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Abstract

The blood-brain barrier (BBB) regulates molecular and cellular entry from the cerebrovasculature
into the surrounding brain parenchyma. Many diseases of the brain are associated with dysfunction
of the BBB, where hypoxia is a common stressor. However, the contribution of hypoxia to

BBB dysfunction is challenging to study due to the complexity of the brain microenvironment.

In this study, we used a BBB model with brain microvascular endothelial cells and pericytes
differentiated from iPSCs to investigate the effect of hypoxia on barrier function. We found

that hypoxia-induced barrier dysfunction is dependent upon increased actomyosin contractility
and is associated with increased fibronectin fibrillogenesis. We propose a role for actomyosin
contractility in mediating hypoxia-induced barrier dysfunction through modulation of junctional
claudin-5. Our findings suggest pericytes may protect brain microvascular endothelial cells from
hypoxic stresses and that pericyte-derived factors could be candidates for treatment of pathological
barrier-forming tissues.
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Introduction

The blood-brain barrier (BBB) regulates molecular and cellular entry from the brain
microvasculature into the surrounding brain parenchyma (1-3). The cellular components

of the BBB include brain microvascular endothelial cells (BMECS) supported by pericytes
and astrocytes. BMECs are highly specialized, with a range of transporters and efflux
pumps to regulate the transport of nutrients and other essential molecules, and tight
junction (TJs), which restrict paracellular transport. Dysfunction of the BBB can lead to
extravasation of serum proteins and contribute to inflammatory responses, plaque formation,
and neurotoxicity (4).

Hypoxia is a common stressor associated with BBB dysfunction in diseases and medical
conditions, including ischemic stroke, traumatic brain injury, neurodegenerative diseases,
and altitude sickness (5, 6). For example, affected brain regions receive limited blood flow
during ischemic stroke and can become hypoxic within minutes (5). A complex cascade of
events occurs following the initial event, including excitotoxicity-induced neuronal death,
inflammation, edema, and disruption of the BBB. These effects continue to manifest even
after blood flow has been restored. The timeline of ischemia-induced BBB disruption
remains controversial. In animal ischemia models, disruption occurs in two phases, at 4

— 6 hours and 2 — 3 days post-ischemia (7). However, a clinical study reported continuous
disruption peaking at 6 — 48 hours post-ischemia (8). The contribution of hypoxia to BBB
dysfunction in ischemia is difficult to study since many factors change simultaneously, and
independent control of these variables is limited /n vivo.

In vitro BBB models provide a means to examine specific cause-and-effect relationships in
a reductive manner. Studies of BMECs subjected to hypoxic conditions have demonstrated
phosphorylation or delocalization of TJ proteins, including claudin-5 and occludin (9).
These changes appear to be downstream of hypoxia induced transcription factors (HIFs)
and may be mediated in part through increased secretion of VEGF (10, 11). Tight

junction proteins are connected to the cytoskeleton via various linkers, most notably
zonula occludens-1 (ZO-1). Thus, cytoskeletal changes can influence TJs, and in turn,
barrier function (12). Hypoxia has been shown to affect cytoskeletal organization through
HIFs, although changes appear to vary across cell types and experimental conditions (13).
However, several studies have shown that hypoxia increases actin stress fiber assembly
and actomyosin contractility in non-brain specific endothelial cells (12-16). This can occur
either via Rho GTPase RhoA and its downstream activators ROCK-1 and -2, or due to
increases in MLCK activity. Contractility is also directly linked to extracellular matrix
(ECM) assembly, and profound changes to ECM organization and structure have been
observed in response to hypoxia in multiple cell types, including ECs. These include
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increased production and remodeling of ECM proteins, including fibronectin, collagens,
and laminins (17).

Studies of the role of supporting cell types on barrier function in hypoxia have been
inconsistent. While some studies have shown that co-cultured pericytes and/or glial cells
provide protective cues (18, 19), others found enhanced hypoxic injury, for example, by
secreting angiogenic factors such as VEGF (11, 20, 21). However, most of these studies have
been performed with ECs that do not possess physiological barrier function.

Various differentiation strategies have been developed to generate brain microvascular
endothelial cell-like cells (iBMECs) from induced pluripotent stem cells. Confluent
monolayers of iIBMECs display expression of important endothelial- and BBB-specific
markers at the protein and gene level (22, 23). We have also previously differentiated
pericyte-like cells (iPCs) from iPSCs and found that their conditioned medium can rescue
barrier function in stressed iBMEC monolayers (24). Here we investigate the effect of
hypoxia on barrier function of iBMEC monolayers and show that hypoxia-induced barrier
dysfunction is dependent upon increased actomyosin contractility. We propose a role

for actomyosin contractility in mediating hypoxia-induced barrier dysfunction through
modulation of junctional claudin-5. Our findings suggest pericytes may protect BMECs
from hypoxic stresses and that pericyte-derived factors could provide therapeutic benefits to
barrier-forming tissues.

Material and Methods
iBMEC differentiation

WTC-Z0O1-GFP and WTC-ACTB-GFP hiPSC (Allen Cell Institute) and BC1 hiPSC (kind
gift from Dr. Linzhao Cheng) lines were maintained and differentiated to iBMECs as
previously described (24) with minor modifications described in Supplemental Experimental
Procedures.

iPC differentiation and PCM collection

BCL1 hiPSCs were differentiated to iPCs as previously described (24). Pericyte-conditioned
medium (PCM) was produced by culturing iPCs in iBMEC medium for 48 h. PCM was then
collected and frozen in aliquots at —20 °C until use. Fresh iBMEC medium prepared from
the same batch of serum was also frozen until use.

Transendothelial electrical resistance (TEER)

TEER was measured on 24-well Transwell inserts with a 0.4 um pore size (Corning 3470),
as previously described (24). An EVOM2 system (World Precision Instruments) with a
STX2 probe was used to measure the resistance (Q). TEER values were reported as Q

cm? following subtraction of the resistance of an acellular Transwell insert and correction
for the membrane area (0.33 cm?). All TEER experiments were performed with at least

2 independent differentiations. We used TEER rather than solute permeability as a proxy
for barrier function since the time dependence is much easier to measure and permeability
coefficients have limited value in cases where defects in the monolayer lead to focal leaks.
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Hypoxic treatment

Two days after seeding, iBMECs were placed in a modular hypoxia chamber (Billups-
Rothenberg) filled with a gas mixture containing 1% O,, 5% CO,, and 94% N> and stored
in a standard cell culture incubator alongside cells cultured in atmospheric oxygen. After 48
h, iBMECs were removed from the modular chamber and immediately subjected to TEER
measurements and/or other assays as indicated.

Immunocytochemistry and image analysis

The fixation methods and antibodies used are tabulated in the Supplemental Experimental
Procedures. Cells were imaged on a LSM 800 microscope using ZEN Blue software (Zeiss).
Tight junctions and fibronectin fibrils were each quantified using FIJI/Image J (NIH), with
detailed procedures for each found in the Supplemental Experimental Procedures.

Mass Spectrometry Proteomics

SDS-PAGE was performed on fresh standard iBMEC media and PCM using pre-cast 4—
12% Bis-Tris gradient gels with MES running buffer. Coomassie Blue R-250 was used

to visualize the total protein content of each media. The region with the most prominent
banding difference was excised from the gel for each condition. Samples were digested with
trypsin and analyzed via LC-MS. Scaffold 4 (Proteome Software) was used to analyze the
results, filtered by the following settings: 95% protein threshold, minimum of 2 peptides
detected, and 95% peptide threshold.

Statistical analysis

GraphPad Prism 9 was used for statistical analysis. The student’s t-test was employed to
compare two conditions, while ANOVA with multiple comparisons was used for tests with
three or more conditions. P-values were multiplicity adjusted using either the Dunnett or
Tukey multiple comparisons tests, as appropriate. Differences were considered statistically
significant for P < 0.05, with the following thresholds: * p < 0.05, ** p < 0.01, *** p <
0.001, and **** p < 0.001. The number of replicates for each experiment is described in the
corresponding figure caption.

Results

Hypoxia decreases barrier function by disrupting junctional claudin-5

To study the effects of hypoxia on BBB function, human brain microvascular endothelial-
like cells (iBMECs), differentiated from human iPSCs, were exposed to 1% O,. iBMECs
cultured on Transwell inserts typically attained maximum transendothelial electrical
resistance (TEER) within 1 — 2 days, and hence hypoxic conditions were initiated 2

days after seeding (Fig. 1A). After 24 hours in 1% O, we observed no change in TEER
(Fig. 1B). Interestingly, when the treatment time was extended to 48 hours, TEER sharply
declined by 60% relative to a control maintained in an incubator at ~20% O,.

Since TJs restrict paracellular permeability, we next examined gene and protein expression
of the two main TJ proteins in the BBB, claudin-5 and occludin, in response to 48
h hypoxia. Quantitative PCR analysis demonstrated that claudin-5 transcripts (CLDNS5)
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decreased by 37% in hypoxia, while occludin transcripts (OCLA) did not change (Fig. 1C).
However, total protein levels measured via western blot were unchanged for both proteins
(Fig. 1D-F). Next, we examined the localization of claudin-5 and occludin in response

to hypoxia. Claudin-5 localization was noticeably disrupted by hypoxia, as evidenced by
the frayed cell-cell junctions (Fig. 1G). Quantitatively, we measured a 35% decrease in
junctional claudin-5, and a 10% decrease in the ratio of junctional to total claudin-5,
suggesting internalization (Fig. 1H). In contrast to claudin-5, we did not observe changes in
the appearance or localization of occludin. Nor did we observe changes in the appearance
or localization of the TJ-associated protein ZO-1 (Fig. S1). Taken together, these results
indicate that a 48 h treatment with 1% O, disrupts barrier function by disruption of
junctional claudin-5.

Hypoxia modulates claudin-5 via increased actomyosin contractility

Previous studies in endothelial and epithelial cells have highlighted a complex relationship
between actomyosin contractility and barrier function (25). Optimal levels of contractility
promote the formation and maintenance of a stable barrier, however, in various pathological
settings, including hypoxia and inflammation, an increase in contractility, particularly in
actin stress fibers, can compromise barrier function (12). We hypothesized that hypoxia
could lead to TJ disassembly by increasing cell contractility beyond normal levels (Fig. 2A).
To test this hypothesis, we exposed iBMECs to 1% O, for 48 hours and then examined
cytoskeletal organization (Fig. 2B). We observed a remarkable increase in the presence of
ventral stress fibers, as well as an increase in phosphorylated myosin light chain 2 (pMLC2)
overlapping these fibers, suggesting elevated contractile activity in response to hypoxia (Fig.
2C).

We then confirmed that suppression of contractility prevented loss of TJs during hypoxia.
First, we showed that adding the ROCK1/ROCK?2 inhibitor Y-27632 (10uM) during hypoxia
prevented the formation of actin stress fibers and reduced pMLC (Fig. 2C). We then
examined claudin-5 localization and found that Y-27632 enriched claudin-5 at junctions

in hypoxia (Fig.2D-F). Consistent with the protection of TJs, we discovered that Y-27632
addition blocked 67% of the decrease in TEER caused by hypoxia (Fig. 2G).

To confirm that elevated actomyosin contractility was responsible for hypoxia-induced
barrier dysfunction, we utilized an alternative pharmacological approach to reduce
contractility. Blebbistatin (10uM), an ATPase inhibitor of non-muscle myosin 11, greatly
reduced actin stress fiber formation in hypoxia, resembling the effects of Y-27632 (Fig. S2).
Likewise, blebbistatin similarly protected TEER and claudin-5 during hypoxia (Fig. 2D—
G). Finally, we examined whether further increasing contractility would exacerbate barrier
dysfunction in hypoxia by exposing cells to the phosphatase inhibitor calyculin A (2nM),
which inhibits the dephosphorylation of myosin Il, increasing its activity and increasing cell
contractility (Fig. S3A). We found that calyculin A treatment further disrupted junctional
claudin-5 localization and sharply decreased TEER (Fig. 2D-G). Calyculin A also appeared
to cause the formation of small gaps between some adjacent cells as indicated by ZO-1
staining (Fig. S3B). Overall, these results show that iBMECs exhibit increased actomyosin
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contractility in response to hypoxia and that claudin-5 can either be protected by inhibiting
actomyaosin activity or damaged by activation of actomyosin activity.

Pericyte-conditioned medium protects barrier function during hypoxia via normalized cell
contractility and claudin-5 stabilization

In a prior study we found that co-culture with pericytes or the presence of pericyte-
conditioned medium (PCM) could restore barrier function in stressed iBMECs (24). These
results prompted us to hypothesize that PCM may protect barrier function during hypoxia.
In the previous study we found that iBMEC monolayers with induced pericytes (iPCs)
seeded on top did not remain confluent (24). Thus, in the current study we focused on using
iPC-conditioned medium that showed a similar effect. Induced pericytes differentiated from
iPSCs along a mesodermal lineage as previously reported (24, 26), were cultured in iBMEC
medium for 2 days to generate PCM (Fig. 3A, S4). iBMECs were then exposed to hypoxia
in the presence of either PCM or standard iBMEC media (Fig. 3B). iBMECs exhibited
significantly higher TEER when exposed to hypoxia in PCM compared with standard
iBMEC medium (1276+173 vs. 422+134 Q cm?; mean+SD) (Fig. 3C). Additionally, PCM
prevented hypoxia-induced decreases in CLDN5 expression and junctional claudin-5 as
measured by immunofluorescence (Fig. 3D—-F). As iPCs were exposed to atmospheric O2
during PCM production, we also investigated whether the effect on barrier function would
change if iPC were instead maintained under hypoxic conditions producing hypoxic-PCM
(HPCM). We found that both HPCM and PCM exhibited a similar TEER-protective effect
when applied to iBMEC during hypoxia (Fig. S5), thus PCM was used for all subsequent
studies. To check whether our findings could be secondary to differences in cell density
across conditions, we measured monolayer cell density and found that hypoxia generally
reduced monolayer density by 20-30%, but that this was not affected by the addition of
PCM or Y-27632 (Fig. S6). We next determined whether the barrier protection conferred by
PCM during hypoxia was mediated by changes to the cytoskeletal structure and actomyosin
contractility. In contrast to results in standard medium, in PCM we observed fewer stress
fibers and reduced pMLC (Fig. 3G). To confirm this finding, total pMLC levels were
assessed via western blot (Fig. 3H). We found that hypoxia increased pMLC levels by 40%
in standard media but that this increase was entirely prevented by PCM (Fig. 31). Together
these results demonstrate that PCM protects barrier function of iBMEC monolayers during
hypoxia by normalizing contractility and preventing the loss of claudin-5 at cell-cell
junctions.

Hypoxia and PCM alter basement membrane organization in iBMEC monolayers

To identify potential regulators of contractility, claudin-5, and barrier function that may
differ between standard medium and PCM, we performed SDS-PAGE on fresh iBMEC
medium and PCM. Differences were observed in species with molecular weight > 200
kDa, as visualized by a Coomassie Blue R-250 total protein stain. The gel region with the
most prominent banding difference between the two conditions was excised and analyzed
via mass spectrometry (Fig. 4A). Eighty-five different proteins were identified in these
samples, of which 45 were increased in PCM, 26 were decreased, and 14 were unchanged
(see Table S1). The most abundant protein was fibronectin, which was increased by 35%
in PCM relative to standard medium (270 vs. 198 exclusive unique spectrum count)
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(Fig. 4B). In addition, we noted increases in a variety of ECM or ECM-related proteins,
particularly collagens and laminins. The increased content of ECM proteins in PCM led us
to hypothesize that iBMEC monolayers cultured in PCM may exhibit changes in basement
membrane (BM) organization.

To explore this, we exposed iBMEC monolayers to hypoxia or atmospheric O, in standard
media, or to hypoxia in PCM (Fig. 4C) and then examined collagen 1V and fibronectin
localization (Fig. 4D). In atmospheric O,, we observed sporadic deposits of collagen

IV and fibronectin in limited networks along a fraction of the cell-cell junctions. In

hypoxia, these networks were notably more extensive, contacting nearly every cell in the
monolayer. However, in hypoxia with PCM, both collagen 1V and fibronectin networks were
less prevalent. This suggests that the more extended networks induced by hypoxia were
associated with a leakier barrier and that either the production or degradation of BM proteins
may be modified by PCM.

We next assessed whether these differences in BM organization resulted from changes in
iBMEC gene expression during hypoxia, as we have previously observed in endothelial
progenitor cells (17). Collagen IV (COL4A1), laminin (LAMCI), and fibronectin (FNI)
expression each increased in hypoxia, although these differences were not significant (Fig.
4E). PCM did not affect COL4AI1 or LAMCI expression, however, PCM decreased FNI
expression, suggesting iBMECs may produce less endogenous fibronectin when cultured
in PCM, negating hypoxia-driven increases in FN/Z. In summary, PCM was enriched in a
variety of soluble ECM proteins, and iBMECs cultured in PCM exhibited changes in the
production and deposition of BM proteins that opposed the effects of hypoxia.

Interestingly, despite the observed differences in fibronectin and collagen IV deposition,
exogenous addition of these proteins into standard medium before 48 h hypoxia treatment
did not prevent TEER reduction (Fig. 4F). Nor did the addition of Matrigel, which contains a
diverse mixture of ECM proteins, most notably laminin. However, the accumulation of ECM
is a balance between synthesis and degradation. Therefore, we examined the proteases and
protease inhibitors in iIBMEC monolayers exposed to hypoxia or atmospheric O, in standard
medium, or to hypoxia in PCM. We identified 2 proteases (ADAMTS1 and uPA/Urokinase)
and 3 protease inhibitors (TFPI, TFPI-2, and TIMP-2) that were highly elevated in iBMECs
cultured in PCM (Fig. 4G). We then added recombinant forms of these proteins to the
standard medium during hypoxia, but this did not affect TEER. These findings suggest that:
(1) PCM contains a richer mixture of both proteases and protease inhibitors than standard
media, and (2) the proteases/protease inhibitors that we detected most elevated in PCM
could not reproduce the barrier-protective effects of PCM. The diversity of these enzymes
and their unique functionalities make them difficult to study in this context but could be an
area for further investigation. Overall, the results from the protease/protease inhibitor profile
and our examination of BM protein localization suggest that changes in collagen 1V and
fibronectin deposition in response to hypoxia compared to PCM play an important role in
barrier function of iBMEC monolayers.
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Fibronectin fibrillogenesis is dependent upon cellular contractility and is accelerated in
hypoxia but attenuated by PCM or TGF- inhibition

We next sought to understand how differences in cellular contractility may relate to
differences in basement membrane organization. We chose to focus on fibronectin due to
its role in the early stages of basement membrane formation: the provisional fibronectin
scaffold guides the assembly of many other ECM proteins, including collagens and
fibrillins (27-29). Previous reports have demonstrated bidirectional relationships between
contractility and fibronectin fibrillogenesis, where cells require contractility to physically
remodel surrounding ECM (30-32). However, cells also receive cytoskeletal organization
mechanical cues their microenvironment (33, 34). Here we assessed fibrillogenesis across
our oxygen and media conditions and in response to varying levels of contractility, as
modulated through the addition of Y-27632 or calyculin A. For this experiment, we used
iBMECs expressing GFP-tagged beta-actin and confirmed the expected differences in stress
fiber formation across our conditions, as well as verified expected claudin-5 differences
through immunostaining (Fig. S7).

In atmospheric O,, we observed both fibrillar and adsorbed fibronectin (FN) patterns

(Fig. 5A-D), whereas in hypoxia, we observed a more extensive fibrillar meshwork with
increased fibril area. The addition of Y-276332 during hypoxia resulted in a significant
reduction in fibril area and increased adsorbed FN (note the appearance of adsorbed FN

in the acellular condition in Fig. 5A). Likewise, in hypoxia with PCM, we observed
predominantly adsorbed FN with short nascent fibrils scattered throughout, suggesting
limited fibrillogenesis. However, when we enhanced contractility in PCM using calyculin A
(2nM), we observed extensive fibril assembly and minimal remaining adsorbed FN. Overall,
these results suggest that cellular contractility drives fibronectin fibrillogenesis in iBMEC
monolayers and explains how the variation in contractility levels across our conditions leads
to differences in BM organization (Fig. 5B).

As a result of its established roles inducing cellular contractility and FN fibrillogenesis, we
next considered whether TGF-p signaling might play a role in hypoxia-induced barrier
dysfunction. The addition of the TGF-p inhibitor SB431542 (20 uM) during hypoxia
reduced FN fibrillogenesis, as measured by fibril area, without significantly altering
adsorbed FN (Fig. 5SE-F, S8). We also observed protection of claudin-5 by SB431542
during hypoxia, as demonstrated by improved junctional continuity (Fig. 5, 5G). Junctional
claudin-5 intensity with SB431542 was similar to PCM, although still somewhat reduced
relative to atmospheric O, controls. Lastly, we found that the inclusion of SB431542
protected against hypoxia-induced TEER decline (Fig. 5H). Interestingly, however, TEER
values were still lower than PCM. Thus, TGF-p signaling appears to contribute to TEER
decline during hypoxia, however, inhibition of this pathway does not protect barrier
function as effectively as PCM. Overall, our data demonstrate that FN assembly in iBMEC
monolayers is: (1) driven in part by TGF-p signaling, (2) dependent upon actomyosin
contractility, and (3) associated with reduced junctional claudin-5 and barrier function.
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Discussion

Hypoxia is an important stressor in multiple pathologies where BBB dysfunction is
observed. However, it can be challenging to isolate the downstream effects of hypoxia from
those mediated by other factors, including inflammation, edema, and ROS, as well as the
contributions of surrounding cell types. In this study, we utilized an /n vitro approach to
examine the specific effects of hypoxia on barrier function in iBMEC monolayers and the
mechanisms through which these effects occur. Although several studies have investigated
this previously (9, 11, 19, 35, 36), most have been performed on primary or immortalized
cells with baseline barrier function much lower than estimated /n vivo values (1,500 — 6,000
Q cm?) (3). For our study, we used iBMECs with TEER values of ~2,000 Q cm?2, which have
been shown to respond to hypoxia partially through modulation of the HIF pathway (10).

We found that iBMEC monolayers exhibited a 50-60% decrease in TEER after exposure to
1% O, for 48 h. This decrease was associated with disruption to junctional claudin-5, while
occludin remained relatively unchanged and intact at cell-cell junctions, in agreement with a
previous study using similarly differentiated cells (10).

The roles of pericytes and astrocytes in hypoxia/ischemia are complex and poorly
understood. The inclusion of pericytes or astrocytes in BBB models has inconsistent effects
on barrier function even in atmospheric O, (37), and varied effects are also observed in
hypoxia. Pericytes and astrocytes respond to hypoxia by secreting various growth factors
and cytokines that can either promote (e.g. ANG-1) or diminish (e.g. VEGF, TGF-B) EC
barrier function (11). Two-photon microscopy in mouse models has revealed that pericytes
secrete MMP-9 in response to ischemia, leading to localized leaks in the cerebrovasculature
(38). Pericytes in the brain arise from different lineages depending on region, with forebrain
pericytes arising from neural crest instead of mesoderm, which produces mural cells in most
other body tissues. For this study we used mesodermal-derived iPCs, although other recent
studies have demonstrated that neural crest-derived iPCs have a similar ability to promote
barrier function (39, 40).

In previous work, we showed that the co-culture of iPSC-derived pericytes or pericyte
conditioned medium rescued the barrier function of stressed iBMECs (24). Here we showed
that PCM prevented claudin-5 disruption and maintained relatively high TEER during
hypoxia. We also found that PCM largely prevented the dramatic cytoskeletal reorganization
in iBMEC monolayers in response to hypoxia, which included the formation of thick ventral
stress fibers and regions of intense pMLC, suggestive of high cellular contractility. Many
studies have observed increased contractility in response to inflammatory cues or hypoxia,
usually mediated by increased RhoA signaling or MLCK activity (15, 41). Activation

of these pathways has been shown to lead to inter-endothelial gap formation and the
phosphorylation and internalization of TJ proteins (12, 42, 43).

We also observed striking differences in basement membrane organization in iBMEC
monolayers in hypoxia or PCM. Fibronectin and collagen IV networks were much more
extensive in hypoxia compared to culture in PCM. This finding is in agreement with
studies reporting increased production of extracellular matrix in response to hypoxia (17,
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44, 45). Closer examination revealed marked differences in the extent of fibrillogenesis

that correlated with differences in cellular contractility, consistent with the established role
of mechanical stretching of fibronectin dimers exposing self-association sites to promote
polymerization into insoluble fibrils (30, 31). However, assembled fibronectin has also been
shown to increase cell contractility and affect cell behaviors such as increased migration,
spreading, and angiogenesis (29, 33, 34, 46). When fibrillogenesis was blocked, stress fiber
formation and endothelial hyperpermeability were prevented (47).

The pleiotropic cytokine TGF-f has been shown to coordinate with hypoxia during
fibrillogenesis (17, 45, 48, 49). Thus, we examined the role of TGF-p signaling in
iBMEC monolayers during hypoxia. Inhibition of TGF-p using SB431542 led to reduced
fibrillogenesis and improved claudin-5 localization and TEER. Thus, TGF-p signaling in
iBMECs during hypoxia increases fibrillogenesis and decreases barrier function. These
results are consistent with a recent study demonstrating improved TEER and TJ protein
localization resulting from TGF-f inhibition (50).

In summary, we report the effects of hypoxia on the barrier function of iBMEC monolayers.
We show that hypoxia disrupts junctional claudin-5 in a manner that is dependent upon
TGF-p signaling and RhoA-mediated actomyosin contractility. We also show that hypoxia
stimulates fibronectin fibrillogenesis in a process that may further elevate contractility and
disrupt cell-cell junctions. However, this hypoxia-induced barrier dysfunction is prevented
by the presence of PCM, which reduces both contractility and fibrillogenesis, leading to
improved claudin-5 localization and barrier function. These results support the hypothesis
that pericytes or pericyte-derived factors may be candidates for treatment of diseases
involving elevated cellular contractility, fibrosis, or barrier dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECs Endothelial cells
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hiPSC Human induced pluripotent stem cell

iBMEC hiPSC-derived brain microvascular endothelial cell
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Figure 1. Hypoxia decreases barrier function by disrupting junctional claudin-5.
(A) Experimental timeline. (B) Time dependence of TEER values for iBMEC monolayers

exposed to hypoxia for 24 or 48 h. Data represent mean + SD of duplicate Transwells in a
representative differentiation. (C) RT-qPCR for claudin-5 and occludin after 48 h exposure
to atmospheric O, or 1% O,. Data represent mean = SD, n = 3 independent differentiations.
(D) Representative western blot for claudin-5, occludin, and beta-actin after 48 h exposure
to atmospheric O, or 1% O,. (E-F) Quantifications of WB for claudin-5 and occluding,
each normalized to beta-actin loading control, n = 3 independent differentiations. Both bands
appearing for claudin-5 in (D) were included in this quantification. (G) Representative

max intensity projections of confocal immunofluorescence images of claudin-5 and
occludin after 48 h exposure to atmospheric O or 1% O». Insets also show cell nuclei
labeled with DAPI. (H) Junctional and junctional/total intensities of claudin-5 (top) and
occludin (bottom). Junctional and junctional/total intensities represent n = 70 cells from
three independent differentiations (claudin-5) and n = 40 cells from two independent
differentiations (occludin). Statistical significance levels are set at * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.001.
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Figure 2. Hypoxia modulates claudin-5 via increased actomyosin contractility.
(A) Schematic illustration of proposed relationship between hypoxia, actomyosin

contractility, and claudin-5. (B) Experimental timeline. (C) Representative max intensity
projections of confocal immunofluorescence images of pMLC2 and F-actin after 48 h
exposure to atmospheric O, 1% O,, or 1% O, with Y-27632. (D) Representative max
intensity projections of confocal immunofluorescence images of claudin-5 after 48 h
exposure to atmospheric O, 1% O, 1% O, with addition of Y-27632 or blebbistatin to
reduce contractility, or 1% O, with calyculin-A to increase contractility. (E-F) Junctional
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and junctional/total intensities of claudin-5. Junctional and junctional/total intensities
represent n = 30 — 70 cells from 3 — 4 independent differentiations. (G) TEER for iBMEC
monolayers after 48 h exposure to atmospheric Oy, 1% Oo, or 1% O, with addition of
Y-27632, blebbistatin, or calyculin-A. TEER is expressed relative to iBMEC maintained in
atmospheric O,. Data represent n = 3 — 10 Transwells per condition pooled from 3 -5
independent iBMEC differentiations. Statistical significance levels are set at * p < 0.05, ** p
<0.01, *** p <0.001, and **** p < 0.001.
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Figure 3. Pericyte-conditioned media improves endothelial barrier during hypoxia via

pMLC / beta-actin

normalized cell contractility and claudin-5 stabilization.
(A) Schematic illustration of iPC differentiation and collection of iPC-conditioned iBMEC

medium (PCM). (B) Experimental timeline. (C) TEER values after 48 h exposure to
atmospheric Oy, 1% O», or 1% O, in PCM. Data represent n = 6 — 8 Transwells
per condition pooled from 3 — 4 independent iBMEC differentiations. (D) RT-gPCR for

claudin-5 and occludin after 48 h exposure to atmospheric O, 1% O, or 1% O» in

PCM. Data represent mean + SD from 3 independent differentiations. (E) Junctional
intensity of claudin-5. Data represent n = 70 — 80 cells per condition pooled from
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4 independent iBMEC differentiations. (F) Representative max intensity projections of
confocal immunofluorescence images of claudin-5 after 48 h exposure to atmospheric Oy,
1% Oy, or 1% O, in PCM. (G) Representative maximum intensity projections of confocal
immunofluorescence images of pMLC2 and F-actin after 48 h exposure to atmospheric Oy,
1% Oy, or 1% O, in PCM. (H) Representative western blot for pMLC2 and beta-actin
after 48 h exposure to atmospheric Oy, 1% O, 1% O, in PCM, or 1% O, with Y-27632.
(1) Quantification of WB for pMLC2 normalized to beta-actin loading control. Both bands
appearing for pMLC2 in (H) were included in this quantification. Bars represent mean
values. Individual points correspond to 4 independent iBMEC differentiations. Statistical
significance levels are set at * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.001.

FASEB J. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jamieson et al. Page 19

© 300 ) _ -RT-gPCR
' S 250 mm iBMEC medium St Staining
iPCs & m PCM Seed h a -TEER _
o 200 YPoXia  _protease/Inhibitor
ﬂdays\\ > IBMEC +- PCM Analysis
= 150
y . Pericyte-conditioned 5 } i i
IBMEC medium iBMEC medium (PCM) @ 100 Day 0 5 4
g
©
Mass ]
» Spectrometry LSRN PP A D D DD P N> ™D
PR S R N S SRR
& N Q& N
& F o TS &‘\QO«AQO & Ty T
L ]
Collagens
AFk sFokokok
m Atm O, F 3000+
E Em 1% 0, M I
— o0
D mm Atm O, + PCM E ns o®
4 - e B
5 1% O, + PCM a 1 «
2 = .
] 14
= u -
o ~ 1000 : o o0 %
2 3 2o ™ e
k] e o °
]
2 0 — T T T T T
©
3 01, 0% & < O
x & \n\° o x x
o~ x

Protease |

>
5
3=
d

=0
>
@

'7'7')')')"')»
<Ormoom>

Cat
Cathepsin X/Z/P
DPPIV/(
Kallikrein 3/PSA:

Kallikreln & Protein C Inhibitos

Sllikrein Angiotensinogen:
Kallikrein 7: SerpinAS.
Kallikrein 10 P! e
Kallikrein 11 Serpin A12:
Kallikrein 13: Serpin B5
MMP-1

Neprilysin/CD10:
resenilin
PCSK9:
Proteinase 3:
uPA/Urokinaser

20 um

mmm [l Fibronectin Fibrohectin

+ 20 um
-

Fibronegtin

Figure 4. Hypoxia and PCM alter basement membrane organization in iBMEC monolayers.
(A) Schematic illustration of analysis of standard iBMEC medium and PCM via SDS-PAGE

and mass spectrometry proteomics. (B) Mass spectrometry analysis of excised SDS-PAGE
gel regions from standard iBMEC medium and PCM. n = 3 lot-matched pairs of iBMEC and
PCM were used for SDS-PAGE and one was analyzed via mass spectrometry proteomics.
Select ECM or ECM-related proteins are displayed. Complete results are listed in Table

S1. (C) Experimental timeline. (D) Representative max intensity projections of confocal
immunofluorescence images of collagen IV and fibronectin in iBMEC monolayers on
Transwells after 48 h exposure to atmospheric O5, 1% Oo, or 1% O, in PCM. (E) RT-qPCR
for collagen IV (COL4A1), laminin (LAMC1), and fibronectin (FN1) after 48 h exposure to
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atmospheric Oy, 1% O, atmospheric O, in PCM, or 1% O, in PCM. Data represent mean

+ SD from 3 independent differentiations. (F) TEER after 48 h exposure to atmospheric

0Oy, 1% 05, 1% O, with the addition of soluble collagen IV (Col 1V), fibronectin (Fn),

or Matrigel (Mg), or 1% O, in PCM. Data represent n = 4 Transwells pooled from

two independent iBMEC differentiations. (G) Antibody arrays for proteases and protease
inhibitors detected in media from iBMECs after 48 h exposure to atmospheric Oy, 1% O», or
1% O, in PCM. Heat maps are displayed in arbitrary units and represent mean values of n

= 2 arrays performed on independent iBMEC differentiations. Statistical significance levels
are setat * p <0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.001.
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Figure5. Fibronectin fibrillogenesisis dependent upon cellular contractility and isaccelerated in
hypoxia but attenuated by PCM or TGF-B inhibition.

(A) Representative max intensity projections of confocal immunofluorescence images of
fibronectin after 48 h exposure to atmospheric Oy, 1% O,, 1% O, with addition of Y-27632
to reduce contractility, 1% O, in PCM, and 1% O, in PCM with the addition of calyculin-
A to increase contractility. The ‘coating only’ condition demonstrates the appearance of
adsorbed Fn from the Col IVV/Fn coating. (B) Graphic depiction of the proposed relationship
between contractility and fibronectin fibrillogenesis. (C) Fibronectin fibril area, quantified
for the conditions shown in (A). n = 3 — 5 images per condition pooled from two
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independent differentiations. (D) Adsorbed fibronectin, quantified for the conditions shown
in (A). n = 3 -5 images per condition pooled from two independent differentiations.

(E) Representative max intensity projections of confocal immunofluorescence images of
fibronectin (top) and claudin-5 (bottom) after 48 h exposure to 1% O, with or without
SB431542 to inhibit TGF-B signaling. (F) Fibronectin fibril area after 48 h exposure to 1%
0Oy, 1% O, with SB431542, or 1% O, in PCM. n = 3 — 5 images per condition pooled from
two independent differentiations. (G) Junctional intensity of claudin-5. Data represent n = 20
— 30 cells per condition pooled from two independent differentiations. (H) TEER after 48 h
exposure to 1% O, 1% O, with SB431542, or 1% O, in PCM. Bars represent mean values.
Individual points correspond with n = 3 Transwells pooled from two independent iBMEC
differentiations. Statistical significance levels are setat * p < 0.05, ** p < 0.01, *** p <
0.001, and **** p < 0.001.
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