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SUMMARY

The lymphatic system serves important roles in fluid balance and immune system reg-
ulation within the body. Through both passive and active transport of fluid, the lymphatic
network transports interstitial fluid back into the circulatory system. When the lymphatic
system fails, that excess fluid can no longer be properly transported back into the circu-
lation. This leads to a disease called lymphedema, which manifests as swelling of distal
limbs and normally occurs following injury to the lymphatic network. The mechanisms
of lymphedema development are not completely understood, but the immune response is
known to play an important role in lymphedema pathogenesis. The main goal of this the-
sis is to investigate both the functional response of the intact lymphatic vasculature and
changes in leukocyte populations within dLNs during lymphedema progression.

In the first aim, we used near-infrared (NIR) imaging techniques to quantify changes
in lymphatic function in vivo following induction of lymphedema in mice using a novel
lymphedema model. We specifically investigated the effect of two potential therapeutic
mechanisms, antagonism of LTB, production and deletion of epsin, on lymphatic function
following lymphedema surgery. Further in vivo and ex vivo analysis was performed to eluci-
date potential mechanisms regulating the effect of LTB, on lymphatic contractile function.
In the second aim, we used flow cytometry to investigate changes in leukocyte populations
within dLNs during acute lymphedema progression. Our novel lymphedema model leaves
a pair of intact collecting lymphatic vessels on one side of the mouse tail while other tail
lymphatics are ligated, allowing for analysis of the immune response within dLNs experi-
encing differences in drainage. Further analysis using a nanoparticle delivery system was
used to quantify differences in particle uptake between dLNs as lymphedema progressed.
The effect of LTB, antagonism on the immune response was also elucidated. Overall,
this work furthers understanding of the mechanisms driving lymphedema pathogenesis, by

combining comprehensive analysis of changes in lymphatic contractile function in vivo and

X1V



ex vivo with investigation of changes in the immune response within dLNs.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 General Background

1.1.1 Lymphatic System

The lymphatic system is an extensive system of vessels that transports fluid from interstitial
spaces throughout the body back to the circulatory system. It serves important functions
in maintenance of fluid balance within tissues, regulation of immune system function, and
lipid absorption and transport. A hierarchy of vessels makes up the lymphatic system.
Blind-ended initial lymphatic capillaries respond to interstitial pressure changes and take
in fluid from interstitial spaces. This fluid, now lymph, then travels through pre-collectors,
which are characterized by sparse basement membrane and lymphatic muscle coverage.
Finally the collecting lymphatic vessels, which have a basement membrane and complete
lymphatic muscle coverage, intrinsically contract to transport lymph against a hydrostatic
pressure gradient back through the thoracic duct into the circulatory system. This recycling
of extravasated fluid from blood capillaries along with other interstitial proteins through
lymphatics maintains fluid homeostasis in the extremities.

Lymphatics serve essential roles in almost all organs within the body. Recent studies
have surprisingly shown the presence of a meningeal lymphatic system within the brain
which importantly functions to remove excess cerebrospinal fluid and also transports im-
mune cells within the brain [1-5]. Another report has revealed the important role that
lymphatic endothelial cells (LECs) have in guiding and promoting heart development and
repair [6]. These studies have shown the ubiquitous importance of lymphatics in healthy
organ and tissue function.

Lymphatics play an important role in the transport of immune cells and regulation of



immune responses. Lymph nodes, which stage immune responses and are home to a variety
of immune cells, form along the lymphatic system and appear throughout the body. Leuko-
cytes within the lymph nodes, mainly T and B cells, are exposed to lymph draining from the
interstitium, which may carry antigens or migrating antigen-presenting cells (APCs) that
initiate a response. APCs may include macrophages or dendritic cells (DCs) which take
up antigen at sites of injury or inflammation, activate in response to inflammatory signals,
and migrate to nearby dLNs. The T cells or B cells, present in predefined zones within
the lymph node structure, may be activated by APCs and begin to proliferate, mature, and
produce antibodies.

Both during development and in the context of injury or inflammation, lymphatics grow
and develop through a process called lymphangiogenesis. The most important growth fac-
tor in lymphangiogenesis, vascular endothelial growth factor C (VEGFC), binds to vascular
endothelial growth factor receptor 3 (VEGFR3) and initiates growth and migration of LECs
[7-11]. As lymphatics respond to VEGFC stimulation, various proteinases such as matrix
metalloproteinase 2 (MMP-2) and matrix metalloproteinase 9 (MMP-9) are produced to
disrupt the extracellular matrix and allow for expansion of the existing lymphatics [12—14].
Other growth factors including vascular endothelial growth factor A (VEGFA) and fibrob-
last growth factor (FGF) have also been shown to mediate lymphangiogenesis in various
contexts [15, 16].

In vitro methods have been used extensively to characterize the mechanisms driving
lymphangiogenesis both in development and following injury [17]. Tisse culture of LECs
has revealed various mechanisms driving lymphangiogenesis, including detailed analysis
of the VEGFC-VEGFR3 axis along with the lymphangiogenic potential of various inflam-
matory cytokines and proteins. These studies have allowed for isolated analysis of the re-
sponse of LECs to various factors, but are unable to replicate the extracellular environment
along with other cells (such as lymphatic muscle cells (LMCs)) which influence lymphatic

growth and function. Matrigel has been used as a substrate for tissue culture of LECs to



mimic the extracellular matrix network, but it lacks customization and has limited potential
for therapeutic applications[18-20]. Multiple bioengineered scaffolds, including hydrogels
developed from polyethylene glycol (PEG), hyaluronic acid (HA), and alginate, have been
developed to improve control over the mechanical properties of the scaffold and to poten-
tially serve as scaffolds for therapeutic lymphangiogenesis [21-23]. A recent study has also
shown the potential of PEG hydrogels to encapsulate excised lymphatic collecting vessels
(which include LECs, LMCs, and some extracellular tissue) and support lymphangiogene-
sis from these vessels [24].

Multiple methods have been used to visualize and quantify lymphatic function in vivo,
including lymphoscintigraphy, lymphangiography, magnetic resonance imaging (MRI), op-
tical coherence tomography (OCT), and fluorescent tracers [25-29]. The choice of imaging
method depends on the temporal and spatial resolution needed for a particular experiment.
Lymphoscintigraphy, lymphangiography, MRI, and OCT provide ample spatial informa-
tion regarding lymphatic uptake and function while sacrificing temporal resolution. The
use of fluorescent tracers allows for imaging at high temporal resolution but most wave-
lengths of visible light are unable to penetrate through skin and visualize lymphatics with
sufficient spatial resolution. Using tracers that fluoresce at NIR wavelengths allows for
sufficient depth penetration through tissue to visualize superficial lymphatics. NIR imag-
ing has thus been used extensively to visualize lymphatic pumping in vivo, allowing for

real-time analysis of lymphatic contractile function [30-33].

1.1.2  Lymphatics and the Immune System

Lymphatic vessels serve as an important route of transport for immune cells migrating
from various tissues to dLNs and eventually to the blood circulation. Afferent lymphatic
vessels transport lymph and immune cells from tissue to LNs while efferent lymphatics
take lymph exiting from the LNs through the thoracic duct and back into the circulation.

Most leukocytes, including T and B cells, DCs, neutrophils, monocytes, and macrophages,



are trafficked through lymphatics either naively or in inflammatory states. One of the most
important proteins regulating this migration is CCR7, which is highly expressed on many
leukocyte subsets and binds to its ligand CCL21 which is expressed on LECs [34]. Multi-
ple studies have shown that CCR7 deletion results in a lack of migration of leukocytes to
dLNs and impaired immune responses [35, 36]. Sphingosine 1-phosphate (S1P) has also
been shown to regulate T cell migration into lymphatics in tissue, revealing the complex
mechanisms driving leukocyte migration to dLNs [37].

Intravital imaging has revealed that T cells crawl along initial lymphatics at slow ve-
locities after entering the lymphatic network and then increase velocity as they enter the
bulk lymph flow within collecting lymphatics [38]. Interestingly, DCs periodically interact
with T cells within lymphatics, primarily in the initial capillaries where T cell movement
is slow. This interaction involves antigen presentation from DCs to T cells and activation
of T cells and the length of this interaction may depend on antigen availability [39]. These
studies have shown that the lymphatic network itself can host interactions between immune
cells in a similar fashion to immune cell activation normally observed within LNs.

LECs have also been shown to have many roles in archiving and presenting antigen
to lymphocytes [40-44]. LECs store antigen following infection which is then uptaken
by DCs and presented to T cells [42]. Additionally, LECs can directly present antigen to
CD8+ T cells via cross-presentation on MHC-I molecules, initiating a memory T cell re-
sponse which helps to ward off future infection [40]. Within the lymph node, LECs also
maintain subcapsular sinus macrophages (SSMs) through production of CSF-1, assisting
the capability of these cells to respond to exogenous antigen and initiate immune responses
[45]. This direct influence on the immune response via LEC interaction with various leuko-
cytes shows the important role that lymphatics play in modulating the immune system.

The lymphatic network within the lymph node (LN) is made up of multiple different
LEC subtypes which each serve varied functions within the structure of the LN. A recent

study by Takeda et al. identified six unique LEC subsets which correspond to certain re-



gions within the LN, such as the subcapsular and medullary sinuses [46]. These different
subtypes also have different functions, as medullary sinus LECs were specifically shown to
mediate neturophil adhesion via CD209. The variety of LECs within the LNs suggests that
the lymphatic network’s mediation of the immune response is complex and multi-varied

[47].

1.1.3 Lymphedema

Lymphedema is a debilitating disease which occurs due to lymphatic failure. Primary lym-
phedema occurs due to genetic mutations which result in the development of non-functional
lymphatics, while secondary lymphedema occurs following injury to the lymphatic system,
such as lymph node removal during breast cancer surgery or blockage of lymphatic flow
via parasitic worms that cause lymphatic filariasis [48, 49]. Lymphedema is characterized
by extensive swelling of the affected limb, dermal thickening, adipose deposition, tissue
fibrosis, and susceptibility to infection. The progressive worsening of these symptoms can
lead to great discomfort and difficulty in regaining normal use of the affected limb [50].
In developed countries such as the United States breast cancer-related lymphedema, which
occurs following damage to the lymphatic system through lymph node removal, radiation,
and chemotherapy, is the most common form of secondary lymphedema and affects roughly
20% of breast cancer survivors [50-52].

Primary lymphedema is often driven by mutations of genes controlling lymphatic de-
velopment and growth (such as VEGFR3, SOX18, and FOXC2) [53]. VEGFC-VEGFR3
signaling activates both the RAS\MAPK and the PI3K\ AKT signaling pathways, and these
mutations can lead to lymphatic insufficiency (lymphedema) or uncontrollable growth of
lymphatic tissue (lymphatic malformations). Rapamycin (sirolimus) is an inhibitor of
mammalian target of rapamycin (mTOR) (signaling molecule downstream of PI3K) and
has been used clinically with some success for the treatment of lymphatic malformations

[54]. The success of rapamycin indicates that pharmacotherapeutic agents have potential to



improve outcomes in lymphatic diseases, possibly even in secondary lymphedema where
the causative mechanism is not clear.

The pathogenesis of lymphedema is incompletely understood, but advancements have
been made in studying the response of the lymphatic network following injury. It is well
known that lymphangiogenesis occurs following lymphatic injury, as VEGFC secreted by
both immune cells and stromal cells induces lymphatic growth and proliferation [55-58].
However, these new lymphatic branches are often dysfunctional and leaky in the context of
lymphedema, exacerbating the leakage of fluid out of the lymphatics into the interstitium
[12, 59, 60]. Multiple studies have attempted to use VEGFC therapy to induce lymphangio-
genesis in lymphedema in order to improve the drainage capability of the injured lymphatic
network [61-65]. These studies have shown some success in reducing swelling, but this
form of therapy also increases growth of dysfunctional lymphatics which can reduce the
therapeutic potential of VEGFC. A recent study has implicated PTEN, a downstream in-
hibitor of VEGFC signaling, as a potential target to increase lymphangiogenesis without
inducing off-target inflammation-induced effects and while improving the junctional sta-

bility of the growing lymphatic network [66].

The Immune Response in Wound Healing

The immune response during wound healing has been extensively studied, with particular
focus on elucidating the multiple mechanisms through which immune cells regulate the
tissue microenvironment during healing. The wound healing process normally consists
of hemostasis, inflammation, proliferation, and remodeling [67]. Neutrophils are the first
responders to the wound, responding to DAMPs (damage-associated molecular patterns)
and initiating the immune response. Macrophages are recruited by chemokines released
by neutrophils, and engulf cell debris and apoptotic neutrophils [68]. Macrophages have
been classically classified as either M1 (pro-inflammatory) or M2 (anti-inflammatory) sub-

types. However, more recent work has found that macrophages often express diverse func-



tions that are not fully encompassed by either classification [68, 69]. M1 macrophages are
known to release pro-inflammatory stimuli, such as cytokines (IL-1 and TNF-«) along with
growth factors (VEGFA and VEGFC). These macrophages aid in activating the adaptive
immune response while additionally promoting angiogenesis and lymphangiogenesis. M2
macrophages secrete cytokines such as IL-4 and IL-10, which promote resolution of the
immune response and stabilization of the epithelium and blood and lymphatic networks.
Macrophages also interact with epithelial cells and fibroblasts at the wound to promote
reepithelialization and skin repair [69]. Monocytes play an important role in the wound
healing response, differentiating to macrophages and DCs at the wound site. DCs capture
antigen at the site of the wound and migrate back to the dLLNs, presenting antigen to T cells
within the dLNs and activating the adaptive immune response. These initial responders
of the innate immune system drive many changes in the extracellular matrix (ECM) and
wound microenvironment that assist in the process of healing.

T cells are also known to play a role in the wound healing process. A particularly im-
portant subset of T cells are 70 resident dendritic epidermal T cells, which reside in the
epidermis and respond quickly following a wound [70]. The T-cell receptor (TCR) diver-
sity of vd T cells is particularly limited, as these resident epidermal T cells all express the
same TCR. This homogeneity allows these T cells to uniformly respond to damage signals
released by keratinocytes following a wound [70]. Following activation, these cells pro-
duce growth factors and TNF-a which help accelerate wound closure and reepithelializa-
tion [70]. In addition to these skin-resident T cells, regulatory T cells activated in dLNs and
recruited to the wound site also help regeneration and repair during healing [71]. Regula-
tory T cells importantly modulate the function of macrophages and neutrophils, preventing
excess inflammation and inducing secretion of anti-inflammatory cytokines and stabilizing
growth factors [71]. A study by Wang et al showed that the presence of CD4+ T cells at the
wound helped to reduce scarring and promote wound healing [72]. CD8+ cytotoxic T cells

alone did not significantly improve healing, however some studies have shown that CD4+ T



cells can also have cytotoxic effector function, revealing the diversity of T cell responses in
inflammation [72, 73]. Another study revealed that CD4+ T cells improve healing follow-
ing myocardial infarction, indicating the broad importance of T cells in the wound healing
immune response [74]. Many aspects of the complicated interplay between leukocytes and
the wound microenvironment during healing have been elucidated through various studies,
however recent improvements in transcriptomics and sequencing have revealed increased

complexity even within various leukocyte populations.

The Immune Response in Lymphedema

Recent research has highlighted the role the immune response plays in driving many as-
pects of lymphedema pathology. Various studies have shown that immune cells such as
macrophages, dendritic cells, and T cells infiltrate lymphedematous skin, both in human
samples and a variety of animal lymphedema models [59, 75-79]. Macrophages and T cells
specifically have been shown to produce enzymes (inducible nitric oxide synthase (iNOS)),
growth factors (VEGFC) and cytokines (TNF-«, 1L-4, IL-13) which affect lymphatic func-
tion and regulate lymphangiogenesis [59, 60, 75, 76, 80]. CD4+ T cells have been shown
to play a major role in lymphedema pathogenesis through regulation of VEGFC secretion

by macrophages, activation of DCs at sites of lymphatic injury, and fibrogenesis [75-77].

T Cells

T cells, specifically CD4+ T helper cells, have been shown to regulate lymphedema patho-
genesis through production of cytokines that influence lymphatic function and fibrogene-
sis. Avraham et al showed that lymphedematous tissue is characterized by both Th1 (CD4+
IFN-v+) and Th2 (CD4+ IL-13+ IL-4+) responses, and that knockout of CD4+ T cells in
a mouse model reduced lymphedema and accompanying fibrosis [75]. Interestingly, de-
pletion of CD8+ cytotoxic T cells did not result in reduced lymphedema, suggesting that

mechanisms driving lymphedema development are specific to the action of CD4+ T helper



cells [77]. Depletion of CD4+ T cells drastically reduced fibrosis as quantified via histo-
logical analysis of Scar index, type I collagen, and the collagen I/III ratio [77].
Interestingly, regulatory T cells (Tregs) (CD4+ CD25+ FoxP3+) are also increased in
lymphedematous tissue but depletion of these cells worsens the disease [77, 81]. In fact,
depletion of Tregs resulted in greatly increased inflammatory cytokine expression, includ-
ing IFN-~, IL-4, IL-13, TGFb1, and TNF-« [81]. Increasing Treg populations through both
IL-2 antibody mediated expansion and therapeutic transfer reversed the characteristics of
lymphedema, suggesting that anti-inflammatory approaches may have utility as potential
treatments for lymphedema [81]. A study by Nores et al has extended these results by
showing that Tregs drive abnormal adaptive immune responses following lymphatic injury,

and deletion of FoxP3+ Tregs can reverse some of these impaired responses [82].

B Cells

Few studies have investigated B cells and humoral immunity in the context of lymphedema
development. Thomas et al showed that humoral immunity is impaired in a genetic mouse
model where dermal lymphatics are completely ablated [83]. The lack of drainage to dLN's
resulted in reduced B cell responses to immunization, while T cell responses were delayed
but not significantly smaller [83]. The previously mentioned study by Nores et al investi-
gating the immunosuppressive effects of Tregs also showed that Tregs modulated antibody
production following lymphatic injury. Deletion of FoxP3 was sufficient to restore antibody
production to normal levels, indicating the interactions that various leukocyte populations
have during lymphedema progression [82]. Zampell et al showed that B cells are not sig-
nificantly increased in lymphedematous skin, so it is likely that most B cell functions are
regulated within dLLNs following lymphatic injury [77]. Further study is needed to bet-
ter understand the response of B cells within dLNs during lymphedema development and

functional changes that may occur within the B cell population.



Macrophages and Monocytes

Macrophages are known to significantly regulate inflammation via secretion of various cy-
tokines and proteins, including VEGFC, TNF-q, IL-1, IL-6, IL-8, and IL-12 [59, 84-87].
During lymphedema development, macrophages migrate to the site of lymphatic injury
and begin to produce these molecules which drive changes in lymphatic morphology, func-
tion, and fibrosis. Ogata et al showed that macrophages significantly upregulate VEGFC
following lymphatic blockage, and this increase in VEGFC production results in lymphan-
giogenesis of leaky, nonfunctional lymphatic vessels [59]. Interestingly, their results also
revealed that CD4+ T cells, mainly Thl and Th17 subtypes, modulated VEGFC secre-
tion by macrophages via production of IFN-y and IL-17 [59]. Another study showed that
macrophages in lymphedematous tissue are mainly anti-inflammatory M2 macrophages,
and depletion of these macrophages using a CD11b-DTR genetic mouse model actually
increased fibrosis and swelling [78]. Other reports have also shown the prevalance of
M2 macrophages within lymphedematous tissue [79]. The importance of macrophages in
driving tissue-level changes during inflammation and following lymphatic injury are well
established, however the function of macrophages within the dLNs during lymphedema
progression is not fully understood. Given the function of LN macrophages during viral in-
fection, it is possible that similar mechanisms occur during the inflammation characterizing
lymphedema progression [88].

Similarly to macrophages, monocytes have also been shown to increase in lymphede-
matous tissue as swelling and fibrosis develop [77, 79]. Differentiation of monocytes to
macrophages or DCs within tissues is one important mechanism of monocyte function
which likely affects the immune response in lymphedema [89-91]. Recent research has
elucidated a role for long-lived monocytes in trafficking to LNs and presenting antigen to
initiate adaptive immunity [92, 93]. Monocytes may initiate these same responses during

lymphedema development, but these mechanisms have not been fully investigated.
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Dendritic Cells

Multiple studies have shown that dendritic cells are increased in lymphedematous tissue
[76, 77]. Nores et al showed that DCs are activated at sites of lymphatic injury, migrate
to dLNs and activate T cell responses (primarily CD4+ helper T cells) which then exit the
LNs and migrate to tissue where they initiate fibrogenesis and excessive lymphangiogenesis
[76]. Several studies have showed that loss of dermal lymphatics decreases DC migration to
dLNs, suggesting that intact lymphatic pathways are necessary for mobilization of DCs to
LNs along with subsequent CD4+ T cell activation [83, 94]. Given that significant swelling
and fibrosis driven by CD4+ T cells is apparent in lymphedema models where all lymphatic
pathways are ablated, it is likely that multiple pathways for T cell activation by DCs are

involved in the progression of lymphedema.

Neutrophils

Neutrophils are the initial responders to inflammatory stimuli, clearing foreign particles and
antigen at the frontline of the innate immune system. In lymphedema, multiple studies have
shown increased neutrophil accumulation at sites of lymphatic injury [77, 79]. Multiple re-
ports have also investigated neutrophils within the LNs in the context of inflammation [95—
98]. Hampton et al report that neutrophils migrate to dLNs and initiate lymphocyte prolif-
eration following bacterial infection [99]. Interestingly, a study by Castell et al reveals that
neutrophils modulate CD4+ T cell activation following inflammation [100]. Other work
has shown that neutrophils reduce humoral immunity in LNs following bacterial infection
[98]. The mechanisms through which neutrophils influence the immune response during
lymphedema progression are not well understood, but the importance of neutrophil inter-
actions with lymphocytes and subsequent modulation of adaptive immunity suggest that

these mechanisms may also be involved in lymphedema pathology.
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Anti-Inflammatory Therapy for Lymphedema Treatment

Additionally, various anti-inflammatory therapies have shown promise in treating lym-
phedema. Tacrolimus, an immunosuppressive drug which inhibits calcineurin and down-
stream IL-2 production, has been used as a topical treatment for lymphedema in mice
and reduced tail swelling, immune infiltration, and improved lymphatic function following
lymphedema induction [101]. FTY720, a sphingosine-1-phosphate (S1P) receptor modu-
lator which prevents lymphocyte egress from lymph nodes, has also been shown to treat
lymphedema in mice [76]. Adoptive transfer of regulatory T cells also reduced swelling
in a mouse lymphedema model [81]. These studies show that targeting the inflammatory
mechanisms of lymphedema development is a promising strategy for the development of

lymphedema therapies.

Lymphatic Functional Response During Lymphedema

Other studies have investigated the functional response of collecting lymphatic vessels dur-
ing lymphedema. Modi et al showed that lymphatic pumping pressure, a measure of the
ability of a collecting lymphatic vessel chain to pump against an applied pressure, is re-
duced in lymphedema patients [26]. Unno et al also found that patients with leg lym-
phedema exhibited lower pumping pressure compared to healthy patients [102]. In a sheep
model of lymphatic ligation which did not result in tissue swelling, a vessel left intact
remodeled and pumped with increased contractile frequency and force generation in the
weeks following ligation of a parallel collecting vessel[103]. These studies have begun to
make the connection between changes in lymphatic function induced by lymphatic injury.

Interestingly, changes in collecting lymphatic vessel morphology have been observed
in both clinical lymphedema and animal models. Mihara et al showed that collecting lym-
phatic vessel morphology varied in patients with different stages of disease (from stage 0
to stage 3), with progressive sclerosis of collecting lymphatics observed in more severe

lymphedema (stage 2 and 3) [104]. Another study by Ogata et al investigated how smooth
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muscle cells surrounding lymphatic collecting vessels were affected during lymphedema,
revealing thickening of the vessel wall and increased smooth muscle actin (SMA) expres-
sion within the vessel wall in lymphedema patients [105]. These experiments have shown
that lymphedema development is characterized by remodeling of collecting lymphatic ves-
sels, with severe lymphedema resulting in complete sclerosis and dysfunction.
Computational models of lymphatic pumping have also shaped our understanding of
the response of lymphatic collecting vessels during lymphedema development. Caulk et
al developed a model of lymphatic response to force using data from biaxial active and
passive behavior of lymphatics [106]. This model was then coupled with a lumped param-
eter model describing lymphatic flow to begin to describe remodeling of collecting lym-
phatic vessels in the context of forces simulating the lymphedema microenvironment [107].
Razavi et al used a similar approach to describe the capacity of a chain of lymphangions to
pump against an adverse pressure gradient, which was verified using in vivo measurements
of lymphatic pumping pressure [108]. Other approaches have also been used to model
lymphatic contraction and the interaction between the fluid within the collecting lymphatic
vessel and the vessel itself [109]. These models have helped to expand understanding of

the mechanisms driving loss of lymphatic contractile activity during lymphedema.

1.2 Specific Aims

1.2.1 Specific Aim 1: Investigating Lymphatic System Contractile Function During Lymphedema

Development Using in vivo and in vitro Methodologies

Lymphedema is a disease characterized by lymphatic dysfunction, but the mechanisms
leading to the dysfunction of the intact lymphatic vasculature following lymphatic injury
are unclear. Pro-lymphangiogenic approaches are potential therapies for lymphedema, but
the functional response of the lymphatic system following pro-lymphangiogenic therapy
has been understudied. Given the necessity of active lymphatic contraction to properly

drain lymph from the extremities, both the growth of new lymphatic vessels and the proper
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function of the lymphatic network are needed to reverse the fluid buildup that occurs during
lymphedema.

In this aim, we hypothesize that lymphatic contractile function of the intact lymphatic
vasculature decreases as lymphedema progresses, and that this decrease in function corre-
lates with an increase in swelling of the affected limb. Additionally, we hypothesize that
two different pro-lymphangiogenic pathways (antagonism of LTB, production and inhibi-
tion of epsin function), also increase function in the intact lymphatic vasculature during
lymphedema progression. We aim to measure these changes in function using in vivo NIR

imaging, and ex vivo imaging of isolated contracting lymphatic collecting vessels.

1.2.2  Specific Aim 2: The Kinetics of Lymphatic Dysfunction and Leukocyte Expansion

in the Draining Lymph Node in a Mouse Model of Lymphedema

The immune response has been heavily implicated in lymphedema development. Leuko-
cytes, primarily T cells (both CD4+ helper T cells and CD25+ regulatory T cells) and
macrophages, have been shown to promote fibrosis, produce inhibitory cytokines, and in-
duce aberrant lymphangiogenesis. However, it is not well understood how immune cells
respond in lymph nodes draining the site of lymphatic injury during lymphedema progres-
sion. Additionally, LTB, is known to act as a chemoattractant, but its role in modulating
the immune response during lymphedema progression is not well characterized.

In this aim, we hypothesize that leukocytes will expand in dLN's following lymphedema
induction. In our model, where we leave an intact lymphatic collecting vessel during
surgery to induce lymphedema, we expect that the LN draining the intact lymphatic vessel
(intact vessel dLN) will experience more leukocyte expansion than the non-draining LN
(injured vessel dLLN). Additionally, we expect that LTB, antagonism via bestatin will re-
duce the immune response in the intact vessel dLN, increase drainage to the intact vessel

dLN, and decrease tail swelling following single vessel ligation surgery.
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CHAPTER 2
INVESTIGATING LYMPHATIC SYSTEM CONTRACTILE FUNCTION
DURING LYMPHEDEMA DEVELOPMENT USING IN VIVO AND IN VITRO
METHODOLOGIES (AIM 1)

2.1 Overview

Lymphedema is a disease characterized by lymphatic failure, however it is unclear how
lymphatic function changes in the intact lymphatic vasculature during lymphedema pro-
gression. Previous work has suggested that lymphatic function is lost during lymphedema
progression [26, 102]. However, the mechanisms driving these changes in lymphatic func-
tion are not well understood. Using a novel lymphedema model which leaves a pair of
intact collecting lymphatic vessels while inducing lymphedema progression via ligation of
the rest of the lymphatic network of the mouse tail, we aim to better understand the pro-
gressive loss of lymphatic function. Additionally, we use this model to test the potential
beneficial effects of previously described therapeutic pathways on lymphatic contractile
function. We show that LTB, antagonism via bestatin and epsin inhibition via a genetic
mouse model both improve lymphatic function during lymphedema progression. We then
attempted to more directly show the mechanism through which LTB, may affect lymphatic
function. Ex vivo and in vivo methods of measuring lymphatic function are used to directly
test the effect of LTB,4 and 5-LO signaling on collecting lymphatic vessel contractile func-
tion. Our results suggest that the benefits of LTB, antagonsim on lymphatic function are
likely not due to the direct effect of LTB, or 5-LO signaling metabolites on lymphatic func-

tion. This indicates that an indirect mechanism of LTB,, potentially through its effect on

! Adapted from Weiler at al [110] and Tian et al [111]
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immune cells, mediates its effect on lymphatic function. Our work shows that therapeutic
pro-lymphangiogenic pathways may also be targeted to increase lymphatic function during

lymphedema progression.

2.2 Motivation and Background

Lymphedema is a debilitating disease characterized by extensive swelling of the affected
limb, tissue fibrosis, and increased susceptibility to infection [50]. Lymphedema can oc-
cur following injury to the lymphatic system (such as lymph node removal during breast
cancer surgery), but only manifests in roughly 20% of breast cancer survivors and can
present even up to 5-10 years following the initial surgery [50]. It is thought that lymphatic
failure occurs gradually during lymphedema progression, with previous studies showing
that lymphatic pumping capacity is lower in lymphedematous limbs compared to normal
limbs [26, 102]. However, it is unclear how changes in mechanical forces and the inflam-
matory microenvironment affect lymphatic contractile transport during the progression of
lymphedema.

A variety of animal models are currently used to simulate lymphedema, including
lymph node removal, lymphatic ligation, and the commonly used mouse tail lymphedema
model [76, 79, 103, 112]. In the mouse tail lymphedema model, all lymphatics surround-
ing the tail are ligated, including both the initial and collecting lymphatic vessel networks.
This loss of lymphatic drainage capacity, induced by complete blockage of lymphatic flow,
quickly results in acute swelling of the tail. One benefit of this model is the rapid swelling
that occurs following the initial surgery, as other models such as lymph node removal re-
sult in minimal swelling. The swollen tail tissue also recapitulates many of the histological
hallmarks of lymphedema, including dermal thickening and lymphatic hyperplasia [79].
However, this swelling naturally resolves 2-3 months following the surgery, showing that
the full extent of clinical lymphedema is not captured by the model. Additionally, the

complete loss of lymphatic drainage is not representative of clinical lymphedema, where
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intact lymphatic pathways remain following initial damage to the lymphatic system (of-
ten through lymph node removal). A better lymphedema model is needed which retains
the swelling response observed following complete lymphatic blockage, but retains intact
lymphatic pathways.

In our work, we have developed a model we call the single vessel ligation lymphedema
model, which involves ligating one pair of collecting vessels and the majority of initial
lymphatics surrounding the tail, while leaving the other pair of collecting vessels intact.
Using this model, we have shown that lymphatic contractile function in the intact collect-
ing vessel decreases as lymphedema progresses [110]. This progressive loss of lymphatic
function sheds light on the response of the intact lymphatic vessel network following lymph
node removal which eventually leads to secondary lymphedema. Further questions remain,
including how changes in function of the intact vessel relate to differences in swelling
between individuals, and investigation of the mechanisms driving the observed change in
lymphatic function. Our model also allows for measurement of changes in lymphatic func-
tion in the context of various potential treatments for lymphedema.

Lymphangiogenic therapy has been studied and tested extensively as a potential treat-
ment for lymphedema [61-65]. Many of these studies have focused on the potential of
VEGFC as a master regulator of lymphangiogenesis, and have attempted to directly target
the VEGFC-VEGFR3 axis through direct injection of VEGFC protein, use of adenoviruses
with VEGFC DNA, or VEGFC mRNA approaches. These methods which attempt to di-
rectly modulate VEGFC have seen some success, but challenges remain given potential
off-target effects of exogenous VEGFC. Recent research has implicated two indirect path-
ways which affect lymphangiogenesis in the context of lymphedema. LTB,, a metabolite
of arachidonic acid, has been shown to be increased in lymphedematous skin and has a bi-
modal effect on lymphangiogenesis. At the high concentrations observed in lymphedema,
LTB, is anti-lymphangiogenic while at lower concentrations it is pro-lymphangiogenic

[111]. Epsins are proteins involved in degradation of ubiquinated cell surface proteins
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[113-115]. Epsins have been shown to regulate endocytosis of ubiquinated EGF recep-
tors and depleting epsins reduces tumor growth due to upregulation of VEGF signaling
[116, 117]. Deletion of epsins has been shown to increase lymphangiogenesis in the con-
text of diabetes and lymphedema through increased cell surface expression of VEGFR3
[118]. The lymphangiogenic mechanisms of these molecular pathways in the context of
lymphedema have been investigated, but the effect of modulating these pathways on lym-
phatic contractile function has not been studied. Given the importance of both increasing
lymphangiogenesis and function of the intact lymphatic vasculature in order to potentially
treat lymphedema, further analysis of any functional changes induced by these mechanisms
is needed.

This aim presents an investigation of lymphatic function in the context of lymphedema
development, both through in vivo imaging of lymphatic function and ex vivo testing of iso-
lated lymphatic vessel function. First, we report the relationship between lymphatic func-
tion and tail swelling in the single vessel ligation lymphedema model. We then describe
how various potential therapeutic molecular mechanisms, specifically LTB, and epsins,
modulate lymphatic function both in naive mice and during lymphedema progression. Our
findings show that lymphatic function and swelling are correlated as lymphedema devel-
ops in our model. Additionally, we show that both antagonism of LTB, using the drug
bestatin and deletion of epsins via a genetic mouse model improve lymphatic function as
measured by NIR imaging following single vessel ligation surgery but not in naive mice.
Further analysis of the effect of LTB, on lymphatic function, through exogenous applica-
tion to isolated lymphatic vessels and upregulation of the 5-LO pathway in vivo using an
adenovirus, suggest that an increase in 5-LO and LTB, alone is not sufficient to reduce

lymphatic function.
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2.3 Methods

2.3.1 Experimental Design

Bestatin treatment following double vessel ligation: NIR imaging was performed presurgery
and at 24 days following surgery. Bestatin was injected intraperitoneally daily starting on
day 3. Saline Control (n=4), Bestatin (n = 3). Bestatin treatment in naive mice: NIR
imaging was performed prior to beginning injections and then at weeks 1, 2, 3, and 4
following initial imaging. Bestatin was injected intraperitoneally daily following initial
imaging. Saline Control (n=4), Bestatin (n=4). Bestatin treatment following single ves-
sel ligation: NIR imaging was performed presurgery and at weeks 1, 2, 4, and 6 following
surgery. Bestatin was injected intraperitoneally daily starting on day 3. Saline Control (1W:
n=11, 2W: n=11, 4W: n=7, 6W: n=7), Bestatin (1W: n=9, 2W: n=9, 4W: n=5, 6W: n=5).
Testing effect of exogenous LTB, on ex vivo lymphatic contractile function: Collecting
lymphatic vessels were isolated from mouse flanks and cannulated within isolated vessel
chambers for testing. Varying concentrations of LTB, or vehicle control (ethanol) were
added to the vessel bath and the functional contractile response of the vessel was recorded.
LTB, (n=4), Ethanol (n=3). Testing effect of lyopholized or evaporated LTB, on ex
vivo lymphatic contractile function: Ethanol was removed from LTB, solution through
lyopholization or evaporation under argon prior to addition of the LTB, solution to the
vessel bath. LTB, was resuspended in PBS. Lyopholized LTB, (n=3), Evaporated LTB,
(n=5), PBS (n=4). In vivo treatment with AdLOXS or AdGFP adenoviruses: AdLOX5
or AAGFP adenovirus was injected intradermally into the tail and sacral LNs were har-
vested 2-3 weeks following injection. AAGFP (n=8), AAALOXS (n=4). NIR imaging was
used to quantify contractile lymphatic function in mice injected with AdLOXS or AdGFP
adenoviruses. AdGFP (n=5), AALOXS (n=6). NIR imaging following epsin deletion:
Mice were injected with tamoxifen intraperitoneally to induce deltion of epsin in LECs.

NIR imaging was used to quantify lymphatic function prior to epsin deletion and at days
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10 and 21 following deletion. Control (n=4), Epsin LEC-iDKO (n=4). Single vessel liga-
tion following epsin deletion: NIR imaging was performed presurgery and at weeks 1, 2,
4, 6, 8, and 10 following surgery. Tamoxifen injection and epsin deletion occurred prior to

surgery. Control (n=9), Epsin LEC-iDKO (n=13).

2.3.2 Immunohistochemistry

Tail sections were harvested at two weeks following lymphatic injury in the dominant ves-
sel ligation group. Tail sections were also harvested at two weeks in mice that underwent
double vessel ligation. Tissues were harvested distal and proximal to the site of injury.
These tissues were fixed in 10% neutral-buffered formalin, embedded in paraffin, and 5 um
sections were sliced for immunohistochemical analysis. For immunofluorescent staining,
sections were treated with sodium citrate in a 90 °C water bath for antigen retrieval. Non-
specific binding was blocked with 20% goat serum, 1% bovine serum albumin (BSA) and
79% PBS for one hour at room temperature. Sections were then incubated overnight at 4
°C with a hamster monoclonal anti-podoplanin (1:100, ab11936) primary antibody from
Abcam (Cambridge, MA). Sections were then incubated with a corresponding secondary
antibody (1:200, A21110) from Thermo Fisher Scientific for four hours at room tempera-
ture. A Zeiss LSM 700 confocal microscope was used to image slides after staining, and
analysis was performed on high-powered sections (20x) with at least 6 high-powered fields

(hpf) per animal.

2.3.3 NIR functional imaging

NIR lymphatic imaging was performed according to previously published methods. Briefly,
10 uLL of LI-COR IRDye 800CW PEG (LI-COR Biosciences, Nebraska, USA) was injected
intradermally into the tip of the tail for fluorescence imaging (the fluorophore was reconsti-
tuted according to manufacturer instructions for lymphatic imaging). An injection volume

of 10 uL. was chosen based upon past success in rodent models, so as to not overload the
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lymphatics with unnecessary fluid volume while at the same time providing enough tracer
for sufficient detection. The injection was given at an entry angle of approximately 10
degrees to an approximate depth of 1 mm to specifically target the lymphatic vasculature.
Care was taken to position the injection as close to the midline of the tail as possible to
avoid favoring one collecting vessel over the other. Images were taken with a customized
imaging system consisting of a Shutter Instruments Lambda LS Xenon arc lamp, an Olym-
pus MVX-ZB10 microscope, a 769 nm bandpass excitation filter (49 nm full-width half
maximum, FWHM), an 832 nm bandpass emission filter (45 nm FWHM), and an 801.5
nm longpass dichroic mirror. Images were acquired with a Photometrics Evolve Delta 512
EM-CCD. The field of view was centered on the mouse’s tail 7 cm downstream (towards
the base of the tail) from the injection site at the tip of tail. This location ensured that only
the downstream collecting lymphatics would be visualized. The small volume of fluid in-
jection and the use of NIR to enhance tissue penetration ensures that only fluorescence in
the deeper collecting lymphatics is visible downstream of the injection site. The animals
were imaged continuously from the time of injection until 20 minutes post-injection with
a 50 ms exposure time and a frame rate of 10 fps. Analysis of NIR functional metrics
was performed during the steady-state period ranging from 5-20 minutes after injection,
as defined previously. NIR functional measurements included a combination of previously
reported metrics and newly developed metrics for this model. Packet frequency, emptying
rate, and pumping pressure were measured and recorded as previously published. To mea-
sure lymphatic pumping pressure, a pressure cuff was placed around the tail, 6 cm from
the tip of the tail. The pressure was increased to 80 mmHg, held for 5 minutes, decreased
down to 55 mmHg, and lowered to 0 mmHg in increments of 2.5 mmHg for 5 seconds at
each pressure. Fluorescence intensity in the collecting vessel distal to the cuff was mea-
sured, and lymphatic pumping pressure was quantified as the pressure in the cuff when
intensity was halfway between its minimum and maximum value as flow resumed past the

cuff. Transport time was used to determine the identity of the dominant and nondominant
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collector, but was not used during time-course analysis of lymphatic function. Packet ve-
locity was also not used for functional analysis because the dynamics of mouse contractile

function, especially in the diseased cases, prevented reliable velocity measurements.

2.3.4 Surgical Lymphedema Model

We used the single vessel ligation model of lymphedema developed in our lab where a
pair of collecting vessels on one side of the mouse tail were left intact while the remaining
dermal initial lymphatics and collecting vessels were ligated and cauterized [110]. Eight-
week-old male and female C57B1/6 mice (Charles River Laboratories, Wilmington, MA,
USA) were used for this study according to procedures approved by the Georgia Institute of
Technology IACUC Review Board (Protocol # A100293 approved on 6 March 2019). All
animals were first anesthetized using inhaled isoflurane (5% induction, 2% maintenance).
All animals received incisions 1.6 cm from the base of the animal spanning 80-90% of
the circumference of the tail with particular care to standardize the incisions as much as
possible. All incisions were cauterized to prevent bleeding and fluid leakage. After the
surgical procedures, both collecting vessels were checked with NIR imaging to ensure they
were either severed or remained intact as appropriate. Previously, our group characterized
the lymphatic physiology of the tail as having a dominant and a nondominant collecting
vessel [33]. All surgeries done in this study involved ligation and cauterization of the

dominant collecting vessel.

2.3.5 Bestatin Treatment

Bestatin treatment started at three days after surgery, as a previous study showed that ben-
eficial effects of bestatin treatment were dependent on starting the treatment at this time
[111]. To make bestatin stock, bestatin (Cayman Chemical, Ann Arbor, MI, USA) was first
dissolved in DMSO at a 4 mg/mL concentration. Aliquots of 100 uL of this solution were

stored in -20 °C. Aliquots were diluted with 900 pL of sterile saline per aliquot prior to in-

22



jection. This bestatin solution was then administered through daily intraperitoneal injection
at a concentration of 2 mg/kg. The control group received daily intraperitoneal injections

of equivalent volumes of sterile saline without DMSO.

2.3.6 Isolated lymphatic vessel preparation

Mice were euthanized with CO2 gas and then flank lymphatic vessels were harvested. First,
the skin was cut open along the midline of the ventral side of the mouse and pulled away
from the flank to reveal the lymphatics under the skin. The fascia and adipose tissue was
cut away to reveal the flank lymphatics running parallel to the flank artery. A roughly 0.5
cm section of the collecting lymphatic vessel was removed from the tissue and cleaned of
remaining connective tissue. During the isolation, the area was kept moist with DPBS. The
vessel was then cannulated onto micropipettes within a isolated vessel chamber (Living
System Instrumentation, St Albans, VT; CH-1). Sutures were used to tie the vessel onto
the pipettes while taking care not to twist the vessel. The vessel system was then filled
with either PSS adjusted to a pH of 7.4 at 37°C or DMEM/F12 (ThermoFisher Scientific;

11039047).

2.3.7 Exvivo experimental setup

A previously described ex vivo perfusion system was used to control the average transmural
pressure of fluid within the isolated lymphatic vessel [119]. After the lymphatic vessel
had been cannulated within an isolated vessel chamber, the chamber was connected to
the perfusion system. Three-way valves connected to pressure transducers allowed for
measurement of pressure within the system on either side of the vessel. For our protocol, a
pressure step program was first used to acclimate the isolated vessel and allow it to begin
contracting. Average transmural pressure was held at 1, 3, 5, and 7 cmH2O for 3 minutes
at each pressure before returning to 3 cmH20O. Further analysis of lymphatic response to

LTB, was performed at a consistent 3 cmH20O transmural pressure. Video of the contracting
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lymphatic vessel was taken with a guppyPRO camera and a custom LabVIEW program
was used for diameter tracing in real time. Baseline lymphatic contraction was taken for 15
minutes at 3 cmH20 and LTB, or vehicle control was then added to the bath in increasing
concentrations (150 nM, 750 nM, and 1500 nM). Lymphatic contraction was then imaged
again for 15 minutes at each concentration.

For lyopholization of ethanol from the LTB, solution, 50 uL of LTB, solution was
frozen at -80°C and then placed in a Labconco Freezone Freeze Dry System overnight.
Following lyopholization, the LTB, was reconstituted in PBS and added to the vessel bath.
For evaporation of ethanol, 50 uL of LTB, solution was exposed to a stream of argon while
evaporation of the ethanol occurred. The LTB, was then reconstituted in PBS and added to

the vessel bath.

2.3.8 Adenovirus treatment in vitro

HVLECs were cultured on 6 well plates, with 1 mL of a 50 ug/mL collagen I solution in
0.1% acetic acid used to coat the well prior to seeding. EBM (with 20% FBS, 1% PSA, and
1% Glutamax) was used as media. One day after seeding, either GFP or ALOXS adenovirus
(Vector Biolabs) was added with fresh EBM at an MOI of 200 or 250. Cells were exposed
to the virus for 1-4 days and media was then changed. After one week of culture, cells were

either imaged for changes in GFP expression or harvested for RNA extraction for qPCR.

2.3.9 gPCR

RNA was extracted from culture HVLECs using the procedure outlined in the RNeasy Mini
Kit Handbook (Qiagen). Following RNA extraction, reverse transcription was used to pro-
duce cDNA. The Applied Biosystems High Capacity Reverse Transcription kit (4368814,
Thermo-Fisher Scientific) was used for reverse transcription. 13.2 uL of RNA from each
sample was added to 2 L of 10x RT Buffer, 0.8 uL. of 25x dNTP, 2 uLL of 10x RT Primer,

1 uL. of RNase Inhibitor, and 1 uL of RT enzyme. An Applied Biosystems Thermal Cycler
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was used to run the desired temperature sequence: 25°C (10 min), 37°C (120 min), 85°C
(5 min), and 4°C hold. Following reverse transcription, the Applied Biosystems Step One

Plus Real Time PCR System was used for qPCR of the cDNA.

2.3.10 Flow cytometry

Both the sacral LNs, which drain fluid from the tail, were harvested when mice were eu-
thanized. The LNs were stored in a 1 mg/mL Collagenase D solution (Sigma-Aldrich, St.
Louis, MO, USA) and incubated at 37 °C for 1 h for disassociation. We then pushed the
LNs through a 70 um cell strainer to create a single cell suspension. A CD16/32 antibody
blocking solution (Tonbo Biosciences, San Diego, CA, USA) was added for 5 min on ice.
After spinning down for 5 min at 350xg and decanting the liquid, Zombie Aqua live/dead
solution (BioLegend, San Diego, CA, USA) was added at room temperature for 30 min.
Following a wash step, multiple antibodies conjugated to fluorophores were added to the
suspensions for 30 min on ice. The antibodies used were APC anti-mouse F4/80 (1:40),
APC/Cyanine7 anti-mouse Ly6G (1:100), Brilliant Violet 421 anti-mouse/human CD11b
(1:33), Brilliant Violet 605 anti-mouse CD3 (1:40), Brilliant Violet 711 anti-mouse CD64
(1:40), Brilliant Violet 785 anti-mouse CD19 (1:40), PE anti-mouse [-A/I-E (1:40), PE/Cy7
anti-mouse CD206 (MMR) (1:50), and PerCP anti-mouse CD11c (1:40) (Bio-Legend, San
Diego, CA, USA). After labeling with antibodies, cells were fixed in a solution made up
of 50% Fixation Buffer (BioLegend, San Diego, CA, USA) and 50% PBS for 20 min-
utes at room temperature. Cells were then suspended in Intracellular Staining Perm Wash
Buffer (1X)(BioLegend, San Diego, CA, USA) and then stained with a Alexa Fluor 488
anti-mouse GFP antibody (1:20)(BioLegend, San Diego, CA, USA) for 20 minutes at room
temperature. The stained cells were then stored in Cell Staining Buffer (BioLegend, San
Diego, CA, USA) for analysis. A BD Fortessa Flow Cytometer was used to run the sam-
ples. UltraComp eBeads (Thermo Fisher Scientific, Waltham, MA, USA) were used for

single-stain compensation controls. BD FACSDiva was used to record results and FlowJo
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was used for all analysis of results.

2.3.11 Adenovirus treatment in vivo

Mice were injected intradermally at the tip of the tail with either 20 uL. of GFP or ALOXS5
adenovirus (Vector Biolabs) at a PFU of 1.2 * 10°. The AdGFP adenovirus was supplied
at 1.2 * 10* PFU/mL and 10 L of this solution was mixed with 10 uL of sterile saline for
each injection. The AJLOXS5 adenovirus was supplied at 5.0 * 10'® PFU/mL and 20 uL
of this solution was used for each injection. NIR imaging was performed 24 hrs prior to
adenovirus injection for baseline function, and at days 4, 7, and 14 following injection. All
adenovirus injections were performed in a fume hood and mice injected with adenovirus

were housed and handled using ABSL-2 precautions.

2.3.12 Epsin LEC-iDKO mice

Epn1fY1 ) Epn2=/= / Proxz1—Cre— ERT? (LEC-iDKO) mice were generated by crossing
Epn1/Y1 ) Epn2=/~ mice with Proxl — Cre — ER™ mice. Adult LEC-iDKO mice on
an epsin 2—null background were selectively ablated of epsin 1 in LECs by administering
4-hydroxytamoxifen at 8 to 10 weeks of age. Littermates without Proxl — Cre — ER™?

were used as controls. Genetic background was verified in all animals using PCR.

2.4 Results

2.4.1 Single vessel ligation lymphedema model mimics histological hallmarks of clinical

lymphedema

Tail sections were harvested at two weeks following lymphatic injury in the dominant ves-
sel ligation group. Tail sections were also harvested at two weeks in mice that under-
went double vessel ligation. Sections were harvested distal and proximal to the site of
injury. These sections were paraffin-embedded and sliced for immunohistochemical anal-

ysis. Immunohistochemistry (IHC) was used to stain for podoplanin, a lymphatic marker
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(Figure 2.1A-D). Sections distal to the wound in the double vessel ligation group showed
significantly increased lymphatic vessel area and perimeter compared to sections proximal
to the wound in both the single and double vessel ligation groups (Figure 2.1E,F). However,
sections distal to the wound in the double vessel ligation group showed no differences in
lymphatic vessel area and perimeter compared to sections distal to the wound in the single
vessel ligation group. These results show that the single vessel ligation lymphedema model
mimics the histopathological response seen in clinical lymphedema, specifically lymphatic

hyperplasia, at the timepoint of peak swelling.
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Figure 2.1: Single and double vessel lymphatic ligation result in lymphatic hyperplasia
following surgery. (A-D) Mouse tail sections harvested distal and proximal to the site of
lymphatic injury at two weeks following surgery were stained for podoplanin to determine
lymphatic vessel area and perimeter. Lymphatic vessel area and perimeter in double vessel
(DV) distal sections at two weeks were significantly increased compared to DV proximal
sections at two weeks and single vessel (SV) proximal sections at two weeks. There was
no significant difference between SV and DV distal sections at two weeks. (E,F) Quan-
tification of lymphatic vessel area and perimeter from sections shown in (A-D) (n = 2 per
group, at least 6 hpf per section).
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2.4.2 Lymphatic dysfunction as measured by packet transport correlates with increased

swelling under a variety of conditions

The surgical model of lymphedema proposed here results in a differential swelling response
due to the collecting vessel that is left intact. In order to test whether the extent of swelling
correlated with lymphatic function as measured by NIR fluorescence imaging, a hetero-
geneous group of mice were included in this study. This heterogeneity included variation
in gender, strain (BALB/c and C57BL/6), and diet (chow and high fat). To compare mice
with little swelling to those with significant swelling, two groups were categorized: mice
with less than 20 percent increase in maximum circumference and those with more than
20 percent increase in maximum circumference. In humans, lymphedema is often char-
acterized as a difference of 10 percent in volume between limbs; since this mouse model
of lymphedema results in larger relative swelling, 20 percent was chosen as the threshold.
As a point of reference, swelling in the double ligation model is typically around a 40-50
percent increase in max circumference at the peak of swelling. Mice that swelled greater
than 20 percent at any timepoint over the course of the ten-week study showed signifi-
cantly different swelling responses in the week after surgery compared to mice that never
swelled greater than 20 percent (Figure 2.2A), suggesting that it is either the surgery it-
self or the immediate response to surgery that drives the severity of swelling in this animal
model. This difference in swelling response was not significant in later weeks. There was
a significant difference in lymphatic pumping pressure between the two swelling groups (p
=0.0069), suggesting differences in lymphatic function correlate with changes in swelling
Figure 2.2B). Using the 20 percent swelling threshold, it was found that swelling negatively
correlated with packet transport in mice with increased swelling (n = 14, p = 0.045), while
there was no correlation between swelling and packet transport in mice with less swelling
(Figure 2.3A). It was also found that swelling did not correlate with packet frequency in
mice with increased swelling, while there was a negative correlation between swelling and

frequency in mice with less swelling (n = 4, p = 0.046) (Figure 2.3B). Although it is diffi-
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cult to say whether the swelling response leads to lymphatic dysfunction or these decreases
in lymphatic function drive swelling, these results show that the extent of swelling severity
is closely tied to changes in lymphatic function. The differences in the effect of swelling
on packet frequency and packet transport show that changes in packet frequency do not

necessarily reflect changes in overall transport capacity.
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Figure 2.2: Lymphatic pumping dysfunction is maintained after significant swelling. (A)
Plot shows the normalized tail circumference measured over ten weeks postsurgery be-
tween the two different swelling classifications. There is a significant difference in swelling
between the two groups at one-week postsurgery (p = 0.0013). (B) Plot shows nor-
malized pumping pressure compared between two different swelling classifications (less
than or greater than 20% swelling). The normalized pumping pressure measured in
mice with less than 20% swelling is shown to be significantly higher than in mice with
greater than 20% swelling (p = 0.0069). Values are normalized to presurgery baseline.
*(p < 0.05), (p < 0.01).

2.4.3 LTB, antagonism leads to improved tail anatomy and better lymphatic clearance

To evaluate the effects of LTB, antagonism on mouse tail lymphatic anatomy and func-
tion, we compared bestatin-treated groups with saline-treated lymphatic ablation surgery

controls. We quantified lymphatic function using a novel technology integrating a NIR
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Figure 2.3: Lymphatic collecting vessel function negatively correlates with swelling. (A,B)
Plots show the correlation between normalized tail circumference and normalized packet
transport (A) or normalized packet frequency (B) for two different swelling classifications
(Iess than or greater than 20% swelling). Values are normalized to presurgery baseline.
Data where swelling is less than 20% is shown in red while data where swelling is greater
than 20% is shown in blue. There is a significant negative correlation between normalized
packet transport and tail circumference when swelling is greater than 20% (A: R =0.11, p
= 0.045), and a significant negative correlation between normalized packet frequency and
tail circumference when swelling is less than 20% (B: R? = 0.07, p = 0.046).
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imaging system with a controlled pressure cuff to modulate lymph flow (11, 12). In the
bestatin-treated mice, NIR identified lymph flow successfully passed beyond the surgi-
cal wound and filled the proximal lymphatic collectors, whereas minimal NIR transporta-
tion was seen in the saline-treated lymphedema animals (Figure 2.4A, B). Extravasation of
Evans Blue dye proximal to the wound indicated increased permeability of the lymphatics
in the saline-treated group, which was attenuated by bestatin therapy (Figure 2.4C). These

results support the restorative effects of bestatin therapy after injury.
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Figure 2.4: Bestatin treatment improves tail anatomy and restores lymphatic function. (A)
Representative still photographs captured by a NIR imaging system with a controlled pres-
sure cuff. The collecting lymphatic function was tracked by imaging the transportation of
a NIR dye in the vessels. Collecting lymphatics and the surgical wound are marked. Direc-
tion of lymph flow from the distal to the proximal part of the mouse tail is indicated. Scale
bar, 500 mm; n =3.(B) Trafficking ability of collecting lymphatics as quantified by the rate
of NIR packet movement; n = 3; data are presented as means and SEM, Mann-Whitney test.
(C) Representative images showing extravasation of Evans Blue dye from the lymphatics
distal to the wound in the saline-treated mouse tail after lymphatic surgery; n = 3.
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2.4.4 LTB, antagonism does not affect lymphatic contractile function in naive mice

Given the effects that LTB, antagonism via bestatin had on lymphatic function in the dou-
ble vessel ligation model, we were interested in determining if LTB, antagonism affected
lymphatic function in naive mice. Mice were injected with bestatin using the previously
described methods and were treated daily for four weeks. Using NIR imaging to quantify
lymphatic functional metrics, we found that lymphatic contractile frequency, amplitude,
and transport were unchanged during bestatin treatment (Figure 2.5A-C). These results
suggest that the beneficial effect of bestatin treatment on lymphatic function in the double

vessel ligation model was likely due to the high levels of LTB4 found in lymphedema.
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Figure 2.5: Bestatin treatment does not affect lymphatic pumping in naive mice. Plots
show lymphatic functional metrics measured by NIR imaging during four weeks of daily
bestatin treatment or saline control. These metrics includ (A) lymphatic contractile fre-
quency, (B) lymphatic contractile amplitude normalized to intensity, and (C) lymphatic
contractile transport normalized to intensity. Saline Control (n=4), Bestatin (n=4).

2.4.5 LTB, antagonism improves lymphatic contractile function following single vessel

ligation
To determine how lymphatic pump function is altered due to bestatin treatment during
lymphedema progression when a lymphatic outflow pathway is still intact, we used NIR
imaging techniques that have been previously described [32, 33, 110, 120]. At 1W, 2W,

4W, and 6W following surgery to induce lymphedema, we injected a 20 kDa PEG molecule
conjugated to an 800IR CW NHS ester dye (LI-COR Biotechnology, Lincoln, NE, USA)
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intradermally into the mouse tail. Bestatin treatment started three days after surgery and
continued daily until the 6W timepoint. As the active contractions from lymphatic pump-
ing create intensity fluctuations, movement of these “packets” that are reflective of the
vessel stroke volume can be quantified using live NIR imaging. In so doing, we found that
lymphatic function as determined by measuring the lymphatic contractile transport of the
tracer normalized to the presurgery baseline was significantly increased at 2W in bestatin-
treated mice compared to the saline group (Figure 2.6A), an effect that was lost after 4W.
Other metrics, including lymphatic contractile frequency, amplitude, and pumping pres-
sure showed no significant change in bestatin-treated mice compared to the saline group

(Figure 2.6B-D).

24.6 LTB, does not affect ev xivo pumping function of isolated lymphatic collecting

vessels

Given the beneficial effects of LTB, antagonism on lymphatic contractile function in vivo
in various lymphedema models, we were interested in determining if LTB, directly affected
lymphatic contraction. To test this, we isolated lymphatic collecting vessels from the mouse
flank and cannulated the vessels on 75 um-100 um diameter pipettes in a specialized vessel
isolation chamber (Living System Instrumentation, St Albans, VT; CH-1). The chamber
was then connected to a pressure control system that allowed for precise control of the fluid
pressure within the isolated vessel. Baseline contractile function at a transmural pressure
of 3 cmH20 was quantified via video captured at 10 frames per second. LTB, was then
added exogenously to the vessel bath in increasing concentrations (150 nM, 750 nM, and
1500 nM) and video was captured for 15 minutes at each concentration. Equal volumes of
ethanol were used as a vehicle control as LTB, was supplied in an ethanol solution. Com-
pared to vehicle control, LTB,4 had no effect on frequency of contraction or fractional pump
flow while ethanol significantly reduced contraction amplitude and ejection fraction com-

pared to LTB, at the highest concentrations (Figure 2.7A-D), suggesting that LTB, may
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Figure 2.6: Bestatin treatment increases lymphatic contractile transport during lym-
phedema development. (A) Lymphatic contractile transport, (B) lymphatic contractile am-
plitude, (C) lymphatic contractile frequency, and (D) lymphatic pumping pressure mea-
sured from NIR imaging of in vivo lymphatic collecting vessel contraction at 1W, 2W, 4W,
6W timepoints. A mixed-effects model with Siddk’s multiple comparisons was used to
compare between treatments for each timepoint. Saline Control: 1W (n = 11), 2W (n =
11), 4W (n =7), 6W (n = 7); Bestatin: 1W (n =9), 2W (n =9), 4W (n =5), 6W (n = 5).
*(p < 0.05), (p < 0.01).
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actually mitigate the negative effects of ethanol on lymphatic contractility. This was an un-
expected result, as we had expected LTB, to decrease lymphatic function at high concentra-
tions given our observed in vivo effects of LTB, antagonism. To isolate the effects of LTB,
from those of ethanol, we attempted to remove ethanol from the LTB, solution through
two different methods; freezing the solution and lyopholizing the ethanol, and evaporation
of the ethanol under argon. The lyopholized or evaporated LTB, was then suspended in
PBS and added to the vessel bath at the highest previously tested concentration, 1500 nM.
Neither lyopholized nor evaporated LTB, affected lymphatic function (frequency, ampli-
tude, ejection fraction, or fractional pump flow) compared to PBS alone (Figure 2.8A-D).
Taken together, these experiments suggest that LTB, alone does not significantly modulate

lymphatic contractile function.

2.4.7 5-LO overexpression via adenovirus injection does not affect lymphatic contractile

function in vivo

To further determine if the 5-LO pathway of arachidonic acid metabolism was involved in
regulating lymphatic contraction, we aimed to overexpress 5-LO in vivo through use of an
adenovirus designed to transduce cells with the ALOXS (5-LO) gene. To first determine the
efficacy of the adenovirus, we tested two adenovirus constructs on HVLECs in vitro. The
control adenovirus vector, designed to induce GFP expression in target cells, significantly
increased GFP expression in cultured HVLECs at an MOI of 250 (Figure 2.9A-B). The
AdLOXS5 adenovirus did not induce fluorescent protein expression, so we used qPCR to
measure the expression of the ALOXS gene within the treated HVLECs. Cultured HVLECs
treated with AdLOXS adenovirus at an MOI of 200 showed significant increase in ALOXS
gene expression (Figure 2.9C). These results showed that transduction by the adenovirus
constructs was effective. We then injected mice intradermally in the tail with either the
AdGFP or AALOX35 adenovirus at 10° PFU. To measure the transduction efficiency of the

virus in vivo, we harvested sacral lymph nodes from treated mice two weeks after injection
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Figure 2.7: Exogenous LTB, does not affect contractile function of isolated lymphatic
collecting vessels. Lymphatic functional metrics were quantified from videos of isolated
lymphatic collecting vessels contracting while held at a transmural pressure of 3 cmH20.
Increasing concentrations of LTB, were added to the vessel bath (150 nM, 750 nM, and
1500 nM). Metrics shown here as a percent change from baseline at the tested concentra-
tions for (A) contraction frequency, (B) contraction amplitude, (C) ejection fraction, and
(D) fractional pump flow. LTB, (n = 4), Ethanol (n = 3). *(p < 0.05),* (p < 0.001).
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Figure 2.8: LTB, does not affect contractile function of isolated lymphatic collecting ves-
sels following removal of ethanol via lyopholization or evaporation. Ethanol was removed
from the LTB, solution via either lyopholization or evaporation. The remaining LTB, was
then resuspended in PBS and added to the vessel bath at a concentration of 1500 nM.
Lymphatic functional metrics shown here as a percent change from baseline at the tested
concentrations for (A) contraction frequency, (B) contraction amplitude, (C) ejection frac-
tion, and (D) fractional pump flow. PBS (n = 4), Lyopholized (n = 3), Evaporated (n =
5).
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and used flow cytometry to measure GFP expression of various leukocytes within the LNs.
We expected that the virus and the accompanying GFP transduction signal would end up
within the LNs as it would passively drain to lymph nodes through lymphatics along with
active transport via APCs that took up the virus. We found that B cells (CD19+) and
myeloid cells (CD3- CD19-) showed significant GFP expression in mice treated with the
AdGFP adenovirus compared to the AALOXS5 adenovirus, while T cells (CD3+) showed no
significant differences between the treatment groups (Figure 2.9D-E). This result matched
our hypothesis, as myeloid cells and B cells are known to directly interact with antigen (in
this case the adenovirus), while the T cells are activated by APCs. Taken together, our in
vitro and in vivo tests of the adenovirus show its effectiveness in transducing cells with the
desired ALOXS gene.

We then aimed to measure lymphatic contractile function in vivo following injection
of the ALOXS adenovirus. One day prior to intradermal injection of the GFP or ALOXS
adenovirus, we used NIR imaging as described previously to measure lymphatic func-
tion. Function was then measured on day 4, 7 and 14 following adenovirus injection. The
quantified metrics of lymphatic function (contractile frequency, amplitude, and transport)
showed no differences between GFP and ALOXS adenovirus-treated mice, suggesting that
overexpression of 5-LO is insufficient to significantly modulate lymphatic function (Fig-
ure 2.10A-C). Combined with our previous in vitro experiments, we conclude that increased

5-LO expression (and in turn, increased LTB,) does not directly affect lymphatic function.

2.4.8 5-LO overexpression via adenovirus injection does not affect immune response

within dLNs

Given the known chemoattractive role of LTB, for neutrophils and T cells, we were inter-
ested in determining if upregulation of 5-LO via adenovirus injection would influence the

immune response within the dLNs [121, 122]. To quantify leukocyte populations within the
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Figure 2.9: Adenovirus treatment induces GFP and ALOXS expression in vitro and in vivo.
Cultured HVLECcs were treated with either GFP or ALOXS adenovirus. GFP expression of
HVLEC: treated with GFP adenovirus at (A) MOI = 0 or (B) MOI = 250. (C) Fold change
of ALOXS gene as measured by qPCR from HVLECs treated with ALOXS adenovirus
at an MOI = 200. GFP or ALOXS5 adenovirus was injected intradermally into the mouse
tail at a PFU of 10° and sacral LNs were harvested for flow cytometry. (D) Number of
GFP+ cells for T cells (CD3+), B cells (CD19+), and myeloid cells (CD3- CD19-). (E)
% of parent cells which are GFP+ for T cells (CD3+), B cells (CD19+), and myeloid cells
(CD3- CD19-). GFP (n=8), ALOXS (n=4).
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Figure 2.10: Overexpression of 5-LO in vivo via ALOXS adenovirus treatment does not
affect lymphatic contractile function. NIR imaging was used to measure lymphatic con-
tractile function in mice treated with either GFP or ALOXS adenovirus. (A) Contractile
frequency, (B) contractile amplitude, and (C) contractile transport were all quantified at
days 4, 7, and 14 following adenovirus injection and normalized to baseline function. GFP
(n=5), ALOXS (n=6).
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dLNs, we used flow cytometry to identify T cells (CD3+), B cells (CD19+), CD11b+ cells,
monocytes (CD11b+ CD64+), macrophages (CD11b+ F480+), M1 macrophages (CD11b+
F480+ MHCII+), dendritic cells (CD11c+ MHCII+), and neutrophils (CD11b+ Ly6G+).
We observed no change in the frequencies of these cells within dLNs following AAALOXS
injection compare to the control AAdGFP vector (Figure 2.11). This data suggests that up-

regulation of 5-LO in vivo on its own does not alter the immune composition of LNs.
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Figure 2.11: Overexpression of 5-LO in vivo via ALOXS adenovirus treatment does not
affect immune response in dLNs. Flow cytometry was used to analyze leukocyte popula-
tions within dLNs. (A) T cell, (B) B cell, (C) CD11b+ cell, (D) monocyte, (E) macrophage,
(F) M1 macrophage, (G) dendritic cell, and (H) neutrophil frequencies of total leukocytes
within dLNs at 3 weeks after intradermal adenovirus injection. GFP (n=4), ALOXS (n=4).

2.4.9 Epsin LEC-iDKO mice do not have altered lymphatic contractile function

Following our studies testing the effect of LTB, and the 5-LO signaling pathway on lym-
phatic function, we aimed to extend these results by investigating how postnatal epsin de-
pletion, a known pro-lymphangiogenic mechanism, would affect lymphatic function in

vivo. A previous study by Wu et al has shown that postnatal epsin deletion increases
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lymphangiogenesis through reduction of VEGFR3 degradation [118]. As prenatal epsin
deletion results in the development of abnormal lymphatic valves, inducible deletion of
epsin postnatally was necessary to investigate how epsin deletion may influence the lym-
phatic response naively and in the context of injury [123]. To determine how epsins
may be involved in regulating lymphatic function, an inducible genetic knockout mouse
model designed to specifically delete epsins in LECs was used. This mouse model was
created by crossing Proxl — Cre — ERT? mice with Epn1//#'/ Epn2~/~ mice. Adult
Epn17V/# Epn2=/= / Proxl — Cre — ER™? (Epsin LEC-iDKO) mice were treated with
tamoxifen at 8-10 weeks of age to selectively delete epsin 1 in LECs (epsin 2 was already
constitutively deleted). Following tamoxifen treatment, NIR imaging was used to measure
function of the lymphatic vessels in the tail. Function was measured prior to tamoxifen
injection, and at days 10 and 21 following treatment. Lymphatic contractile frequency,
amplitude, and transport normalized to baseline function were not significantly changed
following tamoxifen treatment (Figure 2.12A-C), suggesting that epsins are dispensable

for normal lymphatic function in naive mice.
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Figure 2.12: Lymphatic contractile function is unchanged in Epsin LEC-iDKO mice. NIR
imaging was used to quantify (A) lymphatic contractile frequency, (B) amplitude, and (C)
transport normalized to baseline function at days 10 and 21 following tamoxifen treatment.
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2.4.10 Epsin LEC-iDKO mice have improved lymphatic contractile function following

single vessel ligation surgery

To determine if epsins are involved in regulating lymphatic function in the context of lym-
phatic injury and disease remodeling, we investigated changes in lymphatic function in
vivo following single vessel ligation surgery to induce lymphedema in Epsin LEC-iDKO
mice. NIR imaging was used to measure function of the intact lymphatic collecting vessels
at 1,2,4,6,8, and 10 weeks following surgery. Using a mixed-effects statistical model, we
found that lymphatic contractile transport normalized to pre-surgery function was signifi-
cantly increased in Epsin LEC-iDKO mice compared to control mice (p = 0.0495). Addi-
tionally, the interaction between time and transport was also significantly different in Epsin
LEC-iDKO mice, suggesting that the change in transport over time is different between
the two groups (p = 0.0359). There was also a significant difference for the interaction
between time and lymphatic contractile amplitude normalized to pre-surgery function (p
= (0.0432). Lymphatic contractile frequency showed no differences between Epsin LEC-
iDKO and control mice. When specific timepoints were analyzed, transport was signifi-
cantly increased 4 weeks after surgery in Epsin LEC-iDKO mice. Other metrics (frequency,
amplitude) were not significantly changed at any specific timepoint (Figure 2.13A-C). This
data suggests that epsin deletion increases function in the intact collecting lymphatic ves-
sels as remodeling occurs following lymphatic injury. The increase in amplitude and trans-
port while frequency is unchanged also indicates that epsin deletion during lymphedema
improves the overall pumping capacity of the lymphatics without affecting the frequency

of contraction.
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Figure 2.13: Epsin LEC-iDKO mice exhibit increased lymphatic contractile function fol-
lowing single vessel ligation surgery. NIR imaging was used to quantify (A) lymphatic
contractile frequency, (B) amplitude, and (C) transport normalized to baseline function
at 1,2,4,6,8, and 10 weeks following single vessel ligation surgery. Control (n=9), Epsin
LEC-iDKO (n=13).

2.5 Discussion and Future Work

2.5.1 Loss of lymphatic function in lymphedema correlated with swelling

Changes in lymphatic function during lymphedema progression have been previously re-
ported, both in various animal models and in humans. In animal models, these changes
have primarily been reported in the context of full lymphatic ablation, leaving no intact
functional collecting vessels. Thus, the lack of lymphatic function in these models is un-
surprising as this is an intended consequence of the surgery to induce lymphedema. In
humans, lymphatic function has primarily been measured in patients who have already
developed lymphedema. These patients often have dysfunctional and tortuous lymphatic
vessels, and lymphatic pumping pressure in lymphedematous limbs has also been reported
to be decreased compared to healthy individuals [26, 102, 124]. A previous study has
also indicated that higher baseline lymphatic pumping pressure may predispose patients to
eventual lymphedema development following lymph node removal to treat breast cancer
[125]. Our data suggests that swelling progression is linked with the measured loss of con-

tractile function in the intact collecting lymphatics following single vessel ligation. This
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loss of lymphatic function is shown through chronic reduction in both lymphatic contractile

transport and pumping pressure.

2.5.2 LTB, antagonism improves lymphatic function in lymphedema, but increased LTB,

or 5-LO signaling alone does not affect lymphatic function

Antagonizing LTB, production via bestatin has been shown to reduce swelling in the dou-
ble vessel ligation mouse tail lymphedema model [111]. These beneficial effects have been
mainly attributed to the pro-lymphangiogenic mechanism of reducing LTB, concentration
in lymphedematous tissue. Our work adds to these results by showing that bestatin treat-
ment increases lymphatic contractile function, both in the double vessel and single vessel
ligation lymphedema models. Importantly, full ligation of the mouse tail lymphatic net-
work is not necessary to observe the beneficial effects of LTB, antagonism on lymphatic
function. Additionally, LTB, antagonism does not improve lymphatic function in naive
mice, indicating that increased LTB, concentration in lymphedema at least partially re-
duces lymphatic function. These results suggest that LTB, modulates lymphatic function
in the context of lymphedema, either through direct action on collecting lymphatic vessels
or through some other indirect action.

Given the observed increase in lymphatic function following bestatin treatment in the
context of lymphedema, we aimed to determine if there was a direct effect of LTB, on lym-
phatic contractile function. We expected that high concentrations of LTB, would inhibit
lymphatic contraction ex vivo. Through testing various concentrations of LTB, on isolated
mouse lymphatic collecting vessels, we found that LTB, actually reduced lymphatic func-
tion less than vehicle control at the highest concentration (1500 nM). The vehicle control
(ethanol) reduced lymphatic function by itself, so we attempted to remove ethanol from
the LTB, solution to isolate the effect of LTB,. Two methods, lyopholization and evap-
oration under argon, were used to remove ethanol from the solution. The resuspended

LTB, showed no effect on lymphatic contraction compared to PBS control when added di-
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rectly to the vessel bath of contracting isolated lymphatic collecting vessels. These results
were surprising to us, given that LTB, antagonism had successfully increased lymphatic
function in vivo in the context of lymphedema, where LTB, concentration is high. Given
that exogenous LTB, did not directly effect lymphatic function ex vivo, we suspected that
LTB, modulated lymphatic function through an indirect mechanism, potentially mediated
by immune cells.

We overexpressed the 5-LO gene in vivo through use of the AJALOXS adenovirus in
order to determine if increased 5-LO signaling (upstream of LTB, production) was suffi-
cient to modulate lymphatic contractile function. We hypothesized that up-regulation of
5-LO signaling would decrease lymphatic function in vivo, most likely through an indirect
immune cell-mediated mechanism given the fact that LTB, did not affect function in iso-
lated lymphatic vessels. However, injection of the AJALOXS adenovirus into the mouse
tail did not change lymphatic function in the tail compared to a control GFP adenovirus
over two weeks following injection. The combined ex vivo and in vivo data suggest that
increasing 5-LO signaling or LTB4 concentration alone is not sufficient to significantly af-
fect lymphatic function. The beneficial effects of LTB, antagonism on lymphatic function
in the context of lymphedema are thus likely a product of the unique lymphedema micro-
environment rather than an effect solely mediated through LTB,. Further study is needed to
better understand the mechanisms driving loss of lymphatic function during lymphedema
progression, both mechanical changes induced through tissue remodeling and immune cell-

mediated changes induced through secretion of various cytokines and tissue factors.

2.5.3 Postnatal epsin deletion improves lymphatic function only in the context of lymphatic

injury
Our study of LTB, indicated that a potential lymphedema therapy predicated on its pro-

lymphangiogenic mechanism may also improve lymphatic function. We extended this find-

ing by analyzing changes in lymphatic function in the context of another pro-lymphangiogenic
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therapy, inhibition of epsin signaling. To completely inhibit epsin signaling, we used a in-
ducible lymphatic-specific epsin depletion genetic mouse model. This approach allowed
us to deplete epsin via tamoxifen injection in adult mice, removing any potential negative
effects of epsin depletion in prenatal mice on lymphatic development. Previous work has
shown that depleting epsins in the context of diabetes improves lymphangiogenesis through
its regulation of VEGFR3 degradation [118]. Here, we show that epsin depletion improves
lymphatic function following single vessel ligation surgery, but not in naive mice. This
result adds to our bestatin data in showing that pro-lymphangiogenic mechanisms may also
have a beneficial effect on lymphatic contractile function in the context of disease. Epsins
are involved in degradation of many ubiquinated cell surface proteins, so the exact mecha-
nism through which epsin depletion affects lymphatic function still needs to be elucidated.
Previous experiments have shown that activation of VEGFR3 does affect lymphatic func-
tion, suggesting that the regulation of VEGFR3 degradation by epsins may be one potential
mechanism modulating lymphatic function [126, 127]. Further study can elucidate cellu-
lar mechanisms and signaling pathways involved in modulating the functional response of

lymphatic collecting vessels.

2.5.4 Conclusion

Using NIR imaging techniques, we were able to measure how lymphatic contractile func-
tion changed during lymphedema progression and correlate these functional changes with
the swelling response. The single vessel ligation model provided a more clinically relevant
platform to both investigate changes in the intact lymphatic vasculature during lymphedema
development and to test the functional response of the lymphatic network to potential ther-
apeutic mechanisms. Two pro-lymphangiogenic mechanisms, LTB, antagonism and epsin
deletion, were shown to increase lymphatic function following lymphatic injury. Inter-
estingly, metrics related to lymphatic pump capacity, such as contractile amplitude and

transport, showed significant increase while frequency of contraction was unchanged for
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both treatments. These therapeutic approaches only improved lymphatic function in the
context of lymphatic injury, suggesting that their respective targets (LTB,4 and epsin) mod-
ulate lymphatic function only in the lymphedema microenvironment. Further analysis of
the effect of LTB, and 5-LO signaling on lymphatic pump function through isolated lym-
phatic vessel tests ex vivo and adenovirus-induced overexpression of 5-LO in vivo showed
no effect of these molecules directly on lymphatic function. Future studies should further
investigate how the lymphedema microenvironment, including both the immune response
and changes in lymphatic morphology, may influence the response of collecting lymphatics

to potential therapeutic treatments.
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CHAPTER 3
THE KINETICS OF LYMPHATIC DYSFUNCTION AND LEUKOCYTE
EXPANSION IN THE DRAINING LYMPH NODE IN A MOUSE MODEL OF
LYMPHEDEMA (AIM 2)

3.1 Overview

The mechanisms of lymphedema development are not well understood, but emerging evi-
dence highlights the crucial role the immune system plays in driving its progression. It is
well known that lymphatic function deteriorates as lymphedema progresses; however, the
connection between this progressive loss of function and the immune-driven changes that
characterize the disease has not been well established. In this study, we assess changes
in leukocyte populations in lymph nodes within the lymphatic drainage basin of the tissue
injury site (dLNs) using a mouse tail model of lymphedema in which a pair of draining
collecting vessels are left intact. We additionally quantify lymphatic pump function using
established NIR lymphatic imaging methods and lymph-draining NPs synthesized and em-
ployed by our team for lymphatic tissue drug delivery applications to measure lymphatic
transport to and resulting NP accumulation within dLNs associated with swelling following
surgery. When applied to assess the effects of the anti-inflammatory drug bestatin, which
has been previously shown to be a possible treatment for lymphedema, we find lymph-
draining NP accumulation within dLLNs and lymphatic function to increase as lymphedema
progresses, but no significant effect on leukocyte populations in dLNs or tail swelling.
These results suggest that ameliorating this loss of lymphatic function is not sufficient to

reverse swelling in this surgically induced disease model that better recapitulates the ex-

! Adapted from Cribb et al [128]
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tent of lymphatic injury seen in human lymphedema. It also suggests that loss of lymphatic
function during lymphedema may be driven by immune-mediated mechanisms coordinated
in dLNs. Our work indicates that addressing both lymphatic vessel dysfunction and im-
mune cell expansion within dLNs may be required to prevent or reverse lymphedema when

partial lymphatic function is sustained.

3.2 Motivation and Background

Lymphedema is a debilitating disease that affects millions of people around the world and
is characterized by tissue fibrosis, limb swelling, and recurrent soft tissue infections [50].
There are currently no pharmacological treatments for lymphedema; however, the immune
response has been heavily implicated in lymphedema development. A variety of leuko-
cytes, including T cells, macrophages, dendritic cells, and neutrophils, are increased in
lymphedematous skin and have been shown to contribute to fibrogenesis, lymphatic hy-
perplasia, and lymphatic dysfunction [59, 75, 78, 79, 129, 130]. These leukocytes secrete
cytokines and proteins, including TNF-«, TGF-£, iNOS, IL-1, and IL-6, which drive fibro-
sis and lymphatic dysfunction through their interactions with stromal cells and surrounding
tissue [59, 84-87].

Previous reports have focused primarily on studying leukocyte infiltration into lym-
phedematous tissue to explain their effects on the existing lymphatic vasculature and the
resultant swelling. Few studies have examined how leukocyte populations in downstream
LNs respond during lymphedema. Garcia Nores et al. found that CD4+ T cells are activated
by dendritic cells in regional LNs and migrate to the site of injury to initiate lymphedema
[76]. Leukocyte populations within LNs draining the skin of mice lacking dermal lym-
phatic vessels were also previously reported in genetic models of disease [83, 94]. To our
knowledge, no studies have investigated how multiple leukocyte populations in the dLNs
change as swelling worsens during lymphedema progression, however, which is of key

clinical importance since the onset of lymphedema is a delayed process and fluid at the site
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of disease onset is continuously drained to downstream LNs [131].

Multiple studies have identified possible treatments for lymphedema that target various
immune-mediated changes that characterize the disease [81, 101, 132]. One such possible
treatment is bestatin, a drug which antagonizes the production of LTB,, a lipid mediator
of inflammation and a metabolite of arachidonic acid [133]. A previous study found that
bestatin treatment reduced swelling and improved lymphatic function in a mouse model
of lymphedema through the drug’s antagonism of LTB,, which is elevated in lymphedema
both in mouse models and clinically and has strong anti-lymphangiogenic effects at high
concentrations [111]. The culmination of these various studies strongly suggests that both
impaired lymphangiogenesis and leukocytes, including T cells and macrophages, drive tis-
sue fibrosis and lymphatic dysfunction during lymphedema development.

Many previous studies of lymphedema used the mouse tail double vessel ligation model
where all initial and collecting lymphatics in the tail are blocked due to circumferential lig-
ation of lymphatics encircling the tail [12, 61]. This model results in minimal fluid and
leukocyte uptake to the dLNs after the injury due to the complete blockage of lymph out-
flow from the lymphedema site. However, in human lymphedema, many drainage pathways
from the affected limb are still intact, suggesting that drainage does not need to be fully in-
hibited for lymphedema to develop. An adaptation of this lymphedema model developed
previously by our lab, the single vessel ligation model, leaves a pair of collecting lymphatic
vessels intact while ligating the other initial and collecting lymphatic vessels. This proce-
dure leaves an intact drainage pathway on one side of the tail while the other pathway is
completely blocked, but the progression of lymphedema in this model mirrors the typical
mouse tail model even though an intact drainage pathway exists [110].

This study presents a detailed analysis of time-varying changes in LN leukocyte pop-
ulations during lymphedema using this single vessel ligation model. In so doing, both the
immune response within the dLN in lymphedema and how flow into the LN may mod-

ulate these changes were simultaneously delineated. Moreover, we utilize this model to
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explore the kinetics of transport, swelling, and immune cell populations within the dLN's
in the context of LTB, antagonism with bestatin. Our findings demonstrate that leuko-
cyte populations extensively expand in dLNs following lymphedema induction, and this
increase in LN leukocyte populations is correlated with accumulation of NPs draining the
injury site within the dLNs. Additionally, we show that treatment with bestatin increases
lymphatic contractile transport and NP accumulation during lymphedema progression but
does not reduce the observed leukocyte expansion in the dLNs or the tail swelling response

characteristic of lymphedema.

3.3 Methods

3.3.1 Surgical Lymphedema Model

We used the single vessel ligation model of lymphedema developed in our lab where a
pair of collecting vessels on one side of the mouse tail were left intact while the remaining
dermal initial lymphatics and collecting vessels were ligated and cauterized [110]. Eight-
week-old male and female C57B1/6 mice (Charles River Laboratories, Wilmington, MA,
USA) were used for this study according to procedures approved by the Georgia Institute of
Technology IACUC Review Board (Protocol # A100293 approved on 6 March 2019). All
animals were first anesthetized using inhaled isoflurane (5% induction, 2% maintenance).
All animals received incisions 1.6 cm from the base of the animal spanning 80-90% of the
circumference of the tail with particular care to standardize the incisions as much as possi-
ble. All incisions were cauterized to prevent bleeding and fluid leakage. After the surgical
procedures, both collecting vessels were checked with NIR imaging to ensure they were
either severed or remained intact as appropriate. Previously, our group characterized the
lymphatic physiology of the tail as having a dominant and a nondominant collecting vessel
[33]. All surgeries done in this study involved ligation and cauterization of the dominant
collecting vessel. In this manuscript, the LN downstream of the dominant collecting vessel

is referred to as the injured vessel dLN while the LN downstream of the nondominant col-
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lecting vessel is referred to as the intact vessel dLN. Mice were euthanized at 2 days (n =

14), 1 week (n = 16), 2 weeks (n = 21), and 3 weeks (n = 15) after surgery.

3.3.2 Flow Cytometry

Both the sacral LNs, which drain fluid from the tail, were harvested when mice were eu-
thanized at 2 days, 1 week, 2 weeks, and 3 weeks after surgery. The LNs were stored in
a 1 mg/mL Collagenase D solution (Sigma-Aldrich, St. Louis, MO, USA) and incubated
at 37 °C for 1 h for disassociation. We then pushed the LNs through a 70 um cell strainer
to create a single cell suspension. A CD16/32 antibody blocking solution (Tonbo Bio-
sciences, San Diego, CA, USA) was added for 5 min on ice. After spinning down for 5
min at 350xg and decanting the liquid, Zombie Green live/dead solution (BioLegend, San
Diego, CA, USA) was added at room temperature for 30 min. Following a wash step, mul-
tiple antibodies conjugated to fluorophores were added to the suspensions for 30 min on
ice. The antibodies used were APC anti-mouse F4/80 (1:40), APC/Cyanine7 anti-mouse
Ly6G (1:100), Brilliant Violet 421 anti-mouse/human CD11b (1:33), Brilliant Violet 510
anti-mouse Ly6C (1:100), Brilliant Violet 605 anti-mouse CD3 (1:40), Brilliant Violet 711
anti-mouse CD64 (1:40), Brilliant Violet 785 anti-mouse CD19 (1:40), PE anti-mouse I-
A/I-E (1:40), PE/Cy7 anti-mouse CD206 (MMR) (1:50), and PerCP anti-mouse CD11c
(1:40) (Bio-Legend, San Diego, CA, USA). After labeling with antibodies, 2% PFA was
added for 15 min on ice to fix the cells. The stained cells were then stored in FACS buffer
(10 mg/mL BSA in PBS) for analysis. A BD Fortessa Flow Cytometer was used to run the
samples. UltraComp eBeads (Thermo Fisher Scientific, Waltham, MA, USA) were used for
single-stain compensation controls. BD FACSDiva was used to record results and FlowJo
was used for all analysis of results. Our flow panel did not include a stain for CD45, so
leukocytes were defined as CD3+/CD19+4/CD11b+/CD11c+/Ly6C+. The gating strategy
implemented in FlowJo is shown in Figure 3.1. Using these same methods, we analyzed T

cell subpopulations using the following antibodies: APC anti-mouse CD4 (1:100) and PE
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anti-mouse CD8a (1:100) (BioLegend, San Diego, CA, USA). The gating strategy for the

analysis of T cell subpopulations is shown in Figure 3.2.

3.3.3 Tail Swelling

Tail swelling was measured prior to surgery and when mice were euthanized. Tail images
were taken using an iPhone camera with a ruler adjacent to the tail to provide a measure-
ment reference and ImageJ was used to quantify swelling. The diameter of the tail was
measured at Smm to 10 mm increments along the tail starting at the site of injury. The
truncated cone method was used to determine the total volume of the tail given the diame-
ters along its length. Percent volume change was measured by comparing the tail volume

at endpoint to the volume prior to surgery.

3.3.4 Nanoparticle Synthesis and Characterization

SH-NP were synthesized as previously described [134—138]. Briefly, 500 mg of Pluronic
F127 (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 10 mL of MilliQ water to
form micelles. Under argon, 400 uL of propylene sulfide (TCI, Tokyo, Japan) was added
and stirred for 30 m before the addition of 14 mg of thiolated initiator activated for 15 m
in 322 pLL of sodium methoxide (Sigma-Aldrich, St. Louis, MO, USA) [47]. After 15 m,
64 uL of 1,8-diazabicyclo[5.4.0] undec-7-ene was added, and the solution was capped and
reacted for 24 h while stirring at 1500 rpm. The reaction was then uncapped and exposed
to air for 2 h, then dialyzed in a 100 kDa membrane (Spectrum Labs, New Brunswick,
NJ, USA) against 5 L of MilliQ water for 3 d with 6 water changes. NP were dye labeled
by overnight reaction with an excess of IRdye 680RD maleimide (LI-COR, Lincoln, NE,
USA) in 1X PBS, and excess dye was removed by size exclusion chromatography using
Sepharose CL-6B resin (GE Healthcare, Chicago, IL, USA). NP were concentrated by spin
filtration and sterile filtered through a 0.2 um filter. NP diameter was measured using a

Malvern ZetaSizer instrument. Characterization of these NPs is shown in Figure 3.3.
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Figure 3.1: Gating strategy for flow cytometry analysis. The gating strategy to clas-
sify the following leukocyte subsets: T Cells (CD3+), B Cells (CD19+), Myeloid
cells (CD11b+), Dendritic cells (CD11c+ MHCII+), Monocytes (CD11b+ CD64+),

Macrophages (CD11b+ F480+) including M1 (MHCII+) and M2 (CD206+) polarization,
and Neutrophils (CD11b+ Ly6G+).
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Figure 3.2: Gating strategy for flow cytometry analysis of T cell subpopulations. The gating
strategy to classify T helper cells (CD3+ CD4+) and cytotoxic T cells (CD3+ CD8+).
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Figure 3.3: Characterization of NPs labeled with IRdye 680RD (680RD-NP). (A) Elu-
tion profile of 680RD-NP from a CL-6B size exclusion chromatography column. Separate
peaks for 680RD-NP and unconjugated 680RD clearly emerge, allowing for cleaning and
isolation of NP fractions. (B) NP diameter, measured by dynamic light scattering.
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3.3.5 Nanoparticle NIR Functional Analysis

A total of 10 uLL of 680-NPs were injected intradermally into the mouse tail tip while the
mouse was under anesthesia 24 hrs prior to euthanasia. After euthanasia, the sacral LNs
draining the mouse tail were harvested and placed into a black 96-well plate. The LNs were
then imaged using a customized imaging system consisting of a Sutter Instrument Lambda
LS Xenon arc lamp (Sutter Instrument, Novato, CA, USA), an Olympus MVX-ZB10 mi-
croscope (Olympus Life Science, Waltham, MA, USA), a 650 nm bandpass excitation fil-
ter (45 nm full-width half maximum, FWHM), a 720 nm bandpass emission filter (60 nm
FWHM), and a 685 nm longpass dichroic mirror. Images were acquired with a Photomet-
rics Evolve Delta 512 EM-CCD (Teledyne Photometrics, Tuscon, AZ, USA). The two LNs
were imaged in the same field of view using 1x magnification and an exposure time of
50 ms.

Multiple metrics were used to quantify fluorescence in the LNs. The maximum fluo-
rescence of the LN was quantified as the maximum fluorescence value within the LN. The
normalized mean fluorescence was quantified as the mean fluorescence within the LN sub-
tracted by the mean background fluorescence of a window 50 pixels by 50 pixels located
away from the LN. The normalized sum of fluorescence was calculated as the normalized

mean fluorescence multiplied by the area of the LN in pixels.

3.3.6 Bestatin Treatment

Bestatin treatment started at three days after surgery, as a previous study showed that ben-
eficial effects of bestatin treatment were dependent on starting the treatment at this time
[111]. To make bestatin stock, bestatin (Cayman Chemical, Ann Arbor, MI, USA) was first
dissolved in DMSO at a 4 mg/mL concentration. Aliquots of 100 uL of this solution were
stored in -20 °C. Aliquots were diluted with 900 pL of sterile saline per aliquot prior to in-
jection. This bestatin solution was then administered through daily intraperitoneal injection

at a concentration of 2 mg/kg. The control group received daily intraperitoneal injections of
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equivalent volumes of sterile saline without DMSO. Bestatin-treated mice were euthanized

at IW (n=15), 2W (n = 18), and 3W (n = 12) after surgery.

3.3.7 NIR Lymphatic Functional Analysis

NIR lymphatic imaging was performed according to previously published methods [32, 33,
110, 120]. LI-COR IRDye 800CW NHS Ester (LI-COR Biosciences, Lincoln, NE, USA)
was conjugated to 20 kDa methoxypolyethylene glycol amine (Simga-Aldrich, St. Louis,
MO, USA) and stored as lyophilized aliquots at -20 °C. After reconstitution in saline, 10 uL.
of this tracer was injected intradermally into the tip of the tail for fluorescence imaging. The
injection was given at an entry angle of approximately 10 degrees to an approximate depth
of 1 mm to specifically target the lymphatic vasculature. Care was taken to position the
injection as close to the midline of the tail as possible to avoid favoring one collecting ves-
sel over the other. Images were taken with a customized imaging system consisting of a
Sutter Instrument Lambda LS Xenon arc lamp (Sutter Instrument, Novato, CA, USA), an
Olympus MVX-ZB10 microscope (Olympus Life Science, Waltham, MA, USA), a 769 nm
bandpass excitation filter (49 nm full-width half maximum, FWHM), an 832 nm bandpass
emission filter (45 nm FWHM), and an 801.5 nm longpass dichroic mirror. Images were
acquired with a Photometrics Evolve Delta 512 EM-CCD (Teledyne Photometrics, Tuscon,
AZ, USA). The field of view was centered on the mouse’s tail at the site of injury. This
location ensured that both the intact collecting vessel and the injury site could be viewed.
The small volume of fluid injection and the use of NIR to enhance tissue penetration en-
sured that only fluorescence in the deeper collecting lymphatics was visible downstream of
the injection site. The animals were imaged continuously from the time of injection until
20 min post-injection with a 50 ms exposure time and a frame rate of 10 fps. Analysis of
NIR functional metrics was performed during the steady-state period ranging from 5-20
min after injection, as defined previously [33]. Lymphatic contractile frequency, ampli-

tude, transport, and pumping pressure were measured and recorded as previously published
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[110].

3.3.8 Statistical Analysis

For comparison of leukocyte populations in the dLNs among the various timepoints ana-
lyzed, Kruskal-Wallis tests with Dunn’s multiple comparisons tests were used. Spearman’s
rank correlation was used to calculate correlations between swelling percentage and var-
ious leukocyte populations. Fluorescent measurements from the 680IR NP experiments
were transformed using the natural logarithm to create a normally distributed dataset. Or-
dinary one-way ANOVA tests with Tukey’s multiple comparisons tests were then used to
compare between timepoints. Kruskal-Wallis tests with Dunn’s multiple comparisons tests
were used to compare the normalized difference of leukocyte populations in intact versus
injured vessel dLNs between timepoints. Linear regression was used to calculate correla-
tions between normalized difference and fluorescent measurements. A mixed-effects model
with Siddk’s multiple comparisons test was used to compare normalized lymphatic fluores-
cence transport from the NIR imaging measurements between the timepoints analyzed.
Two-way ANOVA test with Siddk’s multiple comparisons tests were used to compare the
natural logarithm of fluorescent measurements from the 680IR NP experiments between
saline and bestatin-treated mice at each timepoint. The NP fluorescent measurements were
transformed using the natural logarithm to create a normal distribution of the data. Multi-
ple linear regression was also used to investigate how NP fluorescence metrics correlated
with both treatment and timepoint. The multiple linear regression model used the natu-
ral logarithm of the NP fluorescence metric as the dependent variable, with treatment and
timepoint as the independent variables. The least-squares regression included terms for
both independent variables and the interaction between them. Multiple Mann—Whitney
tests using the Holm—Siddk method were used to compare leukocyte populations in dLNs
between saline and bestatin-treated mice at each timepoint. Multiple Mann—Whitney tests

using the Holm—Siddk method were used to compare normalized difference between saline
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and bestatin-treated mice at each timepoint. GraphPad Prism was used for all statistical

analysis.

3.4 Results

3.4.1 Leukocyte populations expand in dLNs during lymphedema progression

To study how various immune cell populations in dLNs change during lymphedema pro-
gression, we used a single vessel ligation lymphedema mouse tail model developed by our
group [110]. This model leaves one collecting vessel trunk intact, allowing for drainage
from the site of injury to the LN downstream of the functioning vessel, referred to as
the intact vessel dLN, while the LN downstream of the ligated vessel, referred to as the
injured vessel dLN, experiences inhibited lymph inflow. Both sacral LNs (dLNs) that
normally drain the mouse tail were harvested at multiple timepoints (2 days, 1, 2, and 3
weeks) following lymphedema induction, dispersed into single cell suspensions, stained
with antibodies against a variety of leukocyte markers, and analyzed on a flow cytome-
ter. We found that the sum of leukocyte populations in both dLNs significantly increased
during the swelling following lymphedema induction. The number of various leukocyte
populations were overall increased in summed dLNs three weeks post-surgery (3W), in-
cluding T (CD3+) and B (CD19+) cells, myeloid cells (CD11b+), monocytes (CD11b+
CD64+), macrophages (CD11b+ F480+), M1 macrophages (CD11b+ F480+ MHCII+),
M?2 macrophages (CD11b+ F480+ CD206+), dendritic cells (CD11c+ MHCII+), and neu-
trophils (CD11b+ Ly6G+) (Figure 3.4A and Figure 3.5A). With respect to their distribu-
tion amongst total leukocytes, T cell frequencies decreased somewhat whereas B cells in-
creased by 3W (Figure 3.4B). Frequencies of dendritic cells, monocytes, macrophages,
M1 macrophages, M2 macrophages, and neutrophils also significantly increased by 3W
(Figure 3.4B and Figure 3.5B). This data suggests that leukocytes expand extensively in
the dLNs following lymphedema induction in a manner that is not specific to a particular

leukocyte subset. Interestingly, the dLNs transition from a T cell majority composition to
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a roughly equal number of T and B cells as swelling increases. It remains to be inves-
tigated the extent that this change in distribution is driven by differences in lymphocyte

proliferation or migration.

3.4.2 T helper cells increase as a percentage of T cells in dLNs during lymphedema

development

Previous studies have identified CD4+ T helper cells as key drivers of lymphedema pro-
gression, including their roles in increasing tissue fibrosis and reducing lymphatic function
[75, 76]. To analyze how T cell subpopulations in the dLNs change during disease pro-
gression in our model, we used flow cytometry to again analyze cell populations in the
dLNs, this time analyzing changes in T helper cells (CD3+ CD4+) and cytotoxic T cells
(CD3+ CD8+). Given the observed changes in T cells shown in Figure 1, we quantified
these T cell subpopulations only at 2W following lymphedema surgery, when the increase
in T cells in the dLNs is first observed. Compared to an unoperated control, both T helper
cells and cytotoxic T cells are increased in dLNs at the 2W timepoint (Figure 3.6A). How-
ever, we found that T helper cells as a percentage of T cells increased in dLNs at the 2W
timepoint, while there was no measured change in cytotoxic T cells as a percentage of T
cells (Figure 3.6B). We also found a positive correlation between change in tail volume
and percentage of T cells for T helper cells (p=0.1323), while there was a negative cor-
relation for cytotoxic T cells (p=0.1150) (Figure 3.6C). These results show that CD4+ T
helper cells make up a larger proportion of T cells in the dLNs as swelling manifests dur-
ing lymphedema progression. This data corresponds well with previous studies which have
shown similar increases in CD4+ T helper cells in lymphedematous tissue and have im-
plicated CD4+ T helper cell migration from dLNs to peripheral tissues as a key driver of

lymphedema [75, 76].
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Figure 3.4: Leukocyte populations increase in dLNs during lymphedema progression. (A)
Number of T cells, B cells, CD11b+ cells, dendritic cells, monocytes, and macrophages in
dLNs for an unoperated control and after single vessel ligation lymphedema surgery at 2D,
IW, 2W, and 3W timepoints. Represented as the sum of the two dLNs. (B) T cell, B cell,
CD11b+ cell, dendritic cell, monocyte, and macrophage frequencies of total leukocytes
within dLNs for an unoperated control and after single vessel ligation lymphedema surgery
at 2D, 1W, 2W, and 3W timepoints. Represented as the sum of the two dLNs for each
leukocyte type divided by the sum of total leukocytes within the two dLNs. Kruskal-Wallis
tests with Dunn’s multiple comparisons were used to compare between timepoints for both
number of cells and percentage of leukocytes. Control (n=6), 2D (n=14), 1W (n=16), 2W
(n=21), 3W (n=15). Mean + s.e.m. *(p < 0.05),"* (p < 0.01),"* (p < 0.001),"** (p <
0.0001).
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Figure 3.5: M1 and M2 macrophage and neutrophil populations increase in dLNs during
lymphedema progression. (A) Number of M1 macrophages, M2 macrophages, and neu-
trophils in dLNs for an unoperated control and after single vessel ligation lymphedema
surgery at 2D, 1W, 2W, and 3W timepoints. Represented as the sum of the two dLNs. (B)
M1 macrophage, M2 macrophage, and neutrophil frequencies of total leukocytes within
dLNs for an unoperated control and after single vessel ligation lymphedema surgery at 2D,
IW, 2W, and 3W timepoints. Represented as the sum of the two dLNs for each leukocyte
type divided by the sum of total leukocytes within the two dLLNs. Kruskal-Wallis tests with
Dunn’s multiple comparisons were used to compare between timepoints for both number
of cells and percentage of leukocytes. Control (n=6), 2D (n=14), 1W (n=16), 2W (n=21),
3W (n=15). Mean + s.e.m. *(p < 0.05),* (p < 0.01),* (p < 0.001),*** (p < 0.0001).
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Figure 3.6: T helper cells increase as a percentage of T cells in dLNs during lymphedema
development while cytotoxic T cells do not. (A) Number of T helper cells and cytotoxic T
cells in dL.Ns for an unoperated control and after single vessel ligation lymphedema surgery
at 2W timepoint. Represented as the sum of the two dLNs. Mann-Whitney tests were used
for comparison between groups. (B) T helper cell and cytotoxic T cell percentages of T
cells within dLNs for an unoperated control and after single vessel ligation lymphedema
surgery at 2W timepoint. Represented as the sum of the two dLNs for T cell subtype divided
by the sum of total T cells within the two dLNs. Unpaired T tests were used for comparison
between groups. Control (n=4), 2W (n=8). Mean * s.e.m. *(p < 0.05), (p < 0.01).
(C) Spearman’s rank correlation between percent of T cells and percent volume change
following single vessel ligation lymphedema surgery for T helper cells and cytotoxic T

cells.
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3.4.3 B cells, but not T cells, proliferate in dLNs following single vessel ligation surgery

Following our observation that leukocytes expanded in dLNs following single vessel lig-
ation surgery, we were interested in determining if this expansion occurred due to prolif-
eration of leukocytes within the dLNs. To test this we added Ki67, a known proliferative
marker, to our flow cytometry panel to both measure total proliferation of cells within the
dLNs and specific proliferation of various leukocytes. Given that T and B cells make up
the majority of leukocytes within the dLNs, we focused on analyzing the Ki67 expression
of these cells. At two weeks following single vessel ligation surgery, we found that B
cells expressed increased Ki67 expression in sacral LNs (dLNs) compared to popliteal LNs
(non-draining LNs), measured by both total number of Ki67+ B cells (Figure 3.7A) and
the percentage of B cells which are Ki67+ (Figure 3.7B). T cells showed no increased Ki67
expression in dLNs, either by total number (Figure 3.7C) or percentage (Figure 3.7D). We
additionally quantified the ratio of the percentage of Ki67+ cells between the sacral LNs
and the popliteal LNs for both lymphocyte subpopulations, finding that B cells showed
a significantly higher ratio compared to T cells (Figure 3.7E). The sham surgery group
showed no significant differences in Ki67 expression between the sacral and popliteal LNs
for either B or T cells (Figure 3.7F-J). These results suggest that the increase in the B cell
population is driven by increased proliferation of B cells within dLNs during lymphedema

development, while this same proliferation is not observed in the T cell population.

3.4.4 Tail swelling correlates with changes in leukocyte populations in dLNs

Similar to the varied presentation of lymphedema clinically, the single vessel ligation lym-
phedema mouse tail model used in this study results in a swelling response of the tail that
varies amongst animals in its severity as well as rate of progression. This allows how the
extent of swelling impacts leukocyte populations in the intact vessel dLN to be studied.
The swelling observed herein showed a similar increase in tail volume as observed in pre-

vious reports, with percent volume change reaching a maximum at 3W (Figure 3.8). Using
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Figure 3.7: B cells in dLLNs, but not T cells, significantly express Ki67 following single
vessel ligation surgery to induce lymphedema. Lymphocytes in the dLNs were analyzed
using flow cytometry and Ki67 staining was used to measure cell proliferation at 2W after
surgery. Mice underwent either (A-E) single vessel ligation or (F-J) sham surgery. Number
of Ki67+ (A,F) T cells and (B,G) B cells in the sacral (dLNs) and popliteal (non-dLNs).
Represented as the sum of the two LNs. Percentage of (C,H) T cells and (D,I) B cells
that express Ki67 in the sacral and popliteal LNs. Represented as the sum of the Ki67+
cells from the two LNs divided by the sum of the parent cells within the two LNs. (E,J)
Sacral/Popliteal ratio for percentage of T and B cells that express Ki67. Mann-Whitney
tests were used to compare between groups. Single Vessel Ligation (n = 18), Sham (n = 7).
Mean + s.e.m. *(p < 0.05),"* (p < 0.01),"** (p < 0.001),*** (p < 0.0001).
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Spearman’s rank correlation, we found that the numbers of T cells, B cells, dendritic cells,
macrophages, M1 macrophages, monocytes, and neutrophils within the intact vessel dLN
were all positively correlated with the percent change in volume of the tail (Figure 3.10A
and Figure 3.9A). This result showed that leukocyte expansion in the intact vessel dLN was
related to the extent of tail swelling observed in this lymphedema model. Additionally, we
found that leukocyte populations as a fraction of total leukocytes in the intact vessel dLN
correlated with swelling for a variety of cell types. T cell fraction negatively correlated
with swelling, while B cell fraction positively correlated with swelling (Figure 3.10B).
Other leukocyte populations, including dendritic cells, macrophages, M1 macrophages,
monocytes, and neutrophils, also had positive correlations between swelling and frequency
(Figure 3.10B and Figure 3.9B). These results follow from the changes observed in leuko-
cyte populations in the dLNs over time as swelling also increases by the 3W timepoint in

this model.

3.4.5 Increased accumulation of lymph-draining nanoparticles within intact vessel dLN

compared to injured vessel dL.N following single vessel ligation diminishes as swelling

progresses

To measure transport to and NP accumulation within dLLNs, we used a NP system that has
been previously shown to preferentially drain into lymphatic vessels after injection and ac-
cumulate within dLNs [134-138]. These NPs were covalently conjugated to fluorophore
IRdye 680RD (LI-COR Biotechnology, Lincoln, NE, USA) using an irreversible linker and
intradermally injected into the tip of the tail one day prior to harvesting of the dLNs. After
dissecting the LNs at various time points, we measured the fluorescence in the LNs at the
700 nm emission wavelength of the dye using an Olympus NIR imaging microscope. Using
these images (Figure 3.11A), we calculated multiple metrics including maximum fluores-
cence intensity within the LN, mean fluorescence intensity within the LN (normalized to

background fluorescence), and the sum of the fluorescence intensity within the LN (normal-
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Figure 3.8: Tail swelling following single vessel ligation surgery. Tail swelling following
single vessel ligation surgery measured as percent change in volume from presurgery base-
line. Swelling was measured at endpoint, specifically at 2D, 1W, 2W, and 3W timepoints.
One-way ANOVA tests with Tukey’s multiple comparisons were used to compare between
timepoints. Mean + s.e.m. *(p < 0.05),*** (p < 0.0001).
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Figure 3.9: Myeloid cell expansion in dLNs correlates with increase in tail volume after
lymphedema surgery. (A) Spearman’s rank correlation between number of cells in in-
tact vessel dLN and percent volume change following single vessel ligation lymphedema
surgery for myeloid cells, monocytes, M1 macrophages, and neutrophils. (B) Spearman’s
rank correlation between fraction of leukocytes in intact vessel dLN and percent volume
change following single vessel ligation lymphedema surgery for myeloid cells, monocytes,
M1 macrophages, and neutrophils.
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Figure 3.10: Leukocyte expansion in dLNs correlates with increase in tail volume after
lymphedema surgery. (A) Spearman’s rank correlation between number of cells in in-
tact vessel dLN and percent volume change following single vessel ligation lymphedema
surgery for T cells, B cells, dendritic cells, and macrophages. (B) Spearman’s rank cor-
relation between fraction of leukocytes in intact vessel dLN and percent volume change
following single vessel ligation lymphedema surgery for T cells, B cells, dendritic cells,
and macrophages.
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ized to background fluorescence). The natural logarithm was used to transform each metric
to form a normal distribution and allow for statistical analysis using parametric methods.
NP fluorescence (both the maximum measured signal and normalized mean) within the
intact vessel dLN decreased significantly at 2W compared to 2D, and at 3W compared to
2D and 1W (Figure 3.11B). The size of the intact vessel dLN also significantly increased
between 2D and 3W, in alignment with the flow cytometrically measured cellular expan-
sion of the intact vessel dLN leukocyte populations (Figure 3.11B). The normalized sum of
fluorescence in the intact vessel dLN does not significantly change at any timepoint, pos-
sibly indicating that the reduction in mean and maximum fluorescence is due to the same
amount of NP spread out over the increased LN area (Figure 3.11B). From the metrics used
in our analysis, normalized sum of fluorescence best represents overall NP drainage to the
dLN given that it represents the total fluorescent signal from NPs trafficked to the dLN. It is
important to note that the increased LN area does not result in increased NP accumulation
as measured by normalized sum of fluorescence, even though the capacity of the LN for NP
accumulation likely increases with LN area. The normalized sum of fluorescence increases
in the injured vessel dLN at 3W compared to 2D and 1W, suggesting that partial collater-
alization of the lymphatic network has occurred, and transport has been partially restored
to the injured vessel dLN (Figure 3.11C). Additionally, the ratio of NP fluorescence in the
intact vessel dLN to that in the injured vessel dLN was significantly increased at 2D and
IW compared to 3W and at 2D compared to 2W for maximum fluorescence. The ratio was
also significantly increased at 2D and 1W compared to 2W and 3W for normalized mean
fluorescence and at 2D and 1W compared to 3W for normalized sum of fluorescence (Fig-
ure 3.11D). The change in this ratio shows that NP accumulation in the intact vessel dLN
is significantly higher than the injured vessel dLN within 1W of the surgery, while after
2W as swelling progresses the differences between the injured and intact vessel dLNs are
diminished. Restoration of transport to the injured vessel dLN partially explains the loss of

differences between the dLNs as lymphedema develops.
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Figure 3.11: Lymph-draining NP accumulation within the intact vessel dLN decreases dur-
ing lymphedema progression. (A) Fluorescent images of LNs harvested 24 hours after
injection of NPs conjugated with 680 IR Dye at 2D, 1W, 2W, and 3W timepoints. (B) Nat-
ural logarithm of maximum fluorescence, normalized mean fluorescence, normalized sum
of fluorescence, and LN area for the intact vessel dLN at 2D, 1W, 2W, and 3W timepoints.
(C) Natural logarithm of maximum fluorescence, normalized mean fluorescence, normal-
ized sum of fluorescence, and LN area for the injured vessel dLN at 2D, 1W, 2W, and 3W
timepoints. (D) Natural logarithm of the intact/injured ratio for maximum fluorescence,
normalized mean fluorescence, normalized sum of fluorescence, and LN area at 2D, 1W,
2W, and 3W timepoint. One-way ANOVA tests with Tukey’s multiple comparisons were
used to compare between timepoints for B, C, and D. 2D (n=8), IW (n=6), 2W (n=11), 3W
(n=9). Mean + s.e.m. *(p < 0.05)," (p < 0.01),** (p < 0.001),*** (p < 0.0001).
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3.4.6 Increased Leukocyte Expansion in the Intact Vessel dLN Following Single Vessel

Ligation

Immune cell expansion in the intact vessel dLN was compared to that of the injured vessel
dLN post injury. We found no significant differences between intact and injured vessel
dLNs for any of the leukocyte populations we surveyed (Figure 3.12). However, certain
trends were apparent, including an increase in number of cells in the intact vessel dLN
compared to the injured vessel dLN at the 1W timepoint. Equation 3.1 shows the calcula-

tion for a metric we call normalized difference,

Cells(IntVesseld LN) — Cells(InjVesseldLN)
Cells(IntVesseldLN) + Cells(InjVesseldLN)

NormDif f = 3.1

which is positive if more cells are in the intact vessel dLN, and negative if more cells are in
the injured vessel dLN. Normalized difference was significantly increased at IW compared
to 3W for monocytes, macrophages, and M1 macrophages (Figure 3.13A). Additionally, a
similar trend at IW was observed for all other leukocyte populations. This indicates that a
larger proportion of leukocytes were within the intact vessel dLN at 1W compared to the
injured vessel dLLN, but these differences were lost by 2W. Interestingly these differences
were most pronounced in cell populations known to be highly migratory, including mono-
cytes and macrophages. Previous studies in our lab have shown that contractile function in
the intact lymphatic vessel in this model decreases significantly by the 2W timepoint [110].
The loss of preferential proliferation and migration in the intact vessel dLN may be due to
loss of function in the intact vessel [110]. To analyze whether lymphatic transport to the
dLNs as measured by NIR-labeled NP accumulation within the dLNs was correlated with
local leukocyte expansion, we plotted normalized difference for the total number of live
cells versus the intact/injured ratio for maximum, normalized mean, and normalized sum
of fluorescence. We found that normalized difference was positively correlated with each

of these metrics (Figure 3.13B). This indicates that the differential transport of NPs to the

72



dLNs was correlated with the differential expansion of cells within the dLNs. Normalized
difference was also positively correlated with the intact/injured ratio for LN area, showing
that the number of cells identified via flow cytometry correlated with the size of the dLN

(Figure 3.13B).
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Figure 3.12: Leukocyte expansion in intact versus injured vessel dLNs during lymphedema
progression. Number of T cells, B cells, CD11b+ cells, dendritic cells, monocytes, and
macrophages in both injured and intact vessel dL.Ns after single vessel ligation lymphedema
surgery at 2D, 1W, 2W, and 3W timepoints. Multiple Mann-Whitney tests using the Holm-
Siddk method were used to compare between injured and intact vessel dLNs at each time-
point. Mean + s.e.m.

3.4.7 Bestatin Treatment Increases Nanoparticle Accumulation within the Intact Vessel

dLN during Later Stages of Lymphedema Progression

LTB, is a known chemoattractant and has been shown to play a bimodal role in lymphan-
giogenesis, with low concentrations being lymphangiogenic and high concentrations being
anti-lymphangiogenic [111, 121, 139]. Previous studies suggest that LTB, levels increase
during lymphedema, and these high levels of LTB, in lymphedema inhibit lymphangio-
genesis and resolution of swelling, thus driving progression of the disease [111]. We were

interested in studying how antagonism of LTB, may modulate lymphatic function during
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Figure 3.13: Differential leukocyte expansion between the dLNs is correlated with differ-
ential NP accumulation. (A) Normalized difference between intact and injured vessel dLN's
for number of live cells, T cells, B cells, monocytes, macrophages, and M1 macrophages
at 2D, 1W, 2W, and 3W timepoints. Kruskal-Wallis tests with Dunn’s multiple compar-
isons were used to compare between timepoints. Mean + s.e.m. *(p < 0.05). (B) Linear
correlations and Pearson’s correlation coefficient (R2) between normalized difference of
number of live cells and the natural logarithm of intact/injured ratio for LN area, maximum
fluorescence, normalized mean fluorescence, and normalized sum of fluorescence.
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lymphedema progression. To approach this question, we treated mice with daily injections
of bestatin, an LTB, antagonist, starting 3 days after surgery. Even with this measured
change in lymphatic contractile function, bestatin did not reduce tail swelling compared to
the saline group at any of the timepoints analyzed (Figure 3.14B). To measure NP uptake to
and accumulation within the dLLNs, we harvested the dLLNs at 1W, 2W, and 3W after single
vessel ligation surgery. As described previously, one day prior to LN harvest, NIR-labeled
NPs were injected intradermally into the tail. After LN harvest, we again used our NIR
imaging setup to take fluorescent images of the dLNs and quantify maximum, normalized
mean, and normalized sum of fluorescence (Figure 3.14C). We found that bestatin-treated
mice had increased NP accumulation in the intact vessel dLN at 3W compared to the saline
control group, quantified through both normalized mean fluorescence and normalized sum
of fluorescence (Figure 3.14D). We also used multiple linear regression to analyze how
both treatment and time correlated with NP fluorescent measurements. The coefficient of
the interaction term between treatment and time in the linear regression model was signif-
icantly correlated for normalized sum of fluorescence (p = 0.0307) and close to significant
for normalized mean fluorescence (p = 0.0509), showing that the slopes of these NP fluores-
cent measurements in the intact vessel dLN versus time were different between treatment
groups. However, fluorescence in the injured vessel dLN at 3W showed no difference be-
tween the bestatin and saline groups (Figure 3.15). Additionally, there were no significant
differences in the intact/injured ratio for these fluorescence metrics between the bestatin
and saline groups (Figure 3.14E). These results suggest that LTB, antagonism through
bestatin treatment increases transport and accumulation of NPs to the intact vessel dLN
during lymphedema progression. The return of fluid transport to the injured vessel dLLN,
however, was not significantly altered by bestatin treatment. Taken together, these results
suggest that antagonism of LTB, through bestatin treatment increases transport and accu-
mulation of NPs to the dLNs, specifically in the vessel left intact following single vessel

ligation surgery.
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Figure 3.14: Bestatin treatment increases NP accumulation in the intact vessel dLN dur-
ing lymphedema progression. (A) Lymphatic fluorescence transport measured from NIR
imaging of in vivo lymphatic collecting vessel contraction at 1W, 2W, and 4W timepoints.
A mixed-effects model with Sidak’s multiple comparisons was used to compare between
treatments for each timepoint. Saline Control: 1W (n = 11), 2W (n = 11), 4W (n = 7);
Bestatin: 1W (n =9), 2W (n =9), 4W (n = 5). *(p < 0.05), (p < 0.01). (B) Tail
swelling following single vessel ligation surgery measured as percent change in volume
from presurgery baseline for both bestatin-treated and saline control groups. Swelling of
bestatin-treated mice was measured at endpoint, specifically at IW, 2W, and 3W timepoints.
(C) Fluorescent images of LNs harvested from bestatin-treated mice 24 h after injection of
NPs conjugated with 680 IR Dye at 1W, 2W, and 3W timepoints. (D) Natural logarithm of
maximum fluorescence, normalized mean fluorescence, normalized sum of fluorescence,
and LN area in the intact vessel dLN for the saline control group and the bestatin-treated
group at 1W, 2W, and 3W timepoints. (E) Natural logarithm of the intact/injured ratio for
maximum fluorescence, normalized mean fluorescence, normalized sum of fluorescence,
and LN area for the saline control group and the bestatin-treated group at 1W, 2W, and
3W timepoint. Two-way ANOVA with Siddk’s multiple comparisons to compare between
treatments at each timepoint for C and D. IW (n = 6), 2W (n=11), 3W (n =9). Mean +
s.e.m. *(p < 0.05).
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Figure 3.15: Bestatin treatment does not change NP uptake to the injured vessel dLN during
lymphedema progression. Natural logarithm of maximum fluorescence, normalized mean
fluorescence, normalized sum of fluorescence, and LN area in the injured vessel dLN for
the saline control group and the bestatin-treated group at 1W, 2W, and 3W timepoints.
Two-way ANOVA with Sidék’s multiple comparisons to compare between treatments at
each timepoint. IW (n=6),2W (n=11), 3W (n =9). Mean + s.e.m.
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3.4.8 Bestatin Treatment Has No Significant Effect on Magnitude of Immune Response

in dLNs during Lymphedema Progression

Given the observed increase in lymphatic function following bestatin treatment, we were
interested in studying if LTB, mediated the observed immune cell expansion in the dLNs in
the context of lymphedema. Using the flow cytometry protocol described earlier, we found
that bestatin treatment had no significant effect on either number of leukocytes or frequency
of leukocytes in the summed dLNs for the leukocyte subsets analyzed compared to the
saline control group (Figure 3.16A,B). This data suggests that LTB, did not significantly
modulate the increase in leukocytes in the dLNs observed during lymphedema progression.
We also found that swelling correlated with both number and frequency of cells in the intact
vessel dLN for bestatin-treated mice similarly to the correlations observed in untreated
mice (Figure 3.17A,B). This result shows that in bestatin-treated mice the expansion of

leukocytes in the dLLNs was still directly correlated with the observed tail swelling.

3.4.9 Bestatin Treatment Leads to Leukocyte Expansion in the Intact Vessel dLN Compared

to the Injured Vessel dLN

We also wanted to analyze how LTB, antagonism would differentially affect immune cell
expansion in the intact vessel dLN versus the injured vessel dLN. We again analyzed the
LNs separately at each timepoint, comparing total cell number between the intact and in-
jured vessel dLNs for bestatin-treated mice. For bestatin-treated mice, the intact vessel
dLNs had more T and B cells, myeloid cells, dendritic cells, monocytes, and macrophages
than the injured vessel dLNs at 2W (Figure 3.18). Normalized difference was also signifi-
cantly higher in the bestatin group compared to the control group at 2W for these leukocyte
subsets (Figure 3.19A). Taken with the results from Figure 3.14A showing an increase in
lymphatic contractile function following bestatin treatment at 2W after surgery, this data
suggests that this increased lymphatic function may have been partially responsible for

the differential leukocyte expansion between LNs at 2W following bestatin treatment. We
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Figure 3.16: Bestatin treatment does not affect the overall leukocyte populations in the
dLNs during lymphedema progression. (A) Number of T cells, B cells, CD11b+ cells, den-
dritic cells, monocytes, and macrophages in dLNs after single vessel ligation lymphedema
surgery for the saline control group and the bestatin-treated group at 1W, 2W, and 3W
timepoints. Represented as the sum within the two dLNs. (B) T cell, B cell, CD11b+ cell,
dendritic cell, monocyte, and macrophage frequencies of total leukocytes within dLLNs af-
ter single vessel ligation lymphedema surgery for the saline control group and the bestatin-
treated group at 1W, 2W, and 3W timepoints. Represented as the sum within the two dLNs
for each leukocyte type divided by the sum of overall leukocytes within the two dLNs. Mul-
tiple Mann—Whitney tests using the Holm—Siddk method were used to compare between
treatments at each timepoint for both number of cells and percentage of leukocytes. IW (n
=15),2W (n=18), 3W (n = 12). Mean + s.e.m.
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Figure 3.17: Leukocyte expansion in dLNs following bestatin treatment correlates with in-
crease in tail volume after lymphedema surgery. (A) Spearman’s rank correlation between
number of cells in intact vessel dLN and percent volume change following single vessel
ligation lymphedema surgery for T cells, B cells, dendritic cells, and macrophages. (B)
Spearman’s rank correlation between fraction of leukocytes in intact vessel dLN and per-
cent volume change following single vessel ligation lymphedema surgery for T cells, B
cells, dendritic cells, and macrophages. All data shown is from bestatin-treated mice.
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also plotted NP fluorescence metrics versus normalized difference to determine if bestatin
treatment altered the correlations observed between lymphatic function and dLLN leukocyte
expansion in the untreated group. For the bestatin-treated group, the intact/injured ratios of
maximum fluorescence and normalized mean fluorescence showed no correlation with the
normalized difference of cells in the dLNs, while the intact/injured ratio of normalized sum
of fluorescence did show a positive correlation with normalized difference (Figure 3.19B).
The intact/injured ratio of LN area was still positively correlated with normalized differ-
ence (Figure 3.19B). These results show that there was still a correlation between NP flu-
orescence in the dLNs and leukocyte expansion following bestatin treatment; however, the
effects of bestatin treatment on normalized difference at 2W likely explain the loss of this

correlation for maximum fluorescence and normalized mean fluorescence.
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Figure 3.18: Leukocyte expansion in intact versus injured vessel dLNs following bestatin
treatment during lymphedema progression. Number of T cells, B cells, CD11b+ cells, den-
dritic cells, monocytes, and macrophages in both injured and intact vessel dLNs following
single vessel ligation lymphedema surgery and bestatin treatment at 1W, 2W, and 3W time-
points. Multiple Mann-Whitney tests using the Holm-Siddk method were used to compare
between injured and intact vessel dLNs at each timepoint. Mean + s.e.m. *(p < 0.05).
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Figure 3.19: Bestatin treatment prolongs the differential leukocyte expansion of the intact
compared to the injured vessel dLNs during lymphedema progression. (A) Normalized
difference between intact and injured vessel dLNs number of total cells, T cells, B cells,
dendritic cells, monocytes, and macrophages for the saline control group and the bestatin-
treated group at 2D, 1W, 2W, and 3W timepoints. Multiple Mann—Whitney tests using the
Holm-Sidak method were used to compare between treatments at each timepoint. Mean
+sem. *(p < 0.05),*(p < 0.01). (B) Linear correlations and Pearson’s correlation
coefficient (R2) between normalized difference of number of live cells and the natural
logarithm of intact/injured ratio for LN area, maximum fluorescence, normalized mean
fluorescence, and normalized sum of fluorescence for the bestatin-treated group.
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3.5 Discussion and Future Work

3.5.1 Leukocyte expansion is driven by B cell but not T cell proliferation

The immune response during lymphedema development has been previously well charac-
terized in lymphedematous tissue [59, 75, 76, 78, 79, 81, 101, 111, 130, 132]. This study
provides the first evidence that total levels of leukocytes within LNs draining the diseased
tissue bed significantly increase during lymphedema progression (Figure 3.4A). Addition-
ally, we show that B cell proliferation as quantified by Ki67 expression increases in dLNs
following lymphedema development, but T cell proliferation is not significantly increased
(Figure 3.7). We hypothesized that proliferation was at least partially responsible for the
expansion of lymphocytes observed in dLNs as lymphocytes are not known to extensively
traffic to LNs during inflammation [38, 140-143]. However, the lack of an increase in
Ki67 expression by T cells was unexpected as T cells do expand in total number within
the dLNs following lymphedema surgery. A previous study has suggested that CD4+ T
cells migrate from dLNs to sites of injury during lymphedema development, although the
mechanisms facilitating this migration remain unclear [76]. It is possible that proliferating
T cells within dLNs exit the LNs during lymphedema development, potentially explaining
why Ki67 expression by T cells within the LNs did not increase. This efflux of T cells from
the dLNs may also counteract the expansion of LN resident T cells, possibly explaining
why the frequency of T cells within the dLNs decreases during lymphedema progression,

even as the overall number of T cells within the dLNSs increases.

3.5.2 CD4+ T helper cells fraction in dLNs corresponds with swelling

Given previous studies which have implicated CD4+ T helper cells as key regulators of
tissue fibrosis and lymphatic remodeling in lymphedema, we aimed to analyze the response
of CD4+ T cells within dLLNs [75-77, 79]. Our data suggests that CD4+ T cells increase as

a percentage of T cells within the dLNs during lymphedema progression. Interestingly, the
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mice with the most swollen tails at 2W following surgery also had the highest frequency of
T helper cells within the dLLNs (Figure 3.6C). Other studies which have analyzed T helper
cell involvement in lymphedema have used the complete ligation mouse tail lymphedema
model, which induces a larger swelling response than that seen in the single vessel ligation
model used in our study [75, 76]. Taken together, it seems likely that T helper cells make
up most T cells within both the dLNs and lymphedematous skin during significant tissue
swelling. Our results show that the previously identified T helper cell response is present in
the context of lymphedema development when lymphatic drainage from the lymphedema

site remains intact and that dLNs are likely critical in facilitating this immune response.

3.5.3 Humoral immunity during lymphedema development

We have additionally identified that B cells increase in number during lymphedema devel-
opment in the dLNs and overtake T cells as the predominant leukocyte subset within the
dLNs (Figure 3.4A,B). The noted differences between T and B cell proliferation within
dLNs as measured by Ki67 expression helps to explain why B cells become the largest
leukocyte subpopulation as lymphedema and swelling progress (Figure 3.7). Previous
studies investigating B cell changes in lymphedematous skin found no differences in B
cell populations between control and lymphedema groups [77]. Additionally, humoral im-
munity was shown to be impaired following immunization in a genetic mouse model that
lacked dermal lymphatic drainage, suggesting that cell trafficking to LNs along with pas-
sive antigen transport is required for strong humoral immunity [83]. The proliferation of B
cells within the dLNs suggest that they are activated by antigen as lymphedema develops;
however, we did not directly measure antibody titers and cannot directly comment on the
activity of these B cells. There is also evidence that B cells in inflamed LNs may play
a role in enhancing dendritic cell migration from distal tissue [144]. The role of humoral
immunity and antibody production from B cells during lymphedema development has been

understudied, and our data suggests that more research focused on elucidating the role of
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B cells in this process is needed.

3.5.4 Single vessel ligation results in increased myeloid cell populations within intact

vessel dLN compared to injured vessel dLN

Myeloid cells, primarily macrophages, have been suggested to play an important role in
driving lymphatic failure and tissue fibrosis during lymphedema development [59, 78, 145].
Our data suggests that multiple myeloid cell subsets, including monocytes, macrophages,
dendritic cells, and neutrophils increase in number within the dLNs during lymphedema
development (Figure 3.4A). This increase is likely due to both migration of tissue-resident
myeloid cells to the dLNs, and proliferation of LN resident myeloid cell populations [92,
146]. Interestingly, normalized difference between the intact and injured vessel dLNs was
significantly increased at 1W compared to 3W for both monocytes and macrophages fol-
lowing lymphedema induction, while other leukocyte subsets did not show a significant
increase (Figure 3.13A). Given that monocytes and macrophages are both migratory cell
types, it is likely that their migratory capabilities are at least partially responsible for their
observed increase in the dLNs. Future studies are needed to determine if migration of
myeloid cells to the LNs following lymphedema surgery initiates the observed expansion

of leukocytes, or whether this growth is independent of myeloid cell migration.

3.5.5 Insights gained from the immune response during chronic wound healing

It 1s well known that impaired immune responses contribute to chronic wound healing,
which often can occur in diabetic and elderly patients. For proper wound healing, pro-
inflammatory and anti-inflammatory responses are well-regulated and occur at established
times. These same responses are dysregulated and imbalanced in chronic wound healing,
leading to increased fibrosis, decreased reepithelialization, and ECM damage [67, 147].
The immune response during lymphedema mimics many of the characteristics of impaired

wound healing responses. Our results show that many of the leukocyte populations in-
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volved in wound healing also increase in dLNs during lymphedema progression. There
are clear differences between these responses, as the important role of CD4+ T cells in
driving tissue fibrosis and lymphatic dysfunction in lymphedema have not been observed
in chronic wound healing [67]. Insights gained from studying the mechanisms of chronic
wound development and the variety of leukocytes, cytokines, and growth factors involved

can help identify future directions for the study of the immune response in lymphedema.

3.5.6 Inflammation-induced lymphangiogenesis within LNs during lymphedema progression

Inflammation has been previously shown to induce lymphangiogenesis within the LN [144].
Our results suggest that the dLNs become much larger as lymphedema progresses and we
have also identified that many leukocyte populations increase greatly in number in the
dLNs. From our flow cytometry data, we also found that the number of cells not iden-
tified as leukocytes (CD3-, CD19-, CD11b-, CD11c-, Ly6C-) increased (Figure 3.20). It
is likely that these cells include stromal cells that form the structure of the LN and en-
dothelial cells, including lymphatic endothelial cells. Thus, our data likely indicates that
lymphedema progression induces lymphangiogenesis within the dLNs, contributing to the
observed growth in LN size. Previous work by Angeli et al shows that B cells drive lym-
phangiogenesis in inflamed LNs following immunization, suggesting that one result of the
increased B cell proliferation observed in dLLNs is increased lymphangiogenesis [144]. Fur-
ther study is needed to investigate if lymphangiogenesis within the dLNs may contribute to

the inflammatory response of the lymph node during the progression of lymphedema.

3.5.7 Relationship between lymphatic functional changes and the immune response

One major question regarding the pathogenesis of lymphedema is whether the onset of
swelling is due to a loss of lymphatic function, which initiates the resulting immune re-
sponse, or whether this loss of lymphatic function is a byproduct of immune-mediated

physiological changes. To begin to answer this question, we combined a detailed analysis
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Figure 3.20: Non-leukocytes increase in dLNs during lymphedema progression. The num-
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etry. Data shown in unoperated control and at 2D, 1W, 2W, and 3W after single vessel
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of immune cell composition in the dLNs during lymphedema development with experi-
ments designed to track NP transport and uptake to the dLNs. Our novel single vessel
ligation lymphedema model additionally allowed us to determine how differences in trans-
port to the dLNs may impact the resultant expansion of LN resident leukocytes. We found
that transport to and accumulation of NPs within the intact vessel dLN as measured by
the normalized sum of fluorescence did not change significantly during lymphedema pro-
gression, while NP accumulation within the injured vessel dLN correspondingly increased
(Figure 3.11B,C). This explains why differences in NP transport between the dLNs at 2D
and 1W were diminished at later timepoints (Figure 3.11D). Given that lymphatic trans-
port in the injured collecting vessel is not restored over this time frame [110], this suggests
the formation of collaterals downstream that facilitate flow to the injured vessel dLN. In-
terestingly, this collateralization is sufficient to support leukocyte expansion in the injured
vessel dLN through either direct immune cell migration or proliferation within the dLN. By
also analyzing leukocyte populations within these LNs at these timepoints, we found that
this loss in differential transport was accompanied by a loss in differential leukocyte com-
position. Normalized difference, a metric to describe differential leukocyte composition
between the dLNs, was significantly positively correlated with the ratio between the intact
and injured vessel dLNs of fluorescence metrics measuring NP accumulation within the
LNs (Figure 3.13B). Taken together, these results show that differences in transport to the
LNs are correlated with differences in leukocyte expansion within the LNs in the context
of lymphedema. This study is the first that we know of to show that leukocyte proliferation
in the dLNs during lymphedema varies depending on the magnitude of transport into the
dLNs. These differences may be due to increased trafficking of migratory leukocytes and
direct drainage of inflammatory factors to the intact vessel dLN, driving proliferation of
LN resident leukocytes. It is important to note that even though transport of NPs to the
intact vessel dLN did not increase during lymphedema progression, previous studies have

shown that magnitude and speed of immune cell migration to dLNs through lymphatics
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depends on factors other than bulk lymph flow [38]. It is likely that both increased cell
migration and cell proliferation contribute to the observed increase in leukocyte expansion
during lymphedema progression even without an increase in lymphatic drainage to the in-
tact vessel dLN. Future work should more specifically identify the mechanisms driving the

observed differential leukocyte proliferation.

3.5.8 Insights on the use of bestatin treatment for clinical lymphedema

To understand how anti-inflammatory treatment may affect the composition of leukocytes
within the dLNs during lymphedema development, we treated mice with bestatin follow-
ing surgery. Bestatin has previously been shown to ameliorate swelling through its pro-
lymphangiogenic effects in the double vessel ligation mouse tail lymphedema while also
partially rescuing lymphatic function [111]. Additionally, bestatin treatment in a contact
dermatitis model showed potent anti-inflammatory effects, reducing skin infiltration of neu-
trophils and CD8+ T cells [122]. Surprisingly, we found that bestatin treatment did not
reduce leukocyte expansion in the dLNs at any of the timepoints analyzed compared to a
control group injected daily with saline (Figure 3.16A,B). Additionally, bestatin treatment
did not resolve swelling at any of the timepoints (Figure 3.14B). These results differ from
a previous report which had identified bestatin as a potential treatment for lymphedema
[111]. Our single vessel ligation lymphedema model leaves a pair of intact collecting ves-
sels on one side of the tail while the complete ligation model used in the previous study
blocked all lymphatic flow from the tail. One explanation for the lack of improvement in
swelling in our model is that the pro-lymphangiogenic mechanism of action for bestatin is
most effective in preventing swelling in a model where all lymphatic flow is blocked and
lymphangiogenesis is necessary to reconnect the lymphatic network along the tail. In the
clinical context this would suggest that bestatin is perhaps most efficacious as a therapy in
more advanced stages of lymphedema. In our model, the intact collecting vessel provides

an existing drainage pathway and prevents complete fluid stagnation, so it is possible that
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LTB, levels are not sufficiently high enough for antagonization of LTB, to affect swelling.
It is worth noting, however, that the severity of swelling in the single vessel model and the
complete ligation model are not markedly different.

Ketoprofen, a non-steroidal anti-inflammatory drug acting on the metabolism of arachi-
donic acid upstream of LTB,, has been tested as a treatment for lymphedema in a clinical
trial [132, 148]. Ketoprofen was shown to reduce skin thickness and improve histopatho-
logical characteristics of lymphedema but did not reduce limb volume in these patients
[148]. In the case of chronic lymphedema, a primary source of excess volume is likely
adipose hypertrophy, which seems to respond less to anti-inflammatory treatment [148]. In
this study, we did not analyze histopathological changes in tail tissue following bestatin
treatment but the observed increase in lymphatic function demonstrates the therapeutic ef-
ficacy of bestatin, even though changes in limb volume were limited, similar to what has
been observed thus far clinically.

It is also important to note that bestatin is used clinically to treat patients with chronic
lymphedema, while our mouse model of lymphedema presents acute disease which eventu-
ally resolves. Chronic lymphedema is characterized by extensive and prolonged swelling,
sustained tissue fibrosis and hardening, and adipose hypertrophy. These aspects of the dis-
ease are difficult to reproduce in animal models of acute disease, so our single vessel lig-
ation model only recapitulates some aspects of the clinical manifestation of lymphedema.
Potential benefits of bestatin on lymphatic function observed in this study may thus provide
additional benefits in clinical lymphedema given that our model does not fully reproduce
the chronic disease characteristics.

While bestatin treatment did not reduce swelling or inhibit leukocyte expansion in the
dLNs in our lymphedema model, it did increase NP accumulation within the intact ves-
sel dLN as lymphedema progressed (Figure 3.14D). Through analysis of both NP uptake
to the dLNs and in vivo imaging of lymphatic collecting vessel pumping we show that

bestatin treatment increases lymphatic function as lymphedema progresses, suggesting that
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LTB, mediates the decrease in lymphatic function that occurs during lymphedema devel-
opment (Figure 3.14A,D). Further study is needed to determine the mechanism through
which LTB, mediates these changes in lymphatic function, whether it is through direct ac-
tion on collecting lymphatics or through activation of leukocytes and production of various
cytokines known to regulate lymphatic contractility [149-153].

Interestingly, bestatin-treated mice showed significant differential leukocyte expansion
between the dLNs at 2W compared to the saline control group (Figure 3.19A). Taken to-
gether with the NIR measurements of lymphatic function, this difference between the dLN's
corresponded with increases in lymphatic contractile transport in bestatin-treated mice at
2W and in NP accumulation at 3W. It is likely that increased leukocyte migration and trans-
port to the intact vessel dLN at 2W in bestatin-treated mice could explain the differential
increase in leukocytes, but we did not directly measure cell migration in these experiments.
It is important to note that the increase in lymphatic contractile transport was measured
in the intact vessel and the increase in NP accumulation was measured in the intact ves-
sel dLN. The intact vessel dLN will drive the immune response as it receives significantly
more drainage from the injury site than the injured vessel dLLN in the first week following
surgery in this model. Additionally, the differential leukocyte expansion at 2W following
bestatin treatment preceded the increase in NP accumulation at 3W in the intact vessel dLN.
These results suggest that differences in LN leukocyte populations may precede changes in
drainage to the LNs. The immune response may thus drive some of the observed changes

in lymphatic function in this model.

3.5.9 Conclusion

Through combining flow cytometry analysis of leukocyte populations in dLNs with novel
NIR imaging techniques to quantify lymphatic transport, our work has begun to uncover
the relationship between fluid uptake and immune cell involvement during lymphedema

development. We show that differential NP transport into the dLNs during lymphedema
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development was correlated with differential leukocyte expansion in those dLNs (Fig-
ure 3.13B). Bestatin treatment increased NP transport to the intact vessel dLN in our model
(Figure 3.14D). This increase in lymphatic function also extended the differential leukocyte
development between the dLNs (Figure 3.19A). However, this improvement in functional
lymphatic transport did not affect the swelling in these mice (Figure 3.14B). The growth
of leukocyte populations in the dLNs was also not affected by the changes in lymphatic
function (Figure 3.16A,B). These results suggest that improving transport from sites of
lymphatic injury during lymphedema development is not sufficient to reverse the charac-
teristic swelling or immune cell-mediated physiological changes. Additionally, differential
leukocyte composition within the dLNs was measured at timepoints prior to later differ-
ences in transport to the intact vessel dLN, suggesting that changes in lymphatic function
during lymphedema development may be mediated by the immune response rather than
purely by changes in the mechanical properties of the collecting lymphatic vessels. Future
treatments for lymphedema may need to target both lymphatic function and the immune

system to fully reverse the swelling that characterizes the disease.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS

Lymphedema is a vastly understudied disease, and there are currently no pharmotherapeutic
treatments for it used in the clinic. This lack of treatment options is partly due to incom-
plete understanding of the disease’s development. Two areas of interest that have not been
fully studied in the context of lymphedema development are the functional response of the
lymphatic vasculature and the immune response within LN that drain the site of lymphatic
injury. Better characterization of how lymphatic function and the immune response change
during disease and how potential therapies modulate these changes is needed. Our work
aimed to improve understanding through two approaches: (1) Using in vivo and ex vivo ap-
proaches to measure lymphatic contractile function following lymphedema induction and
quantifying the beneficial effect of potential lymphedema therapies on lymphatic function,
and (2) Characterizing the kinetics of the leukocyte response in dLNs during lymphedema
and determining the effect of LTB, antagonism on these changes.

Our results show that the progressive decrease in function of the intact lymphatic vas-
culature following lymphedema induction is closely correlated to the swelling response of
the mouse tail in our model. This suggests that loss of lymphatic function in vessels un-
damaged during an initial injury to the lymphatic network is directly related to the swelling
that occurs during lymphedema. We further show that LTB, antagonism and epsin dele-
tion, pro-lymphangiogenic strategies that have showed promise in reducing lymphedema
in animal models, also increase lymphatic contractile function during lymphedema devel-
opment. The beneficial effects on function of these strategies reveal that their therapeutic
potential may not solely depend on their pro-lymphangiogenic mechanisms.

By analyzing leukocyte populations in dLNs following lymphedema induction, we ob-

served a general expansion of leukocyte subsets including T and B cells and myeloid cells
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(macrophages, monocytes, dendritic cells and neutrophils). Interestingly, experiments to
measure proliferation of these cells revealed that B cells in dLLNs expressed more Ki67 than
T cells, suggesting that B cells respond more strongly to the immunological microenviron-
ment induced by lymphatic injury and tissue swelling. B cells also increased as a fraction of
total leukocytes within dLNs during lymphedema development as T cell fraction decreased,
corresponding with our proliferation measurements. This proliferative response specific to
B cells has not been identified previously in the context of secondary lymphedema, and it
is likely that antigens (potentially released due to tissue injury and remodeling) drive this
reaction. Previous work investigating the role of CD4+ T cells in lymphedema progression
showed that dendritic cells migrate from the extremities to LNs following lymphatic injury
and activate CD4+ T cells. This process must also be antigen-mediated as dendritic cells
present antigen to T cells for their activation. Future work is needed to understand the func-
tional role that B cells may play in lymphedema development. This includes studying the
mechanisms driving B cell proliferation (including if this is an antigen-mediated process)
and the potential functional role of antibodies produced by activated B cells.

Our study of LTB, shows that antagonizing it using bestatin following lymphedema
induction increases lymphatic function in a variety of contexts, including through mea-
surement of lymphatic contraction in vivo using NIR imaging and through quantifying
NP uptake to dLNs. However, bestatin treatment does not alter the immune response in
dLNs or reduce tail swelling in our single vessel ligation model. It is possible that the pro-
lymphangiogenic mechanisms of LTB, antagonism are less efficacious in reducing swelling
when a lymphatic pathway is left intact. A previous study by Rutkowski er al showed that
interstitial lymph flow is necessary to drive lymphangiogenesis and is mitigated when lym-
phatic vasculature is left intact [154]. These results urge caution in the potential use of
bestatin as a treatment for clinical lymphedema, as the state of the lymphatic vasculature
may determine the utility of the treatment.

This study has furthered understanding of both the lymphatic functional response and
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leukocyte expansion and activation in dLNs during lymphedema development. Our results
surprisingly showed that the beneficial effect of LTB, antagonism on lymphatic function
in lymphedema is not due to a direct effect of LTB, or 5-LO signaling metabolites on
lymphatic function. Given that overexpression of 5-LO in vivo did not affect lymphatic
function, it is likely that the altered microenvironment of lymphedema provides additional
cues (increased leukocyte infiltration and cytokine secretion) that mediate the effect of
LTB, on lymphatic function. Our work attempts to bridge the gap between detailed analy-
sis of lymphatic functional changes during lymphedema and a comprehensive evaluation of
leukocyte response in dLNs. Further study is needed to more specifically examine the im-
mune cell-mediated mechanisms driving changes in lymphatic function (such as cytokine

secretion) and potentially reverse these changes through targeting these mechanisms.
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APPENDIX A
MATLAB CODE FOR QUANTIFICATION OF NIR FUNCTIONAL METRICS

20

21

22

23

clear
clc

threshold = 0.001;

%$Packet Processing

$Intensity data will be imported from text files (tab delimited)

%$and will be analyzed to determine the functional metrics.

$Browse for intensity file

[FileName, PathName] = uigetfile('x.txt', 'Select the intensity
data');

%Full file names for the intensity file

intensityFile = strcat (PathName,FileName) ;

o

filepath = '"\\130.207.40.141\public\Matthew Cribb\Single Vessel
Ligation Experiments\10 Weeks Post Surgery - 2.21.17\Mouse

8\Mouse8_RightFunction\"';

% filename = 'Right Vessel Average Intensity';
% extension = '.txt';

o\°

fileloc= strcat (filepath, filename, extension);

x= dlmread (intensityFile, '\t');

$%x2=Wounded3 (9573:9921,1);

y2=smooth (x, 3) ;

y2=y2(100:end);
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24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

$y2=y2 (800:end); changed
t=1:length(y2);

t=t.*(1/10).%(1/60);

[maxtab2, min2]=peakdet (y2,100); %$Intensity change to be

considered a peak

if maxtab2(1,1) < min2(1,1)
maxtab2 = maxtab2 (2:end, :);

end

if maxtab2 (end,1l) > min2(end, 1)
maxtab?2 = maxtab2 (l:end-1, :);

end

mintab2=min2 (1, :);
for n=2:length (min2)-1
index=min2 (n) ;
while y2 (index) < min2(n,2)* (l+threshold)
index=index-1;
end
mintemp2 (1,1)=index;mintemp2 (1, 2)=y2 (index) ;
index=min2 (n) ;
while y2 (index) < min2(n,2)* (l+threshold)
index=index+1;
end
mintemp2 (2, 1)=index;mintemp?2 (2, 2)=y2 (index) ;
mintab2 = [mintab2 ; mintemp2];
end

mintab?2 = [mintab2 ; min2(end, :)];

packet_width2=[];

mean_packet_min2=[];
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56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

packet_integral2=zeros(l, length (maxtab2));
packet_boundary2=[];

for n=1:2:1length (mintab2) -1

packet_width2 = [packet_width2 mintab2 (n+l,1)-mintab2(n,1)];
mean_packet_min2 = [mean_packet_min2 mean ([mintab2 (n+1,2)
mintab2(n,2)1)1];

end

integral_y2=[1;
for n=1l:length (maxtab?2)
packet_line_x2 = mintab2 (n*2-1,1) :mintab2 (n*2,1);
packet_slope2 =
(mintab2 (nx2, 2) -mintab2 (nx2-1,2) )/ (mintab2 (nx2,1) -
mintab2 (nx2-1,1));
packet_offset2 = mintab2 (nx2-1,2) - packet_slope2 x
mintab2 (nx2-1,1);
for index=1:length (packet_line_x2)
packet_line_y2 (index) =
packet_line_x2 (index) *xpacket_slope2 + packet_offset2;

end

packet_line2 [packet_line_x2; packet_line_y2];
packet_line2 = packet_line2';

packet_boundary2 = [packet_boundary?2;packet_line2];

packet_amplitude2 (n) = maxtab2(n,2) - mean_packet_min2 (n);

packet_amplitude_perdiff2(n) =
packet_amplitude?2 (n) /mean_packet_min2 (n) ;

for index = mintab2 (n*x2-1,1) :mintab2 (n*x2,1)

integral_y2=[integral_y2;y2 (index) ];

end

for index = l:length(integral_y2)

packet_integral2 (n) = packet_integral2(n) +

integral_y2 (index) -packet_line_y2 (index) ;
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83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

end

packet_integral_norm2(n) =
packet_integral2 (n) /mean_packet_min2 (n) ;

packet_line_y2=[1];

integral_y2=[1;

end

fig2 = figure;
plot(t,y2, 'linewidth', 3)

hold on

plot (t (maxtab2(:,1)),maxtab2(:,2),'r."',t(mintab2(:,1)),mintab2(:,2),

'g.', 'markersize', 15)

plot (t (packet_boundary2(:,1)),packet_boundary2(:,2),'g."',

'markersize', 4)

box off

$axis ([t (2000) t(end)])

set (gca, "fontsize', 26)

xlabel ('Time (minutes)', 'fontsize',28);ylabel ('Normalized
Intensity', 'fontsize',28);

title({strrep([FileName, PathName],'_','.");" '}, 'Fontsize',10);

% ax=gca;

o\

ax.YLim=[0.9 1.21];
% ax.XLim=[0 27;

% ax.LineWidth=3;

$print (fig2, '—-dtiff', [filepath filename 'Plot2'])

%$packets per min, assuming 10fps
packet_frequency2 =

length (maxtab?2) / (mintab2 (end, 1) - mintab2 (2, 1)) x600;
avg_packet_width2 = mean (packet_width2);
avg_packet_amplitude2 = mean (packet_amplitude2);

avg_packet_amplitude_perdiff2 = mean (packet_amplitude_perdiff?2);
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113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

avg_packet_integral2 = mean (packet_integrall);

avg_packet_integral_norm2 = mean (packet_integral_norm2);

$normalized per minute, assuming 10fps
packet_transport2 =

sum (packet_integral2)/ (mintab2 (end, 1) -mintab2(1,1))*600;
packet_transport_norm2 =

sum (packet_integral_norm2) / (mintab2 (end, 1) -mintab2(1,1))*600;

output = [packet_frequency?2;
avg_packet_width?2;avg_packet_amplitude2;avg_packet_integral?2;

packet_transport2];

%$find average packet min (baseline)

avgPackMin= mean (mean_packet_min2);

$filename

packet__frequency?2
avg_packet_width?2
avg_packet_amplitude2
avg_packet_amplitude_perdiff2
avg_packet_integral2
avg_packet_integral_norm2
packet_transport2

packet_transport_norm2

% dlmwrite ([filepath filename 'Output' extension], output)
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APPENDIX B
MATLAB CODE FOR ANALYSIS OF LYMPHATIC PUMPING PRESSURE

clear

clc

o\°
o\

$Pumping Pressure Measurement

$Pressure and intensity data will be imported from text files
(tab delimited)

%$and will be analyzed to determine the measured pumping pressure.

%$Browse for pressure and intensity files

[pFileName, pPathName] uigetfile('x.txt', 'Select the pressure

data');

[iFileName, iPathName] uigetfile('x.txt', 'Select the intensity
data');

$Full file names for the pressure and intensity files

pressureFile = strcat (pPathName, pFileName) ;

intensityFile = strcat (iPathName, iFileName) ;

$Input frame where pumping pressure measurement started to adjust

time data

%for pressure measurement

prompt = 'Which frame did the pumping pressure measurement start
on?';
dlg_title = '"Input Frame';

num_lines = 1;
PressureFrameStart = inputdlg(prompt,dlg_title,num_lines, {'0"'});

PressureFrameStartNum = str2double (PressureFrameStart{1l});
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

4

43

44

45

46

47

48

49

50

%$Read in data from pressure file, and separate out adjusted time
data and

%$the pressure data

PressureWksht = tdfread(pressureFile);
PressureFieldNames = fieldnames (PressureWksht);
PressureTimeData =

PressureWksht. (PressureFieldNames{1l})+PressureFrameStartNum;
PressureData = PressureWksht. (PressureFieldNames{2});
$Read in data from intensity file, and separate out time data and the
%$intensity data
IntensityWksht = tdfread(intensityFile);
IntensityFieldNames = fieldnames (IntensityWksht);
% IntensityTimeData = IntensityWksht. (IntensityFieldNames{1l});
% IntensityData = IntensityWksht. (IntensityFieldNames{2});
IntensityData = IntensityWksht. (IntensityFieldNames{1l});
IntensityTimeData=zeros (1, length (IntensityData))';
for k=2:1length(IntensityData)
IntensityTimeData (k) = IntensityTimeData (k-1)+1;
end
$Filter Intensity Data using a moving average filter (averaging
over 15
$points)
timeIntervalFilter = 15;
FilterMat = ones(l,timeIntervalFilter)/timelIntervalFilter;

IntensityDataFiltered = filter(FilterMat, 1, IntensityData);

o

Code to view filtered data vs actual data:

% figure

o

hold on

o\

plot (IntensityTimeData, IntensityData)

o\

plot (IntensityTimeData, IntensityDataFiltered)

% legend('Intensity Data', 'Intensity Data Filtered')

o\
o
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52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

$Determining Pumping Pressure Value

count = 0;

%$Find time point where pressure first goes above 80 mmHg (tl) and
when it

%decreases below 60 mmHg after holding the pressure at 80 mmHg (t2)

for i=l:length(PressureData)

if PressureData (i) >80 && count==

tl P = floor (PressureTimeData(i));
[Vall, tl] = min(abs(IntensityTimeData-tl_P));
count = 1;

elseif PressureData (i)<60 && count==

t2_P = floor (PressureTimeData (i));
[Val2, t2] = min(abs(IntensityTimeData-t2_P));
count = 2;

elseif PressureData(i)<1l && count==

t3_ P = floor (PressureTimeData (1)) ;
[Val3, t3] = min(abs(IntensityTimeData-t3_P));
break;

end
end
$Find max intensity after t2 and find index of wvalue in
$IntensityDataFiltered
[maxIntensity, maxIntIndex_NA] = max(IntensityDataFiltered(t2:t3));
maxIntIndex = length(IntensityDataFiltered) -

length (IntensityDataFiltered(t2:end)) + maxIntIndex_NA;
$Find min intensity after tl and find index of value in
$IntensityDataFiltered
[minIntensity, minIntIndex_NA] =

min (IntensityDataFiltered (t2:maxIntIndex));
minIntIndex = length (IntensityDataFiltered) -

length (IntensityDataFiltered(t2:end)) + minIntIndex_NA;
%$Average min and max intensity to find the mid intensity

midIntensity = mean([minIntensity maxIntensityl]);
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$Find the index and time where the intensity data is closest to
the mid
%$intensity
% [midIntVal, midIntIndex NA] =
min (abs (IntensityDataFiltered (minIntIndex:maxIntIndex)—
midIntensity));
% midIntIndex = length(IntensityDataFiltered) -
length (IntensityDataFiltered (minIntIndex:end)) + midIntIndex_NA;
for k=minIntIndex:maxIntIndex
midIntIndex=k;
if IntensityDataFiltered(k-1)<midIntensity &
IntensityDataFiltered(k)>midIntensity
break;
end
end
midIntTime = IntensityTimeData (midIntIndex);
$Find the index and pumping pressure where the intensity data is
closest to
%$the mid intensity
if (maxIntensity-minIntensity)>50
[pressPumpVal, pressPumpIndex] =
min (abs (PressureTimeData-midIntTime));

PumpingPressure = PressureData (pressPumpIndex) ;

else

PumpingPressure

I
o
~

end
uiwait (msgbox (strcat ('The Pumping Pressure

is:',num2str (PumpingPressure), ' mmHg')));

o\
o\

$Emptying Rate
$Find how quickly the intensity decreases to its minimum value
[maxIntEmpRate, maxIntEmpRateIndex_NA] =

max (IntensityDataFiltered(tl:t2));
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126

127

128

129

130

131

132

133

maxIntEmpRateIndex = length(IntensityDataFiltered) -

length (IntensityDataFiltered(tl:end)) + maxIntEmpRateIndex_NA;

minThreshold = 1.10xminIntensity;
for j=maxIntEmpRateIndex:t3
if IntensityDataFiltered(j)<minThreshold
threshIntIndex = j;
break;
end
end
EmpRate = round ( (maxIntEmpRate-minThreshold) ./
(IntensityTimeData (threshIntIndex)-IntensityTimeData

(maxIntEmpRatelIndex)),1);

uiwait (msgbox (strcat ('The Emptying Rate is:',num2str (EmpRate),’

IU/s")));

o\°
o\°

%$Plotting Data
figure
hold on
title ('Pumping Pressure Measurement')
yyaxis right
plot (PressureTimeData, PressureData)
axis ([0 max (max (PressureTimeData),max (IntensityTimeData))
xlabel ('Time (s) ')
ylabel ('Pumping Pressure (mmHg) ')
yyaxis left
plot (IntensityTimeData, IntensityDataFiltered)
%$Line to denote the pumping pressure on the graph
if PumpingPressure>0
line ([PressureTimeData (pressPumpIndex)
PressureTimeData (pressPumpIndex) ],
[min (IntensityDataFiltered)-500

max (IntensityDataFiltered) +5007],
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134

135

136

137

138

139

'Marker','.', 'LineStyle','-", 'Color', 'k")

end

%$Line for emptying rate

line ([IntensityTimeData (maxIntEmpRateIndex)
IntensityTimeData (threshIntIndex) ], [maxIntEmpRate
minThreshold], "Marker',"'.', 'LineStyle',"'=", "Color', 'r")

axis ([0 max (max (PressureTimeData),max (IntensityTimeData))
min(IntensityDataFiltered)-500 max (IntensityDataFiltered)+500])

ylabel ('Average Intensity')
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