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Abstract

Introduction:

Controlling the formation of blood and lymphatic vasculatures is crucial for engineered
tissues. Although the lymphatic vessels originate from embryonic blood vessels, the two
retain functional and physiological differences even as they develop in the vicinity of each
other. This suggests that there is a previously unknown molecular mechanism by which
blood (BECs) and lymphatic endothelial cells (LECs) recognize each other and coordinate
to generate distinct capillary networks.

Methods:

We utilized Matrigel and fibrin assays consisting of LECs and BECs to determine how
cord-like structures (CLS) can be controlled by altering LEC and BEC identity through
podoplanin (PDPN) and folliculin (FLCN) expressions. We generated BEC#-CN and
LECAPPPN. and observed cell migration to characterize loss lymphatic and blood
characteristics due to respective knockouts.

Results:

We observed that LECs and BECs form distinct CLS in Matrigel and fibrin gels despite
being cultured in close proximity with each other. We confirmed that the LECs and BECs
do not recognize each other through paracrine signaling, as proliferation and migration of
both cells were unaffected by paracrine signals. On the other hand, we found PDPN as
the key surface protein that is responsible for physical LEC-BEC recognition, and LECs
lacking PDPN became pseudo-BECs and vice versa. We also found that FLCN maintains

BEC identity through downregulation of PDPN.



Conclusions:
Overall, these observations reveal a new molecular pathway through which LECs and
BECs form distinct microvascular networks, which has important implications toward

designing functional engineered tissues.
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Introduction

The lymphatic system is an essential secondary vascular system that is
responsible for key functions such as interstitial pressure regulation, immune cell
trafficking, and dietary fat absorption.’? Damages to lymphatic vessels are associated
with lymphedema, cancer metastasis, and inflammation, showing the importance of
lymphatic system to proper tissue function.34 Despite its significance, the lymphatic
system has only recently been a subject of investigation with the discovery of markers,
such as podoplanin (PDPN), lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-
1), prospero-homeobox-1 (Prox1) that distinguish lymphatic endothelial cells (LECs) from

that of blood endothelial cells (BECs).>~"

Discovering the molecular mechanism that controls angiogenesis and
lymphangiogenesis is crucial for the future of tissue engineering.®-'" Due to limitations of
nutrient diffusion, engineered tissues with thickness in any dimension exceeding 400 um
require a vascular system for growth and survival after in vivo implantation.'> While most
of the research into vascularized tissue engineering has been focused on blood vessels,
addition of lymphatic vessels to engineered tissues has been shown to impart
immunological functions to organs and improve their functions.”™ It has been
demonstrated that in vascular organoids, lymphatic and blood vessels do not form joined
microvasculature.'* Physiologically, venous and lymphatic vessels use different valve
systems, where the venous valve contracts but lymphatic valves contract rhythmically to
pump the lymph.'>-'7 These incompatibilities indicate that the two cell lines maintain
separation and undergo distinct capillary tube formation, but the exact molecular

mechanism behind BECs and LECs recognition is yet unclear.



According to the widely accepted venous origin theory, LECs originate from the
cardinal vein during embryonic development when venous endothelial cells express adult
lymphatic marker LYVE-1 and PDPN.'"'® The committed LECs express lymphatic
markers and master regulator gene Prox1, which lead to subsequent divergence of cell
lines.”2%2" Following lymphatic commitment, the two vessels do not normally form
conjoined vessels, but undergo separate capillary tube formation despite developing in
the vicinity of each other.?223 When BECs and LECs are cultured in a fibrin scaffold, they
form separate, distinguishable networks.?*?% Recently, a tumor suppressor gene called
folliculin (FLCN) has been identified as a key regulator in maintaining LEC-BEC
separation.?® Inhibiting FLCN in BECs causes them to express some LEC-like features
and lead to formation of blood-filled lymphatic vessels. Similarly, inhibition of a
transmembrane protein called PDPN, one of lymphatic markers responsible for early
separation process of LECs from BECs, also results in blood-filled lymphatic vessels in

mice.27-30

Here, we identify a novel pathway that regulates distinct cord-like networks
formation through cell-cell recognition between LEC and BEC. This finding, along with a
better understanding of how LECs and BECs interact with different biomaterials, will allow
us to exert greater control over development of tissue engineered tissues with functional

blood and lymphatic vessels.



Materials and Methods

Human BEC and LEC Culture

Human BECs and LECs derived from the dermis of two adult donors (PromoCell,
Heidelberg, Germany) were expanded and used for experiments between passages 5
and 9. Human BECs and LECs were grown in endothelial cell growth medium MV 2 (EGM
MV2; PromoCell) incubated at 37°C with 5% CO.. Human BECs were characterized for
the positive expression of CD31 and for the negative expression of Prox-1 and PDPN.
Human LECs were characterized for the positive expression of CD31, Prox-1, and PDPN
throughout the experiments. All cell lines were routinely tested for mycoplasma

contamination and were negative throughout this study.

Migration Assay

To study cell migration, transwell inserts (Falcon™ Cell Culture Inserts 08-771-21,
pore size 8um) were placed into a 24-well plate. 30,000 cells per well were seeded in the
top portion of the transwell insert. Migration was stimulated by a 10% FBS gradient added
to the bottom of the wells. The transwell plate was incubated at 37°C, 5% CO.. After a
4hr incubation period, the top part of each transwell was wiped with a cotton swab to
remove non-migrated cells. Migrated cells at the bottom of the transwells were fixed with
4% paraformaldehyde for 15 min at 37°C, then washed with PBS. Fixed cells were stained
with 1% Crystal Violet in 10% Acetic Acid at room temperature for 10-15 min, then washed
with PBS. Seven to eight random areas were imaged per condition and quantified to

determine the number of migrated cells in the assay.



Wound Healing Assay

The 2-well culture inserts (ibidi) were placed in each well of a 24-well plate. Cells
were seeded inside each chamber and incubated for 24 hours to reach confluence. At
this point, the culture inserts were removed to create scratch areas and imaging was
initiated (Lionheart FX Automated Microscope, BioTek) to visualize the wound closure
process. Wound confluency was measured in 30 min increments for 14 hr. Data was

obtained from Gen5 software (BioTek) and was analyzed using GraphPad Prism.

2D Matrigel Assay

To visualize network formation in vitro, a Matrigel angiogenesis assay was
performed using a 15-well angiogenesis plate (u-Slide Angiogenesis, ibidi)3'. Each well
was coated with Matrigel and incubated at 37°C for at least 2 hr. Cells were then seeded
onto each Matrigel-containing well at a density of 4,000 cells per well. Network formation
was visualized and imaged every 30 minutes for 10 hr (Lionheart FX Automated
Microscope, BioTek). Analysis was performed using the AutoTube, a freely available
MATLAB software that can process a fluorescent image and generate skeletonized

outline of the network.3?-34 Data was analyzed using GraphPad Prism.

3D Vasculogenesis Assay

The first layer of fibrin gel was prepared by mixing 30uL of 7 wt% fibrinogen
solution with 20uL of thrombin solution provided by Fibrin In Vitro Angiogenesis Assay kit
(Sigma Aldrich) into each of 96-well plate wells and incubating at 37°C for 20 minutes.
Relevant cells were passaged using trypsin/EDTA solution and resuspended into fresh

MV2 media containing 100ng/mL of VEGF-C at concentration of 50,000 cells/mL. 100uL



of the cell suspension was added on top of the first layer of the gel and allowed to settle
for 24 hours at 37°C. Then the media was aspirated and another layer of 30uL of
fibrinogen and 20pL of thrombin solution was added on top of the seeded cells and
incubated at 37°C for 5 minutes. Then 100uL of MV2 media containing 100ng/mL of
VEGF-C was added to top of the gel. Cells were allowed to form networks for 48 hours,
then imaged. Fibrin gels were imaged on the confocal microscope (A1R Nikon) using
Texas Red and FITC channels. We captured 31 z-stack images across 200um along the
z-axis centered around the stack with the brightest fluorescence signals as determined

visually.
Microvasculature Network Quantification Method

We quantified the vascular network using AutoTube, a freely available MATLAB
software that can process a fluorescent image and generate skeletonized outline of the
network.* For each image, we analyzed each fluorescent channel separately and
performed a max-projection across all z steps and adjusted the contrast such that the
cells were clearly visible with low background signal. Four parameters per image were
quantified, and the tube length and network area were selected to compare the degree of
CLS formation. For each hydrogel condition, at least three independent experiments were

performed with two technical replicates.
RNAIi Transfection

Human BECs or LECs were transfected with siGENOME SMARTpool human
FLCN or human PDPN (Dharmacon, Lafayette, CO) using the manufacturer’s protocol.

Human BECs or LECs were cultured to 90% confluency in 6-well plates with EGM MV2



media (PromoCell) and no additional VEGF-C supplementation. The RNAI transfection
solution was prepared by mixing DharmaFECT2 RNAI transfection reagent (Dharmacon)
with serum-free and antibiotic-free EGM MV2 media. To transfect the cells, EGM MV2
media was removed and replaced with 1.6mL of antibiotic-free EGM MV2 and 400uL
transfection solution in each well to achieve a final RNAi concentration of 50nM.
Transfected cells were incubated at 37°C and 5% CO.. After 72 hours, total RNA was
isolated and real-time gRT-PCR was performed, as described in the previous sub-section,

to confirm the knock-down of FLCN or PDPN expression.
Gene expression

To analyze the gene expressions, BECs or LECs were cultured on hydrogels or
tissue culture plastic for 48 hours in their culture media. The 48 hours timepoint was
selected to ensure that the signaling cascade in response to VEGF-C and mechanical
stimulation was captured. Each biological replicate was created by pooling RNA from
three individual wells to collect enough RNA. At least three biological replicates (n=3)
were collected per condition and analyzed with real-time qRT-PCR with triplicate readings
as previously described.?#2> RNA was reverse transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher) according to the manufacturer’s protocol.
cDNA was then used with the TagMan Universal PCR Master Mix and Gene Expression
Assays for PDPN, FLCN, and GAPDH. Each sample was prepared in triplicate and the

relative expression was normalized to GAPDH and analyzed using the 2Ct method.



Statistical Analysis

Data are presented as mean + standard deviation, unless otherwise were specified
in the figure legends. All statistical analysis was conducted in GraphPad Prism. Statistical
comparisons were made using Student’s t test for paired data, analysis of variance
(ANOVA) for multiple comparisons, and with Tukey post hoc analysis for parametric data.

Significance levels were set at the following: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Results

Podoplanin is uniquely expressed by LECs, but not BECs

Since both BECs and LECs were isolated from dermal skin vasculatures,?2¢ the
initial study was done to first characterize the unique surface markers specific to blood
and lymphatic vasculatures.>?® Flow cytometry analysis confirmed that BECs express
CD31, but not Podoplanin (Fig 1A and Supplementary Fig 1A). On the other hand, LECs
expressed both CD31 and Podoplanin (Fig 1B and Supplementary Fig 1B). Further
quantification of flow cytometry histograms indicated that 92.7% of BECs were CD31*
and PDPN- (Fig 1C and D), while 93.8% of LECs were CD31* and PDPN-(Fig 1E and F).
These data suggests that the BECs and LECs were pure population of blood and

lymphatic endothelial cells, respectively.

BECs and LECs form distinct cord-like structures

Both BECs and LECs have been shown to form cord-like structures (CLS) in 2D
and 3D vasculogenesis assays.?®36:37 We previously used LECs to study in vitro

lymphatic CLS induced by VEGF-C and substrate stiffness.3¢ Therefore, to investigate
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whether BECs and LECs can form capillary networks together or independent with
respect to each other, we examined in vitro formation of CLS from co-cultures of BECs
and LECs. We seeded BECs (pre-labeled in CellTracker™ Red CMTPX) and LECs (pre-
labeled in CellTracker™ Green CMFDA) at ratios of 100:0, 80:20, 50:50, 20:80, and 0:100
(BECs:LECs) on 2D Matrigel (Fig 2A and Supplementary Fig 2). After 12 h, CLS
formation was observed in all conditions. Interestingly, we found that BECs and LECs
formed CLS independent of each other. We rarely found CLS that was formed by BECs

and LECs together (Supplementary Fig 2).

To further confirm this observation, we performed 3D vasculogenesis assay using
fibrin gels, where endothelial cells have been reported to form capillary networks with
lumens.®3° To quantify the separation of networks of LECs and BECs, we compared the
network formation lengths of fibrin gels containing LECs and BECs of same color and cell
type, different color but same cell type, and different color and cell type (Fig 2B). After 48
hours of encapsulation, the gels were imaged and the resulting fluorescent channels were
quantified separately using MATLAB plugin AutoTube, which can quantify the skeletal
length of vascular networks (Supplementary Fig 3). Because LECs and BECs form
intertwining networks when co-cultured in vitro, it is often difficult to visually confirm
whether BECs and LECs form distinct networks. Using AutoTube, we confirmed that co-
cultures of LECs and BECs labeled two different colors resulting in longer overall skeletal
length on a single channel analysis compared to monocultures of LECs and BECs labeled
two different colors (Fig 2C). This indicates that unlike two-color monoculture, co-culture
has continuous networks of cells of one color, which indicates that the LEC and BEC

networks remain distinct. We also observed no significant difference between network
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lengths of co-culture and monoculture with same color (Fig 2D), again indicating that LEC

and BEC networks consist mostly of the same cell type even in co-cultures.

Paracrine signaling is not responsible for distinct CLS formation

We then explored the possibility of paracrine signaling as a mechanism behind
LEC-BEC recognition to form distinct CLS.#%4! LECs and BECs release a distinct set of
paracrine signals which have been implicated in promoting growth of other tissues.*'42
To collect the paracrine signals, BECs and LECs were cultured in fresh MV2 media for 2
days, and the resulting media was collected and filtered (Fig 3A). We performed cell
proliferation assay of BECs and LECs when cultured in either conditioned media from
BECs or LECs. We used label-free cell counting protocol of Lionheart FX Automated
Microscope, which uses brightfield channel to count the number of cells at various
timepoints (Fig 3B and C). We compared the growth rate at around 3500 cells/well and
found no significant differences between the two media types (Fig 3D).

Furthermore, we performed a trans-well migration assay to test if the paracrine
signals from BEC and LEC inhibit cell migration of the opposing cell line, where either
media from the same or different cell line was placed in the outer well and cells were
allowed to migrate across the bottom membrane (Fig 3E). We found no significant
differences in migration rate towards the media of same and different cell line, indicating
that paracrine signaling is not responsible for affecting cell migration of BECs and LECs
(Fig 3F and Supplementary Fig 4). Collectively, these results suggest that the LECs and

BECs do not maintain CLS separation through paracrine signals.
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Podoplanin is responsible for distinct CLS formation in vitro

To determine if the recognition mechanism is through surface receptors, we tested
the effect of Podoplanin on network separation. Previous studies have reported that
Folliculin (FLCN) is responsible for BEC-LEC separation by downregulating Prox1, a
master gene of LEC marker expression, in BECs.?¢ Since PDPN is one of the key markers
of LEC, we hypothesized that BECs downregulate PDPN through FLCN expression,
which allows BECs and LECs to recognize cells of the same lineage through membrane
receptor PDPN. We generated LECAPPPN and BECAFLCN (denoted as ALEC and ABEC in
the figures, respectively) through RNAI transfection. We performed quantitative PCR to
confirm that RNAIi-PDPN reduces PDPN expression by at least 90% in both LECs and
BECs (Supplementary Fig 5). RNAI-FLCN transfection increased PDPN expression in
BECs by twofold, but did not have significant result in PDPN expression in LECs, possibly
due to already high levels of PDPN expression in LECs as confirmed in previous FACS

data (Fig 1G).

Then, we performed vasculogenesis assay on 3D fibrin gels using LECs and BECs
labeled with green or red membrane dyes. Each condition consisted of either green-
labeled LEC or LECAPPPN and red-labeled BEC or BECAF-CN and imaged after 48 hours
under same conditions as previous fibrin gel assay (Fig 4A-D). The results were
quantified using AutoTube as previously described, and the results were quantified along
with LEC-LEC, BEC-BEC, and LEC-BEC data from before. We quantified LECs on the
green channel and BECs on the red channel and measured the skeleton length of each
network (Supplementary Fig 3). We found that knockouts of LECs (Fig 4B and D) and

BECs (Fig 4C and D) failed to form networks by themselves and resulted in significantly
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shorter networks than same-color monoculture (Fig 4E and F). This indicates that the
presence or lack of PDPN is crucial for BEC and LEC self-recognition and network
formation. Comparatively, when wild-type cells were co-cultured with knockout cells, the
network forming capabilities of the non-knockout cell line was not affected (Fig 4E and
F), which may indicate that these new knockout cells are also not being integrated into

the network of the other cell line.

Podoplanin is responsible for the BEC and LEC recognition

To fully confirm that LECs and BECs do not avoid BECAF-CN and LECAPPPN
respectively, we performed wound healing assay to study how cell-cell contact affects cell
migration for LEC and BEC. We used an ibidi two-well insert attached to a tissue culture
plastic surface, with cells seeded on both wells stained with either the red or green
membrane dyes. The conditions we tested were: LEC and LEC, BEC and BEC, LEC and
BEC, BECA™CN and LEC, and LECAPPPN and BEC (Fig 5A-E and Supplementary Movie
1-5). We seeded the cells and allowed them to adhere for 24 hours, then we removed the
insert and imaged the wound every hour for 48 hours. The wound was fully closed around
24 hours, and there was no significant difference in the wound closure time. However, we
observed that in the LEC-BEC condition (Fig 5C and Supplementary Movie 3), the cells
appeared to change directions when first coming into contact with the other cell line, which
resulted in a clear boundary between the two cell lines compared to BEC-BEC (Fig 5A
and Supplementary Movie 1) or BEC-BEC (Fig 5B and Supplementary Movie 2)

conditions.
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We hypothesized that when LECs and BECs recognize the other cell line through
presence or lack of PDPN, they change the direction of movement such that cells of the
same lineage group together, which may be the mechanism behind how LECs and BECs
form separate vessels in vivo even in close proximity with each other. To quantify this, we
divided each segment of the wound into smaller segments and generated a density plot
for the number of cells across the distance of the wound. Then we used the overlap
package in R to estimate the overlap scores in the two density plots. We observed that
LECs and BECs do not mix in the middle, as shown by the lower overlap score (Fig 5F).
This effect is reversed when either the LEC or BEC is replaced with LECAPPPN or BECAFLCN,
which suggests that the knockouts of PDPN and FLCN in LEC and BEC, respectively,
avoids being recognized as the different cell type by BEC and LEC (Fig 5G). This
indicates that the LEC-BEC recognition mechanism is through cell-cell contact through

transmembrane protein PDPN.

Discussion

Vascular tissue engineering is critical to the future of transplantable organ
engineering as it has the potential to produce microvascular network that can overcome
the diffusion limits in non-vascularized organoids.**#4 Consequently, multiple studies
have focused on developing microvasculature networks in various hydrogels, including
PLGA, PEG, and hyaluronic acid (HA)-hydrogels."":3645 Fibrin, a wound healing protein,
is of particular interest in designing 3D hydrogels to promote vasculogenesis.*®4 Fibrin
is compatible with recapitulating in vivo functionalities of both BECs and LECs and

therefore has been used in microfluidic devices for LEC-BEC co-culturing to study how
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the two cell lines interact.#3-%° Microvasculature engineering in organoids mostly rely on
self-assembly of endothelial cells in hydrogels due to the extremely small size of these
vessels, which relies on controlling molecular and biomechanical factors to direct network
formation.85":52 To our knowledge, there are no studies thus far that explored the
molecular mechanism behind LEC and BEC interaction in co-culture at a

microvasculature level.

Multiple studies have explored the possible molecular pathways behind lymphatic
and blood vessel separation pathways and identified numerous genes involved in this
process,?”285455 put none have identified a unifying pathway that explained how LECs
and BECs only join vessels with the same type of cell during in vivo embryonic
development or in vitro angiogenesis in hydrogels. In this study, we explored the
molecular mechanism behind the widely reported LEC and BEC tendency to form distinct
networks. Previous work has suggested the role of PDPN in preventing the mixing of the
lymph and the blood through intermittent platelet aggregation near the lymphatic
valve.?8%8 PDPN is a well-conserved, mucin-type transmembrane protein that can interact
with C-type lectin-like receptor 2 (CLEC-2) expressing platelets.3%%* FLCN was also
identified as a gene that maintains separation between the lymph and the blood through
inhibition of Prox7 in BECs.?®6 We have shown that microvasculature formation in fibrin
gels by LECs and BECs can be manipulated through regulation of FLCN and PDPN. Our
study suggests that PDPN plays a role in contact-based endothelial cell recognition and
capillary formation in addition to lymphatic valve control. Furthermore, we show that the

downstream mechanism of FLCN-based LEC and BEC physical recognition is through
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the inhibition of PDPN expression, and that this LEC and BEC identity can be reversed

by controlling PDPN or FLCN expression respectively.

Overall, our results indicate a novel cell-cell contact-based pathway for BECs and
LECs to form distinct networks, which can be used to exert a higher degree of control
over microvasculature assembly in vascular engineered tissues. This study suggests that
FLCN and PDPN may be responsible for the BECs and LECs plasticity found in the
zebrafish, rat mesentery, and human pluripotent stem cells.?326:57 Future studies could
further elucidate the role of PDPN in lymphangiogenesis during embryonic development
and the initial separation of LECs from the blood vessels. In clinical applications, FLCN
deficiency is associated with Birt-Hogg-Dubé syndrome and may contribute to abnormal
lymph nodes as well.?6%® These findings may lead to improved understanding of the
effects of FLCN-related diseases on lymphatics, which may translate to novel therapeutic

approaches to lymphatic disorders.
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Figure Legends

Figure 1. BECs and LECs express unique endothelial surface markers.
Representative flow cytometry diagrams demonstrating unique endothelial surface
markers for PDPN and CD31. (A) BEC (92.7%) showing CD31* and PDPN-, while (B)
LEC showing CD31* and PDPN*. Representative flow cytometry histograms indicating (C
and D) BEC and (E and F) LEC stained with CD31-PE (in black), PDPN-FITC (in black),
and isotype controls (in grey). (G) Real-time quantitative gqRT-PCR was used to analyze
PDPN expression for LEC and BEC relative to GAPDH. Data represents mean + SD, n=4
per group, ***P<0.001. All P values were determined by unpaired t tests.

Figure 2. BEC and LEC form distinct cord-like structures on 2D Matrigel and 3D
fibrin gel assays. (A) BEC (pre-labeled in pre-labeled in CellTracker™ Red CMTPX) and
LEC (pre-labeled in CellTracker™ Green CMFDA) were seeded on 2D Matrigel at ratios
of 100:0, 80:20, 50:50, 20:80, and 0:100 (BECs:LECs). Representative images of cord-
like structures (CLS) formation were imaged at 12 hrs. Scale bars are 500 um. (B) BEC
and LEC were encapsulated in 3D fibrin gel assay. From left to right, red-BEC only, red-
BEC and green-BEC (50:50), red-BEC and green-LEC (50:50), red-LEC and green-LEC
(50:50), and green-LEC only. Representative images of CLS formation were imaged at
48 hrs. Scale bars are 500 um. CLS formed on 3D fibrin gel was quantified for tube length
using AutoTube for (C) BEC and (D) LEC. Data represents mean + SD, n=4 per group,
n.s. P> 0.05, *P<0.05. All P values were determined by unpaired t tests.

Figure 3. The effects of paracrine signaling on BEC and LEC. (A) A timeline for BEC
and LEC-conditioned media collection. Conditioned media were collected after 48 hours
of BEC or LEC cultures. Cell proliferation assay with (B) BEC and (C) LEC using the
same (circle data points) and different (square data points) cell line-conditioned media.
(D) Cell growth rates of BEC and LEC were quantified at 3,500 cells/well using the label-
free cell proliferation protocol (Lionheart FX Microscope). Each sample was repeated 12
times. (E) A schematic diagram to illustrate the layout of the transwell migration assay.
The outer well was filled with conditioned media from either the same or different cell type.
(F) The top of the membrane was cleaned and imaged on a fluorescence channel to
quantify the migrated cells after 24 hours. Each sample was repeated 3 times. Data
represents mean + SD, n=4 per group, n.s. P > 0.05, All P values were determined by
unpaired t tests.
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Figure 4. The roles of FLCN and PDPN on cord-like networks formation. (A and B)
Luciferase knockout BEC (rBEC 4-¥¢) or (C and D) FLCN knockout BEC (rBECAFLCN)
stained in red are encapsulated in 3D fibrin gels together with (A and C) Luciferase
knockout LEC (gLEC 4t“¢) or (B and D) PDPN knockout LEC (rLEC#PPPN) stained in green.
Representative images of CLS formation were imaged at 48 hrs. Scale bars are 500 um.
(E and F) CLS formed on 3D fibrin gel was quantified for tube length using AutoTube.
Data represents mean + SD, n=4 per group, n.s. P > 0.05, *P<0.05. All P values were
determined by unpaired t tests.

Figure 5. The roles of FLCN and PDPN on cell migration. Representative images of
the wound healing assay taken at t=16, 35, and 48 hours for (A) BEC (in red) : BEC (in
green), (B) LEC4L¥ (in red) : LEC 4t (in green), (C) BEC 2L¥ (in red) : LEC4tve (in green),
(D) BECALEN (in red) : LEC2t¥e (in green), and (E) BECAMCN (in red) : LEC 2t¥e (in green).
Each well was seeded with 7,000 cells and allowed to settle for 24 hours, then imaged
for up to 48 hours. Scale bars are 500 um. Overlap scores for (F) wild-type BEC and LEC,
as well as (G) knock-out BEC and LEC. The LEC-BEC condition consists of 4 replicates
and the same and knockout conditions consist of 4 replicates from either of the two
conditions. Data represents mean + SD, n=4 per group, n.s. P> 0.05, *P<0.05, **P<0.01,
and ***P<0.001. All P values were determined by unpaired t tests.
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Figure Legends
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Representative flow cytometry diagrams demonstrating unique endothelial surface
markers for PDPN and CD31. (A) BEC (92.7%) showing CD31* and PDPN-, while (B)
LEC showing CD31* and PDPN*. Representative flow cytometry histograms indicating (C
and D) BEC and (E and F) LEC stained with CD31-PE (in black), PDPN-FITC (in black),
and isotype controls (in grey). (G) Real-time quantitative gqRT-PCR was used to analyze
PDPN expression for LEC and BEC relative to GAPDH. Data represents mean + SD, n=4
per group, ***P<0.001. All P values were determined by unpaired t tests.
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Figure 2. BEC and LEC form distinct cord-like structures on 2D Matrigel and 3D
fibrin gel assays. (A) BEC (pre-labeled in pre-labeled in CellTracker™ Red CMTPX) and
LEC (pre-labeled in CellTracker™ Green CMFDA) were seeded on 2D Matrigel at ratios
of 100:0, 80:20, 50:50, 20:80, and 0:100 (BECs:LECs). Representative images of cord-
like structures (CLS) formation were imaged at 12 hrs. Scale bars are 500 um. (B) BEC
and LEC were encapsulated in 3D fibrin gel assay. From left to right, red-BEC only, red-
BEC and green-BEC (50:50), red-BEC and green-LEC (50:50), red-LEC and green-LEC
(50:50), and green-LEC only. Representative images of CLS formation were imaged at
48 hrs. Scale bars are 500 um. CLS formed on 3D fibrin gel was quantified for tube length
using AutoTube for (C) BEC and (D) LEC. Data represents mean + SD, n=4 per group,
n.s. P> 0.05, *P<0.05. All P values were determined by unpaired t tests.
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Figure 3. The effects of paracrine signaling on BEC and LEC. (A) A timeline for BEC
and LEC-conditioned media collection. Conditioned media were collected after 48 hours
of BEC or LEC cultures. Cell proliferation assay with (B) BEC and (C) LEC using the
same (circle data points) and different (square data points) cell line-conditioned media.
(D) Cell growth rates of BEC and LEC were quantified at 3,500 cells/well using the label-
free cell proliferation protocol (Lionheart FX Microscope). Each sample was repeated 12
times. (E) A schematic diagram to illustrate the layout of the transwell migration assay.
The outer well was filled with conditioned media from either the same or different cell type.
(F) The top of the membrane was cleaned and imaged on a fluorescence channel to
quantify the migrated cells after 24 hours. Each sample was repeated 3 times. Data
represents mean + SD, n=4 per group, n.s. P > 0.05, All P values were determined by
unpaired t tests.
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Figure 4. The roles of FLCN and PDPN on cord-like networks formation. (A and B)
Luciferase knockout BEC (rBEC 4-¥¢) or (C and D) FLCN knockout BEC (rBECAFLCN)
stained in red are encapsulated in 3D fibrin gels together with (A and C) Luciferase
knockout LEC (gLEC 4t“¢) or (B and D) PDPN knockout LEC (rLEC#PPPN) stained in green.
Representative images of CLS formation were imaged at 48 hrs. Scale bars are 500 um.
(E and F) CLS formed on 3D fibrin gel was quantified for tube length using AutoTube.
Data represents mean + SD, n=4 per group, n.s. P > 0.05, *P<0.05. All P values were
determined by unpaired t tests.
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Figure 5. The roles of FLCN and PDPN on cell migration. Representative images of
the wound healing assay taken at t=16, 35, and 48 hours for (A) BEC (in red) : BEC (in
green), (B) LEC4L¥ (in red) : LEC 4t (in green), (C) BEC2L¥ (in red) : LEC4tve (in green),
(D) BECAFLEN (in red) : LEC2t¥e (in green), and (E) BECAMCN (in red) : LEC 2t¥e (in green).
Each well was seeded with 7,000 cells and allowed to settle for 24 hours, then imaged
for up to 48 hours. Scale bars are 500 um. Overlap scores for (F) wild-type BEC and LEC,
as well as (G) knock-out BEC and LEC. The LEC-BEC condition consists of 4 replicates
and the same and knockout conditions consist of 4 replicates from either of the two
conditions. Data represents mean + SD, n=4 per group, n.s. P> 0.05, *P<0.05, **P<0.01,
and ***P<0.001. All P values were determined by unpaired t tests.
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