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Abstract

The lymphatic vasculature is an essential component of the body’s circulation providing a network
of vessels to return fluid and proteins from the tissue space to the blood, to facilitate immune

call and antigen transport to lymph nodes, and to take up dietary lipid from the intestine.

The development of biomaterial based strategies to facilitate the growth of lymphatics either

for regenerative purposes or as model system to study lymphatic biology is still in its nascent
stages. In particular, platforms that encourage the sprouting and formation of lymphatic networks
from collecting vessels are particularly underdeveloped. Through implementation of a modular,
poly(ethylene glycol) (PEG)-based hydrogel, we explored the independent contributions of matrix
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elasticity, degradability, and adhesive peptide presentation on sprouting of implanted segments
of rat lymphatic collecting vessels. An engineered hydrogel with 680 Pa elasticity, 2.0 mM

RGD adhesive peptide, and full susceptibility to protease degradability produced the highest
levels of sprouting relative to other physicochemical matrix properties. This engineered hydrogel
was then utilized as a scaffold to facilitate the implantation of a donor vessel that functionally
grafted into the host vasculature. This hydrogel provides a promising platform for facilitating
lymphangiogenesis in vivo or as a means to understand the cellular mechanisms involved in the
sprout process during collecting lymphatic vessel collateralization.

Summary:

A hydrogel was engineered to promote collecting lymphatic vessel sprouting. Systematic analysis
of individual biomechanical and biochemical gel properties allowed local optimization of
sprouting lymphangiogenesis in an in-vitro platform.

Introduction

The lymphatic vasculature in humans is critical for transporting over 8 liters of fluid per day,
deemed lymph once entering the lymphatic system, from the interstitial tissue space back
into the cardiovascular system(1). In addition to maintaining fluid homeostasis, lymphatics
are primarily responsible for trafficking immune cells to lymph nodes, playing pivotal roles
in inflammation and adaptive immune response(2, 3). Lymphangiogenesis is the process

by which lymphatic endothelial cells (LECs) proliferate and form new vessels. It is the
prevailing view that post-natal lymphangiogenesis is initiated from existing vasculature,
including from lymphatic collecting vessels, which contain a luminal layer of LECs
surrounded by specialized muscle cells referred to as lymphatic muscle cells (LMCs)(4—
6). Whereas initial lymphatic capillaries are characterized by loosely connected lymphatic
endothelial cells with specialized cell junctions, anchoring filaments to the interstitium,

and no basement membrane, all of which served to facilitate fluid, protein, and cell

entry to within the vessels, mature collecting vessels are structurally quite different from
initial lymphatics. LMCs surrounding collecting vessels contain alpha-smooth muscle actin
and other contractile filaments which are critical for the phasic contraction lymphatics
undergo to generate lymph(4, 5). During prenatal development, research has begun to
reveal facets of the complex signaling environment needed to recruit and orient LMCs
along developing vasculature to form mature collecting vessels(7-9). However, it is unclear
exactly how and if new lymphatic sprouts originating from collecting lymphatic vessels
and formed during post-natal injury induced lymphangiogenesis, regain LMC coverage
and restore their collecting vessel phenotype. Lymphangiogenesis has many parallels to
angiogenesis, the formation of new blood vessels, and is promoted and inhibited by many
of the same growth factors and signaling as the blood vasculature(6, 10). However, unique
to LECs is a high surface expression of vascular growth factor receptor 3 (VEGFR-3),
which binds with high affinity to vascular growth factors C and D (VEGF-C, VEGF-D)(7,
8, 11). In healthy individuals, lymphangiogenesis is induced during wound healing and
inflammation, allowing for localized immune cell recruitment; however, lymphangiogenesis

Biomaterials. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooks et al.

Page 3

is also associated with leaky and dysfunctional lymphatic vessels in certain pathological
situations, including congenital disorders(12, 13).

In developed countries, lymphedema resulting from cancer treatments is the most common
pathology of the lymphatic system. Lymphedema, or chronic swelling and fibrotic
remodeling of the soft tissue due to lymphatic obstruction or dysfunction, significantly
reduces patients’ quality of life and remains incurable. Estimates of breast cancer related
lymphedema (BCRL) vary from 15-30% of breast cancer patient survivors and is impacted
by pre-existing lymph flow rates, the extent of lymph node dissections, and additional
cancer treatments (14-17). As a treatment option, various methods of vascularized lymph
node transfer and lymph node flap transfers have been shown to significantly reduce
swelling in patients with lymphedema(18-21). The exact mechanism of this approach is
not fully understood but appears to involve lymphangiogenesis of local and transplanted
lymphatic vasculature to nearby lymph nodes or venous outlets(22, 23). If induction of
neo-lymphangiogenesis is the primary mechanism, a transplanted lymph node may not

be needed if an alternative treatment can induce and guide organized lymphangiogenesis
across the wound. For example, VEGF-C gene therapy alone was shown to regenerate
collecting lymphatic vessels after surgical resection of axillary lymph nodes allowing for
lymph transport across the resected area (24).

To develop a biomaterial platform capable of augmenting sprouting lymphangiogenesis from
a collecting lymphatic vessel, we engineered a 3D hydrogel system through optimization

of various parameters to support vessel sprouting from cultured, rat-derived lymphatic
collecting vessel segments. Hydrogels were formulated using a four-armed poly(ethylene
glycol) (PEG) macromer with maleimide groups at each terminus (PEG-4MAL) that were
conjugated to cell adhesive ligands and crosslinking peptides. The modular nature of the
synthetic hydrogel allows for greater understanding of the biophysical and biochemical
properties of the extracellular matrix (ECM) that guide lymphangiogenic sprouting in a
controlled and systematic fashion. Early 3D lymphangiogenesis models involve culture of
lymphatic tissue in “natural” matrices such as collagen gels(25, 26), where all gel properties
are intricately tied to collagen concentration(27, 28). Independently tuning the PEG weight
percentage, crosslinking or adhesive peptide type and density alters the biophysical and
biochemical signals(29-31) leading to significant changes in tissue phenotype(29, 32-34), a
phenomenon also recently demonstrated in the formation of lymphatic cord-like structures
by lymphatic endothelial cells cultured in hyaluronic acid hydrogels of varying stiffness(35).
There has been an emergence of studies over the past few years demonstrating the
feasibility of synthetic matrices or hydrogels to support in vitro 3D lymphangiogenesis

of lymphatic endothelial cell capillary networks composed of lymphatic endothelial cells,
often through the inclusion of support cells(36—41) or lymphatic endothelial progenitor
cells(42). However, it remains unclear the extent that these platforms can be engineered to
support sprout formation and coordinated LEC and LMC from a collecting lymphatic vessel,
thus we sought to take advantage of the PEG-4MAL hydrogel system to engineer such a
tissue and determine the effects of stiffness, degradability, and adhesive peptide type and
density on vessel network formation. Once an optimal lymphangiogenic gel formulation was
identified, we demonstrate the utility of this synthetic lymphangiogenic hydrogel to support
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the incorporation and collateralization of local and transplanted lymphatic collecting vessels
following injury.

Methods

PEG-4MAL hydrogel synthesis

To prepare PEG hydrogels, PEG-4MAL macromer (MW 22,000; Laysan Bio) was dissolved
in 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer (20 mM HEPES in
DPBS, pH 7.4) at 2.5x the final density. Adhesive and cross-linking peptides were custom
synthesized by AAPPTec. Adhesive peptides that were used include RGD (GRGDSPC),
GFOGER (GYGGGP(GPP)5sGFOGER (GPP)sGPC), RDG (GRDGSPC), and GAOGER
(GYGGGP(GPP)sGAOGER (GPP)sGPC), where O = hydroxyproline. Adhesive peptides
were dissolved in HEPES at 10.0 mM (5X final ligand density) and mixed with PEG-4MAL
ata 2:1 PEG-4MAL/ligand ratio to generate a functionalized PEG-4MAL precursor. After
at least 15 min, the functionalized PEG-4MAL precursor solution was further diluted using
HEPES buffer at a 3:1 functionalized PEG-4MAL/HEPES ratio. Bis-cysteine cross-linking
peptide GPQ-W (GCRDGPQG!IWGQDRCG; | denotes enzymatic cleavage site) was
dissolved in HEPES at 5X the density that corresponds to 1:1 maleimide/cysteine ratio after
accounting for maleimide groups reacted with adhesive peptide. Non-degradable (or 0%
degradable) gels were made by exchanging GPQ-W with the non-enzymatically degradable
crosslinking agent, PEG-DT (hexa(ethylene glycol) dithiol).

Hydrogel characterization

The storage moduli of hydrogels of different PEG weight percentages were assessed

by dynamic oscillatory strain and frequency sweeps performed on an MCR 302 stress-
controlled rheometer (Anton Paar) with a 9-mm diameter, 2° cone, and plate geometry
(Supplementary Figure 1). Oscillatory frequency sweeps were used to examine the storage
and loss moduli (e = 1-100 rad s-1) at a strain of 2.3%.

Collagen gel synthesis

Collagen gels were prepared using a stock solution (5 mg/mL, Gibco - A1048301) of rat tail
collagen, type 1, concentrated at five times the final desired concentration. Approximately
3.75 volumes of type 1 collagen, 3.75 volumes of sterile H20, 1 volume of HEPES
(200mM), 1 volume of 10X DMEM, 0.5 volumes of NAHCO3 (74mg/mL) were mixed
together on ice and kept cold. Immediately before encapsulation of tissue, pH was brought to
7.4 using NaOH and 20 L of this collagen solution was added to each well.

Lymphatic isolation and encapsulation

Isolation of Rat Lung Draining Lymphatic Vessels (LLV)—Lymphatic collecting
vessels from the mediastinal region that drain downstream of the lungs, running alongside
the left phrenic nerve, were isolated from surrounding connective tissue in the chest cavity
of adult male Sprague Dawley rats (350-400 g, 10-12 weeks). In brief, rats were euthanized
and immediately shaved along the chest. The chest cavity was opened and the lung and heart
were gently pulled to the side, exposing the phrenic nerve located above the lungs. About
5-6 mm of lymphatic collecting vessel that travels parallel to the nerve was mechanically
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separated from the surrounding fat tissue, taking care to keep the vessel from drying out
by frequent application of Dulbecco’s Phosphate-Buffered Saline (DPBS). This section of
lymphatic vessels was termed the lung draining lymphatic vessel (LLV). After being cleaned
from surrounding tissue, the vessel segment was removed and transported to a petri dish

of DPBS for further cleaning and to be cut into roughly 300-micron long segments. To
form hydrogels, an individual vessel segment was carefully placed into a solution of the
cross-linking peptide in a 24 well plate. A solution of the adhesive peptide-functionalized
PEG-4MAL macromer was then mixed in and allowed to polymerize for 15 min before
the addition of growth medium. All animal procedures were performed in compliance with
procedures approved by the Georgia Institute of Technology Internal Animal Care and Use
Committee (IACUC).

Tissue culture

Culture Protocol for LLV During Characterization of Response to PEG
Hydrogel Properties—Segments were cultured in an endothelial basal medium (EBM)
formulation as previously described(43). This consisted of EBM (Lonza,) supplemented
with 20% FBS (Atlanta Biologicals), 1% penicillin-streptomycin-amphotericin B (Gibco),
1% Glutamax (Gibco), 0.1% DBcAMP (Sigma), and 0.1% hydrocortisone acetate (Sigma).
Vessel segments were cultured for a total of 7 days and media was changed on days 3 and 5.

In-vitro drug assay

Rat LLV samples were cultured in the standard EBM formulation until day 5. Samples were
then treated with docetaxel (1uM in ethanol) or carboplatin (1uM in PBS) or in a vehicle
control of ethanol.

For rapamycin, at day 5, 20 nM or 100 nM rapamycin was suspended in EBM and applied
to the samples and reapplied at day 8 before analysis and/or fixation at day 10. An equal
volume of DMSO was added to untreated samples as a vehicle control. Samples that had not
begun sprouting by day 5 were discarded.

Live/dead assay

Calcein-AM and Toto-3 (Thermo Fisher) were used as a live and dead stain, respectively,

to determine the viability of the tissue within the hydrogel at day 7. Each stain was mixed
with cell culture media at a 1:1000 ratio and incubated with the tissue samples at 37°C for

1 hour. Samples were rinsed with PBS before imaging via confocal microscopy followed
by fixation in 4% paraformaldehyde (PFA) for 10 minutes. Images were collected on an
inverted confocal microscope (Zeiss LSM 700B). Images of larger sizes are stitched images
of z-stacks at different x-y locations, altering the size of the image but maintaining the same
resolution for analysis.

Sprouting analysis

Sprouting from vessel segments were analysed following the live/dead stain using image
analysis code developed in MATLAB (Appendix A). Samples were imaged with an inverted
confocal microscope (Zeiss LSM 700B) using a 5X objective (0.16 numerical aperture and
working distance of 12.10 mm). This code binarized the max intensity projections of the live
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stain determined the sprout length and branching complexity. If samples did not test positive
for the live stain they were not included in the sprouting analysis. The code requires the

user to manually select the location of the implanted vessel segment and then sets concentric
squares around the selected point to determine the quantity of tissue along the perimeter.

By assessing the percent of tissue vs blank space along the perimeter the max length of
sprouts and number of individual sprouts could be assessed. All conditions used in the
sprouting analysis have 6 or more biological replicates pooled from at least 2 independent
experimental runs.

Immunostaining and imaging

Lymphatic samples from rat cultured within the PEG hydrogels were stained to assess
morphology and cell type. General morphology was assessed with a phalloidin based F-actin
stain (Invitrogen). Cell lineage was determined via staining for expression of alpha-smooth
muscle actin (aSMA, Mouse 1gG2a, Sigma - A2547) and vascular endothelial growth factor
receptor-3 (VEGFR-3, Rabbit 1gG, Invitrogen - PA516871). Fixed tissue samples within

the gels were permeabilized with 0.5% Triton-X for 20 minutes and then rinsed 3 times.
After the third rinse, samples were blocked for 1 hour in a blocking solution composed of
phosphate buffered saline (PBS) with 10% goat serum (the secondary antibody host) and
2% bovine serum albumin (BSA). The blocking solution was then removed, and samples
were incubated with primary antibodies suspended in 2% BSA (1:200) overnight at 4°C

on a rocker. The samples were then rinsed three times and then rocked in a solution of
secondary antibodies (1:400) for two hours at room temperature. After a final three rinses
the samples were then imaged using an inverted confocal microscope (Zeiss LSM 700B).
For Figure 6 A&B, a 10X objective (0.3 numerical aperture and working distance of 5.2mm)
was used for the base images. A 40X objective (1.4 numerical aperture and working distance
of 0.130 mm) was used for the magnified regions in Figure 6 C&D. Images in Figure 6 were
taken with the 20X objective (0.8 numerical aperture and working distance of 0.550 mm).
Base images in Figure 7 A,B were taken with a 5X objective (0.16 numerical aperture and
working distance of 12.10 mm) and the magnified region (Figure 7 C) was taken with the
20X objective.

Nonspecific isotype controls of mouse 1gG2a (Sigma - M5409), rabbit 1gG (Sigma - 15006),
and mouse 1gG1 (Sigma - 5284) were used at the same concentration as the primary
antibodies on samples to ensure that there was no non-specific binding of the antibodies
(Supplementary Figure 2). The same staining and imaging protocols were implemented as
the primary antibodies described previously.

Additionally, these antibodies were used to stain an intact lung draining lymphatic vessel to
ensure positive staining of the lymphatic muscle cells (a SMA*) and lymphatic endothelial
cells (VEGFR-3%) shown in Supplementary Figure 3. After careful dissection, the intact
lymphatic vessels were fixed in 2% paraformaldehyde in PBS for 60 min and washed in PBS
3 times for 5 minutes each. The vessel was permeabilized in 0.1% PBST (PBS with 0.1%
Triton X-100) for 20 minutes and incubated in a blocking solution (1% BSA, 5% normal
serum in PBS) for 1 hr at room temperature. The vessel was then cut into 2 segments. One
segment was incubated at 4°C overnight with the primary antibodies in blocking solution.
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The second section was given the same treatments except the primary antibody was replaced
with the corresponding isotype control. Both segments were washed three times in PBS,
both intraluminal and abluminal, before incubation with the secondary antibodies for 1 hr

at RT. The vessel segments were washed in PBS 3 times for 5 minutes. The vessels were
then cannulated and tied onto 2 glass pipettes, pressurized at 2 cm H,0, and secured to the
stage of a multiphoton confocal microscope (Zeiss 710 NLO) for imaging. The vessels were
scanned with a Zeiss PL APO 20X (0.8 NA) objective.

ImageJ Image Analysis

The ImageJ plugin angiogenesis analyzer (Carpentier et al., 2012) was used to construct
binary tree skeletons of sprouting networks to quantify sprout length and nodes/mm of the
lymphatic networks in the PEG-4MAL and collagen gel cultures. Additionally, the ImageJ
plugin coloc 2 was used to quantify stain colocalization of smooth muscle actin-alpha and
vegfr-3. IN brief, this software performs pixel intensity correlation over space and produces
a 2D histogram with regression line and calculates the Pearerson’s r coefficient.

GFP Tissue Transplantation with PEG Hydrogels

Ubiquitously green fluorescent protein (GFP) expressing Sprague Dawley rats (RRRC:0065
[SD-Tg(UBC-EGFP)2BalRrrc]) were purchased from the Rat Resource & Research
Center. Animals were anesthetized via injections of ketamine (40mg/kg) and dexdomitor
(0.13mg/kg) and the left hindlimb was shaved of hair. A near infrared (NIR) dye (IRDye®
800CW), conjugated to 20kDa PEG polymers, were injected into the footpad. Due to the
size of the polymer this NIR tracer is drained from the footpad interstitium exclusively by
the lymphatic system. Imaging through the skin revealed two lymphatic collecting vessels
that drain lymph formed in the foot pad to the popliteal lymph node and travel parallel

to the saphenous vein. A 1-2cm long segment of the two parallel collecting vessels was
resected proximal to the ankle (Figure 7A). These vessels were segmented into 3-5mm
long segments and stored in sterile saline solution. In non-fluorescent Sprague Dawley rats,
the same segments of collecting vessel were isolated and discarded. One segment of the
GFP expressing collecting vessel was placed along the lateral side of the saphenous vein
where the host’s collecting vessel was removed. Ten microliters of 10%PEG — 2mM RGD
gel was carefully polymerized over the vessel segment and the skin sutured close over the
gel and wound. Gels were fabricated as outlined in section 3.2.1. The animals were risen
with antisedan (1.3mg/kg) and carefully monitored following recovery. Lymphatic repair in
the wound site was assessed using NIR imaging on days 7, 14, and 28 following surgery.
This procedure was carried out on 2 adult male rats. All animal procedures were performed
in compliance with procedures approved by the Georgia Institute of Technology Internal
Animal Care and Use Committee (IACUC).

On day 28, the animal was administered an intradermal injection, 20 microliters, of
fluorescent lectin (Vector Laboratories - DL-1178-1, DyLight® 649, 1mg/mL), that was
passively drained by the lymphatics due to size exclusion from the blood vasculature.

After 10 minutes, animals were then euthanized and the entire wound site, including the
saphenous vein, was isolated and immediately frozen in optimal cutting temperature (OCT)
compound. Tissue slices were stained with a nuclear DAPI stain, for GFP expressing
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cells, and VEGFR-3 expressing cells. Samples were fixed using a 4% paraformaldehyde
(PFA) suspended in a physiological saline solution for 10 minutes then rinsed three times
with phosphate buffered saline (PBS). Sections were permeabilized with a 0.5% Triton-X
solution at room temperature for 10 minutes and rinsed again three times in PBS. Blocking
of samples was done in a PBS solution containing 2% bovine serum albumin, BSA and
10% goat serum for 1 hour at room temperature. Following this, primary antibodies for GFP
and VEGFR-3, suspended in the 2% BSA solution (1:100), were applied to the samples for
one hour on a plate rocker. The samples were rinsed in PBS (3x) before application of a
fluorescent secondary antibody solution in 2% BSA (1:200) for 1 hour at room temperature
on a shaker. Samples were rinsed two times in PBS before imaging. Additional sections
were also stained with isotype control antibodies for the GFP antibody (chicken IgY)

and VEGFR-3 (polyclonal rabbit 1gG). The maximum intensity from these controls were
subtracted from the actual stains to eliminate background and non-specific fluorescence.

GraphPad Prism version 7.01 was used for statistical analysis. Kruskal-Wallis test followed
by Dunn’s multiple comparisons test were used for comparisons between multiple
experimental groups at the end of each culture period. The biological replicates for the
10% PEG - 2mM RGD gel, tested for multiple experimental conditions, are grouped and
presented in Figures 2-5. All analyses were considered statistically significant at p<0.05.
Error bars on all data points are standard deviation. Grubbs test for statistical outliers was
used to remove one outlier from the 1.00 mg/mL collagen gel condition. An F test was used
to determine the significance of a non-zero slope for the RGD concentration vs sprouting
curves in Figure 4)

PEG hydrogel properties modulate lymphatic sprouting

PEG-based hydrogels were formulated as an alternative to naturally derived ECMs (e.g.
collagen gels), which are limited by the inability to uncouple mechanical and biochemical
properties. The four-armed PEG macromer was terminated with maleimide groups (PEG
-4MAL) which allow for functionalization with peptides and modulation of hydrogel
properties as shown in Figure 1.

We sought to tune the biomechanical and biochemical properties of a PEG-4MAL hydrogel
in order to optimize their lymphangiogenic capacity. Segments of lung-draining lymphatic
collecting vessels (LLV) dissected from rat tissue were embedded in PEG-4MAL hydrogels
of different formulations. The weight percentage of PEG polymer, type of adhesive peptide,
and crosslinker sensitivity to proteases were altered independently to examine the impact
of each parameter on sprout formation. Using computerized image analysis, the resulting
lymphatic network emerging from the embedded segment was quantified after 7 days of
culture. This image processing technique used a concentric square grid centered at the
implanted tissue segment to determine the maximum sprout length and the average number
of intersections sprouts made with each concentric square boundary. The average humber of
intersections metric reflects the number of sprouts formed from the initial tissue segment.

Biomaterials. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooks et al.

Page 9

Unless otherwise stated, hydrogels were 10% PEG, functionalized with RGD (2.0 mM), and
crosslinked with the protease-degradable crosslinker GPQ-W (GCRDGPQGIWGQDRCG).

Rat LLV sprouting was sensitive to the polymer density of the PEG hydrogel, which
directly controls the mechanical properties of the PEG-4MAL gel (Supplementary Figure
1)(30). The length of sprouts within the PEG-4MAL hydrogel and the number of sprouts
branching from the embedded segment were maximal at an intermediate polymer density
(10%) compared to 6%, 8%, and 12% PEG polymer densities (Figure 2).

RGD is a conserved adhesive peptide present in fibronectin and other ECM proteins and
binds with high affinity to a variety of integrins(44-46). LLV segments in PEG-4MAL
hydrogels functionalized with RGD peptides exhibited significantly higher sprouting when
compared to its inactive scrambled peptide RDG (GRDGSPC) that does not support

cell adhesion (Figure 3). PEG hydrogels presenting the collagen I-derived GFOGER
(GYGGGP(GPP)sGFOGER (GPP)sGPC) triple helical peptide did not support the same
length or number of sprouts and produced sprouting that was not different from its
scrambled peptide GAOGER (GYGGGP(GPP)sGAOGER (GPP)sGPC) or RDG. Notably,
PEG gels with the scrambled peptides supported low levels of sprouting at day 7 of culture.

The density of RGD adhesive peptide in synthetic hydrogels has been shown to regulate
functions such as endothelial cell proliferation, ECM deposition, and gene expression,
altering expression of a variety of genes in different cell types(47-50). We next examined
the effects of RGD density on lymphatic sprouting. A constant 2.0 mM total density of
adhesive peptide was maintained by altering the ratio of RGD peptide and scrambled
inactive RDG peptide (0-2.0 mM). The upper limit of 2.0 mM concentration was motivated
by similar studies using similar PEG gel systems(51) which show that oversaturation of
RGD peptides will impair sprouting. Both average sprout length and the average number

of intersections increased linearly with RGD density (Figure 4). These results demonstrate
that the polymer density (mechanical properties) and RGD peptide density control lymphatic
sprouting.

Finally, the impact of gel degradability on sprouting phenotype was examined. Because

of the nanoscale mesh size of thesthe optimise gels(29, 52), degradation is critical for

cell migration and sprout formation within the hydrogel network. By altering the ratio of
the protease-degradable, GPQ-W, crosslinker, to a non-degradable, PEG-DT (hexa(ethylene
glycol) dithiol), crosslinker, we altered the susceptibility of the hydrogel to protease
degradation. Protease degradable gels (“100%” degradable) were crosslinked entirely with
GPQ-W while non-degradable gels (“0%” degradable) were crosslinked with PEG-DT. A
third hydrogel condition was crosslinked with a 1:1 ratio of GPQ-W and PEG-DT (“50%”
degradable). Hydrogels crosslinked with GPQ-W peptides supported significantly longer
and a higher number of sprouts than other conditions (Figure 5).

Synthetic hydrogels and collagen gels elicit distinct lymphatic sprouting morphologies

A PEG-4MAL hydrogel containing 10% PEG, presenting 2.0 mM RGD, and 100%
degradable crosslinks optimized lymphatic sprouting from implanted lymphatic vessel
segments. We sought to compare lymphatic network formation in the optimized PEG-4MAL
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hydrogel to type | collagen hydrogels. Relative to collagen gels, sprouts in PEG hydrogels
were more structured, with multiple cells aligning into well-defined, continuous sprout
extensions by day 7 (Figure 1 A). Unlike PEG hydrogels, cells composing the lymphatic
vessel appeared to proliferate radially from the implanted vessel segment in collagen

gels and did not organize into multi-cellular organized sprouts (Figure 1 G). Increasing
magnification (Figure 6 C & D) clearly show the morphological differences between the
sprouts in the PEG gels compared to cell proliferation in the collagen gels at day 7 of
culture. The organization of the cell network was measured using ImageJ’s angiogenesis
analyzer plug in which overlays the lymphatic networks with discreet segments joined

at nodes (Figure 6 E & F). This analysis allowed for quantification of the unique
morphological differences between PEG and collagen gels; demonstrating that the lymphatic
network in the PEG-4AMAL hydrogel had, on average, longer segment lengths between
nodes, with fewer total number of segments and nodes (Figure 6 G). This distinct outward
proliferative morphology of the lymphatic cell network was evident in collagen gels at
multiple concentrations (Supplementary Figure 4).

LEC and LMC cooperatively migrate to form sprouts within PEG hydrogels

Sprouting lymphatic segments embedded in the optimal PEG gel formulation were stained
for lymphatic cell markers to assess cell type, phenotype, and organization. Alpha-smooth
muscle actin (aSMA) staining identifies LMCs and/or myofibroblasts, whereas vascular
endothelial growth factor 3 (VEGFR-3) identify LECs (Figure 7). In 10% PEG gels
presenting 2.0 MM RGD and 100% degradable crosslinks, LECs within the sprouts stained
positive for VEGFR-3 (Figure 7A). Furthermore, sprouts within the synthetic PEG-4MAL
hydrogel contained a SMA positive cells aligned with VEGFR-3 positive cells. /n vivo, this
co-localization of multiple cell types along a sprout is indicative of a mature collecting
lymphatic vessel. In contrast, cells within the collagen gel generally stained positive for
either VEGFR-3 or a SMA, but with no apparent co-localization or organization (Figure 7
B). 2D intensity histograms quantify staining correlation of the VEGFR-3 and SMA stains
in the PEG-4MAL condition compared to collagen gels (Figure 7 D) with Pearson’s r values
of 0.72 and 0.44 respectively. The high staining colocalization in PEG-4MAL compared to
collagen gel conditions can be seen visually in the magnified regions of interest of each
merged image (Figure 7 D).

Lymphangiogenic PEG hydrogel to deliver lymphatic tissue following surgical resection

Lymph transport can be visualized and measured over time via injection of NIR labelled
PEG tracer injected into the footpad. Due to size exclusion of blood vasculature, the PEG
tracer is selectively up taken by the lymphatic vasculature and real-time transport can be
imaged through the skin. This reveals two primary lymphatic collecting vessels that drain
the footpad interstitial fluid. A lymphatic injury model was implemented, removing both of
these lymphatic collecting vessels which run along the saphenous vein distal to the popliteal
lymph node. A segment of GFP expressing collecting vessel harvested from a GFP rat (Rat
Resource & Research Center) was implanted into the wound site of a non-fluorescent host
after the two lymphatic collecting vessels that drain the foot pad were resected (Figure 6
A-C). After one week, lymph flow along the limb, as tracked with NIR labelled PEG tracer
injected into the footpad, seemed to have been established through a network of smaller
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collateral vessels (Figure 6D). By day 28, flow through a single mature collecting vessel was
restored across the wound site (Figure 6E). On day 28, following the injection and imaging
of the NIR labelled PEG tracer, 20uL of fluorescent lectin was injected into the interstitium
of the foot pad on day 28 and drained by the lymphatics into the popliteal lymphatics

due to size exclusion from the blood capillaries (Figure 6F). Imaging the fluorescent lectin
(emission wavelength: 690nm) through the skin matched perfectly with NIR fluorescence
(emission wavelength: 889nm) confirming lymphatic specific drainage of the lectin. The
skin above the wound site was carefully removed and underlying tissue was resected along
the dotted lines. After section and staining, the lymphatic collecting vessel draining the

foot was identifiable via the residual lectin stain (Figure 6G & H) demonstrating functional
uptake into the vessel from the injection site at the footpad. Additional stainig of these
slides show widespread GFP expression of local vasculature and weak VEGFR-3 expression
(Figure 6 1-K).

Discussion

Utilizing synthetic PEG-4MAL hydrogels, we have demonstrated that lymphatic sprouting
from collecting vessels is regulated by matrix stiffness, RGD density, and susceptibility to
protease degradability. Lymphatic tissue cultured within these gels reproducibly organizes
into lymphatic networks with sprouts staining for VEGFR-3* LECs and aSMA* cells,
similar to mature vessels /n vivo. This work demonstrates the applicability of PEG-4MAL
hydrogels, engineered to optimize lymphatic sprouting, to study lymphatic function,
responsiveness to intervention, and potential for in-vivo application. Finally, we demonstrate
the capacity for host’s lymphatic collecting vessels to connect with transplanted lymphatic
tissue delivered with the lymphangiogenic PEG hydrogel formulation.

The consistency and tunability of PEG-4AMAL hydrogels revealed several understudied
regulators of lymphatic sprouting and a unique sprouting phenotype. The RGD adhesive
peptide allowed for the most robust sprouting phenotype compared to type I collagen
peptides. This is in alignment with studies that show formation of initial lymphatic capillary
networks from LECs encapsulated in 3D fibrin gels, which present RGD domains(38,

53). Both the avp3 and a5p1 integrin dimers, which bind with high affinity to the RGD
peptide, are documented to play a role in either lymphangiogenesis(54) or angiogenesis(55).
Deposition of adhesive matrix proteins produced by cells of the implanted tissue likely
allowed for eventual but delayed sprouting lymphangiogenesis in the RDG and GAOGER
presenting hydrogels. Incorporating GFOGER, or other adhesive peptides, in combination
with RGD could reveal novel or synergistic effects in future studies. Varying the weight
percentage of PEG revealed a relative maximum in sprout length and number. 10% PEG
hydrogels have a higher storage modulus (680 Pa) compared to a 2 mg/mL collagen

gel (20 Pa(51)), and this finding may indicate a stiffness-based cue which promotes
lymphangiogenesis during injury based interstitial remodelling. This finding may have
important implications for remodelling in lymphedema, where tissue fibrosis is routinely
observed in the affected limb and may adversely influence the formation of new collaterals
from the intact collecting vasculature. Finally, as previously stated, cells within the sprouts
of these lymphatic networks stained positive for a SMA which indicates partial LMC
coverage. This has not been documented in similar studies using segments of mouse thoracic
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duct in collagen gels(25), as sprouts in these tissues lacked a SMA™ cell coverage. Cyclic
LMC contraction, critical for lymphatic fluid transport, is dependent on pressure and stretch-
sensitive calcium channels(56, 57), so it is unknown if these aSMA+ cells have the capacity
to support intrinsic pumping.

As previously stated, the lymphangiogenesis observed in collagen gels in this study

was morphologically distinct from the sprouting observed in the PEG hydrogels. This
difference in sprouting morphology was clear at early time points, with lymphatic sprouting/
proliferation in collagen gels losing any clear organization by day 5 (Supplementary Figure
5). Additionally, this was distinct from similar studies in which mouse thoracic duct
segments were cultured in collagen gels(25). Therefore, we explored the impact of species,
lymphatic anatomical location, and media conditions on resulting lymphatic networks
(Supplementary Figure 6). When these factored were more closely matched to previous
studies, the lymphatic sprouting morphology observed in those studies were repeated.

This demonstrates the heterogeneity of lymphatic vessel culture and encourages further
research to optimize lymphatic culture conditions based on region and species. Regional
heterogeneity of lymphatic vessel function has been well documented(3, 58-60), but this
synthetic gel provides a platform to determine how regionally distinct cellular phenotypes
impact sprouting capacity and sensitivity to matrix cues, which is currently unknown.

This platform is further advantageous in its capacity to be functionalized with matrix
binding motifs from a variety of ECM matrix components, recreating regional heterogeneity.
Lymphatic endothelial cells have been cultured in a variety of 3D matrix systems with
extensive proliferation observed in predominantly fibrin gels (38, 61, 62). These results
align well with the enhanced sprouting we find in the PEG-4MAL gel functionalized with
RGD compared to GFOGER (a collagen mimetic peptide). Another matrix component of
interest is hyaluronic acid (HA), which has been shown to interact with the HA receptor,
LYVE-1, on LECs and induces LEC migration and lymphangiogenesis as it degrades (63,
64). While not tested here, HA or other matrix ligands can be incorporated into the PEG
hydrogel to better understand how they regulate lymphatic function and regeneration. The
distinct advantage of the PEG-4MAL platform for future studies is the control it gives the
user to present specific matrix properties independently or in controlled ratios to precisely
and repeatably probe these questions. The optimized 10% PEG- 2mM RGD hydrogel is a
stable platform capable of supporting continued lymphatic sprouting through at least 20 days
of culture with no visible signs of degradation (Supplementary Figure 7). Additionally, like
naturally derived matrices, the PEG-4MAL gel is easily degradable which allow for further
phenotyping of the resulting sprouting networks via flow cytometry or quantitative PCR.

While our knowledge of the molecular signaling regulating lymphangiogenesis of initial
lymphatic capillaries has grown substantially, in large part due to studies that are afforded
through in vitro models, our understanding of the mechanisms driving sprout formation
from mature collecting vessels, and the participation of LMCs and their recruitment to these
newly formed sprouts is severely limited. This platform, which supports coordinated LMC
and LEC recruitment during the sprouting process, has potential to provide insight into the
molecular signals responsible for this process such as growth factors, cytokines, and clinical
drugs. For example, implementing a 10-day culture period, we conducted a preliminary
study to explore the role of chemotherapeutics, docetaxel and carboplatin, on sprout

Biomaterials. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooks et al.

Page 13

formation (Supplementary figure 8). In brief we found that docetaxel, but not carboplatin
inhibited sprout formation. Docetaxel has previously been noted to inducing swelling in
patients(65, 66) but the impact on multicellular lymphatic tissue has not been explored
in-vitro. Previous in-vivo studies showed enhanced lymphangiogenesis upon treatment with
docetaxel(67) but our results would indicate that this may occur through secondary pathways
involving the tumor and other cellular regulators of lymphatic function.

In addition to serving as a platform for mechanistic /n vitro studies, these lymphangiogenic
PEG-4MAL hydrogels could serve as a scaffold to support in lymphatic regeneration

in vivo. PEG hydrogels of similar formulations are beneficial in several animal models

for organoid transplant or improved wound healing(31, 68, 69). Autologous lymph node
transfers and lymph node flap transfers are promising emerging therapies for patients
suffering from lymphedema(18, 19, 21, 70), yet these procedures assume that the
implantation of the node itself will provide the necessary biochemical cues to support
recruitment of mature collecting vessels to incorporate the node into the host’s lymphatic
vasculature as no such connections are physically made during the surgery. Research over
the last decade have demonstrated that growth of functional lymphatic vasculature across

a wound or to an implanted lymph node can be enhanced with scaffolding and growth
factors(71-73). More recently, many of these studies have led to clinical trials using
Lymfactin®, an adenoviral VEGF-C therapy(73), and BioBridge, an aligned nanofibrillar
collagen scaffold (72), to enhance the efficacy of transplanted lymph nodes to treat

and prevent lymphedema. This study demonstrates that our engineered PEG hydrogel
incorporated with lymphatic tissue allows for functional lymph flow across small resections
in the draining lymphatic network. The transplanted GFP expressing lymphatic vessel was
functionally integrated into the host’s lymphatic vasculature as indicated by intraluminal
lectin staining of the GFP positive lymphatic vessel. The lumen of the lectin coated
lymphatic vessel was over 50 microns wide and was 1-2inches downstream from the
injection site, indicating that it is a mature lymphatic collecting vessel but additional
staining for LMC coverage would be needed to confirm. The use of these lymphangiogenic
PEG hydrogels as a scaffold could enhance functional lymphatic regeneration and connect
collecting lymphatic vessels to transplanted lymph nodes or be a preventative measure
following lymph node resection. In addition, they serve as a unique experimental platform
for investigating the molecular mechanisms and the role of the microenvironment in
sprouting lymphangiogenesis originating from collecting lymphatic vessels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A: Matlab Code to quantify sprouting length and average branch

number:

close all
clear

clc

%User must update folder location and make sure all images are numbered
PicLoc =“C:\Users\X\OneDrive\Documents\Hydrogel\5x Live\num\”; %Example
PicName=1"; %Images must be numbered starting with 1

PicType= “.tif”;

NumIm=3; %User input for specific # of images in the folder
for v=1:Numim

PicName=num2str(v);

I = imread(strcat(PiclLoc,PicName,PicType));

% I=imadjust(l);

% wmshow(l)

figure

imagesc(l)

[x,y]=ginput(1l); %User selects center of vessel (gives decimals)
X0(v)=round(x,0);

yO(v)=round(y,0);

end

close all

for v=1:NumlIm
PicName=num2str(v);

I = imread(strcat(PicLoc,PicName,PicType));

pix2mm=491.5;
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inc=7;
a0 = inc; %tracing for background sample and vessel core sizes

a = inc; %First tracing (52pixels is about 0.25mm)

[Isizex, Isizey]=size(l);

Squarelimit=min(lIsizex, Isizey);

maxdist=round((Squarelimit/2)/inc);

th=9; %thickness of square to average pixel values across

14 = imread(strcat(PicLoc,PicName,PicType));
I5=imadjust(14);

% figure

% imshow(15)

level = graythresh(15);
level=(level-0.25*level); %Usuallt 0.15

bw = im2bw(15, level);

% bw = im2bw(15);

bw = bwareaopen(bw,10);

% Figure

% imshow(bw)

filled = imfill(bw, “holes”);
% Filled = imfill(bw);

% Figure
% imshow(Filled)

holes = filled & ~bw;
bigholes = bwareaopen(holes, 40); %Usualy 50
smallholes = holes & ~bigholes;

bw = bw | smallholes;

sb2=5*(inc+1);
for i=1:sb2
cl=x0(v)+(~(sb2/2)+i);
for j=1:(sb2)
ri=yo(v)+(-(sb2/2)+j);

bw(ri,cl)=1;

end

end
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figure

imshow(bw)

[m,n]=size(bw);
% Squares=zeros(m,n);
Intersection=zeros(maxdist*4,th);

for i=1l:maxdist

for k=1:th
b=a+(-(round(th/2))+k);

I=length((xX0(v)-b) : (x0(v)+b));

cx0l=repmat((x0(v)-b),1,1); %define x position of left line

cx02=repmat((x0(v)+b),1,1); %define x position of right line

ryOl=repmat((yO(v)-b),l1,1); %define y position of top line

ryO2=repmat((yO(v)+b),1,1); %define y position of bottom line

c=[(XO(Vv)-b) : (xO0(v)+b) cx01” (XO(v)-b):(x0(v)+b) cx02”]; %all x
positions of square

r=[ry01”> (yO(v)-b):(yO(v)+b) ry02> (yO(v)-b):(yO(v)+b)]; %all y
positions of square

% for j=1:length(c)
% Squares(c(),r(G))=1;
% end

pixels = impixel(bw,c,r); %pixel values of all pixels along the square
S=sum(pixels);
branchdensity(k, i1)=(S(1)/7(1*4));

for g=1l:length(pixels(:,1))-1
Intersection(g,k)= abs(pixels((g+1l),1) — pixels((g),1)); %Determine
if there is an intersection by seeing if pixel changes from a 0 to 1 or 1 to
0
end

%Eliminating noise (Branch must be 2 pixels in width)
for g=1:length(pixels(:,1))-2
CurrentBranchLength(g)=0;
iT Intersection(g,k)+Intersection(g+1l,k)>1
Intersection(g,k)=0;
elseif Intersection(g,k)+Intersection(g+l,k)==1
CurrentBranchLength(g)=sqrt((abs(x0(v)-c(g)))"2+(abs(yo(v)

Biomaterials. Author manuscript; available in PMC 2023 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hooks et al.

“r(@N"2);

end

end

MaxBranchLength(i)=max(CurrentBranchLength)/pix2mm;

Intersection((length(pixels(:,1))+1),k)
MaxInt(i,k)= max(Intersection(:,k));

end

sum(Intersection(:,k));

branchdensity((th+1),1) = mean(branchdensity(:,i1));

NumInter(i)=mean(MaxInt(i,:))/2;

a=

end

branchdensity(isnan(branchdensity))=0;

a+inc;

BranchLengthindex = find(branchdensity((th+1),:)<0.015,1);
BranchLengthindex2 = find(branchdensity((th+1),:)<(5/1),1);

TF = isempty(BranchLengthindex);

if TF==1

BranchLengthindex = maxdist;

end

clear
clear
clear
clear
clear
clear
clear
clear
clear
clear
clear

end

branchdensity
BranchLengthindex
Numinter
Intersection

pixels

Density2

Numinter
MaxBranchLength
CurrentBranchLength
background

cCra

BranchLength
BranchLength2
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AvgBranchNum

BranchArea

VarMatrix(1, :)=BranchLength;

VarMatrix(2, :)=AvgBranchNum;

VarMatrix(3, :)=BranchArea;
VarMatrix(4, :)=BranchLength2;
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Figure 1:
Schematic of 4 arm PEG hydrogel functionalized with adhesive peptides and protease-

degradable crosslinker. (A) PEG-4MAL is functionalized with adhesive peptides bound to
thiol groups. (B). PEG-4MAL functionalized with adhesive peptides reacts with protease
degradable crosslinks forming (C) the fully functionalize hydrogel allowing for cellular
adhesion and degradation.
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Figure 2:

PEG hydrogel polymer weight percentage (WP) controls lymphatic sprouting.
Representative images of collecting vessel segments at day 7 cultured in (A) 6% PEG,

(B) 8% PEG, (C) 10% PEG, and (D) 12% PEG gels presenting 2.0 mM RGD. Images are of
vessels labeled with Calcein-AM indicating live cells. Scale bar = 500 um. (E) Sprout length
and (F) average number of intersections exhibit maximal values at intermediate gel polymer
densities. Each point represents a biologically independent sample (sample size: 6% PEG =
8, 8% PEG =8, 10% PEG =11, 12% PEG = 12). Data analyzed using Kruskal-Wallis test
followed by Dunn’s multiple comparisons.

* p<0.05, ** p<0.01.
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Figure 3:
RGD adhesive peptide promotes lymphatic sprout length and number in fully degradable

PEG hydrogels. Representative images of collecting vessel segments stained with Calcein-
AM at day 7 cultured in 10% PEG gels presenting (A) RGD, (B) GFOGER, (C) RDG, and
(D) GAOGER peptides (2.0 mM). Scale bar = 500 um. Quantification of (E) sprout length
and (F) average number of intersections at day 7 compared to the GFOGER adhesive peptide
and the scrambled control peptides RDG and GAOGER. Each point represents a biologically
independent sample (sample size: RGD = 11, GFOGER =9, RDG = 7, GAOGER = 7). Data
analyzed using Kruskal-Wallis test followed by Dunn’s multiple comparisons. * p<0.05, **
p<0.01, *** p<0.001.
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Figure 4:

Sprouting intersections and length increases with increasing concentration of RGD in

fully degradable, 10% PEG hydrogels. Representative images of collecting vessel segments
labeled with Calcein-AM at day 7 cultured in (A) 0.5 mM RGD, (B) 1.0 mM RGD, (C) 1.5
mM RGD and (D) 2.0 mM RGD conditions. Scale bar = 500 pm. There was no significant
change in (E) sprout length or (F) average number of intersections at tested concentrations
above 0.0 MM RGD. Each point represents a biologically independent sample (sample size:
0.0mM RGD =6,0.5mM RGD =6, 1.0 MM RGD =6, 1.5 mM RGD =6, 2.0 mM

RGD = 11). Linear regression shows the dependency of sprout length and average number
of intersections on RGD density. Dotted lines above and below the regression represent
95% confidence intervals and the p-values reflect the results of an F-test to determine the
significance of a non-zero slope. * p<0.05, ** p<0.01
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Figure 5:
Hydrogel protease-degradability is required for lymphatic sprouting in PEG hydrogels. Rat

LLVs were encapsulated in 10% PEG gels presenting 2.0 mM RGD and crosslinked with
the crosslinker indicated. Representative images of collecting vessel segments labeled with
Calcein-AM at day 7 cultured in (A) 0% degradable, (B) 50% degradable, and (C) 100%
degradable conditions. Scale bar = 500 um. (D) Lymphatic collecting vessels cultured with
0% of 50% degradability had significantly reduced sprout length by day 7 compared to the
fully (100%) degradable condition. (E) Lymphatic collecting vessels cultured with 0% of
50% degradability had significantly reduced average number of sprouts coming from the
implanted vessel segment by day 7 compared to the fully (100%) degradable condition.

Each point represents a biologically independent sample (sample size: 0% GPQ-W =7, 50%
GPQ-W =6, 100% GPQ-W = 11). Data analyzed by Kruskal-Wallis test followed by Dunn’s
multiple comparisons. * p<0.05, ** p<0.01.
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Culture of Lymphatic vessel segments in tunable PEG-4MAL hydrogels (A & B) F-actin
(red) staining of lymphatic tissue at day 7 of culture in PEG hydrogel (fully degradable, 10%
PEG - 2.0 mM RGD) or collagen gel (1.88 mg/mL), respectively. DAPI stain of nuclei in
blue. Scale bars =500 um. (C & D) Indicated regions in panels (A) and (B), respectively,
imaged with higher objective magnification demonstrates the varied organization of cells

at 7 days of culture. Scale bar = 100 pm. (E & F) Simplified branching network produced

by angiogenesis analyzer software based on F-actin staining in the PEG hydrogel (A) and
collagen gel (B), respectively. (G) Sprouting metrics of average segment length, number of

segments, and nodes/mm of PEG gel and collagen gel replicates.
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Figure 7: LEC and LMC distribution in lymphatic sprouting network after 7-day culture in

hydrogels.

(A) Staining of vessel segments cultured in fully degradable, 10%PEG - 2 mM RGD
hydrogels for nuclei (blue), a-smooth muscle actin (red), endothelial nitric oxide synthase
(gray), and vascular endothelial growth factor receptor-3 (green), respectively. 2D intensity
histograms demonstrating the correlation of VEGFR3 and SMA in the PEG-4MAL gel

and collagen gel (B) Similar staining for vessel segments cultured in collagen gels (1.88
mg/mL). (1) Zoomed in and merged image of the vessel segment sprouting phenotype in
PEG hydrogel. From region indicated in panel (A). (J) Zoomed in, merged, image of vessel
segment sprouting phenotype in collagen gel (1.88 mg/mL). From region indicated in panel
(E). Scale bars=100 pm.
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