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Abstract

Objective: We sought to identify and investigate the functional role of the major endothelial cell
(EC)-derived factors that control pericyte recruitment to EC tubes and pericyte-induced tube
maturation during capillary network formation.

Approach and Results: We identify PDGF-BB, PDGF-DD, endothelin (ET-1), TGFps, and
HB-EGF, as the key individual and combined regulators of pericyte assembly around EC tubes.
Using novel pericyte only assays, we demonstrate that PDGF-BB, PDGF-DD, and ET-1 are the
primary direct drivers of pericyte invasion. Their addition to pericytes induces invasion as if ECs
were present. In contrast, TGFPs and HB-EGF, have minimal ability to directly stimulate pericyte
invasion. In contrast, TGFP1 can act as an upstream pericyte primer to stimulate invasion in
response to PDGFs and ET-1. HB-EGF stimulates pericyte proliferation along with PDGFs and
ET-1. Using EC-pericyte co-cultures, individual or combined blockade of these EC-derived
factors, or their pericyte receptors, using neutralizing antibodies or chemical inhibitors,
respectively, interferes with pericyte recruitment and proliferation. As individual factors, PDGF-
BB and ET-1 have the strongest impact on these events. However, when the blocking reagents are
combined to interfere with each of the above factors or their receptors, more dramatic and
profound blockade of pericyte recruitment, proliferation and pericyte-induced basement membrane
deposition occurs. Under these conditions, ECs form tubes that become much wider and less
elongated as if pericytes were absent.

Conclusions: Overall, these new studies define and characterize a functional role for key EC-
derived factors controlling pericyte recruitment, proliferation, and pericyte-induced basement
membrane deposition during capillary network assembly.
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INTRODUCTION

Capillaries, the smallest and by far the most abundant vessels, are primarily composed of
endothelial cell (EC) tube networks and associated pericytesl—8. These cells act in concert
with one another to create a functional vascular plexus, capable of supporting tissue
development and maintenance via communications with adjacent tissues to promote tissue
health® 5 7. It is essential to understand the detailed molecular and cellular biology of
capillary network assembly in health and in disease states where capillary dysfunction plays
an important pathogenic role. An understanding of the critical functional roles of both ECs
and pericytes during these processes as well as the factors and signals that control their
behaviors to regulate capillary assembly is necessary to elucidate what becomes
dysfunctional in specific diseases. Capillary dysfunction and/or regression is clearly
associated with key human diseases including diabetes, ischemia/ infarction, hypertension,
heart failure, infectious diseases (e.g. sepsis), heurodegenerative diseases, and malignant
cancers® -22, The nature of the dysfunction from either an EC or pericyte perspective in
these diseases is not well understood. In addition, this knowledge is central toward our
ability to create functional capillaries as well as arteries and veins to properly vascularize
bioengineered tissues and organs?3: 24,

Considerable progress has occurred over the past decade in our understanding of pericyte
development and their functional roles, including their fundamental importance in capillary
assembly, capillary basement membrane deposition, and blood brain barrier
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function? 3. 25-30_ pericyte lineage tracing markers such as PDGFRP and NG2 proteoglycan
have been utilized to demonstrate their primary anatomic position in capillary beds31-34, but
also have implicated them as being one of the developmental precursors of vascular smooth
muscle cells32, Genetic disruption of either PDGF-BB or its receptor, PDGFRP in mice
leads to a strong decrease in the accumulation of pericytes within capillary beds resulting in
abnormalities that were compared to those visualized in diabetes3>40, Although reducing
the levels of PDGF-BB or its receptor, caused strong phenotypes and abnormalities, it did
not completely eliminate pericytes or their interactions with vessels, suggesting that other
molecular regulators must also be operative. In addition, disruptions in the blood-brain
barrier were observed using similar genetic deletions, suggesting an important role for
PDGF-BB signaling and pericytes in blood barrier function8: 29, Other growth factors that
have been implicated in EC-mural cell interactions affecting either larger vessels or
capillaries include TGFp and EGF isoforms and receptors, as well as PDGF-DD26: 41-48,
Previous work from our laboratory, using a defined serum-free culture system, demonstrated
a role for both PDGF-BB and HB-EGF in pericyte recruitment to EC tubes and, also
pericyte proliferation26. Furthermore, we showed that the presence of ECs was required for
pericytes to migrate and proliferate in 3D collagen matrices and that combined blockade of
PDGF-BB and HB-EGF, strongly reduced, but did not eliminate pericyte responsiveness to
the presence of ECs26. One issue that was not addressed in the previous work was the direct
functional role of these growth factors on pericyte abilities to invade 3D matrices,
proliferate, and recruit to EC-lined tube networks.

In this work, we have re-examined the question of what EC-derived factors promote pericyte
recruitment and pericyte-induced capillary tube maturation using highly defined in vitro
model systems. We have developed novel pericyte only invasion assays and analyses which
allow us to evaluate the direct role of factors that promote pericyte invasion, proliferation
and recruitment to tubes. In addition, we integrate this information using a detailed analysis
of pericyte recruitment to EC-lined tubes in an EC-pericyte co-culture system that
recapitulates the assembly of capillary tube networks in vivo. Our data suggests that the
primary direct drivers of pericyte invasion are PDGF-BB, PDGF-DD, and ET-1, individually
and in combination. In contrast, other important factors that show weak or no ability to
promote invasion include TGFp isoforms and HB-EGF. In contrast, TGFf has an ability to
act as an upstream primer of pericytes so that they invade more vigorously in response to
PDGFs and ET-1, while HB-EGF promaotes pericyte proliferation along with PDGFs and
ET-1. In co-culture assays, we demonstrate that each of these EC-derived factors plays a role
in EC-pericyte tube co-assembly, although PDGF-BB and ET-1 appear to be the most
dominant. Single and combined blockade of these ligands or their receptors selectively and
markedly impairs pericyte recruitment and proliferation without interfering with EC
tubulogenesis. When each of these factors or their receptors are blocked in combination,
minimal to no pericyte recruitment or responsiveness to EC tubes is observed, suggesting
that these EC-derived factors (i.e. PDGF-BB, PDGF-DD, ET-1, TGFfs, and HB-EGF) are
the critical ones that promote pericyte recruitment to tubes. These pericyte signaling factors
also critically affect pericyte-induced capillary maturation events (i.e. narrow and elongated
tube networks with basement membrane deposition). Under these blocked conditions, EC
tubes remodel to become much wider and less branched just like they appear when ECs
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form tubes in the absence of pericytes. Overall, this novel work defines the key factors from
ECs that control pericyte recruitment, proliferation, and pericyte-induced basement
membrane deposition during capillary network assembly.

MATERIALS AND METHODS

The authors declare that all supporting data are available within the article [and its online
supplementary files].

Cell culture

Human umbilical vein ECs (HUVECSs) were used from passage 3—6. Human brain vascular
pericytes (HBVPs) were used from passage 4-12. HUVECs and HBVPs were passaged on
gelatin-coated flasks. Both were grown in our own ‘Supermedia,” with M199 as a base, 20%
fetal bovine serum, bovine hypothalamus extract, heparin sodium salt, gentamicin and
amphotericin B as described*®. Cells were grown in incubators set at 37°C and 5% CO5.

Pericyte only assays

Invasion: Type I collagen matrices (2.5 mg/mL) were polymerized and equilibrated at 37°C
in 5% CO, for 45 minutes. After polymerization, pericytes (at 1.4 x 108 cells/mL) were
seeded on top of gel with reduced-serum Il supplement (RSII) in M199 (RSII media).
Pericytes then invaded over a period time (0-72 hr). Starting In 3D: Same as invasion except
pericytes were mixed directly into collagen gel (at 0.4 x 108 cells/mL) before
polymerization. After gel polymerized, RSIl media was added to cultures. Molecules for
different conditions were added directly into the pre-polymerized gel. After 72 hr, pericytes
were fixed in 3% glutaraldehyde or 3% paraformaldehyde and stained with 0.1% toluidine
blue in 30% methanol for non-fluorescent imaging or immunostained for fluorescent
imaging. Pericyte invasion was quantified and imaged at predetermined depths. Four images
per depth at 2—-3 depths (8—12 fields per experiment); >3 validating experimental replicates
were conducted in total.

Vasculogenic assays

HUVECs (at 2 x 108 cells/mL) and pericytes (0.4 x 108 cells/mL) were co-cultured in 2.5
mg/mL type | collagen matrices. After polymerization, a five-growth factor system was
added in the media. RSII media (containing insulin) served as a base to which fibroblast
growth factor-2 (FGF-2) at 50 ng/mL, stem cell factor (SCF) at 40 ng/mL, interleukin-3
(IL-3) at 40 ng/ml, and stromal cell-derived factor 1a (SDF-1a) at 40 ng/mL were all
added®: 30, These cultures assembled for a period of 0-72 hr or 0-120 hr and then fixed in
3% paraformaldehyde. To quantify pericyte recruitment, =5 pictures were taken from
predetermined locations per experiment, and >3 validating experimental replicates were
conducted in total for all quantitative data. Pericyte recruitment was assessed by two criteria:
1. To be recruited the majority of the pericyte body must be on an EC tube and 2. The
pericyte must be elongated on that tube (rounded up pericytes did not qualify as recruited).
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Immunostaining of 3D cultures

After fixation in 3% paraformaldehyde, collagen gels were plucked and rinsed in a Tris-
glycine buffer solution for 1 hr. To stain any intercellular components, a 1% Triton-X100
solution was added for 1 hr (basement membrane components were not permeabilized).
These were then put into a blocking solution containing 5% serum specific to secondary
antibody (either goat or rabbit in this paper) for 1 hr. After which the primary antibody was
added directly into blocking solution and allowed to incubate overnight. After incubation,
the solution containing the primary antibody was removed and the gels were washed several
times with Tris buffered saline (TBS). Blocking solution containing 5% serum was added
with secondary fluorescent antibody. After 2 hr this solution was removed and washed again
several times with TBS. Samples could then be imaged by immunofluorescence microscopy.

Microscopy and imaging

Images for quantification of pericyte recruitment and pericyte invasion were obtained using
DIC images of HUVECs, which were then overlaid with fluorescent GFP pericytes on an
Olympus CKX41 microscope (Olympus) and imaging software (Olympus). Time-lapse
movies on living cells, as well as immunofluorescence microscopy were both obtained using
a DMI16000B microscope with environmental chamber (Leica Microsystems) and controlled
using MetaMorph 7.8 software (Molecular Devices). 10X objective was used for all movies,
pericyte only DIC movies used an additional 1.5X magnification for a total of 15X. To
create time-lapse movies, images were taken every 10 minutes with a monochromatic
Hamamatsu ORCA-ER C4742-80 camera (Hamamatsu) in different stage locations over a
period of 0-72 hr and 72-120 hr. These images could then be compiled into a movie using
MetaMorph software. MetaMorph was also used to evaluate EC tube widths, EC tube
lengths, and average aggregate area. This data was exported into an excel (Microsoft) sheet
and analyzed. Movies were stabilized and edited using Adobe Creative Cloud: Adobe After
Effects (Adobe Systems). Confocal images were obtained using a Leica SP8 LIGHTNING
White light laser confocal scanning microscope. All images were obtained using a 10X HC
PL APO, 0.4NA, WD 2.2 mm lens. Confocal reconstructions, imaging and rotational movies
were created using either LAS X (Leica Microsystems) or Fiji (ImageJ).

Tracking pericyte movement

Vasculogenic assays were set up in the same way described above with EC-pericyte co-
cultures or with pericytes alone in the collagen gel. Nuclear GFP-labeled pericytes were
used for these purposes. In pericyte only assays, various factors and inhibitors were added
directly to the media, to demonstrate the stimulation effect of these molecules on pericytes,
as well as our ability to inhibit those factors with either pharmacologically or with
neutralizing antibodies. Similarly, co-cultures of ECs and pericytes were set up and blocked
by placing pharmaceutical blockers or neutralizing antibodies into the media to investigate
the reduction in movement. Time-lapse movies were created showing movement of the
pericyte nuclei using immunofluorescence microscopy. The entire time-lapse movie was
then compressed into an individual image, to show the “footprints” of pericyte movement
using MetaMorph (Molecular Devices). These were quantitated as described above. Only a
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single field of view was used for each experiment, and =6 validating experimental replicates
were conducted in total.

Pericyte aggregate invasion assays

Pericytes were aggregated in 35 mm polystyrene dishes, coated with 1% fatty acid free
bovine serum albumin (BSA) in PBS for 30 minutes. After 30 minutes, 1% BSA in PBS was
removed, and pericytes in RSII media were added to the dish at a density of ~2.5 x 10° cells/
ml and permitted to aggregate for a period of 3 hr, with occasional swirling of dish. After 3
hr, pericytes were suspended in 3D collagen | gel as described above. After pericytes formed
for a period of 24 hr under various conditions, assay was fixed with 3% glutaraldehyde and
stained with toluidine blue. Only a single field of view was used for each experiment with a
4X lens, and =6 validating experimental replicates were conducted in total.

Pericyte Proliferation Assays

Statistics

RESULTS

Pericytes were suspended in a 3D collagen I gel as described above with RSII feeding media
under control conditions vs. the addition of EC-derived molecules. After 72 hr, MTT
(3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide) was directly added to each
well to create a final concentration of 0.5 mg/mL and incubated for 4 hr. After 4 hr, the MTT
media was removed, washed with DMSO, immediately removed, then 100 pL of DMSO was
added to each well of a 96 well A/2 plate, and allowed to sit for 2 hr. At which point the
plate was read using a SYNERGY HI microplate reader (BioTek Instruments) and analyzed
using the software Gen5 3.04 (BioTek Instruments) using an absorbance of 570 nm to
measure cell number.

Student t tests were performed using Microsoft Excel (Microsoft) to assess statistical
significance between means of various conditions. Data were analyzed for normality and
equal variances were obtained. When it was necessary to cross compare the means of
multiple conditions within a given experiment, Prism 8 (Graphpad) was used for analysis of
variance (ANOVA) with follow up post-hoc Tukey tests. P < .05 was set as the minimum
statistical significance. All experiments were performed with =3 validating experimental
replicates in total. All experiments using ANOVA were performed with =3 validating
experimental replicates in total.

EC-pericyte tube co-assembly mimicking capillary network formation in 3D collagen

matrices

For many years, our laboratory has developed and utilized 3D, serum-free defined systems
to elucidate the underlying cell, molecular and functional biology of vascular cells such as
human ECs and pericytes? > 6. Our major focus has been to investigate them in the context
of vascular morphogenesis (i.e. lumen formation and sprouting behavior) and capillary
network assembly® 51, In this work, we utilize pericyte-only invasion assays or co-cultures
of ECs and pericytes to identify and characterize the functional role of the key EC-derived
molecules that induce pericyte recruitment to EC tube networks. An important consequence
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of pericyte recruitment is EC tube remodeling and maturation events that leads to narrow,
branched and elongated tube networks as well as basement membrane matrix deposition2>.
To illustrate the capillary-like tube networks that form in this co-culture model, we compiled
confocal z-stack reconstructions of EC-pericyte co-cultures (500 pm thick) at 120 hr as
rotational movies (Movies I and I1). Recruitment of pericytes to EC tube networks, can be
observed in ‘x” and ‘y’, and ‘z’ axes and the tube networks are highly interconnected
throughout these axes and thickness of the gel which mimic the appearance of capillary
networks in vivo (Suppl. Figure ). Dynamic assembly of these EC tube-pericyte networks is
illustrated using real-time video analysis over a 72 hr period. Overlay movies of ECs and
GFP-pericytes imaged under light and fluorescence microscopy, respectively are shown
(Movies 111 and V). Activation of GFP-pericytes is observed (i.e. elongated appearance with
accompanying process extension) and then recruitment of these pericytes to the developing
and assembling EC tube networks. The presence of pericytes is necessary for EC tubes to
remain narrow and elongated in these highly branched networks that resemble capillaries,
since tubes consisting of ECs by themselves remodel over time into larger, wider and less
branched networks which leaves large areas of avascular space (Suppl. Figure I1A). Thus,
capillary network assembly requires the presence of pericytes and, it is essential to; i)
elucidate the molecular basis for how they recruit to EC tubes, ii) identify the factors that
stimulate this recruitment and control proliferation, and iii) determine how they work with
ECs to control the deposition of the capillary basement membrane, an essential step in
capillary maturation.

A broad screen of EC-derived factors reveals key roles for PDGF-BB, PDGF-DD, and
Endothelin-1 as direct stimulators of pericyte invasion

Previously, we reported that pericyte motility in 3D collagen gels was completely dependent
on the presence of ECs, as pericytes did not migrate without ECs under our serum-free
defined conditions26. Here, our goal was to identify the key EC-derived proteins, peptides or
other small molecules that stimulate pericyte invasion into 3D collagen matrices. To
accomplish this goal, we added different factors (23 in total and all known to be made or
activated by ECs) into 3D matrices, and seeded pericytes onto collagen gel surfaces to assess
their invasive ability (i.e. since pericytes invade such matrices during EC-pericyte tube co-
assembly). Only three major factors strongly stimulated pericyte invasion including PDGF-
BB, PDGF-DD, and the peptide, endothelin-1 (ET-1) (Figure 1A, Suppl. Figure 111A-C).
Dose response curves are shown demonstrating the potent influence of PDGF-BB and
PDGF-DD in stimulating pericyte invasion (Suppl. Figure 111B,C). Weaker effects were
observed with TGFB2 and the peptide apelin. TGFB1 also induced weak effects in this assay
but was not significant compared to control. Interestingly, HB-EGF, a growth factor that we
had previously identified as playing a role during EC-pericyte tube co-assembly, did not
directly stimulate pericyte invasion. In further support of this conclusion is that addition of
HB-EGF did not influence the invasion dose-response curves of either PDGF-BB or PDGF-
DD, suggesting that it also does not appear to contribute to this process by effecting PDGF-
dependent invasion (Suppl. Figure 111B,C). We also assessed the mRNA expression of these
growth factors/ peptide ligands in ECs vs. pericytes using RT-PCR analysis. ECs
predominantly expressed PDGF-B, PDGF-D, ET-1, HB-EGF, and TGFB1 compared to
pericytes, while pericytes expressed much higher levels of TGFp2. With regard to receptors
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for these ligands, pericytes predominantly expressed PDGFRp, ET-1 receptor A (EDNRA),
as well as ErbB1 and ErbB2 (EGF ligand receptors), while Alk-5 (TGFp receptor) was
observed at comparable levels on both cell types. ET-1 receptor B (EDNRB) was found
predominantly on ECs (Suppl. Figure 11B).

The invasion screening experiment was separately evaluated in a different way by
performing confocal z-stack reconstructions of GFP-pericytes invading into collagen gels
under the different conditions (Figure 1B). This allowed us to rotate the image and obtain
the top-view of the assay “Downward” or rotate it 90° for a side-view “Cross Section”
(Figure 1B). PDGF-BB and -DD were the strongest stimulators of pericyte invasion and the
deepest invasion was observed here also. ET-1 also induced strong invasion, which was more
superficial, but showed more fluorescence intensity, which might be reflective of a positive
influence of ET-1 on pericyte proliferation (Figure 1B). There were some modest increases
in invasion observed with TGFp2 and TGFP1 compared to control, while HB-EGF was very
similar to control. Remarkably, when PDGF-BB, PDGF-DD, and ET-1 were combined,
dramatic and deep invasion was observed (Figure 1B). These responses are invasion
responses, rather than just effects on motility since the matrix metalloproteinase (MMP)
inhibitor, GM6001, completely interferes with the pericyte invasion promoting activity of
PDGFs, ET-1 and their combination (Suppl. Figure V). Previous work in our laboratory
demonstrated that while GM6001 blocks invasive responses of cells in 3D collagen matrices
such as ECs and malignant tumor cells, it has no ability to block cell motility on 2D matrix
surfaces®254. Overall, these experiments strongly support the conclusion that PDGF-BB,
PDGF-DD and ET-1, singly and in combination, represent the major EC-derived factors that
directly stimulate pericyte invasion and recruitment to EC tubes.

Another key issue to consider in our serum-free defined assays, are whether EC-derived
factors could influence proliferative functions for pericytes, since pericyte numbers do
increase over time during EC-pericyte tube co-assembly in our previous studies?®. Thus, we
also performed the same broad screen to determine if EC-derived factors could influence
pericyte proliferation in pericyte-only assays when they were seeded as single cells and at
the same densities in 3D collagen matrices that are utilized when they are co-cultured with
ECs. Remarkably, the same factors identified in the invasion assays are observed here (i.e.
PDGF-BB, PDGF-DD and ET-1- and their combination) except for HB-EGF which also
showed increased pericyte numbers (Suppl. Figure V). In addition, neither TGFB1 nor
TGFP2 supported increased proliferation, while a few factors including BMP-6, IL-8 and the
nitric oxide donor, SNAP, showed very weak inhibition of pericyte number following
addition. This data further supports the likelihood that these key EC-derived factors (Figure
1 and Suppl. Figure V) are important during EC-pericyte tube (i.e. capillary) assembly by
controlling both pericyte invasion/ recruitment and proliferation.

Addition of PDGF-BB, PDGF-DD, and ET-1 to pericytes mimics the influence of ECs during
EC-pericyte tube co-assembly

To address whether we could induce pericyte motility (i.e. invasion) in 3D matrices (in the
absence of ECs) by suspending them at the same density that is used during EC-pericyte
tube co-assembly assays, we added PDGF-BB, PDGF-DD and ET-1 together vs. control
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conditions and assessed pericyte motility over time. Real-time videos illustrate the strong
ability of these EC factors to dramatically regulate pericyte motility and process extension
compared to control conditions (Movies V and VI). Blockade of these factors using
neutralizing antibodies to PDGF-BB and PDGF-DD as well as an ET-1 receptor A
antagonist markedly interferes with the pericyte response to these EC-derived factors (Movie
VII). A major goal of this experiment was to determine whether we can mimic the pericyte
maotility that we reported previously, and which occurred only when ECs were co-cultured
with the pericytes. For these analyses, we utilized nuclear-GFP labeled pericytes whose
motility can be tracked over time using time-lapse fluorescence microscopy. Each time lapse
movie was compressed into a single image, leaving “footprints” and “tracks” of pericyte
movement. Here, we demonstrate again that pericyte maotility is strongly stimulated in the
presence of ECs but is largely absent without ECs (Figure 2A). Next, we assessed whether
the addition of the combination of PDGF-BB, PDGF-DD and ET-1 to pericytes (and in the
absence of ECs) could mimic the effect of adding ECs. Strong motility of pericytes was
observed following addition of these three factors compared to controls when visualized
from 0-72 hr or 72-120 hr time periods (Figure 2B—E) which does resemble the addition of
ECs. Furthermore, we have identified a combination of pharmacologic agents which block
ET-1 receptor A (Cl 1020-C), PDGF receptors (Imatinib-1), epidermal growth factor
receptor (gefitinib-G), and TGF-beta receptor (SB431542-S) (abbreviated CIGS) that
together markedly inhibit this pericyte motility response in 3D matrices (Figure 2) (also see
later on for co-culture assays). Additional support for our findings is shown utilizing a novel
pericyte aggregate invasion assay that we have developed (Figure 2F). The addition of
PDGF-BB, PDGF-DD and ET-1 markedly stimulate pericyte invasion from these pericyte
aggregates compared to controls which shows modest invasion (Figure 2F,G). Addition of
CIGS markedly blocks this invasion response from the aggregated pericytes (Figure 2F,G).
Overall, this data provides strong support for the concept that PDGF-BB, PDGF-DD, and
ET-1, in combination, can substitute for ECs and induce pericyte invasive and motile
behavior in a 3D matrix environment.

Combined pharmacologic blockade of PDGF-BB/-DD, endothelin-1, HB-EGF, and TGFB
receptors completely interferes with pericyte recruitment and responsiveness to EC tubes

While our broad screen identified three major EC-derived factors that control pericyte
invasion, we needed to test whether these factors and potentially others were relevant for the
ability of pericytes to recruit to EC tubes and impact capillary network assembly in EC-
pericyte co-culture assays. Pericyte recruitment was assessed based on three criteria: total
pericyte number, pericytes that were elongated on the EC tube networks (indicative of motile
and functional pericytes) and the percentage of pericytes elongated on EC tubes. Finally, we
investigated a key consequence of pericyte recruitment which is capillary basement
membrane deposition. We initially screened both ECs and pericytes for basement membrane
genes by RT-PCR and found that both cell types express the major basement membrane
matrix components (Suppl. Figure 11B). To address these issues in detail, we utilized the
CIGS drug combination, with components added individually or in combination, and with
up to all four drugs added together to assess if pericyte recruitment was impacted during EC-
pericyte tube co-assembly (Figure 3A-C). In each case, individual addition of each of the
CIGS components leads to significant blockade of total pericyte number, number of
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pericytes elongated on tubes and the percentage of pericytes elongated on tubes as a measure
of pericyte recruitment. In this latter case, the addition of all four components of CIGS
significantly blocks compared to all other individual and combinations of CIGS drugs
(Figure 3C). In the other two analyses, when all four components of CIGS were added, this
was significant against all combinations but a combination of three which was CIG (Figure
3A,B). Thus, in only a couple of cases, the addition of SB 431542 to CIG did not
significantly enhance blockade of pericyte number or functional response to the presence of
ECs compared to CIG treatment alone. A major conclusion here is that multiple factors and
pericyte receptors are necessary to promote pericyte proliferation and recruitment to EC-
lined tubes during capillary network assembly. The addition of CIGS blocks pericyte
recruitment whether it is analyzed from the beginning of culture from 0-72 hr or later from
72-120 hr (Figure 4B-D) Another key point is that EC tube formation occurs normally in
the presence of CIGS, except that EC tubes are wider and less branched compared to
controls (Figure 3D, Figure 4A), in a manner very similar to that observed when ECs are
seeded and allowed to form tubes in the absence of pericytes (Suppl. Figure 11A). We also
performed real-time video analysis to further evaluate the influence of CIGS addition vs.
control using GFP-labeled ECs and mCherry labeled pericytes (analyzed from 0-72 hr or
72-120 hr) (Movies VI11-XI) or using unlabeled ECs and GFP-labeled pericytes (analyzed
from 0-72 hr) (Movies XII, XIII). In each instance, the addition of CIGS resulted in marked
inhibition of pericyte responsiveness and recruitment to developing EC tube networks.
Finally, the addition of CIGS, compared to control, led to strongly reduced basement
membrane deposition of fibronectin, collagen type IV, perlecan, nidogen 1 and nidogen 2
staining around EC tubes, while laminin staining was less affected (Figure 4E). Overall, this
data provides considerable evidence that a combination of EC-derived factors including
PDGFs, ET-1, HB-EGF, and TGFps and their pericyte receptors, play a critical functional
role in promoting pericyte invasion, recruitment to tubes, proliferation and capillary
basement membrane assembly.

Ligand blocking reagents reveals that a combination of EC-derived factors is necessary to
promote pericyte recruitment and responsiveness to EC tube networks

To examine these results and conclusions using a different approach, we employed the use of
neutralizing antibodies directed to PDGF-BB, PDGF-DD, and HB-EGF, and a receptor trap,
Alk-5-Fc, to inhibit TGFp isoforms. We utilized these blocking reagents along with the ET-1
receptor A inhibitor, CI-1020, as individual inhibitors or as a combination of five inhibitors.
Before starting these experiments, we confirmed that each reagent selectively inhibited only
its specific ligand or receptor and that was indeed the case (not shown). To further confirm
their blocking activities, we compared a real-time movie analysis of pericytes treated with
PDGF-BB, PDGF-DD, and ET-1 (Movie V1) (pericyte-only assay), vs. a culture treated with
the same three factors, but also with blocking antibodies directed to PDGF-BB and PDGF-
DD, in combination with the ET-1 receptor A inhibitor. The addition of these blocking
agents led to marked inhibition of the pericyte response to the three factors (Movie VII).

Next, we utilized these and other neutralizing and blocking agents (i.e. directed to PDGF-
BB, PDGF-DD, ET-1, TGFps, HB-EGF) in EC-pericyte co-culture assays (Figure 5). Each
of the individual blocking reagents significantly inhibited pericyte recruitment to tubes and
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the combination of all five inhibitors (i.e. antibodies, trap and drug) completely disrupted
pericyte proliferation, responsiveness, and recruitment that was significant compared to all
other conditions (Figure 5A-C). As individual factors, the most dominant factors were
PDGF-BB and ET-1, as its neutralizing antibodies or the ET-1 receptor A chemical inhibitor,
respectively, had the greatest blocking influence, while there was less influence of a
comparable factor, PDGF-DD (Figure 5A-C). In the presence of all five neutralizing agents,
the EC tubes again resemble EC only cultures without pericytes where the tubes are widened
and less elongated (Figures 5D and 6A,B). Blockade of PDGF-BB or ET-1 signaling alone
did not show this dramatic change in EC tube morphology (Figure 5D), suggesting again
that multiple factors are acting together to control this pericyte recruitment process. The EC
tubes with the ligand neutralizing agents also resemble what we observe following addition
of the pharmacologic receptor inhibitors, CIGS (Figure 6A,B). In both cases, the addition of
these inhibitor combinations results in significant reductions in EC tube length, and large
increases in EC tube widths (Figure 6C,D). Overall, our novel findings using different
classes of blocking reagents, demonstrates that multiple EC-derived growth factors (i.e.
PDGF-BB, PDGF-DD, HB-EGF, TGFfs) and the peptide, ET-1, play key functional roles in
controlling pericyte recruitment, proliferation and pericyte-induced tube maturation events
that are necessary to create capillary tube networks.

TGFB1 can act as an upstream pericyte primer to stimulate pericyte responsiveness to EC-
derived factors that promote pericyte recruitment

Our findings presented above suggest a role for TGFP and its key receptor, Alk-5, in
pericyte recruitment in conjunction with other EC-derived factors. TGFp1 and TGFp2 had
only modest ability to stimulate pericyte invasion (Figure 1). We hypothesized that TGFps
might have a separate function during this EC-pericyte co-assembly process. To address
such a possibility, we pre-treated pericytes with TGFp1, the major isoform made by ECs
(Suppl. Figure 11B) and, determined if their responsiveness to other EC-derived factors was
affected using pericyte-only invasion assays. Remarkably, TGFB1-pretreatment (or priming)
of pericytes leads to substantially greater pericyte invasion in response to PDGF-BB, PDGF-
DD, and ET-1 compared to control (Figure 7A,B). Furthermore, this TGFB1 priming effect
was completely inhibited by the Alk-5 inhibitor, SB 431542 (Figure 7C,D), one of the key
components of CIGS that blocks pericyte recruitment (Figures 3 and 4). Also, the addition
of SB 431542 did not block the direct ability of PDGF-BB, PDGF-DD or ET-1 to stimulate
pericyte invasion (Figure 7E). Thus, it appears that TGFp, acting through AIKk-5, can
strongly accelerate pericyte responses to PDGFs and ET-1, and function as an upstream
primer to facilitate capillary assembly.

DISCUSSION

In this work, we address a fundamental question in vascular biology which is to identify and
determine the functional role of the critical EC-derived factors that stimulate pericyte
recruitment to EC tubes, a process that is required for the assembly of capillary networks.
These findings may also be important and relevant to the process of EC-mural cell assembly
in larger vessels such as arteries and veins. Our laboratory has developed defined serum-free
models of human capillary network formation in 3D matrices using ECs and pericytes that
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allow us to identify and investigate the specific role of key growth factors, peptides and other
small molecules during this process® 50, Here, we specifically have focused on using this
model to address how pericytes respond to ECs and, identify the key factors that stimulate
pericyte recruitment and pericyte proliferation, and then determine how these factors affect
the ability of ECs and pericytes to work together to assemble capillary basement
membranes? 25, Furthermore, we report the development of highly defined pericyte invasion
assays (in the absence of ECs) that have allowed us to broadly screen and rapidly identify
the key regulators of pericyte recruitment. Finally, we have identified pharmacologic drug
combinations and combinations of neutralizing antibodies and ligand binding traps that have
allowed us to selectively block pericyte recruitment, proliferation and basement membrane
deposition, without interfering with the ability of ECs to form tube networks.

The marked blockade of pericyte recruitment that we have achieved results in EC tubes that
are markedly widened, and which progressively become shorter and less branched over time
as if pericytes were never added. In contrast, control cultures with extensive pericyte
recruitment leads to EC tubes with narrow lumens that remain highly elongated and
branched, which are key morphologic features of capillary networks in vivo. Our work
suggests that pericyte recruitment is necessary during the development of the vasculature to
form and stabilize capillary tube networks and to prevent EC tubes from remodeling into
larger, wider and less branched structures. This latter case occurs when ECs undergo tube
formation without pericytes or when pericyte recruitment is disrupted (as shown here) but
might also happen in disease states where EC-pericyte interactions are abnormal including
diabetes, malignant cancers and vascular malformations. The identification of the key EC-
derived drivers of pericyte recruitment which control capillary assembly is clearly essential
to understand human disease states where EC-pericyte interactions are abnormal. Our novel
findings demonstrating the co-contribution of PDGF-BB, PDGF-DD, ET-1, TGFB, and HB-
EGF (Pericyte Factors) (Figure 8B), and delineating their specific roles during these
processes is necessary to understand both normal developmental processes but also to begin
to address why abnormalities arise in specific human diseases such as diabetes. Pericyte loss
has been described as a central feature of diabetes, and yet there is currently limited
information addressing the underlying basis for this phenomenon. We think it likely that the
pericyte factors or pericyte factor receptors that we have identified which control normal
capillary assembly might be dysregulated in diabetes. In support of this conclusion is
previous work showing that genetic disruption of PDGF-BB or PDGFR in mice can result
in abnormalities such as excessive vascularization and microaneurysms, which are observed
in diabetes3> 38, Similarly, the “Pericyte Factors” that we have identified may be
dysregulated in other key diseases with abnormal EC-pericyte interactions (e.g. malignant
cancers or vascular malformations). One important approach to further addressing such
questions would be to develop in vitro systems modeled on the work reported here under
diabetic conditions or under circumstances mimicking vascular malformations. The central
issue here is to elucidate the underlying basis of the abnormalities that are present in the
disease. There is considerable complexity here, and these issues will not be readily solvable
without serious efforts and coordination using both in vitro and in vivo model approaches.

It is very intriguing that pericyte recruitment to EC tubes to create capillary networks
requires multiple growth factors (i.e. PDGF-BB, PDGF-DD, TGFps, and HB-EGF, a peptide
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(ET-1) (i.e. Pericyte Factors and their pericyte receptors) (Figure 8). Over recent years, our
laboratory has discovered that a combination of 5 growth factors including SCF, IL-3,
SDF-1a, FGF-2 and insulin (i.e. EC Factors and their receptors) are necessary for human
ECs to form tubes and sprout in either collagen or fibrin matrices® 50. 55 (Figure 8B). These
EC Factors are required for the EC-pericyte co-cultures to properly form and assemble and
for the ECs to produce, activate and present the multiple Pericyte Factors that are required
for pericyte recruitment, proliferation, and basement membrane deposition (Figure 8B).
When considered together, these studies indicate that 10 or more Factors are necessary for
human capillary networks to assemble. This fundamental information is necessary for us to
understand how capillaries form, stabilize and interact with adjacent parenchymal cells to
promote tissue health. We recently proposed the concept that healthy capillaries are disease
suppressors®, and when capillary networks become disorganized, disassemble or regress,
which occurs in many major human disease states, such capillary abnormalities appear to be
directly contributing to the underlying pathogenesis of key diseases. Our novel studies and
approaches presented here, which define the EC-derived factors that are necessary for
pericytes to co-assemble onto EC tubes to create capillary networks, adds to our growing
knowledge of this normal process which should strongly aid in new approaches to repair the
vasculature, restore tissue health and prevent disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EC Endothelial cell
3D Three-dimensional
PDGFRp Platelet-derived growth factor receptor beta
Alk-5 Transforming growth factor beta receptor 1
GFP Green fluorescent protein
CIGS CI 1020+ Imatinib+ Getinib+ SB 431542
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HIGHLIGHTS

1 A key combination of EC-derived factors, including PDGF-BB, PDGF-DD,
ET-1, TGFBs and HB-EGF control pericyte interactions with EC tubes to
create capillary networks.

2. PDGF-BB, PDGF-DD, and ET-1 directly control pericyte invasion, TGFB1
primes pericyte invasion responses, and HB-EGF controls pericyte
proliferation along with PDGFs and ET-1.

3. Combined neutralization of the above EC-derived factors or pharmacologic
blockade of their pericyte receptors markedly interferes with pericyte
recruitment and responsiveness to EC-lined tubes, which behave as if
pericytes were not present.
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The Effects of EC Derived Molecules on Pericyte Invasion
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Figure 1. Broad screen of endothelial cell-derived factorsthat stimulate pericyteinvasion.
(A) Various EC-derived proteins, peptides and other small molecules were screened by

placing each factor, individually, into a collagen gel, under serum-free conditions. Pericytes
were seeded on-top of the gel, allowed to invade downward for 72 hr, and the invasion
response was quantitated (n=3). Asterisks indicate significance relative to control, p<.01.
PDGF (platelet-derived growth factor)-BB, PDGF-DD, HB-EGF (heparin-binding EGF-like
growth factor), Angiopoietin 2, SDF (stromal cell-derived factor 1-alpha), MCP-1/CCL2
(monocyte chemoattractant protein-1), FGF-2 (fibroblast growth factor), IL-8
(interleukin-8), SCF (stem cell factor), IGF2 (insulin-like growth factor 2), BMP-2 (bone
morphogenetic protein 2), BMP-4, and BMP-6 were added at a final concentration of 40
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ng/mL; ET-1 (endothelin 1), apelin ([Pyr!]-Apelin-13), PGI, (treprostinil [prostacyclin
analog]), ADM2 (adrenomedullin 2), ADM (adrenomedullin) and angiotensin 1l were added
at a final concentration of 10~ M; TGFp2 (transforming growth factor beta 2) and TGFf1
were added at a final concentration of 10 ng/mL; SNAP ([ S}-Nitroso- A-acetylpenicillamine
— NO donor) was added at a final concentration of 104 M; and S1P (sphingosine-1-
phosphate) at 106 M. (B) Molecules from Figure 1A that induced the greatest invasion
response (along with HB-EGF) were utilized in a separate experiment and after 72 hr, fixed
cultures were imaged using confocal z-stack, 3D reconstructions. White arrowheads denote
top of gel (i.e. the monolayer from which the pericytes invade into the gel). These were
viewed from the top as a “Downward” view, as well as rotated 90° and observed from side
as a “Cross Section” view. GFP-pericytes were used for these confocal images. Bar equals
200 um.
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Figure 2. Marked ability of the EC-derived factors, PDGF-BB, PDGF-DD and ET-1, to stimulate
pericyte motility in 3D matrices and identification of pharmacologic inhibitorsthat block this
response.

(A, B, and C) Nuclear-GFP labeled pericyte motility was analyzed over the indicated time

frames and experimental conditions. These time lapse image stacks were compressed into a
single image, so that the “footprints” or “tracks” of pericyte movements can be observed. All
cells begin suspended in the 3D collagen gel. (A) Nuclear tracking of pericyte motility over
the course of 72 hours. Motility of pericytes when seeded on their own (top row), pericyte
motility when co-cultured with ECs (bottom row). (B-G) No additional growth factors =
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Control; PDGF-BB (20 ng/ml), PDGF-DD (20 ng/ml) and ET-1 (2x10~8 M) = +PDGFs and
ET-1; 20 uM CI 1020 (ET-1 receptor A antagonist), 1 uM imatinib (PDGFR inhibitor), 1 uM
gefitinib (EGFR inhibitor), 10 uM SB 431542 (ALKS5 inhibitor) = +CIGS. (B) Pericytes 0-
72 hr compressed time lapse movie, (D) 0-72 hr pericyte motility quantitation, (C) Pericyte
72-120 hr compressed time lapse movie (E) 72-120 hr pericyte motility quantitation. (A-E)
Bar equals 200 pum; n=8. (F) Aggregated pericytes suspended in 3D collagen gel for 24 hr
and allowed to invade radially outward. (G) Quantitation of aggregate invasion area. (E-F)
Bar equals 100 um; n=6. Asterisks indicate significance relative to control at p<.01.
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Figure 3. Combinations of pharmacologic inhibitors (CIGS) directed to pericyte receptors for
EC-derived moleculesinvolved in pericyte recruitment, markedly interfereswith pericyte
accumulation along EC-lined tubes during capillary formation.

EC-pericyte co-cultures were established in the absence or presence of the indicated
pharmacologic inhibitors [20 puM CI1-1020 (ET-1 receptor A antagonist), 1 pM imatinib
(PDGFR inhibitor), 1 uM gefitinib (EGFR inhibitor), 10 uM SB 431542 (ALKS inhibitor)],
that were added singly or in the indicated combinations including CIGS, which is a mixture
of all 4 of the drugs. Cultures were fixed at 72 hr and were quantitated for total pericytes
(A), the number of pericytes elongated on EC tubes (B) and the percentage of pericytes
elongated on EC tubes (C). n=6; Asterisks indicate significance at p<.05 relative to control,
t indicates p<.05 significance at p<.05 from all others unless specified “ns” = not
significant. Analyzed using ANOVA with post hoc Tukey tests. (D) Co-cultures were
established in the absence or presence of CIGS, were fixed at 120 hr, and immunostained
with CD31 antibodies to label ECs. Bar equals 200 pm.
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Figure 4. Pharmacologic inhibition using CIGS markedly blocks pericyte motility and
recruitment aswell as pericyte-induced capillary basement membrane deposition.

(A) EC-pericyte co-cultures were established under control conditions or with the CIGS
drug combination added [20 pM CI-1020 (ET-1 receptor A antagonist), 1 pM imatinib
(PDGFR inhibitor), 1 uM gefitinib (EGFR inhibitor), 10 uM SB 431542 (ALKS5 inhibitor)].
Cultures were fixed at 72 hr and were immunostained with anti-CD31 antibodies to visualize
ECs (red), while pericytes were GFP-labeled (green). Overlay images are shown in the upper
and lower panels, while the middle panels show pericytes alone. Bar equals 200 um. (B-D)
EC-pericyte co-cultures were established with nuclear GFP-labeled pericytes and pericyte
motility using time-lapse movie analysis was performed (B). Motility was examined in
control cultures or cultures treated with CIGS from 0-72 hr (C) or separately, from 72-120
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hr (D). Quantitation of pericyte motility under these conditions was performed. n=8;
Asterisks indicate significance relative to control at p<.05. (E) Control or CIGS treated co-
cultures (120 hr) were immunostained for the indicated basement membrane components
and imaged by confocal microscopy. Bar equals 200 pm.
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Figure 5. Marked blockade of pericyterecruitment using combinations of neutralizing agents
including blocking antibodies directed to PDGF-BB, PDGF-DD and HB-EGF, a receptor trap
directed to TGFpsand an ET-1 receptor A antagonist.

EC-pericyte co-cultures were established under control conditions or in the presence of
indicated neutralizing agents individually or in combination. Pericytes co-assembled with
ECs for a period of 72 hours and were fixed, and quantitated for total pericytes (A), the
number of pericytes elongated on tubes (B) or the percentage of pericytes elongated on tubes
(C). Neutralizing agents included: neutralizing antibodies (all added at 10 pg/ml) (aPDGF-
BB, aPDGF-DD, aHB-EGF, alL-6- polyclonal antibody-pAb, alL-6 monoclonal antibody-
mADb); 10 pg/ml of ALK5-Fc trap, and Cl 1020 (ET-1 receptor A antagonist). The All
condition was a combination of aPDGF-BB, aPDGF-DD, aHB-EGF, ALK5-Fc, and CI
1020. n=6; Asterisks indicate significance at p<.05 compared to control with t-test. T p<.05
compared to any other condition. Analyzed using ANOVA with post hoc Tukey tests and
student t-tests. (D) EC-pericyte co-cultures were established under the indicated conditions
using GFP-F HUVECS (further immunostained with CD31 antibodies —green) and mCherry-
labeled (red) pericytes which were fixed after 120 hr. Confocal microscopy was performed,
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and 3D reconstructions of these images are shown. ECs and pericytes shown together (top
row), EC only shown (middle row), and pericyte only shown (bottom row) of these co-
cultures. Bar equals 200 pm.
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Figure 6. Blockade of pericyte recruitment with the phar macologic drug combination, CIGS,
and comparison to a combined set of neutralizing agents.

(A-D) EC-pericyte co-cultures were established under control conditions vs. the addition of
CIGS or a combined set of neutralizing agents and the cultures were fixed after 120 hr.
CIGS doses: 20 uM CI 1020 (ET-1 receptor A antagonist), 1 M imatinib (PDGFR
inhibitor), 1 uM gefitinib (EGFR inhibitor), 10 uM SB 431542 (ALKS5 inhibitor).
Neutralizing Agents (added in combination): 10 ug/ml of aPDGF-BB, aPDGF-DD, and
aHB-EGF; 10 ug/ml of ALK5-Fc trap, and 20 pM C1-1020. (A) Control (left column),
+CIGS (middle column), and +Neutralizing agents (right column); co-culture with CD31
(red) and GFP-pericytes (green) (top row), pericyte only shown (middle row), and EC only
shown (bottom row). (B) anti-CD31 (red) antibodies used to stain all tubes. Control EC-
pericyte co-culture (top left); EC only culture (bottom-left); EC-pericyte co-culture
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+neutralizing agents (top-right); EC-pericyte co-culture +CIGS (bottom-right). Bar equals
200 um. Control vs. treated cultures were quantitated for total tube length (C) or average
tube width (D). n=3; Asterisks indicate significance at p<.01.
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Figure 7. TGFp actsasan upstream primer to stimulate downstream pericyte invasion responses
to PDGF-BB, PDGF-DD, and ET-1.

(A) Pericytes were either left untreated or were treated with TGFB1 at 10 ng/mL for 24 hr
(i.e. priming step) prior to the assay setup. The cells were then tested in invasion assays in
response to the indicated factors [PDGF-BB, PDGF-DD, HB-EGF (40 ng/mL final
concentration); ET-1 (2x1078 M final concentration); TGF@1 and TGFB2 (10 ng/mL final
concentration)] vs. control. Cultures were fixed after 72 hr and the invasion response was
guantitated. n=3; Asterisks indicate significance at p<.05. and their response to invasion
during 72-hour invasion assays. (B) Toluidine blue stained representative images of the
indicated conditions. Bar equals 100 um. (C,D) TGF1 primed pericytes in the absence or
presence of the AIk5 inhibitor (10 uM SB431542) were tested in invasion assays with the
indicated factors at the same doses as in (A). (E) Pericytes were induced to invade in
response to the indicated factors and in the absence or presence of 10 uM SB431542.
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Cultures were fixed after 72 hr and were quantitated for invasion. n=3; Asterisks indicate
significance at p<.05.
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Figure 8. Schematic diagram illustrating molecular regulators of EC-pericyte tube co-assembly
during capillary network formation.

(A) EC-pericyte co-cultures were established in the absence or presence of pharmacologic
inhibitors (CIGS) or neutralizing agents that interfere with pericyte recruitment, and after
120 hr, cultures were fixed and stained with anti-CD31 antibodies. Representative confocal
images of these cultures are shown. Bar equals 200 um. (B) Schematic illustration of the key
growth factors and peptides that stimulate EC tubulogenesis (EC Factors- IL-3, SCF,
SDF-1a, FGF-2, Insulin) and pericyte recruitment to EC tube networks (Pericyte Factors-
PDGF-BB, PDGF-DD, ET-1, TGFBs, HB-EGF) that are each necessary to create capillary
networks. Combined blockade of the Pericyte Factors or their receptors markedly interferes
with pericyte invasion, recruitment, basement membrane deposition, and establishment of
narrow and elongated networks of capillary tubes.
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