stage and placed in 

isoflurane nosecones. Up to five mice were placed on the stage at the same time and 

included in a single image. At exactly 10 minutes after injections were complete, a 

brightfield image and accompanying luminescence image (average radiance 

(p/s/cm2/sr) was collected. Mice were reoriented and additional images were taken as 

needed. After imaging was complete, mice were returned to preheated cages and 

monitored until consciousness was regained. 
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To assess metastatic potential of this model for lymph node metastasis, 

BALB/c mice were inoculated with 5x105 4T1-luc2 cells in either the 2nd or 5th 

mammary fat pad. Every 5 days, mice were imaged via IVIS and euthanized at either 

Day 30 or Day 45.  

For lymph node metastasis assessment, key outputs were recorded for each 

mouse for future therapeutic studies. First, primary tumor size was recorded via IVIS 

images as well as manual calculations with calipers. At endpoint, primary tumors, 

draining lymph nodes, livers, and lungs were collected. All tissues were processed for 

paraffin embedding and microtome sectioning. First, tissues were fixed in 4% PFA for 

24 hours at 4ºC. Next, tissues were dehydrated in 70% EtOH for 48 hours, and 

subsequently placed into a tissue processor (VIP K1000), which prepares the samples 

for embedding. Processed tissues are embedded into a block of paraffin wax and 

stored at 4ºC until use. For sectioning, a microtome (Microm HM 335E) is used to 

collect 7 µm serial sections of each tissue, which are then warmed to 37ºC and 

mounted on positively charged glass slides (Diamond, Globe). Sections were heated at 

37ºC overnight, and at 60ºC for 1 hour. To visualize tissue anatomy and lymph node 

metastasis, sections were stained with hematoxylin and Eosin Y (H&E) and mounted 

with mounting media (Eukitt) and a No 1. coverslip. Sections were left overnight to 

dry, and then imaged using an inverted microscope with a color camera (EVOS 

M5000 Microscope). 
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4.2.20 Statistics 

All experiments were performed in triplicate at minimum when applicable. 

Results are presented as average ± standard deviation. Average concentrations 

between control and experimental tests were compared using a homoscedastic two-

sample T-test. 

4.3 Results 

4.3.1 SBF-SEM shows HEVs engulf lymphocytes 

SBF-SEM image stacks were collected from two different HEV cross sections 

within the mouse lymph node. HEVs were identified based on morphology consistent 

with literature, and clear interactions with lymphocytes29. Throughout HEV stacks, 

lymphocytes were seen interacting with the HEV lumen surfaces or actively going 

through transendothelial migration in two 40 µm Z-stacks. The majority of identified 

lymphocytes were utilizing the transcellular route for extravasation. In fact, numerous 

lymphocytes were seen to be entirely engulfed within an HEV cell body (Figure 4.3). 

These particular lymphocytes show no deformation by the lymphocyte and rather 

point to being entirely engulfed along with a thin layer of fluid from the blood.  
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Figure 4.3: Using SBF-SEM, T lymphocytes are shown to be fully engulfed in HEVs 

in vivo. 

4.3.2 Cryoinjury induced cell death 

Standard freezing methods for cells include the use of cryoprotectants, such as 

DMSO, and controlling freezing rates via insulation or fluid solutions with 

controllable freezing rates, such as isopropyl alcohol. In order to produce CSTLs as a 

cell derived drug carrier system, cryoinjury was used to our advantage to ñkillò 

lymphocytes and permeabilize the membrane. By rapidly increasing the speed of this 

freezing, large ice crystals are formed causing damage to the cells internally and in the 

membrane (Figure 4.4A). Our goal was to reverse engineering this freezing process 
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and produce dead, permeable cells that were still structurally stable enough to being 

loaded with drug and administered intravenously.  

Through a number of assays, we validated that our CSTL vehicles were 

functionally dead. The following assays were run with our finalized freezing 

procedure, which is discussed in further detail in the following section. The first 

confirmation of killing was a simple trypan blue permeability assay. After production 

of every batch of CSTLs, membrane permeability was tested prior to use. In all cases, 

CSTLs were measure at >99% permeable to trypan blue via automated hemacytometer 

measurements. Next, Live/Dead viability staining was performed following CSTL 

thaw. In both JCSTLs and primary CSTLs, the concentration of dead cells was 

measured at >99% using ImageJ analysis (Figure 4.4B). Finally, an LDH assay was 

administered to confirm cell death via necrosis. Spontaneous LDH was measured in an 

incubated solution of live Jurkat cells and JCSTLs. Here, LDH is a marker of cell 

membrane damage and is released after cellular damage occurs. In our study, JCSTLs 

produced a concentration of LDH 2.46 times higher than control Jurkat cells with a p-

value of 0.0136 (Figure 4.4D). These findings give concrete evidence the CSTLs 

produced from the cryoinjury process do irreversible damage to cells leading to death 

and a permeable membrane.  
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Figure 4.4: A) Schematic of CSTL production and labeling. B) Live/dead viability 

staining confirms cryoinjury. C) CSTLs stained with NHS Cy5.5 allow 

for tracking via fluorescent imaging or IVIS. D) LDH Assay confirms 

structural damage and membrane permeability. (Biorender.com) 

In addition to CSTLs being ñfunctionally deadò we set out to understand 

structural changes to cells after freezing and the impacts on cell morphology. First, 

fixed JCSTLs were labeled with DiD, Phalloidin, and Hoechst to label the membrane, 

actin cytoskeleton, and the nucleus, respectively (Figure 4.5A-C). These stained 

samples were imaged with high intercellular resolution via confocal microscopy (63x, 

Zeiss, LSM800). There are a number of qualitative differences between the JCSTLs 

(Figure 4.5B-C) and control Jurkat cells (Figure 4.5A). First, membranes of the 

JCSTLs are clearly compressed and the cytosol volumes per cell is greatly reduced. 

There is significant heterogeneity between different CSTLs and the spherical shape of 

healthy Jurkat cells is lost. Next, the nucleus undergoes clear fragmentation, due to 

both the cryoinjury and the DNAse I in present in the solution. Finally, the actin 
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cytoskeleton is completely broken apart in CSTLs, as shown by the reduced and 

localized signal in membrane derived vesicles. Additionally, all of these effects are 

markedly increased after a centrifugation step (Figure 4.5C). Overall, the 

cryoshocking procedure delivered significant and irreversible damage to the 

intercellular structures. This structure was preserved by the use of additional 

cryoprotectants however. We ran a series of tests using PEG300 in the loading 

solution, which resulted in a significantly more stable actin cytoskeleton (Figure A.5). 

However, this additional reagent expedited the membrane breakdown process. 
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Figure 4.5: Using various structural stains, JCSTL architectural changes were 

compared to live Jurkat cells. A) Healthy Jurkat cells, B) JCSTLs pre-

spin, and C) JCSTLs post-spin show degradation to membrane, nucleus, 

and actin cytoskeleton following freezing and centrifugation. D) DNAse 

proved to be a crucial step in the CSTL production process. 

To assess the morphological changes after cryoshocking, labeled JCSTLs were 

analyzed via confocal microscopy and flow cytometry as described above. JCSTLs 

had noticeable smaller size and increased surface roughness as compared to healthy 

control Jurkat cells (Figure 4.6A). When analyzed via flow cytometer, JCSTLs pre- 

and post-spin showed significant shifts to the left on FSC-A plot, indicating reduction 

in size (Figure 4.6B). The post-spin peak is shifter slightly further than the pre-spin 

condition, highlighting further shrinkage after centrifugation. Additionally, a slight 

peak shift was detected on the SSC-A plot for both pre-spin and post spin, 

demonstrating loss of granularity in the form of proteins being released from the cell 

cytosol and nuclear fragmentation (Figure 4.6B). These assays further validate the 

damage done to cells after cryoinjury, and that further damage after a spin step. 
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Figure 4.6: A) Using fluorescence microscopy, Cy5 NHS labeled CSTLs are 

compared to live Jurkat cells to compare morphological changes. B) 

Flow cytometric analysis of live Jurkat cells, non-centrifuged CSTLs, 

and CSTLS centrifuged at 2 min 300 x g. Forward scatter and side scatter 

measurements show differences in cell size and complexity. 

4.3.3 CSTL manufacturing 

Our cryoshocking process has been successful in reliably producing CSTL 

vehicles that are not biologically viable and permeable. At this stage, a number of 

experiments were carried out to identify the most optimal conditions for producing 

stabile CSTLs. First, a range of freezing rates and conditions was tested. During 

preparation of CSTLS, freezing rate was manipulated by both DMSO concentration 

and freezing temperature (-80ºC and LN2) (Figure 4.7A). CSTL production was 

probed using Live/Dead viability staining and quantified via ImageJ. In -80 ºC 

conditions 1%, 2.5%, and 5% DMSO concentrations resulted in 98.8%, 44.3%, and 

9.5%, respectively. In LN2 conditions both 2.5% and 5% DSMO resulted in >99% 

cells death (Figure 4.7A). The 1% DMSO concentration at this temperature results in 

complete cell destruction. Further, this freezing process was tested orthogonally using 
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5% DMSO under different freezing conditions. The test conditions of -80 ºC 

overnight, -80 ºC for 1 weeks, -80 ºC freeze/thaw (3x), a -80 ºC ramp to LN2, and LN2 

overnight resulted in 8.2%, 8.6%, 32.9%, 99%, and >99% cell death, respectively 

(Figure 4.7B). For this reason, the optimal freezing conditions of 5% DMSO directly 

in LN2 overnight were chosen for experiments moving forward. 
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Figure 4.7: A) Confocal images show Live/Dead staining of primary T lymphocytes 

subjected to various freezing temperatures and DMSO concentrations. B) 

Additional freezing strategies were attempted to vary the freezing rate. 

However, 5% DMSO in LN2 overnight yielded optimal cell death. 

(Calcein AM = live; EthD-III = dead). 

Due to the high cellular death and extracellular DNA presence, it was quickly 

discovered the DNAse I was necessary to prevent aggregation of thawed CSTLs 

(Figure 4.5D). This process is used in many cell isolation procedures483. First, DNAse 

I doses (1, 2.5, 5, 10, and 25 µg) were tested for the ability to break up cell aggregates 

in 5x106 CSTLs. It was determined that doses of 10 µg or more most efficiently broke 
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up the pellets. To confirm this, DNAse I was tested at two different centrifugation 

speeds for providing a single cells suspension of CSTLs (Table A.2). At both 300 x g 

for 2 minutes and 500 x g for 2 minutes, recovery of cells was improved by 66% and 

57.2%, respectively. The 300 x g for 2 minutes spin has the best overall recovery at 

83.6% of frozen cells in the form of CSTLs.  

Effects of spin conditions on CSTLs was tested similarly via cell counting and 

fluorescence microscopy. A panel of spin conditions was tested (Figure A.4A-B) and 

three conditions were used to move forward to test impacts of centrifugation on cells. 

The highest recovery rates were 1. 5 min at 300 x g, 2. 3 min at 500 x g, and 3. 10 min 

at 100 x g. All of these conditions had recovery rates greater than 75%. Of these three 

select conditions, there was no statistically significant difference between size or 

circularity between condition 1. and 2. However, condition 3 resulted in smaller cell 

size and reduced circularity from both condition 1. and 2. This finding highlighted the 

importance in the time CSTLs were exposed to high centrifugal force. 

4.3.4 CSTL Stability  

After a baseline manufacturing protocol was developed, we were able to 

reliably produce batches of CSTLs for use in in vitro and in vivo experimentation. 

Next, we sought out to determine the stability of these delivery vehicles. The reasons 

for this were to both test the limits of CSTLs as a delivery vehicle as well as establish 

baseline stability for future CSTL prototypes or modifications. First, stability was 

tested over a course of 2 hours at multiple temperatures, 4ºC, room temperature (RT), 
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and 27ºC. We determined that there was not a statistically significant change in 

JCSTL size over the course of 2 hours, however there was a statistically significant 

decrease in JCSTL circularity at 37ºC (Figure 4.8A). We attributed this to accelerated 

vehicle breakdown at higher temperatures. Using this information, loading and 

handling steps of JCSTLs were all done at 4ºC, including centrifugation.   

Even with the fragility of these vehicles, the capacity for CSTLs to be 

centrifuged multiple times sequentially was tested at 300 x g for 2 minutes at 4ºC. 

After three consecutive spins of thawed JCSTLs, the average diameter and circularity 

showed no statistically significant decrease (Figure A.4B). Taken with the results 

earlier, while initial centrifugation causes damage to CSTLs, subsequent spin steps 

result in no significant changes to CSTL general morphology.  

Many in vitro assays for stability give little information on how CSTLs would 

perform in the blood stream after intravenous injection. Thawed CSTLs must be 

handled with care, and therefore need to withstand fluid shear forces within the blood. 

To test the stability of CSTLs in fluid flow, we built a syringe pump based blood flow 

mimetic model using a syringe with connected tubing via luer lock connectors. Using 

fluid simulation, we calculated super physiologic flow rates based on tubing inner 

diameters to achieve velocity and fluid stress profiles in the center of the tube. First, at 

a flow rate of 10 µL/min, the average loss compared to control Jurkat cells is 34.3% 

(Figure 4.8B). Here we used average loss as a metric for stability as total CSTL 

failure and breakdown. From this finding, the CSTL process reduced the ability of 
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CSTLs to survive shear in a fluid layer by roughly 1/3. When testing flow rates at 15 

µL/min and 20 µL/min, this loss is increased to 41.1% and 75.5%, respectively 

(Figure 4.8C). This finding highlights the fact the CSTLs are more susceptible to 

higher flow rates than healthy control cells. 

 

Figure 4.8: A) CSTLs were incubated at a range of temperatures to assess temperature 

sensitivity. CSTLs at 37ºC showed a statistically significant change in 

circularity. B) A blood flow mimetic model was used to assess CSTL 

stability under fluid shear conditions. When compared to live Jurkat cells, 

CSTLs showed a 34.3% higher loss under the same conditions. (n=3, 

*p<0.05) C) Using this some flow model, increased flow also resulted in 

increased vehicle breakdown. (n=3,1,1) 










































































































































































































































































































