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Abstract

Lymphatic vessels (LVs) have been suggested as a preferential conduit for metastatic progression 

in breast cancer, where a correlation between the occurrence of lymph node metastasis and an 

increased extracellular matrix (ECM) density has been reported. However, the effect of ECM 

density on LV function is largely unknown. To better understand these effects, we used a 

microfluidic device to recreate tubular LVs in a collagen type I matrix. The density of the matrix 

was tailored to mimic normal breast tissue using a low-density collagen (LD-3 mg/mL) and 

cancerous breast tissue using a high-density collagen (HD-6 mg/mL). We investigated the effect of 

ECM density on LV morphology, growth, cytokine secretion, and barrier function. LVs cultured in 

‡ Corresponding authors: David J. Beebe, Max M. Gong and María Virumbrales-Muñoz. Wisconsin Institutes for Medical Research, 
University of Wisconsin. 1111, Highland Avenue, Madison, WI, US. 53705. Phone: 608-262-2260. djbeebe@wisc.edu, 
gongm@trine.edu & virumbralesm@wisc.edu.
6 Author Contributions
Conceptualization, K.L., M.G., S.P.; methodology, K.L., J.A., B.W., M.G.; software, M.G.; validation, K.L.; formal analysis, K.L., 
B.W., M.G., M.V.; investigation, K.L.; resources, D.B. and S.P.; data curation, K.L., J.A., M.V.; writing—original draft preparation, 
K.L.; writing—review and editing, K.L, S.P.,D.B, M.G. and M.V.; visualization, J.A.; supervision, M.G., M.V.; project administration, 
K.L.; funding acquisition, P.H., D.B., M.G.,. All authors have read and agreed to the published version of the manuscript.

Electronic Supplementary Information (ESI) available: [details of any supplementary information available should be included here]. 
See DOI: 10.1039/d0lc00099j
7Conflicts of interest
David J. Beebe holds equity in Bellbrook Labs LLC, Tasso Inc., Salus Discovery LLC, Lynx Biosciences Inc., Stacks to the Future 
LLC, Turba LLC, and Onexio Biosystems LLC. David J. Beebe is a consultant for Abbott Laboratories.

HHS Public Access
Author manuscript
Lab Chip. Author manuscript; available in PMC 2021 May 07.

Published in final edited form as:
Lab Chip. 2020 May 07; 20(9): 1586–1600. doi:10.1039/d0lc00099j.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HD matrices showed morphological changes as compared to LVs cultured in a LD matrix. 

Specifically, LVs cultured in HD matrices had a 3-fold higher secretion of the pro-inflammatory 

cytokine, IL-6, and a leakier phenotype, suggesting LVs acquired characteristics of activated 

vessels. Interestingly, LV leakiness was mitigated by blocking the IL-6 receptor on the lymphatic 

ECs, maintaining endothelium permeability at similar levels of LV cultured in a LD matrix. To 

recreate a more in vivo microenvironment, we incorporated metastatic breast cancer cells (MDA-

MB-231) into the LD and HD matrices. For HD matrices, co-culture with MDA-MB-231 cells 

exacerbated vessel leakiness and secretion of IL-6. In summary, our data suggest that (1) ECM 

density is an important microenvironmental cue that affects LV function in the breast tumor 

microenvironment (TME), (2) dense matrices condition LVs towards an activated phenotype and 

(3) blockade of IL-6 signaling may be a potential therapeutic target to mitigate LV dysfunction. 

Overall, modeling LVs and their interactions with the TME can help identify novel therapeutic 

targets and, in turn, advance therapeutic discovery.

Graphical Abstract

1 Introduction

The tumor microenvironment (TME) is the niche where tumors develop, and comprises 

many cellular components such as cancer cells, immune cells, fibroblasts, blood and 

lymphatic vessels, as well as non-cellular components such as the extracellular matrix 

(ECM)1. The ECM consists of a complex meshwork of fibrillar collagens, glycoproteins, 

and proteoglycans that shape the biochemical and biophysical properties of tissues2–4, 

regulating cell behavior in normal physiology5. In the TME, ECM remodeling contributes to 

tumor development and progression by altering cell behavior and, importantly, the presence 

of tumor-associated ECM architecture is a predictive biomarker of patient outcome 6–9. 

Another aspect of the tumor-associated ECM is the increase in deposition of type I collagen 

by fibroblasts. The increase in collagen deposition forms a dense fibrous tissue surrounding 
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the tumor, which has been implicated in promoting cancer progression and metastasis in 

numerous solid tumors10–13, including breast cancer14.

ECM remodeling is critical for regulating tumor escape (i.e. metastasis), the leading cause of 

mortality in cancer patients15. For example, it has been demonstrated that increased ECM 

density enhances cancer progression by promoting cancer cell migration16, proliferation17, 

and altering cellular metabolism18. Additionally, cancer cells can interact with other 

components of the TME, such as blood and lymphatic vasculature, that are also exposed to 

and could be modified by the remodeled matrix. The vasculature is of interest as it is an 

essential component that facilitates metastasis, providing a route for cancer cells to 

intravasate and disseminate to distant organs. Numerous studies have investigated how ECM 

density influences the physiology of vasculature in the TME and how these changes might 

contribute to metastasis. In this context, dense ECM has been found to reduce capillary 

morphogenesis19,20 and angiogenesis21, but also increases the duration of endothelial cell-

cell adhesion, cell proliferation, and sprout width22. To date, much less is known about the 

effect of ECM density on conditioning lymphatic vessel morphology and function.

Lymphatic endothelial cells (LECs) have unique structural and functional characteristics 

compared to endothelial cells from blood vessels23. LECs are morphologically different as 

they lack basement membrane, making them leakier than blood vessels and providing a 

more advantageous route for cancer metastasis24,25. However, it is not known whether a 

dense ECM alters lymphatic vessel (LV) phenotype. Understanding the influence of a dense 

ECM on LVs is critical in breast cancer, since increased collagen I deposition has been 

correlated with increased lymph node metastasis26 and evidence indicates that breast cancer 

metastasis preferentially occurs through LVs as compared to blood vessels27,28. Therefore, 

elucidation of the effects of ECM density on lymphatic vasculature is critical to advancing 

our understanding of breast cancer metastasis. Unfortunately, traditional in vitro and animal 

models of lymphatic vessels present challenges in recapitulating 3D vessel structure and 

physiology or have low tractability 29. We have previously reported the development of 

microfluidic organotypic in vitro models for (1) generating endothelial vessels30–32 and (2) 

demonstrating the importance of tissue structure on tissue behavior33.

Microfluidic organotypic in vitro models are becoming more widely used due to their 

potential for recapitulating in vivo tissue structure and function33–35. We and others have 

previously demonstrated the capability of microfluidic devices to recreate luminal 

geometries in collagen hydrogel33,36,37, and we recently reported a LV model in these 

luminal geometries32. In the current work, we have used the microfluidic LV model to 

investigate the effects of ECM density (i.e., low- vs high-collagen density) on LV 

physiology. We found that LVs cultured in a dense collagen I matrix exhibited a leakier, 

more proliferative phenotype and a pro-inflammatory secretion profile, suggesting that dense 

ECM conditions the LVs toward an activated endothelial phenotype. The inflammatory 

cytokine, IL-6, was identified as a potential mediator of LV barrier dysfunction given its 

significantly higher secretion in the dense collagen matrix. Therapeutic targeting of the IL-6/

IL-6R pathway, using an anti-IL-6R antibody, decreased LV leakiness. Moreover, LVs were 

co-cultured with MDA-MB-231 tumor cells in both LD and HD matrices, where vessel 

dysfunction was heightened in the HD case. Collectively, our findings demonstrate for the 
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first time that ECM density is an important signaling factor that affects LV physiology 

within the breast TME.

2 Materials and Methods

2.1 Cell culture

Human lymphatic endothelial cells (HLECs, ScienCell, 2500) were cultured in standard cell 

culture flasks coated with fibronectin (5 µg/cm2, Sigma Aldrich, F1141–5MG) at a starting 

cell concentration of 5·105. Cultures were maintained with endothelial basal medium-2 

(Lonza, CC-3156) supplemented with EGM-2 MV SingleQuot Kit (Lonza, CC-4147). 

HLECs were cultured to 90–95% confluency at passages 3 to 5 for all experiments and 3 

different lots of lymphatic endothelial cells were used for the experiments. We used human 

mammary adenocarcinoma cells, MDA-MB-231, transfected to stably expressing green 

fluorescent protein (GFP), a kind gift from Dr. Suzanne Ponik (University of Wisconsin, 

Madison). MDA-MB-231s were routinely cultured in high glucose DMEM (Gibco, 

11965092) supplemented with 10% fetal bovine serum (FBS, VWR, 97068–085) and 1% 

penicillin/streptomycin (ThermoFisher, 15140–122). For all experiments, a one to one 

mixture of lymphatic endothelial cell and MDA-MB-231 cell media was used (i.e., EGM-2 

MV to 10% FBS, 1% P/S high glucose DMEM), called experimental media through the text. 

All cultures were kept in a humidified incubator at 37°C with 5% CO2.

2.2 Device Fabrication

Fabrication of the organotypic lumen structure was performed as previously described36. 

The microdevice consists of two PDMS layers, which define the microchamber; and a 

suspended PDMS rod, which is removed after polymerization of a hydrogel in the main 

chamber to create a tubular lumen structure. In order to fabricate the top and bottom layers 

of the microdevice, a traditional soft lithography technique was used, in which the layers 

were spun using SU-8 (MicroChem, Y13273) to create the silicon master 

molds. Polydimethylsiloxane (PDMS, Dow Corning, Sylgard 184)  was mixed at a 10:1 base 

to curing agent ratio and poured over the SU-8 silicon master molds. Using the same PDMS 

mixture, PDMS rods were fabricated by filling up a 25 gauge (Fisher Scientific, 14–840-84) 

hypodermic needle with PDMS. PDMS components were then baked at 80°C for 4 h. After 

baking, the PDMS rods were extracted from the needles, yielding PDMS rods of 280 μm in 

diameter. The two layers were aligned, ethanol bonded together and the PDMS rods were 

placed into the microdevice chamber. Finally, the microdevice was oxygen plasma bonded to 

a glass-bottom MatTek dish (MatTek Corporation, P50G-1.5–30-F), following a general 

protocol. The microdevices were sterilized using UV irradiation for 15–20 min for further 

use.

2.3 Organotypic Culture Preparation

2.3.1 Device preparation—To achieve maximum hydrogel adhesion to the PDMS 

chamber, a two-step coating of 2% poly(ethyleneimine) (PEI, Sigma-Aldrich, 03880) diluted 

in deionized DI water for 10 minutes was loaded into the side ports. The PEI solution was 

aspirated and 0.4% glutaraldehyde (GA, Sigma-Aldrich, G6257) diluted in deionized DI 

water was loaded into the side ports and incubated at room temperature for 30 minutes. 
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During the GA incubation, the collagen solution was prepared on ice (refer to section 2.3.2). 

After the 30-minute of GA incubation, the microdevices were washed three times with 

sterile DI water to remove any GA excess. At this point, devices are ready to be loaded with 

the collagen solution. To minimize evaporation, sacrificial phosphate buffered saline (PBS) 

was added around the side of the MatTek dish.

2.3.2 Extracellular matrix preparation and loading into the device—High-

density rat-tail collagen type 1 (Corning, 354249, referred as collagen through the text) was 

diluted with 5X PBS and neutralized with 0.5 M NaOH (Fisher Scientific, S318) achieving a 

final concentration of 1X PBS, and a pH of 7.4. To achieve a final concentration of 3 mg/mL 

(low collagen density-LD) or 6 mg/mL (high collagen density-HD) dilutions with fibrinogen 

(Sigma-Aldrich, F8630), fibronectin (Sigma-Aldrich, F1141) and media were performed. 

For experiments with cancer cells in the matrix, MDA-MB-231s, a final concentration of 

250 cells/µL was added to the respective collagen solution (recipes for different collagen gel 

densities and cultures conditions can be found in Table S1). Right after the washes with 

sterile DI water, 6 µl of collagen solution was loaded through the side ports and polymerized 

at room temperature for 10 min. Finally, a small droplet of media (5 μL) was placed on top 

of the side ports to prevent evaporation, and devices were transferred to 37°C for 1 hour to 

allow collagen to fully polymerize.

2.3.3 Lymphatic endothelial cell seeding in lumens—After incubation, a small 

droplet of media (5 μL) was added to the input port under sterile conditions. To remove the 

PDMS rod, the rod was pulled through the output port using a sterilized tweezers, leaving a 

hollow lumen filled up with media within the collagen matrix. All fluid handling procedures 

were conducted with standard pipettes, uniquely enabled by passive pumping38 to transport 

media through the channel. With passive pumping, a droplet of media is transported from the 

small port to the large port due to the difference in Laplace pressures of fluid droplets at the 

ports. This procedure was performed 2–3 times a day on each lumen for maintenance. 

Human lymphatic endothelial cells (HLECs) were trypsinized with 0.05% Trypsin-EDTA 

(ThermoFisher Scientific, 25300062), counted, resuspended in experimental media at 20,000 

cells/μL and seeded into the lumens (4 µL per lumen). HLEC-filled lumens were incubated 

at 37°C for 2 h to allow for cell attachment, flipping devices every 25 min to ensure 

homogeneous cell coverage of the lumen wall. After 2 hours, lumens were supplemented 

with 10 μL of experimental media and cultured overnight at 37°C. Cultured vessel media 

was refreshed twice a day by flowing experimental media 2–3 times through the lumen to 

remove dead cells and for vessel maintenance.

2.4 Immunofluorescence staining and imaging

During immunofluorescence staining, cells were washed with PBS for 30 minutes between 

each step. Unless specified otherwise, steps took place at room temperature. Washing buffer 

(0.1% PBS-Tween 80 (Sigma-Aldrich, P1754) and blocking buffer (3% Bovine Serum 

Albumin (BSA, Sigma-Aldrich, A9056) in 0.1% PBS-Tween 80) were made in advance and 

stored at 4° C until use. Cells were fixed with 4% paraformaldehyde (PFA) (EMScience, 

15700) for 15 min, then incubated with 0.2% Triton® X-100 (MP Biomedicals, 807426) for 
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30 min for permeabilization. Finally, vessels were incubated with 10 µL of blocking buffer 

at 4°C overnight.

Primary antibodies were diluted to desired concentrations with staining buffer (blocking 

buffer with 1% PBS-Tween 80 at 10:1 v/v). Vessels were incubated with primary antibodies 

at 4°C overnight (Table S2). Then, vessels were incubated with the secondary antibodies 

diluted using staining buffer supplemented with 10% goat serum to reduce unspecific 

binding for 2 hours. Stained vessels were washed over two days with the washing buffer and 

stored in sterile PBS until imaging. Texas Red-X Phalloidin (ThermoFisher Scientific, 

T7471) and DAPI (ThermoFisher Scientific, D3571) were used to stain actin cytoskeleton 

and nuclei, respectively. Fluorescent images were acquired at 10X using a Nikon TI® 

Eclipse inverted microscope (Melville, New York) and processed using the National 

Institutes of Health ImageJ software. Confocal images were acquired using a Leica SP8 3X 

STED Super-resolution microscope (Wetzlar, Germany) in the UW-Madison Optical 

Imaging Core.

2.5 Matrix visualization by SHG imaging

SHG images were taken on a custom-built inverted multiphoton microscope (Bruker 

Fluorescence Microscopy, Middleton, WI), as described previously39. Briefly, the system 

consists of a titanium:sapphire laser (Spectra Physics, Insight DS-Dual), an inverted 

microscope (Nikon, Eclipse Ti), and a 40x water immersion (1.15NA, Nikon) objective. 

SHG images were taken using an excitation wavelength of 890 nm, an emission bandpass 

filter of 440/80 nm, and a GaAsP photomultiplier tube (H7422P-40, Hamamatsu).

2.6 Collagen fiber quantification

SHG images of low- and high-density collagen matrices were analyzed using CT-FIRE V1.3 

Beta2, an open source image processing program developed by the Laboratory for Optical 

and Computational Instrumentation (https://loci.wisc.edu/software/ctfirev1.3, University of 

Wisconsin-Madison). As per instructions in the CT-FIRE manual, the count and width of 

collagen fibers were measured for three separate field of views per device (i.e., top, middle, 

and bottom planes of the device). The average fiber parameter per device was calculated as 

the average value of the three planes.

2.7 Fluorescent image quantification

For all images, we conducted a rolling ball background subtraction and a region of interests 

(ROIs) was drawn over the lumens in one Z-plane. The ROI dimension and background 

subtraction was kept constant throughout a dataset. To quantify actin stress fibers, we 

measured the percentage of F-actin covered area within the ROI. To count total Ki67 

positive nuclei, we counted all maxima within the ROI defined by a set threshold. To 

evaluate the percentage of Ki67 positive cells, the number of Ki67 positive nuclei was 

divided by the total number of nuclei for each lumen.

2.8 Dextran diffusion assay

The permeability of the lymphatic vessels was measured by dextran diffusion assays using 

Texas Red dextran (70kDa, ThermoFisher Scientific, D1830) prepared in PBS to 1 µM. For 
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each replicate, 3 µL of dextran solution was added to the vessel such that fluid was flush 

with the lip of the ports to minimize flow from a pressure head. Diffusion was measured 

over 15 minutes per vessel. Permeability coefficients were calculated using equation 140:

P = 1/Io If − Io / tf − to D/4 , Eq. 1

where Io is the total initial intensity outside the vessel, If is the total intensity outside the 

vessel at 15 minutes, to is the initial time point, tf is the final time point of 15 minutes, and D 
is vessel diameter. All vessels were imaged with the Nikon TI® Eclipse inverted microscope 

(Melville, New York), and maintained at 37 °C and 5% CO2 by a stage-top incubator 

(Okolab, Italy).

2.9 Targeted blocking and exogenous IL-6 treatment

Anti-IL-6R antibody (Abcam, ab47215) was used to inhibit IL-6/IL-6R signaling. Mouse 

IgG1 antibody (BioLegend, 400102) was used as an isotype control for the IL-6/IL-6R 

inhibition experiments. To block vessels cultured in the high-density matrix, vessels were 

treated with anti-IL-6R antibody (25 µg/mL) from day 2 to day 5 and used for dextran 

diffusion analysis on day 5. To stimulate vessels cultured in the low-density matrix, IL-6 

solutions were prepared to either 5 ng/mL or 30 ng/mL in EGM-2 MV media. Vessels were 

supplemented with the IL-6 solutions on day 2 and refreshed daily until day 5 for dextran 

diffusion analysis.

2.10 Cytokine secretion assay

Multiplexed protein secretion analysis was performed on HLEC cultured vessels, HLEC 

vessels co-cultured with MDA-MB-231s and MDA-MB-231s monocultures for both types 

of matrix densities. The analysis was performed using the Magnetic Bead-Based Multiplex 

ELISA system MAGPIX (Luminex Corporation) with the Milliplex human cytokine panel 

bead kit (R&D Systems, LXSAHM-10) as described elsewhere30. Collected media (20 µL 

per lumen) was combined to increase the sample volume in each cultured condition. Briefly, 

media collection was performed on days 3 and 4 from six cultured vessels pooled per 

cultured condition, yielding 240 µL in total. Sample preparation and detection was 

performed following the manufacturer’s protocol. Data were collected with xPonent 

software (Luminex), and soluble factor concentrations in media were calculated using mean 

fluorescence intensities (MFI) by creating a standard curve for each analyte using a five-

parameter logistic (5-PL) curve fit.

2.11 Statistical analysis

All the experiments were repeated at least three times as independent biological repeats. All 

results are presented as the mean ± one standard deviation of the mean. Data were analyzed 

using GraphPad Prism 7 (GraphPad Software, La Jolla, CA) and statistical significance was 

set at p < 0.05. One-to-one comparisons were performed with an unpaired Student t-test with 

Welch’s correction (if SD were not the same) after the normal distribution was proved via 

Shapiro-Wilk test. If the normality test was not passed, a non-parametric test was performed 

(Mann-Whitney test) (Fig. 2,3, 4 and 5). Multiple comparisons by One-way ANOVA were 
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corrected using the Dunnett test and multiple comparisons by 2-way ANOVA were corrected 

with a Sidak’s test (Fig. 6D).

3 Results

3.1 3D organotypic lymphatic vessel model generation.

To investigate how ECM density affects LV function, we adapted a recently published and 

validated in vitro model that recreates a physiological lymphatic microenvironment, such as 

lumen structure and matrix composition32, as illustrated in Fig. 1A and Fig 1B. LVs were 

generated within a 3 mg/mL collagen hydrogel by lining the lumen structure with primary 

human lymphatic endothelial cells (HLECs) (Fig. 1C). After 5 days, LVs developed a 

confluent endothelial monolayer visualized via CD31 staining (Fig. 1D) with evidence of 

evident tubular structure in cross-section (Fig. 1E), demonstrating generation of a 3D tubular 

lymphatic vessel (Fig. 1F and Supplemental video 1). To characterize LV phenotype, the 

expression of prospero homeobox protein 1 (PROX-1), a protein that co-localizes with the 

nucleus of lymphatic endothelial cells41, was assessed and confirmed by immunofluorescent 

staining (Fig. 1G). We previously demonstrated that HLECs also express lymphatic 

endothelial hyaluronan receptor 1 and podoplanin32, which are markers specific to 

lymphatic ECs.

3.2 Formation and characterization of low-density and high-density collagen matrices.

Using the LV model, we sought to investigate how LVs are affected by ECM density. To do 

so, we used a low-density (LD) and a high-density (HD) collagen I matrix. The selected 

collagen concentration of 3 mg/mL (LD) is representative of healthy normal tissue such as 

the mammary gland, whereas the 6 mg/mL (HD) collagen gel mimics the tissue stiffening 

occurring in solid tumors 16,42,43. Thus, we first aimed to elucidate the differences in matrix 

architecture in the LD and HD matrices using Second Harmonic Generation (SHG) to 

visualize and analyze collagen fibers (Fig. 2A). CT-FIRE was used to compare the average 

fiber count and average fiber width in the LD and HD matrices44. The average fiber count 

was 3638 ± 172.2 for LD and 3759 ± 161.4 for HD, revealing that the number of collagen 

fibers per field of view is similar for both matrices (Fig. 2B). However, the average fiber 

width was significantly different for HD at 0.4583 ± 0.008 µm as compared to 0.411 ± 0.009 

µm for LD (Fig. 2C). Overall, we found that changes in ECM collagen density alters matrix 

architecture resulting in higher fiber width.

3.3 Influence of low-density and high-density collagen matrices on lymphatic vessel 
phenotype.

To determine the effect of LD and HD collagen on LV phenotype, we seeded HLEC lumens 

within LD and HD collagen matrices (Fig. 3A), and assessed their phenotype at days 1, 3 

and 5. Bright-field images of LVs cultured after one day revealed that HLECs attached to the 

lumen wall equally in both matrices (Fig. 3B), which was also confirmed via nuclei count 

(Fig. 3C-top left), revealing no significant differences in the number of cells attached to the 

lumen on day one as shown by the average nuclei count per area on day 1 (Fig. 3D). 

However, the average nuclei count significantly decreased in the HD matrix as compared to 

the LD matrix for day 3 and day 5 (Fig. 3D). In addition, LVs were stained for F-actin at day 

Lugo-Cintrón et al. Page 8

Lab Chip. Author manuscript; available in PMC 2021 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Interestingly, there were noticeable morphological changes to the lymphatic endothelium 

in the HD matrix, such as cell detachment, as compared to the lymphatic endothelium in the 

LD matrix (Fig. 3C- bottom right). As previously described by us and others, cell 

detachment was quantified by measuring the cell coverage area of the lumen, in addition to 

the average nuclei count per area45,46. Cell coverage area significantly decreased in HD 

matrices as compared to LD matrices (Fig 3E). These observations are consistent with 

previous reports that point to the capacities of the ECM to modulate capillary network 

formation and structural integrity of endothelial vessels47.

In addition, previous studies have demonstrated that endothelial cell proliferation increases 

in stiffer matrices as compared to more compliant matrices48. Therefore, we hypothesized 

that LVs cultured in HD matrices would be more proliferative than LVs cultured in LD 

matrices. To evaluate cell proliferation, LVs were stained for the cell proliferation marker 

Ki67 at days 1, 3 and 5. The percentage of Ki67 positive over total nuclei (DAPI) was 

quantified using ImageJ49 and found to be similar at day 1, revealing no differences in LEC 

proliferation (Fig. 3F). However, the proliferation rate significantly increased in the HD 

matrix as compared to the LD matrix for day 3 and day 5 (Fig. 3F).

Similarly, previous studies have suggested that increases in matrix stiffness, which are 

associated with increases in matrix density, alters EC-EC adhesion and EC-ECM adhesion 

by increasing cell contractility and actin stress fiber formation 50,51. Interestingly, in our 

model, we observed more actin stress fibers in HD matrices (Fig. 3G). The percentage of 

actin stress fibers was quantified as 18.9% ± 2.7% for LD matrices and 30% ± 6.6% for HD 

matrices, indicating a significant increase in actin stress fiber formation per vessel area in the 

HD matrices.

3.4 Dense collagen matrix promotes chemokine and pro-inflammatory cytokine secretion 
and disrupts barrier function in LVs

After studying the morphological changes of LVs cultured in LD and HD matrices, we 

focused on studying the secretory profiles of cultured lumens within the different matrices 

(as shown in Fig. 4A) using a pre-made bead-based ELISA panel (Luminex MAGPIX), from 

which all factors were within detectable ranges. LVs cultured in HD matrices showed an 

increase in most of the chemokines and pro-inflammatory cytokines (Fig. 4B) such as IL-1β 
(1.4-fold) and IL-8 (1.7-fold), as compared to vessels cultured in LD matrices. The 

chemokine CXCL12 was not detectable in LD matrices but it was detectable in HD 

matrices, showing an increase in secretion in HD matrices. In addition, the specific 

inflammatory cytokines that significantly increased in HD matrices were TNF-α (2-fold), 

IL-1α (1.8-fold), CCL19 (2.1-fold), CCL21 (1.6-fold), CX3CL1 (1.6-fold) and the most 

strongly upregulated cytokine was IL-6, which increased 3-fold in HD matrices. IL-6 is of 

interest given that accumulating evidence establishes IL-6 as a key player of the tumor 

microenvironment which critically regulates endothelial cell dysfunction and tumor 

progression52–54.

To further evaluate the change in IL-6 concentration observed in LD and HD matrices, we 

sought to investigate if there is a relationship between ECM density and IL-6 secretion. For 

this, we cultured the LVs in two additional matrix densities, covering a range of collagen 
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concentrations between the LD and HD matrices (i.e., 4 mg/mL and 5 mg/mL matrix). 

Interestingly, we observed an increase of IL-6 secretion in an ECM density-dependent 

manner (Fig. 4C). Specifically, similar levels of IL-6 were observed in the LD (3 mg/mL) 

and 4 mg/mL matrices, whereas there was a significant increase in IL-6 secretion in the 5 

mg/mL and HD (6mg/mL) matrices as compared to a LD matrix. These results confirm that 

IL-6 secretion increases in an ECM dependent manner. In the literature, IL-6 is known to be 

released from endothelial cells in inflammatory states, which can then alter endothelial 

permeability via autocrine and paracrine interactions55,56. Therefore, we hypothesized that 

LV culture in HD matrices have an increase in vessel permeability as a result of the increase 

in IL-6 secretion.

To test our hypothesis, we assessed the barrier function of cultured vessels in LD and HD 

matrices by diffusion assays using 70 kDa-Texas Red dextran (as shown by the schematic in 

Figure 5A), which represents the regulation of diffusion for biomolecules in the size range 

of serum albumin, ~67 kDa. Specifically, the solution of dextran was perfused through the 

lumen and tracked using time-lapse fluorescent microscopy for 15 minutes. In the HD 

matrix, localized leakage was observed at time 0 (Fig. S1). Representative image of the LD 

matrix (left image) and HD matrix (right image) after 15 min of dextran perfusion shows 

more dextran outside of the vessel wall for the HD matrix (Fig. 5B). As shown by the 

representative curve in the normalized dextran intensity graph, LVs cultured in HD collagen 

matrices have higher intensity values outside of the vessel wall through the matrix as 

compared to the LD collagen matrices (Fig. 5C). These results indicate that LVs cultured in 

HD matrices are leakier than those cultured in LD matrices. We also calculated the 

permeability coefficient of the vessels which revealed that in HD density matrices LVs were 

1.4-fold leakier than LVs cultured in LD matrices (Fig. 5D). However, the increase in 

permeability in HD vessels was significantly reduced to the level of LD vessels, by treatment 

with an IL-6 receptor blocking antibody, IL-6R, (25 μg/mL) (Fig. 5E). In addition, blocking 

with an IL-6R antibody significantly reduced vessel permeability compared to the control 

(IgG blocking), while the permeability values for the control and HD matrix were not 

significantly different. To confirm that IL-6 was responsible for the decrease in barrier 

function, we added exogenous IL-6 (5 ng/mL and 30 ng/mL) to the vessels cultured in the 

LD matrix. The addition of exogenous IL-6 led to a significant increase in permeability at 30 

ng/mL, increasing permeability to a level equivalent to vessels cultured in HD matrices, 

1.5·10−5 ± 0.3·10−5 cm/s (Fig. 5F) and leading to a significant increase in vessel 

permeability as compared to the LD condition. However, treatment with 5 ng/mL of IL-6 did 

not result in increased vessel permeability, 0.7·10−5 ± 0.1·10−5cm/s (Fig. 5F). Our results 

show that HD matrices promote an activated vessel phenotype in LVs by inducing the 

secretion of pro-inflammatory cytokines such as IL-6. Overall, IL-6 drives the decrease in 

LV barrier function in response to HD conditions. Additionally, our results demonstrate the 

potential of therapeutic treatment using anti-IL-6R to rescue LV barrier function. Taken 

together, the increase in secretion of pro-inflammatory cytokines and concurrent increase in 

vessel leakiness in dense matrices suggests that LVs are conditioned by the increased ECM 

density, which promotes the activation of endothelial cells and the development of a leaky 

vessel phenotype.
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3.5 Lymphatic vessel co-culture with cancer cells in dense matrix enhances vessel 
dysfunction.

Next, we investigated the interactions of breast cancer cells and LVs in the LD and HD 

matrices. Specifically, triple negative MDA-MB-231 cancer cells expressing GFP were 

embedded in the LD or HD matrix on day zero and co-cultured with LVs for five days, 

referred to as 231-lymphatic co-cultures (schematic in Figure 6A). After five days of culture, 

phenotype assessment of co-cultured vessels in LD and HD collagen matrices was 

performed by staining the vessels for CD31, F-actin, and nuclei to identify all cells whereas 

cancer cells were identified by GFP. In HD matrix conditions, there was an increase in 

endothelial cell detachment compared to LVs cultured in LD matrices, similar to our LV 

monocultures (Fig. 6B). Our previous permeability data (Fig. 5 D–F) suggested that LV 

barrier dysfunction is caused by IL-6. Therefore, to evaluate the levels of IL-6 in co-culture 

conditions, conditioned media from the 231-lymphatic co-cultures and monocultures in LD 

and HD was collected on days 3 and 4 for the conditions shown in the schematic and legend 

(Fig. 6C). Then, the concentration of IL-6 was determined by MAGPIX analysis (Figure 

6D). In the LD matrix, IL-6 concentration significantly increased in the LV monoculture as 

compared to the 231-lymphatic co-culture. However, in the HD matrix, similar 

concentrations of IL-6 were found in LV monoculture as compared to 231-lymphatic co-

cultures. Interestingly, IL-6 concentration was significantly higher in 231-lymphatic co-

cultures in HD matrices as compared to the LV monocultures and 231-lymphatic co-cultures 

in LD matrices.

Then, we sought to compare vessel permeability in 231-lymphatic co-cultures with LV 

monocultures. Therefore, we analyzed changes in LV barrier function by measuring the 

permeability coefficient as described previously. The permeability coefficient of the 231-

lymphatic co-cultures in LD was 0.7 ·10−5 ± 0.2 ·10−5 cm/s and 1.3 ·10−5 ± 0.2·10−5 cm/s 

for HD, revealing that in HD matrices LVs were 1.9-fold leakier (Fig. 6E). Interestingly, the 

permeability values in the co-cultures are lower for both matrices as compared to the 

permeability values for the LVs monocultures (Fig. 5D). Based on the results described in 

the previous figure, we hypothesized that IL-6 is responsible for decreasing LVs barrier 

capacity in the 231-lymphatic co-cultures within dense matrices. To test this hypothesis, co-

cultures in dense matrices were treated with anti-IL-6R (25 μg/mL) antibody that was 

previously described for the LV monocultures. Compared to the 231-lymphatic co-cultured 

in HD matrices, the increase in vessel permeability was significantly reduced to 1.0·10−5 ± 

0.09 ·10−5 cm/s by supplementing the anti-IL6R to the media (Fig. 6E) while the control 

(IgG blocking) did not change (1.2 ·10−5 ± 0.08·10−5 cm/s). Overall, these results indicate 

that IL-6 signaling through IL-6R was likely a primary mediator of LV barrier function.

4 Discussion

Despite the crucial connection between ECM density and lymphatic metastasis in breast 

cancer, little is known about how ECM density affects LV function. Elucidating the 

mechanisms by which a dense ECM mediates lymphatic metastasis can help identify new 

therapeutic targets and, in turn, improve patient outcome. To this end, we applied a LV 

model recently developed and characterized by our lab32. This microfluidic model is capable 
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of reproducing LV hallmarks, such as the expression of lymphatic specific markers, 

characteristic cytokine profiles, leakier barrier function than blood vessels, and increased 

drainage capacity57. These characteristics make our model representative of in vivo LVs 

with the additional capability to model different microenvironment conditions32. We adapted 

the LV model to study the effect of the density of the ECM in conditions resembling normal 

and cancerous breast tissue. To this end, we included cancer cells in the model to study the 

effects of high/low matrix density on LV and cancer cell crosstalk. To the authors’ 

knowledge, this is the first LV model that incorporates the lumen structure, matrix proteins, 

and cancer cells into a single system.

It is known that collagen deposition is increased in the early stages of invasive breast cancer. 

The resulting increased collagen density is known to promote tumorigenesis, local invasion, 

and metastasis14. In this article, we have decided to recapitulate this increased collagen 

deposition by modulating the ECM density. Specifically, we chose to study the effect of 

ECM density on LV function by using two collagen densities: low density (3 mg/mL, 

abbreviated LD) and high density (6 mg/mL, abbreviated HD) since in the literature, a range 

of 1 mg/mL to 6 mg/mL collagen matrices have been used and correlated to tumor cell 

behavior in vitro (i.e., low density produced a normal phenotype, whereas high density 

correlated with a tumor-like phenotype)17,43,58. We found that a higher collagen density 

matrix produces significantly thicker collagen fibers, which is observed in breast cancerous 

tissues and contributes to enhanced mechanical rigidity, leading to tumor progression59,60. 

Some reports also indicate that fiber thickness increases in vivo in mammary gland 

environments highly prone to breast cancer, which is consistent with our results. Overall, the 

effect of fiber thickness and breast cancer is currently an area of high interest in the field59, 

and our model presents a high potential to help unravel the underlying mechanisms through 

which the ECM can promote breast cancer migration, invasion and metastasis. Another 

important characteristic of the matrix implicated in promoting breast cancer is the stiffness. 

In this regard, previous reports of stiffness from similar hydrogels measured via rheometry 

determined that stiffness for 3 mg/ml (LD) is around the few hundreds of Pa, whereas in 5 

mg/ml hydrogels (HD are 6 mg/ml) is around 1 kPa61. Comparably, the stiffness of normal 

breast tissue is around 0.5 kPa in vivo, whereas tumors are in the range of the few kPa62. In 

this sense, our model captures representative stiffnesses of the states we mimic. However, 

due to complexities of the system (i.e., small matrix) and the challenges to measure the 

stiffness within the device, we did not focus on this parameter in the present study. Taking 

everything together, the selected matrices recapitulate several aspects of the 

microenvironment found in vivo. With these matrices we sought to investigate the effects of 

collagen density in LV morphology, changes in actin stress fibers and cell proliferation. 

After one day lymphatic cells had similar nuclei counts and proliferation levels on both 

matrices. However, after 3 days of culture, we observed a significant decrease in nuclei 

count in the HD matrices and a significant increase in cell proliferation, suggesting that 

dense matrices can condition vessel behavior. Although the similar trend was observed on 

day 5, compared to day 3, there was an overall increase in nuclei count in both matrices but 

a decrease in cell proliferation. These results suggest the vessel is stabilizing at day 5, hence, 

the decrease in cell proliferation. In addition, we observe a significant decrease in cell 

coverage area and a significant increase in F-actin stress fibers at day 5, revealing that LVs 
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respond to dense collagen matrices by going through vascular damage which results in poor 

endothelial integrity. Therefore, our results are consistent with the vascular damage observed 

in vivo. Specifically, the increase in cell proliferation that is observed in our model in the 

HD matrices is described by one of the repair mechanisms of vascular damage where 

adjacent mature endothelial cells can replicate locally and replace the lost and damaged 

cells63. This local repair mechanism is usually sufficient to maintain vascular integrity in 

healthy conditions. However, in disease states, loss of endothelial integrity develops as 

observed in our HD matrices. Although we did not explore this mechanism in more detail, it 

is important to note that in vivo there is another repair mechanism that relies in circulating 

endothelial progenitor cells for the maintenance and repair of the endothelium64,65. 

Consequently, the phenotype that we observe in vitro could potentially be mitigated by the 

addition of endothelial progenitor cells.

Another characteristic of vascular damage described in the literature is the activation and 

dysfunction of endothelial cells. The activation of endothelial cells represents the switch 

from a quiescent phenotype toward one that involves a response from the endothelium, 

resulting in the expression of chemokines, cytokines and adhesion molecules. Then, the 

activation of endothelial cells progress to endothelial cell detachment, leading to loss of 

endothelial integrity63,66,67. Therefore, to examine the activation of LV, we assessed the 

secretion of inflammatory cytokines and chemokines of cultured lumens within the different 

matrices by measuring the secreted factors in the culture media. Interestingly, we found a 

significant increase in most of the cytokines and chemokines analyzed. We also identified a 

significant increase in IL-6 secretion in LVs cultured in HD matrices as compared to LD 

matrices and we found that IL-6 secretion increases in a density dependent manner as we 

observed the increase in the 5mg/mL and 6 mg/mL (HD) matrices but not the 3mg/mL (LD) 

or 4 mg/mL matrices. Hence, these results indicate IL-6 increases in response of the increase 

in ECM density and demonstrate that LV respond to changes in the surrounding ECM 

density, suggesting that in dense ECM conditions endothelial cells are being activated.

Previous studies have shown that the increase in pro-inflammatory cytokine secretion results 

in endothelial barrier dysfunction68–70. In particular, endothelial cells have been shown to 

secrete IL-6 in inflammatory states (e.g., vascular damage), thereby altering vessel 

permeability55,56. For this reason, we next examined the permeability and barrier function of 

the LV in LD and HD matrices through diffusion assays using 70 kDa-Texas Red dextran. 

We determined that LV cultured in HD matrices were significantly more permeable than LV 

cultured in LD matrices, which has implications in the context of cancer metastasis. Based 

on the literature and our results, we hypothesized that the increase in permeability was a 

result of the increase in IL-6 secretion which in turn led to an increase in cell actin stress 

fibers and cell detachment, resulting in gaps in the LV.

IL-6 is of importance as it has been implicated with the regulation of LV barrier function in 
vitro70,71 and in promoting breast cancer72–76. In our model, blocking the IL-6 receptor 

mitigated vessel leakiness in HD, whereas leakiness was induced in LV cultured in LD 

matrices after treatment with IL-6. Thus, these results confirm that IL-6 is responsible for 

increasing LV permeability. Interestingly, treatment with 5 ng/mL of IL-6 did not induce 

leakiness in the LV cultured in LD matrices. This could indicate that a constant and localized 
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source of IL-6 might be necessary to induce vessel permeability in an autocrine manner. The 

mitigation of HD-induced LV leakiness may have implications in breast cancer metastasis by 

reducing the potential of intravasation events through the stabilization of the endothelium. In 

addition to IL-6, the overexpression of chemokines that serve as chemotactic signals for 

cancer cells (e.g. CX3CL1, CXCL12) have previously been found to be secreted by 

lymphatic vessels, having an important contribution to cancer metastasis77–81. In our system 

we observed that an increased ECM density results in an increase in cytokine secretions, 

which in turn disrupted the endothelial barrier.

As for cancer cells, breast cancer cells have been shown to play a role in the conditioning of 

the lymphatic vasculature82,83. For example, a study reported that LECs support tumor 

growth in breast cancer84, demonstrating important interplay between lymphatic cells and 

breast cancer cells. To our knowledge, no study has investigated the effect of matrix density 

in a microenvironment that incorporates both LVs and cancer cells, despite the known 

correlation between dense matrices and lymph node metastasis in breast cancer26. Therefore, 

we leveraged our model to investigate the effect of the ECM density in breast cancer cell 

crosstalk with LVs, where we also found a significant increase in IL-6 secretion in HD 

matrices. Although IL-6 secretion increased in both matrices, we observed disruption of the 

LV in dense matrices only, which illustrates the importance of the matrix and cellular 

composition in organotypic models of cancer. Despite the apparent presence of gaps in the 

LVs co-cultured with breast cancer cells in dense matrices, we observed lower permeability 

coefficient levels as compared to monocultures. This discrepancy could be due to matrix 

remodeling exerted by the breast cancer cells. For example, the density of the matrix 

increases due to cell proliferation and reorganization of the collagen fibers by the cells, 

which may limit the diffusion of the dextran molecule through the matrix85. Another 

explanation for this discrepancy could be due to the crosstalk between the LVs and cancer 

cells. It is also important to note that the increase in IL-6 secretion in the co-culture within a 

LD matrix did not result in a permeability increase. Interestingly, the increase in IL-6 in LD 

matrix co-cultures did not reach the levels of LV monocultures cultured in HD matrices, 

suggesting that there might be a threshold of IL-6 that produces LV barrier destabilization.

There is ample literature demonstrating that IL-6 also has a role in in breast cancer cell 

migration28,86, growth and metastasis87. Specifically, a study demonstrated that breast 

cancer cells secrete IL-6 and educate LECs in pre-metastatic organs, facilitating breast 

cancer metastasis88 and revealing the significance of IL-6 as a therapeutic target in cancer 

therapy. Therefore, the 231-lymphatic co-culture model allowed us to test the effect of IL-6 

receptor blocking, a potential therapeutic target, to mitigate LVs leakiness in the HD matrix. 

Although the increase in permeability was significantly reduced by supplementing the anti-

IL-6R to the media, the effect was lower than in the LV monocultures and the permeability 

levels did not return to baseline levels. These results suggest that there may be other factors 

besides cancer cells and IL-6 that contribute to the permeability of the vessels, which is an 

important factor that allows metastasis.

Altogether, our findings demonstrate the usefulness of our model to dissect the contribution 

of different microenvironment components (e.g., ECM density and cancer cells) on LV 

biology. Therefore, the model allows the incorporation of different cancer cell types that 
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represent distinctive types of cancers, which is a powerful tool to advance cancer research. 

For example, triple negative breast cancer (TNBC) is a highly aggressive and migratory 

cancer type and, in this study, the cell line MDA-MB-231 was used to represent TNBC. 

However, tumor progression, treatment and patient outcome depends on the specific breast 

cancer subtype. In fact, the heterogeneity of this disease is highlighted in a recently 

published study using an adaptation of this microfluidic lymphatic model. The study used 

the lymphatic model for co-cultures with MCF7 or MDA-MB-231 cells and revealed 

differential alteration of genes and functional changes (e.g., MCF-7 conditioning induced a 

leakier endothelium) in lymphatic vessels89. Therefore, future studies will focus on the 

interaction of different breast cancer subtypes with lymphatic vessels by incorporating cell 

lines representative of the different molecular subtypes of breast cancer. Our results 

demonstrate the utility of our model for investigating tumor-vessel crosstalk within different 

cells and microenvironments, and indicate that this model could be used to study differential 

features and mechanisms for distinct breast cancer subtypes as well as other cancers known 

to traffic through the lymph system.

Finally, our microfluidic in vitro model allowed us to mimic important aspects of the breast 

tumor microenvironment by including only a few key players in the tumor 

microenvironment. However, to increase the relevance of the model, future experiments 

should incorporate different components of the microenvironment to better recapitulate what 

is found in vivo. For example, we previously demonstrated that the incorporation of stromal 

cells such as fibroblasts (i.e., normal and cancer-associated fibroblasts) differentially 

regulate lymphatic vessels32. Interestingly, we revealed that CAFs induce the secretion of 

inflammatory cytokines and induce lymphatic vessel leakiness32. In terms of the matrix, 

collagens are the major components of the ECM90. However, most tissues have additional 

ECM proteins. The use of only collagen to form the matrices is a caveat of this study, 

although collagen was selected as a starting point due to the ease of use and high 

reproducibility among batches. Therefore, future experiments could increase the ECM 

relevance by incorporating other matrix proteins that are found in vivo9. In addition, due to 

the small number of cells required in our model, we have the potential to use primary patient 

cells (e.g., cancer cells and fibroblasts) to test translational relevance of our system. In the 

future, it would be interesting to decouple the effects of matrix density and stiffness on LVs. 

Taken together, these results demonstrated the capability of our model to investigate the 

effects of ECM density on LV physiology and tumor-lymphatic crosstalk, which can 

contribute to the understanding of breast cancer metastasis in the context of ECM mechanics 

and demonstrates the potential of the model for therapeutic assessment.

5 Conclusions

In this paper, we elucidated how a dense ECM matrix conditions the lymphatic vasculature 

toward an activated phenotype through the increase in secretion of chemokines and pro-

inflammatory cytokines such as IL-6. Furthermore, we demonstrated how IL-6 secretion 

exacerbated vessel leakiness in LV monoculture and co-culture with breast cancer cells, both 

of which were mitigated by blocking the IL-6R. Therefore, our results provide a possible 

therapeutic target to inhibit breast cancer metastasis by modulating the lymphatic 

vasculature.
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figure 1. 
Organotypic lymphatic vessel model. a) Top view of an assembled microdevice (left) with a 

cross-sectional view of the device showing the lymphatic endothelial cells lining the lumen 

structure within a collagen matrix (right). b) Representative image of microdevice array. 

Microdevices were filled with a blue dye for visualization purposes. c) Microdevice design 

and fabrication scheme. 1) The device consists of two PDMS layers bonded together with a 

suspended PDMS rod. The PDMS layers defined the microchamber, while the rod allows for 

the generation of the lumen structure. The top layer of the microdevice contains ports for 

fluid handling and a cover for the microchamber. For device operation, after plasma bonding 

to a glass-bottom dish: 2) the microchamber is filled with a hydrogel solution and left to 

polymerize, 3) lumen rod is removed exposing an empty lumen within the hydrogel, 4) cells 

are seeded into the lumen with media and cultured at 37ºC. d) Top view of a lymphatic 

vessel stained with a classical endothelial cell junction marker, cluster of differentiation 31 
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(CD31), and nuclei. e) Orthogonal view of the vessel. Scale bar= 140 μm f) confocal image 

of the lymphatic vessel showing a 3d tubular structure. g) Top view of cultured vessels 

stained with a lymphatic-specific marker, prospero homeobox protein 1 (PROX-1), and F-

actin. Scale bar = 70 μm.
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figure 2. 
Extracellular matrix characterization of a low-density (LD) and high-density (HD) collagen 

hydrogel. a) Second Harmonic Generation images of the collagen type I fibers for the low-

density (LD) and high-density (HD) matrices in the microdevice, next to the lumen 

structure. b) average fiber count for LD and HD matrices. c) average fiber width for LD and 

HD matrices. fiber quantification was performed in one optical plane. bars represent average 

± SD of n=3 independent replicates. **p ≤ 0.01
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figure 3. 
Influence of ecm density in lymphatic vessel morphology, cell coverage, growth, and F-actin 

stress fibers. a) schematic of the culture conditions and experiment timeline. b) brightfield 

images of a lymphatic vessel cultured in LD and HD collagen matrices on day 1. scale bar = 

200 μm c) images of lymphatic endothelial cells nuclei cultured in LD and HD matrices at 

day 1(top left), day 3 (top right) and day 5 (bottom left) with f-actin in red and nuclei in blue 

(bottom right). the dashed outline indicates endothelial cell detachment. d) nuclei count of 

cells conforming the lymphatic vessels per area at days 1, 3 and 5. e) lymphatic endothelial 

cell coverage area for each lumen cultured in LD and HD collagen matrices on day 5. f) % 

Ki67 positive cells (proliferation) per lumen area in lymphatic vessels cultured in LD and 

HD matrices at days 1, 3 and 5. g) % f-actin stress fibers per lumen area for vessels cultured 

in LD and HD collagen matrices on day 5. bars represent average ± SEM, n at least 4 
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individual vessels. scale bars = 140 μm. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 

0.0001.
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figure 4. 
Effect of ECM density in lymphatic vessel cytokine secretion. a) schematic of the culture 

conditions and experimental timeline. b) pro-inflammatory cytokine and chemokine 

concentrations for vessels cultured in ld and hd collagen matrix. c) IL-6 cytokine 

concentration in a range of collagen I density matrices (3, 4, 5 and 6 mg/ml). (n =4, pooled 

samples over 2 days from at least 6 lumens). *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.
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figure 5. 
Effect of ECM density in lymphatic vessel barrier function a) schematic of the culture 

conditions and experimental timeline. b) representative image of diffusion assay in vessels 

cultured in LD and HD matrices at t=15 min. dashed lines indicate lymphatic vessel wall c) 

normalized dextran intensity profile for vessels cultured in LD and HD matrices. d-f) 

quantification of solute permeation for vessels cultured in LD and HD matrices. d) vessel 

permeability in LD and HD matrices (baseline levels). e) vessel permeability in HD matrices 

treated with Igg1 (control) or anti-IL-6R (blocking treatment) f) vessel permeability in LD 

matrices treated with IL-6 (5 mg/ml and 30 ng/ml). bars represent average ± sd, n at least 3 

individual vessels. *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.
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figure 6. 
Lymphatic vessel co-culture with metastatic breast cancer cells (MDA-MB-231) in LD and 

HD matrices. a) schematic of the experimental conditions and timeline. b) top-view and 

cross-section view of immunofluorescent images of lymphatic vessels co-cultured with 

metastatic breast cancer cells in LD (left) and HD (right) matrices (f-actin in purple, cd31 in 

red, MDA-MB-231-GFP in green and nuclei in blue. dashed outlines indicate endothelial 

cell detachment in the vessel wall. c) legend and cross-section view schematic of conditions. 

d) co-cultures IL-6 protein secretion levels in LD and HD matrices. e) quantification of 

solute permeation for lymphatic lumens in LD and HD matrices and for lymphatic lumens in 

LD and HD matrices treated with anti-Igg1 (control) and anti-il-6r (blocking treatment). bars 

represent average ± SD, n at least 3 individual vessels. (n =4, pooled samples over 2 days 

from at least 6 lumens). scale bar = 140 μm. *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.
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