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Abstract

Human umbilical vein endothelial cells (HUVECs) and stromal cells, such as human lung 

fibroblasts (FBs), have been widely used to generate functional microvascular networks (μVNs) 

in vitro. However, primary cells derived from different donors have batch-to-batch variations and 

limited lifespans when cultured in vitro, which hampers the reproducibility of μVN formation. 

Here, we immortalize HUVECs and FBs by exogenously expressing human telomerase reverse 

transcriptase (hTERT) to obtain stable endothelial cell and FB sources for μVN formation in 
vitro. Interestingly, we find that immortalized HUVECs can only form functional μVNs with 

immortalized FBs from earlier passages but not from later passages. Mechanistically, we show that 

Thy1 expression decreases in FBs from later passages. Compared to Thy1 negative FBs, Thy1 

positive FBs express higher IGFBP2, IGFBP7, and SPARC, which are important for angiogenesis 

and lumen formation during vasculogenesis in 3D. Moreover, Thy1 negative FBs physically block 
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microvessel openings, reducing the perfusability of μVNs. Finally, by culturing immortalized FBs 

on gelatin-coated surfaces in serum-free medium, we are able to maintain the majority of Thy1 

positive immortalized FBs to support perfusable μVN formation. Overall, we establish stable cell 

sources for μVN formation and characterize the functions of Thy1 positive and negative FBs in 

vasculogenesis in vitro.
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1. Introduction

Generation of perfusable vasculature in vitro is of key importance in the development of 

microphysiological models of tissue or organ function and for a variety of applications in 

tissue engineering. This arises from the need for an adequate supply of oxygen and nutrients 

to tissues in order to maintain viability and function, since diffusion alone fails when cells 

are located more than several hundred microns from a perfusable vessel [1]. The absence 

of functional vasculature has posed a critical barrier to the advancement of numerous 

bioengineering techniques and applications. In particular, current human organoids usually 

lack functional vasculature, which leads to a slowly developing necrotic core [2]. Inadequate 

oxygen and nutrient supply further results in organoids that are small and have a limited life 

span, hindering the development of organoids beyond their embryonic and fetal phases [3].

Benefitting from advances in microfluidic devices, self-organized in vitro microvascular 

networks (μVNs) can now be successfully fabricated [4–6]. These designs usually involve 

microfluidic devices with a central gel channel flanked by two medium channels. 

Endothelial cells (ECs) combined with stromal cells can be suspended in a hydrogel in the 

gel channel. Within days, ECs will self-organize and form networks with perfusable lumens. 

The major advantage of the self-organizing approach is its similarity to the in vivo processes 

of vasculogenesis and angiogenesis, leading to the spontaneous formation of vessels by ECs 

in hydrogel mimicking in vivo counterparts in both form and function [7].

Most work in engineering μVNs with demonstrated perfusability is limited to primary cells 

such as human umbilical vein endothelial cells (HUVECs), human fibroblasts (FBs), smooth 

muscle cells, pericytes, astrocytes, bone marrow–derived stromal cells, and adipose-derived 

stem cells [4,6,8–10]. Both the diversity of donor genotypes and the limited proliferation 

capacity of primary cells contribute to variability in terms of the morphology and function 

of the resulting μVNs, leading to inconsistencies in the ability to form fully-functional μVNs 

[11] and a lack of reproducibility among experiments. Due to these issues, researchers have 

sought and applied various ways to standardize cell sources and reduce variability, including 

the use of immortalized cell lines. One widely utilized approach is to immortalize primary 

cells using human telomerase reverse transcriptase (hTERT) [12].

Thy1 is a 25–37 kDa glycosylphosphatidylinositol (GPI) anchored cell membrane protein 

and was first identified in 1964 on mouse T cells [13,14]. Later studies revealed that Thy1 is 

prevalently expressed in various cell types, including FBs, neurons, and hematopoietic cells, 
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and that Thy1 plays an important role in adhesion, migration, apoptosis, wound healing, 

tumorigenesis, fibrogenesis, and mechanosensing [15–17]. Thy1 has also been used as a 

marker to identify subpopulations of FBs [18]. Interestingly, previous studies have identified 

that Thy1 positive (Thy1+) and Thy1 negative (Thy1−) FBs derived from lung tissues have 

distinct functions [19,20], such as proliferation [21], differentiation to myofibroblast, and 

correlation with fibrosis [15,22]. However, whether the Thy1+ and Thy1− FBs have different 

functions in μVN formation remains unclear.

Here we demonstrate the use of hTERT to immortalize ECs and FBs with verified 

capability to form functional μVNs to overcome the noted limitations. Immortalized 

HUVECs (ImHUVECs) are shown to be a stable source for vasculogenesis, while the 

immortalized FBs (ImFBs) only form functional μVNs from early passages. Upon further 

examination, we find that lung FBs are heterogeneous for Thy1 expression, including Thy1+ 

and Thy1-subpopulations. The morphology of μVNs formed with Thy1+ FBs is superior 

to that of μVNs formed with Thy1− FBs, which we have attributed to higher expression 

levels of insulin-like growth factor-binding protein 2 (IGFBP2), insulin-like growth factor-

binding protein 7 (IGFBP7), and secreted protein acidic and rich in cysteine (SPARC). In 

addition, Thy1− FBs impede perfusability by physically preventing μVNs from opening at 

the medium-gel interface. Finally, culturing FBs on gelatin-coated surfaces in serum-free 

medium can maintain most of the Thy1+ FBs, which support perfusable μVN formation. 

Our studies establish stable cell sources for μVN formation in vitro and shed light on the 

Thy1+ FB dependent mechanism that forms functional μVNs.

2. Materials and methods

2.1. Plasmids, lentivirus, and RT-PCR primers

pLV-hTERT-IRES-hygro was a gift from Tobias Meyer (Addgene plasmid # 85140; http://

n2t.net/addgene:85140; RRID:Addgene_85140). lentiCRISPRv2 blast was a gift from Brett 

Stringer (Addgene plasmid # 98293; http://n2t.net/addgene:98293; RRID:Addgene_98293). 

lentiGuide-Hygro-mTagBFP2 was a gift from Kristen Brennand (Addgene plasmid # 99374; 

http://n2t.net/addgene:99374; RRID:Addgene_99374). pLX304 human Thy1 plasmid was 

from DNASU Plasmid Repository.

The following guide sequences were integrated into LentiCRISPRv2 blast for single gene 

knock out:

KO control [23] GCACTACCAGAGCTAACTCA

IGFBP2 TCCTTCATACCCGACTTGAG

GGCGATGACCACTCAGAAGG

GGGCACTTGTGAGAAGCGCC

IGFBP7 TTCCATAGTGACGCCCCCCA

GAGGCGGAAGGGTAAAGCCG

GAGCAGGAGCAGCAGCCCAG

SPARC CTTCTCAAACTCGCCAATGG
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AGCCAGTCCCGCATGCGCAG

AGCCCTGCCTGATGAGACAG

Same guide sequences of KO control, IGFBP7 and SPARC were constructed into 

lentiGuide-Hygro-mTagBFP2 for double KO control and IGFBP7/SPARC double KO in 

ImFBs. 293 T cells were used for producing lentivirus. In short, the plasmids mentioned 

above were co-transfected with psPAX2, PMD. G using X-tremeGENE™ HP DNA 

Transfection Reagent (Sigma-Aldrich) for packaging into 293 T cells. The supernatant 

containing lentivirus was collected on day 2 and 3 post-transfection, followed by Lenti-X™ 

Concentrator (Takara Bio) mediated concentration. HUVECs, FBs, ImFBs, or Thy1− ImFBs 

were incubated overnight with the lentivirus in the presence of polybrene, 8 μg/ml. Infected 

cells were recovered for 24 h before selection by hygromycin or blasticidin. As for single 

gene KO in ImFBs, 3 types of KO lentiviruses were mixed and co-infected to ImFBs, 

and followed by blasticidin selection. For the IGFBP7/SPARC double KO in ImFBs, the 

IGFBP7 KO ImFBs were infected with mixtures of 3 types of SPARC KO lentiviruses. 

The BFP positive cells were sorted by fluorescence activated cell sorting (FACS). The KO 

efficiencies were detected by intracellular staining.

2.2. Cells, antibodies and reagents

HUVECs, ImHUVECs and HDMECs were cultured on uncoated T75 cell culture flasks in 

VascuLife VEGF Endothelial Medium (Lifeline Cell Technology). Lung FBs and ImFBs 

were cultured in FibroLife S2 Fibroblast Medium (supplied with 2% serum) or FibroLife 

Fibroblast Serum Free Medium (Lifeline Cell Technology). The medium was replenished 

every 2 days. Cells were detached and seeded into microfluidic devices after reaching 80% 

confluency. 293 T cells were cultured in DMEM medium containing 10% FBS without 

penicillin and streptomycin anti-biotics. Human IGFBP-2 antibody (R&D systems, 1:100), 

Anti-IGFBP7 antibody (Abcam, 1:60), Human SPARC PE-conjugated antibody (R&D 

systems, 1:100), hTERT antibody (Rockland, 1:200), and COL1A1 (E6A8E) Rabbit mAb 

(Cell Signaling Technology, 1:200) were used for IGFBP2, IGFBP7, SPARC, hTERT and 

Col1A1 staining, respectively. Anti-Fibroblast-PE, human (Miltenyi Biotec, 1:10), FITC 

anti-human CD90 (Thy1) antibody (Biolegend, 1:100), or APC anti-human CD90 (Thy1) 

antibody was used for fibroblast marker staining. Phorbol 12-myristate 13-acetate (PMA, 20 

ng/ml) was from Sigma-Aldrich. Recombinant Human IGFBP2 (500 ng/ml), recombinant 

Human IGFBP7 (50 ng/ml), and recombinant Human SPARC (500 ng/ml) were purchased 

from Peprotech. Gelatin solution (Type B, 2%, Sigma-Aldrich) was diluted in PBS to 0.2% 

and incubated at 37 °C for 30 min for surface coating. Collagen I (Rat tail, Corning, 

50 μg/ml) was used for surface coating following the protocol from the manufacture. 

Mitomycin C from Streptomyces caespitosus (Sigma-Aldrich) was diluted in complete 

FibroLife at 10 μg/ml or 20 μg/ml, and then incubated for 2.5 h followed with extensive 

washing before seeding into the microfluidic devices.
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2.3. Microvascular network (μVN) formation

3D cell culture chips (AIM biotech) were utilized to generate in vitro μVNs. The 

microfluidic device contains three parallel channels: a central gel channel with two medium 

channels flanked along each side. Microposts are precisely spaced to separate fluidic 

channels and generate enough surface tension to confine the liquid gelling solution in the 

central channel before polymerization. The width of gel channel is 1.3 mm, gap between 

posts is 0.1 mm, height of channels is 0.25 mm, and the width of medium channels is 0.5 

mm. ECs and FBs were seeded into the chip as previously described [4,24]. Briefly, ECs 

and FBs were concentrated in VascuLife containing thrombin (2 U/ml). The solution was 

then further mixed with fibrinogen (6 mg/ml) at a 1:1 ratio and quickly pipetted into the 

chip through the gel filling port with a final concentration of 7 million/ml for ECs and 

1 million/ml for FBs. The device was placed in a humidified enclosure and allowed to 

polymerize at 37 °C for 15 min in a 5% CO2 incubator, before VascuLife was introduced 

to the medium channels. After seeding, culture medium was changed on a daily basis in the 

device. The multi-culture microfluidic devices containing three parallel gel channels were 

fabricated as previously described [4,24]. Three hydrogel regions are each 0.8 mm wide × 

1.3 mm long × 0.11 mm high, and separated by medium channels. ECs and FBs were seeded 

separately into the central gel channel and the two outer gel channels, respectively.

2.4. Microvascular network perfusion, imaging and analysis

To confirm the perfusability of μVNs, the culture medium in one side channel was 

aspirated, followed by injection of 20 μl of 10 μg/ml 70 kDa MW Texas Red dextran 

solution (Invitrogen). The process was then repeated for the other medium channel before 

imaging under a confocal microscope. Confocal images were acquired using an Olympus 

FLUO-VIEW FV1200 confocal laser scanning microscope with a 10× objective. Z-stack 

images were acquired with a 5 μm step size. Morphological parameters were analyzed and 

quantified using AngioTool [25]. The data of at least 16 ROIs from 3 biological replicates 

were used for analysis. The permeability of the μVN was measured as previously described 

[26], by quantifying the increase in fluorescence intensity of Texas Red-conjugated 70 

kDa MW dextran in the matrix over 10 min. For the blocked opening analysis, if the 

FBs accumulated to the regions between microposts, especially aggregating at the interface 

between medium channel and gel channel, and ECs could not form an open structure 

towards medium channel, the microvessel opening would be counted as blocked. The 

blocked percentages were calculated by dividing the number of blocked openings by the 

total numbers of openings in each device. Cell accumulations between microposts were 

calculated using ImageJ (NIH, U.S.) by dividing the total fluorescence intensity of cells by 

the area of the region of interest (ROI) in the gap regions between microposts.

2.5. Flow cytometry

The expressions of Thy1 and anti-Fibroblast were tested by Flow cytometry (BD LSR-II). 

FBs were detached and stained with Anti-Fibroblast-PE, human (Miltenyi Biotec, 1:10), 

and FITC anti-human CD90 (Thy1) antibody (Biolegend, 1:100), or APC anti-human CD90 

(Thy1) antibody (Biolegend, 1:100) on ice for 15 min. Cells were then washed twice with 

MACS buffer and were ready to be examined under flow cytometry. DAPI was used to 
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exclude dead cells. A BD FACSAria™ III Cell Sorter was used for cell sorting. To examine 

the expression of IGFBP2, IGFBP7, and SPARC, ImFBs were detached and then fixed by 

4% paraformaldehyde (PFA) for 30 min. After being washed twice with PBS, the FBs were 

permeabilized with 0.1% Triton X-100, followed by blocking using 10% goat serum, and 

then stained with Human IGFBP-2 antibody (R&D systems, 1:100), Anti-IGFBP7 antibody 

(Abcam, 1:60), or Human SPARC PE-conjugated antibody (R&D systems, 1:100) on ice 

for 30 min. Cells were washed three times with PBS, stained with Alexa Fluor 633 Goat 

Anti-Mouse IgG1 (Invitrogen, 1:500, for IGFBP2), or Alexa Fluor 488 Goat Anti-Rabbit 

IgG H + L (Invitrogen, 1:1000, for IGFBP7) for 15 min, and rinsed three times with PBS 

before examination with Flow cytometry.

2.6. RNA isolation and RT-PCR

Total RNA was isolated using TRIzol reagent (Life Science). Reverse transcription 

was performed using High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific). 

Quantitative Real-time RT-PCR (RT-PCR) using TB Green® Premix Ex Taq™ II (Tli RNase 

H Plus) (Takara), was performed with a 7900HT Fast Real-Time PCR System (Applied 

Biosystems). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the control 

housekeeping gene. Primers were synthesized by Genewiz. The following primers were used 

for RT-PCR detections:

GAPDH-F ACCACAGTCCATGCCATCAC

GAPDH-R TCCACCACCCTGTTGCTGTA

Thy1-F GAAGGTCCTCTACTTATCCGCC

Thy1-R TGATGCCCTCACACTTGACCAG

SPARC-F TGCCTGATGAGACAGAGGTGGT

SPARC-R CTTCGGTTTCCTCTGCACCATC

TGFBI-F GGACATGCTCACTATCAACGGG

TGFBI-R CTGTGGACACATCAGACTCTGC

IGFBP2-F GGTATGAAGGAGCTGGCCGTGTTC

IGFBP2-R CGCTGCCCGTTCAGAGACATCTTG

VEGFA-F CGCAGCTACTGCCATCCAAT

VEGFA-R GTGAGGTTTGATCCGCATAATCT

MMP14-F CAACACTGCCTACGAGAGGA

MMP14-R GTTCTACCTTCAGCTTCTGG

MMP2-F GCGACAAGAAGTATGGCTTC

MMP2-R TGCCAAGGTCAATGTCAGGA

COL1A1-F GCTCGTGGAAATGATGGTGC

COL1A1-R ACCAGGTTCACCGCTGTTAC

PCOLCE-F CCAGACCCGTGTTCCTGTG

PCOLCE-R CCCTCATCCGTCGTCATCC

IGFBP7-F GAATCCCGACACCTGTCCTC

IGFBP7-R TGGAGGTTTATAGCTCGGCAC

VEGFC-F GCCAATCACACTTCCTGCCGAT
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VEGFC-R AGGTCTTGTTCGCTGCCTGACA

FGF2-F AGCGGCTGTACTGCAAAAACGG

FGF2-R CCTTTGATAGACACAACTCCTCTC

2.7. Intracellular immunofluorescence staining and molecular imaging

The intracellular immunofluorescence staining followed our previously published protocol 

[27,28]. In brief, ECs and FBs were loaded onto chambered cover glasses pretreated by 

plasma machine to increase adhesion, followed by 4% paraformaldehyde fixation for 30 

min. After washing with 10 ml PBS, the ECs or FBs were permeabilized with 0.1% Triton 

X-100 and then blocked with 10% goat serum (Invitrogen). Subsequently, cells were stained 

with hTERT antibody (Rockland, 1:200) at 37 °C for 1 h. After washing with 10 ml 

PBS, these cells were stained with secondary antibody Alexa Fluor 647-conjugated goat 

anti-rabbit IgG (H + L) (Invitrogen, 1:500). Images were analyzed by ImageJ (NIH, U.S.).

2.8. Cell liberation from μVNs

The central gel channels in the microfluidic devices were manually cut out and incubated in 

10% Liberase™ TH Research Grade (Sigma) diluted in DMEM on ice for 30 min. Samples 

were washed with MACS buffer and stained with Thy1 antibody as described above.

2.9. Treatment of ECs and FBs with PMA

For the Thy1 induction studies, ImHUVECs, Thy1+ ImFB, Thy1− ImFB, and FBs were 

cultured in 6-well plates and treated with Phorbol 12-myristate 13-acetate (PMA, Sigma-

Aldrich, 20 ng/ml) at cell culture conditions for 48 or 96 h before the flow cytometry 

experiment [29]. DMSO was used as the vehicle control.

3. Results

3.1. μVNs made of immortalized ECs with FBs

In order to form μVNs in a robust manner from stable cell sources, we overexpressed hTERT 

to immortalize HUVECs and FBs that had been previously validated to form functional 

μVNs [30]. We verified hTERT expression in immortalized HUVECs (ImHUVECs) and 

immortalized FBs (ImFBs) using immunofluorescence staining and Western blot (Figure 

S1). The morphology of the μVNs made of ImHUVECs with ImFBs was comparable to that 

of the parental primary cells over 3 weeks (Fig. 1A–D). Next, we tested the capability 

of forming μVNs with the immortalized cells from later passages (passage 20, P20). 

ImHUVECs from P20 formed μVNs of good morphology that remained perfusable for three 

weeks but only with the support of earlier passage ImFBs (passage 5; Fig. 1 E–F, Figure S2). 

ImHUVECs formed μVNs in the presence of P20 ImFBs, but vessel area, junction density, 

vessel length, and perfusability were impaired (Fig. 1E–F).

3.2. Thy1+ FBs promote vasculogenesis but Thy1− FBs do not

Since ImFBs from later passages did not support the formation of functional μVNs, 

we characterized ImFBs from earlier and later passages by evaluating the expression of 
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fibroblast specific markers, anti-Fibroblast and Thy1 [31,32]. Nearly all ImFBs from P6 

are positive for anti-Fibroblast antibody, but otherwise fall into nearly equal Thy1 positive 

(Thy1+) and Thy1 negative (Thy1−) subpopulations (Fig. 2A). P20 ImFBs remained 

positive for anti-Fibroblast antibody but few expressed Thy1 (Fig. 2A). Since trypsinization 

has been reported to cause a decrease in various surface proteins [33], we treated the 

cells with a gentle detachment reagent, TrypLE, but found no changes in Thy1 expression 

(Figure S3A). This indicates that the Thy1-subpopulation is not an artifact introduced by 

cell detaching processes. Next, to verify that the differences in Thy1 expression between 

these two subpopulations are not induced by immortalization or specific to this batch of FBs, 

we measured Thy1 and anti-Fibroblast expression in the ImFBs’ parental FBs and primary 

lung FBs from 3 populations with different identifying lot numbers. Similar to ImFBs, all of 

these FBs contained both Thy1+ and Thy1-subpopulations (Figure S3 B–E). To investigate 

the functional difference between Thy1+ and Thy1− FBs, we sorted ImFBs from P6 based 

on Thy1 expression using fluorescence activated cell sorting (FACS) with over 95% purity 

(Figure S3F). The sorted cells were further expanded for experiments. Surprisingly, even 

though Thy1+ and Thy1− ImFBs exhibited similar morphology when cultured on 2D flasks 

(Fig. 2B), the Thy1− ImFBs failed to support perfusable μVN formation with ImHUVECs 

(Fig. 2C–D).

Next, we evaluated the μVN formation by human dermal microvascular endothelial cells 

(HDMEC) paired with Thy1+ or Thy1− ImFBs to determine if the inability of Thy1− 

ImFBs to support formation of functional μVNs was exclusive to co-culture with HUVECs. 

Consistently, Thy1+ ImFBs formed better μVNs than Thy1− ImFBs in terms of morphology 

and perfusability (Figure S4 A–E). To exclude the possibility that the defects in forming 

functional μVNs with Thy1− ImFBs were caused by immortalization, we compared the 

μVNs formed with Thy1+ and Thy1-parental primary FBs. Similarly, Thy1+ primary FBs 

formed μVNs with improved morphology compared to Thy1-primary FBs (Figure S4 F–G). 

Furthermore, to verify this phenotype was not specific to a particular batch of FBs, we 

repeated these experiments with a second batch of ImFBs (ImFB-2) made from a different 

lot number and observed the same results (Figure S4 H–J). Overall, these data indicate that 

the Thy1+ FBs promote vasculogenesis in comparison to Thy1− FBs.

3.3. The morphological defects in μVNs formed with Thy1− FBs are not caused by over-
proliferation nor decreased Thy1 expression

Previous studies have found that Thy1 suppresses proliferation and promotes apoptosis in 

FBs [34]. Similarly, we observed that Thy1− ImFBs proliferate faster than Thy1+ ImFBs by 

detecting CFSE signals after culturing for 2 days (Fig. 3A). In addition, the overgrowth of 

FBs tended to correlate with regression of the μVNs (Fig. 3B). Thus, we hypothesized 

that the morphological defects in μVNs formed with Thy1− FBs may be due to FB 

over-proliferation. To test this, we forced Thy1− ImFBs senescence by pretreating them 

with mitomycin C [35], which suppresses cell proliferation by crosslinking double-stranded 

DNA. However, suppressing FB proliferation did not improve vasculature morphology (Fig. 

3C). In parallel, we also reduced the initial seeding density of Thy1− ImFBs, but the 

defective vasculature morphology was not rescued (Figure S5). Thy1 is known to interact 

with integrin αVβ3 to regulate cell adhesion, migration, and mechanosensing [15,16]. To 
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further evaluate the function of Thy1 in vasculature formation, we overexpressed Thy1 in 

Thy1− ImFBs (Fig. 3D). However, the defective μVN morphology was not improved (Fig. 

3E). This suggests that low Thy1 expression does not directly lead to the morphological 

defects in μVNs, and that Thy1 serves as a marker for some other phenotypic changes.

3.4. IGFBP2 expressed by Thy1+ FBs partially contributes to μVN formation

To explore the underlying mechanism, we used RT-PCR to evaluate the expression of several 

genes that are important for vascular lumen formation and angiogenesis. We found that 

Thy1+ FBs expressed more copies of certain factors than Thy1− FBs when cultured in 2D 

(Fig. 4 A). Among these factors, insulin-like growth factor-binding protein 2 (IGFBP2) has 

been found to promote angiogenesis [36,37]. We observed consistently higher expression 

of IGFBP2 in Thy1+ FBs compared to Thy1− FBs across different batches of FBs (Figure 

S6A). Addition of IGFBP2 to the culture medium during vasculogenesis partially rescued 

the defective morphology of μVNs formed with Thy1− FBs (Fig. 4B). Furthermore, we 

knocked out (KO) IGFBP2 in ImFBs (Fig. 4C) and sorted them into Thy1+ and Thy1− 

IGFBP2 KO FBs. We found that knocking out IGFBP2 in Thy1+ ImFBs impaired μVN 

formation (Fig. 4D). Adding IGFBP2 in the medium rescued the vascular defects in Thy1+ 

IGFBP2 KO ImFBs, but only partially rescued those defects in the Thy1− IGFBP2 KO 

ImFB group (Fig. 4D). This indicates that besides IGFBP2, there must be other factors that 

contribute to generating functional μVNs in Thy1+ FBs.

3.5. Thy1+ FBs express more IGFBP2, IGFBP7, and SPARC than Thy1− FBs to promote 
vasculogenesis

The μVNs are formed in 3D fibrin gels, where ECs and FBs may respond differently to 

the microenvironment as compared to 2D culture. Thus, we repeated the comparison of 

gene expression levels in Thy1+ and Thy1− ImFBs cultured in 3D fibrin gels. Remarkably, 

ImFBs cultured in 3D expressed distinct gene profiles (Figure S6B). Compared to Thy1− 

ImFBs, Thy1+ ImFBs in 3D expressed more of the vasculogenic and angiogenic factors, 

such as IGFBP7, SPARC, VEGFA, and VEGFC, but less collagen type I, alpha 1 (COL1A1, 

Fig. 5 A). Because VEGFC is primarily relevant in lymphatic EC function, rather than blood 

vascular, and because the endothelial cell growth culture medium we used for vasculogenic 

experiments is supplemented with VEGFA, we focused on IGFBP7 and SPARC, which 

are known to play important roles in vascular lumen formation [38]. We added IGFBP2, 

IGFBP7, and SPARC individually or in combination to the medium during μVN formation. 

Although adding IGFBP7 and SPARC together partially rescued morphological defects in 

the μVNs formed with Thy1− ImFBs, supplementing the combination of all three factors 

fully rescued those defects (Fig. 5B). Similarly, we verified the contribution of IGFBP7 and 

SPARC in μVN formation by knocking out individual or both genes in ImFBs (Figure S7).

3.6. Thy1− FBs physically block the microvessel openings, reducing vascular 
perfusability

Perfusability is another key feature for evaluating the functionality of μVNs. We observed 

that, while the perfusable μVNs have microvessel openings at the gap regions between 

microposts, those non-perfusable μVNs were closed at these locations (Fig. 6A). Although 

the combination of IGFBP2, IGFBP7, and SPARC rescued the morphological defects (vessel 
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area, junction density, and vessel length) in the μVNs formed with Thy1− ImFBs, the 

perfusability remained impaired. The μVNs formed with Thy1− ImFBs had fewer openings 

than the Thy1+ ImFB group, regardless of supplementation with IGFBP2, IGFBP7, and 

SPARC (Fig. 6B). We tracked the locations of the FBs and found that more Thy1− ImFBs 

accumulated in the gap regions between microposts during early vascularization (day 1–3) 

compared to Thy1+ ImFBs (Fig. 6C–D). The accumulation of FBs was associated with 

a reduction in ECs in Thy1− ImFB group than Thy1+ ImFB group starting from day 4 

(Fig. 6E). Overcrowding by ImFBs at the gap regions between microposts appeared to 

be blocking the vascular openings (Fig. 6C). We quantified the percentage of FB-blocked 

regions in each device and found that Thy1− ImFBs blocked more gap regions than Thy1+ 

ImFBs (Fig. 6F). Since the RT-PCR results suggested an upregulation of COL1A1 in 

Thy1− FBs, we stained for COL1A1 in the μVNs. Indeed, fewer Thy1+ ImFBs expressed 

COL1A1 (Fig. 6G) and the amount of COL1A1 at the gap regions in the Thy1+ ImFB 

group was less than Thy1− ImFB group as quantified by immunofluorescent intensity (Fig. 

6H). To determine if the presence of FBs and deposited collagen prevented microvessels 

from opening at the medium channel, we used a three-gel-channel microfluidic device that 

physically splits Thy1− ImFBs from ImHUVECs into separate side gel channels by medium 

channels [4,24]. ImHUVECs alone were seeded in the central gel channel (Fig. 6I), where 

they formed μVNs in the medium with IGFBP2, IGFBP7, and SPARC supplementation. 

The perfusability of the μVNs was improved with more unobstructed openings between 

microposts (Fig. 6J), supporting the hypothesis that FB crowding and/or collagen deposition 

may be partialy responsible for poor perfusability.

3.7. Thy1+ FBs gradually switch to Thy1− FBs after expansion in 2D and 3D

Next, we investigated how Thy1− FBs might become dominant in later passages. By testing 

Thy1 expression in the same FBs from different passages, we found that Thy1 expression 

decreased in FBs during expansion in 2D culture (Fig. 2A, Figure S8A). To confirm 

whether this phenomenon also occurs in 3D environments during in vitro vasculogenesis, 

we seeded ImHUVECs expressing GFP and Thy1+ or Thy1− ImFBs labeled with mCherry 

in microfluidic chips. On day 7, we collected the cells from the devices and tested Thy1 

expression. Similar to 2D culture, we found that Thy1 expression decreased in the Thy1+ 

ImFBs, while the Thy1− ImFBs remained Thy1 negative compared to day 0 (Figure S8 

B–C). This was also confirmed by utilizing RT-PCR to compare the Thy1 expression of 

ImFBs cultured in 3D fibrin gel on day 3 and day 7 (Figure S8D). Overall, our results 

indicate that Thy1 expression in FBs gradually decreased during expansion in both 2D and 

3D cultures.

3.8. Thy1 expression is mostly maintained in serum-free medium

To make the ImFB a stable source to form functional μVNs, it appears essential to maintain 

the Thy1+ sub-population. As shown above, we discovered that Thy1+ FBs expressed 

more IGFBP2 than Thy1− FBs when cultured in 2D (Fig. 4B). Given that IGFBP2 

has been shown to maintain the phenotypes of corneal FBs in vitro [39], we wondered 

whether supplementing IGFBP2 would maintain the Thy1+ subpopulation. We treated the 

primary FBs, Thy1+ ImFBs, and Thy1− ImFBs with IGFBP2 over 6 days, but found that 

supplementing IGFBP2 in the culture medium could not prevent the reduction of Thy1+ 
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subpopulation (Figure S9A). It has also been shown that phorbol 12-myristate 13-acetate 

(PMA) can induce Thy1 expression in HUVECs [29]. To investigate whether PMA might 

be effective in inducing Thy1 expression, we next measured Thy1 expression in primary 

FBs, Thy1+ ImFBs, and Thy1− ImFBs treated with PMA for 48 h or 96 h. Unexpectedly, 

Thy1 expression was only slightly upregulated after being treated for 96 h (Figure S9B). 

Moreover, a previous study found that PMA inhibits the growth of human fibroblasts derived 

from embryonic skin [40]. Thus, PMA treatment is not an ideal method for maintaining 

Thy1+ FBs.

As mentioned above, Thy1− FBs proliferated more rapidly than Thy1+ FBs (Fig. 3A). 

Since the proliferation of FBs was mainly driven by FBS (Fig. 7A), we evaluated Thy1 

expression in ImFBs cultured in serum-containing medium (2%) or serum-free medium. 

We found that the ImFBs cultured in serum-free medium maintained more Thy1 but were 

less proliferative than the ImFBs cultured in serum-containing medium (Fig. 7B–C). To 

overcome this limitation, we cultured the Thy1+ ImFBs on collagen I- or gelatin-coated 

surfaces and found that culturing on gelatin-coated surfaces in serum-free medium improved 

proliferation while preserving Thy1+ subpopulation (Fig. 7C–E). Furthermore, these Thy1+ 

ImFBs from later passages were able to support perfusable μVN formation (Fig. 7F).

4. Discussion

This study established ImHUVECs and ImFBs for μVN formation in vitro and reported that 

ImHUVECs are a stable source for vascularization, while the ImFBs from early passages 

support μVN formation but not later ones. Moreover, ImFBs are heterogeneous for Thy1 

expression, include Thy1 positive (Thy1+) and Thy1 negative (Thy1−) subpopulations. We 

conclude that Thy1+ FBs form better μVNs in terms of morphology than Thy1− FBs, 

largely because of the higher expression of IGFBP2, IGFBP7, and SPARC. In addition, 

Thy1− FBs physically block the microvessel openings of μVNs, consequently forming less 

perfusable μVNs compared to Thy1+ FBs. Finally, culturing FBs on gelatin-coated surfaces 

in serum-free medium can maintain the majority of the Thy1+ subpopulation. Our study 

sheds light on the Thy1+ FB dependent mechanism to form perfusable μVNs with good 

morphology.

A stable cell source is essential for the reproducibility of both basic and clinical 

experimental research. Human primary cells derived from non-cancerous tissues have 

limited lifespans and eventually become senescent after a few passages when cultured 

in vitro. Exogenously expressing hTERT, which encodes the catalytic subunit of human 

telomerase, can prevent telomere shortening, overcome telomere-controlled senescence, and 

immortalize primary human cells [12]. This strategy has been used to immortalize various 

cell types, including ECs, FBs, epithelial cells, keratinocytes, and mesenchymal stem cells 

[12]. In terms of vasculogenesis in vitro, many studies have used HUVECs and lung FBs as 

stromal cells for vasculogenic studies in vitro [11,35,41–44]. Here, we overexpress hTERT 

in HUVECs and normal human lung FBs to establish ImHUVECs and ImFBs. These 

immortalized cells are proliferative and have been verified to form functional μVNs in vitro, 

thus providing stable cell sources for vascular research.
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Although the immortalization strategy has shown promising applications, some studies have 

found underlying biological changes between immortalized cells and primary ones, such 

as metastases, immune system activation, and infection [45]. Immortalization of primary 

cells provides a relatively stable cell source for experimental purposes. All key discoveries 

from immortalized cells should be verified with diverse samples, different types of cells, 

or multiple models. In this paper, we also verified that Thy1+ FBs support μVN formation 

using both primary and immortalized cells (Fig. 2, Figure S4). Future work on developing 

other immortalized endothelial cells and stromal cells from diverse tissues would provide 

more choices for initial experimental studies.

Thy1+ and Thy1− FBs derived from lung tissues have been identified with distinct 

functions [19,20], such as proliferation [21], differentiation to myofibroblast, and correlation 

with fibrosis [15,22]. Similarly, we found that lung FBs have both Thy1+ and Thy1-

subpopulations and that Thy1+ FBs promote μVN formation more robustly than Thy1− FBs. 

Moreover, overexpressing Thy1 in Thy1− FBs could not rescue the morphological defects in 

μVNs, indicating that such defects are not directly mediated by Thy1. Rather, Thy1 acts as a 

marker to distinguish these two subpopulations.

Thy1+ and Thy1− FBs derived from different tissue origins may have distinct phenotypes 

and functions. For example, Thy1-lung FBs derived from rats have higher α-SMA 

expression at baseline, indicating a myofibroblast phenotype [46]. In contrast, the Thy1+ 

and Thy1-lung FBs derived from normal human tissues in this study show no significant 

difference in morphology (Fig. 2B) or α-SMA expression (data not shown), although 

treating Thy1+ lung FBs with fibrogenic stimuli has been found to downregulate Thy1 

expression in vitro [22]. It has been shown that only Thy1+ human myometrial and orbital 

FBs are capable of myofibroblast differentiation, while only Thy1-but not Thy1+ subsets can 

be differentiated to lipofibroblasts [32]. All these studies indicate the different phenotypes in 

Thy1 subsets of FBs derived from various origins, highlighting the importance of utilizing 

tissue-specific stromal cells of proper subsets for tissue engineering.

Recently, several studies induced FBs to become senescent [44] or be ablated [35] to 

improve μVN formation in vitro. Thy1 plays a crucial role in the control of cell growth by 

suppressing proliferation and promoting apoptosis and differentiation of dermal fibroblasts 

[34]. In addition, Thy1-lung FBs are more proliferative in response to fibrogenic stimuli 

[21]. We also observed that Thy1− FBs proliferate faster than Thy1+ FBs; however, forcing 

Thy1− FBs senescence cannot rescue the morphological defects in μVNs. It is possible that 

applying the FB-ablation strategy mentioned above [35] to the Thy1+ FBs could further 

improve morphology and prolong the lifespan of the μVNs.

By evaluating the expression of genes associated with angiogenesis and vasculogenesis, 

we found that Thy1+ FBs expressed more IGFBP2 than Thy1− FBs when cultured on 2D 

surfaces. IGFBP2 has been found to promote angiogenesis [36,37,47] and vasculogenic 

mimicry in glioma [48] through insulin-like growth factor I (IGF-I) dependent and 

independent pathways (interaction with αVβ3/αVβ1 integrin) [49,50]. In this study, we 

found that the addition of exogenous IGFBP2 could partially rescue the μVN morphological 

defects in the Thy1-group. We speculated that IGFBP2 expressed by Thy1+ FBs may 
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promote μVN formation through similar mechanisms for two reasons. First, IGF-I is one 

of the supplements in the culture medium used for μVN formation. Second, blocking 

αVβ3/αVβ1 integrins in vascular cells by adding the antagonist ATN-161 abolished μVN 

formation (data not shown). An indirect way to evaluate this hypothesis is to constitutively 

express active integrin [51] in ECs and test whether Thy1− FBs can form better μVNs with 

these ECs. These speculations are currently being investigated.

Previous studies have systematically explored fibroblast-derived matrix proteins for 

angiogenesis and lumen formation [38]. FB-derived collagen alpha-1 (COL1A1), 

procollagen C-endopeptidase enhancer 1 (PCOLCE), transforming growth factor-β–induced 

protein ig-h3 (TGFBI), insulin-like growth factor-binding protein 7 (IGFBP7), and secreted 

protein acidic and rich in cysteine (SPARC) were required for EC lumen formation [38]. 

In our studies, we found that Thy1− FBs cultured in 3D have lower expression levels 

of genes associated with lumen formation, especially SPARC and IGFBP7, than Thy1+ 

FBs. Furthermore, the addition of SPARC and IGFBP7 could improve the morphologically 

defective μVNs formed with Thy1− FBs. Our data are consistent with published results that 

IGFBP7 and SPARC are required for lumen formation [38]. However, in our microfluidic 

platform, only the addition of IGFBP2 in combination with IGFBP7 and SPARC could fully 

rescue the morphological defects in μVNs, indicating the importance of both angiogenesis 

and lumen formation during μVN formation. Previous studies have found that, although 

collagen 1 is required for lumen formation, the addition of collagen 1 alone cannot rescue 

lumen defects caused by knocking down lumen-formation associated genes in FBs [38]. 

This is consistent with our finding that Thy1− FBs express more COL1A1 than Thy1+ 

FBs, but form μVNs with poor morphology. Thy1− FBs also express more MMP14 than 

Thy1+ FBs at later time points, suggesting that unstable matrix remodeling may contribute 

to morphological defects in μVNs.

In addition to morphology, perfusability is a key factor for the functionality of μVNs. We 

found that the μVNs formed with Thy1− FBs were less perfusable, including those that 

were morphological rescued by the addition of IGFBP2, IGFBP7, and SPARC. To elucidate 

the mechanisms behind these data, we discovered that Thy1− FBs migrated to the gap 

regions between microposts in the microfluidic devices and physically block microvessel 

openings more frequently than Thy1+ FBs. The elevated COL1A1 expression in Thy1− 

FBs may further enhance such blocking effects. The recruitment of Thy1− FBs towards 

the gap regions between microposts may be regulated by both chemical and physical cues. 

The gap regions between microposts are connected to medium channels, where the growth 

factors and nutrients could attract FB migration. It has been shown that myofibroblast-like 

FBs are enriched and stabilized at the growth front (curved interface between 3D matrix 

and medium) by tensile force [52]. In our microfluidic device, the interface between the 

medium channel and gel channel provides this tensile force. Thus, both chemical and 

physical cues may contribute to the Thy1− FB accumulation at the gap regions between 

microposts. Another interesting result regarding FB accumulation is that the normalized FB 

accumulation at the gap regions between microposts are similar when comparing Thy1+ 

and Thy1− ImFBs on day 4. We have two possible explanations. First, Thy1+ FBs are 

switching to Thy1− ImFBs. As shown in Figure S8, Thy1+ ImFBs were switching to Thy1− 

ImFBs during vasculogenesis in vitro. Thus, the newly switched Thy1− FBs (previously 
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Thy1+) may increase the FB accumulation at the regions between microposts at the later 

stages in Thy1+ FB group. Second, the FBs that migrated out of the gel channel into the 

medium channels reside outside of the ROI and, therefore, are not included for accumulation 

analysis. In Fig. 6C, there are more ImFBs migrated into the medium channel in the Thy1− 

FB group than in the Thy1+ group even on day 3. Thus, the differences in FB accumulation 

are mild at the later stage. There may be other reasons as well, such as FB over-proliferation 

in the Thy1+ FB group, which require further evaluation.

5. Conclusions

In summary, we have established immortalized cell lines for vasculogenesis in vitro. 

Furthermore, our findings reveal that Thy1+ FBs promote perfusable μVN formation by 

expressing more IGFBP2, IGFBP7, and SPARC, as well as that they are less likely to 

produce blocking structures at microvessel openings than Thy1− FBs. Our studies have 

potentially important implications for organoid vascularization, tissue engineering, and the 

development of pathological models for basic and clinical research.
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Fig. 1. 
ImHUVECs form better μVNs with ImFBs from earlier passages than with ImFBs from 

later passages. (A) Schematic diagram of the AIMchip used to generate microvascular 

networks (μVNs) encapsulated in fibrin gel. Endothelial cells (ECs) and fibroblasts (FBs) 

mixtures are seeded on day 0 and form μVNs by day 7. (B) Representative images of μVNs 

made of parental HUVECs and FBs, as well as immortalized HUVECs (ImHUVECs) and 

immortalized FBs (ImFBs) on day 7 and day 21. Green: ECs. (C–D) Normalized vessel 

area (left), junction density (middle), and average vessel length (right) analyses of μVNs 

made of HUVECs with FBs or ImHUVECs with ImFBs on day 7 (C) and day 21 (D). (E) 

Representative images of μVNs made of ImHUVECs (green) from passage 20 (P20) with 

ImFBs from passage 5 (P5) or ImFBs from P20. μVNs are perfused with Texas Red dextran 

(red). (F) Normalized vessel area (left), junction density (middle), and average vessel length 

(right) analyses of μVNs made of ImHUVECs (P20) with ImFBs (P5) or ImFBs (P20). 

Bars represent mean ± SD. Two-tailed t tests were performed for the statistical comparisons. 

Scale bar is 150 μm.
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Fig. 2. 
Thy1+ FBs promote vasculogenesis compared to Thy1− FBs. (A) Representative histograms 

showing expression of anti-Fibroblast and Thy1 in ImFBs from P6 (top) and P20 (bottom). 

Dotted rectangle indicates Thy1-subpopulation (blue) and Thy1+ subpopulation (black) for 

cell sorting. (B) Representative images of Thy1+and Thy1− ImFB monolayers. Scale bar is 

20 μm. (C) Confocal images of μVNs made of ImHUVECs with Thy1+ or Thy1− ImFBs. 

Scale bar is 150 μm. (D) Normalized vessel area (far left), junction density (left), average 

vessel length (right) and permeability (far right) analyses of μVNs made of ImHUVECs with 

Thy1+ or Thy1− ImFBs. Bars represent mean ± SD. Two-tailed t tests were performed for 

the statistical comparisons.
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Fig. 3. 
Neither over-proliferation nor decreased Thy1 causes defective μVN formation with Thy1− 

FBs. (A) Comparison of proliferation between Thy1+ and Thy1− ImFBs by monitoring 

CFSE. (B) Representative images of μVNs made of ImHUVECs with ImFBs on day 7 and 

day 28 (FB over-proliferation). Green, ImHUVECs. Red, ImFBs. Scale bar is 150 μm. (C) 

Statistical analysis of normalized vessel area (left), junction density (middle), and average 

vessel length (right) of μVNs formed with Thy1− ImFBs treated with 0, 10 or 20 μg/ml 

mitomycin C for 2.5 h before seeding. (D) Flowcytometry measurements of mCherry (left) 

and Thy1 (right) in Thy1− ImFBs overexpressing mCherry as control (blue), or Thy1− 

ImFBs overexpressing Thy1 (red). (E) Statistical analysis of normalized vessel area (left), 

junction density (middle), and average vessel length (right) of μVNs formed with Thy1− 

ImFBs overexpressing mCherry or Thy1. Bars represent mean ± SD. Two-tailed t tests were 

performed for the statistical comparisons.
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Fig. 4. 
IGFBP2 partially rescues the morphological defects in μVNs formed with Thy1− FBs. (A) 

Heatmap of RT-PCR results of Thy1+ and Thy1− ImFB 2D monolayers. Fold change was 

relative to Thy1− ImFBs. (B) Normalized vessel area (left), junction density (middle), and 

average vessel length (right) analyses of μVNs formed with Thy1+, Thy1−, or Thy1− ImFBs 

supplemented with IGFBP2. (C) Representative histograms showing expression of IGFBP2 

in knock out (KO) control ImFBs and IGFBP2 KO ImFBs. (D) Normalized vessel area 

(left), junction density (middle), and average vessel length (right) analyses of μVNs formed 

with Thy1+ KO control ImFBs, Thy1− KO control ImFBs, Thy1+ IGFBP2 KO ImFBs or 

Thy1− IGFBP2 KO ImFBs supplemented with or without IGFBP2. Bars represent mean ± 

SD. Two-tailed t tests were performed for the statistical comparisons.
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Fig. 5. 
Combination of IGFBP2, IGFBP7, and SPARC rescues the morphological defects in μVNs 

formed with Thy1− FBs. (A) Heatmap of RT-PCR results of Thy1+ and Thy1− ImFBs 

cultured in 3D fibrin gel for 3 days or 7 days. Fold change was relative to Thy1− ImFBs. (B) 

Normalized vessel area (left), junction density (middle), and average vessel length (right) 

analyses of μVNs formed with Thy1+, Thy1−, and Thy1− ImFBs supplemented with or 

without IGFBP7, SPARC, and/or IGFBP2. Bars represent mean ± SD. Two-tailed t tests 

were performed for the statistical comparisons.
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Fig. 6. 
Thy1− FBs block microvessel openings and reduce μVN perfusability. (A) Representative 

confocal images of open and closed microvessels at the gap regions between microposts. 

Green, ImHUVECs. Red, dextran. (B) Percentage of microvessel openings in each region 

of interest. (C) Representative images of μVNs formed with Thy1+ or Thy1− ImFBs at the 

gap regions between microposts on day 3. Magnified images of cyan dashed squares are 

on the right to show the location of ImFBs forming not blocked or blocked structures. The 

yellow dashed line highlights the region of interest (ROI) for accumulation analysis in figure 

D and E. (D, E) Statistical analysis of ImFB (D) and ImHUVEC (E) accumulation at the gap 

regions between microposts from day 1 to day 4. (F) Percentage of blocked openings at the 

gap regions between microposts from day 1 to day 4. (G) Representative images of ImFBs 

and alpha-1 type 1 collagen (COL1A1) immunofluorescent staining in μVNs at the gap 

regions between microposts on day 3. (H) Statistical quantification of the mean fluorescent 
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intensity (MFI) of COL1A1 at the gap regions between microposts on day 3. (I) Schematic 

diagram and representative images of the μVNs made of ImHUVECs with Thy1− ImFBs 

seeded in the single gel channel device (Mixed) or the 3-gel channel devices (Separated). 

Cells were cultured with Vasculife medium supplemented with IGFBP2, IGFBP7, and 

SPARC. (J) Statistical quantification of the percentage of microvessel openings at the gap 

region between microposts in mixed or separated devices. Bars represent mean ± SD. 

Two-tailed t tests were performed for the statistical comparisons.
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Fig. 7. 
FBs maintain Thy1 expression in serum-free culture medium. (A) Representative histograms 

showing the proliferation of ImFBs cultured in the FB medium (Fibrolife) supplemented 

with different growth factors. ImFBs were stained with CFSE as proliferation indicator. 

(B) Representative histograms showing the Thy1 expression in ImFBs cultured in serum-

containing medium or serum-free medium for 3 days. (C) Statistical quantification of Thy1+ 

ImFB cell density cultured in serum-containing medium or serum-free medium on day 0 

(D0) and day 6 (D6). (D, E) Representative histograms (D) and statistical analysis (E) 
showing the Thy1 expression in ImFBs cultured in serum-containing medium or serum-free 

medium on collagen I- or gelatin-coated surfaces. (F) Representative images of μVNs made 

of ImHUVECs (P23, green) with Thy1+ ImFB (P20). μVNs are perfused with Texas Red 

dextran (red). Scale bar is 150 μm.
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