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ABSTRACT 

 

The lymphatic system plays essential roles in regulating fluid balance and 

immunosurveillance. Across the body, local lymphatic vessels collect waste in the form 

of lymph and deliver it to nearby lymph nodes (LNs) to be filtered and screened for 

pathogens. With broad implications in adaptive immunity, cancer metastasis, and cancer 

treatment, developing novel in vitro models will provide new platforms to explore 

lymphatic function in health and disease. This dissertation sought to develop tissue-

specific engineered models of the LN stroma and the meningeal lymphatics to examine 

the transport of cells and fluid. Within the LN, fibroblastic reticular cells (FRCs) 

maintain a network of extracellular matrix conduits that guide varying rates of interstitial 

fluid flow (IFF) based on inflammatory state. Eventually, that flow exits the LN through 

the afferent lymphatics, consisting of lymphatic endothelial cells (LECs). We first 

developed a spatially organized model of the LN stroma consisting of a monolayer of 

LECs on the underside of a tissue culture insert and an FRC-laden hydrogel within. We 

demonstrate that high magnitude IFF (3.0 µm/s) had positive impacts on FRCs but 

disrupted the integrity of the LEC barrier, and these effects were accompanied by 

increased secretion of a variety of inflammatory chemokines. We also show that IFF of 

any magnitude decreased T cell egress from the model. Next, we sought to apply the LN 

stroma model toward understanding metastasis. LN metastasis is the most important 

prognostic factor in breast cancer, with size of metastasis informing treatment plan. 

Metastasis greatly alters the structure of the LN, which in turn alters transport. However, 

the impact of altered transport on cancer progression is not well understood. We added 

different numbers of breast cancer cells to our LN stroma model to examine tumor 

burden. We found that tumor cells invaded the LEC barrier at similar numbers regardless 

of initial burden. Additionally, at the highest tumor burden, diffusivity in the stroma was 

significantly decreased. Most excitingly, flow velocity was positively correlated with 

FRC spread in the hydrogel, demonstrating the contributions of FRCs to transport. 

Finally, we looked to the central nervous system (CNS). The meningeal lymphatics are 

responsible for draining cerebrospinal fluid to the cervical lymph nodes for CNS 

immunosurveillance. We developed a simple model of a meningeal lymphatic vessel 

lumen consisting of a monolayer of LECs on the underside of a tissue culture insert and a 

monolayer of meningeal fibroblasts within. This is, to our knowledge, the very first in 

vitro model of the meningeal lymphatics. We demonstrate that our model has barrier 

function and is capable of immune cell transmigration and egress. We examined how 

systemic chemotherapy for breast cancer could cause off-target disruption of the 

meningeal lymphatics and found that docetaxel was significantly deleterious. We further 

began to explore leukemia cell behavior in our LN stroma and meningeal lymphatics 

model. Throughout this dissertation, we emphasize the importance of incorporating fluid 

and cell transport into engineered models of immunity. These models represent a step 

toward building up the complexity of in vitro lymphatic models to improve pre-clinical 

screening and understand pathophysiology. 



 iii  

Engineered models of the lymphatic stroma to study cell and fluid transport 

 

Jennifer H. Hammel 

 

GENERAL AUDIENCE ABSTRACT  

 

 

The lymphatic system plays essential roles in regulating fluid balance and immune 

system surveillance. Across the body, local lymphatic vessels collect waste in the form of 

lymph and deliver it to nearby lymph nodes (LNs) to be filtered and screened for 

pathogens like viruses or bacteria. With broad implications in immunity, cancer 

metastasis, and cancer treatment, developing novel models in the lab using human cells 

and 3-dimensional biomaterials will provide new platforms to explore lymphatic function 

in health and disease. This dissertation sought to develop engineered models that were 

specific to the lymph node stroma and the meningeal lymphatics to examine the transport 

of cells and fluid. Within the LN, fibroblastic reticular cells (FRCs) maintain a network 

of channels that guide varying rates of interstitial fluid flow (IFF) based on how inflamed 

the LN is. Eventually, that flow exits the LN through the afferent lymphatics, consisting 

of lymphatic endothelial cells (LECs). We first developed a spatially organized model of 

the LN stroma consisting of LECs on the underside of a porous membrane and an FRC-

laden hydrogel above the membrane and demonstrated that high magnitude IFF altered 

morphology, immune cell behavior, and inflammatory protein secretion in the model. 

Next, we sought to apply the LN stroma model toward understanding cancer metastasis. 

LN metastasis is the most important prognostic factor in breast cancer, with size of 

metastasis informing treatment plan. Metastasis greatly alters the structure of the LN, 

which in turn alters the transport of lymph and immune cells. However, the impact of 

altered transport on cancer progression is not well understood. We added different 

numbers of breast cancer cells to our LN stroma model to examine tumor burden and 

found that tumor cells invaded the LECs at similar rates regardless of initial density, but 

that diffusion, a transport parameter, was significantly changed by high tumor cell 

density. Finally, we looked to the central nervous system (CNS). The meningeal 

lymphatics are responsible for draining cerebrospinal fluid to the cervical lymph nodes to 

screen for pathogens in the CNS. We developed a simple model of a meningeal 

lymphatic vessel lumen consisting of LECs and meningeal fibroblasts on either side of a 

porous membrane. This is, to our knowledge, the very first in vitro model of the 

meningeal lymphatics. We examined how systemic chemotherapy for breast cancer could 

cause off-target disruption of the meningeal lymphatics and found that docetaxel was 

significantly damaging to the model. Throughout this dissertation, we emphasize the 

importance of incorporating fluid and cell transport into engineered models of 

lymphatics. These models represent a step toward building up complexity to improve the 

toolset for pre-clinical screening and studying disease progression. 
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Chapter 1. Modeling the lymphatic system in health and disease 

 

1.1 Importance and physiology of the lymphatic system 

*portions of this section are the authorôs original writing directly taken from: Hammel et al 

2021, ñModeling Immunity In Vitro: Slices, Chips, and Engineered Tissuesò(1)*  

 

1.1.1 Overview of the lymphatic system 

Throughout the body, an inter-connected network of lymphatic vessels and lymph nodes 

provide waste clearance, maintain fluid balance, and perform constant immunosurveillance 

(Figure 1.1). Lymphatic vessels are found in nearly every tissue in the body, tracking with blood 

vasculature and delivering fluid to over 500 lymph nodes. Within tissues, initial lymphatic 

vessels (that lack a basement membrane and have loose óbuttonô junctions) collect interstitial 

fluid. This fluid, ólymphô then travels to the collecting lymphatic vessels that transport the fluid 

to the lymph nodes. Lymph nodes act as a filter, allowing the lymph fluid to be screened by 

immune cells in the node for any potential threats. If a threat is identified, an immune response is 

mobilized, and immune cells exit by the efferent lymphatics. From start to end, the lymphatic 

system is essential to well-being. However, this same system that protects the body can also 

serve to disseminate cancer and facilitate progression.  

Lymphatic vessels were traditionally viewed as maintaining a passive role in the immune 

response or were even excluded as a formal part of the immune system. Therefore, models of the 

lymphatics so far have focused primarily on fluid flow and biomechanics, as reviewed previously 

by Nipper & Dixon (2). However, new studies are highlighting the important roles that lymphatic 

endothelial cells play in presenting antigen to the immune system and regulating cell entry to the 

lymphatic network (3,4). Due to the lack of basement membrane, initial lymphatic vessels are 

highly responsive to interstitial fluid flowða benefit that allows for easy immune cell trafficking 

(5). Lymphatics have now been implicated in antitumor immune responses, autoimmune 

diseases, and the regulation of inflammation (5). Indeed, lymphatics have been added to  
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Figure 1.1. The lymphatic system runs through the body and drains to lymph nodes for 

immunosurveillance. Created with biorender.com. 

cultures of breast cancer cells and mammary fibroblasts to recreate initial lymphaticïtumor cell 

interactions during metastatic spread, showing that lymphatic endothelial cells (LECs) reduce 

therapeutic efficacy (6). An emphasis on lymphatic-immune interactions is an essential step 

toward recapitulating immunity in vitro, with the eventual goal of modeling immunity during 

cancer growth. Within, we aim to develop lymphatic models to understand immune cell 

trafficking, tumor progression and dissemination, and off-target impacts of chemotherapeutics. 

1.1.2 Fluid regulation 

Lymphatic vessels are essential for maintaining fluid balance in the body. Within tissues, 

interstitial fluid is slowly moving in between cells, containing proteins and waste. Primarily 

sourced from leaky blood vasculature, multiple liters per day seep into the interstitium. Excess of 

this fluid is collected by lymphatic capillaries, becoming ólymphô. Lymphatic capillaries, or 
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initial lymphatics, have a discontinuous basement membrane and have loose óbuttonô junctions, 

providing gaps of several microns to permit cell and fluid collection. Baluk et al demonstrated 

alternating VE-cadherin and CD31 staining along the borders of LEC-LEC contacts (7). Beyond 

VE-cadherin, tight junction proteins, such as claudin-5, demonstrate discontinuous expression at 

LEC-LEC interfaces (7). These gaps are utilized by antigen presenting cells, e.g. dendritic cells 

and macrophages, to travel to local lymph nodes. These dendritic cells travel for as long as one 

hour to reach the lymphatic capillaries (8), and are further stimulated by inflammation-induced 

increases in interstitial fluid flow (9) and CCL21 secretion from the lymphatics (10). In rat initial 

lymphatics, flow rates of approximately 14 µL/hour were measured (11). In human skin, flow 

rate was approximately 10 µm/s (12). 

Next, fluid and cells travel through the collecting lymphatic vessels. Here, flow is 

pulsatile. Collecting lymphatic vessels are surrounded by smooth muscle cells that allow 

contraction and have periodic unidirectional valves with intrinsic pumping (13). Measurements 

of flow in collecting lymphatic vessels vary greatly from 50 µm/s to 1500 µm/s, depending on 

the location and size of the lymphatics as well as the measurement strategy (11,14,15). The 

collecting lymphatic vessels have continuous junctions, called zipper junctions, to retain lymph 

within the vessel for transport. Collecting vessels transport an estimated 8 liters a day (16). 

Finally, lymph is drained to the lymph node. Within the lymph node, some fluid is 

reabsorbed by the blood vasculature (17). The rest, now screened and filtered, exits the lymph 

node via the efferent lymphatics and eventually returns to the blood circulation at the subclavian 

veins (18). It is estimated that about 8 liters become afferent lymph each day, and half of that is 

reabsorbed by the blood vasculature of the lymph node. Thus, approximately 4 liters per day are 

returned to the circulatory system by the efferent lymphatics (16).  
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1.1.3 Immunity and inflammation 

Beyond fluid transport, immune cell trafficking is a key function of the lymphatic system. 

Immune cells must maintain migration between peripheral tissues and lymph nodes for 

immunosurveillance. Immune cells such as T and B cells begin in the circulatory system, explore 

peripheral tissues, and are drained by the lymphatics to the lymph node, where they search for 

antigens, exit, and begin the cycle again. Antigen presenting cells, such as the dendritic cells 

mentioned above, reach the óend of the lineô in the lymph node, but require the lymphatics to 

traffic there. Dendritic cells comprise only 10-15% of cells within the lymph. The vast majority 

are T cells (19). The function of T cells and B cells and the dynamics of their recirculation are 

further explored in section 1.1.4. 

The function of the lymphatic system is intricately connected with inflammation. 

Characterized by redness, heat, swelling, and pain, inflammation is a key defensive response to 

threat by pathogens. Inflammation leads to enhanced drainage by the lymphatic vessels, partially 

due to increased interstitial fluid, and partially due to inflammatory chemokines that enhance 

lymphatic permeability (20). In an in vitro model, TNF-a, IL-6, IL-1B, IFN-y, and LPS all led to 

decreased barrier function in LECs (21). However, inflammatory mediators can also reduce 

lymphangiogenesis and lymphatic pumping frequency (22ï24), proving the complexity of 

inflammation in regulating physiological functions. Indeed, lymphatic vessels respond to 

inflammation by altering chemokine secretion as well. CCL21 and CX3CL1 are secreted 

basolaterally, or into the tissue, by the lymphatics in response to inflammation, enhancing 

dendritic cell transmigration and trafficking to the lymph node (25ï27). CXCL12 is also secreted 

by LECs in response to inflammation, enhancing lymphangiogenesis (28) and supporting 

dendritic cell trafficking via the CXCR4/CXCL12 axis (29). However, LECs secrete a multitude 
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of chemokines to direct immune cell trafficking, among which CCL1, CCL2, CCL5, CCL20, and 

CCL27 are listed (30,31). Beyond CXCL12, vascular endothelial growth factor C (VEGF-C), 

can also modulate inflammatory lymphangiogenesis to expand the lymphatic network and 

drainage (32). 

Finally, the lymphatics are essential toward clearing up acute inflammation and returning 

to steady-state. Without adequate drainage, fluid buildup overtime can lead to edema, causing 

tissue dysfunction. An expanded lymphatic network has been shown to reduce inflammation-

induced edema (33). Additionally, in a mouse model of chronic cutaneous inflammation, 

lymphatic activation via VEGF-C and VEGF-D significantly reduced chronic inflammation (34). 

Thus, the lymphatic system has been identified as a potential therapeutic target in diseases of 

chronic inflammation (35).  

Lymphatic vessels themselves play a plethora of roles in inflammation and immune cell 

trafficking. However, a complete understanding of the lymphatic system and the immune 

response requires discussion of the lymph node, the crux of immunity. 

1.1.4 Lymph node structure and function  

All afferent lymphatic vessels lead to the lymph node. The human body has around 500 

of them, each playing essential roles in immunosurveillance and adaptive immunity. Modeling 

the lymph node has been a major goal in the field of immunoengineering. However, the 

complexity of lymph node spatial organization and cell populations is challenging to recapitulate 

in vitro. As noted above, lymphatic vessels throughout the body collect excess fluid and waste 

from tissues. This lymph is then delivered via afferent lymphatic vessels directly into the lymph 

node for screening. Lymph is delivered to the subcapsular sinus, followed by the cortex, the 

paracortex, and the medulla, where it exits via efferent lymphatics (Figure 1.2). Each of these 



 

6 

 

zones is home to specific immune cells and specialized fibroblasts that siphon and guide lymph 

fluid throughout the node to be screened. Here, we will define the important physiology of each 

region. 

 

 

Figure 1.2. Lymph node structure. The lymph node (LN) is divided into three main regions. The 

cortex consists mainly of B cells and follicular dendritic cells (DCs). The paracortex has 

fibroblastic reticular cells (FRCs) and T cells. The medulla contains plasma cells and 

macrophages. The LN drains out of efferent lymphatic vessels. Created with Biorender.com. 

The lymph node is encapsulated by dense collagen matrix, called the capsule. The 

subcapsular sinus (SCS), which receives lymph from outside of the node, is found between the 

capsule and the cortex. The SCS is lined with lymphatic endothelial cells and surrounds the 

entire LN, connecting to other sinuses in the node. Within the SCS, there are macrophages and 

dendritic cells (DCs) that capture antigens or pathogens and communicate with B cells in the 

cortex to initiate an effective immune response (36). 

After reaching the SCS, the next region that lymph reaches is the cortex. The cortex is 

home to B cell follicles and is the seat of adaptive immunity. Antigens that are not captured by 
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SCS macrophages or DCs are transported in lymph to the cortex, where follicular DCs can step 

in. Follicular DCs capture and present antigens to B cells. Naïve B cells circulate throughout the 

body, traveling from LN to LN, spending about 24 hours in each in search of antigen (37,38). 

Within the LN, they home to the follicles and screen FDCs for antigens. Upon finding an 

antigen, B cells become activated, forming a germinal center and recruiting CD4+ helper T cells 

from the paracortex. After activation, B cells undergo final differentiation into one of three 

lineages. B cells can become short-lived plasmablasts that produce antigen-specific antibodies 

and are part of the immediate immune response. For lasting immunity, B cells can become 

antigen-specific plasma cells or memory B cells, which are both considered quiescent and long-

lived. Antigen-specific plasma cells home to the bone marrow, where they reside and 

consistently secrete antibodies in preparation for another encounter with the same antigen (39). 

Memory B cells are found in the LN and in circulation, remaining quiescent until the antigen is 

confronted again (40). However, these B cell responses, and lasting adaptive immunity, are not 

possible without the contributions of T cells from the paracortex. 

The paracortex is mainly defined by T cells and fibroblastic reticular cells (FRCs). FRCs 

form conduits out of extracellular matrix that guide ~10% of lymph into the paracortex (41). 

These conduits are made of various fibrillar and non-fibrillar collagens, as well as decorin, 

fibronectin, perlecan, laminins, vitronectin, and more (42). Though most dense within the T cell 

zone, the conduit network connects through the SCS and cortex as well (43). Flow rate from the 

cortex to the paracortex through conduits has been estimated at about 35 microns per minute 

(44), allowing inflammatory markers to reach throughout the LN and promote immune response. 

T cell migration within the paracortex is modulated by FRCs via direct contact and 

chemokine secretion. FRCs maintain T cell survival via IL-7 (45) and control the proliferation of 
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T cells via the iNOS/IFNgamma pathway (46). The main T cell subsets found in the LN are 

CD4+ helper T cells and CD8+ cytotoxic T cells. T cells also circulate the body and LNs in 

search of antigen, spending between 12 and 24 hours in each LN (38,47,48). Upon reaching the 

paracortex, T cells migrate randomly, screening DCs for antigen. CD4+ helper T cells are 

estimated to screen 5000 dendritic cells per hour, migrating upwards of 10 microns per minute 

(49). CD8+ cytotoxic T cells are estimated to screen 500 DCs per hour, migrating between 10 

and 30 microns per minute (50). After finding an antigen and becoming activated, CD4+ helper 

T cells proliferate rapidly and migrate to the germinal centers, where they assist in B cell 

activation and differentiation. Initial activation of CD8+ cytotoxic T cells also occurs via antigen 

presentation by DC, followed by interaction with activated CD4+ helper T cells to drive memory 

CD8 T cell development. 

Finally, the medulla contains a large amount of plasma cells that secrete antibodies, 

macrophages, blood vessels, and the efferent lymphatics (51). Both naïve and activated T cells 

egress from the lymph node through this pathway, either to continue searching for antigens or to 

mount an antigen-specific attack. 

The lymph node begins and ends with lymphatic vessels, with specialized regions in 

between that are organized and connected by specialized fibroblasts, such as the aforementioned 

FRCs. Yet, current lymph node models tend to focus entirely on immune cell interaction. In 

developing tissue engineered models of the lymph node, it is essential to consider not only the 

biological contributions, but the physical properties of the tissue as well. 

1.2 In vitro modeling of the lymphatics 

portions of this section are the authorôs original writing directly taken from: Suarez*, Hammel*, 

and Munson, 2023, ñModeling lymphangiogenesis: pairing in vitro and in vivo metricsò (52) 

There are many important elements to creating an in vitro model that adequately 

recapitulates a tissue, including physical, chemical, and biological cues (53). Though in vitro 
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models may lack the full complexity of the in vivo environment, they allow for more precise 

control over the microenvironment and can reduce potential confounding factors. The process by 

which lymphatics expand and form new vessels is called lymphangiogenesis. This ability is a 

cornerstone of lymphatic models. 

1.2.1 Cell sourcing 

The first step toward developing in vitro models is sourcing the relevant cell types. 

Though lymphatics are found throughout the body, a few key primary sources are typically 

utilized for cell culture. Dermal LECs, isolated from human neonatal foreskin or adult skin, and 

lymph node LECs are commercially available. LECs can also be isolated from primary tissues 

using specific cell surface markers such as lymphatic endothelial hyaluronan receptor-1 (LYVE-

1) (54), podoplanin/D2-40 (55), and VEGFR-3/Flt-4 (56,57). Nuclear prospero-related 

homeobox 1 (PROX-1) protein can also identify LECs (58,59). Other tissue sources for 

commercial LECs include human lung (60,61), rat mesentery (62), and mouse mesentery (63). 

Culturing primary LECs in vitro comes with a set of limitations. Like many primary cell types, 

primary LECs are limited in passage number, require specific cell seeding densities, may grow 

slowly, and require plate coatings of fibronectin or collagen which could alter cellular behaviors 

(64). Additionally, the shear stresses that may occur during standard passaging procedures can 

activate LECs (65,66). There is further evidence that LECs may dedifferentiate or have changes 

in transcriptional profiles in vitro due to a lack of important microenvironmental cues (67). 

Optionally, LECs can be immortalized for more stable and long-lasting cultures (68,69). 

1.2.2 Metrics of in vitro lymphatic models 

In vitro models of lymphatics can vary greatly in complexity from monolayers to 

explants. In 2D culture, simple metrics such as migration can easily be quantified using scratch 



 

10 

 

assays and tissue culture insert migration assays. A scratch assay is performed by growing a 

confluent monolayer of cells and then physically creating a ñscratchò with a pipet tip and 

tracking cell migration into the empty space over time, as described by Liang et al (70). This 

technique is simple, inexpensive, and can be performed with any adherent cell type. Simple 2D 

cultures can also be used to quantify proliferation via bromodeoxyuridine (BrdU) and MTT 

(chemical name 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays (71). A 

tissue culture insert assay allows the quantification of cellular transmigration. Originally called 

the Boyden chamber assay, tissue culture insert assays are now a common methodology whereby 

cells are seeded as a monolayer or atop a layer of basement membrane on a porous membrane, 

with a chemoattractant placed in the media beneath (72). After a set amount of time, the number 

of cells that have migrated to the underside of the tissue culture insert can be quantified with a 

simple nuclear stain (73). The transmigration assay can also be adapted to examine 3D behaviors 

with hydrogel systems, interstitial fluid flow, and tumor microenvironment interactions (6,74ï

76). These models provide straightforward methodology for examining migration and 

proliferation, two outcomes involved in lymphangiogenesis. 

A step up in complexity for in vitro models incorporates hydrogels or spheroids to 

observe lymphangiogenesis as the formation of vessel-like structures. First performed in 1998 by 

Kubota et al. (77), the tube formation assay involves plating endothelial cells on top of basement 

membrane extract (i.e., Matrigel) and has become ubiquitous for observing angiogenesis in vitro 

(78). The cells can readily adhere to the matrix and form tubular structures that resemble 

networks within 24 h. Additionally, LEC spheroids can be embedded within a hydrogel to 

observe how the cells invade the surrounding microenvironment, called the spheroid sprouting 

assay. This assay recapitulates lymphangiogenesis by allowing new sprouts to form from pre-
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existing structures (79). Nascent work using self-assembled lymphatic networks in hydrogels is 

also underway (80,81), with a focus on microfluidic devices (69,82ï89). Recent microfluidic 

models use hydrogel (often collagen)-laden polydimethylsiloxane (PDMS) with hollow channels 

for seeding lymphatic endothelial cells, called gravitational lumen patterning, and allow for flow 

through the lumen, which can be pressure-head induced or provided by pumps (69,84,87,90). In 

these devices, there is precise control of the microenvironment and mechanical forces 

experienced by cells in vitro. They are often paired with in silico models to examine chemokine 

diffusion and fluid transport (90ï92). These devices are often the most physiologically relevant 

in vitro models but are not commonly paired with in vivo work. 

Lymphangiogenesis can be modeled ex vivo using the lymphatic ring assay (LRA), 

where mouse lymphatic thoracic ducts are dissected and embedded into hydrogels for time-lapse 

imaging (93). This assay allows for bona fide lymphangiogenesis as the explant provides a 

mature lymphatic vessel from which new vasculature can sprout. An alternative ex vivo assay 

uses rat mesentery tissue with live imaging of lymphatic vascular development for 5 days (94). 

However, the inability to perform these assays with human lymphatics is a limitation of the 

current ex vivo systems. Mouse and human endothelial cells respond differently to inflammation 

(22) and anti-angiogenic drugs are more effective in mouse models than in human patients (95). 

Additionally, though many subsets of LECs have similar gene expression between mice and 

humans, there are some differences, such as the high expression of IL-6, MMP-2, and lysyl 

oxidase in humans but not mice, pointing to differences in basal inflammatory states and matrix 

remodeling mechanisms (96). Beyond migration and proliferation, the crux of many 

lymphangiogenesis-specific studies revolves around VEGF-C and -D and their receptors, 

VEGFR-2 and VEGFR-3. VEGF-C and -D can be quantified at the protein level with ELISA or 
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Western blot. The receptors can be visualized via immunocytochemistry or flow cytometry. 

These techniques are compatible with most in vitro assays. Further, LECs can be visualized 

using antibodies for LYVE-1, PROX-1, podoplanin, and CD31/PECAM-1, allowing the 

quantification of LEC morphology and junctions. It is important to note that CD31 is a better 

marker for LECs in vitro, as in vivo, CD31 expression is higher in blood vasculature than in 

lymphatic vasculature (97,98). Outside of lymphangiogenesis, functional LEC assays can include 

characterization of permeability, immune cell trafficking, and fluid transport, as discussed in 

recent reviews (99ï101).  

A critical gap in the literature is a lack of in vitro models of the lymph node that allow for 

the study of lymphangiogenesis. Tumor crosstalk and chemotherapeutics are known to cause 

lymphangiogenesis in the lymph node (6,102,103). As many tumors metastasize to the lymph 

node and evade the immune system, it is essential to develop physiologically relevant models. 

Many studies utilize animal models to recapitulate the complexity of immune response. 

However, mouse and humans show notable differences in their immune system and lymph nodes 

(104). An in-depth discussion of existing in vitro lymph node models can be found below in 

section 1.4. 

 

1.3 Key considerations for lymph node engineering principles 

This section is the authorôs original writing directly adapted from: Hammel et al 2022, 

ñEngineering in vitro immune-competent tissue models for testing and evaluation of 

therapeuticsò (53) 

 

Models of immune tissues may provide superior insight into drug efficacy prior to in vivo 

testing, but creating such models is not trivial. The complexities of the immune system are 

difficult to recreate in entirety in vitro, and special care should be paid to parameters that can 

affect immune system function and outcomes. Most engineered systems consist of cells 
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embedded in some sort of biomaterial, either natural or synthetic, with the goal of recapitulating 

a physiological state. The specific components that exist within these systems vary significantly 

from application to application, but the design parameters are common when selecting specific 

elements for a model. In particular, appropriate biological, physical and chemical cues must be 

incorporated, as cell behavior can be impacted, for example, by chemical makeup of a matrix, 

the stiffness, porosity, and biodegradability (105). Thus, the selection of the biomaterial 

backbone is a major element of an engineered model, with most of these systems consisting of 

hydrogels. The hydrogel material also impacts immunomodulation, with the ability to enhance or 

reduce immune cell activation (106,107). Many reviews exist to summarize critical hydrogel 

properties (105,108ï111). Here, we will summarize important design aspects of engineered 

models for drug screening in the context of immunity. 

 

Table 1.1 Physical properties of the lymph node. Adapted from Hammel et al 2022 (53). 

Tissue Stiffness (kPA) Interstitial flow (µm/s) Pore size (µm) Refs 

Lymph node 0.12-9.5 0.02-0.2 (T cell zone; from 

computational model) 

5-30 (41,112ï

116) 

 

 

1.3.1 Matrix mechanics 

Physical tissue properties such as the extracellular matrix (ECM) stiffness, permeability, 

and interstitial flow depend strongly on physiological state and have significant impacts on 

immune cell activation, proliferation, and function (117,118). Stiffness can be tested via shear 

rheometry or dynamic mechanical analysis and is typically reported in measures of Pascals 

(110). Within the lymph node, stiffness has been estimated from 0.12-9.5 kPa (115,116,119). 
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Many studies have demonstrated the effects of stiffness and other mechanical cues on 

immune cells. For example, Hickey et al engineered an artificial T-cell stimulating matrix that 

preserved T cell phenotype and function ex vivo with stiffnesses ranging from 0.2 kPa to 3 kPa. 

Tuning the stiffness of the engineered matrix had effects on T cells, with higher proliferation and 

stimulation in softer gels (120). Saitakis et al tested stiffnesses of 0.5, 6.4, and 100 kPa and found 

that altering stiffness modulated T lymphocyte migration, morphology, and cytokine secretion. 

Only the highest stiffness caused changes to T cell metabolic activity and cell cycle. T cell 

migration velocity and distance as well as cell spreading increased with increasing stiffness 

(121). Therefore, T cells recognize a wide range of stiffnesses in the body and alter their 

behavior accordingly; we refer the interested reader to a recent review on T cell mechanobiology 

(122). We note that stiffness can be both a chemical and physical cue, translating to the 

presentation of binding sites on matrices. 

1.3.2 Fluid flow and immune cell function 

Similarly, fluid flow also has impacts on immune cells, inducing proliferation, migration 

with or against the direction of flow, and immune cell polarization (1). In the lymph node, 

computational modeling has estimated interstitial flow to range from 0.02-0.2 mm/s (41). In vitro, 

antigen specific binding of T cells and dendritic cells is increasingly disrupted as shear stress is 

increased (0.01 to 12.0 Dyn cm2), and significantly disrupted at high shear stress typically found 

in the arteries (120 Dyn cm2) (123). Low levels of fluid flow (0.1ï1 mm/sec) also increase 

lymphatic permeability and enhance dendritic cell migration through lymphatics (124). In vivo, it 

seems that much of the biological response to flow depends on linear velocity (length/time) 

and/or shear rate (1/s). While experimental fluid flow through hydrogels is often reported in 
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volumetric flow rates (volume per time), consideration of the linear flow rates may be important 

for cellular function. 

1.3.3 Porosity modulates immune cell migration 

Flow through a matrix is directly related to porosity. Hydrogels used for 3D culture are 

typically highly porous, which facilitates transport of oxygen, nutrients, and waste by flow and 

diffusion. Porosity is defined as the amount of pore space relative to the scaffold. Porosity can be 

measured through a multitude of methods, some of which include gravimetric methods, mercury 

porosimetry, liquid displacement, and scanning electron microscopy (109). Typically, pore size 

is measured via imaging, such as SEM or microcomputed tomography. In the lymph node, pore 

size varies widely by region, but has been reported between 5 and 30 microns (112ï114). 

Porosity and pore size can affect cell proliferation, differentiation, and angiogenesis (109). 

The ability of immune cells to deform and migrate through small pores is also dependent 

on porosity. Non-adherent immune cells typically utilize amoeboid migration, characterized by 

fast migration speeds, rounded cell shapes, and no adherence. Rather than relying on degrading 

the extracellular matrix, T-lymphocytes migrate along the matrix and squeeze through any 

existing gaps (125). Therefore, the porosity of a designed system must allow for immune cell 

migration or provide additional cell types to aid immune cells in highly dense networks. 

1.3.4 Diffusion in engineered models 

In an in vitro model, just as in vivo, mass transport of applied drugs, nutrients, and 

secreted signals has a significant impact on the observed efficacy. Diffusion and flow through a 

3D matrix are directly related to porosity, as discussed above. In addition to these physical 

parameters, diffusion is also controlled by concentration gradients. In immune-competent models 

in particular, diffusion of cytokines is a critical aspect to consider. Indeed, a local cytokine niche 
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may form around cytokine producing cells, whose niche size is controlled by the competition 

between the rates of secretion, diffusion, and consumption of the cytokine (126). Understanding 

the mechanisms of cytokine diffusion are essential toward immune outcomes, where cytokines 

can guide migration, control inflammation, and regulate differentiation and apoptosis. The 

physicochemical properties of a 3D matrix can be tailored to match in vivo tissues for maximum 

physiological relevance.  

1.3.5 Cell sourcing and experimental design 

Fundamental to developing an immunocompetent model is choosing the required cell 

types and desired outcomes. As it is neither possible nor desirable to include every single cell 

type that is present in vivo, the cell types should be selected based on the desired functional 

output of the model. To screen innate immune functions, tissue-resident cells such as 

macrophages, natural killer cells, neutrophils, or dendritic cells may be required. For adaptive 

immunity, T cells and/or B cells are needed, as well as dendritic cells if antigen presentation is 

required.  

Once the cellular components are chosen, it is necessary to identify a cell culture medium 

that supports the viability and function of all the cells in combination. Known as the óócommon 

mediaò problem, this is an ongoing challenge for any co-culture model. Like media choice, the 

sourcing of immune cells has great implications on in vitro models and can present unique 

challenges and opportunities. Donated human blood proves a readily available source of 

circulating white blood cells. Large quantities of these cells can also be obtained from leuko-

reduction collars, which are discard products after platelet donation via apheresis (127). Donated 

white blood cells contain a mixture of cell types (e.g. T cells, B cells, granulocytes, monocytes) 

in a mixture of activation states (e.g. naive, effector, and memory T cells) (128,129), a limitation 
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that must be acknowledged or else accounted for by purification of the cells prior to use in the 

model system. Furthermore, unlike cell lines or even primary fibroblasts, naive lymphocytes, and 

many other immune cells, do not proliferate in culture. Thus, they must be obtained fresh every 

few days or must be treated with a mitogen to induce proliferation and activation. When working 

with primary human cells, it is not uncommon to observe large (e.g. 10-fold) variations in 

response to stimulation from donor to donor, which means that each experiment must be 

conducted with internal (same-donor) controls or else powered with a large number of replicates 

to detect differences between treatment conditions. Beyond immune cells, when screening 

potential therapeutics, the type and source of other cell types, such as tumor cells or stromal 

cells, also impacts results.  

Finally, sex-matching is an interesting variable to consider, whose effects on 3D models 

of immunity are not yet well understood. The potential for sex-matching in vitro models is a 

growing aspiration in the field. As reviewed by Klein and Flanagan, sex differences in immune 

system function have been observed pre- and post- puberty, including differences in autoimmune 

disorder occurrence, infectious disease susceptibility, and responses to vaccination (130). Sex 

hormones regulate innate immune cells and affect susceptibility to viral infection among other 

impacts. Human females have higher antigen-presenting cell efficiency, higher macrophage 

activation, higher T cell proliferation, greater numbers of B cells, and higher antibody 

production. Human males have higher pro-inflammatory cytokine production, larger thymuses, 

and greater numbers of natural killer cells (130). Thus, it may be possible to detect sex 

differences in the immune response of 3D models if all cells are sourced from donors of the same 

sex.  
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1.4 Existing models of the lymph node 

*portions of this section are directly taken from Hammel et al 2021, ñModeling Immunity In 

Vitro: Slices, Chips, and Engineered Tissuesò in the Annual Review of Biomedical 

Engineering* 

1.4.1 Organoid technology 

Interestingly, engineered tissues for the study of immunity have largely focused on 

replicating specific functions, as compared with other engineered systems that focus on tissue 

structure (131). As such, lymph node organoids are designed after organic development from 

precursor cell types and aim to mimic specific functions, such as antibody production. These 

organoids provide a platform to control the cell and matrix elements of the microenvironment 

around cultured immune cells and to better replicate in vivo conditions, although they usually do 

not incorporate fluid flow. A 2017 study by Purwada & Singh (132) produced ex vivo immune 

organoids, consisting of B cells from mouse spleen, that replicated the germinal center reaction 

of secondary lymphoid organs. The ECM was designed to mimic in vivo conditions by using 

cross-linked, RGD-presenting gelatin. In this immune organoid platform, the naive B cells were 

successfully differentiated into the germinal center phenotype and were capable of antibody class 

switching. Further, they were more proliferative and viable compared with 2D systems, 

providing a successful platform to study B cell development in secondary lymphoid organs 

(132). This study demonstrates the advantages of organoid technology: allowing precise control 

of ECM and cellïcell contacts to replicate in vivo immune organs. 

1.4.2 Bioreactors 

Adding another layer of complexity to immune organoids, bioreactors introduce the 

element of flow. The HuALN (human artificial lymph node) bioreactor, developed by Giese et al 

(133), is used extensively as an in vitro model of the lymph node. The HuALN incorporates 

several cell types (T cells, B cells, DCs), a hydrogel matrix, and micro-organoid structures. It has 
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enabled reproduction of functions such as antigen-specific antibody production and 

proinflammatory and anti-inflammatory cytokine secretion (133). Another bioreactor systemð

designed for bone marrow culturesðwas adapted to culture immune cells isolated from tonsils. 

Immune cells including monocytes, DCs, B cells, and T cells were viable over several weeks 

without the addition of specific growth factors, produced antigen-specific antibodies, and self-

organized into cell-specific aggregates (134). These results demonstrate the importance of fluid 

flow to immune function. 

1.4.3 Hydrogel systems 

Despite being a quintessential tissue engineering approach, cells in hydrogels have been 

limited in their use as models of the lymph node. Interestingly, 3D hydrogels have been mainly 

applied to modeling fibroblastic reticular cells in the T zone of the lymph node. In vivo, T zone 

FRCs deposit and remodel ECM to guide lymphocyte migration and secrete CCL19 and CCL21 

to direct immune cell interaction. Tomei et al. (135) encapsulated FRCs in type I collagen and 

Matrigel on macroporous polyurethane scaffolds and applied interstitial flow (1ï23 ɛL/min). 

This 3D in vitro system recapitulated the morphology of FRCs in vivo and confirmed the 

importance of flow for lymph node function, showing that flow enhanced FRC organization, and 

in its absence, the FRCs did not produce CCL21 (135). Since that study, more work using 3D 

hydrogels to model the T zone and stromal cells of the lymph node has been published 

(136,137), validating the benefits of a 3D matrix format that is less dense than organoid cultures. 

In a patient-specific model developed by Votanopoulos et al. (138), matched lymph node and 

melanoma cells were aggregated together into immune-enhanced patient tumor organoids 

(iPTOs) for testing cancer drug efficacy. The iPTOs were able to replicate 85% (six out of seven) 
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of patient immune responses. The iPTOs were then used to activate naive T cells before transfer 

to melanoma-only tumor organoids, where they were able to promote tumor cell death.  

1.4.4 Pre-clinical models 

Apart from bioreactors and 3D hydrogels, the modular immune in vitro construct 

(MIMIC®) system provides a sophisticated way to recapitulate patient-specific immune response 

(139). The MIMIC system has four components: a leukocyte module, a peripheral tissue 

equivalent (PTE) module to simulate innate immune responses, a lymphoid tissue equivalent 

(LTE) module to simulate adaptive immune responses, and a functional assay module. In the first 

module, leukocytes are collected from donors and cryopreserved. In the PTE module, human 

umbilical vein endothelial cells are cultured to confluence above a layer of collagen, after which 

donor peripheral blood mononuclear cells are applied and differentiated into DCs, APCs, and 

macrophage-like cells. In the LTE module, DCs, follicular DCs, T cells, and B cells are applied 

sequentially. Finally, the functional assay module is customized for each study to confirm how 

effective the immune responses from the PTE and LTE modules are against the antigen (139). 

Typically used in vaccine development, MIMIC incorporates multiple elements of immunity, is 

highly patient-specific, and serves as a useful in vitro clinical trial system.  

1.4.5 Toward a spatially organized lymph node model 

So far, engineered lymph node models have focused on recapitulating immune function 

and have proven successful. Recently, great strides have been taken toward developing spatially 

organized lymph node models. Mazzaglia et al developed a murine lymph node on chip, 

designated ñeLNò with FRCs, LEC-lined channels, and distinct positioning of T and B cells. The 

eLN demonstrated naïve immune cell activation upon stimulation with phorbol 12-myristate 13-

acetate (PMA) and ionomycin. With immune cells that recognize ovalbumin, the eLN was able 
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to mount an antigen-specific response (140). Emphasizing structure in future human models will 

enable the investigation of lingering biological questions about lymph node structure and 

function. 

The models discussed above, such as organoids consisting of B cells and fibroblasts, 3D 

scaffolds with FRCs and T cells, and bioreactors consisting of B cells, T cells, and DCs are 

important and useful models. However, limited work has been done examining how the stromal 

cells, namely the FRCs and LECs, contribute to immune response. No human model has 

incorporated both FRCs and LECs, much less added immune cells and interstitial fluid flow. To 

answer questions of crosstalk, an ideal model of the lymph node stroma will include: spatial 

separation of cell types, sustained IFF, fibroblastic reticular cell networks, an intact lymphatic 

endothelial cell barrier, and demonstrate immune cell migration and egress capabilities.  

 

1.5 Applications of a lymph node stroma model in basic science and pathophysiology 

 

1.5.1 Modulating fluid flow 

A spatially organized model of the lymph node stroma will have extensive applications in 

basic science and normal immune function. The importance of interstitial flow to lymph node 

function is well understood, however, experimental manipulation of IF in vivo is not trivial. As 

mentioned, a plethora of computational models have been developed to study flow in the lymph 

node (41,141). Outside of this, advanced imaging techniques such as dynamic contrast enhanced 

magnetic resonance imaging, computed tomography, Doppler optical coherence tomography, 

near-infrared, chronic lymph node windows, and non-invasive fluorescence imaging have been 

used to track flow in lymph nodes (14,142ï147). To actually manipulate fluid flow in vivo, 

afferent lymphatics are cannulated to control perfusion (148,149). However, the small scale of 
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fluid movement through the conduit system in the LN parenchyma makes it challenging to 

visualize and quantify using these methodologies (150,151). Tomei et al established the impact 

of IF on FRCs in an engineered model (135). However, many questions remain about how fluid 

dynamics in the LN parenchyma impact the efficacy of the immune response. Developing an in 

vitro platform where magnitude and duration of IF can be easily tuned would be of great 

importance to understanding this relationship. Further, precise control of included cell types 

allows for the examination of cell-cell crosstalk in cases such as immune cell trafficking. 

Understanding how T cells interact with and migrate on the LN stroma under differential flow 

rates will provide extensive insight into how flow alters immunity. 

1.5.2 Modeling cancer metastasis and progression 

Further, this model will have applications in pathophysiology. In almost every disease 

state, the immune system and the lymph nodes respond. The lymphatics are implicated in 

primary and secondary lymphedema, rejection of transplanted organs (152), and cancer 

progression (6), and are suspected to be involved in Crohnôs disease, obesity, atherosclerosis, 

and cardiovascular disease (153). Previous work in the Munson Lab has established that 

lymphangiogenesis can support breast cancer growth and spread (6).  

During breast cancer progression, the first regions of metastasis are generally the regional 

lymph nodes that drain the tumor. In 1889, Stephen Paget advanced the seed and soil hypothesis 

ï that cancer cells may spread throughout the body, like seeds, but will only grow in suitable 

ñsoilò e.g., tissues (154). The question of why the lymph node is suitable ñsoilò has been of great 

interest. Lymph node metastasis is the strongest prognostic factor in breast cancer survival rates 

(155,156) and can precede distant metastasis to other organs. Regional lymph nodes receive 

waste, in the form of lymph from local tumors, that contains proteins that modulate the lymph 
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node microenvironment (157). Tumor cells can use this route of drainage for a direct path to the 

lymph node. Further, LNs secrete ligands, such as CXCL12, that enhance the metastasis of 

CXCR4+ or CCR7+ tumor cells (158ï160), though there are a multitude of alternate 

mechanisms in the LN to promote metastasis (157). Though one would expect the lymph node, a 

linchpin of immune response, to be a harsh environment for cancer cells, the pre-metastatic 

lymph node exhibits immunosuppression. Tumors are also adept at hijacking the immune system 

to support its growth. Therefore, tumor cells are able to condition the lymph node and utilize the 

nodeôs secreted factors to migrate toward it, where a hospitable environment for growth and 

dissemination is found. 

Further, increased interstitial flow is associated with cancer spread (161,162). Tumors 

have elevated interstitial pressure, driving outward flow and enhancing lymph transport. Breast 

cancer specifically has been shown to have increased invasion with interstitial fluid flow in vitro 

(163ï166). Therefore, this enhanced IFF may support tumor migration to the lymph node. 

Further, the lymph node exhibits increased flow during inflammation. However, the dynamics of 

breast cancer metastasis and interstitial flow within the lymph node are not yet understood, 

particularly in the context of other stromal cell types, such as FRCs.  

 

1.6 Looking to distant lymphatic vessels in the central nervous system 

 

1.6.1. Overview of the meningeal lymphatics 

Beyond the lymph node, models of the distant lymphatics will also prove useful, as 

cancer metastasis can occur in distant parts of the body, and many disease states cause systemic 

dysfunction. One key lymphatic system is the meningeal lymphatics, a field of intense study 

since their rediscovery in 2015 (167,168).  
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The meninges are fluid filled layers of tissue in the central nervous system (CNS) that 

protect the brain and play many roles in homeostasis. There are three meningeal layers ï going 

from outermost to innermost, they are the dura mater, the arachnoid mater, and the pia mater. 

Meningeal lymphatic vessels (MLVs) are primarily found in the dura, where they track along the 

transverse and superior sagittal sinuses. Vascular smooth muscle cells on the sinuses provide 

VEGF-C to maintain the MLVs (169). The meningeal lymphatics drain cerebrospinal fluid from 

the meninges, delivering it to the cervical lymph nodes in the neck for CNS immunosurveillance. 

MLVs demonstrate similar physiology to initial lymphatic vessels elsewhere in the body. The 

meninges are a reservoir for immune cells and the meningeal lymphatics are implicated in the 

trafficking of these cells. If this pathway is commonly utilized for cell trafficking, it stands to 

reason that it could be commandeered by cancer cells.  

1.6.1. Differences between meningeal and peripheral lymphatic vessels 

Interestingly, though peripheral lymphatics systems develop in the embryo from venous 

vasculature, the MLVs arise post-natally (169). Additionally, MLVs respond to VEGF-C, but not 

VEGF-D, differing from the peripheral lymphatics (169). However, MLVs do express the 

ubiquitous lymphatic markers Prox1, VEGFR3, LYVE-1, and CD31 (167,168). Indeed, MLVs 

are most similar to initial lymphatics, with button junctions, a discontinuous basement 

membrane, and a lack of surrounding smooth muscle cells (168,169). The meningeal lymphatics 

are also considered less extensive than other similar surveilling lymphatic systems. Many 

questions still remain about how the meningeal lymphatics regulate transport in the brain, both in 

steady state and during CNS disease. 
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1.6.2. Existing models of the meningeal lymphatics 

Since their discovery, studies of the meningeal lymphatics have been mostly mouse 

model-based (170ï172). These studies have implicated the meningeal lymphatics in diseases 

such as Alzheimerôs (170), traumatic brain injury (171), and brain cancer (172,173). 

Interestingly, studies have begun examining how meningeal lymphatics are involved in cancer 

treatment response and how they can be augmented to improve anti-tumor immunity. Disruption 

of meningeal lymphatic vessels in mice impaired the efficacy of radiotherapy, while VEGF-C 

overexpression enhanced efficacy (174). Enhancement of meningeal lymphatic drainage has 

been proposed as a treatment mechanism for all of the aforementioned diseases. However, the 

study of meningeal lymphatics is still in its infancy. The field as a whole is making rapid 

progress in mouse models, but studying this system in humans is not trivial. Thus, sourcing 

human cells and developing physiologically relevant in vitro models will provide an additional 

tool in this burgeoning field.  

The benefits of in vitro models are endless, including high throughput, high potential for 

experimental manipulation, and speed of study. An ideal model of the meningeal lymphatics 

would include both identified cell types, the LECs and the meningeal fibroblasts, and would be 

able to transport fluid and immune cells. This model could then be applied toward CNS 

metastasis. Breast cancer specifically is known to metastasize to the brain, frequently the 

parenchyma (175) but at times, the leptomeninges (176). With the known fact that breast cancer 

cells travel through the lymphatics, this could be a path for breast cancer to metastasize to the 

CNS. Therefore, this model could be a testing ground for understanding breast cancer CNS 

metastasis. Further, systemic chemotherapy is not confined to the impacted area, and healthy 

tissues are exposed to the toxic chemotherapy as well. Patients undergoing systemic 
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chemotherapy often report cognitive issues, called ñchemo brain.ò Understanding how systemic 

chemotherapy impacts distant lymphatic systems may contribute to the knowledge and 

understanding of side effects and development of chemoresistant metastases elsewhere in the 

body.  

1.7 Novel lymphatic stroma models for fluid and cell transport 

 

Within, we present two novel models of the lymphatic stroma. First, a model of the 

lymph node stroma, consisting of an FRC-laden hydrogel atop a LEC monolayer. In Chapter 2, 

we will explore how interstitial fluid flow alters the LN stroma and T cell retention and egress. In 

Chapter 3, we will apply the model toward examining breast cancer metastasis and tumor burden 

in the lymph node, taking a look at how tumor presence alters transport. Second, we present the 

first in vitro model of the meningeal lymphatics. In Chapter 4, we will utilize this model to 

examine off-target effects of systemic chemotherapy, immune cell transmigration, and CNS 

leukemia. Together, these models provide a springboard for furthering the understanding of 

lymphatic stroma in health and disease. 
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CHAPTER 2 

 

ENGINEERED LYMPH NODE STROMA MODEL 

FOR EXAMINING INTERSTITIAL FLUID FLOW  
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2.1 Summary 

 

The lymph node is the seat of adaptive immunity, filtering lymph and providing constant 

immunosurveillance. Lymph flows through the lymph node via extracellular matrix conduits that 

are maintained by fibroblastic reticular cells (FRCs) and exits the lymph node via efferent 

lymphatics. Within the lymph node parenchyma, dense populations of T cells are constantly 

migrating and recirculating to search for antigens. The flow rate in the lymph node can change 

drastically with inflammation. However, the effect of interstitial flow on the lymph node stroma 

and T cells is not well understood. Herein, we sought to develop a spatially distinct model of the 

lymph node stroma. Our model consists of a monolayer of lymphatic endothelial cells on the 

underside of a tissue culture insert to represent the efferent lymphatics, and an FRC-laden 

hydrogel within the tissue culture insert to represent the parenchyma. We examined static 

conditions and two flow rates, 0.8 µm/s and 3.0 µm/s, to represent normal flow and pathological 

flow, respectively. Within, we demonstrate that the LN stroma model responds to 3.0 µm/s 

interstitial flow by enhanced proliferation and networking by FRCs and disruption of LEC 

barrier integrity. Interestingly, these effects were largely mitigated in the presence of T cells, 

which showed decreased egress with interstitial flow. However, flow-induced increases in 

cytokine secretion were consistent with and without T cells. We further demonstrated that 

activated T cells secrete more interferon-gamma in response to 3.0 µm/s interstitial flow. 

Overall, our work has established a LN stroma model that is responsive to interstitial flow and 

can be tailored to experimental questions around T cell crosstalk and migration.  

2.2 Introduction 

 

Developing human immunocompetent engineered models is a crucial next step toward 

understanding disease progression and enhancing pre-clinical drug screening (53). Lymph nodes 
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(LNs) are an essential part of the immune system, providing immunosurveillance of the lymph 

and mounting antigen-specific responses. Thus, immunocompetent models of the LN have broad 

applicability in areas such as anti-tumor immunity, viral infections and vaccinations, and 

autoimmune disorders. Within the LN, a network of fibroblastic reticular cells (FRCs) guides T 

cell migration and enwraps conduits made of extracellular matrix to guide lymph fluid through 

the node for screening. The LN further contains densely packed immune cells, including helper 

CD4+ T cells and cytotoxic CD8+ T cells. To provide immunosurveillance, T cells consistently 

recirculate from the blood to LN and back to blood on the scale of approximately 12 to 24 hours 

(38,47,177). Within the LN, T cell migration is guided by FRCs via direct contact and 

chemokine secretion. If a naïve T cell does not encounter an antigen, it will leave the LN through 

the efferent lymphatics and continue to circulate. This constant turnover allows for rapid 

detection of antigens. However, the contribution of physical forces, such as interstitial fluid flow, 

on the dynamics of T cell recirculation is not well understood.  

The LN is organized to receive and sample lymph fluid, resulting in constant interstitial 

fluid flow (IFF) that bathes both the stroma and T cells. After filtering through the FRC-

mediated conduit system, fluid subsequently leaves the lymph node through transmural flow to 

the efferent lymphatics. The rate of IFF drastically increases during inflammation, where the 

inflammatory state also reduces T cell egress. The impact of IFF on fibroblasts outside the lymph 

node is well established, with increased alignment (178ï180), proliferation (181,182), motility 

(183,184), and upregulation of matrix related genes and matrix remodeling (182,185,186) all 

widely reported. However, only one study has observed FRC response to IFF, demonstrating 

enhanced networking and gene expression for chemokines (135). Additionally, lymphatic 

endothelial cell monolayers show enhanced permeability in response to transmural flow (187), 
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mediated via the loosening of ñbuttonò junctions. Though the impact of IFF on lymphocytes is 

understudied, shear stress has been shown to induce migration in the opposite direction of flow 

(188) and altered proliferation in T cells (189). Thus, enhanced IFF could modify the behavior of 

the stroma and T cells to promote the adaptive immune response. Understanding how 

biophysical cues (e.g. flow, stiffness, matrix density) impact immune cell migration upon arrival 

to the LN is key toward developing immunocompetent models. Development of lymph node 

stroma models that could answer these questions is underway, with spatially organized murine 

models (140) or human models focused on LECs (190) or FRCs (135ï137,191). However, no 

human model has been developed that incorporates both of these stromal components and 

interstitial fluid flow. 

Herein, we sought to develop a spatially organized model of the LN stroma to understand 

IFF-mediated stromal changes and T cell retention vs egress. Our model consists of FRC-laden 

hydrogel, representing the T cell zone, above a monolayer of LECs on the underside of a tissue 

culture insert, representing an efferent lymphatic. By combining collagen and hyaluronic acid, 

this hydrogel model is capable pressure head-driven IFF. CD4+ and CD8+ T cells can migrate 

through the FRC region and egress across the LEC monolayer, providing a vital tool toward 

understanding recirculating T cell dynamics. 

2.3 Methods 

 

Cell culture 

Human lymph node lymphatic endothelial cells (LECs) (Sciencell) were cultured on 

fibronectin coated flasks in VascuLife® VEGF-Mv Endothelial Complete media, containing 5% 

fetal bovine serum and additional supplements as provided by the supplier (Lifeline Cell 

Technology). Human lymph node fibroblasts (FRCs) were cultured on poly-L-lysine coated 
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flasks in fibroblast medium with 10% fetal bovine serum and 5% fibroblast growth supplement 

(Sciencell). All cells were maintained at 5% CO2 and 37°C. 

T cells were isolated from leukocyte reduction system cones (STEMCELL Technologies) 

using a density gradient separation followed by immunomagnetic negative selection for target 

populations (STEMCELL Technologies). Donor age and sex are provided by the vendor. T cells 

were maintained in Immunocult T Cell Expansion Medium supplemented with 10 ng/mL 

interleukin-7 (R&D), interleukin-2 (Gibco), or with Immunocult Human CD3/CD28 T cell 

activator (STEMCELL Technologies). 

PhotoHA/collagen hydrogels 

Methacrylated hyaluronic acid (PhotoHA) (Advanced Biomatrix) was reconstituted at 10 

mg/mL in sterile 1X phosphate buffered saline (PBS) and stored at 4°C for up to one month. The 

photoinitiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), was reconstituted at 17 

mg/mL in sterile 1X PBS and stored at 4°C for up to two weeks.  A 0.5% collagen solution was 

made on ice using high concentration collagen I from rat tail (Corning), 1N NaOH, water, and 

10x PBS. LAP was added to PhotoHA at 0.02 times the volume of PhotoHA. Collagen solution, 

PhotoHA solution, and cell culture media was combined to give a final concentration of 0.4% 

PhotoHA and 0.2% Collagen. The hydrogel solution was first photocrosslinked at 50 mW/cm2 

for 45 seconds with 385 nm light (Thorlabs Collimated LED 1700 mA controlled by Thorlabs 

DC2200 High-Power 1-Channel LED Driver) and then placed in a 37°C incubator for 30 

minutes for thermal crosslinking of collagen.  

Pressure head driven interstitial flow 

Darcyôs Law was used to calculate pressure head height vs interstitial flow. To create 

interstitial fluid flow, media was applied atop the hydrogel to generate a pressure head as 
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previously described (192,193). For static conditions, 700 mL of media was placed in the lower 

chamber of a 12 well plate, and 100 mL was placed atop the gel. For 0.8 mm/s flow, 100 mL of 

media was placed in the lower chamber of a 12 well plate, and 700 mL was placed atop the gel. 

For the high flow condition, 12mm fluorinated ethylene propylene clear tubing was cut and 

secured onto the tissue culture insert (Figure 2.1A) and 2.7 mL is placed atop the hydrogel. To 

accommodate tubing and maintain sterility, lid raisers in the dimensions of a 12-well plate were 

3D printed and sterilized with ethanol (Figure 2.1.B-C).  

 
Figure 2.1. Custom apparatuses for pressure heads and flow rate analysis. PE50 tubing 

secures onto the tissue culture insert with no leaks (A). 3D printed lid raisers to the 

specifications of a 12 well plate (B-C) maintain sterility in the incubator. A 3D printed insert 

with slots for tissue culture insert legs is created to the specifications of a 50 mL conical tube lid 

(D-F). 

Flow-mediated egress assays 

CD4+ and CD8+ T cells were labeled with CellTraceÊ CFSE (Invitrogen) and 

embedded in PhotoHA/collagen gels as described above at 500,000 per mL of hydrogel. AIM-V 

universal media was used to create pressure heads, supplemented with IL-7 or IL-2 for naïve T 
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cells and CD3/CD28 immunocult activator for activated T cells. After 24 hours, flow through 

media was collected and analyzed via flow cytometry.  

LN stroma model 

At confluence, LECs were passaged with Accutase and seeded in Vasculife complete on 

the bottom of 12-mm tissue culture inserts with 8 µm pore size (Corning) at 50,000 per insert for 

2 hours (6,165,194). Vasculife was added and the LECs were cultured for 48 hours to reach 

confluency. Next, FRCs were resuspended in PhotoHA-collagen solution formulated as 

described above and photo- and thermally crosslinked in the LEC-coated tissue culture inserts. 

The LN stroma model was cultured for 24 hours prior to experimental manipulation. For flow 

studies, pressure heads were applied as described above and LN models were cultured for 24 

hours prior to fixation with 4% paraformaldehyde. For T cell studies, CD4+ and CD8+ T cells 

were labeled with 1 µm CFSE and 50,000 were added to each LN model in the media above the 

hydrogel under designated flow conditions. After 24 hours, flow-through media was collected for 

flow cytometry and models fixed for staining and imaging. 

Flow cytometry 

Flow through media was spun down at 0.3 rcf for 10 minutes. Then, cell pellets were 

resuspended in PBS and transferred to 96 well plates. For viability staining, LIVE/DEADÊ 

Fixable near IR reactive dye (Invitrogen) was diluted 1:1000. Cells were spun down at 2000 rcf 

for 1 minute and resuspended with viability dye for 15 minutes on ice. Cells were spun down 

again and washed with flow cytometry buffer consisting of Hankôs balanced salt solution 

(HBSS) + 3% bovine serum albumin (BSA) twice before flow cytometry is performed on a 

Guava Cytometer. Analysis is performed via GuavaSoft. Singlets were gated using forward 
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scatter height and area. T cells were identified via viability and CFSE staining. The concentration 

of T cells was then extrapolated to an estimated total count to report percent egress. 

MRI flow analysis 

Tissue culture inserts with tissue engineered systems are secured in a 50 mL conical tube 

cap (Figure 2.1D-F). To allow interstitial flow, 100 mL of PBS is added beneath the tissue 

culture insert membrane. Tissue culture inserts are then stabilized and positioned in the MRI 

scanner.  PE50 tubing was secured on the top of the tissue culture insert to infuse Gadolinium-

DTPA via a syringe pump (Harvard Apparatus, Pump 11 Elite) later. Pre-contrast T1 images 

were taken as a baseline using a FLASH sequence with the following parameters: TE 3.0 ms, TR 

150 ms, flip angle 30°, FOV 19.2 × 22.0 mm, matrix 192×220, slice number 9, slice thickness 

0.8 mm, number of average 7, total scan time 3 mins. Then, 1:100 Gadolinium-DTPA (BioPal) 

was injected above the hydrogel at 1.0 ml/min flow rate. After 30 seconds, T1-weighted images 

were taken using the same parameters as baseline T1 images for 4 total post-contrast images. 

Spatial and temporal resolution were recorded for each imaging session. This dynamic series of 

contrast enhanced MRI images (DCE-MRI) captures the movement of the Gd-based contrast 

agent through the hydrogel over time. Pixel brightness corresponds to contrast agent 

concentration, allowing analysis of fluid movement within the substrate. We employ a physics-

based method by solving the inverse problem of the diffusion-advection equation to estimate 

advection and diffusion parameters from observed pixel intensity changes, resulting in a vector 

fluid flow field of the hydrogel. To do this, we used ñLymph4D,ò a previously published and 

openly available tool (195). This approach enables analysis of fluid flow properties such as 

divergence, where lower divergence indicates more uniform flow and less spreading or 

expansion of the measured fluid. 
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Proliferation assay 

After 18 hours, 10 mM EdU was added to culture media for the final 6 hours. Gels were 

fixed in 4% formaldehyde in 1x PBS for 1 hour. Detection was performed using Click-iTÊ EdU 

Alexa FluorÊ 488 dye as specified by the manufacturer (Invitrogen). The number of EdU+ 

nuclei and the total number of nuclei, as detected by DAPI, were hand quantified in FIJI to report 

% proliferation. 

Cytokine analysis 

Media was flash frozen in liquid nitrogen and stored at -80°C until assays were 

performed. Hydrogels were removed from the tissue culture insert with forceps and degraded 

with collagenase and dispase for 30 minutes at 37C while shaking. Degraded hydrogel solution is 

then stored at -80°C until use. Interferon gamma was detected using an enzyme-linked 

immunosorbent assay as specified by the manufacturer (Biolegend). A four parameter logistical 

curve was used to determine IFNgamma concentration in samples (myassays.com). IL-6, CCL2, 

CXCL8, and CXCL12 were detected using a ProCartaPlex Multiplex Immunoassay 

(ThermoFisher). Quantification was performed on a Luminex xMAP. A five parameter logistical 

curve was generated via ThermoFisher ProcartaPlex Analysis App to determine concentrations. 

Immunofluorescence 

To visualize cell organization, we performed immunocytochemistry on fixed LN stroma 

models for F-actin and CD31. LN stroma models were fixed in 4% formaldehyde for 1 hour. 

Blocking with donkey serum in 0.01% triton x-100 was performed for 6 hours at room 

temperature (RT) on a rocker. LN stroma models are then incubated with 4 µg/mL sheep anti-

human CD31 (R&D) in blocking solution overnight at 4°C on a rocker. LN stroma models were 

rinsed with PBS three times for 20 minutes on a rocker at RT. Next, gels were incubated with 5 
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µg/mL donkey anti-sheep AlexaFluor 647 in blocking solution overnight at 4°C on a rocker, 

followed by a rinse as previously described. Finally, gels were stained with 1:400 Alexa FluorÊ 

488 Phalloidin and DAPI for 6 hours at RT on a rocker. LN stroma models were rinsed and 

stored in PBS until imaging. 

Imaging 

Immunostained LN stroma models were placed on a glass coverslip to allow imaging of 

the intact model. For whole-gel imaging, Z-stacks with a 10 µm step size were taken on a Nikon 

Spinning Disk with a 10X objective. For LEC monolayers, a 20X objective was used. Three 

regions of interest were captured for each technical replicate. For second harmonic generation, 

an LSM 880 confocal microscope and 20X objective were used as previously described (196).  

Image quantification 

Image analysis was performed in FIJI (197). Total f-actin+ area was used to determine 

the FRC distribution throughout the model. CD31+ area was used to determine LEC coverage of 

the tissue culture insert. CD31+ junctions were analyzed for disruption by counting LECs with 

discontinuous cell-cell contact. Portions of the monolayer where LECs were missing due to death 

were not considered to be disrupted junctions. For T cell counts, FIJIôs analyze particle function 

was used. 

Gene expression 

LN stroma constructs were removed from tissue culture inserts with forceps and placed 

into Trizol. RNA was isolated via phase separation and purified via Quick-RNA MicroPrep Kit 

including the optional DNase treatment (Zymo Research). Fifty ng of RNA was converted to 

cDNA using the QuantiTect Reverse Transcription Kit (Qiagen). Gene-specific TaqMan assays 

(ThermoFisher Scientific) were used to quantify expression (Table 1) using 2 µL of cDNA 
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template and TaqMan Universal Master Mix (ThermoFisher Scientific) and cycled following the 

manufacturerôs instructions. PCR reactions were run in triplicate on a QuantStudio 3 

(ThermoFisher Scientific). No template controls were included in each PCR run. 

A standard curve of pooled samples was run for each gene to allow quantitative analysis. 

The quantity of each gene was determined from the standard curve, and normalized with the 

housekeeping gene, GAPDH, to provide relative expression for each sample.  

Table 2.1. Gene expression targets and assay IDs. 

Target TaqMan Assay ID 

CCL2 Hs00234140_m1 

CXCL8 Hs00174103_m1 

TGFbeta Hs00998133_m1 

COL1A1 Hs00164004_m1 

FN1 Hs01549976_m1 

MMP2 Hs01548727_m1 

 

 

Tissue staining 

Formalin-fixed paraffin embedded (FFPE) normal human lymph nodes (AMSBIO) were 

sectioned at 5 mm and adhered to glass slides. Multi-plex staining was performed according to 

the manufacturerôs specifications (Akoya Biosciences). Slides were imaged on an Akoya 

Phenocycler. 

Statistics 

One-way or two-way analysis of variances (ANOVA), followed by Tukeyôs multiple 

comparison t-tests were performed using GraphPad Prism version 10.0.0 for Windows 
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(GraphPad Software, Boston, Massachusetts USA) with significance at p<0.05. All p-values are 

reported on the graphs. 

2.4 Results and Discussion 

 

Activated immune cells demonstrate decreased egress under interstitial flow 

Interstitial fluid flow is an ever-present force within the body, yet the study of its 

influence on cell behavior in the immune system is still nascent. Herein, we sought to understand 

the impact of interstitial fluid flow on T cell behavior. In the LN microenvironment, there are an 

abundance of CD4+ and CD8+ T cells (Figure 2.2.A) that experience drastic changes in 

interstitial fluid flow based on the level of inflammation. However, T cells are found in a range 

of microenvironments throughout the body. Thus, we first sought to understand how T cells 

alone would respond to IFF. To model T cell response to interstitial flow, T cells were 

encapsulated in PhotoHA/collagen gels and subjected to 0, 0.8 (physiological) or 3.0 µm/s 

(pathological) flow for 24 hours (Figure 2.2.B). Overall, we saw significantly less egress in 

naïve cells compared to their activated counterparts (Figure 2.2.C).  Egress trended downward 

with interstitial fluid flow in activated CD4+ T cells and was significantly decreased in activated 

CD8+ T cells (Figure 2.2.C). IFNɔ was not detected in media from naµve CD4+ or CD8+ T cells 

(Figure 2.2.D). In activated CD4+ T cells, IFNɔ secretion into the supernatant trended upward 

under 3.0 µm/s flow, though this effect was not significant (Figure 2.2.D).  Interestingly, IFNɔ 

secretion by activated CD8+ T cells was significantly increased by interstitial flow, both between 

the static control and between flow rates, demonstrating the potential importance of flow 

magnitude in this effect (Figure 2.2.F). Notably, IFNɔ can bind to hyaluronic acid (198), and 

thus, exploration of IFNɔ within the hydrogel could be of interest. 



 

39 

 

 

Figure 2.2. Activated T cell egress is decreased with interstitial fluid flow. A human lymph node 

section demonstrates high density of CD4 and CD8 T cells (A). Scale bar is 50 µm. Schematic of 

T cells under varying pressure heads for IFF (B). Percent egress of naïve and activated CD4 and 

CD8 T cells is quantified and reported (C). Interferon-gamma secretion as determined by ELISA 

is quantified and reported (D). Each data point represents a biological replicate (n=3). 

Significance was determined by two-way ANOVA followed by Tukeyôs t-test, with significant p 

values (<0.05) reported on each graph. 

It is important to note that photocrosslinking produces reactive oxygen species (ROS) 

that interfere with T cell migration (199), and thus, naïve T cells may be more susceptible to 

ROS than activated T cells. In the lymph node, T cells exhibit random motion as they scan for an 

antigen, and alternate between slow and fast migration (200). Naïve T cells and activated T cells 

have similar speeds, but activated T cells undergo more directed and environmentally guided 

motion, at times forming óswarmsô of stationary cells (200ï202). T cell migration is a highly 

complex phenomenon, mostly regulated by other cell types in the microenvironment. Generally, 

changes to cell migration under flow in monoculture are often attributed to self-propelled 

chemotaxis via autologous gradients (203), or cells moving toward nutrients. As T cells rely on 
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signals from other cell types, the decrease in T cell egress could potentially be caused by T cells 

moving toward the pressure head of media, where a larger amount of nutrients would be found. 

However, in the body, there are a plethora of external signals for T cells experiencing flow that 

may alter their behavior. Therefore, we sought to develop a spatially organized model of the 

lymph node stroma. 

Lymph node stroma model development 

In the lymph node, organized fibroblastic reticular cells orchestrate T cell migration. T 

cells circulate through the lymphatic system and travel through LNs, where FRCs siphon lymph 

and dendritic cells present antigens to naïve T cells. Once an antigen is detected, T cells become 

activated and the entire LN mounts an immune response, with antigen-specific immune cells 

egressing from efferent lymphatics. However, if that antigen is not found, the T cells will remain 

naïve and eventually egress through the same pathway. We sought to develop a model that would 

have the spatial organization of an FRC network and an efferent lymphatic seen in human 

samples (Figure 2.3.A,B). We utilized commercially available primary human cells derived 

from lymph nodes to enhance physiological relevance and adaptability. Using a tissue culture 

insert, intact LEC monolayers are formed on the underside (Figure 2.3.C), oriented so that their 

basal side is in contact with the tissue culture insert and thus the FRC-laden hydrogel, while the 

apical side opens into the well. This orientation allows the monolayer to serve as an efferent 

lymphatic. Within the insert, FRC-laden hydrogel is photo- and thermally crosslinked above the 

LEC monolayer, creating a spatially distinct LN stroma model (Figure 2.3.D). Within, the FRCs 

can form inter-connected networks in the model (Figure 2.3.E) and LECs maintain a confluent 

monolayer (Figure 2.3.F). Thus, we can recapitulate parts of the architecture of the T cell zone 

in a facile and simplified way. 
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Figure 2.3. Lymph node stroma model development. In human lymph nodes, lymphatics 

(PDPN+,CD31+) and fibroblastic reticular cells (PDPN+) form the structure of the T cell zone 

(A). Schematic of intended structure of T cell zone model (B). LECs were seeded on the 

underside of a tissue culture insert (C). PhotoHA-collagen gels laden with FRCs are crosslinked 

above the LECs (D). With this methodology, FRCs formed networks (E) and LECs formed an 

intact monolayer (F). The presence of LN stroma alters fluid transport in the hydrogel (G-H). 

Divergence of fluid is significantly decreased in the presence of LN stroma (I). Each data point 

represents a biological replicate (n=3). Significance was determined by one-way ANOVA 

followed by Tukeyôs t-test, with significant p values (<0.05) reported on the graph. 



 

42 

 

 

 
 

Figure 2.4. Flow magnitude and diffusion are unchanged in the presence of LN stroma. Each 

data point represents a biological replicate (n=3). 

 

This methodology is further compatible with magnetic resonance imaging (MRI), 

allowing the examination of flow paths through the model. We utilized dynamic contrast 

enhanced MRI to determine the changes to diffusive and convective flows. In an empty 

PhotoHA-collagen gel, streamlines show that flow is well distributed throughout the hydrogel 

(Figure 2.3.G). When LN stroma is present, the streamlines gather and converge, with fewer 

locations for flow to exit the hydrogel (Figure 2.3.H). The flow velocity (Figure 2.4.A) and 

diffusion (Figure 2.4.B) were unchanged in the presence of stroma. Significantly, the divergence 

of velocity vectors was decreased, indicating more convergence of streamlines and development 

of pathways through the construct (Figure 2.3.I) . Thus, we know that the LN stroma, outside of 

chemokine secretion, does alter fluid flow through the hydrogel via physical changes. 
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Figure 2.5. Fibroblastic reticular cells have enhanced proliferation and coverage in response 

to IFF. LECs show disrupted barrier integrity. Representative images of FRCs under 0, 0.8, and 

3.0 mm/s flow rates, visualized with F-actin (green). LECs are visualized with CD31 (gray). 

Nuclei are stained with DAPI (blue). Scale bars are 100 µm. FRC proliferation (B) and coverage 

(C) are quantified. LEC disrupted junctions (D) and coverage (E) are quantified. Each point 

represents a biological replicate, for n=3. Each data point represents a biological replicate 

(n=3). Significance was determined by two-way ANOVA followed by Tukeyôs t-test, with 

significant p values (<0.05) reported on each graph. 

Lymph node stroma have differential responses to interstitial fluid flow  

Beyond the gaps in knowledge of T cell response to IFF, IFF in the lymph node itself is 

not well understood. As we saw differences in transport, we wished to examine the structures of 

the stromal model that developed with the presence of the cellular components, and secondarily, 

to determine how interstitial velocities could alter these cellular components. Thus, the LN 

stroma model was subjected to 0, 0.8, or 3.0 µm/s flow to probe IFF response. Representative 

images demonstrated FRC networks visualized with a phalloidin stain for F-actin (Figure 2.5.A). 

FRC proliferation was significantly increased under 3.0 µm/s flow (Figure 2.5.B). Similarly, 

FRC network area was only significantly increased by 3.0 µm/s flow (Figure 2.5.C).  

LEC monolayers demonstrated intact monolayers under static conditions and disruption 

under flow. Visually, LEC-LEC junctions show loose, spindly connections, with small gaps in 
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between under flow conditions (Figure 2.5.A).  Quantification demonstrated that LEC junctions 

were significantly disrupted by 3.0 µm/s flow (Figure 2.5.D). In addition, LEC coverage was 

significantly decreased under 3.0 µm/s flow (Figure 2.5.E). LEC proliferation was unchanged 

by IFF (Figure 2.6).  

 
Figure 2.6. LEC proliferation is unchanged with interstitial fluid flow. Each data point 

represents a biological replicate (n=3).  

We have demonstrated that IFF was disruptive to LEC coverage and junctions. Efferent 

lymphatics are known to loosen their junctions to collect interstitial fluid. Decreased LEC 

coverage could be explained by FRC invasion into the monolayer. It remains unknown whether 

LEC disruption precedes FRC invasion, or if FRC invasion under flow causes the disruption. 

However, representative images suggest that LECs can remain intact, even with FRCs present on 

the layer. We further demonstrated that IFF, particularly at higher flow rates, was beneficial to 

FRC proliferation and coverage, tracking with prior studies (135). Thus, this model allows the 

examination of IFF response of both cell types.  
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Figure 2.7. T cell egress through the LEC monolayer is decreased with interstitial fluid flow, 

despite decreased barrier integrity. Naïve and activated CD4+ and CD8+ T cell egress from LN 

stroma varies by condition (A). Quantification of LEC monolayer coverage (B) and disrupted 

junctions (C). Representative images demonstrate disrupted CD31+ LEC monolayers under flow 

and in the presence of CD8+ T cells (D). CD31 is visualized in gray and nuclei are visualized in 

blue. Each data point represents a biological replicate (n=3). Significance was determined by 

two-way ANOVA followed by Tukeyôs t-test, with significant p values (<0.05) reported on each 

graph. Scale bar is 100 µm. 

 

Naïve and activated T cells egress from the LN stroma, decreased under flow 

Next, we sought to understand T cell egress under IFF in the LN stroma. In the lymph 

node, there are a large variety of T cell populations. As a first pass, we examined naïve and 

activated CD4+ and CD8+ T cells. After establishing the LN stroma model, T cells were added 

above the FRC-laden hydrogel under static or flow conditions to simulate T cell recirculation. 

All T cell populations were able to migrate through and egress from the LN stroma model. Naïve 

and activated CD4+ T cells demonstrated similar % egress from the LN stroma model (Figure 

2.7.A). For both naïve and activated CD4+ T cells, egress was significantly decreased between 

static and flow conditions, but not between flow magnitudes. CD8+ T cells also exhibited similar 

levels of egress between naïve and activated (Figure 2.7.A). For naïve CD8+ T cells, there were 
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no significant differences in egress under flow. For activated CD8+ T cells, egress was decreased 

between static and flow conditions, but not between flow magnitudes (Figure 2.7.A).  

In this system, the changes in egress could still be due to nutrients. However, interstitial 

fluid flow increases with inflammation, which could suggest an antigen and the need for T cell 

response. Thus, this physical signal could encourage T cells to move toward the direction of flow 

in search of antigen. Overall, these results demonstrate that T cells are responsive to IFF in the 

LN stroma.  

T cells exacerbate flow-mediated disruption of LEC junctions 

As the LN is a holistic system with continuous communications between cell types, we 

sought to examine how the presence of T cells and IFF would impact LEC barrier integrity. The 

presence of IFF significantly decreased LEC coverage in the control (Figure 2.7.B). 

Interestingly, the presence of naïve CD4+ T cells seemed to mitigate LEC disruption. For 

activated CD4+ and naïve and activated CD8+, flow-mediated disruption was still present 

(Figure 2.7.B). LEC junction disruption was significantly increased by flow conditions in the 

control, but not in the presence of naïve or activated CD4+ T cells or activated CD8+ T cells 

(Figure 2.7.C). Representative images of the LEC monolayers demonstrate disruption in the 

presence of CD4+ (Figure 2.8) and CD8+ T cells (Figure 2.7.D). Overall, the presence of T 

cells erased the impacts of IFF in LEC junction disruption, but not overall coverage. Many T 

cell-secreted cytokines, including IFNg, have anti-lymphangiogenic effects (20,204). 

Additionally, T cells are likely egressing between the junctions of LECs, increasing their 

disruption outside of flow magnitude. 
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Figure 2.8. LEC monolayers are disrupted with flow and CD4+ T cell presence. LECs are 

stained for CD31 (gray). Both LECs and FRCs are positive for F-actin (green). Scale bars are 

100 µm.  

 

FRCs invasion into the LEC monolayer is decreased with T cell co-cultur e 

As fibroblasts are known to be more migratory under flow, we sought to determine 

whether disruption of the LEC monolayer could be due to FRC invasion and whether T cells 

mitigated this effect. To do this, f-actin staining was quantified and compared to CD31 staining 

(Figure S5). The percent area of F-actin was not significantly altered by interstitial flow in the 

control or CD4+ T cell groups (Figure 2.9.A). Interestingly, F-actin area was significantly 

decreased by flow in the presence of CD8+ T cells (Figure 2.9.A). To determine how much of 

the f-actin staining was coming from FRCs vs LECs, the ratio of F-actin to CD31 is reported. As 

the ratio increases, there is purported to be a higher number of FRCs compared to LECs, as 

FRCs are only F-actin+ and LECs are double positive. The ratio of F-actin to CD31 was 

significantly increased in the control under 3.0 mm/s flow. Amongst all CD4+ and CD8+ T cells, 
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the ratio was unchanged (Figure 2.9.B), suggesting that FRCs are not displacing LECs as an 

effect of T cell co-culture. Representative images show fibroblastic morphology of F-actin stains 

on the LEC monolayer, demonstrating that there is some level of FRC invasion into the LEC 

monolayer (Figure 2.9.C). Overall, we have shown that T cell presence mitigated flow-induced 

FRC invasion. 

 

 

 
 

Figure 2.9. FRCs invade the LEC monolayer. The area of F-actin (green) on the monolayer (A) 

and the ratio of F-actin to CD31 (B) are reported. Representative images of LEC monolayers 

demonstrated fibroblast invasion (C). Scale bar is 100 µm. Each data point represents a 

biological replicate (n=3). Significance was determined by two-way ANOVA followed by Tukeyôs 

t-test, with significant p values (<0.05) reported on each graph.  
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Figure 2.10. T cells mitigate flow-mediated FRC spread and are retained in the gel regardless 

of flow rate. Number of T cells within the hydrogel (A). Interferon gamma secretion by T cells in 

the LN stroma (B). FRC coverage in the presence of T cells and interstitial flow (C). 

Representative images of FRCs (green) and CD8 T cells (blue). Scale bar is 50 µm. Each data 

point represents a biological replicate (n=3). Significance was determined by two-way ANOVA 

followed by Tukeyôs t-test, with significant p values (<0.05) reported on each graph. 

 

Flow response of FRCs is mitigated by T cell presence 

Next, we sought to examine how T cell presence would impact the FRC network. FRC 

coverage was significantly increased under 3.0 µm/s flow in the control (Figure 2.10.A). 

Interestingly, FRC coverage was unchanged by flow in the presence of naïve and activated 

CD4+ T cells as well as activated CD8+ T cells. When in the presence of naïve CD8+ T cells, 

FRC coverage was significantly decreased by 3.0 mm/s flow. Representative images show CD4+ 

and CD8+ T cells with FRCs in the model (Figure 2.10.D, Figure 2.11). Thus, these results 

demonstrate that T cells in turn may be secreting factors that alter LN stroma response to flow. 
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For example, lymphotoxin beta secretion by T cells has been shown to support FRCs (205). In 

addition, a hallmark of activated T cells is the secretion of IFNg that initiates a feedback loop 

with FRCs meant to maintain LN function (206). We have shown that T cells mitigate the flow 

response of FRCs, suggesting an important crosstalk pathway. 

 

 
 

Figure 2.11. Representative images of FRC networks (green) in the presence of T cells (blue). 
Scale bar is 100 µm. 

 

IFNg secretion by activated CD8+ T cells is enhanced by high magnitude flow 

As noted, T cells produce IFNg as a function of activation, and this cytokine has known 

impacts on the stroma. IFNg is anti-lymphangiogenic (20,204) and FRCs respond to IFNg by 

suppressing T cell proliferation (206,207). We detected IFNg in the supernatant to determine 

how IFF would alter T cell cytokine secretion in the LN stroma and if that correlated with 
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changes to the stroma. In the presence of LN stroma, naïve CD4+ and CD8+ T cells do not 

produce detectable levels of IFNg. Activated CD4+ T cells trend toward higher IFNg secretion 

under flow. Activated CD8+ T cells secrete significantly more IFNg under 3.0 mm/s flow 

(Figure 2.10.B). Comparing to activated CD8+ T cells alone in the PhotoHA/collagen gel, as 

performed in Figure 1, these results demonstrate that higher flow rates are required to alter IFNg 

secretion in the presence of LN stroma. However, as naïve T cells do not secrete IFNg, other 

cytokines are likely involved in the observed changes to the stroma. 

T cell count in LN stroma varies by donor 

In addition to egress, we sought to understand the T cells that were retained within the 

LN stroma. The number of T cells retained in the FRC region of the hydrogel varied widely 

amongst donors in naïve and activated CD4+ T cells. Interestingly, naïve CD8+ T cell retention 

was significantly increased under flow conditions and activated CD8+ T cell retention trended 

downward under flow (Figure 2.10.C). Differences in T cell retention could translate to varying 

levels of proliferation among T cell donors. Taken together, our results demonstrate that there are 

extensive changes to morphology and behavior of all cell types in the LN stroma model. We next 

sought to determine whether these changes could be due to physical remodeling of the 

microenvironment or changes in chemokine profiles.  

Matrix remodeling genes are not significantly altered by FRCs in response to flow 

To understand why T cell egress is altered by the presence of LN stroma and IFF, we 

sought to determine the changes occurring in the microenvironment by measuring gene 

expression of LN stroma under flow (Figure 2.12.A).  Dense matrix is known to decrease T cell 

infiltration and motility (208ï210). FRCs are known to secrete major structural collagens, such 

as type I collagen, basement membrane proteins, such as fibronectin, and proteolytic enzymes,  
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Figure 2.12. CCL2 gene expression is upregulated by 0.8 µm/s interstitial flow. Gene 

expression was analyzed in LN stroma models without T cells. For matrix remodeling, COL1A1 

(B), FN1 (C), and MMP2 (D) are reported. For cytokines, CCL2 (E), CXCL8 (F), and TGFbeta 

(G) are reported. Each data point represents a biological replicate (n=3). Significance was 

determined by one-way ANOVA followed by Tukeyôs t-test, with significant p values (<0.05) 

reported on each graph. 

such as matrix metalloproteinases (42,211). For matrix remodeling related genes, COL1A1 

(Figure 2.12.B), FN1 (Figure 2.12.C), and MMP2 (Figure 2.12.D) were not significantly 

altered under 0.8 mm/s flow. Additionally, second harmonic generation imaging demonstrated no 

distinct visual differences in collagen structure between static and flow conditions (Figure 2.13). 

However, the alignment (212,213) and type of matrix deposited further alters T cell migration 

(214,215). Future work could involve matrix-specific staining to determine whether FRCs are 
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depositing high levels of ECM such as fibronectin. Additionally, extending the time of culture 

may be necessary to sufficiently observe deposition. 

 

 
Figure 2.13. Collagen structure is not changed by interstitial fluid flow. Second harmonic 

generation imaging of collagen in the LN stroma models. Scale bar is 100 µm. 

 

Inflammatory chemokine secretion is enhanced under high magnitude flow 

Next, we sought to analyze whether altered FRC chemokine secretion could be responsible for 

changes in T cell egress, with the thought that more chemoattractants in the media could cause T 

cell retention. We selected chemokines that are known to be involved in T cell migration and 

secreted by the primary fibroblastic reticular cells in the model (191). We first examined the 

gene expression of chemokines. While most were unchanged, CCL2 stood out as significantly 

upregulated by 0.8 mm/s flow, but not 3.0 mm/s flow (Figure 2.12.E). CCL2 is an inflammatory 

marker, known to be expressed by lymph node stromal cells in the T cell zone, with FRCs 

producing higher levels than LECs (216,217). In vitro, addition of CCL2 caused concentration-

dependent enhanced chemotaxis (218,219). However, contrasting studies demonstrate impaired 

response to chemokines and homing to lymph nodes at low doses of CCL2 (220), but increased 

CD4 and CD8 T cell accumulation in LNs with higher CCL2 expression (221).  
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Figure 2.14. Cytokine secretion of LN stroma is altered under high interstitial flow. Protein 

quantification of IL-6 (A), CCL2 (B), CXCL8 (C), and CXCL12 (D) was performed via Luminex 

in LN stroma models with and without T cells. Each data point represents a biological replicate 

(n=3). Significance was determined by one-way ANOVA followed by Tukeyôs t-test, with 

significant p values (<0.05) reported on each graph. 

 

Interestingly, though chemokines were not significantly upregulated at the gene level by 3.0 

µm/s flow, there was significance at the protein level. IL-6 secretion was significantly increased 

in media from the LN stroma by 3.0 µm/s flow compared to the static control (Figure 2.14.A).  
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Figure 2.15. Chemokine secretion is significantly increased under high flow magnitude in the 

presence of T cells. Protein quantification of IL-6 (A,B), CCL2 (C,D), CXCL8 (E,F), and 

CXCL12 (G,H) was performed via Luminex in LN stroma models with and without T cells. Each 

data point represents a biological replicate (n=3). Significance was determined by one-way 

ANOVA followed by Tukeyôs t-test, with significant p values (<0.05) reported on each graph. 

 



 

56 

 

CCL2 and CXCL8 secretion were upregulated under 3.0 µm/s compared to 0.8 µm/s flow, but 

not the static control, due to high variability in the static condition (Figure 2.14.B,C). Finally, 

CXCL12 secretion was significantly upregulated in the 3.0 µm/s condition compared to both 

static and 0.8 µm/s flow (Figure 2.14.D). Within the hydrogel, there were no significant 

differences in the secretion of any chemokine within the LN stroma under flow (Figure 2.14.A-

D). Additionally, there was less detected chemokine in the hydrogel compared to the 

supernatants. 

We also examined whether the presence of naïve and activated CD4 T cells would alter 

the secretion of these chemokines (Figure 2.15). Overall, there were no significant differences 

between LN stroma alone and LN stroma with CD4+ T cells. Interestingly, in the presence of 

CD4+ T cells, the secretion of chemokines was generally decreased in the hydrogel under 3.0 

µm/s flow (Figure 2.15.A, C, E, G). In contrast, the secretion of chemokines was generally 

increased in the supernatant under 3.0 µm/s flow (Figure 2.15.B, D, F, H), though this varied by 

chemokine and T cell activation state. Among these chemokines, IL-6 is known to enhance T 

cell motility (222), IFN-ɔ production (223), and cause decreased egress from the lymph node 

(224). The roles of CXCL8 and CXCL12 are less clear, but both are known enhance T cell 

migration under certain conditions (225ï229). However, the lack of increased secretion at 0.8 

µm/s flow suggests that chemokines alone do not determine T cell egress in this LN stroma 

model.  

Flow magnitude alters response in the lymph node stroma model 

Ultimately, we have built a model of the lymph node stroma and examined response to 

interstitial fluid flow under varying conditions. We demonstrated that varying interstitial fluid 

flow can drastically alter the morphology and protein secretion of the model. At 0.8 µm/s flow,  
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Table 2.2. The LN stroma model is responsive to high magnitude interstitial fluid flow. 

 

Metric + 0.8 µm/s flow + 3.0 µm/s flow 

FRC proliferation ī ŷ 

FRC coverage ī ŷ 

LEC proliferation ī ī 

LEC disrupted junctions ī ŷ 

LEC coverage ī Ź 

Matrix remodeling genes ī ī 

IL-6 secretion ī ŷ 

CCL2 secretion ī ŷ 

CXCL8 secretion ī ŷ 

CXCL12 secretion ī ŷ 

 

 

Table 2.3. LN stroma model flow response in the presence of T cells is altered. 

Metric + 0.8 µm/s flow + 3.0 µm/s flow 

FRC coverage ī ī 

LEC disrupted junctions ī ī 

LEC coverage Ź ŹŹ 

T cell egress Ź Ź 

T cells in LN stroma ī ī 

IFNg secretion ī ŷ 

IL-6 secretion ī ŷ 

CCL2 secretion ī ŷ 

CXCL8 secretion ī ŷ 

CXCL12 secretion ī ī 

 

changes to the LN stroma were less pronounced (Table 2). However, we still saw differences in 

T cell egress. Therefore, this flow rate may be utilized to answer questions about T cell migration 

in response to flow without the confounding factors of varying chemokines in the 

microenvironment. In contrast, we present the 3.0 µm/s flow rate as a model of inflammation in 

the lymph node stroma without any exogenous factors. We saw changes to FRC remodeling, 

LEC disruption, T cell behavior, and inflammatory chemokines (Table 2, Table 3). This model 

is ideal for answering questions around crosstalk in the lymph node during inflammatory states. 
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Additionally, the presence of T cells mitigated many flow-induced changes to LN stroma 

morphology (Table 3). Thus, this work emphasizes the importance of crosstalk between cell 

types in response to interstitial fluid flow. 

 

 

2.5 Conclusion 

 

Overall, we have successfully established a spatially organized lymph node stroma model 

that is easily modified toward experimental questions around interstitial fluid flow and T cell 

retention and egress. This work has helped establish the relevance of physical cues, such as 

interstitial fluid flow, within engineered models of the immune system. Future work will aim to 

identify a mechanism and how crosstalk between T cells and the stroma under flow alters 

response to antigens. Eventually, more immune cells could be included in the model to replicate 

adaptive immunity. 
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CHAPTER 3 
 

EXAMINING TUMOR BURDEN -RELATED 

CHANGES TO TRANSPORT IN ENGINEERED 

LYMPH NODE STROMA  
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3.1 Summary 

 

Lymph node metastasis is one of the most significant indicators of prognosis in breast 

cancer patients. Upon arrival in the lymph node, tumor cells are altered by their new 

surroundings and in turn alter the lymph node microenvironment. Metastatic lymph nodes are 

enlarged and immunosuppressed. Though these tumor cells are suspected to exit the lymph node 

and create more metastases, this process is not well understood. The lymph node parenchyma is 

bathed in constant interstitial fluid flow that is altered with inflammation. This flow is delivered 

through extracellular matrix conduits maintained by fibroblastic reticular cells in the node that 

may be recruited by invading tumor cells to alter the matrix, and thus, fluid flow. Though fluid 

flow has been implicated in tumor cell invasion across the body, the impact of flow on tumor 

cells within the lymph node has not yet been elucidated. As the tumor cells remodel the 

microenvironment, they may influence changes in transport that in turn impact their ability to 

exit the lymph node and continue metastatic spread. Within, we first sought to characterize 

alterations in matrix structure in human tissue samples. We demonstrate enhanced collagen area 

in metastatic lymph nodes. We then correlated collagen area with tumor burden and 

unexpectedly found that increasing tumor area correlated with decreased collagen. Next, we 

sought to adapt our pre-established lymph node stroma model, consisting of a monolayer of 

lymphatic endothelial cells underneath of a fibroblastic reticular cell laden hydrogel, into a 

metastatic model. We recapitulated varying tumor burden by adding different numbers of tumor 

cells into the model. We found that tumor cells were able to migrate all the way through the LN 

stroma model, regardless of initial tumor cell burden. We examined transport and found no 

significant changes in flow velocity or divergence in metastatic LN stroma models. However, 

diffusivity was decreased in the highest tumor burden group. Finally, we correlated the 
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morphology of the LN stroma models with transport metrics and found that the degree of 

fibroblastic reticular cell spread within the bulk hydrogel positively correlated with flow 

magnitude. Overall, we have established a metastatic LN stroma model that demonstrates tumor 

cell invasion throughout. Most excitingly, we have established a direct connection between 

fibroblastic reticular cell morphology and flow magnitude. 

3.2 Introduction 

 

Metastasis to the lymph node (LN) is the most significant prognostic factor in breast 

cancer. Within the LN, tumor deposits can be stratified by size into micro- and macro-

metastases. Though there is a binary impact of less favorable prognosis with lymph node 

metastasis, the impact of size of metastasis is still debated among contradicting studies (230ï

232). Regardless, size of metastasis is still clinically relevant in deciding treatment course, as 

macro-metastases indicate the need for further axillary treatment, and micro-metastases can be 

treated as ónode negativeô (233,234). 

The healthy LN is highly organized to allow for efficient screening of lymph for antigens 

and mount an immune response if necessitated. Fluid flow in the LN is essential for function and 

provides key signals to the cells that orchestrate immunity. However, this flow also encourages 

tumor cell invasion, as increased pressure in the tumor results in enhanced drainage, driving 

tumor cells to the sentinel LNs (157,235ï237).  

Tumor positive LNs are enlarged and immunosuppressed, further demonstrating 

increased proteolytic activity (238) and increased matrix (239). The density and porosity of the 

matrix are directly related to transport. In the LN, the primary arbitrators of matrix remodeling 

are the fibroblastic reticular cells (FRCs) (240,241). In metastatic lymph nodes, cancer-
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associated fibroblasts (CAFs) support the growth and treatment resistance of metastases (242ï

244). However, the role of FRCs, or their conversion to CAFs, is not well understood.  

Additionally, the ability of tumor cells to exit the lymph node through the efferent 

lymphatics and create distant metastases, known as sequential spread, has been widely debated, 

with Naxerova et al demonstrating sequential progression from the lymph node in only one-third 

of patients with metastatic colorectal cancer (245). However, it is established that breast cancer 

cells within the LN can undergo genetic changes compared to breast cancer cells from the 

primary tumor at varying rates (246ï249). Nonetheless, lymphatic vessels are known to serve as 

a route for breast cancer dissemination, through a variety of mechanisms (250). Altered transport 

within the lymph node itself would indeed impact the efferent lymphatics, and thus, the ability of 

tumor cells to egress from the node, causing further metastatic spread. 

Herein, we sought to characterize structural changes to human metastatic lymph nodes 

with increasing tumor burden, followed by developing an in vitro model of tumor burden. In 

Chapter 2, we established a spatially organized model of the LN stroma with interstitial fluid 

flow, consisting of FRC-laden hydrogel atop a monolayer of lymphatic endothelial cells (LECs). 

In this chapter, we added varying numbers of breast cancer cells to the LN stroma model to 

create a metastatic LN stroma model and examine how tumor burden impacts invasion and 

transport properties.  

3.3 Methods 

 

Picrosirius red staining 

Formalin-fixed paraffin embedded (FFPE) control (AMSBIO) and metastatic (National 

Disease Research Interchange) human lymph nodes (Table 3.1) were sectioned at 5 µm and 

adhered to glass slides. Slides were baked at 60°C overnight before staining. Picrosirius red 
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staining was performed as specified by the manufacturer (NovaUltra). Slides are mounted with 

VectaMount Express Mounting Medium (Vector Labs). Tissues are imaged on an Olympus 

VS200 Slide Scanner at 20X using polarized light. 

Table 3.1. Demographics of control (left) and metastatic (right) human lymph node samples. 

Age Sex Race  Age Sex Race Hormone Receptors 

30 Female L  52 Female W Triple Negative 

32 Female L  69 Female B Triple Negative 

60 Female L  45 Female W Triple Negative 

68 Female L  33 Female W Triple Negative 

63 Female L  81 Female W Triple Negative 

38 Female L  62 Female W Triple Negative 

42 Female L  49 Female W ER+PR+HER2- 

46 Female L  51 Female W ER+PR+HER2- 

35 Female L  67 Female W ER+PR+HER2- 

39 Female L  61 Female W ER+PR+HER2- 

30 Male L  46 Female W ER+PR+HER2- 

32 Male L  69 Female W ER+PR+HER2- 

66 Male L  44 Female W ER+PR+HER2- 

34 Male L  63 Female W ER+PR+HER2- 

67 Male L  56 Female W Triple Negative 

51 Male L  70 Female W Triple Negative 

55 Male L  44 Female W Triple Negative 

59 Male L  39 Female W Triple Negative 

61 Male L  70 Female W Triple Negative 

48 Male L  58 Female C Triple Negative 

 

Picrosirius red analysis 

For analysis of picrosirius red, a custom Matlab code developed by K. Degen is utilized. 

Polarized light images are thresholded and green and red pixels are measured. For coherency, a 

fourier transform is utilized to assign a value from 0 to 1 for coherency of fibers. Additionally, 

OrientationJ (251,252) in FIJI (197) was utilized to examine alignment. Finally, QuPath was 

used to take measurements of the collagen capsule. 

Multi-plex immunofluorescent staining via Akoya Phenocycler 
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Multi -plex staining is performed as specified by Akoya Biosciences on a select group of 

control and cancer lymph nodes. Briefly, slides are baked overnight at 60°C, deparaffinized in 

xylene, and rehydrated in ethanol and water. Antigen retrieval is performed at pH 9 for 20 

minutes at high pressure. Primary antibodies conjugated with DNA barcodes are added to the 

tissue and fixed with 1.6% paraformaldehyde and methanol. Flow cells are sealed onto each slide 

and DAPI and secondary staining and detection is performed on the Akoya Phenocycler.  

Cell culture 

Lymphatic endothelial cells (LECs) and fibroblastic reticular cells (FRCs) are cultured as 

described in Chapter 2. MCF-7 cells are cultured in Eagleôs Minimum Essential Medium with 

0.01 mg/ml insulin and 10% fetal bovine serum, as described by the manufacturer (ATCC). All 

cells were maintained at 5% CO2 and 37°C. 

Metastatic LN stroma model 

The LN stroma model is established as described in Chapter 2. Briefly, LECs are seeded 

on the underside of a 12-mm tissue culture insert. After 2 days, FRC-laden hydrogel consisting 

of methacrylated hyaluronic acid (PhotoHA) and type I collagen is polymerized with 385 nm 

light for 45 seconds, followed by thermal crosslinking for 30 minutes at 37°C. LN stroma models 

are then incubated for 24 hours prior to experimental manipulation with tumor cells. MCF7 cells 

are resuspended in Vasculife complete and 100, 1000, or 10,000 cells are added to each LN 

model. Models are then maintained in Vasculife for 5 days at 37°C.  

Immunofluorescence 

After 5 days, LN stroma models are fixed in 4% paraformaldehyde. The hydrogels are 

gently removed from the tissue culture insert using a paint brush and transferred to 24 well 
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plates. The membrane from the tissue culture insert is cut out using a scalpel and placed on 

charged glass slides.  

Membranes are incubated in 0.01% triton x-100 with donkey serum for 45 minutes. Then, 

membranes are stained with 1:50 sheep anti-human CD31 (R&D) and 1:100 mouse anti-human 

pan-cytokeratin (Invitrogen) in 0.01% Triton-X + donkey serum for 2 hours at room temperature 

(RT). Membranes are rinsed with PBS and incubated with 1:400 donkey anti sheep 647 

(Invitrogen) and 1:400 donkey anti mouse 555 (Invitrogen) for 1 hour. Finally, membranes are 

stained with 1:5000 DAPI for 15 minutes. Membranes are mounted with Fluoromount-G 

(SouthernBiotech) and the coverslip is sealed with nail polish. 

LN stroma model hydrogels undergo blocking as described in Chapter 2 with 0.01% 

triton x-100 and donkey serum for 6 hours. All staining is performed on a rocker. Then, 1:100 

mouse anti-human pan-cytokeratin (Invitrogen) in 0.01% triton x-100 and donkey serum is 

added to the hydrogels at 4C on a rocker overnight. Hydrogels are rinsed with PBS three times at 

RT. Next, hydrogels are incubated with 1:400 donkey anti mouse 555 (Invitrogen) in blocking 

solution for 6 hours at RT. Hydrogels are rinsed in PBS overnight at 4C. Finally, hydrogels are 

incubated with 1:400 AlexaFluor 488 Phalloidin and Dapi for 6 hours at RT. Hydrogels are 

stored in PBS until imaging. 

Metastatic LN stroma model imaging 

Membranes from the LN stroma model on slides are imaged at 20X on a Zeiss 

AxioObserver. Hydrogels are carefully transferred to a glass coverslip and another coverslip is 

placed above. Then, hydrogels are imaged on a Nikon Spinning Disk at 10X. Z-stacks of the 

entire gel were taken with a 10-micron step size. Three regions of interest were imaged in each 

technical replicate. 
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Image quantification 

For LEC monolayers on the membranes, CD31 coverage was analyzed via thresholding 

and measurement of CD31+ area in FIJI. Pan-cytokeratin+ tumor cells were manually counted. 

Within the hydrogel, three regions were analyzed. First, the top of the hydrogel, where tumor 

cells were added. Here, F-actin and pan-cytokeratin were thresholded and area was measured. As 

tumor cells are double positive, the panCK area was subtracted from the F-actin area to ensure 

only FRCs were captured in the measurement. The next region analyzed was the middle of the 

gel. Z-projections of the gel, excluding the top and bottom, were thresholded for F-actin. Tumor 

cells were manually counted. Finally, the bottom of the hydrogel was quantified as described for 

the top of the hydrogel.  

Magnetic resonance imaging 

Dynamic contrast enhanced (DCE)-MRI was utilized to obtain transport metrics in the 

LN stroma models as described in Chapter 2 and by Kingsmore et al (195). Briefly, LN stroma 

models were secured in a Bruker 9.4T MRI scanner and 300 µL of gadolinium (BioPal) was 

injected onto the model. Images were taken every 3 minutes for a total of 4 post-contrast images. 

Analysis is performed using Lymph4D (195). 

Statistics 

One-way analysis of variances (ANOVA), followed by Tukeyôs t-tests with multiple 

hypothesis correction were performed using GraphPad Prism version 10.0.0 for Windows 

(GraphPad Software, Boston, Massachusetts USA) with significance at p<0.05. All p-values are 

reported on the graphs. 
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3.4 Results 

 

 
Figure 3.1. Enhanced collagen deposition in metastatic lymph nodes. Representative images of 

PSR staining under brightfield. Collagen is visualized in dark pink and red. 

 

Collagen deposition is enhanced in metastatic nodes 

We first imaged PSR stained lymph nodes under brightfield to observe whole-tissue 

changes. Within control lymph nodes, there is little to no collagen within the parenchyma of the 

tissue, where densely packed immune cells are found. Instead, thick collagen fibers are found 

surrounding the node, forming the capsule. In metastatic lymph nodes, the observed collagen 

structure is drastically altered. Collagen deposition is observed throughout the parenchyma 

(Figure 3.1). 
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Figure 3.2.The area of collagen is increased in metastatic lymph nodes. Representative images 

demonstrate collagen fibers in control and cancer lymph nodes (A). Total area of collagen is 

quantified (B). The color of the fiber represents its size and complexity. Red represents larger 

collagen fibers while green represents smaller. The ratio of red:green (C), the area of red fibers 

(D), and the area of green fibers (E) are reported. Each data point represents a different patient 

sample. Significance was determined by studentsô t-test, with significant p values (<0.05) 

reported on each graph. 

      

Increased collagen fibers in metastatic lymph nodes 

We next examined PSR staining under polarized light. In this methodology, the color of 

the fibers corresponds to size: red meaning large, and green meaning small. Representative 

images show drastically more collagen fibers in metastatic nodes (Figure 3.2.A). Upon 

quantification, the %area collagen was significantly increased in metastatic nodes (Figure 

3.2.B). We also sought to determine if the ratio of red:green fibers would be altered, 

demonstrating a preference for certain types of collagen. Interestingly, the ratio was unchanged 

between control and metastatic lymph nodes (Figure 3.2.C). However, both red (Figure 3.2.D) 

and green (Figure 3.2.E) area were significantly increased in metastatic nodes. 



 

69 

 

 
Figure 3.3. No significant differences in collagen metrics observed between sexes. In the 

control samples, %area collagen (A), ratio of red:green (B), %area red (C), and %area green 

(D) are separated by sex of patient. 

Stratifying PSR metrics by sex and hormone receptors demonstrated no significance 

Within our controls, we sought to have an approximately equal balance of male and 

female patient samples to examine PSR metrics between the sexes. Overall, %area collagen 

varied widely by patient, particularly in male samples (Figure 3.3.A). The ratio of red:green 

fibers was unchanged between male and female patients (Figure 3.3.B). Finally, the %area red 

(Figure 3.3.C) and %area green (Figure 3.3.D) were also unchanged between male and female 

samples, and had high variability. It is important to note that our control samples had no health 

records to go along with them, and thus, confounding factors are almost certainly present.  

 
Figure 3.4. No significant differences in collagen metrics in metastatic lymph nodes when 

stratified by hormone receptors. In the metastatic lymph nodes, %area collagen (A), ratio of 

red:green (B), %area red (C), and %area green (D) are separated by hormone receptor status.  
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Within our metastatic lymph nodes, we sought out a mix of hormone receptors. The key 

hormone receptors in breast cancer are estrogen receptor (ER), progesterone receptor (PR), and 

human epidermal growth factor receptor 2 (HER2). Typically, these receptors are targeted for 

treatment. We sought to examine if the expression of these hormone receptors would alter 

collagen in the metastatic node. Overall, we saw no significant differences in %area collagen 

(Figure 3.4.A), ratio of red:green (Figure 3.4.C), %area red (Figure 3.4.C), or %area green 

(Figure 3.4.D).  

Fiber alignment trends upward in cancer 

In addition to amount of fibers, the orientation can also be examined. Overall, we saw a 

trend toward more coherency in metastatic nodes compared to the controls (Figure 3.5.A). Using 

a color map that identifies +45 degrees as purple and -45 degrees as green, we visualized the 

orientation of fibers in control (B,C), and metastatic (D,E) lymph nodes. Future work will 

include characterizing on a fiber-by-fiber basis. 

 
Figure 3.5. There are potential differences in coherency and orientation of collagen fibers in 

metastatic lymph nodes. The coherency (A) of the fibers trends upward in metastatic nodes. 

Alignment of fibers with purple representing +45 degrees and green representing -45 in the 

control (B,C) and cancer (D,E) demonstrate trends toward more alignment in metastatic nodes. 
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Figure 3.6 Collagen capsule thickness is unchanged between control and metastatic lymph 

nodes. Within the tissue, collagen capsules separate adipose tissue from the lymph node (A). 

Quantification shows no significant differences in capsule thickness between control and cancer 

lymph node (B). 

 

Collagen capsules are unchanged by tumor presence 

Next, we utilized PSR staining to quantify the collagen capsules (Figure 3.6.A). Lymph 

nodes are often embedded in adipose tissue, visualized in the images as circular cells surrounded 

by collagen. The capsule separates the lymph node from the body, so that only afferent lymph 

may enter. As we saw changes to collagen deposition within the node, we sought to determine if 

collagen structures in the capsules were altered. Overall, we saw a wide variety of capsule 

thicknesses. There were no significant differences between the control and metastatic nodes 

(Figure 3.6.B). This is likely due to cancer cells infiltrating the lymph node through the afferent 

lymph and remaining contained within the node until exiting via the efferent lymph. 
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Figure 3.7. There are no significant correlations between collagen and other metrics. 

Correlation charts of PSR metrics with age and metastasis in control (A) and metastatic (B) 

lymph nodes. Positive correlations are blue and negative correlations are red, with saturation 

indicating strength of the correlation. 

 

Correlating collagen to age and metastasis 

Next, we sought to examine whether the alterations in collagen metrics correlated to age 

or size of metastasis. Age-related changes to the matrix are well-established, and our patient 

samples ranged from age 30 to 68 in our control samples and 33 to 81 in our metastatic samples. 

There were no significant correlations in control lymph nodes between age and other metrics 

(Figure 3.7.A). In the metastatic lymph nodes, no statistically significant correlations were 

found, but two trends stood out. First, that age is negatively correlated with %area collagen 

(p=0.061). And second, that %area collagen is associated with the largest metastasis as per 

pathology reports (p=0.102). With a larger sample size, these metrics could be examined in more 

depth. 
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Figure 3.8. Pan-cytokeratin staining in metastatic lymph nodes demonstrates high tumor 

burden. Nuclei are stained with DAPI (blue) and pan-cytokeratin is visualized in green. Lymph 

nodes at lower magnification (A, B, and C) demonstrate pan-cytokeratin throughout the lymph 

node. Scale bar is 1mm. Higher resolution demonstrates varying patterns of pan-cytokeratin 

(D,E and F). Scale bar is 400 microns. 

 

Examining tumor burden in lymph nodes 

Next, we sought to examine how tumor burden may correlate to altered collagen within 

the lymph nodes. A portion of samples were selected to undergo multi-plex fluorescence 

staining. Among the panel, pan-cytokeratin was visualized. Among the lymph node samples 

imaged, a high tumor burden was observed. Generally, tumor cells were found all throughout the 

lymph nodes (Figure 3.8). With some samples, non-tumor cells are mostly found at the edge of 

the lymph node (Figure 3.8.A and 3.8.B). In others, non-tumor cells are distributed throughout 

(Figure 3.8.C). Taking a closer look, we see varying organizations of tumor cells (Figure 3.8.D, 

E, and F).  
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Figure 3.9. Tumor burden negatively correlates with %area collagen. 

 

Increasing tumor burden correlates to less %area collagen 

Next, we sought to correlate the amount of pan-cytokeratin staining with the % area collagen in 

our select samples. Though we were limited in sample size, we saw a significant correlation 

between the two. As tumor burden increased, the %area of collagen decreased (Figure 3.9).  

 
Figure 3.10. Experimental schematic of varying tumor burden. MCF7 cells are added at 

different numbers to the lymph node stroma model. Created with biorender.com. 

Adapting the lymph node stroma model to examining tumor burden 

As we established that tumor presence and burden are correlated with altered collagen 

matrix, we wanted to connect altered matrix back to changes in transport. To do this, we took our 
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previously developed lymph node stroma model (Chapter 2) and added varying numbers of 

MCF7 tumor cells (Figure 3.10) to create a metastatic LN stroma model. First, we sought to 

examine how varying tumor presence would impact the morphology of the LN stroma model. 

 

 
Figure 3.11. A portion of tumor cells are retained at the top of the LN stroma. Area of f-actin 

was quantified (A) and normalized to pan-cytokeratin area to only account for FRCs. Pan-

cytokeratin area represents tumor cell presence (B). Representative images demonstrate each 

cell type at the top of the LN stroma model (C). Scale bar is 100 µm. Significance was 

determined by one-way ANOVA followed by Tukeyôs t-test, with significant p values (<0.05) 

reported on each graph. 

 

Tumor cell presence does not impact FRC network 

We first sought to examine where the tumor cells were originally added to the model, to 

determine how many remained and look at FRC-tumor cell interactions. Overall, the presence of 

tumor cells did not significantly alter the amount of FRC networking (Figure 3.11.A). As 
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expected, there was significantly more pan-cytokeratin area in the LN stroma models where 

10,000 tumor cells were added, compared to all other conditions (Figure 3.11.B). Visually, 

FRCs are very large and elongated cells, while MCF7s are smaller, rounded, and found in 

clusters (Figure 3.11.C). 

 
Figure 3.12 Tumor cells invade into the bulk hydrogel in the LN stroma model. Area of f-actin 

(A) and area of pan-cytokeratin (B) are quantified. Each data point represents a biological 

replicate. Representative images demonstrate FRC spread and tumor cell presence (C). Scale 

bar is 100 microns. Significance was determined by one-way ANOVA followed by Tukeyôs t-test, 

with significant p values (<0.05) reported on each graph. 

Tumor cell presence within the hydrogel is variable 

Next, we examined within the hydrogel, to capture tumor cells that were in the process of 

invading. Overall, the area of FRC networks within the gel were not altered by tumor cell 

presence (Figure 3.12.A). Interestingly, the number of MCF7s within the hydrogel varied 

greatly, though it trended upward with increasing original number of tumor cells added (Figure 

3.12.B). Visually, it does appear that FRCs had enhanced spreading in the presence of tumor 

cells (Figure 3.12.C).  
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Figure 3.13. Tumor cells invade to the membrane of the LN stroma model. Area of f-actin (A) 

and area of pan-cytokeratin (B) are quantified. Each data point represents a biological 

replicate. Representative images demonstrate FRC coverage and tumor cell presence (C). Scale 

bar is 100 microns. Significance was determined by one-way ANOVA followed by Tukeyôs t-test, 

with significant p values (<0.05) reported on each graph. 

 

Tumor cells are found associated with FRCs on upper membrane of the LN stroma model 

Next, we sought to examine the layer of FRCs found at the bottom of the LN stroma 

model. These FRCs are in contact with the membrane, and thus, have close crosstalk with the 

LECs on the other side of the membrane. Overall, FRC coverage trended downward as tumor 

burden was increased, though this trend was not significant (Figure 3.13.A). Additionally, pan-

cytokeratin area trended upward as tumor burden was increased, but this was also not significant 

due to high variability (Figure 3.13.B).  
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Figure 3.14. Tumor cells traverse the membrane and are found associated with LECs. CD31 

coverage (A) and MCF7 cells per field of view (B) are reported. Representative images 

demonstrate LEC coverage and tumor cell presence (C). Scale bar is 50 microns. Significance 

was determined by one-way ANOVA followed by Tukeyôs t-test, with significant p values (<0.05) 

reported on each graph. 

 

Tumor cells traverse the LEC membrane at similar rates, regardless of original burden 

Finally, we examined the LEC monolayers. Overall, LEC coverage was not impacted by 

the presence of tumor cells (Figure 3.14.A). Strikingly, a similar number of MCF7s per FOV 

were found across all original seeding densities (Figure 3.14.B). Visually, there are no disrupted 

junctions in the LEC monolayers, and tumor cells are found in clumps atop the layer, rather than 

incorporated into it (Figure 3.14.C). 
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Figure 3.15. Fluid pathways in the LN stroma models are similar across groups. Streamlines 

of fluid transport are produced via DCE-MRI imaging. 
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Flow magnitude and divergence in the LN stroma model are unchanged with tumor cell 

presence 

Next, we sought to examine how tumor presence might impact fluid movement in our LN 

stroma models. Using DCE-MRI, the movement of contrast can be used to obtain flow paths and 

metrics. Streamlines of fluid movement across the models demonstrate no distinct visual 

differences to fluid paths as tumor burden increases (Figure 3.15).  

 
Figure 3.16. Flow magnitude and divergence are unchanged by tumor cell presence. Average 

velocity of fluid flow across the entire LN stroma model (A). Each data point represents a 

biological replicate. Maps of pixel by pixel measurements of flow across the LN stroma models 

(B). Average divergence of fluid flow across the entire LN stroma model (C). Each data point 

represents a biological replicate. Maps of pixel by pixel measurements of divergence across the 

LN stroma models (D). Significance was determined by one-way ANOVA followed by Tukeyôs t-

test, with significant p values (<0.05) reported on each graph. 

 

Further, there were no significant differences in average flow velocity based on tumor 

burden (Figure 3.16.A). Entire-gel flow maps demonstrate the velocity within each pixel of the 

image, demonstrating punctate regions of increased interstitial fluid flow (Figure 3.16.B).  

This methodology also provides measurements of divergence. Divergence represents 

whether the flow is moving toward a common point (convergence) or away (divergence). 

Average divergence had more variability between runs than other metrics, but was not 
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significantly altered by tumor presence (Figure 3.16.C). Overall, average divergence values 

were slightly above zero, demonstrating a slight preference for divergence rather than 

convergence (Figure 3.16.C). Visually, there are alternating regions of positive and negative 

divergence across the LN stroma models (Figure 3.16.D). 

 
Figure 3.17. Diffusivity decreases with increasing tumor cell burden in vitro. Average 

diffusivity across the entire LN stroma model (A). Each data point represents a biological 

replicate. Maps of pixel by pixel measurements of diffusivity across the LN stroma models (B). 

Significance was determined by one-way ANOVA followed by Tukeyôs t-test, with significant p 

values (<0.05) reported on each graph. 

Diffusivity is decreased in high burden metastatic LN stroma models 

Finally, we examined diffusivity. Interestingly, diffusivity was significantly decreased in 

the highest tumor burden condition, compared to the no-tumor control (Figure 3.17.A). Visually, 
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the highest diffusivity rates are observed in the middle of the LN stroma model, with decreasing 

diffusivity moving away from the hydrogel (Figure 3.17.B). 

 

 
Figure 3.18. There are strong correlations between transport and model morphology. Positive 

correlations are blue and negative correlations are red, with saturation indicating strength of 

the correlation. 

 

Magnitude correlates to FRC spread within the bulk hydrogel 

Next, we sought to determine if any of the morphological measurements obtained in the 

LN stroma model would correlate to transport metrics (Figure 3.18). Interestingly, we found two 

statistically significant correlations. First, that there is a positive correlation between the area of 

pan-cytokeratin at the FRC-LEC interface and the amount of tumor cells within the hydrogel 
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(p=0.045). Logically, it is reasonable that a higher number of tumor cells penetrating the LN 

stroma model would result in more of them reaching the bottom of the stroma. Second, that there 

is a positive correlation between the area of FRC coverage within the hydrogel and the flow 

magnitude (p=0.010). This finding demonstrates that FRC remodeling does in fact alter transport 

through the LN stroma.  

 
Figure 3.19. Second harmonic generation imaging of lymph node stroma models demonstrates 

faint collagen fibers. Scale bar is 50 µm. 

 

Imaging collagen structure in the LN stroma models 

Finally, we sought to utilize second harmonic generation to image the collagen structure 

in our LN stroma models. Collagen fibers were very small, making visualization difficult. 

Overall, there are some brighter, and thus larger, fibers, within the 1k and 10k tumor burden 

models. Future work will emphasize improving matrix visualization via fluorescent staining. 

3.5 Discussion 

 

Prior to and after breast cancer metastasis, the lymph node undergoes a number of 

changes, including matrix remodeling, immunosuppression, enlargement, and changes to 

interstitial fluid flow. Interestingly, many studies of breast cancer matrix focus on the primary 

tumor. It has been shown that higher collagen in the primary tumors predicts lymph node 

metastasis (253,254). When examining the lymph node itself, Rizwan et al demonstrated that 

breast cancer metastasis increased collagen density in mouse models (239). Herein, we first 








































































































































































